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Summary

Due to the massive construction of o�shore wind parks in the German North Sea, an increasing

attention has been directed to underwater noise. In particular, limiting values for the sound pressure

level during construction have been introduced by the German authorities to protect marine life.

State-of-the-art technology for the erection of the wind turbines is impact pile driving. Hence, a

reliable prediction technique for the noise due to pile driving with an impact hammer becomes

increasingly important. At present, di�erent numerical methods are under development for these

kinds of forecasts. The most common approach used to calculate the sound pressure in the area close

the pile is the �nite element method (FEM). In several publications, an equivalent damping in the

embedded part of the pile is chosen to take the losses, e.g. the plasticity of the soil, into account. In

this contribution, a method to determine the equivalent damping with the "Wave Equation Analysis

of Pile Driving" (WEAP) is shown. During a drivability study performed with WEAP, the Rayleigh

damping coe�cients are extracted. Finally, these coe�cients are validated by comparing predicted

values calculated with the FEM to measured data.

PACS no. 43.30.-k, 43.30.Jx

1. Introduction

Since the German government decided to substan-
tially reduce greenhouse gas emission, the extension of
renewable energy gains more and more of importance
[1]. In this turnaround of the energy policy, o�shore
wind energy plays a key role. The fact that pile driv-
ing with an impact hammer is still the state-of-the-art
technology for the erection of foundations for o�shore
wind turbines leads to a massive noise emission into
the sea water. To protect marine wildlife, like the har-
bour porpoise, limiting values have been introduced
by the German authorities. These were de�ned as 160
dB re 1 µPa for the sound exposure level SEL and 190
dB re 1 µPa for the peak sound pressure level Lpeak.
In most cases, it is hard to comply with these limits
without applying a dedicated sound mitigation system
[2]. To optimize such systems, numerical methods, as
the �nite element method (FEM), are an important
tool to get a physical insight and a better understand-
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ing of the acoustic radiation and sound propagation
during o�shore pile driving. One of the most impor-
tant input quantities for such a FEM model is the
force applied to the pile, such that the input energy
and the shape of the forcing function are represented
realistically. Other important input parameter are the
equivalent damping parameters, which are assigned
to the embedded part of the pile to take the losses,
e.g. the plasticity of the soil, into account[3], [4] . Tri-
moreau et al. presented an approach, in which they
used a WEAP calculation to determine both the pile
head force and the equivalent damping [5]. However,
one of the major drawbacks of WEAP is the necessary
discretization of the ram and the anvil of the impact
hammer.

To avoid this drawback, �rst a numerical model to
predict the pile head force for frequencies up to 10
kHz is presented in this contribution. This model fea-
tures a FEM time domain approach, in which the ram
and the anvil are discretized explicitly. The modelling
requires the de�nition of two contacts: The contact
of the ram to the anvil and the contact of the anvil
to the pile. In both cases, the same problem occurs:
The properties of the used contact model have to be
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well known to get proper results. In di�erent previ-
ous contributions, the relevance of an accurate con-
tact modelling is discussed (see for example [6] and
[7]). A wrong contact sti�ness in a numerical model,
for example, may lead to wrong results or numerical
instabilities, as convergence problems or even matrix
singularity [6]. Within this contribution, the contact
of the impact hammer model under highly loaded con-
ditions is studied in detail with the presented numeri-
cal model. For a contact model, namely a bilinear rela-
tion between the contact pressure and the contact dis-
placement, the contact properties are determined with
a Design of Experiment (DOE). The estimation of the
parameters is accomplished for a stroke with 1400 kJ.
Afterwards, the results of this contact model are dis-
cussed. The chosen properties are cross-validated with
two other strokes of the impact hammer.

With a second model, �nally the equivalent damp-
ing parameters are determined. Therefore, WEAP is
chosen, which was originally proposed by Smith and
is here extended by the radial displacements [8], [9],
[5]. To avoid the mentioned drawback of WEAP, the
determined force of the FEM approach is de�ned as
a boundary condition on top of the pile.

