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This work presents details of a number of approaches used to elucidate the noise

generating mechanisms involved in pile-driving through multiple modelling tech-

niques. Principally, the work is divided into four sections: fluid-sediment analysis,

recording analysis, elastic-sediment analysis, and wave equation analysis of piles.

In the fluid-sediment analysis section, finite-element models were used to investi-

gate the effect of varying the hammer cushion compliance on the radiated noise

of a pile in situ. The compliance of the cushion affected the frequency response of

the forcing function with softer cushions having reduced energy at higher frequen-

cies than harder cushions. Using these forcing functions as inputs to the finite-

element model showed similar changes in the frequency domain of the radiated

noise, illustrating the linear nature of the finite-element model. The results from a

similar finite-element model were submitted for the COMPILE piling noise mod-

elling benchmark meeting to be compared against others’ contribution. In order

to take into account damping in the sediment, the benchmark model description

employed a loss factor in the embedded section of the pile. The results from all

parties generated consistent results, with predicted SELs within 2 dB and Lp,0-p

within 3 dB.

Also considered in the section is a propagation model based on normal mode anal-

ysis. The radiated noise from piling propagates at predictable angles determined

by the relative wave speeds in the pile and in the water. As normal mode decom-

position reduces the field into individual modes propagating at distinct angles,

great modelling efficiencies can be made by limiting analysis to a reduced number

of modes near the expected angle of propagation particularly at higher frequen-
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cies.

The recording of a large section of a piling sequence is analysed to provide a com-

parison against modelling techniques. The recordings showed that the rate of de-

cay exhibited in the recording required a non-linear energy loss mechanism to be

present in the system. Of the metrics recorded it was found that the pile set, the

increased penetration per strike, had the greatest correlation to the radiated noise.

On examination of the fluid-element models, the pile set was found to increase

over time with no indication of settling. This led to investigations focussing on

the effects of a non-fluid sediment both on the propagation of noise and the direct

coupling with the pile itself.

Finite-element models including an elastic sediment allows for the propagation of

shear waves through the sediment. As the pile is directly coupled to the sediment,

the shear waves are generated much more readily than for a source in the water

column. Sediments often exhibit an increase in shear speed based on a power law.

This causes refraction of shear waves towards the water-sediment; trapping the

energy near the interface allows for efficient propagation of the shear waves. The

finite-element models also show that the acoustic pressure near the interface can

be comparable to the compressive waves from the pile through the water column.

As the propagation of these waves is much slower than the compressive waves the

acoustic pressure decays evanescently with increasing distance from the interface.

Inspecting the effect of the non-fluid sediment on the pile motion led to an inves-

tigation into wave equation analysis of piles models. These are finite-difference

models that are used in civil engineering to determine, among other things, the

ultimate capacity of the pile. These are time-domain finite-difference models that

model the pulse within the pile following impact. Using these results, the radial

expansion of the pile can be determined from which, when coupled to an acoustic

model, an acoustic output may be generated. The coupled models with non-linear

sediment damping components demonstrated behaviour not realised in the finite-

element models, and ultimately the influence the sediment can have on the pile

motion and the radiated noise.
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Chapter 1

Introduction

The UK is currently the world leader in offshore wind renewables with over 5 GW

installed capacity as of June, 2017 [1]. In addition to this, there are many wind

farms either in development or with planning permission that are due to be built

over coming years [2]. Consequently, there will be potentially thousands of wind

turbines being installed in UK waters.

Marine piling is commonly used in the construction of offshore wind farms [3, 4].

This involves a ram, with a mass in the region of 100 tonnes [5], repeatedly im-

pacted against the top of a steel tubular cylindrical pile that may be up to 8 m in

diameter and many tens of metres in length [3]. This impacting process has been

found to generate high level acoustic disturbances which may then propagate to

large distances underwater [4]. As Popper, Southall, and many others state there

is increasing concern that the noise generated underwater may adversely affect

marine populations [6–8].

Because of this, an estimation of the noise generated must be included in the En-

vironmental Impact Assessment for the construction of the wind farm [9]. This

estimation then provides a guide level for the actual piling process. In some coun-

tries, typical licence clauses mean that if the measured noise levels are in excess

of regulated noise thresholds the piling operation has to be halted, with no fur-

ther piling to occur without consent from the licensing authority [10]. This means

that it is of great importance that a reasonable estimation of the noise is reached

prior to the piling operation. However, there are many complications to predicting

the noise due to an inability to measure the noise at the source directly [10], and
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great variation in propagation loss predictions due to the shallow water and large

number of repeated reflections [11].

The structure of this work is as follows. Chapter 2 provides background informa-

tion regarding the current state of wind farms and likely wind farm development,

as well as the noise concerns and the deleterious effect it is likely to have on ma-

rine species. A brief review of the literature providing theoretical work directly

applicable to the problem is covered in Chapter 3; this includes standard current

measurement methods to determine an equivalent source level, a brief overview of

models that may be used, along with a source level to predict noise levels away

from the source, and other alternative methods to determine the near-field of the

pile directly through pile impact modelling. Chapter 4 states the research problem

and the basis for this PhD topic based on industry needs and previous work un-

dertaken. Chapter 5 covers initial finite-element modelling work of a pile situated

in a sediment which, based on standard approaches, is modelled as a fluid. The

section also includes a detailed analysis of the hammer system used to drive the

pile, and a pile-specific normal-mode propagation model. Chapter 6 describes the

analysis of a recorded piling sequence made at the Lynn and Inner Dowsing wind

farm, the results of which highlight some limitations of the basic fluid sediment

model. Alternative finite-element models including an elastic base are explored

in Chapter 7; the chapter includes phenomena seen only in elastic sediment mod-

els as well as highlighting some shortcomings. A different approach based on civil

engineering models is explored in Chapter 8; the finite-difference models in this

chapter allow investigation of the interaction between the pile and the sediment in

a more realistic manner. Chapter 9 explores possible future opportunities for fur-

ther study in this field. Finally, Chapter 10 summarises the work along with the

main findings.

Original contribution to science

The work presented in this thesis shows the progression towards fully elucidat-

ing the pile noise generation process. The analysis of impacted piles in Chapter 5

highlights the contribution from the far side of the pile that travels through the

centre of the pile towards the receiver; this and an analysis of the shell-like pile
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wall provide inspiration for the dipole ring source shown in Chapter 8. Also in

Chapter 5, the novel phased line-source normal-mode model demonstrates how,

by utilising the fact that the wavefronts travel at specific angles and that nor-

mal mode decomposition essentially splits the propagating field by angle, one can

achieve a much more efficient propagation loss model for little loss in accuracy.

The recording analysis in Chapter 6 presents original methods for processing the

data that clearly show how the acoustic characteristics of the pile changes over the

course of a complete piling sequence.

The elastic sediment models developed from this point illustrate the effect of in-

cluding certain physical mechanisms omitted from the fluid sediment models.

Work in Chapter 7 highlights the interface wave between the water and the sed-

iment specifically due to piling, and how it is affected by changes in the sediment.

Chapter 8 provides an in-depth analysis of wave-equation models, and their novel

use in determining the generation of noise whilst taking advantage of their real-

istic treatment of the sediment; this has revealed pile behaviour not previously

documented in the acoustic literature. This is coupled with the aforementioned

original dipole ring source that is representative of the pile wall motion and the

resulting nature of the emanating wave.

Works presented at conferences

Elements of this work have been presented at numerous international conferences;

these are listed below with invited papers indicated. The papers are included in

the appendix of this document.

• R. Racca, S. Robinson, A. MacGillivray, C. Erbe, M. Wood, F. Pace, C. de
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Oceanoise2015, Vilanova i la Geltrú, Barcelona, Spain, 10-15 May. (Editors

Michel André & Peter Sigray).

• M. A. Wood and V. F. Humphrey, Sediment stiffness effects on piling noise

using a wave-equation analysis model, in Oceanoise 2015, Barcelona, Spain,

2015 (Presentation - Invited).
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Chapter 2

Background

2.1 Chapter overview

The power generated from offshore wind in UK waters is a key contributor to gov-

ernment renewable energy requirements. Similarly, across Europe, as of the start

of 2017, the total installed capacity reached over 12 GW, of which 38% were from

wind farms constructed in 2015 and 2016 [1]. Some construction methods of off-

shore wind farms require piling, an activity involving hammering a steel cylinder,

tens of metres in length, into the sediment; this can generate a significant amount

of underwater noise. The origin of the noise forms the input to a general acoustic

system model comprising the source, the propagation path, and the receiver. We

discover how piling as a noise source is complex for a number of reasons, and how

it may affect marine fauna. Finally, we investigate some of the measures put in

place in order to reduce the impact on the marine environment.

2.2 UK offshore wind farms

2.2.1 The UK requirement for renewable energy

The UK is the world leader for renewable energy generated from offshore wind

farms. Through having the greatest installed capacity, level of deployment, in-

crease in capacity, and market size, as of December 2012 the UK boasted greater

capacity than the rest of the world combined [12–14]. By the end 2012 the energy
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produced from offshore wind farms accounted for approximately 1.5% of the to-

tal energy to the UK, which has since increased to more than 3% [13]. As of June

2015, the total capacity of the UK offshore wind energy portfolio was 5.05 GW [2].

The UK government has put in place targets for renewable energy, such that 15%

of the energy supply to the UK is to come from renewable sources by the year

2020 [15]. Estimates on energy consumption predict that this 15% target equates

to 234 000 GWh, of which 33 000-58 000 GWh is to come from offshore wind [15].

The capacity target for offshore wind farms by this time has a central range of

18 GW [13, 15]; however, it has been noted that there is high potential to develop

wind farms with a combined capability of producing over 40 GW by 2030 [15].

Due to the scalability of the technology, the principal limiting factor is in the

development costs involved [12]. The industry is likely to see investment of £50-

100 billion [3, 13]; of this, over £150 million has been assigned to support innova-

tion for reducing the cost of deployment and construction [15].

2.2.2 Energy from offshore wind around the UK and the

Round 3 sites

The areas in UK waters leased by The Crown Estate for offshore wind farms have

been released in three development rounds. The Round 1 wind farms were orig-

inally announced in December 2000; these are now near completion and provide

a total capacity of over 1 GW [13]. These were supplemented with the Round 2

sites from 2002, which tended to be much larger areas and often located further

from the coast. In light of the identified offshore wind capacity in UK waters,

the Round 3 sites were announced in 2008 as listed in Table 2.1, as well as the

Round 1 and Round 2 extension sites in 2010 to expand existing wind farms. The

Round 3 sites encompass a significant area as can be seen from the map in Fig-

ure 2.1. Additionally, as these are situated further from the mainland, they pro-

vide a greater technical challenge due to the increased water depths and reduced

ease of access [15].

The largest turbines designed for offshore wind currently in use are the 9 MW

V164 turbines produced by Vestas [17] with even larger turbines being developed

in order to reduce total costs. For the predicted scenarios, it has been estimated
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Figure 2.1: Wind farms in the UK. The Round 3 sites, marked by the hatched ar-

eas, account for the vast majority of the area leased for offshore wind farms. Re-

produced from The Crown Estate [16].
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Site Capacity (MW)

Moray Firth 1300-1500

Firth of Forth 3465

Dogger Bank 9000-12800

Hornsea 4000

East Anglia 7200

Rampion 665

Atlantic Array 1500

Irish Sea 4185

All Round 3 sites 35315

Table 2.1: Capacity of UK offshore wind farms for the Round 3 sites. Estimated

total includes the upper limits where a range has been specified.

Round Capacity (MW)

Round 1 1483

Round 2 7669

Round 3 35315

Total 44467

Table 2.2: Capacity of UK offshore wind farms by development round. Estimated

total includes the upper limits where a range has been specified.

that > 7 MW turbines are likely to be in common use, although in many cases the

larger turbines will be employed. Despite this, due to the total target capacity of

18 GW or more from offshore wind, it is likely that the number of newly installed

turbines in UK waters before 2020 will be significantly into the 1000s.

2.2.3 Windfarm construction and the preference for piling

The majority of wind turbines have been constructed using a monopile foundation

type [1, 3]. For a 5-7 MW turbine this will typically be a steel tube, in the region

of 45 m long with a diameter of 4.5 m and wall thickness of 60 mm, driven some

tens of metres into the sediment [3]. As the size of the turbine increases the foun-

dation must be able to keep the natural frequency of the structure above that of
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Figure 2.2: The depth of waters around the UK and the locations of the Round 3

wind farm sites. Note that the wind farms are situated in shallower (<60 m depth)

waters, with most occurring between 20 m and 40 m depth. Depth data from

GEBCO (available at https://www.bodc.ac.uk/data/online delivery/gebco/).
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the wave loading frequency; this can only be achieved by reducing the mass of the

turbine or by increasing the stiffness of the supporting structure. Alternatives to

the monopile include: the use of concrete gravity bases, which is more attractive

if the steel price is particularly high; or tripod or jacket foundations, which com-

prise a mounting structure pinned into place by multiple smaller piles. The jacket

or tripod construction becomes a viable alternative to monopiles at water depths

of 30-35 m [3]; this is due to the relative costs of increasing the stiffness of such a

structure compared with the monopile construction. Because of the water depth

at the wind farm locations, as indicated in Figure 2.2, it is unlikely that a floating

solution will be utilised [3].

2.3 Construction noise in underwater

environments

2.3.1 Acoustic systems

In simplistic terms, all acoustic systems feature a sound-source, a propagation

path, and a receiver. The final impact and effect of the noise is dependent on

properties of all three elements. For example, in simple environments, where the

noise decays with distance, an underwater acoustic event is typically going to af-

fect marine life closer to the source than further away due to propagation loss dif-

ferences in the propagation path. Additionally, as different marine animals may

respond differently to the same noise, the impact on the environment will also de-

pend on the auditory characteristics of the receiver. Consequently, in order to un-

derstand the environmental impact of a hypothetical noise in the ocean one must

have detailed knowledge of the source, how the sound propagates from the source

to the receiver, and how the receiver is going to respond to the sound.

The three elements are most commonly mathematically shown as

RL = SL− PL, (2.1)

where RL is the received level, SL is the source level, and PL is the propagation

loss, which is implicitly typically negative. This simple equation in logarithmic
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space encompasses the three elements and is the basis of all propagation mod-

elling. This may be evaluated for multiple signal types including broadband sig-

nals, one-third-octave bands, and narrow-band signals. Additionally, providing

care is taken over how the results are generated, it is equally applicable to all

noise metrics discussed in the next section.

2.3.2 Noise metrics

There are numerous methods of quantifying the noise with different metrics por-

traying different aspects relating to the sound pressure. The most commonly used

metrics with regards to piling noise are the Sound Exposure Level (SEL), the

Peak Sound Pressure Level (Lp,0-p), and the Peak-to-peak Sound Pressure Level

(Lp,pk-pk).

The SEL is a measure of the received sound energy and so is cumulative over time

taking into account both the level of the noise and the duration. In the case of

impulsive sound it makes more sense to use a metric that takes into account the

total energy of the signal rather than an average power or sound pressure level,

which would be more appropriate for continuous noises [10]. The SEL is defined

as

SEL = 10 log10




tb∫
ta

p2(t)dt

E0SEL


 dB. (2.2)

Here, p is the instantaneous sound pressure at time t, and the reference level,

E0SEL, is 1 µPa2s (micropascal squared seconds). The limits on the integral, ta

and tb correspond to the start and finish times over which the integral takes place.

Often-used values for the start and finish are the times respectively at which 5%

and 95% of the energy of the pulse is received. These limits are used as it may

be difficult to determine at what point the pulse starts or finishes if there is noise

present on the signal. Often this will be presented with no form of frequency weight-

ing although filters may be applied that determine the equivalent noise dose re-

ceived by a particular class of animal.

The Lp,0-p, rather than being a measure of total energy, is indicative of the maxi-
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mum absolute sound pressure of a noise and is defined as

Lp,0-p = 20 log10

( |p|max

p0

)
dB, (2.3)

where the reference value, p0z-p, is 1 µPa. The peak sound pressure level is used

to determine the risk of causing mechanical fatigue in the auditory organs. This is

typically associated with impulsive sound, where the risk of injury is dependent on

the extremes of acoustic pressure.

Very similar to Lp,0-p is Lp,pk-pk; the Lp,pk-pk differs in that the difference between

the maximum and minimum sound pressures is measured and thus Lp,pk-pk is de-

fined as

Lp,pk-pk = 20 log10

(
pp-p
p0

)
dB, (2.4)

where pp-p = pmax − pmin. Because of the difference in definitions it should also

be noted that there exists a 6 dB difference between Lp,0-p and Lp,pk-pk when the

range of received acoustic pressure is symmetric about 0 pascals.

These metrics are generally determined for each pulse. In the case of the Lp,0-p

(or Lp,pk-pk) it is the single highest value that is most important. The SEL, how-

ever, takes into account the accumulated noise energy; consequently the number

of strikes and the duration of the piling operation are both important when de-

termining the effect on marine fauna. For example, if the SEL from a single pulse

was 200 dB re 1 µPa2s and there were 1000 equal pile strikes then the SEL over

the entire piling sequence would be 200 + 10 log10(1000) = 230 dB re 1 µPa2s.

2.3.3 Piling as a noise source

There has been increased interest in recent years in piling as a noise source due to

the increased development of wind farms. Additionally, to support the more re-

cent bigger turbines larger diameter piles are being used as the foundations for the

wind turbines; these larger piles require a greater force in order to be driven into

the sediment. How this affects the pile as an acoustic source, however, is not yet

fully understood. There have been numerous measurements of piling noise in the

ocean which may be back-propagated using a suitable model in order to obtain a

hypothetical source level. Such results have provided equivalent source sound ex-

posure levels in excess of 212 dB re 1 µPa2s, with most of the sound energy being

between 100 Hz and 1 kHz [18].
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In underwater acoustics the source level is a hypothetical construct. It is defined

as the acoustic level measured in a given radiation direction, corrected for ab-

sorption and scaled to a reference distance of 1 m [19]. The assumption is that

far enough away from the source, all sound would appear to be emanating from a

single point. By careful consideration of the propagation path, source levels may

be estimated for most underwater acoustic sources that are independent of the en-

vironment in which it was measured. Although this can often lead to source levels

that give a false impression of the source in the near-field, the radiation of noise

into the far-field is representative of the original source.

Determining source levels for piling operations using this approach, however, causes

problems; for example, it should be considered that the pile itself is embedded in

the sediment, and often extends the entire length of the water column. This is

important for multiple reasons: firstly, the source is not emanating from a single

point, but instead a column that exists typically in both the water and the sub-

strate, and; secondly, the noise generated by the source cannot be taken in iso-

lation of the environment — the sediment properties affect the source such that

the source level is directly a function of the surrounding domain. These points are

covered in more detail later.

2.3.4 Propagation of noise in the ocean

The speed of sound in water is dependent on the temperature, pressure, and salin-

ity of water but typically it is in the region of 1500 ms-1; this is significantly faster

than the speed of sound in air in the region of 340 ms-1. As well as travelling faster

in water, the absorption of sound in water is significantly lower than that in air

across all frequencies. Figure 2.3 shows the difference between the two media; the

absorption in air is orders of magnitude greater than that for water across all fre-

quencies, with greater difference observed at low frequencies. Results for air are

calculated based on ISO 9613-1 at atmospheric pressure, T = 20◦C, and 0% hu-

midity. Results for water are calculated based on equations by Francois and Garri-

son [20,21] assuming T = 5◦C, S = 35 ppt, Z = 0 m, and pH = 8.

Ocean environments are commonly divided into shallow or deep environments.

Deep environments are typified by the existence of a deep upwardly-refracting
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Figure 2.3: The absorption of sound in water compared to in air. Underwater

sound absorption results are calculated based on Francois and Garrison’s model

using T = 5◦C, S = 35 ppt, Z = 0 m, and pH = 8. The in-air results are taken

from ISO 9613-1, for atmospheric pressure, T = 20◦C, and 0% humidity. The

absorption is significantly greater for sound travelling in air.

layer due to increasing sound speeds at great depths. The layer refracts sound

back towards the ocean surface and so little ocean bottom interaction takes place.

As such, the propagation of sound is highly dependent on the sound speed profile

which may give rise to significant convergence zones and shadow zones. Shallow

environments, on the other hand, do not feature this deep upwardly-refracting

layer; these environments are more likely to be downwardly refracting or isove-

locity. As such, the propagation of sound and losses are dominated by interac-

tions with the ocean bottom; as the seabed interactions result in attenuation of

the sound, it is commonly observed that isothermal profiles, that have a slightly

upwardly-refracting profile and thus reduce the incidence of ocean bottom reflec-

tions, give rise to greater propagation over downwardly-refracting profiles.

