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Underwater noise, radiated from pile driving at offshoreadviarm construction sites, has
become a major issue in the course of the recent reorgasmzatithe energy supply in Ger-
many. To predict the sound pressure levels (SPLs) of plamied farms and to optimize
the according noise insulation systems, the need for a noaheimulation tool has arisen.
In this contribution, an envisaged global model, consistifithe detailed simulation of the
pile/soil-interaction, the properties of insulation ma&&s, and the prediction of SPL in large
distances from the pile, is introduced. A basic finite elen{€&) model is presented which
models the pile itself and the surrounding water up to a degtaf50 m around the pile. This
model is used to extract the acoustic source propertieatbhateeded to couple the presented
wavenumber integration (WI) code, which is utilized as a pgation method. The pile as
an acoustic source is investigated in detail and feasibiplgications of the extracted output
signals are suggested. Finally, the results of the WI modetampared to the FE results and
an outlook on future research activities is given.

1. Introduction

Until a couple of years ago, pile driving induced underwateise has been an issue mainly
associated with the errection of near shore buildings aigas and its effects on fish, see for example
Stadler and Woodbury [1]. Today, this problem has reacheshalevel, both in quality and quantity,
in the context of offshore wind farm constructions, withepdriving being the current state of the
art foundation. Hereby, it combines the negative effecthefother two main sound sources in the
ocean, namely seismic explorations and shipping noise h®none hand, high sound pressure levels
(SPLs) comparable to seismic explorations are encountknedg the construction phase, with peak
source SPLs of up t@28dB 1, see for example &z et al. [2]. On the other hand, due to the
rapid development of offshore wind farms on the way to a mastasnable energy production, for
Germany, see [3], parallel construction activities at s#vsites will lead to a continuous acoustic
pollution of the according areas, as does shipping noise.

LAll dB values in this work are referenced ipPa
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To protect the marine environment several countries haeady decreed different regulations,
such as seasons of suspension in the Netherlands, to pfistetarvae, or whale watchers in the
United Kingdom, see Koschinski andidemann [4]. In Germany, the main concern is the protection
of the already endangered harbour porpoise, whereforérgnvalues ofl 90 dB for the peak sound
pressure level (SPL,;) and160 dB for the sound exposure level (SEL), both measured at ardist
of 750 m from the pile an@ m above the sea floor, during the construction phase havessesd, cf.
[5]. To observe these rules, sound insulation measureh,asibubble curtains or cofferdams, have
to be applied during the operation of pile drivers.

In this context, the need to have a numerical simulationttwaticorrectly represents the acoustic
radiation of pile driving, is mainly driven by two considéoms. On the one hand, construction
companies as well as approving authorities need a reliabtigiion of the SPLs that can be expected
from pile driving for planned future wind farms. On the otlwand, an a priori optimization of sound
insulation measures is desirable to minimize offshorertgstosts.

This paper focuses on the ability of such a numerical modgiredict sound pressure levels in
distances of several kilometers from the actual constradite. In section 2, the envisaged global
model is described, as well as the finite element (FE) appréacthe area close to the pile, and
the physical principle governing the acoustic radiatiothis context is exemplified. This near field
model will be used subsequently to determine the input atioit for far field calculations and to
verify the according results. In section 3, the wavenumhbtagration (WI) technique used for far
field predictions is briefly introduced and the applicationthe given problem is eludicated. The
coupling of the FE and WI model and the comparison of the resut discussed in section 4, before
a conclusion and an outlook on planned research activeigiven in section 5.

2. FE modelling of pile driving noise

Due to the large size of the area of interest and the high &necpregime that has to be con-
sidered, the numerical modelling of acoustic emissionmfpile driving is computationally rahter
challeging. Looking at the German regulations mentionexvapthe most important dimension of a
model would be a radius larger thas) m around the pile. Additionally, measurement guidelines th
are in preparation also forsee the monitoring of naturervesan distances of up tokm, see Miller
and Zerbs [6], which would also have to be included in anywlsaimerical model. The upper fre-
guency limit of interest for a modelling approach is stillfap discussion. On the other hand, studies
show that the auditory system of marine mammals, such astietr porpoise, can sense signals up
to several kilohertz, see for example Kastelein et al. [7(8] the other hand, measurement data indi-
cate that the pulses, emitted during pile driving, do noeheasignificant energy content in the region
roughly abovel kHz, see for example Wilke et al. [9]. This characteristi@adgitionally amplified
by the frequency dependent damping in sea water, that iseseaith frequency, see Brekhovskikh
and Lysanov [10]. Taking this into account, the authors @St a feasible approach to account for
frequencies up t@ kHz.