In a last step, the underwater sound pressure is
determined with a separate model. For this model,
FEM is used and the pile head force is assigned as a
boundary condition in this model. Furthermore, the
Rayleigh damping parameters are implemented at the
embedded part of the pile. Here, a very good accor-
dance of the model with respect to measurements is
shown.

2. Numerical impact hammer model

2.1. Motivation and general numerical setup

For the proposed model, a 2D axis-symmetric formu-
lation and explicit time integration scheme (central
di�erences method) is chosen to reduce the computa-
tional time and to have the opportunity to describe
brief transient dynamic events, like the impact of the
hammer on the pile.

The model consists of the ram, the anvil, and the
pile. The bottom of the pile is enclosed with in�nite
elements. This is well-founded by the fact, that the
pile head force will be determined by this model. So,
this forcing function should not include any re�ec-
tions of the stress wave traveling through the pile. For
the spatial discretization, four-noded bilinear quadri-
lateral elements with reduced integration scheme are
used. The mesh size of this model is con�rmed with a
convergence study. This study leads to a mesh size of
0.01 m. To assign the energy of the impact hammer
to the system, an initial velocity v0 is de�ned to the
ram mass.

2.2. Geometry of the model

To enable a comparison with measurement data, the
model is set up according to an o�shore measurement
campaign carried out within the BORA project [10].
The pile has a length of 85 m, an inner diameter of 3.2
m, and an outer diameter of 3.35 m. The used impact
hammer is of the type "MENCK MHU1900S" oper-
ated at a maximum blow energy of 1400 kJ. The ma-
terial of the pile, the anvil, and the ram mass is steel.
The weight of the ram mass is 92 t with a length of
9.6 m. The weight of the anvil is 45 t. For detailed
information about the measurement campaign, see
Reimann and Grabe [10]. The pile head velocity was
measured in a distance of 6 m to the pile top during
this campaign. The general setup of the FEM model
including the impact hammer and the pile is shown
in �gure 1a) and 1b). In �gure 1c), the discretization
of the pile and the impact hammer is visualized.

Figure 1. General setup of the model and discretization of
the ram, the anvil, and the pile

2.3. Numerical implementation of the con-

tacts

The modelling approach leads to the de�nition of two
contacts: The contact of the ram to the anvil and the
contact of the anvil to the pile. Both contacts are en-
forced with a penalty contact algorithm. This proce-
dure can be interpreted as an introduction of several
spring and damper systems representing the contacts.
Afterwards, a normal and tangential behaviour is as-
signed to both of them. The tangential contact is re-
lated to a friction coe�cient of 0.15 (steel-on-steel).
However, more important is the normal contact prop-
erty. Through this quantity, the energy transmission
from the impact hammer to the pile is controlled. In
the following, a contact model with a bilinear rela-
tion between the contact pressure and the contact
displacement is studied.
The used bilinear relation between the contact pres-

sure p and the contact displacement δ is

p(δ) =

{
s · δ, for: δ ≥ 0

0, for: δ < 0.
(1)
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In this the relation, one parameter, the contact sti�-
ness s, has to be de�ned, which is the gradient of the
contact pressure p with respect to the contact dis-
placement δ.

3. Determination of the contact prop-

erties

3.1. General proceeding

The used method to estimate the contact properties is
the so-called response surface method [11]. For this,
a response surface based on sampling points, which
describe the shape of an objective function, has to
be determined. Here, the sampling points, numerical
calculations of the pile head velocity vp with di�er-
ent contact properties in a de�ned search space, are
determined by means of a latin hypercube sampling
[12].
A suitable objective function for this problem is

the frequency response assurance criterion (FRAC),
which describes the correlation between a measured
frequency response Hm and a numerically determined
frequency response Hn [13]:

FRAC =
(HT

mHn)
2

(HT
mHm)(HT

nHn)
. (2)

A FRAC value of 1 indicates a perfect correla-
tion, while the correlation gets worse with decreasing
FRAC value. In this study, the pile head velocity vp
of the measurement and of the calculation is trans-
formed into the frequency domain by means of a dis-
crete Fourier transformation leading to the required
values Hm and Hn, respectively.
For the approximation function de�ning the re-

sponse surface, a polynomial of fourth order is cho-
sen. Using a least square regression, the coe�cients
of the polynomial are calculated. The last step of this
procedure is a gradient-based optimization on the re-
sponse surface. The used algorithm is the sequential
quadratic programming [14]. The goal of the optimiza-
tion is to �nd to highest possible FRAC value in a
given search space.

