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ABSTRACT:
Sound induced by impact pile driving is a possible risk to marine life. Therefore, it is common practice to use noise

mitigation systems during piling to reduce the respective impact and to fulfill the prescribed noise limits. Scaling

laws for the estimation of the underwater noise from unmitigated impact pile driving have been presented in von

Pein, Lippert, Lippert, and von Estorff, “Scaling laws for unmitigated pile driving: Dependence of underwater noise

on strike energy, pile diameter, ram weight, and water depth,” Appl. Acoust. 198, 108986 (2022). This contribution

shows how these scaling laws need to be changed if noise mitigation systems are considered. Scaling laws are

developed for four different kinds of noise mitigation system setups. These include big bubble curtains, double big

bubble curtain combinations, a fully absorbing system directly at the pile, and the combination of a system close to

the pile and a double big bubble curtain. The derived scaling laws are verified and compared to publicly available

measurement data. VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Piles either as monopiles or for jacket foundations are

currently the most widely used foundation technique for off-

shore wind turbines. Offshore impact pile driving is mainly

used to bring piles to the dedicated penetration depth. The

pile driving process leads to the emission of very high sound

levels in the water, which are potentially harmful to the

marine fauna. Mammals like whales, harbor porpoises, dol-

phins, and seals as well as fish and other aquatic life in the

ocean can change their behavior due to the high sound pres-

sure levels or may be affected by a temporary or permanent

threshold shift (compare Refs. 1–3). To protect the marine

environment, limiting values have to be fulfilled in many

regions of the world.4–6 In order to estimate whether the lim-

its will be fulfilled, precise prognosis tools are necessary.

These are usually numerical7,8 or empirical models.9 Both

have the drawback of being only available to a few experts

and institutions. A common approach for scaling the sound

levels for mitigated pile driving is to derive an estimate for

the unmitigated case and subtract an insertion loss derived

from prior measurement campaigns.10

An alternative way of estimating the underwater noise

due to impact pile driving of steel piles is through the appli-

cation of scaling laws. These can be used to scale a baseline

scenario with the parameters of the future scenario. Such

laws have previously been published by the authors for

unmitigated impact pile driving.11 However, in many mar-

kets, the application of noise mitigation systems (NMSs) is

standard. Therefore, the dependency of the single-strike

sound exposure level (SEL) on the parameters strike energy,

pile diameter, water depth, and ram weight is reevaluated

for cases with noise mitigation. The paper at hand can be

regarded as a follow-up publication of the one published by

the authors for unmitigated pile driving.11

Despite the SEL values at a certain position, the scaling

laws can be used to derive the source levels of spreading

laws, such as the Damped Cylindrical Spreading (DCS)

model,12 which has also been validated for mitigated scenar-

ios.13 Often, other quantities, such as the zero-to-peak pres-

sure level SPLpeak are also of interest. Once the SEL is

derived, the SPLpeak could be approximated, e.g., by the

approach suggested by Heaney et al.14

The following NMSs are widely used and considered in

the following: Bubble curtains are a common measure to

reduce the underwater noise from offshore pile driving.10,15

These can be deployed as a big bubble curtain (BBC), a dou-

ble big bubble curtain (DBBC), or in combination with a

close range system (CRS) in the direct vicinity to the pile. In

the following, the dependency of the SEL on the four differ-

ent parameters is investigated for a BBC, a DBBC, a fully

absorbing CRS, and a combination of CRS and DBBC.

The presented results have been derived in the frame-

work of the PhD thesis of von Pein,16 and the scaling laws
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for the BBC have partly been published by the authors in

von Pein et al.17,18

This paper is organized as follows: In Sec. II, the used

numerical model and the ways of including NMSs therein

are briefly described and a validation of the approach with

the application of a BBC is shown. The derivation of the

scaling laws is shown within Sec. III. Therein, the modeled

dependencies of the SEL on the parameters strike energy,

pile diameter, ram weight, and water depth are shown and

the physics behind the derived scaling law is explained. The

scaling laws are verified against two models with different

soil setups in Sec. IV and validated with a variety of mostly

publicly available measurement datasets at distances of

around 750 m in Sec. V. Finally, the applicability of the

results and their general limits in light of the high number of

uncertainties and used approximations are discussed and an

outlook on future work is given.

II. NUMERICAL MODEL

The model used here is a hybrid model. It is split into a

detailed close-range model and a computationally efficient

far-range model. The close-range model is based on the

finite element method (FEM), and it is used to derive the

starting field of the Parabolic Equation (PE) far-range

model. The FEM model is the same as used by von Pein

et al.8,11 and hence not discussed again in detail.

A. Modeling approach

The PE model is based on the split-step Pad�e technique

as introduced by Collins,19 which solves the outgoing part

of the one-way wave equation. For the following computa-

tions, a coupling radius of 60 m is used, meaning that the

pressure field obtained at 60 m with the FEM is used as the

input pressure field for the PE model. The coupling radius

needs to fulfill the far-field condition on which the PE theory

is based. Furthermore, the coupling radius defines the lower

limit of the radius of a bubble curtain in the model.

The desired quantity is the SEL defined by

SEL ¼ 10 log 10

Ep

Ep0

� �
dB re 1 lPa2s
� �

; (1)

with the sound exposure defined by Ep ¼
Ð t2

t1
p2ðtÞ dt and the

reference value Ep0 ¼ 1 lPa2s. The times t1 and t2 are the

beginning and the end of the sound event.20

There are different ways to model the noise mitigation

effect of an NMS. Within the FEM model, an NMS is incor-

porated by a mixed Dirichlet-Neumann boundary condition

at the designated position of the NMS. Therefore, the mod-

eled NMS represents a perfectly working absorbing measure

and the highest possibly achievable mitigation effect is mod-

eled. This approach is referred to as a perfectly absorbing

NMS and leads to results in good agreement with measured

data of the IQIP-NMS.8,21

The approach of a fully absorbing boundary condition

leads to an overestimation of the achieved noise reduction

for highly frequency-dependent noise mitigation measures,

such as bubble curtains.10,15

In order to compute realistic results, the frequency-

dependent insertion loss of the considered NMS needs to be

identified. Once this is achieved, the mitigation effect can be

incorporated within the PE model in the following way: A

depth- and frequency-dependent transmission coefficient

T(z, f ), which has to be derived by means of another model

or by measurements, is multiplied by the pressure field mod-

eled with the PE model at the designated position rNMS of

the NMS,

p? rNMS; z; f ;/ð Þ ¼ T z; fð Þp rNMS; z; f ;/ð Þ: (2)

Thereafter, the range-marching procedure of the PE

model is continued with p?ðrNMS; z; f ;/Þ up to the next NMS

or up to the dedicated final evaluation range. The profound

derivation of the transmission coefficients is of great impor-

tance in order to derive reliable pile driving noise prognoses.