It should also be noted that the ocean environment forms a waveguide that favours

sound propagation in particular ways. The presence of an upwardly-refracting

layer leads to surface duct propagation, where much of the sound energy is trapped

near the ocean surface, with all reflections occurring at the sea surface. Where a

downwardly-refracting layer exists above an upwardly-refracting layer, the energy

is instead locked into a channel where surface interactions are greatly reduced as
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seen in the SOFAR (Sound Fixing and Ranging) channel. Also, in shallow water,

the sound is trapped between the ocean surface and the seabed. In each of these

situations, the sound propagates from the source cylindrically, and so is less sub-

ject to geometric spreading losses than in spherical or hemi-spherical propagation.

One feature of either surface duct propagation or propagation in shallow waters

is the existence of a loss of energy from the duct at low frequencies known as the

cut-off phenomenon. The specific frequency at which this happens is known as the

cut-off frequency, and is dependent on the duct depth and the sound speed. Below

the cut-off frequency, the wavelength is too large for the propagation of the lowest

mode to be supported in the waveguide, and the energy leaks out of the duct or

into the seabed. Figure 2.4 presents the cut-off frequency against depth for a ho-

mogeneous water column above different homogeneous sediments [11]. The sound

speeds of silt, sand, and gravel are typically around 1575, 1650, and 1800 ms-1 re-

spectively. The figure shows that for sediments with sound speeds approaching

that of water, the cut-off frequency is increased for the same depth of water. Note

that for a typical water depth of 20 m the cut-off frequency is 60 Hz or less; con-

sequently the noise components below 60 Hz will not propagate effectively in these

environments.

Predicting the propagation of underwater noise in shallow environments provides a

particularly complex issue. In real ocean environments the reflecting surfaces may

vary hugely in space, and relevant physical attributes of the local environment

are rarely known to a level of detail sufficient to provide accurate results at long

range. However, sound has the potential to propagate over very large distances

underwater and, as such, comprehensive models are required to provide a reason-

able prediction of the likely insonification from which the environmental impact

can be determined.

2.4 The effect of noise on marine species

As described, one aspect of the planning process involves a survey into the effect

of the installation and the operation of the wind farm on marine life. The marine

fauna concerned can be broadly divided into fishes, mammals, and invertebrates.

The level of impact that can be attributed to the noise is dependent on the result-
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Figure 2.4: The cut-off frequency as a function of depth for different seabed condi-

tions [11].

ing effect on the animal class in question. The impacts are often split into zones

depending on the level of influence of the noise as indicated in the topographic

example in Figure 2.5.

At its least severe there is a region where the noise is audible but no behavioural

change is detected. As the received level increases there is a point at which a be-

havioural response is observed in the animal. A further increase in the received

level is likely to lead in masking; this is when noise interferes and prevents an an-

imal from hearing cues it would normally be listening for such as social signals,

echolocation signals, and predators. When an animal is subjected to even higher

levels it may be possible to induce either a temporary or even a permanent thresh-

old shift in an animal’s hearing. In these cases, the high levels of sound cause fa-

tigue in the inner hair cells of marine mammals, or other trauma in an animal’s

auditory system such that their hearing sensitivity decreases; in cases where the

hearing never returns to its original capability it is termed a permanent threshold

shift.

The actual physical area of these hypothetical zones are dependent on the noise

source (frequency content, levels, directivity, duration, and geometry of the noise

source), the propagation loss between the source and the receiver, and then on

the auditory abilities of the receiver. These capabilities are discussed more fully

below.
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Figure 2.5: An indication of a plan view of the zones of influence from a noise

source.

2.4.1 Impact of piling noise on marine mammals

The auditory capabilities of marine mammals have been examined in numerous

studies; due to the wide variety of species, however, there is still a significant amount

unknown regarding the onset of temporary threshold shift (TTS) or a permanent

threshold shift (PTS) in hearing. Although there are numerous sets of guidelines

available to provide a best-guess level of impact of noise on marine life, the ac-

count here is based on the draft guidelines as set out by NOAA (National Oceanic

and Atmospheric Administration) in 2013 [22]. The guideline presents the two-

stage process to determining the likely effect of noise on marine species. Firstly,

for sound exposure, frequency-dependent weighting functions, which vary between

marine species, are applied to the received noise. Secondly, limits are presented

that represent the levels for both the cumulative sound exposure and peak sound

pressure to produce temporary or permanent threshold shifts in marine mammals

for impulsive and non-impulsive anthropogenic noises. Used in conjunction with

estimates of the received levels — ideally as a function of frequency — one is able

to determine the estimated impact on marine life due to the noise exposure.

Due to the wide number of possible species, and limited availability of data, ma-

rine mammals are divided into just five separate groups based on similar hearing

capabilities and taxonomy. These are: high-frequency cetaceans, which includes

true porpoises, river dolphins, kogia, cephalorhynchid, lagenorhynchus cruciger,

and lagenorhynchus australi; mid-frequency cetaceans, which includes dolphins,

toothed whales, beaked whales, and bottlenose whales; low-frequency cetaceans,
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M-weighting Equal-loudness

Functional hearing group K a, Hz b, Hz K a, Hz b, Hz

LF cetaceans -16.5 7 30,000 0.3 75 4,000

MF cetaceans -16.5 150 160,000 1.4 7829 95,520

HF cetaceans -19.4 200 180,000 1.4 9480 108,820

Phocid pinnipeds (underwater) 0 75 100,000

Otariid pinnipeds (underwater) 0 100 40,000

Table 2.3: Parameters for marine mammal received noise level weightings from

2013 NOAA guidelines [22].

which includes all baleen whales; phocis pinnipeds, which includes true seals, and;

otariid pinnipeds, which includes sea lions and fur seals.

Based on experimental data and physiology it has been determined that each of

these groups have hearing capabilities typically in different functional hearing

ranges. Prior to 2013, the guidelines were based on these functional hearing ranges

alone. More recent studies have indicated the frequency ranges at which marines

mammals are more sensitive, similar to human frequency-weighting curves. As

such, in addition to the working frequency range, the guidelines now take into ac-

count equal loudness weightings for cetaceans.

The recommended weighting functions are based on the M-weighting, which rep-

resents the hearing range of a functional hearing group, and an equal loudness

curve, which better determines the frequencies at which the marine species are

most sensitive. Both weighting curves are based on the formula

W (f) = K + 20 log

(
b2f 2

(a2 + f 2)(b2 + f 2)

)
, (2.5)

where a and b in Hz represent the roll-on and roll-off frequencies for either the

M-weighting or equal loudness curve, and K (in dB) is a normalisation constant.

The curve takes the maximum of either the M-weighting curve or the equal loud-

ness curve for each of the cetacean groups. Due to insufficient data, equivalent

equal loudness curves have not been defined for the pinnipeds. Table 2.3 shows

the necessary values to determine the weighting curves for each of the functional

hearing groups.

The second part of the guidance includes the limits at which PTS and TTS are
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Figure 2.6: Marine mammal received level weightings from 2013 NOAA guide-

lines [22]. The weightings reflect the frequency ranges in which the marine mam-

mals are most sensitive.

likely to occur. The recommendations suggests treating impulsive noise, such as

that from impact piling, differently from continuous noise, such as that from ves-

sels; only the thresholds for impulsive noise will be noted here. Two metrics are

commonly used in the guidance: the peak sound pressure level, Lp,0-p, and the cu-

mulative sound exposure level, SELcum described in Section 2.3.2.

The SELcum thresholds proposed for onset of PTS or TTS are based on the equal

energy hypothesis, i.e., it is assumed that two separate sounds containing equal

energy are equally likely to cause hearing loss. Determining the cumulative sound

exposure of a marine mammal to a noise source is a more involved process than

determining the peak sound pressure level exposure as the movement of the an-

imal must be taken into account over time. Additionally, to use this metric, the

accumulation period must take into account all noise likely to contribute to the

impact whilst not remaining too long to be impractical; when considering animal

movement this is taken to be 24 hours. Where the animal movement can not be

taken into account an SEL threshold distance is instead reported; this is the dis-

tance at which the received SEL over an hour exceeds the threshold levels.

For each functional hearing group two threshold levels are presented: a level for

continuous noise, and one for impulsive noise; it is those cumulative levels associ-

ated with impulsive noises that are most appropriate for determining the impact
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PTS onset TTS onset

Functional Lp,0-p SELcum Lp,0-p SELcum

hearing group

LF cetaceans 230 187 224 172

MF cetaceans 230 187 224 172

HF cetaceans 201 161 195 146

Phocid pinnipeds 235 192 229 177

Otariid pinnipeds 235 215 229 200

Table 2.4: Thresholds for the onset of TTS and PTS for marine mammals exposed

to impulsive sound. The pinniped levels are for underwater noise only, and each

has the appropriate M-weighting applied. Lp,0-p are expressed in dB re 1 µPa and

SELcum in dB re 1 µPa2s.

of exposure to piling noise. Table 2.4 presents the threshold levels that are likely

to cause the onset of TTS and PTS for both individual strikes (Lp,0-p) and multi-

ple strikes (SELcum); onset is predicted to occur if either the peak pressure thresh-

old or the accumulated energy threshold is exceeded.

The guidelines have undergone many iterations, and more recent draft guidelines

have been published for public comment [23]. As these have yet to be accepted

into mainstream underwater acoustic works, however, they have been omitted.

2.4.2 Impact of piling noise on fishes and invertebrates

There is concern that the wind farm construction process will drive certain species

away from identified breeding grounds and consequently have an impact on the

fishing industry. Landings into the UK by UK vessels in 2011 brought in a to-

tal value of £617.2 M [24]. The ten most significant contributing species to this

are shown in Table 2.5. There have been numerous surveys undertaken in order

to locate the spawning grounds and nurseries of commercially-important species;

Figure 2.7 provides some indication of the population densities of five of these

species. As can be seen, although the wind farms are placed in areas that largely

avoid these particular species, there is still significant overlap with some wind

farms being developed in areas identified as nurseries.
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Species Value (£million)

Nephrops 111.0

Mackerel 106.8

Scallops 62.7

Monks or Anglers 39.5

Crabs 37.9

Haddock 34.6

Lobsters 32.3

Cod 27.5

Sole 16.2

Herring 15.3

Total others 133.4

Table 2.5: Value of fish landings in the UK by UK vessels in 2011 [24].

Hearing in fishes

Although there have been studies into the sensitivity of fish species to noise, it is

observed that we still know very little about the effects of exposure to noise on

fish; it has been noted by Popper that “there is some indication that some sounds,

under some conditions, with some species, may cause some kind(s) of effects” [6].

Issues arise in a lack of data available for the effects of sound on fishes, and litera-

ture being open to differing interpretations [6]. Additionally, the majority of stud-

ies have involved the response to sound of caged fish, and it is suggested that the

behaviour of free swimming fish may differ due to there being less crowding and

more freedom of movement in the wild. Despite this, the industry has been forced

to adopt thresholds for selected species, noises above which result in a behavioural

change or a threshold shift, either temporary or permanent.

The hearing mechanism for fishes is based on the use of the otolith organs; the

otolith organs are sensitive to particle velocity, and so are stimulated by the me-

chanical motion of the medium due to the impinging sound. An additional mech-

anism is through detecting motion resulting from a gas-filled organ (typically a

swim-bladder) that responds to changes in pressure associated with sound waves.
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Figure 2.7: An indication of approximate locations of nursery grounds for selected

species [25, 26]. The area of the circles in the 2010 data represents the proportion

of that species found at that location.
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The Working Group on the Effects of Sound on Fish and Turtles was formed in

2006 to investigate the effect of noise on these animals. Guidelines were produced

that included noise exposure criteria for different species to elicit varying levels of

severity [27]. Levels for three immediate effects were established which include:

temporary threshold shift; recoverable injury, including injuries unlikely to lead to

death such as hair damage or minor haematoma, and; mortality and injury lead-

ing to death.

As far as auditory impacts are concerned, the fishes fall into three categories:

those with no swim bladder, those with a swim bladder not directly involved in

hearing, and those with a swim bladder that is directly involved in hearing. Those

with no swim bladder are sensitive to direct stimulus of the otolith organs and so

the principal acoustic component to which these fish are sensitive is particle ve-

locity. Those with a swim bladder directly involved in hearing, however, are more

sensitive to the sound pressure, and the pressure fluctuations detected in the swim

bladder supplement the direct stimulation of the otolith organs by particle veloc-

ity to increase the bandwidth and hearing sensitivity.

As a result of these varying mechanisms, different fishes may have widely vary-

ing auditory capabilities. There are species (such as plaice and skate) that have

no swim bladder and so are not sensitive to sound pressure [28]. There are also

species (such as cod, haddock, and mackerel) that have a swim bladder that is

not directly linked to the otolith organs; this leads them to be sensitive to sound

pressure, but rely on particle velocity as the chief receptive mechanism. Finally,

the hearing specialists (such as herring and sprat) have a direct coupling between

the swim bladder and the otolith organs; this makes them principally sensitive to

sound pressure.

The criteria, as reported by Popper et al. are as in Table 2.6.

Hearing in invertebrates

Compared to hearing in either marine mammals or fish, there have been few in-

vestigations of the acoustic capabilities of invertebrates. It has been shown that

these species possess a number of mechanisms that are capable of detecting parti-

cle motion [29]; these include surface mounted setae (hair-like) cells, chordotonal
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Mortality Recoverable injury TTS onset

Fish category Lp,0-p SELcum Lp,0-p SELcum SELcum

Fish with no swim bladder >213 >219 >213 >216 �186

Fish with swim bladder not >207 >210 >207 >203 �186

linked to hearing

Fish with swim bladder >207 >207 >207 >203 �186

linked to hearing

Table 2.6: Thresholds for impulsive noise exposure for fish. Lp,0-p are expressed in

dB re 1 µPa and SELcum in dB re 1 µPa2s.

organs at joints, and internally-located statocysts. The external sensory hair cells

are capable of detecting particle motion up to 150 Hz, with a tuned frequency

based upon the length of the hair. This mechanism may be thought of as being

analogous to the lateral line seen in fish species. The chordotonal organs are lo-

cated in the joints, and comprise receptor cells embedded in muscles and connec-

tive tissue etc.; these are sensitive to low frequency vibrations in the water. The

statocysts are fluid-filled chambers containing a suspended mass known as the sta-

tolith; the mass is suspended by a gelatinous matrix in contact with hairs lining

the wall of the chamber. However, there is no evidence to suggest that they are

used for acoustic detection in decapods, and it is suggested that they are used for

the detection of their own body movements.

Crustacea are typically of a similar density to water with no gas-filled organs;

their physiology mean that they are sensitive only to particle motion and not

acoustic pressure. The acoustic sensitivity of crustacea is generally accepted to

be much below that of fish species with suggestions that only very close-by natu-

ral stimuli are likely to produce a behavioural response in these animals. However,

as the sensitivity of Nephrops to particle velocity is comparable to that of a fish’s

detection through the lateral line, and the disturbance due to piling is often sig-

nificantly greater than natural stimuli, it should not be assumed that there will be

no behavioural response to nearby piling noise. Additionally, their proximity to

the seabed may make them susceptible to sediment-transmitted vibration.
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2.5 Assessing the environmental impact

2.5.1 Wind farm planning and construction

Once the wind farm area has been designated, a number of surveys are performed

to determine the suitability of the location, and how best to develop the farm to

maximise potential. Environmental surveys, which may take two years or more,

are undertaken to provide a detailed analysis of the wind farm area. The results

from the surveys include details of marine species (benthic, pelagic and cetacean)

as well as marine flora that may be affected by the wind farm installation. Also

included are geophysical surveys, which provide details of the bathymetry and wa-

ter depth, and the geotechnical surveys, which target soil strata changes or spe-

cific floor features. Based on the results of these and other surveys the turbine

size, foundation type and wind farm layout are agreed.

It is at this point in the process that the Environmental Impact Assessment is

compiled. This includes a prediction of how much noise is likely to be produced

by the operations, and how this is likely to affect marine fauna. It is common for

maximum noise levels at specified ranges to be established at this point that will

then provide noise limits during construction.

2.5.2 Regulations on underwater noise

The regulations pertaining to anthropogenic noise vary between regions, with of-

ten no formal guideline being put in place. The key reason why few guidelines ex-

ist is that it is often difficult to quantify the negative effects of noise on marine

life.

In Europe, the European Union has compiled the Marine Strategy Framework Di-

rective [30], which covers criteria and indicators of what constitutes Good Envi-

ronmental Status (GES) in marine waters. The aim of this is to define targets to

reach by 2020. Underwater noise is qualitatively discussed as one of the indicators

of GES: “Introduction of energy, including underwater noise, is at levels that do

not adversely affect the marine environment.” Since then, the task group estab-

lished for this descriptor, Task Group 11, has set out more detailed guidance on
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what is required in order to achieve GES. The reports [31, 32], however, highlight

the difficulty in establishing firm guidelines due to limited extent of knowledge of

the true impact that underwater noise has on the natural environment. Two in-

dicators are proposed, the levels of which are to represent whether GES has been

achieved. These are:

• Indicator 1 — levels of low and mid-frequency impulsive sounds,

• Indicator 2 — levels of low frequency continuous sound.

In the case of marine piling it is Indicator 1 that is most applicable, for which the

full measure is as follows [31]: “The proportion of days within a calendar year,

over areas of 15’N × 15’E/W in which anthropogenic sound sources exceed ei-

ther of two levels, 183 dB re 1 µPa2s (i.e. measured as Sound Exposure Level,

SEL) or 224 dB re 1 µPapeak (i.e. measured as peak sound pressure level) when

extrapolated to one metre, measured over the frequency band 10 Hz to 10 kHz.”

Although this provides an indicator as to whether GES is achieved, it does not

explicitly define maximum suggested levels for piling operations.

In the case of Germany there exist limits on the single strike maximum sound ex-

posure level (SEL) of 160 dB re 1 µPa2s and maximum peak-to-peak sound pres-

sure level (Lp,pk-pk) of 190 dB re 1 µPa, which must not be exceeded beyond 750 m

from the piling site (details of these metrics are discussed in Section 3.2.1). In

Belgium, the noise restriction is purely based on the peak level with a limit of a

Lp,0-p of 185 dB re 1 µPa measured at 750 m, with the requirement of noise miti-

gation if this level is exceeded [33]. The Netherlands, conversely, base their limits

on an SEL that is a function of the number of turbines to be installed and period

of the year [33] Again, this is to be measured at 750 m from the piling site, and

the limits range from 160 to 172 dB re 1 µPa2s. Although it is likely that other

countries will adopt similar legislation, for the rest of Europe no set limits cur-

rently exist.
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2.6 Sound exposure levels in the frequency

domain

It is often informative to represent acoustic results in both the time domain and

the frequency domain. The section presents a potential issue with this conversion

for impulsive noise, and the final process used in the conversion.

Continuous noise, such as that from vessels, is commonly quantified using the

root-mean-squared (rms) acoustic pressure; this provides a result proportional to

the sound power and an average of the signal over the entire duration. Impulsive

noise, such as that from piling, is different. As the envelope varies significantly

over time, the average level is strongly dependent on the length of the signal.

In the conversion of time-varying signals to the frequency domain using a discrete

Fourier transform, the process assumes that the data repeats every T seconds,

where T is the length of the signal in the time domain. In the case of converting

a stream of continuous noise to the frequency domain, the duration of the signal is

immaterial as the average value of the signal, and thus average power over the du-

ration, is not changed. When converting impulsive noise to the frequency domain,

however, the length of the signal determines the amplitude of the individual fre-

quency components. This may be compensated for by equating the energy in the

frequency domain to the time domain, rather than the power.

As stated, the SEL is given by 10 log10(E/E0SEL), where

E =

∫ tb

ta

p(t)2dt ; (2.6)

this in discrete time becomes

E =
N∑

n=1

p[n]2∆t , (2.7)

where N is the length in samples of the signal, ∆t is the sampling interval, and

p[n] is the acoustic pressure of the nth sample.

Assuming that all the energy is contained within the considered period then by

Parseval’s theorem, and taking the discrete Fourier transform of p[n] to be P [k],

the following relationship holds:

N∑

n=1

|p[n]|2 =
1

N

N∑

k=1

|P [k]|2 . (2.8)
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In this example the time vector, n, has a step size of ∆t and a duration of T =

N∆t. Similarly the frequency vector, k, has a step size of ∆f , which is equal to

1/T or 1/N∆t.

