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ABSTRACT

Marine renewable energy has been growing rapidgr dive last decade which results into a
rapid development of offshore wind power. The cargion of wind turbines commonly
involves a pile-driving process, which has raisedoerns about the resulting environmental
impact of high sound levels on species such asdrgh marine mammals. In this study, a
simulation model based on the Finite Element (FEBmmercial software ADINA is
developed in order to determine the resulting atiotield distribution due to the pile driving
process. The pile-fluid-soil interaction model ialidated and the influence of a number of
parameters on the resulting sound pressures isufieunding fluid medium is analysed. The
inclination of the applied force, the position dfetartificial non-reflective boundary, the
diameter of the pile and the input energy of thdrhylic hammer are considered in order to
examine their influence on the underwater acoulséic. The results indicate that these
parameters influence the predicted sound field. Aumaerical analysis presented in this paper
could result in potential modifications to the sture, hammer, and/or process that could
reshape the temporal characteristics of the pilrdy stimulus without changing structural
integrity. The development of effective mitigatiomeasures such as acoustic baffles will be
aided by understanding the noise generation prod@éss is the only way to define zones of
impact on marine species since the sound energyvext by them depends not only on the
pile-driving configuration, but also on the sizdyape and properties of the underwater
environment.
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INTRODUCTION

The wind has been established as a source of réhewnaergy to generate electricity through
the use of wind turbines (Gaudiosi G. 1999), (@iB. 2005). The wind turbines are used to
harness the kinetic energy of the moving air oher adceans and convert it to electricity. In
general, three types of foundations are used tpatphe offshore wind turbines. These are
monopile foundation, torpid foundation and gravised caisson foundation. The majority of
offshore wind energy projects in shallow watersta@ depth of 30 m use monopile type of
foundation. The monopile foundation consists ofteelspile up to 6 m in diameter with a
maximum wall thickness of 150 mm. Depending upan sbbsurface conditions, the pile is
typically driven into the seabed by either impactvibratory hammers. In some cases the
piles are grounded into the sockets drilled intokroWith the growing awareness of the
potential impact of anthropogenic noise on mariife, lit is important to gain an
understanding of the physics of the noise generati@chanism and to examine how the
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sound propagation into shallow waters is affectgdhe input energy of the hammer, the
seabed conditions and the water column charact=rigthe propagation of sound in the deep
ocean is well documented, but it is more compldaie the case of shallow water
environments (< 200 m in depth) (Urick R.J. 198@)e large variety of sediment types as
well as the repeated reflections of the generatedd waves on the surface and on the seabed
level makes sound transmission difficult to modéaf{sh H.W. and Schulkin M. 1962). The
prediction of the underwater noise levels from loi® pile driving is complicated not only
because of the complex nature of the sound sowrtalfo because of the strong interaction
that takes place between sound waves propagatimgaais in the water column and various
types of waves travelling along the seabed-waterface.

During offshore pile driving, a hydraulic hammeoguces an impact on the pile head that
generates a stress wave which propagates downwaarslsown in Fig. 1. Part of the energy
introduced into the system is spent on the progressf pile into the soil whereas another
part is irradiated directly into the water in th@rh of pressures waves from the vibrating
surface of the pile. A third part of the energyegatthe soil and generates elastic waves which
propagate through the soil medium. These condiwaduce a very complex sound field that
does not have a simple relationship between souegbpre and particle velocity. Because of
the complexity of the sound field produced in pilleving environments, relatively simple
models, such as the one developedayilewskiand Fenton(Dzwilewski P.T. and Fenton
G. 2003), are not very useful in predicting the atipzones for aquatic animals. More
detailed models of the acoustic environment arele@en order to understand the way in
which sound energy is distributed among variousygstiems i.e. pile, water column and soill,
and to adequately predict impact zones for aquaatimals.
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Fig.1 Representation of the real situation (top) aha model consisting of springs and dashpottdbg

In this paper, the results of the simulation of @emehter noise generated from offshore pile
driving are presented. The simulation involvesdegelopment of a vibro-acoustic model by
using the commercial FE software ADINA. The mod&lh(2) incorporates all major parts of
the system. The pile is modeled as a thin circeyéindrical shell of constant thickness and of
finite length. The surrounded water is describethwine help of linear compressible fluid
elements. The impact of the hydraulic hammer isesgnted by an external force which is
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applied at the top of the pile (A.J.Deeks and Mdn®lph 1993). Two possibilities are
explored to include the properties of the soil ithe model: the first approach consists of
modeling the soil with spring and dashpot elemé@tzetas G. and Dobry R. 1984) as shown
in Fig. 1 while the second one comprises of modelire soil with equivalent fluid elements
(Reinhall Per G. and Peter H. Dahl 2011). The aild fluid domains are coupled with fluid-
structure interface elements and a coupled fluidestire interaction (FSI) analysis is
performed. The structure of the document is a®WwdEl Once the model is validated, the
influence of a number of parameters on the gengrstend pressures in the exterior fluid is
analyzed. Subsequently, the results of the finkenent analysis are presented and the main
characteristics of the sound field are discussenallly, some conclusions are given together
with some points for which further research is iespl
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Fig.2 Schematic representation of pile-fluid-soteraction model

MODEL DESCRIPTION

To investigate the acoustic radiation due to pitikes, a dynamic FE model of a pile driven
into the soil sediment in shallow waters is devebby using FE software ADINA. The
model consists of a pile with a length of 32.4 m,ianer radius of 43.7 cm and a wall
thickness 2 cm. Non-reflecting boundaries, avadablADINA, are employed to prevent the
reflection from artificial boundaries that truncébese domains (Fig. 2).