The approach suggested by Huisman et al.22 is combin-

ing the depth-dependent reflection due to the different

impedance of the air–water mixture and a first approximate

of the damping induced by the resonance of the bubbles. It

is based on the simplifying assumption of a constant bubble

rise speed vr and bubbles without breakup or coalescence.

With vr, the air flow per unit time per length of the nozzle

hose at 1 bar Qatm, and the assumption that the width of the

BBC is linearly increasing with the height above the sea

floor starting from the nozzle radius at the sea floor, reach-

ing a width equal to 10% of the water depth at the sea sur-

face, the depth-dependent volume concentration of the air

can be derived. With this volume concentration Vair(z), the

compressional wave speed cmix(z) and density qmix(z) of the

mixed medium consisting of the mix of water and air bub-

bles can be calculated.24

With these two properties, the depth-dependent imped-

ance I(z) ¼ cmix(z) qmix(z) and the reflection coefficient,

induced by the differences in impedance, can be computed.

The way of deriving the influence of the resonance fre-

quency on the spectral insertion loss of a bubble curtain was

developed by Rolfes et al.,25 applied by Huisman et al.,22 and

is considered in the following for the modeling procedure of

the insertion loss used for the modeling of BBC and DBBC.

The first resonance frequency of the bubbles is com-

puted with the sound speed of water cw by

fr ¼ 0:0136
cw

pdbubble

; (3)

where the bubble diameter dbubble is derived with respect to

the dependence on the water pressure and the initial diame-

ter of the nozzle hose. The number of bubbles can be

derived by combining the depth-dependent air concentration

and the depth-dependent bubble size. The respective damp-

ing per meter of the bubble curtain width is derived with the

procedure described in Rolfes et al.25

The combination of the impedance and resonance-

induced depth and frequency dependence is summarized in
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the transmission coefficient T(z, f). Therein, the frequency

dependence is averaged for every one-third octave band.

B. Validation of modeling approach

The majority of publications showing validations of

pile driving noise models is only considering the unmiti-

gated scenario. Validations with detailed measurement data

from mitigated pile driving are sparse. Validations for cases

including a DBBC are presented by von Pein et al.,26

Lippert et al.,27 and Peng et al.28

A detailed validation of the FEM model is shown by

von Pein et al.8 Therein, modeled and measured results of

three sites with unmitigated pile driving are compared; and

generally a good agreement is achieved. Furthermore, mea-

surement data of two sites with mitigation measures are con-

sidered. These are a BBC and an IQIP-NMS. It is shown

that a good agreement between measured and modeled data

could be derived with a fully absorbing CRS close to the

pile for an IQIP-NMS. For the scenario with a BBC, a slight

overestimation of the mitigation potential was derived with

a fully absorbing boundary condition. The same case is con-

sidered in the following with the previously described

modeling approach.

The details of the considered piling configuration are

taken from von Pein et al.8 and Chmelnizkij et al.29 These

are a pile diameter of 2.48 m, a strike energy of 706 kJ, a

penetration depth of 20 m, and a water depth of 40 m. The

measured velocity profile is used as the pile head excitation.

The considered bubble curtain parameters are a radius of

100 m, an air supply of 0.35 m3 s–1 m–1, and a rise speed of

0.3 m s–1. The diameter of the outlet of the hose is assumed

to be 15 mm. The measurement results are taken from

Bellmann et al.30

Within Fig. 1, the modeled and measured SELs are dis-

played over range. The modeled results have been derived

with the FEM/PE model. The measured SELs agree very

well with the modeled SEL being in the range of less than

62–3 dB, which is often referred to as measurement

uncertainty.8

The modeling approach can be regarded as validated

for pile driving noise scenarios, including a fully absorbing

CRS and a BBC. Even though no validation of cases with a

DBBC and a CRS/DBBC combination has explicitly been

done with this specific approach, it is assumed that the

model also reflects the main effects and is therefore also

used for these cases to derive scaling laws for mitigated pile

driving.

III. DERIVATION OF SCALING LAWS

In the following, the main influencing parameters for

mitigated pile driving are identified and varied within the

FEM/PE model. It has to be noted that the scaling laws

assume strict linearity and neglect possible cross-

interference between the considered parameters.

A. Discussion of main influencing parameters

Model runs and measurement reports indicate that, at

every piling location, the emitted SELs are influenced by

the interaction of various factors. These are among others:

The acoustical properties and the layering of the soil, the

hammer configuration, the strike energy, the pile geometry,

the penetration depth, the bathymetry, the general sea state,

and the use and type of noise mitigation measures.

As shown in von Pein et al.,11 the main influencing

parameters that are usually available with measurement

reports are: The strike energy E, the pile diameter d, the ram

weight mr, and the water depth hw. Furthermore, the type of

applied NMS is usually given. The dependency of the SEL

on these four parameters is evaluated with the hybrid FEM/

PE model for the following NMSs: CRS, BBC, DBBC, and

the combination of CRS and DBBC. It is important to note

that semi-transparent CRS with a highly frequency depend-

ing insertion loss, such as the Hydro Sound Damper or the

AdBm system,10 are not considered in the following.

B. Parameter variation using the numerical model

Incorporating NMSs into the numerical investigation of

the influence of different parameters on the SEL increases

the number of necessary model input parameters. The fre-

quency and depth-dependent behavior of the bubble curtains

is derived with the approach described in Sec. II. A CRS is

modeled as a fully absorbing system covering the whole

water depth and already included within the FEM model.

Therefore, in this case, all acoustical energy in the water is

emitted via the soil.

The bubble curtain properties are derived with the air

supply Qatm, the rise speed of the bubbles vr, and the width

of the bubble curtain at the sea surface w(hw). These param-

eters are naturally subjected to uncertainties. Other impor-

tant parameters are the distance between pile and NMS,

especially for BBC and DBBC. Moreover, the application of

NMSs leads to an increasing importance of the soil proper-

ties. This is due to the so-called tunneling effect, meaning

FIG. 1. Comparison of modeled and measured SELs over the range evalu-

ated 2 m above the sea floor derived for a scenario with a BBC. The mod-

eled results have been derived with the FEM/PE model. A pile diameter of

2.48 m, a strike energy of 706 kJ, and a water depth of 40 m are considered.
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the influence of the part of the acoustical energy, which is

propagating through the soil and emitting into the water

behind the NMS.

In order to take the increased number of parameters

with associated uncertainties into account, model runs with

several combinations of these parameters are necessary.

This is done by considering real-life upper and lower bounds

of the parameters and perform 50 runs with parameter com-

binations derived by Latin hypercube sampling.32 The fol-

lowing upper and lower bounds are considered: The soil

properties are varied around their nominal value within the

following ranges: The compressional wave speed of the first

three soil layers are in the ranges of c1¼ [1500, 1600] m/s,

c2¼ [1600, 1775] m/s, and c3¼ [1800, 2050] m/s. The cor-

responding thickness of these layers is varied in the ranges

of Dz1¼ [1, 7] m, Dz2¼ [4, 12] m, and Dz3¼ [5, 15] m.