With these constraints, it becomes clear that a straighigiat modelling approach, for example
using the finite element method, is not practical, due to tiraber of degrees of freedom, resulting
from the vast dimensions and the high frequency contentrefbwe, a subdivided calculation of the
whole system, as for example suggested by Stokes et al.i§ldgsirable. The authors have chosen
a tripartite modelling approach, consisting of a high figekE model to simulate the complicated
interaction of the hammer with the pile and the subsequenision of the pile into the soil. This
model is coupled to an acoustic FE model covering the firstrfesters around the pile, including
possible sound mitigation measures. Finally, the resilthis model are coupled to a propagation
model, which allows for SPL prediction in large distancesrirthe pile, using a number of simplifi-
cations. In this work, the main focus is on the propagatioml@hand the determination of its input
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Figure 1. Finite element model used to determine the excitation for the propagation methtal an
verify the according results: (a) Basic model setup and dimenions in mé®rBressure contoui® ms after
the hammer impact, showing the characteristically inclined wave fronts

signals, wherefore an FE model consisting of both the piteitsnearer surroundings is used.

The two-dimensional, axis-symmetric model can be foundgaoré 1(a). It consists of a pile
with a diameter ofD = 2,1 m and a total length of. = 30 m, whereof20 m are surrounded by
water andl0 m are embedded in the soil. Simplifying, the soil is assunodaketan equivalent fluid,
representing a fine sand, see Hamilton [12]. Hence, theaapfiliid properties argyw = 1000 kg/m’
for the density andy = 1453 m/s for the speed of sound of the water, ard= 1941 kg/m* and
cs = 1749 m/s for the soil. To fix the pile in the fluid soll, it is connedt® spring-damper elements
along its embedded length, which also govern the absorptidhe mechanic energy put into the
system by the hammer. To account for the half-infinite natdithe ocean as a waveguide, the outer
limits of the model are enclosed by non-reflecting boundafidRBs). Due to the high difference
in impedance between air and water, the air phase is not teddeére, and the ocean surface is
assumed to be a perfect reflector with= —1. The interaction between the hammer mass and
the pile is considered, using an analytical model as sugddsy Deeks and Randolph [13]. The
analytically calculated forces are applied to the FE modge&vorce boundary condition at the top of
the pile.

In figure 1(b), an exemplary pressure field contour, takems after the hammer impact, is
shown. The inclined wave fronts that are characteristidl®driving, see for example by Reihnall
and Dahl [14], can clearly be identified. The relatively sh@ammer impact triggers a longitudinal
wave that is running down the pile, with a propagation spdewghly c;,,,, ~ 5100 m/s. Due to
the transversal contraction, i.e., Poissons’ ratio, thse &nduces a transversal deformation wave,
which in turn causes an excitation of the surrounding fluid theereby acts as an acoustic source.
The inclination of the wave fronts in water of abatt,.;., =~ 16° can easily be calculated by the
relation of the speed of sound in watey,., and the propagation velocity of the impulsg,,. What
Is important here is the fact, that relative to the speed ohdon water, the impulse, i.e., the acoustic
source, is traveling with supersonic speed. This leads niytto a standard Huygens wave front,
formed by every aligned set of point sources, but to a highgatie Mach front. The second set of
wave fronts, with opposite inclination, results from thepimse that has been reflected at the foot of
the pile and travels up again. It can also be seen, that tke#isetions arrive with reversed phase, as
the impedance in steel is significantly higher than in thevadent fluid, representing the soil.
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3. Wavenumber integration modelling of pile driving noise

As explained in section 2, a so-called propagation methaogkéxied to predict SPLs in large
distances from the acoustic source. Prominent represeygaif this class of computational proce-
dures are for example ray tracing algorithms, normal modeai@bolic equation modelling. Each of
these methods involves a number of simplifications, andtheconstraints to its field of application.
For a deeper insight into the mentioned approaches and aajenerview, see for example Jensen et
al. [15].