The material model used for the pile is based dimear elastic formulation. The density,
modulus of elasticity and Poisson ratio of the Iste&’850 kgri¥, 2.1x10" Nm? and 0.28
respectively. To model the surrounding fluid medipotential based fluid elements are used
with a bulk modulus of 2.2*T0 Nm* and a density of 1030 kgimresulting in a
compressional wave speed of 1461'rftr the fluid domain. The pile is assumed to leefat
the top and fixed at the bottom which is a reastEnapproximation for large penetration
depths of the pile into the soil. At the pile-flurterface, the fluid and structural equations are
coupled with the help of fluid structure interfa@esI) elements available in ADINA. The sea
surface is simulated as a free surface boundargdiwom whereas the seabed is modelled
with different boundary conditions; a free surfaam,artificial non-reflective boundary and a
rigid boundary condition. The infinite exterior (tioe pile) region is truncated with the help of
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cylindrical infinite boundary elements availableADINA to reduce the computational effort.
The approximate pressure F(t), resulting from thpact between the hammer weight and the
pile is modelled in time and in frequency domairshewn in figures 3 and 4. The assumed
shape of the loading function is consistent witeviiwusly published data (A.J.Deeks and
M.F.Randolph 1993). On the basis of the maximuequdency content of the applied load,
the speed of sound in the water and the speedngprEssional waves in the pile, 10 elements
per unit of wavelength are used for the fluid and shell. The wave propagation in the pile
and the surrounding medium is modelled for 0.lisgua typical time step of 0.1 ms.
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Fig.4 Frequency spectrum of the load

VALIDATION OF THE MODEL AND BASIC FEATURES OF THE SOUND FIELD

It is observed that the primary source of underwatase originates from the downward

travelling compressional wave at the pile whichsemua radial displacement motion due to
the effect of the Poisson’s ratio of steel. Theaeyment of axisymmetric Mach cones is
observed from the analysis at an angle 8fiith the vertical axis of the pile as shown in Fig.
5. This phenomenon is also observed by other relsea (Reinhall Per G. and Peter H. Dahl
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2011) and (A. Tsouvalas and A.V. Metrikine, 20I®)e angle of the cones depends only on
the ratio between the compressional waves in tleegpid the speed of sound in the fluid and
is independent of the distance from the pile axis.
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Fig.5 Development of Mach cone at an angle dfuith the pile axis and the radial expansion ofpree in the
surrounding fluid medium

The axial stress wave in the pile creates a spikihe radial velocity which is followed by
oscillations of the pile surface. In Fig. 6, thalied velocity of the pile is plotted at three
nodes, which are located at a distance of 26.567%2 m, 1.29 m as measured from the
bottom of the pile. For this analysis the soil isdelled as a fluid having the same properties
with the actual water column. The propagation efiidial wave from top to bottom nodes of
the pile is shown in Fig. 6. From figures 6 andttan be observed that the radial velocity
spike in the pile produces a corresponding spikibénacoustic pressure of the fluid elements
which are adjacent to the pile nodes at the sanme potime.

A comparison between a three dimensional modelamdxisymmetric one has shown that
both predict similar results for the case of aiealty applied force at the pile head, with the
axisymmetric one being computationally very fastug, for the cases in which the load is
applied vertically, the axisymmetric model is pre¢el both in terms of accuracy and of
computational speed.

The variation of the pressure development in thedfldkomain with increasing depth and
radial distance is studied. A strong correlatios haen found between the pressure levels and
the radial distance from the surface of the piletf@ case of a rigid bottom. The variation is

shown to be inversely proportional tdr as shown in Fig. 8, which simply implies a
cylindrical spreading of the input energy. Thiseigectable since the bounded waveguide
formed by a pressure release surface and a rigtdrbas one of the cylindrical type. On the
contrary, in Fig. 9 a clear correlation between phessure levels and the depth of fluid zone
is not observed for the near-field sound pressdress. implies that the actual pressure field at
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the vicinity of the pile is very complex with a @bg depth variation which cannot be
accurately characterized by a single pressure measnt.
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Fig.6 Radial velocity in shell element at a dept&56 m, 17.42 m and 1.29 m
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Fig.7 Finite element pressure in a fluid elementted at different depths and at a radial distafi@e45 m

PARAMETRIC STUDY

A parametric analysis of the pile-fluid model igfeemed. Parameters such as the position of
infinite boundaryR, ), the inclination of the external force) (@nd the diameter of the pile are

considered in order to examine their influencetegenerated sound field.
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Fig.9 Variation of mean pressure level with depth