Furthermore, the damping coefficient of the first two layers

is varied in the ranges of a1¼ [0.15, 0.25] dB/k and

a2¼ [0.3, 0.5] dB/k. The damping coefficient of the third

layer was set to a3¼ 0.5 dB/k.

The varied properties of the bubble curtains are the air

supply Qatm, the bubble rise speed vr, and the width of the

bubble curtain at the sea surface w(hw). These are varied in

the ranges of Qatm¼ [0.25, 0.45] m3 min–1 m–1, vr¼ [0.25,

0.35] m/s, w(hw) ¼ [0.08, 0.12] hw. The selection of the

parameters is similar to the parameters used by Huisman

et al.22 Another important parameter is the distance between

pile and bubble curtain for a BBC. The bubble curtain radius

is in the range of rBBC,1¼ [70, 100] m.

For the investigation of the dependency of the sound lev-

els on the considered parameters with the application of a

DBBC, it is assumed that both bubble curtains of the DBBC

have the same acoustical properties derived with the same air

supply, rise speed, and width at the sea surface. The distance

between the second and first bubble curtain is set to be one

water depth resulting in rBBC,2¼ hwþ rBBC,1, which is a com-

monly applied distance. Within all variation runs including a

CRS, the CRS is placed 1 m away from the pile wall.

With the 50 different parameter combinations, variation

runs of the strike energy, the pile diameter, the ram weight,

and the water depth are conducted for each NMS that are

similar to the ones presented in von Pein et al.11 and

repeated for reasons of completeness.

The strike energy is varied between 500 and 8000 kJ and

is conducted in the same way as described by von Pein et al.11

To reduce the number of the results, all diameter varia-

tion runs are performed with the pile head excitation derived

with the impact duration of T¼ 16 ms. The lowest consid-

ered diameter is 2 m and the highest 12 m.

The ram weight variation is carried out with the pile head

excitation provided by Deeks and Randolph23 defined by

vðtÞ ¼ v0 expð�Z=mrtÞ; (4)

with the pile head impedance Z and the initial velocity v0

that can be derived out of the kinetic energy of the ram

weight mr. The ram weight is varied from 50 to 300 t.

The water depth variations are carried out for water

depths ranging between 15 and 50 m.

C. Discussion of dependencies

All dependencies are evaluated at 750 m distance, and

the SEL is computed as the depth-averaged sound exposure

to reduce the influence of local interference effects.

The relationships between modeled parameters for miti-

gated scenarios differ slightly from the relationships found

when modeling unmitigated scenarios.11 For the explanation

of these differences, the following highly frequency depen-

dent factors have to be kept in mind. The soil acts as a low

pass filter. Therefore, if the soil path is the main contributing

source of acoustical energy in the water column, the fre-

quency spectrum of the dominating energy is shifted toward

low frequencies. This effect can also be seen in the compari-

son of the measurement data derived with and without

the application of an IQIP-NMS in von Pein et al.8

Furthermore, the bubble curtain modeling leads to lower

insertion losses at low frequencies. Therefore, the applica-

tion of NMSs generally leads to a greater importance of the

acoustical energy emitted at lower frequencies.

In the following, the best-fit of the mean of the results

of the 50 different runs is derived with the least squares

method. The 50 trends are displayed after subtracting the

mean of the 50 results derived with the lowest parameter.

The subscript i refers to the parameter that is scaled to,

while the parameters of the reference data are denoted with

the subscript 0.

1. Strike energy

The results of the strike energy variation with a BBC,

DBBC, CRS as well as with the combination of CRS and

DBBC show similar trends as derived for the unmitigated

scenario in von Pein et al.11 As also shown in Fig. 2, the

influence of the strike energy E can be scaled for mitigated

and unmitigated scenarios by

DSELE;NMS ¼ 10 log 10

Ei

E0

� �
: (5)

FIG. 2. Modeled dependency of the SEL on the strike energy conducted

with 50 different parameter combinations evaluated and averaged over the

water depth at a distance of 750 m with the application of a BBC.
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This is in agreement with Bellmann et al.,10 who also

do not distinguish between mitigated and unmitigated pile

driving for the strike energy scaling.

2. Pile diameter

The modeled 50 trends, their mean, and the best-fit

approximation of the diameter variation with a BBC are dis-

played in Fig. 3. The influence of the pile diameter d can be

scaled by

DSELd;NMS ¼ kd;NMS log 10

di

d0

� �
(6)

for all NMSs. The fitted factors kd,NMS are kd,BBC¼ 18.3,

kd,DBBC¼ 15.7, kd,CRS¼ 17.0, and kd,CRS/DBBC¼ 17.5.

These trends are very similar to the trend derived for

unmitigated piling. However, all derived trends are

slightly higher than the relation considered for unmiti-

gated pile driving. The presence of one or more bubble

curtains results in a shift of the propagating frequency

spectra to lower frequencies as the BBC has a greater

insertion loss at higher frequencies. An increase in pile

diameter leads to a more efficient radiation at lower fre-

quencies. The combination of these effects results in the

differences in the dependencies.

All in all, the found dependencies of the SEL on the

diameter for the considered mitigated scenarios are very

similar. The difference between the highest and lowest fitted

trends with kd,BBC and kd,DBBC applied to diameters ranging

from 2 to 12 m is 2.0 dB, which is comparably small regard-

ing the considered range of the varied diameter.

3. Ram weight

The results of the influence of the ram weight on the

SEL modeled with a BBC are displayed in Fig. 4. Once

again, a similar trend can be identified for all four consid-

ered NMSs. These can be summarized by

DSELmr
¼ �kmr ;NMS log 10

mr;i

mr;0

� �
(7)

with km,BBC¼ 9.2. The results of the best-fit of the mean of

the results for DBBC, CRS, and CRS/DBBC are

km,DBBC¼ 8.5, km,CRS¼ 6.1, and km,CRS/DBBC¼ 5.4. All

trends derived for the mitigated scenarios show a lower

dependence on the ram weight than the one derived for

unmitigated pile driving. The differences between the

km,NMS seem small; however, scaling with the minimal and

maximal coefficient from the realistic range of 50 to 200 t

already leads to a difference of up to 2.3 dB. Comparing the

trends derived for BBC and DBBC as well as CRS and

CRS/DBBC, it can be seen that the influence of the ram

weight is decreasing with increasing number of NMSs. This

is because the influence of the ram weight and the highest

mitigation effect of the considered NMSs are in a similar

frequency range, which is well above 100 Hz. The highest

influence can be identified for the BBC followed by the

DBBC. The trends are much lower for scenarios with a

CRS.

As for the unmitigated case, this way of modeling is

omitting the influence of a changing stiffness of the ram

weight and anvil with changing hammer dimensions as well

as the influence of the interaction between the hammer parts

and the pile head.