By combining Equations 2.7 and 2.8 one arrives at the following expression:

E =
N∑

n=1

p[n]2∆t =
1

∆fN2

N∑

k=1

|P [k]|2 . (2.9)

Following from this, the energy in a single frequency bin, when taking into ac-

count positive and negative frequencies is then given by

E[k] =
1

∆fN2
|P [k]|2 k = 0, N/2 (2.10)

E[k] =
2

∆fN2
|P [k]|2 k = 1, 2, ..., (N/2)−1 (2.11)

E[k] = 0 k > (N/2) . (2.12)

The result of this is that when integrating over the amplitudes in the frequency

domain plot, one arrives at the same value of E as in the time domain. This is the

approach used throughout this report to represent the sound exposure levels in

the frequency domain.

2.7 Chapter summary

The expansion of UK offshore wind farms is driving large-scale construction in

local waters. As the most common foundation method is to use monopiles there

will be a large number of piling operations. Marine piling is capable of producing

noise levels that propagate over long distances; consequently marine life may be

adversely affected.

Any acoustic system may be analysed in terms of the source, the propagation

path, and the receiver. The impact of the noise on the receiver is dependent on

each of these. The pile as a source, however, is atypical of underwater sources;

the direct connection to the sediment and being a line source makes it a difficult

source to characterise. Due to the nature of the radiated noise and the hearing

capabilities of the receivers we see there is potential for many species of marine

animal to be affected.
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As adversely affecting marine fauna is a concern, guidelines that limit the noise

are put in place for piling operations. Additionally, anthropogenic noise underwa-

ter is considered a pollutant, and thus there is general interest in monitoring it.

Due to the source, however, there is difficulty in predicting the generated levels

that form part of the environmental impact assessment. Consequently, it is this

source that requires further investigation.
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Chapter 3

Literature review

3.1 Chapter overview

This chapter provides a review in three main areas. The first section briefly re-

views the available data on piling noise measurements and the general trends seen.

Secondly, the use of measurement-based noise prediction methods are discussed

along with common propagation models and their applicability to piling noise. Fi-

nally, we investigate current finite-element modelling techniques used to model the

field close to the pile.

3.2 Piling noise measurement

3.2.1 Methodology

It is often difficult to obtain a measure of the underwater sound that provides

a complete picture of the noise generated by piling operations. This is due to a

number of reasons including [34]:

• the entire pile is capable of radiating sound and thus can produce waves in

the seabed, water column and in air;

• due to the majority of piling operations being in shallow water, the seabed

properties and bathymetry have a strong influence on the radiated noise.
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In order to provide a complete picture of the noise-generating process, one needs

to have detailed knowledge of the environment as well as the ability to measure all

aspects of the radiated noise. To this end, standardised methodologies have been

put in place in as published in ISO 18406:2017.

There have been numerous campaigns to measure the noise from piling as required

by licensing agreements; as well as ensuring recorded levels are within accepted

parameters, these measurements of the noise are vital for validating model results.

There are, however, limited data available in the public domain concerning the

measured noise from piles due to there being no requirements for companies to

release the results.

It has been suggested that for transient sounds the minimum reporting require-

ments are the unweighted SEL, and the unweighted zero-peak sound pressure

level, Lp,0-p [10]. Prior to this, however, many piling noise measurements have

been quoted using the peak-to-peak sound pressure level.

3.2.2 Measured peak-to-peak levels

Due to the differences in the receiver range and depth, hammer energy, pile di-

mensions, sediment properties, water depth, and bathymetry it is difficult to com-

pare different received levels meaningfully. Additionally, as stated above, piling

noise has been measured using different metrics which hampers comparisons. The

following is a brief summary of reported measurements of piling noise in the wa-

ter.

The received Lp,pk-pk has been measured to be over 200 dB re 1 µPa in a number

of measurement campaigns at ranges as far as 100 m [35–38]. There is a general

trend of reduced Lp,pk-pk for greater ranges and smaller-diameter piles. However,

there are distinct outliers. At a range of 92 m, Lp,pk-pk levels of 217 dB re 1 µPa

have been recorded for piling of a 4.7 m diameter pile [35]. This should be com-

pared with a recorded Lp,pk-pk at 100 m from a 4.7 m pile of 207 dB re 1 µPa from

the same report, a recorded Lp,pk-pk at 100 m from a 1.8 m pile of 205 dB re 1 µPa [38],

and a recorded Lp,pk-pk at 71 m from a 0.71 m pile of 204 dB re 1 µPa [36]. Al-

though the general trends exist, this is evidence that there are other aspects to be

considered other than the size of the pile and the distance to the receiver.
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Measurements at a distance are likely to provide even more variance due to com-

pounded effects from the seabed. The Lp,pk-pk at 1881 m from a 4 m diameter pile

was measured as 192 dB re 1 µPa [35], but at 1850 m from a 2 m diameter pile it

has been measured at 191 dB re 1 µPa [37] and at 1500 m from a 4.74 m pile it

has been measured at 180 dB re 1 µPa [39].

As an illustrative example of pile noise variability, the measurements have been

collated and are presented in Figure 3.1; the results in the plot are also shown in

Table 3.1. The figure shows received Lp,pk-pk against distance, with the marker size

proportional to the size of the pile, and the marker colour denoting the impact

energy. Due to this variability in received levels for similar propagation conditions,

it is unlikely that a reasonable predictor of the source level can be based solely on

the diameter of the pile as so many other factors are likely to be significant.

3.2.3 Measured sound exposure levels

There are fewer published results of the SEL than the Lp,pk-pk. For those that are

published, the SEL follows trends similar to the Lp,pk-pk [36, 37, 39, 45]. The rate of

decay with distance is greater for the peak levels due to the gradual dilation of the

pulse [37].

Published SELs include that from Duncan et al., which for one site has SELs

between 171 and 152 dB re 1 µPa2s at ranges between 71 and 457 m from the

pile, and at the other site SELs between 171 and 151 dB re 1 µPa2s at ranges be-

tween 38 and 260 m [36]; both piles were of 0.71 m diameter. Other results in-

clude: Robinson et al. with SELs of 178 and 164 dB re 1 µPa2s at ranges of 57

and 1850 m respectively [37]; Lepper et al. with an SEL of 153 dB re 1 µPa2s at

a range of 1500 m [39], and; de Jong et al. with an SEL of 164 dB re 1 µPa2s at a

range of 1800 m [45].

Frequency analyses have also been performed on the measured piling noise. Fig-

ure 3.2 shows one example of the third-octave data from a piling sequence [34]. A

prominent peak is seen in bands around the 100 Hz band, with the majority of the

energy being contained between 50 and 300 Hz. At 380 m the level in the 100 Hz

band is more than 60 dB greater than the background noise, and at 5 km is still

well above the ambient level.
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Range Lp,pk-pk Diameter (m) Hammer energy (kJ) Source

100 205 1.8 120 Bailey [38]
240 201
800 191
1650 187
2480 183
4600 176
8500 166
15100 155
20700 152
30300 150
41000 146
50500 137
61000 135
71000 124

14150 166 4.5 965 Norro [40]
7850 171
5500 175
4000 174
2580 180
1580 191
770 199
700 199
680 198
630 201
520 202

6990 172 4.5 740 Norro [40]
4820 183
3000 183

76 203.8 0.771 59 Duncan [36]
145 196.7
177 201.3
240 197.2
262 194.4
327 194.6
449 185
39 203.3
118 198.8
199 189.8
222 188.1
258 184.7

57 211 2 800 Robinson [37]
1850 191

750 202.5 5.2 1370 Robinson [41]

213 195 4.5 400 Nedwell [35]
7500 150
92 217
12800 174
20000 135
500 203
500 202

100 205.8 1.5 280 Elmer [42]

14 213 0.75 180 Erbe [43]
51 205
320 187
1290 132

14 211 1.5 280 Erbe [43]
108 198
230 186
1330 138

720 196+6 3.9 850 Brandt [44]
2300 184+6

Table 3.1: Measured Lp,pk-pk at a number of sites for varying pile sizes and ham-

mer energies. Results from Brandt are zero-to-peak levels, so 6 dB has been added

on assuming |max(p)| = |min(p)|.
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Figure 3.1: The received peak-to-peak sound pressure level, for a range of pil-

ing measurements as a function of distance. The hammer energy is represented

in the marker colour, and the pile diameter is proportional to the marker size.

Despite some trends, predicting the received Lp,pk-pk from a piling event can

not be determined from these metrics alone. At 4–5 km, a smaller pile struck

with a lower energy hammer produced a higher Lp,pk-pk than a harder-hit, larger

pile [8, 35–38, 40–44].
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Fig. 4. Upper plot: example of time history of piling sequence measured on calibration buoy.  Lower 
plot: normalised SEL for each measured pulse. This sequence has a soft start clearly evident in the 
SEL sequence.  

 
Fig. 5. The third-octave band spectra for pulses recorded at ranges from 380 m to 5 km from the 

driven pile. Also shown are the levels for the background noise. 

1108

Figure 3.2: Third-octave band spectra for pulses recorded at ranges from 380 m

to 5 km from the driven pile. Also shown are the levels for the background noise.

Reproduced from Robinson et al. [34].
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3.2.4 Measurement challenges and issues

One of the main motivators behind measuring a sound source is to use that data

in future projects to provide noise predictions. Consequently, a common aim be-

hind the measurement programs is to determine a pile source level that may be

used with propagation models to provide an area noise prediction. It is, however,

very difficult to generate a fully robust source level definition for a pile or to mea-

sure such a source level. As stated, the source is peculiar in that it is extended,

may exist within the sediment, and may extend above the water surface; by its

very nature it is directly coupled to the environment and thus affected by it. Ad-

ditionally, as with any underwater noise measurement campaign, it is costly to

produce a large number of measurements over a large volume. By sampling only a

few points in the ensonified zone, the results are largely dependent on how repre-

sentative these propagation paths are of the acoustic domain as a whole [46]. The

final consideration is how the source varies with time. Although many measure-

ments state a single maximum received reading, the noise level and characteris-

tics change throughout the operation. This may be due to changes in hammer en-

ergy, penetration, and possibly even changes in the environment such as tide and

temperature effects. Having to consider all of the above points creates a challenge

when trying to characterise piling events as a noise source.

3.3 Measurement-based prediction methods

As stated, there is a need to be able to estimate the noise produced by offshore

pile driving and the levels radiated into the ocean. One method that is often used

is to attempt to determine a usable source level that may then be propagated out

using an appropriate sound propagation model [36,41,45]. Ideally, this source level

should be characteristic of the source itself, i.e. independent of all environmental

effects. However, it has been noted that the source level itself is not directly mea-

surable, and so one must use other methods to determine it [10]. Typically this is

achieved by measuring the noise generated by piling events at various distances,

and then back-propagating using a propagation loss model to provide the source

level. As stated in Section 2.3.1, the measured sound level in decibels is most com-
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monly shown as RL = SL − PL, where RL is the received level, SL is the source

level, and PL is the propagation loss; if the propagation loss can be estimated by

use of a model, then the source level is simply the received level less the propa-

gation loss. This has issues in that the propagation loss is hugely dependent on

the environment; any errors in the model will be reflected in the source term to be

used for other calculations - this inadvertently leads to an environment-dependent

source level. Considering also that the pile noise source itself is physically inter-

acting with the environment, separating one from the other is no trivial task.

One potential issue associated with the back-propagating method is in the esti-

mation of the low-frequency content of the source. This may occur as the water

column forms a waveguide that is likely to affect different frequency components

differently. At low frequencies, where a quarter wavelength is comparable to the

water depth, the noise does not radiate efficiently and only propagates evanes-

cently. As discussed in Section 2.3.4, this leads to propagation of sound below a

certain frequency being ‘cut-off’. For the purposes of back-propagating, this im-

plies a large propagation loss at low frequencies. This in turn can cause overesti-

mations in the low frequency content of the source if the true contribution to the

sound field drops below ambient noise. The frequency at which this occurs is de-

pendent on both the water depth and the sediment. Figure 2.4 shows the cut-off

frequency as a function of depth for different sediment types [11]. As the piling

operations typically take place in shallow waters, the cut-off frequency is likely to

have a significant effect on the frequency content of what is received at distance.

3.3.1 n log r models

There are many options for back-propagating the received level back to the source.

One issue is that source levels, as determined by this method, are strongly affected

by the type of model employed and can vary due to the differences between them.

Often an n log(r) + Ar method [4, 35, 38] or a point source model [36] is used.

Here, r is typically the horizontal distance from the source, the n term accounts

for the geometric spreading effect, and the A is some factor that accounts for the

transmission anomaly which includes all other sources of attenuation. Using an

n log(r) + Ar type approach, however, has limitations due to its simplicity. An n
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term of 10 corresponds to cylindrical spreading, 20 to spherical spreading, and 15

to cylindrical spreading with interface losses; any other value, although possibly

better fitting the data, is not physically meaningful [47]. Although this method

is convenient and avoids having to assume a single source depth, it assumes no

variation in attenuation with range (due to sediment or bathymetry changes) and

takes no account of the frequency content of the sound.

3.3.2 Numerical point source models

Propagation loss models using a point source are typically much more sophisti-

cated than the n log(r) + Ar method, by including frequency-dependence and

depth variation. There are numerous methods of determining the propagation loss

from to a point source [11], and many models have been written based on these

schemes (for examples see http://oalib.hlsresearch.com).

Numerous propagation models have been devised starting with the linearised wave

equation and the assumption that all sound emanates from a single point. A com-

mon foundation for these models is the three-dimensional wave equation for acous-

tic pressure p,

∇2p(x, y, z, t) =
1

c(x, y, z)2
∂2p(x, y, z, t)

∂t2
, (3.1)

where c is the speed of sound, which may be a function of space (x, y, z), and t is

time. If one assumes that a harmonic solution, such that p(x, y, z, t) = P (x, y, z)e−jωt,

where ω is the angular frequency, ω = 2πf , and substitutes it into the wave equa-

tion one obtains the linearised Helmholtz equation:

∇2P (x, y, z) + k2P (x, y, z) = 0, (3.2)

where k = ω/c = 2π/λ is the wavenumber; note that k may also be a function of

space if the sound speed varies within the water column. By using the Helmholtz

equation, however, the propagation of sound at each frequency may be solved sep-

arately, and if the sound pressure against time is required an inverse Fourier trans-

form will provide a time history.

How the Helmholtz equation is solved determines the type of model employed. If

we take a single radial slice from the source, we can reduce the dimensions further

from x, y, z to r, z, and assume that the sound propagation in radial slices from
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the source may be solved independently. For example, ray models are based on

splitting the solution into an amplitude, F (r, z) and a phase function φ(r, z) to

provide P (r, z) = F (r, z) exp(jφ(r, z)). This is propagated out at many different

angles from the point source location and summed to provide a complete solution

for the wave field. The beam-tracing program Bellhop is just one example of this

type of approach. Figure 3.3 shows an example of the ray-tracing paths as deter-

mined by a program based on Bellhop written in Matlab. The rays are semi-

transparent to show areas of increased ray density; where these rays are densely

packed, the sound propagation is enhanced.

An alternative is to assume that the solution is the product of two functions, one

that varies with range and the other that is a function of depth. By replacing

P (r, z) by F (z)G(r) the problem is separated into two that may be solved individ-

ually. This is the standard approach for normal-mode models such as KRAKEN [48]

or wavenumber integration methods such as those employed by OASES [49]; the

vertical function F defines the modes and the radial function G defines the ge-

ometric spreading with range typically defined by a Bessel function when deal-

ing with cylindrical coordinates. An example of a normal-mode model for the

same environment as Figure 3.3 is shown in Figure 3.4. The radiated field di-

rectly reflects that of the ray-tracing algorithm, and additionally demonstrates

the frequency-dependent interference pattern.

The advantage of these types of model is that all aspects of the frequency de-

pendency may be taken into account, as well as considering complex underwater

acoustic environments. The main limitation to using a point source model with

regards to modelling piling noise, however, is that all sound emanates from a sin-

gle point at a specific depth rather than from a line source as would be the case

for the sound from a pile. This implies that the initial spreading is spherical; if

the pile were assumed to be a line source then the spreading would be cylindri-

cal. This also excludes the initial propagation in the sediment layer, and potential

shear wave coupling between the pile and the sediment.
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Figure 3.3: Example of a ray-tracing algorithm showing the propagation path of

rays through a Munk sound speed profile. The source depth is 1000 m and rays are

generated at angles between ±14◦ from horizontal. Frequency dependence is not

taken into account in this diagram.
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Figure 3.4: Example of a normal-modes propagation loss algorithm at 100 Hz in

a Munk sound speed profile. The source depth is 1000 m and the maximum water

depth is 5000 m.
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3.3.3 Energy flux models

An alternative method is to determine the propagation loss using a simplified

energy flux model such as that proposed by Weston [50]. Four propagation re-

gions at increasing distances from the source are identified as A, B, C, and D.

Region A is simply a spherical spreading zone that continues to a point half the

water’s depth away from the source. Region B is a channelling region featuring a

critical angle where energy hitting the seabed at shallower angles is reflected and

absorbed at higher angles. Region C is a mode-stripping region where energy at

higher angles or in higher modes is selectively attenuated. Finally, Region D rep-

resents a region of single-mode propagation.

The propagation losses within each region are given by the following equations:

A : PLA =10 log10 r
2, (3.3)

B : PLB =10 log10 rHaHb/2Hcφc, (3.4)

C : PLC =10 log10

rHaHb

5.22

(
α

∫ r

0

dr

H3

)1/2

, (3.5)

D : PLD =10 log10

(
rHaHb

λ

)
+
λ2α

8

∫ r

0

dr

H3
. (3.6)

Here, r is the range, Ha and Hb are the depths at the source and receiver respec-

tively, Hc is the minimum depth along the transect between the two, φc is the

critical grazing angle, α is the loss parameter due to boundary reflections, and λ

is the wavelength. The ranges at which the transitions occur are determined by

the predicted levels. The change over from region A to B occurs when TLB is less

than TLA. The change over from B to C occurs at the point where TLC is greater

than TLB. Finally, the transition from C to D occurs when the second term in the

Region D loss equation (Equation 3.6) is equal to 3.41; it is noted that in simple

implementations of the model, there is a jump of 3.41 dB at this transition.

By solving the equations in the four regions the model provides a value for prop-

agation loss as a function of range and frequency. There are limitations to the

model in that it assumes an isovelocity channel and that there is no depth de-

pendence, but instead represents an average propagation loss over the entire wa-

ter column depth. The advantages are, however, that it is a frequency-dependent

propagation loss model that is very simple to implement and efficient due to op-
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Figure 3.5: The left hand figure shows the simulated environment and the source

location. The right hand figure shows propagation loss predictions using the We-

ston energy flux model for a single frequency source at 100 Hz. Note the blocking

of sound by the islands due to analysing transects individually with no account

taken of diffraction.

erating only in one-dimension. Although the initial spherical spreading region

dictates that this is a point source model, beyond this distance the lack of depth

dependence makes for a convenient model to use for piling. Using this model re-

moves the problem associated with defining a single point source depth, and of-

ten in shallow waters the sound speed profile can be assumed to be approximately

isovelocity.

The energy flux method has been used with some success to model piling noise [51];

however, caution must still be exercised. Due to real-life variation in sound level

with depth, a single hydrophone may not be characteristic of the measured re-

ceived noise level across all depths at that range. As the model has no depth vari-

ation, back-propagating using the single receiver level may cause errors in the de-

termination of the equivalent source level. An example of the output of this model

implemented in Matlab for a 100 Hz source signal in a computer-generated en-

vironment is shown in Figure 3.5. In this case, the model results are likely to be

more accurate in the shallow waters in the northeast rather than the deeper sec-

tion in the southwest as at these depths the sound speed profile is going to have

an effect on propagation. Note also the absence of noise behind the islands due to
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the line of sight approach taken by the model.

3.4 Finite-element near-field acoustic models

3.4.1 Early finite-element models

Instead of using measurements of noise at a distance from the piling event, an al-

ternative is to model the pile noise generation process itself, which may then be

propagated out using a suitable model. This process has advantages in that the

model may be tailored to suit the individual pile, hammer and local environment.

Another advantage to modelling the pile in situ is that it may aid understanding

of the noise generation mechanism; this is especially important for the develop-

ment of mitigation techniques.