Influence of the position of non-reflective boundary

The effect of the position of the non-reflectiveubdary is examined and the optimum
location of the absorbing boundary is found byltaad error until the desired accuracy is
achieved within reasonable computational time. fibe-reflective boundary is employed in

the model in order to truncate the infinite domaimd to reduce the computational time.
However, the non-reflective boundary available iBINA software is restricted to waves

traveling normal to the boundary, whereas it iseobad that wave fronts are formed at an
angle of 19 to the vertical. In order to set the radius of -meflective boundary, th@ is

increased till the variation in the pressure levslsiegligible at the selected elements. The
analysis is performed under the assumption thapillbes completely embedded in the fluid.
An element is randomly selected at a radial disgtaofcl.9 m and at the middle depth in order

to compare the pressure development for differadii IR_.The pressure level in the element
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for different values ofR is shown in Fig. 10. The pressure wave is divided two zonest)
the primary pulse zone amdl the secondary pulse zone.
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Fig.10 Influence of radius of non-reflective bound@R ) on pressure development

The primary pulse zone represents the pressurdagenrent corresponding to main pulse and
the secondary zone represents the resulting peedsierto vibrations of the surface of the pile
after the passage of main pulse. There are twoagpyirand two secondary pulse zones as
shown in Fig. 10. The first zone corresponds todbmpressional wave traveling downward
at the pile and the second one is due to the teflewave which is traveling in the opposite
direction. In the primary pulse zone the differengethe pressure levels are small compared

to the ones obtained in the secondary pulse zon¢h# different radiiR, . The pressure
levels in the secondary pulse zone are higheiRior2 m due to the reflection. The reflected
energy is reduced due to the geometrical spreddssgasR, increases and hence a reduction
in the amplitude of the reflected waves is obsenveéig. 10 for increasing radiR, .The

results obtained from this analysis clearly showat tthe position of the infinite boundary
should be carefully chosen in order to minimize tedlections from artificial infinite
boundaries.

Influence of inclined loading

The application of inclined loading activates thentling modes of the shell. This alters the
vibro-acoustic behaviour of the coupled model. Tégponse of the system is analysed for
different inclinations of the external loading vy from @ to 10 to the vertical. In order to

analyse the effects of inclination, the ratio o thaximum pressure at an inclinatiriP, )
and of the maximum pressure ﬁt((l;g), i.e. vertical load, are shown for five elemeaitshree
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radial distances. Plots d%, / P, against different depths are shown in the Fig.Atla radial
distance (RD) of 0.44 m and for an inclination 6f,kthe ratio maximises. This is followed by
a RD=0.44 m ané=5". For RD=1.24 m and RD=1.96 m, the maximum pressaiio is very
close to unity. Hence, for an increase in theimation of the applied load, the maximum
pressure increases only at the vicinity of the pildace.
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Fig.11 Pressure ratio in selected elements atrdiffenclination of loading

Influence of pile diameter

In this section, the influence of the diameter g pile on the acoustics is studied using an
axisymmetric pile-fluid interaction model. The safoad density as discussed previously is
applied at the top of the pile. Note that same ldewsity does not imply an equal total force
since the increase in the total force is proposida the increase in the radius of the pile. The
radius of the pile is increased from 0.46 m to Ind a water column of radius equal to 2 m is
modelled with fluid elements. A fluid element logdtat 2m from the central axis of the pile
Is selected to compare the pressure developmedifferent pile diameters. As shown in Fig.
12, an increase of the radius of the pile from € 0.80 m, results in an increase of the
peak pressure of about 1.8. In a similar way anegse of the radius to 1.00 m results in an
increase of the peak pressure by a factor of 2t#ré&fore it can be concluded that the
increase of the peak pressure is directly propealito the increase in the radius of the pile.
That of course does not imply that the pressuié i identical in the two cases since the
oscillations of the pile surface after the passafehe strong compressional front are
completely different. In the corresponding figurptese shift is observed due to reduction in
the distance between the selected element andl¢heupface.

CONCLUSIONS

In this study, it has been shown that the noidd fignerated by offshore pile driving can be
affected by a large number of parameters. It has li@und that the pressure field in the fluid
zone varies both with depth and radial distancenftbe pile surface. A strong correlation is
found with respect to the radial distance from pile surface. The pressures vary inversely
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proportional tov/r in the case of a rigid seabed interface. Howeaalear correlation with
the depth of fluid zone cannot be established. dffiect of the non-reflective boundary is
analyzed and discussed in this paper. The positighe non-reflective boundary is obtained
by trial and error till the desired accuracy wakiaged within practical computational time.
The study on the effect of the inclination of tleecke shows that an increase in the inclination
of the load results in an increase of the peakspires only at the vicinity of the pile surface.
The change of the pile diameter shows that althqailgis of different diameter show different
dynamic responses and sound radiation patternsne¢hease in the peak pressure is linearly
proportional to the increase of the diameter offiite

4
Pressure

(Pa) ;|

Time(s)

Fig.12 Effect of pile diameter on pressure develeptin the surrounding fluid medium.
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