4. Water depth

The dependency of the influence of the water depth on

the SEL for mitigated scenarios shows the biggest difference

compared to the scaling laws derived for unmitigated pile

driving. The influence of the water depth on the unmitigated

SEL is mainly induced by the difference in propagation loss

that can be approximated with the DCS model.12 The propa-

gation loss of mitigated pile driving can also be estimated

with the DCS as shown by Jestel et al.13 However, this

effect is combined with the water depth-dependent insertion

loss behavior of the applied NMS.

In Fig. 5, the differences of the SEL modeled with a

BBC are displayed together with resulting trend lines.

The influence of the water depth on the SEL with the

application of a BBC can be approximated by a combination

of the DCS with a logarithmic term. This leads to the modi-

fied DCS scaling of

FIG. 3. Modeled dependency of the SEL on the diameter conducted with 50

different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a BBC.

FIG. 4. Modeled dependency of the SEL on the ram weight conducted with

50 different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a BBC.
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DSELhw;BBCðrÞ ¼
10 log 10ðjRij2Þ

2 cotðuÞhi
� 10 log 10ðjR0j2Þ

2 cotðuÞh0

 !
r

þ khw;BBC;DCS log10

hi

h0

� �
(8)

with the factor khw;BBC;DCS ¼ 13:9. A simple best-fit approxi-

mation of the results at 750 m is DSELhw;BBC

¼ 16:2 log 10ðhi=h0Þ. The reflection coefficient R33 used for

the DCS within the fitting procedure has been derived for

every individual run with the mean of the compressional

wave speed of the first three soil layers and a propagation

angle of u¼ 17�.34

The trend derived for the water depth dependency of

the SEL with a BBC can be qualitatively compared with the

measured insertion loss, defined by the difference between

the SEL measured at 750 m with and without mitigation, of

Bellmann et al.10 They have listed the measured insertion

loss for BBCs for different water depths. To get the depen-

dence of the insertion loss on the water depth, the water

depth trend for the mitigated SEL needs to be combined

with the dependence of the SEL on the water depth for the

unmitigated case as provided in von Pein et al.11

Bellmann et al.10 provide the following ranges of the

insertion loss measured with an air flow of Qatm

> 0.3 m3 min–1 m–1: The range of the insertion loss of a

BBC in water depths smaller than 25 m is between 11 and

15 dB with an averaged value of 14 dB. For water depths

around 40 m, the range is between 7 and 11 dB with a mean

value of 9 dB. Combining the mean values (14 and 9 dB) of

the provided ranges leads to a difference of 5 dB.

For the unmitigated scenario, a difference of 0.5 dB is

expected at 750 m for an increase in the water depth from 25

to 40 m.11 Applying Eq. (8) leads to a difference of 3.3 dB.

Combining these results, a difference of 3.8 dB is expected

to be seen in the insertion loss, which is 1.2 dB smaller than

the insertion loss derived from Bellmann et al.10 Regarding

the great ranges of the varied parameters (Qatm¼ [0.25,

0.45] m3 min–1 m–1) and the unknown way of how the

unmitigated sound levels are derived by Bellmann et al.,10

this very qualitative comparison shows a good agreement.

The modeled dependency of the SEL on the water depth

derived with a DBBC is displayed in Fig. 6. Therein, the

trend of the results with a DBBC can be approximated with

a linear approximation

DSELhw;DBBC ¼ khw;DBBCðhi � h0Þ (9)

with khw;DBBC ¼ 0:13.

Once again, the derived trends can be compared to the

measured insertion losses provided by Bellmann et al.10 The

following measured ranges are provided for the application

of a DBBC: For water depths below 25 m, a reduction in the

range of 14 up to 18 dB with an averaged value of 17 dB and

an air flow rate greater than 0.3 m3 min–1 m–1 is reported.

For water depths around 40 m, two results are provided,

which differ in the provided air flow. For an air flow rate

greater than 0.3 m3 min–1 m–1, the broadband insertion loss

reduces to ranges between 8 and 13 dB with an average of

11 dB. The difference of the two provided mean values is

6 dB. With an air flow rate greater than 0.4 m3 min–1 m–1,

the average of the insertion loss is stated to be 15 dB. In this

case, the difference is 2 dB. Therefore, the measured change

in the insertion loss from the water depth of 25 m up to 40 m

is in the range of 2 to 6 dB.

Applying Eq. (9) to the water depths and adding the

0.5 dB difference in propagation loss for the unmitigated

scenario leads to a difference in the insertion loss of 2.5 dB.

This result is in the range of the measured data.

A totally different trend of the water depth dependency

can be observed for the CRS as shown in Fig. 7. Similar to

the unmitigated case, the differences in the propagation loss

are dominant for low water depths and can be approximated

by the DCS. However, another term needs to be added to

account for the following effect: Due to more energy being

radiated into the water and directly absorbed by the CRS,

the amount of acoustical energy tunneling the CRS is

decreasing with increasing water depth. At the evaluated

distance of 750 m, a maximum can be observed at 25 m in

the modeled data. However, the position of the maximum

depends on the considered distance. The influence of the

water depth can be derived by a combination of the DCS

and a linear dependence of the SEL on the water depth. A

FIG. 5. Modeled dependency of the SEL on the water depth conducted with

50 different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a BBC.

FIG. 6. Modeled dependency of the SEL on the water depth conducted with

50 different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a DBBC.
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best-fit approximation of the linear decay term at 750 m

leads to a decaying trend of about –0.1 dB/m. Further evalu-

ations at distances close to the pile as well as further away

led to similar results. Therefore,

DSELhw;CRSðrÞ ¼
10 log 10ðjRij2Þ
2 cotðuCRSÞhi

� 10 log 10ðjR0j2Þ
2 cotðuCRSÞh0

 !
r

�0:1ðhi � h0Þ (10)

is used for the scaling of the water depth influence with the

application of a CRS.

If a perfect CRS is applied, the acoustical energy is

emitted only via the soil path. Therefore, the Mach cone

angle uCRS defined with the longitudinal wave speed in the

pile cp by sin–1(csoil/cp) is different compared to the unmiti-

gated scenario. To derive a representative Mach cone angle

for each run, the average of the compressional wave speed

of the first three soil layers is considered. A simplified angle

of propagation is then derived with Snell’s law. The average

of the run-specific propagation angles and reflection coeffi-

cients are uCRS¼ 23.2� and RCRS ¼ 0.96.

The resulting dependency of the SEL on the water depth

derived with the combination of a CRS and a DBBC is

shown in Fig. 8. Therein it can be seen that the combination

of the trends derived for a DBBC and CRS as shown in

Figs. 6 and 7 leads to a good agreement with the derived

results for water depths greater than 30 m. The combination

of Eqs. (9) and (10) leads to

DSELhw;CRS=DBBCðrÞ

¼ 10 log 10ðjRij2Þ
2cotðuCRSÞhi

� 10 log 10ðjR0j2Þ
2cotðuCRSÞh0

 !
r

þ 0:03ðhi � h0Þ: (11)

At lower water depths, the tunneling effect is dominat-

ing the results. A simplified sketch of a characteristic ray

path for a water depth of 20 and 40 m is displayed in Fig. 9.