There have been various attempts to model the near-field of the pile in situ. Early

finite-element (FE) models of the pile involving a shear sediment by Elmer and

Gerasch showed reasonable agreement to measured results [42]. The model pre-

sented was for a three-dimensional 90◦ section of the pile, with element sizes set

to allow for a maximum frequency of 400 Hz, and based in 28 m of water. The

received signal calculated for piling and a receiver 12 m from the pile is shown in

Figure 3.6; this generated a peak absolute sound pressure level of 206.8 dB re 1 µPa

for the first negative peak. The results are shown up to a maximum time of 50 ms,

and as there is little decay seen in the received acoustic pressure, results for the

SEL can not be determined. The modelling results showed that propagation in the

sediment was limited; this, however, is most likely due to using a very low com-

pressional wave speed, which although not explicitly stated is mentioned to be in

the region of several hundred metres per second; this is unlikely to be character-

istic of most pile driving situations. Additionally, no pile damping mechanism is

mentioned in the work and this is most likely excluded from the modelling.

3.4.2 The Mach wave

Although the noise field close to the pile was modelled in 2004, the existence of

the characteristic conical wavefront was not ascertained until more recently [52].

Through similar finite-element modelling in two-dimensional space, Reinhall and
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Figure 3.6: Modelling results of sound pressure at 12 m distance of 22000 Pa.

Peak sound pressure level of Lp,pk-pk = 206.8 dB with respect to 1 µPa. Repro-

duced from Elmer [42].

Dahl showed that the principal noise generation mechanism is due to a travel-

ling radial expansion propagating down the pile as a result of the hammer impact

pulse; this is then reflected at the pile tip and travels back up the pile. This ex-

pansion travels at the wave speed of the pile, and as such the wavefront is shed

at an angle determinable by the relative sound speeds of the water and the pile;

for a steel pile, this angle is approximately ±18◦. Both upward-going waves and

downward-going waves are generated depending on the direction of the pulse as

shown in Figure 3.7

The near-field of the pile model has been propagated out to longer ranges by use

of parabolic equation models [53] and wavenumber integration models [54]. It has

been shown that using a propagation model to determine acoustic levels in the

far-field is computationally more efficient, and provides very reasonable results

compared to using the FE model alone.

65



Figure 3.7: Modelling results showing the conical wavefront as a result of the trav-

elling pulse within the pile wall. Reproduced from Reinhall et al [53].

3.4.3 Model limitations

There are, however, still many aspects to the problem that have not been fully

explored. Frequently omitted from the models is the capability for shear waves

to travel in the sediment. The shear waves comprise mechanical motion at right

angles to the direction of energy travel, and as such is not supported by fluid me-

dia. By removing shear wave propagation from the sediment one may reduce the

model complexity, and run calculations on a coarser grid.

One model that included a constant shear speed in the sediment suggests that

the ground-borne element of the noise does not influence the noise level at dis-

tance [42]. Another, with no shear, supported this showing that the energy flow

across the water-sediment interface is principally from water to sediment [54].

Both models, only consider ranges close to the pile. As the majority of the noise

in the water column is thought to couple directly from the pile into the water

the common approach for mitigation techniques involve a noise barrier within

the water column [55–57]. Although there has been quantifiable success with a

number of mitigation techniques close to the source, it has been shown that far

from the source these measures are not as effective as results close to the pile may

suggest [55, 58]. The transmission through the sediment is thought to provide a

flanking path for the sound; if this is the case, this can render many mitigation
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techniques less effective.

The majority of FE models of the monopile in situ are axisymmetric and feature

fluid sediments [52–55]. The fluid sediment will not allow shear waves to prop-

agate in the medium. Shear waves are typically much slower than the compres-

sional waves (e.g. compressional sound speed, cp, for clay is ≈1500 ms-1, compared

with <100 ms-1 shear speed [11]). For particulate sediments, there is also a large

depth dependence of shear speed, often following a power law [59]. One effect of

this variable speed shear layer is to create a sediment surface duct in which en-

ergy cannot escape as the waves are constantly refracted toward the interface [60].

Another effect is dispersion of the shear wave in the sediment near the sediment-

water interface; due to their longer wavelengths, the low frequencies ‘see’ more of

the higher velocity sediment and therefore propagate faster than higher frequen-

cies [61].

The axisymmetric assumption implies rotational symmetry of all features of the

pile and environment. This reduces the computational load greatly by solving the

problem in two dimensions, rather than three dimensions. However, modelling in

this way removes all possible beam-bending or higher-order radial modes of vibra-

tion of the pile. These modes may be excited by eccentricity of the hammer pulse,

or angular variation of the sediment at the pile tip.

3.5 Chapter summary

Piling operations generate high noise levels that are detectable far from the source

as shown by numerous measurement campaigns. From these results, however, it is

not simple to devise a simple rule as to how loud a future piling operation is likely

to be. One approach for predictions is to measure sound levels and use a method

known as back-propagation; these results are then re-propagated to generate area-

wide results. There are limitations, however, to many of these models in that they

assume a point source and are typically not coupled to the sediment in any way.

One alternative is to devise models that generate the acoustic field close to the

pile, which may then be propagated using standard models. This is most com-

monly tackled using finite-element models. There are, however, still obstacles to

overcome before these models are truly representative of real-life piling.
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Chapter 4

Problem statement

As shown in Chapters 2 and 3, the noise from marine piling is significant and is

capable of propagating over long distances in the water. Additionally, the fre-

quency range of the piling noise coincides with the range of hearing of marine

fauna. Because of this, there is a drive to be able to predict how much noise will

be generated, and to devise mitigation methods. However, there is still much un-

certainty about the detailed noise generation mechanisms [34]. Additionally, it has

been suggested that although effective at short ranges, current mitigation tech-

niques may not provide the intended noise reduction at distance [58]. Therefore,

the aim of this project is to devise methods to model and predict the acoustic

field generated by the struck pile and to elucidate the noise generation mecha-

nisms.

As the problem is such a multi-faceted one, the project requires a number of linked

studies. These include: an analysis of the hammer-blow delivered to the pile; how

this impact causes the pile to vibrate; how these vibrations are transmitted into

the water and sediment; and how the sound then propagates away from the pile.

As there are many different elements to the problem, these studies need to deter-

mine which parameters have the most effect on the generated piling noise. Only

with a detailed knowledge of which of these parameters are most significant, can

reasonable predictors of piling noise be developed.

The proposed approach is to use a combination of finite element analysis mod-

els and analytical methods to determine the sound in the region close to the pile.

This sound field can then provide an input to propagation models from which the
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received acoustic level at a given location may be determined. In order to ascer-

tain the model’s reliability, these results are compared against recorded measure-

ments.

The thesis following this point is structured as follows. Chapter 5 broadly dis-

cusses the work that has been performed in this project on pile models that fea-

ture a fluid sediment; the fluid sediment assumption is common in recent pile

modelling efforts. Also covered is the modelling of the forcing input provided by

the hammer to the top of the pile, and an overview of the international bench-

mark COMPILE meeting that provided a forum for pile noise modellers and to

which results from this work were submitted. Chapter 6 describes the analysis

of a recorded piling sequence at Lynn and Inner Dowsing wind farms. Modelled

data for the same pile is produced and the results from the current modelling

techniques are compared to those recorded highlighting deficiencies in the mod-

elling techniques. Chapter 7 shows the results of addressing the fluid sediment

assumption, by including a depth-dependent elastic sediment. This highlights the

slow sediment-water interface wave that has been associated with piling, and other

low-frequency noise sources. Finally, Chapter 8 describes work discussing civil en-

gineering techniques used in pile dynamics modelling, and how this method can

then be used to provide an acoustic solution predicting the noise generated by the

impacted pile.
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Chapter 5

Pile and noise modelling for a

fluid sediment

5.1 Chapter overview

One simplified approach to modelling piling noise considers the sediment as a uni-

form homogeneous semi-infinite fluid; studies of this approach form the subject of

this chapter. By assuming a fluid sediment the propagation of energy is restricted

to compressive waves, as shear waves are not supported by the medium. Conse-

quently, this reduces the computational workload of models and the complexity of

analytical approaches. In addition, the fluid sediment simplifies the nature of the

coupling between the pile and the sediment; in practice it is this coupling that is

one of the most difficult things to model.

Section 5.2 discusses the initial finite-element models created for this project, and

the insights they provide into the acoustics of offshore pile driving. This includes a

discussion of the force delivered to the pile head by the hammer system, and also

the results generated for a benchmark meeting held in June 2014 to discuss the

modelling of offshore piling noise.

Section 5.3 details a normal-mode model that can be used for the efficient mod-

elling of propagation loss from a pile-like source. The normal-mode decomposition

splits the field into components with waves that propagate at unique angles to the

horizontal. As the noise from impact piling has been shown to propagate princi-
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pally at a specific angle determined by the relative sound speed of the pile and

the water, most energy is concentrated into only a few modes. By taking just the

most prominent modes into account, the acoustic field and resulting propagation

loss may be determined at a greatly reduced computational cost whilst retaining

reasonable accuracy.

5.2 Fluid-sediment finite-element pile models

As described in Section 3.4, the typical approach to tackling the pile vibration

problem has been through the use of finite-element models. This section describes

a model developed in COMSOL multiphysics software of the pile in situ and the

generation of the forcing function used as the input to the model. The finite-element

model provides useful insight into the nature of the physics behind how the noise

is generated.

5.2.1 Finite-element pile model overview

The model of the in situ pile considers the axisymmetric cross section as shown in

Figure 5.1. For this study a 6 m diameter, 50 m long pile, with a wall thickness of

65 mm, was considered with 10 m embedded in the sediment and a water column

depth of 20 m. A receiver is placed 7 m from the pile, at a depth of 10 m. The

water surface boundary has been modelled as a perfect pressure-release bound-

ary. The sediment is modelled as a fluid such that no shear waves are propagated,

and the pile as an elastic solid. The model mesh has a maximum element size of

0.3 m, and the time step for the model was 0.1 ms; this led to a mesh compris-

ing a total of 44485 elements. A hammer forcing function, described in the Sec-

tion 5.2.2, provided the time-dependent boundary load on the pile. All parameters

used for these studies are shown in Table 5.1.

5.2.2 The hammer input forcing function

One important aspect to the problem is being able to determine accurately the

input function to the model. In practice, the hammer parameters that define the

impact are determined by pile drivability studies carried out using either analyti-
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Figure 5.1: Diagram of the pile in the three-dimensional axisymmetric envi-

ronment; due to the enforced symmetry, the problem may be solved on a two-

dimensional plane.

Ram mass mr 100 000 kg

Anvil mass ma 38 000 kg

Cushion stiffness Hard: kc 21 GPa

Medium: 10.5 GPa

Soft: 5.25 GPa

Hammer efficiency e 1

Hammer energy Ep 2000 kJ

Impact velocity v0 6.325 ms−1

Pile diameter 6 m

Pile wall thickness 65 mm

Pile cross-sectional area A 1.225 m2

Pile length L 50 m

Pile Young’s modulus E 205 GPa

Pile bulk wave speed cp 5778 ms−1

Water density ρw 999.6 kgm−3

Water speed of sound cw 1481.4 ms−1

Sediment density ρs 1900 kgm−3

Sediment speed of sound cs 1650 ms−1

Table 5.1: Parameters used for the fluid-sediment finite-element model study.
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cal methods, such as a wave-equation analysis program, or by use of finite-element

modelling [62]. For modelling studies, the force imparted by the hammer may be

determined in a number of ways, including analytical solutions, numerical mod-

elling, commercial software, or even data from the hammer manufacturer. The

approach adopted in this work utilises an analytical method based on the work

of Take et al.: this takes the form of a Matlab program written to model the

force delivered to the top of the pile as a function of time for a given set of pa-

rameters [63].

As discussed in previous chapters, the hammer impact from pile-driving is capable

of producing high-level acoustic disturbances. The initial impact and noise pro-

duced thereafter are determined by a number a factors. One factor that is often

overlooked is the effect of the forcing function on the radiated pulse. The hammer

energy is often the only quoted value characterising the input to the system. This

section investigates the possible variation in the forcing function whilst keeping

the hammer energy constant.

The hammer assembly comprises a number of elements which may be represented

by a simplified mechanical system illustrated in Figure 5.2. [62, 63]. In this study

the system is considered to be composed of a ram of mass mr, a cushion of stiff-

ness kc, an anvil of mass ma and a dashpot representing the pile impedance, Z.

In practice, the cushion is only used in cases where the pile is likely to undergo

excessive stresses, and so may not always be required. Of note, however, is that

where a cushion is used the repeated impacting of the cushion is likely to cause

the cushion to compact; this in turn leads to a reduction of the compliance of

the cushion as the piling sequence continues [62, 64]. Commonly in the driving

of steel piles into marine sediments a cushion is not used; in these cases, however,

the cushion term represents the compliance of the anvil block.

This mechanical system, however, may not be solved by using regular approaches,

such as Laplace transforms, as this implies that tension may be transmitted be-

tween the components rather than letting them separate. As an example, the

hammer-ram system in this work was analysed using Simscape mechanical com-

ponents in Simulink, with the mechanical diagram shown in Figure 5.3. Using

parameters for the ram, cushion, anvil, and pile in Table 5.1, and providing the

ram with the initial velocity, the force applied to the top of the pile may be deter-
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Figure 5.2: The idealised hammer mechanical system. The force imparted to the

pile is that between the Anvil mass and the Pile impedance.

mined. These results, assuming transmission of tension in the system, are shown

in Figure 5.4.

By allowing tension to be transmitted between components, the force applied to

the pile becomes negative as the assembly bounces following impact. This results

in a slight ringing effect which oscillates at a lower frequencies for softer cushions.

As stated, this implies that there is no separation between the elements compris-

ing the system whereas in actuality separation occurs between the ram mass and

the cushion. An analytical solution for the case when element separation occurs

has been devised by Take et al. [63]; this solution solves the problem up to the

point where the first bounce occurs before switching to a different solution for ei-

ther cushion or ram bounce in which the elements are separated. For this study

the solution has been implemented in Matlab, and calculates the resulting force

against time for a given hammer system and ram velocity at impact.

The ram impacts the cushion at an initial velocity v0. This is related to the rated

hammer energy, Ep, which is commonly quoted as the principal measure of the

hammer. The energy imparted to the pile, Ek, is then the rated energy multiplied

by an efficiency, e, i.e. Ek = eEp; this is essentially the kinetic energy of the ram.

The ram velocity at impact, v0, may be determined using the kinetic energy of the

ram, and the ram mass as

v0 =

√
2Ek
mr

. (5.1)

There are commonly quoted values for efficiency for the different types of hammer.
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Figure 5.3: The hammer system as implemented within Simulink. Here the ham-

mer system elements are attached such that tension, as well as compression, may

be transmitted through to the pile head.

In the cases of manufacturers quoting ‘blow energy on the pile’, this provides a

value of Ek directly.

Using the analytical function, the force applied to the top of the pile as a func-

tion of time was determined for three different cushions. Additionally, the limiting

case of an infinitely-stiff zero-weight cushion or simply where no cushion is used, is

supplied and can be expressed simply as

F = Zv0 exp

(−Zt
mr

)
. (5.2)

The parameters used in this study are given in Table 5.1 and would be representa-

tive of a typical marine piling operation for a large wind turbine.

The results of the hammer-forcing function study are shown in Figure 5.5. The

time domain plot in Figure 5.5a shows the changes in the peak force transferred

to the pile for different cushions. The no-cushion case has a very sharp rise time
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Figure 5.4: The force transmitted to the pile due to the impacting hammer for soft,

medium, and hard cushions as detailed in Table 5.1. This system allows tension

to be transmitted, and as such this unrealistic hammer system seems capable of

‘pulling’ on the pile.

followed by an exponential decay. Where a cushion has been used the pulse has

a definite rise time, that has been shown to be proportional to the inverse of the

square-root of the cushion stiffness [62]. The stiffer cushions lead to a decrease in

rise time and an increase in the peak force.

The frequency domain representation in Figure 5.5b show that all results peak

towards the lowest frequencies. They differ, however, in the roll-off of the higher

frequencies; the soft cushion has a much greater roll-off toward higher frequencies,

whereas due to the very sharp rise, the no-cushion case provides significantly more

energy at higher frequencies.

77



0 0.01 0.02
0

50

100

150

200

250

300

Time / s

Fo
rc

e 
/ M

N

Force at top of pile no tension

 

 
No cushion
Hard cushion
Medium cushion
Soft cushion

(a) Time domain

0 100 200 300 400 500
10

1

10
2

10
3

10
4

10
5

Frequency / Hz
|F

or
ce

| /
 M

N
/H

z

Force at top of pile

 

 

No cushion
Hard cushion
Medium cushion
Soft cushion

(b) Frequency domain

Figure 5.5: The time history and frequency domain representation of the forcing

pulse for different stiffness of cushion. See Table 5.1 for cushion parameters.

5.2.3 Results from fluid-sediment finite-element models

with analytical hammer-forcing functions

To determine the effect of varying the forcing function at the head of the pile, the

results for the analytical hammer function were used as model inputs. The forcing

function was varied by changing the hammer cushion stiffness; the effect of the

cushion changes on the input pulse have already been shown in Figure 5.5.

Having defined the forcing function, the model was run in the time domain for

each configuration of cushion with the parameters as listed in Table 5.1 up to a

maximum model time of 400 ms.

The acoustic field at 18 ms for each forcing function is shown in Figures 5.6a to

5.6d. In each case the effects of the cylindrical spreading has been compensated

for by multiplying the acoustic pressure by
√
r in order to make the wave struc-

ture clearer where r is the radial distance.

The inclination of the wavefronts at an angle of approximately 18◦ agrees with

results from previous studies [52–54]. Here, in each figure, the contribution from

both the first down-going wave and the first up-going wave can be seen. The prin-

cipal sound generation mechanism is due to the travelling pulse propagating down
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and up the pile. As the pulse passes, the pile undergoes local compression. Due

to the Poisson’s ratio of steel and the coupled nature of radial and axial motion

in the cylindrical shell, radial expansion occurs at these local compression points.

The expansive pulse, travelling at speeds greater than the sound speed in water,

produces a wave that radiates into the water column. When the compressive wave

reaches the pile toe we observe a localised point source (a torus source in three-

dimensions), which leads to the curved wavefronts in the sediment. The pulse is

then inverted on reflection at the end with the upwardly travelling pulse produc-

ing a local radial contraction causing a rarefaction to be radiated rather than a

compression.

Considering the input forcing functions (Figure 5.5a) it can be seen that when the

forcing function is a short pulse in time this is reproduced in the acoustic field.

The structure of the no-cushion case in Figure 5.6a contains much higher spatial

frequency content than for the cushioned cases; the peaks and troughs are much

clearer than for the soft-cushion case in Figure 5.6d. There is a negative wavefront

following the initial positive wavefront that is only clear when shorter input pulses

(i.e. harder cushions) are used. Another effect of changing the cushion stiffness is

to change the maximum amplitude of the received pulse in the water. The ham-

mer input force in Figure 5.5a shows greater amplitudes for stiffer cushions; this

is reflected in the radiated acoustic pressure with the peak acoustic pressure being

greatest for the no-cushion case, with levels reducing for softer cushions.

The first 0.05 s of the received pressure for each case is shown in Figure 5.7a, and

the frequency domain representation in Figure 5.7b. The time domain plot shows

clearly the difference between the peak received levels for the different types of

cushion. Where no cushion is used, the peak pressure is greatest; as the system

as it is modelled here is linear this is directly linked to the respective levels of the

forcing functions in Figure 5.5a. Periodicity is seen with a clear 200 Hz component

in the no-cushion case, and 50 Hz for the soft-cushion case.

In Figure 5.7b the prominent component in each case is at 50 Hz; as the pile length

was 50 m (i.e. pulse round trip of 100 m), and the wave speed was near 5000 ms-1

this corresponds to the travel time of the wave down and up the pile. What is

seen at higher frequencies follows that of the forcing functions in Figure 5.5b;

there is significantly less energy seen at higher frequencies for the softer cushions.
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(a) No cushion (b) Hard cushion

(c) Medium cushion (d) Soft cushion

Figure 5.6: The modelled field close to the pile 18 ms after impact using a) no

cushion b) hard cushion c) medium cushion d) soft cushion. The white circle indi-

cates the position of the simulated receiver for Figure 5.7.
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Figure 5.7: The modelled time history and frequency domain representation of

the radiated acoustic pressure at the receiver location for different stiffnesses of

cushion.

As these measurements are in the near-field the effect of the cut-off frequency of

the water column will have had little effect on the received signals. Considering a

20 m water column depth and a sandy sediment, based on Figure 2.4 one would

expect the cut-off frequency to be approximately 50 Hz. At range, therefore, the

prominent peak is likely to be at 100 Hz which would propagate effectively in the

water column. The results, however, do show the importance of defining the input

forcing function correctly. By changing just the compliance of the cushion or anvil

in the hammer ram assembly the radiated noise is altered significantly. Where an

infinitely stiff component is used, higher frequencies are much more prevalent.