For the envisaged global model, a WI approach is used, in tire fnggested by Schmidt
and Tango [16] and Schmidt [17]. This technique is suitabletiie frequency range of interest
and gives results for a two-dimensional, multi-layeredimmment. Its most significant drawback
is the difficulty to handle strong range-dependence, howing is considered a minor confinement,
at least for the North Sea. Therefore, it computes the fulll fimcluding the evanescent spectrum,
which might be of importance in connection with the presedimeasurement position close to the
water/soil interface, mentioned in section 1. The formaivd¢ion of the method is based on the
Helmholtz equation for a two-dimensional, axis-symmetrdnge independent environment, with an
arbitrary distribution of sources along the z-axis,

[8: + 822 + k;Q(,z)] o(r, z2) = S,o(r)d(z — zs), (1)

with k£ being the wavenumbep,the displacement potentid,, the source strength andlits position.
By applying the forward Hankel transform, including the Bé$section J, of order0, with respect
to the horizontal wavenumbéf, defined as,

F(k,,z) = /00O f(r, z) Jo(kyr) rdr, (2)

to equation 1, it is transferred to the wavenumber spectmdnreduced by one dimension, yielding
the so-called depth-dependent wave equation,

2
laazz + (K - kf)] Oy, 2) = g;(s(z — z). 3)

Given the already mentioned environmental restrictionalydical solutions for equation 3 can
be found, for a number of different source types, includimg point sources used later on. In the
case of a multi-layered environment, the solutions for équa3 in each layer can be implemented
very efficiently in a numerically stable manner. To finallytain the desired results in the frequency
domain, an inverse Hankel transformation has to be appgtionally, as in every frequency domain
computation, time domain results can be obtained by ansevEourier transformation over a set of
frequencies. For a more exhaustive treatment of the usednuavber integration formulation, the
reader is referred to Lippert and Lippert [18].

To illustrate the application of wavenumber integratiornhia context of pile driving, a Pekeris
wave guide with a water depth 86 m over a fluid half-space representing the bottom is usegtado
ing the material parameters for the speed of sauadd the density from the example discussed in
section 2. To model the inclined wave fronts, which are ottarastic of pile driving, the knowledge
about their generation can be used to simulate them using) @ peint sources, as suggested by
Reinhall and Dahl [14]. Doing so, an output signal in the tinoendin is chosen, which is emitted
by the sources. Each source is switched on, the moment thdsengrould pass its position. The
according time delay can be calculated by the respectivardie from the hammer, i.e., the top of the
pile, and the velocity of the impulse.
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For illustration purposes, the pile length bf= 30 m is represented by only six point sources,
which is considerably too few to model a closed wave front,Has the advantage, that the single
source contributions can be plotted clearly. Each sourgesensingle sine cycle with a frequency of
100 Hz, with a resulting time offset o\t = AL /¢, = 1,2ms between the sources. In figure 2(a),
the contributions of the six sourcestat 9,6 ms are depicted separately, whereas in figure 2(b) the
resulting wave front is shown. The thin blue lines indic&teinterface between the water and the soill,
whereas the dashed-dotted black lines indicate the regwliave fronts which can not fully develop,
due to the limited number of sources. Again, it has to be ségshat the high SPLs encountered
during pile driving can be explained by the Mach wave effastall primary wave fronts of the point
sources overlap in this case. If the impulse in the pile wawest than the speed of sound in water,
the wave fronts would not overlap and the result would be arsedylower maximum pressure.
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Figure 2. Pressure field contours of single source contributions to a charactérstgile driving
wave front: (a) Single point source contributions for sources plaetddenz, ; = 0,1 m andz, ¢ = 29,9m/
(b) Resulting normalized wave front from all six emitted sine cycles

4. Coupling procedure and comparison of results

The crucial point in coupling the FE results to the WI modehis tletermination of the exci-
tation of the single point sources. Based on the above caasioles, a pressure peak with a period
length close to the impact duration of the hammer can be ¢ggeiollowed by a tailing declining os-
cillation. The maximum amplitude of this vibration will dvably be found shortly after the hammer
impact and subsequently decline, as the impulse travelsdiplavn the pile. To get a better insight,
the FE model introduced in section 2 is investigated.

Some preliminary considerations have to be made when ttgiegtract the source signal from
the FE simulations. First of all, the nodes to evaluate thaadihave to be situated relatively close
to the pile to avoid overlapping. Secondly, the desired leraf the source signal’;,, after the
analytically determined arrival of the impulse in the pile,decisive for the number of nodes that
can be analyzed. Due to the high impulse velocity in the gtde] it has to be made sure that
the impulse has not traveled back to the currently evaluatete and thereby corrupts the signal.
Potential boundaries for signal reflections are the endeptle and the interface between the water
and the soil. Therefore, all sources included in the evadndtave to be placed in a safety distance of
Ly = Ty, cimp/2 from both ends of the pile.
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Regarding these restrictions, and choosing a signal lerfgih),p = 3 ms, a total number of
N = 62 nodes can be considered for the described FE model, placediatance ofi0 cm from
the pile. In figure 3(a), the normalized pressure over timalbfV nodes after the arrival of the
impulse in the pile is shown as a stacked plot. What strikegsitdlance is the high resemblance
of all signals, hinting to the fact that the impulse, and ¢fsgrthe acoustic pressure, seems to have a
relatively constant shape over time. Further investigesioows, that the maximum signal strength is
approximately decreasing exponentially over the travdlsthnce of the impulse.