Therein it can be seen that, for smaller water depths, the

acoustical energy is reflected at the sea surface and propa-

gating back into the soil in front of the first bubble curtain.

For greater water depths, the ray penetrates the bubble cur-

tain before its first reflection at the sea floor.

The dependency of the SEL shown in Fig. 8 for

water depths smaller than 30 m can be approximated by

DSELhw;CRS=DBBC ¼ �0:28ðhi � h0Þ.
All in all, the dependency of the SEL on the water depth

for mitigated pile driving is highly dependent on the kind of

NMS. The trends derived for BBC and DBBC are compara-

ble to provided water depth-dependent differences in the

measurements of the insertion loss. Unfortunately, insertion

loss data for different water depths are not available for a

CRS and the combination of CRS and DBBC. Furthermore,

since the influence of the water depth appears to be smaller,

it would be harder to identify such trends in measured data.

IV. VERIFICATION OF SCALING LAWS

The derived scaling laws are verified in a similar man-

ner as the scaling laws for the unmitigated scenarios

described by von Pein et al.11 Therein, two models are set

up. The first model is based on a water depth of 20 m, a pile

diameter of 3 m, a strike energy of 500 kJ, and the original

geometry of the MHU 1900S hammer with a ram weight of

95 t. The second model is built up with a water depth of

40 m, a pile diameter of 6.6 m, a strike energy of 3500 kJ,

and the original geometry of the MHU 3500S hammer with

a ram weight of 175 t. Both piles have a wall thickness of

0.1 m and a penetration depth of 25 m is considered.

All four combinations of NMSs are verified. The CRS

is modeled with a gap of 1 m between outer pile wall and

the NMS. The radius of the BBC is set to 80 m, in accor-

dance with the measurements at Global Tech I (GTI),30 and

the DBBC is modeled with an inner radius of 80 m and an

outer radius of 120 m, similar to the setup described by

Lippert et al.27 The rise speed of the bubbles is set to

vr¼ 0.3 m/s, the air supply Qatm¼ 0.3 m3 min–1 m–1, and the

width at the sea surface to w(hw) ¼ 0.1hw. The verification is

conducted with the application of four different soil profiles,

namely, Bard Offshore 1 (BO1), GTI, and Borkum

Riffgrund 1 (BR1), all taken from von Pein et al.,8 and the

FIG. 7. Modeled dependency of the SEL on the water depth conducted with

50 different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a CRS.

FIG. 8. Modeled dependency of the SEL on the water depth conducted with

50 different parameter combinations evaluated and averaged over the water

depth at a distance of 750 m with the application of a CRS/DBBC

combination.
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soil profile provided in the COMPILE II benchmark sce-

nario (CPII).31

The verification is conducted for all four considered

NMSs. The reference parameters are the ones of the first

model. As previously shown, the influence of the strike

energy stays the same for all scenarios. The influence of the

diameter and the ram weight is considered with the best-fit

results. The greatest difference for all considered NMS sce-

narios is the dependence on the water depth.

The scaled difference is the highest for the verification

example with a BBC. This is due to the high influence of the

water depth:

DSELscaled;BBC

¼ 10 log10

E1

E0

� �
þ 18:3 log10

d1

d0

� �

�9:2 log10

mr;1

mr;0

� �
þ 16:2 log10

h1

h0

� �
: (12)

Therefore, the expected difference is DSELscaled,BBC

¼ 17.2 dB.

The influence of the water depth is expected to be

slightly smaller if a DBBC is used. The expected difference

including all varied parameters is computed by

DSELscaled;DBBC ¼ 10 log10

E1

E0

� �
þ 15:7 log10

d1

d0

� �

�8:5 log10

mr;1

mr;0

� �
þ 0:13ðh1 � h0Þ:

(13)

With these relations, the scaled difference is DSELscaled,DBBC

¼ 14.2 dB.

The expected difference of the SEL for the CRS is com-

puted by means of

DSELscaled;CRS ¼ 10 log10

E1

E0

� �
þ 17 log10

d1

d0

� �

�6:1 log10

mr;1

mr;0

� �
þ DSELhw;CRS

: (14)

The water depth influence is DSELhw;CRS
¼ �1:9 dB. It is

derived by applying Eq. (10) with the propagation angle

uCRS¼ 23.2 and the reflection coefficient RCRS¼ 0.96. Due

to the lowering influence of the water depth, the difference

is the lowest of all considered mitigated scenarios. It is

expected to be DSELscaled,CRS¼ 10.8 dB.

The greatest uncertainty for the combination of CRS

and DBBC is the scaling of the water depth since there is a

significant variation in the results of the 50 runs (compare

Fig. 8). The scaled difference of CRS/DBBC is

DSELscaled;CRS=DBBC

¼ 10 log10

E1

E0

� �
þ 17:5 log10

d1

d0

� �

�5:4 log10

mr;1

mr;0

� �
þ DSELhw;CRS=DBBC

: (15)

With the water depth difference of DSELhw;CRS=DBBC

¼ �2 dB derived by applying Eq. (11), the expected differ-

ence is DSELscaled,CRS/DBBC¼ 11.0 dB.

In Table I, the modeled SELs and the resulting dif-

ferences between the considered scenarios are listed and

compared to the scaled difference. The highest deviation

between the scaled and modeled scenarios can be found

in the results derived for the CRS/DBBC combination.

The averaged absolute difference is 2.8 dB. The results

of the averaged difference for the other NMSs show a

good agreement with 1.2 dB for the CRS, 1.1 dB for the

DBBC, and 0.4 dB for the BBC. These results indicate

FIG. 9. (Color online) Characteristic ray paths for the combination of CRS and DBBC. The left sketch is derived for hw¼ 20 m. The right sketch is derived

for hw¼ 40 m.
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the applicability of the found scaling laws for mitigated

scenarios.

V. VALIDATION OF SCALING LAWS

Next, the derived scaling laws are validated against

measurement datasets. First, the origin of the values and the

characteristics of the piling location are described. Second,

the SELs of the different piling locations are scaled and the

resulting differences are compared.

A. Data used for the validation

The validation of the scaling laws for mitigated pile

driving is a challenging task. On the one hand, there are

only a few reports conducted with a single NMS in place;

and on the other hand, the number of unknown parameters

as well as their influences are expected to be even higher for

mitigated piling, e.g., the local soil conditions and the bub-

ble curtain setup and operation.

The measurement datasets used for the validation and

their origin are described in the following, and the minimum

and maximum values are listed in Table II.

If no water depth is provided by the data source,

the water depth is retrieved from the EMODNET plat-

form,36 which provides bathymetry data for European

waters.

The following datasets obtained from multiple pile driv-

ing locations with the application of a BBC are used for val-

idation: Measurements of three different piles are available

for the wind farm Sandbank (SB). Furthermore, data of one

pile are available for the wind farms Veja Mate (VM),

Trianel (TR), and Deutsche Bucht (DB). All of them were

taken from the platform MarinEARS.37 The data of two

piles are available for GTI,30 Borkum West 2 (BW2),38 and

Amrumbank West (AW).39 The values for AW are taken

from the graphs showing the sound levels over the strikes

and the values close to the final penetration depth are cho-

sen. The data of four piles of the wind farm Butendiek

(BU)40 are available.