5.2.4 Pile wall displacement and expansion

Although the results in the previous section provide results that confirm the con-

ical nature of the wave there are further insights to be gained from the model.

Reinhall and Dahl note that the noise radiation is caused by Poisson ratio effects:

where the pile is compressed axially, it expands radially [52]. This section investi-

gates the nature of that expansion at the pile wall.

The motion at two points on the impacted pile has been extracted from the COM-
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Figure 5.8: An extract of the modelled horizontal displacement at the two points

on the inner and outer wall of the pile, at mid-depth of the water column. Al-

though both inside and outside wall motions are plotted, there is very little differ-

ence between them.

SOL model results for the hard-cushion case. The points are at the mid-depth of

the 20 m water column; one point is on the exterior of the pile wall, the other on

the interior.

Figure 5.8 shows part of the time history for the horizontal displacement of the in-

ner and outer points. The motion features periodicity with a principal frequency

of approximately 50 Hz, the same frequency as the principal component in the ra-

diated pressure. The typical displacement is in the region of 0.4 mm, and both in-

side and outside of the wall move similarly. By 0.3 s, the pile wall motion evolves

into a clear 100 Hz oscillation but at a reduced amplitude.

The average motion of the two points was determined and the difference between

this average motion and the absolute motion of the two points was calculated.

This is to remove the net pile expansion in order to observe the wall thickness

changes. Figure 5.9 shows that the wall variations correspond to a symmetric

Lamb wave motion.

The principal frequency is approximately 50 Hz; as such, the expansion and con-

traction of the wall occurs at half the rate of the flexure of the wall in Figure 5.8a.
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Figure 5.9: The deviation from the average horizontal displacement at the two

points on opposite sides of the pile wall at mid-depth in the water column.

The actual displacements, however, are of the order of 5 µm and so is much less

significant than the wall motion itself. Consequently, the wall may be considered a

shell for modelling purposes.

The displacement at the pile wall was extracted at points with a 5 cm spacing

along the pile length for the entire modelled time history. Figure 5.10 shows snap-

shots of the exaggerated pile wall displacement at various points after impact.

As the radial pulse hits the water, it is split into a fast compressive wave (wide

bands near the sediment) and a slow shear wave (narrow bands near the water).

This is due to the change in radiation damping caused by the new medium result-

ing in an impedance mismatch. The shear wave, however, propagates at speeds

much less than that of the speed of sound of water; consequently this results in

evanescent radiation that does not propagate to large distances from the pile.

Similar behaviour is seen at the water to sediment interface, but with less pro-

nounced results. The figure also shows that the modelled pile wall oscillates af-

ter being struck; although the principal wave is the single pulse travelling up and

down the pile, there are other contributions from the pile after the main pulse has

passed.

These results suggest that although other slower components of the pulse are gen-
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Figure 5.10: Snapshots of the modelled pile wall radial displacements after ham-

mer impact. On contact with the water the initial pulse splits into a compressive

component and a shear component; although visible at t = 12 ms, this is most ev-

ident at t = 18 ms, where the high-velocity compressive wave (wide blue band at

the water-air interface) is travelling upwards, and the slower shear wave (the stria-

tions a few metres below the surface) is still travelling downwards.
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erated, it is the principal pulse that governs the radiated noise. It has been es-

tablished that the pile may be considered a shell for the purposes of modelling;

this becomes important when considering internally generated waves as well as the

immediate outgoing waves. In these models, the pile has been shown to continue

ringing for extended periods of time with little decay. There are, however, factors

such as friction and radiation damping, and potential influence from the hammer

system that have yet to be explored.

5.2.5 Pile modelling benchmark meeting

The modelling of offshore piling has only recently been studied in significant detail

due to the rapid expansion of offshore wind farms. In order to compare modelling

techniques a meeting was held in Hamburg in June 2014 known as the COMPILE

workshop, with an aim to review and compare different approaches to modelling

the noise from offshore piling. This meeting was organised by the Institute of

Modelling and Computation of the Hamburg University of Technology (Germany)

and the Organisation for Applied Scientific Research (TNO, The Netherlands).

In addition to the organisers, the contributors included: the Centre for Marine

Science and Technology, Curtin University, Australia; Bundeswehr Technical Cen-

tre for Ships and Naval Weapons, Maritime Technology and Research, Germany;

JASCO Applied Sciences, Canada; Seoul National University, South Korea; the

National Physical Laboratory, United Kingdom; and the University of Southamp-

ton. A benchmark test case of a generic pile was conceived by the organisers,

where the dimensions, the material properties, and the input forcing function were

all specified. The time-domain sound pressures at specified points were calculated

by the contributors and then compared between models, and the modelling ap-

proaches discussed. A number of organisations were invited to contribute and in

the end seven organisations presented results; the results calculated as part of the

current program at Southampton are presented here.

Benchmark model parameters

The modelling domain is as shown in Figure 5.11 with all geometric parameters

for the study shown in Table 5.2. It is assumed that all features in the scenario
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Property Value (m)

Water column height 10

Total pile length 25

Pile length in sediment 15

Pile outer diameter 2

Pile wall thickness 0.05

Table 5.2: COMPILE pile environment geometry.

are axisymmetric, that no plug has formed in the pile such that at all depths the

material inside of the pile is the same as that on the outside, with the sediment

modelled as a fluid.

The hammer impact provided as a time-dependent boundary load at the top of

the pile is given by the function

F (t) =





Fp
t
tr

for t ≤ tr,

Fpe
−
(
t−tr
td

)
for t > tr.

Here the peak force, Fp, is 20 MN; the rise time, tr, is 0.2 ms; and the decay time,

td, is 1.6 ms. The function is shown in Figure 5.12. Note the distinct similarities

between the prescribed forcing function and the infinitely stiff cushion case pre-

sented in Figure 5.5.

The material properties specified are shown in Table 6.2. The absorption parame-

ters for the water and sediment were also specified; however, as all modelling was

to be done in the near field, the absorption is negligible for the frequencies and

distances involved and so has been omitted from the models.

Implementation of the benchmark case

A model was constructed in COMSOL using the specified parameters. In accor-

dance with previous models, a pseudo three-dimensional axisymmetric solution

was used, thus reducing the problem to two dimensions. The water surface was

modelled as a perfect pressure release boundary, while the outer extremes were

modelled as ‘radiation condition’ boundaries in order to minimise reflections.

The maximum frequency assumed for the model was 2 kHz, implemented by a

modelling time step of 0.5 ms. The wavelengths at this frequency are 0.75 m in
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Figure 5.11: The modelling domain of the pile for the COMPILE benchmark

model; boundaries were chosen such that reflections were minimised (CWR: Cylin-

drical Wave Radiation).
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Figure 5.12: The forcing function used for the COMPILE benchmark model.
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Material Property Unit Value

Steel Young’s modulus GPa 210

Poisson’s ratio 1 0.30

Density kgm-1 7850

Sediment Compressive wave speed ms-1 1800

Density kgm-1 2000

Water Compressive wave speed ms-1 1500

Density kgm-1 1025

Table 5.3: COMPILE pile material properties.

the water, and 0.9 m in the sediment. In order to fulfil the minimum required

number of points per wavelength in the media, the maximum element size in wa-

ter was set to 15 cm, and 18 cm in the sediment. This led to a model comprising

101454 elements, with 202722 degrees of freedom.

Results from an undamped pile

Figure 5.13a shows the pressure field 10 ms after the impact starts. The forcing

function is most similar to the ‘no cushion’ case demonstrated earlier, the result-

ing field of which is shown in Figure 5.6a. Both show the high-frequency content

dominating the field compared to the cushioned cases. The first two wavefronts

are very clearly identifiable in the field snapshot by the characteristic angles of

propagation. The first wavefront leads with a positive pressure, followed by a neg-

ative pressure resulting from the initial local compression and outward pile expan-

sion as the pulse travels down the pile. The pulse is reflected and inverted at the

pile tip to provide an upward going wave that leads with a negative pressure. The

second wavefront immediately following the first is due to the pile wall motion on

the far side of the pile.

Although the field is dominated by the disturbance caused by the travelling pulse,

there are identifiable features in the sound field that are due to different noise-

generating mechanisms. At the pile tip, the sound is radiated from the pile as a

spherical-type wave with a positive pressure, but it is not followed by the negative

pressure as the pile is undergoing net vertical motion downwards. There are also

88



(a) Field 10 ms after impact (b) Field 50 ms after impact

Figure 5.13: The pressure field for the undamped COMPILE model 10 ms and

50 ms after the start of the impact.

wavefronts suggesting a point-like source at the point where the pile meets the

sediment-water interface. Here, disturbances are produced due to the change in

impedance going from water to sediment; these are more visible in this case than

in Figure 5.6a due to the spacing between subsequent wavefronts in the water.

Figure 5.13b shows the pressure field 50 ms after the initial impact. The wave-

fronts in the water column all propagate at an angle of ±18◦ and have been gen-

erated by multiple reflections of the pulse within the pile. There is also very little

difference in the nature of the acoustic field between that in the water and in the

sediment: the higher sound speed in the sediment forces the sediment wavefront

to be in advance of the water-borne wavefront, an effect that is more noticeable at

distances further from the pile.

The particle acceleration fields for these two snapshots in time are shown in Fig-

ures 5.14 and 5.15. The particle acceleration plots clearly indicate the direction of

motion for the particles with red and cyan indicating motion in the radial direc-

tion, and purple and yellow indicating motion in the axial direction. As expected,

the particle motion is principally in the radial direction as determined by the an-

gle of the wavefronts. As shear waves are not supported in the sediment in this

model all motion within the sediment purely comprises compressive waves with
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Figure 5.14: The particle acceleration 10 ms after impact for the undamped fluid-

sediment COMPILE model. The colours denote the particle direction with red and

cyan indicating radial motion, and purple and yellow indicating axial motion.

particle motion directed in a longitudinal motion from the pile itself.

At 50 ms we see most of the energy trapped in the water column, while in the

sediment it is transmitted through the boundaries. Although the field is less-well

defined, the identifiable wavefronts are indicative of the travelling pulse contin-

uing to be the key noise-generating mechanism. The travel time for the pulse to

perform one complete circuit of the pile is approximately 10 ms; by 50 ms after

impact, the pulse has hit a pile boundary 10 times.

Figure 5.16 shows the received pressure at a point 11 m from the centre of the

pile at 5 m depth (i.e. mid-depth) in the time and frequency domains. From Fig-

ure 5.16a the highly cyclic nature of the disturbance is clearly identifiable with

the time between peaks corresponding to the complete circuit travel time of the

pulse in the pile. Additionally, there is little attenuation of the lower frequencies

in the received signal indicating a ringing pile. The first pulse contains radiated

noise from the first downward-going pulse. As the pile top is at the water surface,

on reflection there is little time difference between the upward-going wave contri-

bution and the second downward-going wave; this pattern continues for the entire

sequence. In the frequency domain representation in Figure 5.16b, this leads to

well-defined peaks and troughs indicative of an undamped resonating structure

similarly to results in Figure 5.7.
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Figure 5.15: The particle acceleration 50 ms after impact for the undamped fluid-

sediment COMPILE model. Note that all propagating waves are compressive waves
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Figure 5.16: The time history and frequency domain representation of the radiated

acoustic pressure from the impacted pile at a point 11 m from the centre of the

pile and at 5 m depth (mid-depth). Of note is the ringing of the pile evident in

the time domain and the tonal nature of the system due to the presence of distinct

peaks and troughs in the frequency domain.
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Modelling with material damping

As the results from the previous section and Section 5.2.3 show, the undamped

pile has a tendency to ring at its natural frequency for an extended period of time,

leading to clearly defined peaks in the frequency domain results. However, record-

ings of piling pulses made close to the pile indicate a broad band signal with sig-

natures similar to that shown in Figure 3.2, with little in the way of tonal-like

characteristics. This indicates that the original assumption that the noise from

marine piling can be modelled without including some pile damping mechanism is

erroneous; the issue of how the damping is included remains to be considered.

To mitigate against this issue, the benchmark problem was updated by the organ-

isers to include damping within the pile itself to simulate both the radiation and

friction losses from the pile. This updated damping method comprised an equiv-

alent empirical material damping in the properties of the embedded section of

the steel acting on both compressive waves and shear waves. The proposed val-

ues for the damping were 3.0 dB per wavelength for the shear waves, and 1.5 dB

per wavelength for the compressive wave. Incorporating these as material proper-

ties in the embedded section of steel was provided by a complex shear wave speed

of 3218 + j180 ms−1 (where, j =
√
−1 ), and a complex compressive wave speed of

6006 + j172 ms−1.

As COMSOL does not support complex sound speeds for materials in the time

domain, the model was solved in the frequency domain. A time domain solution

was then obtained by an inverse Fourier transform of the results; this was possi-

ble as the model was assumed to be linear. This has the added advantage of being

able to adjust the spectrum of the input force to the model in post-processing. As

such, the input to the finite-element model in the frequency domain was a cyclic

force of amplitude 1 MN (mega-newton). The modelling was performed at 1 Hz

steps up to 2500 Hz to provide 1 second worth of propagation when transformed

into the time domain; this upper frequency was higher than the initial model pre-

sented before. The prescribed forcing function in MN was sampled at 5 kHz to

avoid aliasing in the frequency range of the pile response modelling results, and

converted to the frequency domain. The piling frequency response at the speci-

fied receiver locations was then made conjugate symmetric to ensure a real time
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domain output, and the resulting received spectra were achieved by multiplying

the forcing function by the pile frequency response. An inverse Fourier transform

provided the resulting time history at each location.

The steady-state field over range, r, and depth, z, due to a harmonic unit force

(1 MN) at frequency index, k, may be calculated using COMSOL; this field is de-

noted P (r, z, k). To generate the negative frequencies, the field variable was made

conjugate symmetric such that Pf = P ∗N−k, where k = 1, 2, 3, . . . , N−1, and N

is the maximum frequency index. The forcing function, g(n), can be converted

from the time domain into the frequency domain using a Fourier transform to

give F{g(n)} = G{k}. The time domain representation of the impacted pile for

a given forcing function can be calculated as

p(r, z, n) = F−1{P (r, z, k)G(k)}, (5.3)

where F−1 denotes the inverse Fourier transform.

Results from a damped pile

The resulting received acoustic pressure at the point 11 m from the centre axis

at the mid-depth of the water column is shown in Figure 5.17. Comparing Fig-

ure 5.17a with Figure 5.16a shows that the material damping in the pile effectively

attenuates the ringing, with a sharp decay evident. The tonal nature of the pile,

however, is still visible with regular oscillations at times again corresponding to

the pulse travel time. Also evident is a precursor to the initial pressure rise; this

is an example of Gibb’s phenomenon due to modelling the discontinuity in the

frequency domain data transformed into the time domain. The received signal in

the frequency domain in Figure 5.17b is smoother than Figure 5.16b and exhibits

fewer troughs.

Comparison of benchmark model results

Of the seven submissions to the COMPILE benchmark meeting, six comprised

finite-element models, four of which were performed in COMSOL Multiphysics,

one in PAFEC, and one in ABAQUS; the seventh submission was an in-house

finite-difference model based on shell equations. The ABAQUS model and the

finite-difference model were both performed in the time domain, with all other
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Figure 5.17: The time history and frequency domain representation of the radiated

acoustic pressure from the impacted pile with material damping at a point 11 m

from the centre of the pile and at 5 m depth (mid-depth).

codes run in the frequency domain and converted to the time domain using Fourier

analysis. Simulated receivers are positioned at ranges of 1, 11, and 31 m from the

central axis, at depths of 1, 5, and 9 m as shown in Figure 5.18.

The minima, maxima, and means (taking the average of decibel values) of the

resulting broadband sound exposure levels are shown in Figure 5.19. The sound

exposure level takes into account the overall energy of the pulse, and so is de-

termined by both the amplitude and duration of the received signal; here, it is

calculated over the entire duration of the modelled received signal. The SEL be-

tween models at the receiver 1 m deep and 1 m from the central axis (i.e., at the

pile wall) shows very good agreement across all models; this is likely to be due to

its close proximity to the input to the model where other factors are less influen-

tial on the result. Additionally the results at the pile wall are all similar levels as

they are all adjacent to the radiating surface where wavefront directivity has yet

to have an effect. Comparing broadband levels of SEL for just the finite-element

models, the overall deviation was found to be less than 2 dB for all target receiver

positions. The greatest variations in sound exposure level between models was at

the receiver located at the pile near the water-sediment interface, and the receiver
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Figure 5.18: The locations of the simulated receivers for the COMPILE modelling

results. At each point, the sound exposure levels and the peak sound pressure levels

are extracted.

located in the shadow zone 11 m from the central axis and at 1 m depth.

The equivalent plot for the peak sound pressure level is shown in Figure 5.20;

again, general good agreement is seen throughout the results. Whereas the SEL

takes into account the energy throughout the pulse, the peak sound pressure level

only takes into account the single greatest peak in the received pressure; for the

receivers placed at the pile wall, this is consistently generated for the first down-

going pulse. The differences in the Lp,0-p for the finite-element models were found

to be less than 3 dB re 1 µPa, although it was found that where the model had

a shorter time step (higher sampling frequency) greater peak pressure levels could

be realised. The largest variation is seen at the receiver located within the shadow-

zone.

The pressure vs. time results for all parties are shown in Figure 5.21, and show

results for immediately adjacent to the pile, 10 m from the pile wall, and 30 m

from the pile wall. Plots a, b, and c show the comparison between results from

COMSOL models only which are all performed in the frequency domain. Plots b,

d, and f show results from this work against the frequency-domain PAFEC model,

the ABAQUS model, and the in-house finite-difference model, these last two being

performed in the time domain.

It was found that all models agreed with Dahl’s predicted arrival of the first and
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Figure 5.19: The ranges of the modelled sound exposure level at the target receiver

points for all COMPILE submissions. r is the distance from the central axis, and

z is the depth below the water surface. Reasonable agreement is seen throughout,

and particularly at r=1, z=1, the closest point to the origin of the input force.
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Figure 5.20: The ranges of the modelled peak sound level at the target receiver

points for all COMPILE submissions. R is the distance from the central axis, and

Z is the depth below the water surface. As in the SEL plot, reasonable agreement

is seen throughout.
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(c) Receiver at r = 11 m, z = 5 m. COM-

SOL model results
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COMSOL model results and this work

0.02 0.04 0.06 0.08
−60

−40

−20

0

20

40

Time / s

P
re

ss
ur

e 
/ k

P
a

(e) Receiver at r = 31 m, z = 5 m. COM-

SOL model results

0.02 0.04 0.06 0.08
−60

−40

−20

0

20

40

Time / s

P
re

ss
ur

e 
/ k

P
a

(f) Receiver at r = 31 m, z = 5 m. Non-

COMSOL model results and this work

Figure 5.21: The modelled time history of the radiated acoustic pressure from the

impacted pile with material damping at three points in the water column. Results

are shown for all contributing parties to the COMPILE benchmark meeting. The

results from this work are shown as the black dashed line.
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subsequent peaks determined by the length of the pile [53]. Comparing the COM-

SOL results indicates near-identical agreement across three of the four COMSOL

submissions. Additionally, throughout all the finite-element models, the decay rate

across models was in remarkable agreement. The finite-difference model, however,

provided a greater rate of decay due to differences in the implementation of damp-

ing; here, all damping has been applied as a reflection coefficient at the pile toe.

5.2.6 Conclusions

The use of standard finite-element packages has increased the understanding of

the noise generation mechanics involved in piling; the form of the conical wave

has been emphasised in the modelling work presented here. One element that has

been overlooked previously is the contribution from the far side of the pile; we find

that providing the forcing function decays fast enough, the contributions from the

near side and the far side of the pile appear as separate wavefronts.

Although much work has been done on the pile within the water column, the ex-

act nature of the sediment has been overlooked by assuming the sediment to be

a homogeneous fluid for reasons of computational ease. The principal loss mech-

anism in piling is in the plastic deformation of the sediment, while other losses

occur due to friction between the pile wall and the surrounding sediment; these

losses must be included for the model to be accurate.

The benchmark meeting showed that where the problem was well-defined, and

similar approaches were employed to tackle it, the results were consistent between

different parties. There are, however, questions concerning the problem definition.

Although damping was included, this was achieved in an ad hoc manner that was

assumed to be representative of the resistance of the soil following penetration.