As mentioned before, the envisaged model is supposed tolideugato a frequency o kHz,
wherefore the found characteristic signal has to be banidld. Therefore, each signal is transferred
to the frequency domain, processed accordingly by meansTaikay window, and subsequently
transferred back to time domain. A comparison of the origangnal pr and band limited signal
pum 1S depicted in figure 3(b), for a source depth:pf= 17 m.

For an error analysis, both signals are offset into the pesitalf-plane by adding the maxi-
mum occurring pressure, yielding., andpj;,,, to avoid the notoriously problematic zero crossings.
Defining the error as = (pyp — pim)/Pip, the mean error over all evaluated source positions is
e ~ 2%, with the maximum error being,.... =~ 3,6 %, which is considered an acceptable range.
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Figure 3. Analysis of the signal emitted by the pile, evaluatedZhodes along the pile axis at a distance
of 10 cm away from the outer hull of the pile: (a) Stacked plot of normalized kEcgosignals (b) Exemplary
comparison of FE (blue, straight) and band-limited (red, dashed-dottgd)l $or a source depth af, = 17m

To verfiy the introduced WI approach, the signals analyzeg@bee used as input excitation for
the WI model and the resulting pressure in some distance fnempite is compared to the according
FE results. This is rather challenging since the dimensaodrtise FE model are limited by practical
computational restrictions, while the WI appraoch is begeduor predictions over long ranges. By
evaluating a receiver at.; = 40m andz,.; = 18m, i.e. 2m above the sea floor, a balance is
stroke between both restrictions. As input signal for allp@mt sources, equally distiributed along
the length of the pile, the mean band-averaged signal frbG2avaluated nodes is taken.

In figure 4(a), the results of the FE and WI simulations are shfowthe reference position in
the time domain. The time window of the comparion is trundatier8 ms, as spurious refelctions
from imperfections at the non-reflecting boundaries in tBenfodel are corrupting the signal after-
wards. Furthermore, both signals are normalized to a maxirmnplitude ofl Pa, as the number of
point sources used in the WI model is not yet related to the éptargy emitted by the pile. In the
scope of these reservations, the signals are found to beooh @greement. The arrivals of the single
wave fronts can be identified for both simulations by the fpasor negative peaks respectively, which
occur approximately at the same time for both models. As&eplethe WI results show significantly
less high frequency noise, due to the band-limiting of thrutrsignal.

To get a better insight into the degree of accordance of batimalized results, they are trans-
ferred to the time domain by means of a narrow-band Fourstormation and averaged in third-
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Figure 4. Comparison of finite element (blue) and wavenumber integration (rededaddtted) results
at reference positionf.; = 40m/ z,..; = 18 m): (a) Normalized pressure vs. time at reference position (b)
Comparison of normalized results in the frequency domain, using a thirdeolstand resolution

octave bands, as depicted in figure 4(b). Again, the signaléoaind to be in excellent agreement
both regarding quality and quantity. The frequency respstas the selected position show the same
trend for both models and take on similar values for a widguescy range. The severe drop in
agreement, at frequencies in the range abdkdz, is most likely resulting from the band-limiting
procedure. ldeally, this would only influence frequencibewve 2 kHz, but due to the nature of the
Tukey window, the effect already sets in at lower frequesicie

5. Conclusions

An envisaged tripartite model to the simulate the acoustidation from pile driving has been
presented, using a wavenumber integration approach asgatpn method. Hereby, one of the
key challenges was to determine and verify the acoustictiepcitation of this model. Therefore, a
transient FE model has been setup and the pressure closepdehvas analyzed and processed for
further use in the WI model. Subsequently, the results of buitels at a reference position46m
distance from the pile have been compared and found to becellert agreement, both in time and
frequency domain. Hence, it can be assumed that the WI resilllsiso yield reasonable results for
receivers in a larger distance from the pile, what is its@gburpose.

As a next step, the acoustic energy radiated from the piledage correlated to the emitted
energy from the point sources in the WI model, to enable fotaignal comparisons, without
prior normalization. Subsequently, parameter studiegsgusimongst others, different hammer pulses
and pile geometries should be performed, to get a deepghinisito the formation of the acoustic
signal. Additionally, the validation of the model againssults from a recently performed, extensive
offshore measurment campaign is planned, to proof itstglmfisound pressure level prediction in
large distances from the pile.
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