Data of only four measurement campaigns using a

DBBC were found. Lippert et al.27 presented the compari-

son of measured and modeled SELs for skirt piles. Since the

name of the site was not disclosed, this dataset is referred to

as case A. At Coastal Virginia (CV) a pile was driven using

a DBBC and the respective measurements are considered.41

Furthermore, the data used for the validation of a bubble

curtain modeling approach presented by Peng et al.28 are

considered. Once again, no site-specific name is provided.

Therefore, this scenario is referred to as case B. From the

Belgian part of the North Sea, the data of the Seastar wind

farm (SEA)42 are used.

It is shown by von Pein et al.8 that the IQIP-NMS can

be modeled as a perfectly absorbing CRS. Therefore, the

scaling laws derived for the CRS are validated with mea-

surement data conducted with an IQIP-NMS in place.

Available are datasets from BR1 (Ref. 35) and BU. For the

BU site the provided average of measurement results of five

locations with 18 hydrophones are used.40 Furthermore, two

non-public datasets have been made available to the authors.

Since the parameters cannot be published, only the scaled

differences of the results are shown. These datasets are

referred to as cases C and D.

The data of only two wind farms at which an IQIP-

NMS/DBBC combination was used are available via

MarinEARS. These are Merkur (ME) with data of 61 driven

piles and Albatross (AL) with 16 measurements.

B. Validation

The validation is conducted for every considered NMS

setup individually. The validity and the robustness of the

validation depend on the quality and number of measure-

ment data being publicly available. The parameters used for

the validation are listed in Table II. All SELs are scaled to

750 m with the DCS prior to the validation. Data of 16 piles

of eight different sites are available for the validation of

scaling laws derived for the BBC.

The validation of the application of the derived scaling

laws for scenarios with a DBBC and with a CRS is done by

showing the difference between the scaled and actually mea-

sured results with four different datasets. The validation for

the combination of CRS/DBBC is conducted the following

way: Measured data of 77 piles are available from two wind

farms. These datasets are scaled to one scenario with the

derived scaling laws for all four parameters and plotted over

the water depth.

The scaling laws validated in the following are based

on Eqs. (12)–(15) in combination with the baseline

SEL0.

1. Validation for the BBC

The validation of the scaling law

TABLE I. Comparison of the scaled and modeled SEL at 750 m averaged

over the water depth of the different scenarios with a BBC, a DBBC, a

CRS, and a CRS/DBBC modeled with four different soil profiles and a pen-

etration depth of 25 m.

Soil profile Model (dB re 1 lPa2 s) BBC DBBC CRS CRS/DBBC

DSELscaled 17.2 14.2 10.8 11.0

B01 Model 1 SEL 156.5 151.4 157.5 143.3

Model 2 SEL 173.4 166.8 169.2 157.2

DSELmodeled 16.9 15.4 11.7 13.9

GTI Model 1 SEL 155.5 151.5 157.4 146.9

Model 2 SEL 173.4 166.9 169.4 159.8

DSELmodeled 17.9 15.4 12.0 12.9

BR1 Model 1 SEL 156.6 152.9 156.8 144.9

Model 2 SEL 174.2 167.6 169.7 159.1

DSELmodeled 17.6 14.7 12.9 14.2

CPII Model 1 SEL 157.1 151.6 157.0 145.1

Model 2 SEL 174.3 167.2 168.2 159.1

DSELmodeled 17.2 15.6 11.2 14.0
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SELi ¼ SEL0 þ 10 log10

Ei

E0

� �
þ 18:3 log10

di

d0

� �

�9:2 log10

mr;i

mr;0

� �
þ 16:2 log10

hi

h0

� �
(16)

derived for scenarios with a BBC by the combination of the

derived trends is shown in the following.

The parameters of TR are chosen as the reference data-

set for comparison. In Fig. 10, the four plots with the result-

ing difference between the SEL scaled with three of the four

parameters and the actually measured SELs are displayed

over the unscaled quantity. It can be seen that the results

match very well with the derived trends, which are also plot-

ted and intersect the minimal and maximal values. The dif-

ference between upper and lower limit of the scaling trends

is between 5.9 and 7.1 dB. Furthermore, the parameters of

the considered scenarios cover small diameters as typically

used for skirt piles and big monopiles with diameters of up

to 8 m. Accordingly, small and big hammers with the appli-

cation of comparably low and high strike energies can be

found in the datasets and water depth data are represented

between 20 and 40 m. Comparing the standard deviation of

the unscaled and scaled SEL with the application of all four

scaling laws, it is reduced from 4.9 to 2.3 dB. The scaled

results and the comparison to measurement data are also

shown in Fig. 14. All in all, these results clearly show that

the found dependencies are valid and applicable for scenar-

ios with the application of a BBC.

2. Validation for the DBBC

In order to show that the found relations can be used for

the prediction of the SEL with the application of a DBBC,

the scaling law

SELi ¼ SEL0 þ 10 log10

Ei

E0

� �
þ 15:7 log10

di

d0

� �

�8:5 log10

mr;i

mr;0

� �
þ 0:13ðhi � h0Þ (17)

is applied to measurement data in the following. The differ-

ence between the SELs measured at SEA and the other data-

sets scaled to the SEA parameters with the four different

derived scaling laws is displayed in Fig. 11. Therein, all

scaled results agree very well with the data measured at the

SEA site. The scaled measurement result of CV is overesti-

mating the SEL by 1.4 dB. Within the measurement report,

it is stated that the application of the DBBC led to smaller

insertion losses than expected, which is in line with the

slight overestimation. No more details of cases A and B are

available. Considering the wide range of the diameter,

which is between 2.44 and 8 m, the spread in strike energy

ranging between 552 and 3500 kJ, and water depth com-

bined with the multiple uncertainties related to the DBBC

setup, operation, and the local soil conditions, the derived

accordance between the scaled results is good. This accor-

dance strengthens the confidence in the presented scaling

laws for the DBBC; however, since only four datasets are

TABLE II. Ranges of the sound levels, parameters, and details of the piling configurations of the sites used for the validation of the scaling laws for miti-

gated offshore pile driving noise.