Another possible oversight is in the axisymmetric treatment of the problem. Typ-

ically, finite-element models have considered only the two-dimensional case and

so implicitly assume no angular variation. The question remains, however, as to

whether this assumption is valid or if this needs to be considered in the modelling

process.
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5.3 Normal-mode models for piling noise

propagation

5.3.1 Normal-mode models

As stated in Section 3.3, a number of models have been developed that determine

the propagation loss between a source and a receiver in the ocean [11]. Most of-

ten, however, these propagation loss models are based on a point source assump-

tion. One method that is based on the point source assumption is the common

derivation for propagation loss by use of normal modes. The derivation of the

normal-mode model includes separating the variables in the cylindrical Helmholtz

equation. This allows for the separate treatment of the depth-dependence and the

range-dependence elements of the equation. By solving the depth-dependent equa-

tion one can show that at each frequency there exist an infinite number of modes

fulfilling the boundary conditions of the environment. Each of these modes cor-

respond to a particular angle of propagation, and the relative amplitudes of the

modes are determined by how well the source couples into it. By summing all the

modes at their relative levels the field at this single frequency may be constructed.

Although the point source models may suit sources that are small relative to the

water depth, for piling this is not necessarily correct. The issues include determin-

ing a suitable depth at which to place the equivalent source, and that this prop-

agation assumes initial spherical geometric spreading. Additionally, it has been

shown that the nature of the acoustic field close to the pile features conical wave-

fronts travelling at angles determined by the relative sound speeds of the water

and the pile. Although this could conceivably be reconstructed using a series of

point sources, ideally a single line source would be used. This section outlines the

theory for using a normal-mode line source model to represent the pile.

5.3.2 Derivation of a phased line source in cylindrical

geometry

The analysis is based on a source located on the central axis in a system with

cylindrical geometry and closely follows Porter’s derivation of normal modes of
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a point source [11]. The source is considered to have uniform amplitude but verti-

cal phase dependence of the form of ejκz, where z is the vertical coordinate and

κ is the component of the wavenumber of the disturbance down the pile. The

wavenumber may be given by κ = ω/cp, where ω is the radial frequency and

cp is the speed of propagation of the pulse down the pile. The two-dimensional

Helmholtz equation in cylindrical coordinates, with the phased line source forcing

term on the RHS is

1

r

∂

∂r

(
r
∂p

∂r

)
+
∂2p

∂z2
+ k2p = −δ(r)e

jκz

2πr
. (5.4)

Here, r is the horizontal coordinate, p is the acoustic pressure, and k is the acous-

tic wavenumber in the water. An implicit assumption of constant sound speed and

density in the water column has been made.

Using a separation of variables, i.e. p(r, z) = Φ(r)Ψ(z), the unforced equation may

be written as

[
1

rΦ(r)

d

dr

(
r

dΦ(r)

dr

)]
+

[
1

Ψ(z)

d2Ψ(z)

dz2
+ k2

]
= 0. (5.5)

For this to be valid for all r and z, the values in the two square brackets must re-

main constant. This constant shall be denoted as k2r .

Considering firstly the vertical function we have

d2Ψ(z)

dz2
+ (k2 − k2r)Ψ(z) = 0. (5.6)

For this Sturm-Liouville problem there exists an infinite set of orthogonal modal

solutions each with its own unique eigenvalue, krm. In the case of a rigid sea-floor

and perfect pressure-release surface the modes form a complete set and krm is ei-

ther purely real or purely imaginary. Consequently the pressure is the sum of the

contributions from an infinite set of modes i.e.

p(r, z) =
∞∑

m=1

Φm(r)Ψm(z). (5.7)

We assume scaling of the vertical function such that

D∫

0

Ψ2
mdz = 1, (5.8)

100



where D is the water column depth. Substituting the modal summation form of

the pressure into the original equation yields

∞∑

m=1

{
1

r

d

dr

(
r

dΦm(r)

dr

)
Ψm(z) +

d2Ψm(z)

dz2
Φm(r) + k2Φm(r)Ψm(z)

}
= −δ(r)e

jκz

2πr
,

(5.9)

or, by including the modal form of Equation 5.6,

∞∑

m=1

{
1

r

d

dr

(
r

dΦm(r)

dr

)
Ψm(z) + k2rmΦm(r)Ψm(z)

}
= −δ(r)e

jκz

2πr
. (5.10)

Application of the operator
D∫

0

(...)Ψn(z)dz, (5.11)

to both sides of Equation 5.10 provides

1

r

d

dr

(
r

dΦn(r)

dr

)
+ k2rnΦn(r) = −δ(r)

2πr

D∫

0

ejκzΨn(z)dz; (5.12)

the solution of which is given in the form of a Hankel function,

Φn(r) =
j

4
H

(1)
0 (krnr)

D∫

0

ejκzΨn(z)dz. (5.13)

The general pressure field is then

p(r, z) =
j

4

∞∑

m=1



H

(1)
0 (krmr)Ψm(z)

D∫

0

ejκzΨm(z)dz



 . (5.14)

The vertical modeshape function

Solutions to Equation 5.6 have the general form of

Ψm(z) = A sin(kzmz) +B cos(kzmz). (5.15)

Here, kzm =
√
k2 − k2rm , is the vertical component of the modal wavenumber.

Boundary conditions of Ψ(0) = 0 and Ψ′(D) = 0 leads to B = 0 and Akzm cos(kzmD) =

0. For the solution not to be trivial, it must be the case that

kzmD =

(
m− 1

2

)
π, m = 1, 2, . . . (5.16)

As a result, whilst also satisfying Equation 5.8, the solution is

Ψm(z) =

√
2

D
sin(kzmz). (5.17)
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The vertical modeshape function may then be substituted into the general pres-

sure field function from Equation 5.14. This then yields

p(r, z) =
j

2D

∞∑

m=1

H
(1)
0 (krmr) sin(kzmz)

D∫

0

ejκz sin(kzmz)dz

=
j

2D

∞∑

m=1

H
(1)
0 (krmr) sin(kzmz)Mm, (5.18)

where

Mm =
kzm − {kzm cos(kzmD)− jκ sin(kzmD)} ejκD

k2zm − κ2
. (5.19)

The pressure field can be thought to comprise an infinite number of modes. Each

mode features: a range dependence, given by the Hankel function; a depth depen-

dence, given by the sine function; and a modal coefficient, Mm. The modal coeffi-

cient is independent of the receiver position and is representative of the efficiency

with which the source couples to that mode.

The contribution from the modal coefficient is at a maximum when the vertical

component of the wavenumber of the mth mode is equal to the wavenumber down

the pile, i.e. kzm = κ. In this case, both numerator and denominator become zero,

and the modal coefficient is

Mmkzm=κ
=

1− cos(κD)ejκD + jκD

2κ

=
1

2κ
+ j

D

2
. (5.20)

As the vertical wavenumber takes on discrete values, it is unlikely that the two

wavenumbers exactly coincide. In the general case, the greatest modal coefficient

is realised for modes where kzm is closest to κ. At modes where |k2zm − κ2| � 0,

the large denominator means that Mm → 0.

It is of note that the equivalent modal coefficient for a point source at depth zs is

Mpoint = sin(kzmzs). (5.21)

Throughout the range of modes and for real values of kzm, the absolute value

varies between zero and one; there is no narrow range of modes for which the

modal coefficient is distinctly greater.
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Propagation angles

The wavefront of the conical wave travels at an angle θp determined by Snell’s law

as

sin(θp) =
c

cp
=

1

α
, (5.22)

where α is the ratio of the wave speed in pile to the wave speed in water (i.e. cp =

αc). The principally-excited mode, where kzm = κ and the modal coefficient is at

a maximum, has a propagation angle determined by

sin(θm) =
kzm
km

=
κ

km
. (5.23)

As ακ = k, this confirms that

sin(θm) =
1

α
= sin(θp). (5.24)

This shows that the modal angle of the principally-excited mode and the angle at

which the wavefront propagates are exactly the same. This allows the principal

mode for any frequency to be easily determinable as the closest whole number to

m =
1

2
+
ωD

cpπ
. (5.25)

Results from the phased line source normal-mode model

Figure 5.22 shows the cross-sectional slice of propagation loss, based on the normal-

mode model for both a point source and the phased line source. The water depth

is 20 m, point source depth is 7.5 m, and the speed of sound in the water and pile

are 1500 ms−1 and 5500 ms−1 respectively. The driving frequency is 1000 Hz; as

higher frequencies generate more cut-on modes, they illustrate better the differ-

ence between the line source and the point source methods.

The propagation loss is defined as

PL(r, z) = 20 log

∣∣∣∣
p(r, z)

p0(r = 1)

∣∣∣∣ , (5.26)

where p0(r = 1) is the reference pressure; this is defined differently for the point

source and the line source. The point source reference pressure is based on the

free-field pressure due to a point source and is defined as

p0,point(r) =
ejkr

4πr
. (5.27)
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Figure 5.22: Propagation loss for a point source and phased line source at 1000 Hz

using the normal-modes model.

The reference pressure for the line source is based on the free-field pressure of an

infinite line source and is defined as

p0,line(r) =
j

4
H

(1)
0 (kr). (5.28)

The line source represents only down-going waves; as such, the conical wave prop-

agates at the angle defined by the ratio of sound speeds and leaves well-defined

shadow-zones. This characteristic wave angle has been identified in noise from

piling in models and measurement [53]. Although in the near-field of the point

source there is a strong interference pattern, there are no discernible patterns at

greater ranges. Contrary to this, the propagation path of the conical wave from

the line source retains identifiable structure, including the shadow zones, over the

250 m range.

The magnitude of the modal coefficients against mode number for both point and

line sources are shown in Figure 5.23 for 1 kHz and 10 kHz. The result for the

point source in all cases varies between zero and one for all modes. Where there

are a large number of modes, such as at higher frequencies, the line source results

show that the energy is concentrated in a band of modes. This is centred on the

principal modes where the vertical components of the modal wavenumbers are

close to the wavenumber of the pile.

A practical application of this is in the propagation loss prediction from a phased
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Figure 5.23: Variation with the modal coefficient with mode number for line and

point sources. Water depth was 20 m, sound speeds in water and pile were 1500

and 5500 ms−1 respectively and point source depth was 7.5 m.

line source. Figure 5.24 shows the predicted propagation loss with increasing dis-

tance at mid-depth from a phased line source at 1000 Hz. Here, the propagation

loss is plotted based on three calculations: using all twenty-seven non-evanescent

modes, seven modes, and just three modes.

The results in Figure 5.24 show that the modelled propagation loss can be rea-

sonably estimated without needing to calculate the contributions from all modes.

This has the potential to increase significantly the efficiency of models run for this

type of source. At higher frequencies, where the narrow band comprises a smaller

fraction of all modes, the gain in efficiency is even greater.

5.3.3 Extension of the Normal Mode model to the time

domain

The results shown in the previous section demonstrate the advantages to mod-

elling the noise from underwater piling with this type of model. Figure 5.22 can

be seen to represent the field due to a continuous wave input at the top of the

pile with no reflections at the seabed interface nor the pile toe. By taking the in-

verse Fourier transform of all frequency components with the same amplitude and
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Figure 5.24: Propagation loss against range for a line source at 1000 Hz using the

line-source normal-modes model. Retaining only the principal modes provides a

reasonable estimate of the propagation loss.

zero phase one may determine the impulse response of the system with the single

down-going wave. By adding the reflected wave, one may calculate a more com-

plete field.

The reflected pulse travelling up the pile can be determined by making alterations

to the derivation of the downward-going wave. The direction of the pulse is con-

trolled by the sign of the exponent of e on the RHS of Equation 5.4; in the time

domain, with no phase alteration, this corresponds to an impulse that arrives at

the top of the pile at time = 0. To overcome this, a delay is applied to the re-

flected wave; the time at which the reflected wave reaches the top of the water

column is

tdelay =
2ZpenD

cp
, (5.29)

where Zpen is the penetration depth of the pile. Consequently the delayed field is

p(r, z)delay = p(r, z)e−jωtdelay . (5.30)

The reflection is reduced in amplitude due to losses at the pile toe end; Reinhall’s

work suggested that the reflection coefficient at the pile toe is approximately R =

−3/8 [53]. The sign of the reflection coefficient indicates a change in polarity of

the pulse at the pile toe. The final reflected pulse contribution is

p(r, z)delay,scaled = Rp(r, z)delay. (5.31)
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Due to the implicit linearity of the system, the upward-going pulse field may be

added to the downward-going pulse field in the frequency domain to recreate the

pile impulse response. Using a technique similar to that in Section 5.2.5, the fre-

quency domain representation of the forcing function may be multiplied by the

frequency domain result for the pile impulse response to generate a complete field

including the forcing input.

Model comparison between the normal-modes model and the FE model

The COMPILE forcing function in Figure 5.12 is included as the input to the

model. All other parameters are as in Tables 5.2, with a compressive wavespeed

in water of 1500 ms−1 and a pile compressive wavespeed of 6001 ms−1. The model

was run for a single point receiver at a range of 11 m, and at mid-depth of the wa-

ter column (5 m depth); the maximum frequency modelled was 2000 Hz.

To indicate the advantage of the efficient mode selection process, the results for

a single receiver point are shown in Figure 5.25 for the cases of where all modes

are included, and where only the 10 most prominent modes are included. The run

time of the two models were 2.04 s, and 0.89 s respectively. This speed gain be-

comes more significant for higher frequencies. When modelling to a maximum fre-

quency of 20 kHz, the same model using all modes took 159.9 s, whereas on the

same system including only the top 10 modes took 13.6 s; this is indicative of the

potential speed gain in using this approach at higher frequencies. This result is

directly comparable to Figure 5.17a.

Figure 5.26 shows the field at 0.015 s using the COMPILE input forcing function

as the input signal. The pile itself is positioned such that the pile head is at the

water surface; the delay due to the pulse travelling in the embedded part of the

pile is evident in the distance between the positive downward-going wavefront

at 20 m, and the negative upward-going wavefront at 10 m. The figure suggests

that the forcing pulse is not a suitable input for the normal modes model. As the

model ignores the finite width of the pile, the pulse contributions exist only from

the axis; this results in the negative wavefront from the opposite side of the pile

to be overlooked. This issue, however, may be overcome by using a more suitable

input function based on the pile response to the impact. We also see the high-
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Figure 5.25: The time history at a receiver placed 11 m from the pile centre at the

mid-depth (5 m) of the water column in response to the COMPILE force input

signal and taking into account the first pile reflection. The difference is minimal in

the results, despite the 7-mode result taking less than half the time to generate.

est pressures at the seabed where, due to the rigid boundary, sound may not pass

through to the sediment. The prominent positive upward-going wavefront behind

the first wavefront is due to the pile toe end acting as a point source, as in this

model there is no embedded pile in which the travelling pulse can continue. De-

spite the shortcomings, the distinctive conical wave structure is maintained. In

addition, the differences between Figure 5.26 and Figure 5.13a indicate that the

pile itself provides much of the character of the radiating noise due to the radial

vibrations.

For propagating the sound from this point to longer ranges, the previous sections

have shown that this has the potential to be a highly-economic modelling solution.

The normal-modes model can be expanded using the same methods as outlined

here to take into account depth dependency, such as a fluid-sediment layer; this

would improve the issue of the pile appearing to terminate at the sediment-water

interface. In addition, range-dependency may be introduced by considering the

modes in range-dependent zones separately and calculating the coupling of modes

between adjacent zones [11].
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Figure 5.26: Field at 15 ms due to the normal-mode model using the COMPILE

forcing function as the model input.

5.4 Chapter summary

The modelling results presented here might give the impression that the prob-

lem of predicting piling noise is practically solved: the results submitted to the

COMPILE benchmark meeting showed remarkable agreement with one another,

and finite-element models allow for straight forward generation of practically any

piling situation. The effect of varying the piling cushion has been modelled, and

allows for the simple creation of the input forcing function at the head of the pil-

ing. The normal-mode model also demonstrates where efficiencies may be made

in propagating the noise field out to greater distances. There are, however, many

facets to the pile-noise prediction problem that have not been considered that may

also influence the generated noise. The next section starts to look at real-life pil-

ing results, and provides insightful comparison to the modelling results presented

here.
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Chapter 6

Recording analyses

6.1 Chapter overview

Although modelling is useful in providing an insight into the noise generating

mechanisms, confirmation is required to ensure it is representative of real-world

situations. The comparison of the modelling results to measured data provides the

most useful tool in checking the model assumptions. Recordings made close to the

pile particularly can provide meaningful insight due to minimising the effect of the

environment on the radiated noise. Unfortunately, there are few well-documented

recordings of pile strikes performed very close to the driven pile available, and so

this analysis is limited to a single set of results. This section describes a quali-

tative analysis of a recorded piling sequence obtained during the construction of

Lynn and Inner Dowsing wind farms and indicates how these results are to be

used to guide further analyses. Due to the commercial sensitivity of the data, no

absolute pressure levels are shown and decibel values use a reference value of the

maximum peak pressure recorded.

6.2 Analysis of a piling sequence

The Lynn and Inner Dowsing wind farms are located in the North Sea off the

coast of Lincolnshire, east of Skegness. The installation of the 54 foundations

started in April 2007, with the facility first generating power in May 2008. In to-
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Figure 6.1: A typical recorded piling pulse mid-way through the piling sequence at

Lynn and Inner Dowsing.

tal, the 54 3.6 MW turbines provide an installed capacity of 194 MW.

Each turbine was mounted on a monopile that had been driven into the sediment.

The subsequent analyses are from the installation of a 38 m long, 4.74 m diameter

pile. In this location the water is relatively shallow, being estimated as between

10-15 m, above a sandy sediment. The pile was driven to a maximum penetra-

tion depth of 22 m by a hammer with a maximum energy of 1900 kJ. The noise

measurement data were obtained from a hydrophone positioned approximately

mid-depth within the water column, at a distance approximately 10 m from the

wall of the driven pile. Additionally, the chronology of the hammer energy and the

penetration depths were recorded as part of the piling report.

6.2.1 Pulse detection

The noise data were supplied in three separate recordings with a total duration

of 82 minutes and 24 seconds; the recording started after the piling sequence had

been started, and as such the data encompass the period between the 531st and

the 2261st pile impacts. For the analysis, these were imported as raw wave files

into Matlab and concatenated into a single data stream comprising the received

pulses; an example pulse is shown in Figure 6.1. In order to analyse the pulses, an

algorithm was developed that extracted the data for each received pulse.
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The following steps formed the pulse-detection algorithm:

• the absolute value of the signal was generated, |v|;
• the running elemental difference of this signal was calculated, ∆|v| (the pres-

sure peaks in |v| are where ∆|v| changes from positive to negative);

• the boolean operator of B(∆|v| > 0) = 0 and B(∆|v| ≤ 0) = 1 was applied

to the signal (peaks are steps from 0 to 1);

• the running elemental difference of the new signal was taken, and negative

values discarded;

• the signal was then padded with a zero at each end to compensate for the

reduction in samples due to the two element difference operators.

This signal now contains zeros, with ones at all negative and positive peaks, pro-

viding an index for all the peaks in the original signal.

The peak detection process, however, provides index locations of identified peaks

regardless of magnitude and so thresholding is used to reduce the dataset to only

those peaks that are significant. Consequently, the algorithm continues with the

following steps:

• the absolute voltage levels at each identified peak location were extracted;

• those peaks below a certain threshold were removed;

• the peak amplitude and time for each pulse was identified using the follow-

ing commands:

– identify the largest magnitude peak;

– remove all other peaks within a certain ‘time-gate’;

– continue onto the peak with the next greatest absolute level, and re-

peat.

The ‘time-gate’ used in this study was 0.2 s before and 1.0 s after the identified

peak. This allowed reasonable detection of each received pulse, whilst avoiding de-

tecting the same pulse multiple times. The entire process to this point is described

visually in Figures 6.2 and 6.3.

There is an issue in that the recordings of some strikes have not fully decayed by

the time gate cut-off point; in these cases the tail-end of the pulse is occasion-

ally identified as a new pulse. Although the gate may be lengthened to adjust

for this, a longer window causes the algorithm to discount genuine impacts that
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Figure 6.2: Process for the peak detection.
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Figure 6.3: Process of isolation of individual peaks from greatest to smallest. Only

the highest level peak is considered at one time, and the sections within the ‘time-

gate’ (highlighted in blue) are zeroed following the analysis of that peak.

occur in quick succession. For these cases, a second algorithm was developed to

remove the false positives. The assumption was that for a valid strike the power

within the first one-tenth of a second after the identified peak location should be

much greater than the power within the one-tenth of a second before the identi-

fied peak. The criterion used was that the power following the peak location the

pulse should be greater than the power before the peak by a factor of 100; visual

verification showed that this had removed all falsely identified strikes. The dataset

obtained comprised a set of indices that form a one-to-one relationship with the

recorded strikes.