3.2. Determination of the contact properties

for the bilinear model

As described in the previous chapter, one con-
tact property has to be estimated for this relation.
Konowalski determined a contact sti�ness of 1.2 ·
1012 Pa m−1 for a cycling load in his experiments [6].
Based on this �nding, the search space for the DOE
has been set to the interval from 1 · 1010 Pa m−1 to
5 · 1012 Pa m−1.
The in�uence of this property towards the pile head

velocity vp is visualized in �gure 2. Here, the pile head
velocity vp is plotted over time for di�erent contact
sti�nesses s.

Figure 2. Resulting pile head velocity over time for an
increasing gradient of the contact sti�ness s

As it can be seen, the entire shape of the pile head
velocity vp changes with an increasing contact sti�-
ness s. This may lead to a worse or also a better
correlation between the measured and the calculated
signal. To underline this even more, the determined
response surface of the resulting FRAC values is vi-
sualized in �gure 3.

The optimization on the response surface leads to
a FRAC value of 0.994, which indicates a very good
correlation between the measured and calculated re-
sults of the frequency response. The related optimized
contact sti�ness is 9.29 · 1010 Pa m−1.

Figure 3. Plot of the FRAC value over the gradient of the
contact sti�ness

3.3. Resulting pile head velocity with the

determined parameters

In this section, the resulting pile head velocity of the
bilinear model is compared to the measurement data
and visualized in �gure 4. Both velocities are normal-
ized by the initial velocity v0.

The very good agreement of both the measurement
data and the data of the numerical model can be ob-
served. To underline this fact even more, the third
octave band levels of the pile head velocity of the two
signals are shown in �gure 5. Here, again a very good
accordance between the numerical and the measure-
ment data can be seen up to 10 kHz. In the range
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Figure 4. Normalized pile head velocity over time

Figure 5. Comparison of the third octave band levels of
the pile head velocity

from 3 kHz to 10 kHz, a di�erence of 3 to 4 dB is de-
termined between the measurement and the numerical
model. However, if the absolute error of the frequency
response e = abs(Hm −Hn) is studied, the error ap-
proaches zero (see �gure 6).

Figure 6. Plot of the absolute error over frequency

3.4. Cross-validation

Finally, the cross-validation technique will be used.
Hereby, the contact properties assessed by the DOE
will be generalized with two di�erent data sets [15].
Here, the linear contact model is used. Therefore, two
other strokes with di�erent energy levels of the mea-
surement will be compared with the results of the nu-
merical model in the frequency and in the time do-
main, respectively. The energies of the two strokes are
145 kJ and 683 kJ, respectively. The results of both
strokes are depicted in the �gures 7 and 8. Here,

Figure 7. Pile head velocity over time for two strokes with
145 kJ and 683 kJ, respectively

Figure 8. Comparison of the third octave band levels of
the pile head velocity for two strokes with 145 kJ and 683
kJ, respectively

also a very good agreement can be seen. In the whole
range of the possible energy of an impact hammer,
the contact properties are validated. It can be stated,
that these contact properties are generally valid for a
steel-on-steel contact under highly loaded conditions.

4. Wave Equation Analysis of Pile

Driving

The original WEAP as proposed by Smith is a 1D
wave equation [8]:

δ2D

δt2
=
E

ρ

δ2D

δx2
±R, (3)

where D are the longitudinal displacements of the pile
and R is a term, which describes the damping due
to the soil resistance. Smith assumed that this 1D
wave equation is able to predict the stress wave, which
propagates through the pile due to the hammer im-
pact. WEAP is used for several geotechnical purposes,
e.g. driveability studies.