Wind farm

Piles

(–)

SEL

(dB)

Range

(m)

Strike

energy (kJ)

Pile

diameter (m)

Water

depth (m)

Ram

weight (t) Hammer type (–)

Foundation

type (–)

BBC

AW 2 161–163 750–800 1140 6 20 95 MHU 1900S Monopile

SB 3 162–163 663–757 1013–1522 6.8 26.8–29.6 175 MHU 3500S Monopile

VM 1 171 803 1893 7.8 39 200 Hydrohammer S4000 Monopile

TR 1 163 749 1457 8 28.3 150 Hydrohammer S3000 Monopile

DB 1 168 749 2150 8 39.3 200 Hydrohammer S4000 Monopile

BU 4 152–156 752 900 2.438 20 60 Hydrohammer S-1200 Jacket

BW2 2 160–163 750 1200 2.44 30 60 Hydrohammer S1200 Tripod

GTI 2 163–164 600–700 583 2.48 40 66 MHU 1200S Tripod

DBBC

A 1 159 750 2000 2.44 40 175 MHU 3500S Jacket

CV 1 163 750 552 7.8 24 150 Hydrohammer S3000 Monopile

B 1 167 750 2150 8 40.1 200 Monopile

SEA 1 170 877 3500 8 40 200 Hydrohammer S4000 Monopile

IQIP-NMS

BR1 1 161 738 620 5.9 27 100 Hydrohammer S2000 Monopile

BU 1 163 750 938 6 20 100 Hydrohammer S2000 Monopile

IQIP-NMS/DBBC

AL 16 156–162 747–877 1721–2997 7.4 40.1–40.4 150 Hydrohammer S3000 Monopile

ME 61 156–160 683–752 716–2614 7.8 27.4–33.5 150 Hydrohammer S3000 Monopile
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considered, it cannot be regarded as a fully conclusive

validation.

3. Validation for the CRS

The validation of the scaling law

SELi ¼ SEL0 þ 10 log10

Ei

E0

� �
þ 17 log10

di

d0

� �

�6:1 log10

mr;i

mr;0

� �
þ DSELhw;CRS

(18)

derived for cases including a CRS is conducted with the

measurement data of scenarios where an IQIP-NMS system

was applied. The water depth dependence DSELhw;CRS
is

computed with Eq. (10). The four datasets are scaled with

the strike energy, diameter, ram weight, and water depth

dependencies to the parameters of BR1. The resulting differ-

ence between the scaled result of the other sites and the

actual measurements of BR1 are displayed in Fig. 12.

Therein, three of the four SELs agree very well with differ-

ences less than 1 dB. Only the scaled result of case D is 4 dB

lower. The initial difference between the unscaled SEL is

6.5 dB. The reason for this is most likely found in the soil

setup since no depth-dependent insertion loss effect is

expected.

The shown comparisons of scaled and measured data

are showing promising results, and strengthening the confi-

dence in the derived scaling laws. However, since only four

datasets are considered, it cannot be regarded as a fully con-

clusive validation.

4. Validation for CRS/DBBC

The validation of the scaling law

SELi ¼ SEL0 þ 10 log10

Ei

E0

� �
þ 17:5 log10

di

d0

� �

�5:4 log10

mr;i

mr;0

� �
þ DSELhw;CRS=DBBC

(19)

is conducted as follows:

Since the available measurement data have been mea-

sured at locations with water depths greater than 27 m, the

FIG. 10. (Color online) Influence of pile diameter, strike energy, ram

weight, and water depth on measured SEL at 750 m with the application of

a BBC. For each of the four plots, the SELs have been scaled to the parame-

ters of the TR site, except for the parameter plotted on the x axis. The plot-

ted value is the difference of the actual measured SEL at TR and the scaled

results of the other sites.

FIG. 11. (Color online) Difference between the measured and scaled results

of the SEL at 750 m for all piling locations scaled with the parameters of

SEA. All measurements were conducted with the application of a DBBC.

All SELs are scaled to a strike energy of 3500 kJ, a pile diameter of 8 m, a

ram weight of 200 t, and a water depth of 40 m.

FIG. 12. (Color online) Difference between the measured and scaled results

of the SEL at 750 m for all piling locations scaled with the parameters of

BR1. All measurements were conducted with the application of an IQIP-

NMS. All SELs are scaled to a strike energy of 620 kJ, a pile diameter of

5.9 m, a ram weight of 100 t, and a water depth of 27 m.
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influence of the water depth DSELhw;CRS=DBBC
is scaled with

Eq. (11).

Two datasets of wind farms at which the SEL was mea-

sured during the application of the combination of an IQIP-

NMS and a DBBC are available. As listed in Table II, the

variation of the parameters is rather small.

In the following, all datasets are scaled to the parame-

ters of ME. These are the average of the applied strike

energy 1868 kJ, a pile diameter of 7.4 m, and an averaged

water depth of 30.4 m. The same hammer type has been

used for both wind farms.

The mean of the measured values without scaling is

158.4 dB for ME and 159.3 dB for AL. The influence of the

diameter is about 0.4 dB. The combined scaling of strike

energy and diameter leads to an average of 158.5 dB for ME

and 158.6 dB for AL. The application of the water depth

scaling leads to the averages of 158.5 dB for ME and

157.9 dB for AL. When comparing these differences, it is

important to keep in mind that the original measurement

data did not include decimal places.

The measurement data of ME and AL scaled to the

mean strike energy of ME, the diameter of ME, and the

average water depth of ME are displayed over the water

depth in Fig. 13. Therein, the range between the highest and

lowest scaled SEL of each wind farm is 8.6 dB for ME and

6.5 dB for AL. These comparably high ranges are resulting

out of the differences within the local soil conditions and

presumably in the pile specific bubble curtain setup and

operation.

The comparison shows the advantages and the limits of

the approach of scaling the SEL from one to another. The

scaling of the SEL leads to a good agreement of the aver-

aged SELs of the different sites. However, a spread in the

scaled data remains. This spread could be slightly reduced

with more detailed scaling laws, such as taking the air sup-

ply, the bubble curtain radii, and measurement conditions

into account. However, the remaining measurement uncer-

tainties, soil conditions, and real-life bubble curtain perfor-

mance will always lead to a certain range in the

measurements derived in a single wind farm.

The presented results indicate the possible usage of the

derived scaling laws for the CRS/DBBC combination.

However, the available database only covers a small range

of the parameters. Therefore, further data for a sufficient

validation are necessary.

VI. DISCUSSION

The derived scaling laws for the SEL of mitigated pile

driving mainly differ in their NMS-specific dependence on

the water depth.

The differences in the dependency of the SEL for the

different NMSs on the diameter and the ram weight are

rather small, however, indicating explainable trends, such as

a higher ram weight leading to a reduction in a similar fre-

quency range and therefore leading to a slightly smaller

reduction of the sound levels. The application of the consid-

ered NMSs led to a change in the emitted spectrum with a

shift to lower frequencies. This is also demonstrated by

Bellmann et al.10 who show that the insertion loss of all con-

sidered systems increases with frequency. The reduction

effect of the increase in the ram weight, with the considered

simplified pile head excitation model, is highest above

100 Hz. The change to a hammer with a heavier ram weight

can also lead to local shifts in the frequency spectrum due to

the differences in the pile head excitation spectrum. The pile

head excitation is, of course, also influenced by the stiffness

of the hammer components, which are neglected in the deri-

vation of the dependency of the SEL on the ram weight. The

local shifts in the underwater noise spectrum can be seen at

frequencies below 100 Hz in Bellmann et al.10 (their Fig.