Through using the two described algorithms the location of the peaks of each

pulse were determined. Within a single piling pulse, however, the identified max-
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(b) Zoomed pre-pulse

Figure 6.4: A recorded piling pulse mid-way through the piling sequence. The pulse

is preceded by a small pre-pulse as shown in the zoomed figure.

imum used for indexing purposes may occur at different points relative to the on-

set of the pulse. It is advantageous to have all extracted pulses line up against a

common marker to allow for easier comparison. It was observed that there is a

small pre-pulse as seen in Figure 6.4b that is common to all pulses; it is this that

has been used to provide a common point to synchronise the pulses. Due to its lo-

cation in the recording and consistency, it is assumed that the pulse itself is likely

to be associated with part of the mechanism used to initiate the hammer release.

The pulses were lined up to this common point as follows:

• the strikes were smoothed using a ten sample moving average filter;

• the first negative turning point above a threshold was identified;

• the index of the strike was adjusted such that it corresponded to this point.

This approach provided a data set of 1731 individual pile strikes, with each strike

lined up at the identified pulse precursor. These were then matched to the strike

events covered in the piling report to provide hammer energy and penetration de-

tails corresponding to each strike.
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6.2.2 Results

With the individual strikes identified, and matched against the piling report, the

strikes were then analysed individually. The batch processing of many strikes al-

lowed for easier observation of long term trends, and how the pile strikes var-

ied with changes in other parameters. The use of calibration settings for the hy-

drophone and recording device allowed the absolute acoustic pressure levels to be

retrieved.

Individual pulses

Three pulses, typical of the pulses at different stages of the sequence, have been

extracted for closer analysis. These are: the 609th strike, with a pile penetra-

tion of 10 m, and a hammer energy of 400 kJ; the 1189th strike, with a pile pen-

etration of 15 m, and a hammer energy of 1000 kJ; and the 2210th strike, with a

pile penetration of 20 m, and a hammer energy of 1900 kJ. Figure 6.5 shows the

acoustic pressure at the hydrophone location, approximately mid-depth at 10 m

from the pile wall for the first of these pulses. The acoustic pressure recorded

is significantly lower than the maximum recorded, and the signal shows a rel-

atively smooth rate of decay; in this signal it is difficult to identify the arrival

of the separate wavefronts as the expected pulse circuit time in the pile is only

14 ms. There is evidence of noise still being picked up, however, 0.2 s after the

pile strike. Figure 6.6 shows the acoustic pressure as a result of a strike midway

through the piling sequence; here, the pile penetration is 15 m and the hammer

energy is now at 1000 kJ. The difference in level between this strike and the strike

represented in Figure 6.5 is significant, with the received level being an order of

magnitude higher for the later pulse. Also, we observe a single sharp pulse that

dominates the signal, followed by a slowly decaying signal. Figure 6.7 shows the

received acoustic pressure towards the end of the piling sequence, where the pile

penetration is now 20 m, and the hammer energy has been increased to 1900 kJ.

Despite the increase in energy, the acoustic pressures are comparable to those in

Figure 6.6. Additionally, the largest peak is not followed by as significant a decay

as in Figure 6.6; the second phase is clearly visible with the second peak arriving

almost 14 ms after the first.
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Figure 6.5: The received acoustic pressure at a hydrophone located approximately

10 m from the pile wall for the 609th strike. The penetration at this point was

10 m, and the hammer energy was 400 kJ.
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Figure 6.6: The received acoustic pressure at a hydrophone located approximately

10 m from the pile wall for the 1189th strike. The penetration at this point was

15 m, and the hammer energy was 1000 kJ.
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Figure 6.7: The received acoustic pressure at a hydrophone located approximately

10 m from the pile wall for the 2210th strike. The penetration at this point was

20 m, and the hammer energy was 1900 kJ.

Spectra of the individual pulses

It is instructive to see how the spectra vary for these three strikes representing

the start, middle, and end of the recorded data. Figure 6.8 shows the narrowband

SEL as a function of frequency for the first recorded strike. Additionally the plot

shows the third-octave band SELs; the increased divergence at higher frequencies

between the two metrics is expected as the higher third-octave bands include the

sound energy from a greater number of frequency bins. As discussed, the SEL is

a more appropriate metric for the measurement of the acoustic disturbance than

the rms SPL due to the source being impulsive, rather than continuous, in nature.

The SEL values are calculated using a reference value of the squared maximum

pressure multiplied by 1 second.

One thing that is immediately evident is the lack of distinct narrow peaks that

would indicate a tonal element to the signal as displayed in the modelling results,

an example of which is in Figure 5.17b where very distinct peaks in the frequency

domain reflects the tonal nature of the time domain signal. Instead, the experi-

mental results show energy over a broad range of frequencies, with the greatest

energy in the 200 Hz band with the energy dropping off at higher frequencies.

Figure 6.9 shows the SEL some five hundred strikes later; here we see that the en-
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Figure 6.8: The narrowband and third-octave-band SELs for the 609th strike. The

penetration at this point was 10 m, and the hammer energy was 400 kJ.

ergy has more than doubled, the penetration is at 15 m, and we see an increase in

the broadband SEL of approximately 16 dB. The figure also shows that the energy

increase is primarily due to the increase in energy at frequencies above 1000 Hz;

the low-frequency contribution is greater, but at these low levels it has little bear-

ing on the SEL measured for this pulse.

By the time the pile is nearing its ultimate set, the spectrum appears as in Fig-

ure 6.10. This is similar to results for the mid-sequence strike in that the spec-

trum is reasonably flat above 200 Hz, with a low-frequency roll-off. The time-

domain plot indicated a reduction in peak pressure compared to the mid-sequence

strike, and this is the trend for the SEL as well, where a small decrease is seen de-

spite the increase in pile impact energy.
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Figure 6.9: The narrowband and third-octave-band SELs for the 1189th strike.

The penetration at this point was 15 m, and the hammer energy was 1000 kJ.
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Figure 6.10: The narrowband and third-octave-band SELs for the 2210th strike.

The penetration at this point was 20 m, and the hammer energy was 1900 kJ.
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Spectrogram of a piling sequence

In order to see trends across the entire piling sequence, the frequency analysis was

performed on each strike with the results stacked side-by-side as portrayed in Fig-

ure 6.11. To provide further context, the pile penetration, the pile set (defined as

the penetration per blow), and the hammer energy setting are all plotted against

strike number. There is no continuous data for the penetration, but discrete mile-

stones; as such, the pile set plot shows the average between these milestones, and

consequently can not portray sudden changes in the pile set. The spectrogram

shows the variation of the frequency content of the pulse over the duration of the

piling sequence, and the measured broadband SELs are displayed in Figure 6.12.

In all cases, the strikes are numbered in accordance with the hammer report.

A significant change is seen in the spectrogram from just before strike 1000; al-

though there is an increase in the SELs between 50 and 200 Hz, greater increases

are seen at both the higher and lower frequencies with energy being more evenly

distributed across a wider frequency range. As the hammer report does not indi-

cate any sudden change in energy, this is possibly due to a change in sediment,

where the pile is being driven through a stiffer substrate. This is supported by the

reduction in the pile set over those strikes; the average pile set reduces from more

than 10 cm, to approximately 5 cm.

There are some clear frequency bands that are prominent. At around 70 Hz there

is a band that exists throughout the entire recorded sequence. Assuming a sound

speed in the pile of 5500 ms-1, the time taken for the pulse to travel down the pile

and back up is 0.0138 s; this corresponds to a frequency of 72 Hz. Consequently

it is highly suggestive that this band corresponds to the travelling pulse along the

length of the pile; it is reminiscent of the modelling results where this frequency

component was dominant throughout the results in Chapter 5.

The broadband per-pulse SEL plot in Figure 6.12 also shows the distinct change

just before the 1000th strike. Additionally it is worth noting that over the en-

tire piling sequence although the hammer energy was increased from 300 kJ to

1900 kJ; this is equivalent to approximately 8 dB, whereas the increase in the

measured SEL is approximately 15 dB. The implication of this is that a greater

proportion of the hammer energy is converted to sound as the piling effort in-
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Figure 6.11: The spectrogram, penetration, penetration per blow, and the hammer

energy shown against strike number for the piling sequence.
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Figure 6.12: The variation in per-pulse broadband SEL over the course of the en-

tire recorded piling sequence.

creases. However, although the hammer energy increases nearly linearly, there

is no discernible increase in recorded level from strike 1000 suggesting that the

noise levels, for this piling sequence at least, are more dependent on changes in

the sediment than any changes in hammer energy. There is, however, better cor-

relation between the radiated noise and the pile set; the greater sound levels are

seen where the pile set is low. The low pile set is driven by an increase in the sed-

iment resistance. Therefore, it is likely that in order to predict the sound level

changes due to a change in sediment, detailed knowledge of the substrate and of

the driving effort required to penetrate it are required.

Variation in the acoustic envelope

The spectrogram shows the evolution of the pulse in the frequency domain; how-

ever, it is also instructive to see how the pulses in the time domain vary over time.

One method of investigating this is to examine changes in the envelope of the sig-

nal over time.
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Figure 6.13: Processes used to find the change in signal envelope over time.

The process used in this report is as follows. Firstly, the envelope was calculated

using the Hilbert transform for each received pulse, as shown in Figure 6.13a. Sec-

ondly, in order to reduce the amount of variability, for each set of ten received

strikes, the median envelope magnitude at each point in time is computed as shown

in Figure 6.13b. Finally, the results for each set of ten strikes may be stacked side-

by-side in order to help determine long-term trends in the noise produced by the

pile. The results for the first 0.25 seconds of the received pulse are shown in Fig-

ure 6.14; the co-located point corresponds to 0.1 seconds into the recording of

each pulse.

Again, the step change in acoustic level from approximately the 1000th strike is

evident, and gives rise to more features in the stacked envelopes. Early strikes fea-

ture a consistent pattern of peaks within the first 30 ms, after which the signal ap-

pears to be dominated by reverberation. Following this, the figure shows that the

time difference between the pre-pulse and the principal pulse increases with in-

creased penetration depth. Consequently, ti is likely to be related to the hammer

mechanism in preparation for the strike, and the increased delay between the two

events is a result of the hammer having a greater distance to travel before impact

for increased energy strikes.
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Assuming a speed-of-sound in steel to be 5500 ms−1 the pulse is likely to take ap-

proximately 14 ms to perform a complete circuit of the 38.5 m pile. There is, how-

ever, no easily discernible set of peaks that occur at a fixed period after the main

pulse throughout the sequence. There are sections where structure is seen in the

received envelopes. From strike 1900 to the end, the signals would suggest a set

of peaks occurring close to 14 ms after the principal pulse, which are likely to be

associated with the pulse circuit time. Between strikes 1450 and 1800, again there

is a distinguishable consistent set of peaks occurring approximately 10 ms after

the first strike; it is possible that these are associated with the reflected upward-

going pulse, although a following third phase is not evident. Between strikes 1000

and 1200 there is a strong second arrival that varies in offset time from the ini-

tial primary pulse; the arrival times vary between 8 and 10 ms; again, the arrival

times are in the region of that for the upward-going pulse but the variation in ar-

rival time difference suggests a change in the pulse reflection possibly due to the

sediment.

There is some evidence that for increased penetration the decay also increases.

From strike 1000 onwards there is an elevated band of pressures from approxi-

mately 0.01 s to 0.05 s. The duration of this band, although only slightly, reduces

over time. There is another elevated band that appears from 0.07 s after the ini-

tial pulse precursor, indicating a consistent raised level across strikes at this point

within each pulse recording. Due to quieter period between 0.05 and 0.07 s, and

the timescale involved, this resurgence is unlikely to be directly due to the pile,

but more likely from a reflector either in the water column or within the sub-

strate.
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Figure 6.14: Median envelope of the pulses stacked side-by-side with time in the

y-axis, and strike number in the x-axis. Each strike record comprises the median

envelope of ten pulses.

6.3 Finite-element model of the Lynn and Inner

Dowsing pile

As a measure of current modelling techniques, a basic finite-element model of the

pile employing a fluid sediment was devised in order to compare the predicted re-

sults with these experimental observations. The analysis was based on the same

three strikes as were considered in the first half of this chapter such that they

cover results generated at the start, in the middle, and at the end of the recorded

piling sequence.

6.3.1 Model details

The model parameters were taken from the hammer report where possible. No de-

tails were provided for the sediment, so properties for gravel have been used based
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Property Unit Value

Water column height m 12.5

Total pile length m 38.5

Pile outer diameter m 4.74

Pile wall thickness m 0.06

Table 6.1: Lynn and Inner Dowsing pile geometry.

Material Property Unit Value

Steel Young’s modulus GPa 205.8

Poisson’s ratio 1 0.28

Density kgm-1 7850

Sediment Compressive wave speed ms-1 1800

Density kgm-1 2000

Water Compressive wave speed ms-1 1500

Density kgm-1 1025

Table 6.2: Lynn and Inner Dowsing pile environment material properties.

on the piling location [65]. The water depth is taken as 12.5 m based on obser-

vations made on site. The model geometry was as is shown in Table 6.1, and the

material properties in Table 6.2.

The three variants considered had the additional settings as described in Table 6.3,

which correspond to their associated points in the recorded piling sequence. A

maximum frequency of 2500 Hz has been chosen for the models, which as before

controls the modelling-mesh resolution. To maintain a minimum of five points per

wavelength the minimum element size is set to 0.12 m throughout the model.

The force applied at the head of the pile is a function of the hammer energy. As

Variant Pile penetration Hammer energy

Early strike 10 m 400 kJ

Mid-recording strike 15 m 1000 kJ

Late strike 20 m 1900 kJ

Table 6.3: Lynn and Inner Dowsing modelling variants.
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Figure 6.15: The forcing functions used in the finite-element model of the Lynn

and Inner Dowsing Pile.

described in Section 5.2.2, the forcing function, where no cushion is used, may be

given by Equation 5.2. The three forcing functions are shown in Figure 6.15; they

assume the pile properties above and a ram mass of 115000 kg.

6.3.2 Model results

The following section discusses the results of the modelling of the three different

configurations encountered in the piling sequence. These results show the pressure

field as radial slices after both 10 ms and 50 ms, the pressure at our receiver loca-

tion against both time and frequency, and finally the modelled increase in pene-

tration as a result of a single pile strike.

Pressure field radial slices

Figures 6.16 to 6.18 show the radial slice of sound pressure within the water col-

umn and fluid-like sediment for the three different penetration depths and ham-

mer energies. The differences in the ranges of the initial wavefront between con-

figurations are due to the change in length of unwetted pile and the consequent

pulse travel time from the top of the pile to the level of the water. Other than the

scaling in amplitude, the first wavefront is very similar between the three scenarios

due to there being no interaction with the sediment and the implicit linearity of
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(a) Field 10 ms after strike. (b) Field 50 ms after strike.

Figure 6.16: The acoustic pressure field as modelled for an early strike. The pile

penetration is 10 m, and the hammer energy is set to 400 kJ.

the model. The increased energy for the deeper penetration runs, however, results

in greater acoustic energy within the water column and sediment; this is more vis-

ible in the acoustic fields after 50 ms. The nature of the field for each case, how-

ever, shows very little change for the increased hammer energy and penetration

depth.
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(a) Field 10 ms after strike. (b) Field 50 ms after strike.

Figure 6.17: The acoustic pressure field as modelled for a strike midway through

the sequence. The pile penetration is 15 m, and the hammer energy is set to

1000 kJ.

(a) Field 10 ms after strike. (b) Field 50 ms after strike.

Figure 6.18: The acoustic pressure field as modelled for a late strike. The pile pen-

etration is 20 m, and the hammer energy is set to 1900 kJ.
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Sound pressure at a point

Figures 6.19 to 6.21 show the time-domain and frequency-domain representations

of the received acoustic pressure at the target location 10 m from the wall of the

pile at mid-depth; these are the modelled equivalent of the results shown in Fig-

ures 6.5 to 6.7. Although the absolute pressures from the recordings are not dis-

closed here, the model results are consistent with the levels published in previous

studies as summarised in Section 3.2. The individual pulse phases that are gener-

ated by complete circuits of the travelling pulse are easily discernible in the time-

domain plots for each of the three configurations. The periodicity of the received

signal indicates that the travelling pulse undergoes very little change in amplitude

on reflection at the pile ends, and very little decay is exhibited beyond the first

reflection cycle. This is in direct contrast to the initial rapid decay and steady

drop-off in level of the recorded signals.

Another significant difference is in the frequency content of the pulse. The frequency-

domain plots show the greatest energy in the modelling results to be peaks at 50,

100, and 150 Hz, with a significant drop-off toward higher frequencies for all three

cases. Conversely, the recorded results have reduced energy below 150 Hz, but

although a high-frequency roll-off is seen in Figure 6.8, both of the later strikes

show that the levels are maintained at higher frequencies. This change in fre-

quency content as the pile is driven further into the ground using greater force is

not captured by the modelling; instead, all models respond very similarly through-

out.

Pile set

As stated previously, the pile set is the increase in penetration following a single

strike. Typically, the pile set is going to be in the order of a couple of centime-

tres although this varies significantly depending on the site geology. The pile sets

seen at Lynn and Inner Dowsing varied from 1.5 cm for some of the early strikes

down to 0.25 cm towards the end of the piling sequence. The respective hammer

energies were 500 kJ and 1900 kJ, which indicates the change in effort required

to drive the pile further. For the strikes focussed on in Section 6.2.2, the recorded

pile sets were approximately 1.2 cm, 0.5 cm, and 0.3 cm.
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Figure 6.19: The time-domain and frequency-domain modelled acoustic pressure

for the early strike, with the pile penetration at 10 m and the hammer energy set

at 400 kJ. The receiver point is placed 10 m from the pile surface at the mid-depth

of the water column.
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Figure 6.20: The time-domain and frequency-domain modelled acoustic pressure

for a strike midway through the sequence, with the pile penetration at 15 m and

the hammer energy set at 1000 kJ. The receiver point is placed 10 m from the pile

surface at the mid-depth of the water column.
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Figure 6.21: The time-domain and frequency-domain modelled acoustic pressure

for the late strike, with the pile penetration at 20 m and the hammer energy set at

1900 kJ. The receiver point is placed 10 m from the pile surface at the mid-depth

of the water column.

One drawback of the purely acoustic finite-element modelling is that it is not in-

tended to model this aspect of pile behaviour; there is no stiffness included in

the sediment required to model the pile set. As an illustration of this Figure 6.22

shows the pile set results from the modelling. Immediately evident, is that this is

not indicative of normal pile behaviour; in each case, the penetration increases

linearly over time rather than the intuitive step motion expected. The rate of

penetration also increases where greater hammer energy is used, whereas the recorded

measurements indicate diminishing pile sets at greater penetration depths. Ul-

timately, the finite-element models in this form reproduce this aspect of pile be-

haviour poorly, and is an incentive to investigate models including elasticity to

model the pile dynamics more accurately.
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Figure 6.22: The pile set for the three modelled strikes. In each case, the pile

moves in a step-wise motion with no reduction in set for subsequent reflections.

6.4 Chapter summary

The models covered in Chapter 5 describe scenarios where it has been assumed

that the sediment may be modelled as a fluid. However, it is shown that the re-

sults from the simple fluid models are not necessarily representative of real life. In

the most basic models, where damping has not been included in the pile model,

the results produce bell-like tones that are characteristic of an undamped system.

This produces distinct peaks in the frequency domain that are not observed in the

measurements of real strike recordings, which are more broadband in nature. Also,

the fluid-like sediment does not allow for the accurate modelling of pile sets as the

fluid offers no resistance to displacement such that it can not contribute a restor-

ing force; the pile set itself is indicative of the true pile dynamics.

There have been a number of suggestions of how to incorporate damping into the

model. These include using a complex sound speed in the pile (as demonstrated in

Section 5.2.5), or a reflection coefficient with a magnitude less than 1 at the pile

toe end [66]. Both of these approaches provide a solution to the damping that as-

sumes a linear relationship between the motion of the pile and the resulting losses

from the pile. Additionally, these methods are based on empirical results and so

are not necessarily easily transferable to new piling scenarios.