As in the original work of Smith, a �nite di�erences
code with a lumped mass discretization is used. As
discussed in the introduction, the force determined
by the previous model is assigned to the top of the
pile.

Furthermore, Wood and Humphrey presented an
extension of the WEAP by implementing the radial
displacements [9]. Therefore the relation of the lateral
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Table I. Determined Rayleigh damping factors

Embedded length Energy α β

18 m 1400 kJ 144.1 3.0 · 10−7

and longitudinal strains according to Poisson's ratio
is used:

µ =
εlat
εlong

. (4)

Hence, the following relation for the radial displace-
ments x can be obtained:

x =
µdC

L
, (5)

where d is the pile diameter, C is the compression due
to the displacements D of the pile elements, and L is
the element length of the discretization. With a sys-
tem identi�cation method Rayleigh damping param-
eters are extracted out of the radial displacements.

4.1. Determination and validation of the

damping parameters

For the determination of the damping parameters, a
stroke at an embedded length of 18 m of the men-
tioned measurement campaign is used. The impact
hammer energy of this stroke is 1400 kJ. The deter-
mined damping factors for this experimental setup are
summarized in table I.
The validation of these parameters is carried out

with a comparison of the results of a FEM model with
the measurement data. As in the �rst FEM model, an
explicit time integration scheme is chosen. In addition,
a 2D axis-symmetric formulation is used for the spa-
tial discretization. This model contains the pile, the
water, and the soil. The determined pile head force
is prescribed as boundary condition to the top of the
pile. Furthermore, the computational domain is en-
closed with suitable non-re�ecting boundary condi-
tions. To decrease the computational e�ort, the air
above the sea surface is replaced by an impedance
boundary condition. Regarding the soil, the detailed
layering at the construction site is taken into account,
and a detailed contact modelling between the soil and
the pile is accomplished. A more detailed description
of this modelling approach can be found in [16].
A comparison of the underwater sound pressure of

the computational model and the measurement in a
distance of 27 m to pile is shown in �gure 9 in the
time domain and in �gure 10 in frequency domain.
In both, a very good accordance between the pre-

dicted and measured underwater sound pressure can
be observed. The measured and computed SEL and
Lpeak are summarized in table II By a comparison of
the values in this table, a good accordance of both the
measured and computed SEL and Lpeak can be seen.
The delta between SEL values is in this case 1.7 dB
and for the Lpeak the delta is 0.8 dB.

Figure 9. Comparison of simulated and measured under-
water sound pressure over time

Figure 10. Comparison of simulated and measured under-
water sound pressure over frequency

Table II. Measured and computed sound pressure levels

Measured Computed Measured Computed

SEL [dB] SEL [dB] Lpeak [dB] Lpeak [dB]

189.6 191.3 214.0 214.8

5. Conclusion

In this contribution, a model to determine the equiv-
alent damping factors, which are commonly used in
numerical pile driving models to predict the under-
water sound pressure, was presented. Therefore, the
WEAP approach was used and modi�ed by an ad-
ditional calculation of the radial displacements. Fur-
thermore, one of the major drawbacks of WEAP was
resolved by de�ning a pre-calculated forcing function
of an impact hammer as a boundary condition to the
pile top. To determine the forcing function of the im-
pact hammer, a detailed study of the contacts within
the impact hammer was accomplished and checked by
cross validation. Out of the radial displacement of the
WEAP approach, the equivalent damping parameters
were estimated by a system identi�cation method. In
a last step, the equivalent damping parameters were
validated with a comparison of the underwater sound
pressure predicted by a FEM model and the measured
data. Here, a very good agreement was found.
The advantage of this modelling approach is that all

quantities required for a typical FEMmodel can be es-
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timated with two di�erent numerical pre-investigation
with a high accuracy. These quantities then can be
implemented as a boundary condition or a material
property in the FEM model.
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