21) and in the pile head excitations of BR1 and CPII von

Pein et al.11 (their Fig. 3). The difference between the ram

weight scaling from 100 to 200 t with the BBC scaling law

and the CRS/DBBC scaling law is 1.1 dB. This is in the

range of measurement uncertainties, especially since the

majority of the measurement data are provided without deci-

mal places. Therefore, these small differences cannot easily

be validated.

Comparing the differences between the upper and lower

trend lines of the BBC results of the SEL in Fig. 10, a simi-

lar margin as for the unmitigated scenarios11 can be identi-

fied. This outcome is rather unexpected, since the influence

of not included parameters was expected to be higher com-

pared to the unmitigated cases. These are, if bubble curtains

are used, their radii, the air supply, the design, the operation,

the depth and frequency-dependent behavior of the bubble

curtain, in combination with a greater importance of the soil

parameters. The soil properties are expected to gain even

higher importance due to tunneling effects. However, inves-

tigations of the influence of soil parameters have mainly

been published for unmitigated pile driving scenarios.43

In addition to the mentioned parameters, the efficiency

of the bubble curtain is also relying on the flow speed of the

water.

A common approach for scaling the sound levels for

mitigated pile driving is to derive an estimate for the unmiti-

gated case and subtract an insertion loss derived by several

measurement campaigns.10 The presented scaling laws for

mitigated pile driving allow for a direct estimation of the

FIG. 13. Comparison of the scaled SELs over the water depth with the

application of the combination IQIP-NMS/DBBC of ME and AL scaled to

the parameters of ME. All SELs are scaled to a strike energy of 1868 kJ, a

pile diameter of 7.8 m, and a water depth of 30.4 m.
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SELs for mitigated scenarios. This is done for the sites at

which measurement data with and without a BBC are avail-

able. The measured and estimated SELs of the sites at which

pile driving was conducted with and without a BBC are dis-

played in Fig. 14. Therein, the statistical evaluation of the

scaled results is shown with boxplots that indicate the mean,

the upper and lower quartile as well as the minimum and

maximum values of the scaled measurement data. The

results of the unmitigated scenarios are derived with the

scaling of 20 of the 21 measurement datasets as provided by

von Pein et al.,11 and the scaled results with the application

of a BBC are derived by scaling the data from 7 of the 8 sites

from Table II. Furthermore, the SEL derived by subtracting

a water depth-dependent insertion loss from the scaled result

of the unmitigated scenario is shown with crossed-whisker

plots. The applied insertion loss is taken from Ref. 10 and is

14 dB for water depths smaller than 25 m, 11 dB for water

depths around 30 m, and 9 dB for water depths around 40 m.

Ranges of 63 dB for the water depths of 25 and 30 m as

well as 62 dB for water depths around 40 m are also pro-

vided. The dots denote measured values. The measured

results of the unmitigated and mitigated cases of BU have

been obtained with piles of different diameter. Therefore, no

SEL derived with the application of the insertion loss is pro-

vided for this case.

The scaled results generally agree well with the mea-

surement data, and the application of the measured insertion

loss leads to similar results. The range between upper and

lower quartile is very similar for the SEL with and without a

BBC. This way of comparing the datasets also allows new

insights into the actual NMS performance by comparing the

mitigated and unmitigated sound levels with other measure-

ment data. This procedure allows one to see whether the

unmitigated and mitigated sound levels are uncommonly

high or low. For example, if only the measured values of the

SB site with and without the BBC are compared, the BBC

performance seems to be very good. However, the unmiti-

gated sound levels of the SB site are the highest in the data-

set, while the sound levels measured with the application of

a BBC are well comparable to the scaled results of the other

sites. Therefore, the scaled results show that a good BBC

performance is achieved; and at the same time, the

unmitigated sound levels are uncommonly high. The mea-

sured and scaled results of VM show an opposite result. The

unmitigated sound levels are well in the range of the other

datasets, and the mitigated sound levels are at the upper end

of the range of the compared data.

Another example is the comparison of the measured

sound levels of TR. There, the mitigated as well as the

unmitigated SELs are at the lower range of the estimations,

which indicates that other factors led to a comparably silent

scenario.

The application of the found dependencies for the scal-

ing of the SEL with the application of a perfect CRS, a

DBBC, and their combination also shows a good agreement

between scaled and measured SELs, especially if measure-

ment errors and typical variations within one site are taken

into account. Even though not enough measurement data are

available to conduct a decent validation, the displayed com-

parisons strengthen the confidence in the applicability of the

derived scaling laws. Once further data are available, a sta-

tistical evaluation of the scaled results as conducted in Fig.

14 is suggested in order to derive a range of the estimate.

Moreover, it must be emphasized that the CRS in the model

was considered as a fully absorbing system and the valida-

tion was performed with data derived with an existing IQIP-

NMS. Semi-transparent CRSs with a strongly frequency-

dependent insertion behavior were not considered in the

paper at hand.

VII. CONCLUSION AND OUTLOOK

Simple to apply scaling laws for four different kinds of

noise mitigation measures are developed within this paper.

The dependencies of the SEL on the strike energy, the pile

diameter, the ram weight, and the water depth are derived

for four different representative NMS setups, which are

BBC, DBBC, CRS, and CRS/DBBC. A detailed validation

with data from 16 piles from eight sites is conducted for sce-

narios with the application of a BBC. The conducted valida-

tion is showing similar differences between upper and lower

bounds as derived for unmitigated scenarios in a previous

publication. Due to the higher number of uncertain parame-

ters and simplifications made, this outcome was not

expected.

More data are necessary for the validation of the found

scaling laws for scenarios with a DBBC, CRS, and CRS/

DBBC to achieve a reliable validation. However, the con-

ducted comparisons already increase the confidence in the

derived scaling laws being able to scale the SEL.

The application of the estimations to scenarios with and

without a BBC show that these scaling laws allow more

insight into the actual performance of an NMS.

The comparisons of the scaled measurement data for

the IQIP-NMS/DBBC sites indicate that the scaling laws

can only perform as well as the baseline prediction and the

quality of the measurements allow them to do. The applica-

tion of the scaling laws leads to a reduction of the span of

variation within the sound levels of a single wind farm. The
FIG. 14. (Color online) Comparison of the measured and scaled ranges of

the SEL with and without the application of a BBC.
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remaining variation within a site needs to be considered and

identified if it is related to, e.g., the DBBC operation, soil

conditions, or measurement errors.

All in all, the found scaling laws can never improve a

bad baseline prediction or measurement. Therefore, care

needs to be taken when choosing such. Furthermore, a case

by case evaluation of the pros and cons of the use of a scal-

ing law and the additional use of numerical models should

be done. Significant differences in the soil conditions, pile

design, hammer type, and NMS setup could make additional

model runs necessary.

The next steps will be to use more measurement data to

conduct validations for a greater parameter range and to

investigate the application for non-perfectly working CRS.
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