Another distinct issue with current methods is the assumption that shear propa-
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gation in the sediment may be omitted without studies into its effect on the noise-

generating mechanisms. It is known that piling strikes generate disturbances that

propagate along the water-sediment interface that travel at much lower sound

speeds. The pile itself is different from most underwater sound sources in that, as

well as being a line source, it produces disturbances from within the seabed: these

may take the form of both compressive and shear waves. Despite the direct con-

nection of the source to the sediment, studies that consider the nature of the pile-

sediment interface and the resulting shear wave propagation are relatively sparse.

These two topics are studied in greater detail in the next two chapters. Chapter 7

considers the effect of including an elastic sediment such that it is able to sup-

port shear waves. Chapter 8 takes a closer look at the pile-sediment interface and

presents a novel modelling method that incorporates realistic sediment damping in

an acoustic model.
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Chapter 7

Pile noise modelling with an

elastic sediment

7.1 Chapter overview

In recent years there has been increased interest in the ground-borne element of

the noise from piling. This comprises the wave that travels along the interface be-

tween the sediment and the water, and the shear and compressional waves within

the sediment that may couple back into the water column as acoustic waves. Ef-

fective mitigation techniques have been employed that significantly reduce the

water-borne component of the noise [57, 58]. However, they have been shown to

be less effective at preventing sound emanating from the embedded portion of the

pile into the water column via the sediment. The disturbance propagates through

the medium as both compressive waves and shear waves; although the compres-

sive waves are taken into account in fluid-sediment models little progress has been

made taking into account the shear properties of the sediment. This section in-

vestigates the effect of including the shear wave component into the finite-element

models
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7.2 Elastic seabed phenomena

As has been previously described, the majority of the work into piling noise as-

sumes that it is valid to treat the sediment as a homogeneous fluid. The conse-

quence of this is that any potential shear wave propagation is excluded from anal-

yses; this would also include any components that propagate as shear waves and

then couple into the water column as compressional waves.

Particulate sediments feature very strong depth-dependent parameters that affect

the compressional and shear wave speeds [59] with shear speeds for this type of

seabed increasing rapidly with depth. The general effect of an increasing sound

speed with depth in the sediment is that waves are refracted towards the water-

sediment interface; by assuming a homogeneous sediment no such refraction is re-

alised.

Another effect is that of shear wave dispersion of surface waves. In propagating

surface waves the particle motion decreases exponentially with depth, and the

majority of the energy is contained within one wavelength of the surface. As the

wavelengths vary considerably with frequency it is the case that, as low frequency

waves have a longer wavelength, the shear disturbance itself partially exists in

‘faster’ sections of sediment. This produces a dispersive effect where the lower fre-

quency waves travel faster than higher frequency waves.

There has been some interest in the elastic nature of the seabed with regards to

piling with finite-element modelling devised to investigate just this phenomenon

by Hazelwood and Wilkes [60, 67]. There is also concern that significant acoustic

pressure and particle velocity close to the sediment-water interface due to propa-

gation in an elastic seabed can cause deleterious effects in some fish species [6]. As

we have already seen, fluid sediments do not have the restoring force limiting the

axial motion of the pile; this leads to unrealistic sinking indicated by the pile set

results in Figure 6.22. By investigating pile models that feature an elastic seabed,

one can analyse the effect of this restoring force on the pile and the resulting shear

wave propagation in the sediment.
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Bottom type ρb Vp Vs αp αs

(kgm-3) (ms-1) (ms-1) (dBλ-1) (dBλ-1)

Clay 1500 1500 <100 0.2 1.0

Silt 1700 1575 80z0.3 1.0 1.5

Sand 1900 1650 110z0.3 0.8 2.5

Gravel 2000 1800 180z0.3 0.6 1.5

Moraine 2100 1950 600 0.4 1.0

Chalk 2200 2400 1000 0.2 0.5

Limestone 2400 3000 1500 0.1 0.2

Basalt 2700 5250 2500 0.1 0.2

Table 7.1: Sediment properties of typical seafloor materials taken from Computa-

tional Ocean Acoustics [11]. Where applicable, z is the depth below the seabed.

7.3 Sediment properties

To model the effects of an elastic seabed further material parameters of the sedi-

ment are required. Typically this would involve either both shear and sound speeds,

or any pair of the material elastic properties, such as the Young’s modulus and

the shear modulus.

A useful starting point for these parameters is summarised by Jensen for a num-

ber of materials, and is reproduced here for convenience. The values presented in

Table 7.1 provide values for the density, the sound speed, the shear wave speed,

and associated attenuation for a number of common sediment materials. In the

cases of silt, sand, and gravel, the shear wave speed is shown initially to increase

rapidly with depth, otherwise all parameters remain constant with depth.

Although this provides a standard set of values for use in models, it lacks the dis-

tinction between different grades of the particulate sediment types, for example

coarse sand, or fine gravel. Also, at the water-sediment interface (z = 0), the ex-

pressions for the shear speed of silt, sand, and gravel shown in Table 7.1 return a

value of zero; this is likely to cause issues in modelling and so must be accounted

for by including an adjustment at the interface.
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Property Fine-grained (Mz > 4.5)

Sound speed, Vp(z) = Vp0 + 1.227z − 4.73× 10−4z2

Vp(z) (ms-1) Vp0 = Vwater×
(1.296− 6.01×10−2Mz + 2.83×10−3M2

z )

Shear speed, Vs(z) = Vp(z)/K(z), where

Vs(z) (ms-1) K(z) = 12.41− 0.2316z (0 m≤z≤29.6 m),

K(z) = 6.02− 0.0155z (29.6 m<z≤131.2 m),

K(z) = 4.21− 0.0017z (131.2 m<z≤950 m).

Sound attenuation, αp(z) = 1.46×10−2 + 9.088×10−5z

αp(z) (dB/m/kHz) −2.285×10−7z2 + 1.336×10−10z3 (z < 775 m),

αp(z) = 0.01 (z ≥ 775 m)

Shear wave atten., αs(z) = Kαp(z),

αs(z) (dB/m/kHz) K = 17.3/αp0,

Density, ρ(z) = ρ0 + 1.395×10−3z − 6.17×10−7z2,

ρ(z) (gcm-3) ρ0 = 2.38− 1.725×10−1Mz + 6.89×10−3M2
z

Table 7.2: Sediment wave speeds, attenuation, and density as functions of depth,

z, and grain size, Mz for fine-grained sediments reproduced from Bachmann [68].

7.3.1 Sediment properties as a function of grain size

This section reprises Bachmann’s work [68], in which the sediment properties with

depth are collated from a number of sources to provide a useful set of equations

for sediment properties based on grain size.

The set of equations used are determined by the mean grain size represented in

Krumbein phi units, calculated by Mz = − log2D/D0, where D is the grain

size in mm, D0 is the reference grain size of 1 mm, and z is the depth below the

sediment-water interface in metres. Fine-grained sediments have a mean grain size

(in phi units) of greater than 4.5; coarse-grained sediments have a mean grain size

of less than 4.5. It is noted that these equations are valid up to a depth of 950 m

below the sediment-water interface for fine-grained sediments, and up to 50 m for

coarse-grained sediments. The expressions are summarised in Tables 7.2 and 7.3.

The programs used for the modelling often require the Young’s Modulus and Pois-

son’s ratio. These can easily be calculated once the sound and shear wave speeds

are known.
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Property Coarse-grained (Mz ≤ 4.5)

Sound speed, Vp(z) = Kz0.015

Vp(z) (ms-1) K = Vp0/0.050.015

Vp0 = Vwater×
(1.296− 6.01×10−2Mz + 2.83×10−3M2

z )

Shear speed, Vs(z) = Kz0.25,

Vs(z) (ms-1) K = Vs0/0.050.25,

Vs0 = Vp0/31.4

Sound attenuation, αp(z) = αp0z
1/6,where

αp(z) (dB/m/kHz) αp0 = 0.230 + 0.026Mz (0<Mz≤2.5)

αp0 = −0.158 + 0.181Mz (2.5<Mz≤4.1)

αp0 = 2.703− 0.517Mz (4.1<Mz≤4.5)

Shear wave atten., αs(z) = 13.2αp(z)/αp0,

αs(z) (dB/m/kHz)

Density, ρ = 2.38− 1.725×10−1Mz + 6.89×10−3M2
z

ρ(z) (gcm-3) (Constant with depth)

Table 7.3: Sediment wave speeds, attenuation, and density as functions of

depth, z, and grain size, Mz for coarse-grained sediments reproduced from Bach-

mann [68].

The Poisson’s ratio of the sediment is

ν(z) =
R(z)2 − 2

2R(z)2 − 2
, (7.1)

where R(z) = Vp(z)/Vs(z) (i.e. the ratio of the wave speeds). The Young’s modu-

lus is then

E(z) =
ρ(1 + ν)(1− 2ν)V 2

p

1− ν (7.2)

where ν, ρ, and Vp are all functions of z.

7.4 Elastic-sediment finite element models

In order to explore the possible effect of including shear propagation in the sed-

iment on the overall pile acoustics, two further scenarios have been analysed us-

ing COMSOL Multiphysics software that are based principally on the COMPILE

benchmark model discussed in Section 5.2.5. The baseline scenario features a

25 m long steel pile, with an outer diameter of 2 m and a wall thickness of 5 cm,
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which is embedded 15 m into the sediment; the water column height is 10 m. The

material parameters for the pile and water are as used before and may be found in

Table 6.2. The material properties chosen exhibit no implicit damping within the

embedded section of the steel.

COMSOL allows for the use of boundaries that produce minimum reflections for

the outer extent of a time domain model. The ‘Cylindrical wave radiation’ condi-

tion allows outgoing cylindrical waves to emanate from the model with minimal

reflections into the modelling domain. The cylindrical wave radiation condition

has the equation

−n ·
(
−1

ρ
∇pt

)
+

1

ρ

(
1

c

∂p

∂t
+

p

2r

)
= 0. (7.3)

The spherical section of the model utilises an alternative boundary condition de-

signed for media that can support shear waves as well as progressive waves. This

low-reflecting boundary uses the material data from the medium to create a per-

fect impedance match between the domain and the boundary. The result provides

a boundary minimising reflections for both pressure and shear waves; however, it

may be sensitive to the direction of the wave. It has the equation

σ · n = −di
∂u

∂t
, (7.4)

where di =
1

2
ρ(cp + cs). (7.5)

The modelling domain is as shown in Figure 7.1. Again, it is assumed that there

exists axial symmetry around the pile and the water surface is modelled as a per-

fect pressure-release boundary. The hammer impact on the pile has been modelled

as a time-dependent boundary load with a total force given by the function

F (t) =





Fp
t
tr

for t ≤ tr,

Fpe
−
(
t−tr
td

)
for t > tr.

The two elastic-sediment scenarios describe different shear properties for the sed-

iment; the first includes a sediment with a constant shear speed, and the second

considers the effect of an increasing shear speed based on a power law assumption

consistent with the literature [11].

142



Water

Sediment

Lo
w−r

ef
lec

tin
g 

bo
un

da
ry

P
ile

C
W

R

A
xi

al
 s

ym
m

et
ry

Figure 7.1: Modelling domain for the elastic sediment models. In addition to the

cylindrical wave radiation (CWR) boundary condition, a low-reflecting boundary is

used on the outer extents of the elastic portion of the model.

7.4.1 Constant shear wave speed model

The first elastic-sediment scenario considers the case of a homogeneous sediment

with a constant shear speed of 500 ms-1 throughout as shown in Figure 7.2. For

particulate sediments, it is common that the shear wave speed is very low at the

sediment-water interface, and rapidly increases with depth to be in the region of

100-200 ms-1 by one metre’s depth [59]. The shear speed included in the model

is significantly higher than expected in real piling situations due to the fact that

lower wave speeds require a higher element resolution and a significant increase

in computational load. To avoid possible aliasing issues, the requirement for the

resolution of acoustics finite-element models is a minimum of five nodes per wave-

length [69]. Due to the relative slowness of the shear waves to the compressive

waves the mesh resolution required is much greater for the elastic sediment cases

than for the fluid models seen in Chapter 5. For a time step of 0.5 ms, the maxi-

mum element size for the sediment is 0.1 m, and a maximum element size of 0.3 m

was used for the water. The total number of elements for the entire model was

272560, with 1057989 degrees of freedom, and was run in the time domain at a

time step of 0.5 ms up to 0.2 seconds.
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Figure 7.2: Modelling domain of the constant shear speed case. The sound speed is

1500 ms-1 and 1800 ms-1 in the water and the sediment respectively, and a shear

speed of 500 ms-1 is used throughout the sediment.

7.4.2 Depth-dependent shear-wave speed model

This scenario takes into account the depth-dependent nature of the sediment by

including a shear wave speed that increases with depth. The modelling domain is

shown in Figure 7.3, where the expression used for the shear wave speed is c =
√
c(z)2 + c20 , where c(z) = 180z0.3, and c0 = 250 ms-1.

As discussed, low shear speeds require a very high mesh resolution, and so in this

case the shear speed is artificially increased in order to avoid values close to zero

near the interface. As the wave speed changes with depth, the minimum mesh res-

olution requirements also vary with depth. To take this into account the sediment

has been split into five layers with increasing element size to reduce unnecessary

processing overheads. These layers are processed as shown in Table 7.4. The total

number of elements for the entire model was 344925, with 1346292 degrees of free-

dom, and again was run in the time domain at a time step of 0.5 ms up to 0.2 sec-

onds.
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Figure 7.3: Modelling domain of the increasing shear speed case. The sound speed

is 1500 ms-1 and 1800 ms-1 in the water and the sediment respectively, and the

sediment shear speed increases with depth based on a power law assumption.

Depth Minimum shear Maximum

wave speed (ms-1) element size (m)

0-1 m 250 0.050

1-4 m 308 0.062

4-10 m 370 0.074

10-20 m 437 0.087

20-30 m 507 0.101

Table 7.4: Maximum element sizes for the sediment in the depth-dependent shear

wave speed model.

7.5 Results from the elastic sediment

finite-element models

7.5.1 Sound pressure in the field

Figure 7.4 shows the pressure field for the constant shear speed sediment case at

both 10 ms and 50 ms after impact. Many of the familiar characteristics of ra-

diated piling noise are identifiable, including the angled wavefronts in the water
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Figure 7.4: The modelled sound pressure field for the constant shear sediment

10 ms, and 50 ms after impact.

column. When compared to Figure 5.13 it is of note that the nature of the first

wavefront here is different from subsequent wavefronts due the effect on the trav-

elling pulse of the sediment; in Figure 7.4 the subsequent wavefronts are signifi-

cantly reduced in amplitude as energy is more effectively transferred to the sedi-

ment. Additionally, the compressive wave in the sediment emanates in a spherical

manner from the point at which the pile enters the sediment indicating the point

at which the impedance changes significantly.

By 50 ms after impact, there is very little being radiated from the pile directly.

Instead we see evidence of a ground roll wave at the sediment-water divide at

20 m and the larger sound pressures close to the interface that are directly asso-

ciated with it. The sound pressure within the pile itself remains high due to the

lack of damping within the system that essentially comprises a mass embedded

within a spring; the only energy-loss mechanism is radiation through the model

boundaries.

Figure 7.5 shows the pressure field for the increasing shear speed sediment case at

10 ms and 50 ms after impact. Here, many of the same features as the constant

shear case are visible. The 10 ms snapshot shows again that the subsequent wave-

fronts after the first are reduced significantly in amplitude, meanwhile the ground-

roll wave is visible in the 50 ms snapshot.

At 10 ms after impact, there is little difference between the two cases; the early

146



Figure 7.5: The modelled sound pressure field for the increasing shear sediment

10 ms, and 50 ms after impact.

results are dominated by compressional-waves, the speed of which is identical in

both cases. The secondary wavefronts within 5 m of the pile are less significant

due to the graded change in impedance between the two interfaces; the portion

of the pulse reflected at the interface is greater for the constant shear speed case.

The differences between the two models are more apparent at 50 ms after impact,

where the effects of the slower shear speed near the interface are reflected in the

rate of travel of the ground roll wave; in the constant shear speed case the dis-

turbance has travelled approximately 20 m, whereas in the increasing shear speed

case, where the shear speed at the surface is only 250 ms-1, the same disturbance

has travelled 12 m.

7.5.2 Sound pressure at the sediment-water interface

The modelled acoustic pressures along the sediment-water interface for each of the

two elastic sediment scenarios are shown in Figures 7.6 and 7.7. For comparison,

the fluid sediment case from COMPILE benchmark scenario with no attenuation

in the pile is displayed in Figure 7.8. In each case the colour represents the acous-

tic pressure, with radial distance from the origin in the x-axis and time in the

y-axis; the gradient of any discernible line in the figure is indicative of the wave

speed of a disturbance. The fluid sediment case, which has no shear-wave support
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in the sediment, shows only one propagation speed; this corresponds to the com-

pressive wave speed of approximately 1550 ms-1. The lack of damping and energy

escape mechanisms results in the travelling wave within the pile to propagate with

little decay.

The pressure at the interface for the constant sediment shear speed model in Fig-

ure 7.6 displays evidence of a much slower interface shear wave travelling at ap-

proximately 420 ms-1 in addition to the water-borne compressive wave seen in Fig-

ure 7.8. It is important to note that this close to the interface the acoustic pres-

sure as a result of the shear wave radiating into the water column is significant

and dominates the pressure resulting from the compressive wave. The figure also

shows that the disturbances associated with the first phase of the travelling pulse

are significantly greater than that of subsequent pulses in contrast to the fluid-

sediment case; the energy is more effectively radiated from the steel pile.

The acoustic pressure at the interface for the depth-dependent sediment model is

shown in Figure 7.7. Here, again the compressive wave is evident; however, the

shear wave propagation gives rise to greater acoustic pressures. Because of the

variation of the shear velocity in the sediment, a range of speeds are evident in

Figure 7.7; in this case it varies between 220 and 400 ms-1. Having varying speeds

for the same disturbance suggests that the propagation may be dispersive; how-

ever, it is difficult to confirm at positions this close to the source.

The sound speed in the water has been modelled as 1500 ms-1. The waves at the

interface only radiate into the water column where the propagation speed is equal

to or greater than the sound speed of the water. As Figures 7.6 and 7.7 show,

the propagation speed of the shear wave is significantly lower than that of the

sound speed in the water; in addition, the pressure field plots after 50 ms in Fig-

ures 7.4 and 7.5 show high acoustic pressures limited to the vicinity of the water-

sediment interface. Figures 7.9 and 7.10 show the received pressure as a function

of time and radial distance at 1 m above the seabed and 2 m above the seabed re-

spectively for the depth-dependent case. The figures demonstrate that the water-

borne wave is similar in amplitude within 2 m of the water-sediment interface.

The acoustic pressure as a result of the shear wave propagation, however, decays

rapidly with distance from the seabed.
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Figure 7.6: The modelled sound pressure directly adjacent to the interface at all

times for the constant shear speed case. Straight lines correspond to wave propaga-

tion at a constant speed. Here, the water-borne component travels at approximately

1550 ms-1, and the shear waves propagate at 420 ms-1.

Figure 7.7: The sound pressure directly next to the interface at all times for the

increasing shear speed case. Again, the water-borne component travels at approxi-

mately 1550 ms-1, while the shear waves propagate at speeds varying between 220

and 400 ms-1.

149



Figure 7.8: The modelled sound pressure directly adjacent to the interface at all

times for the undamped COMPILE model with a fluid sediment. Here, we see a

single gradient of line indicating all disturbances are travelling at a single speed

along the interface.

Figure 7.9: The modelled sound pressure in the water column 1 m from the water-

sediment interface. The amplitude of the acoustic pressure due to the shear wave

is significantly reduced this far from the sediment.
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Figure 7.10: The sound pressure in the water column 2 m from the water-sediment

interface. Here, the resulting acoustic pressure from the shear wave is barely ap-

parent.

7.5.3 Particle acceleration

Figures 7.11 and 7.12 show the particle acceleration field for the constant sedi-

ment shear speed case at 10 ms and 50 ms after impact. These results are calcu-

lated within COMSOL from the determined pressure in the water column, and

from the components of stress in the sediment. The particle acceleration is shown

as it is directly outputted from COMSOL at each time step, whereas the particle

velocity requires retaining the acceleration field from all previous steps and in-

tegrating to that point. The plots illustrate the direction in which the particles

move; in Figure 7.11 the cyan and red of the waves in the water column clearly

portray compressive waves propagating in the radial direction, whereas the grad-

ual change from red to purple of the spherical wavefront in the sediment indicates

a source at the point where the pile meets the sediment-water interface. It is ex-

pected that the field after 10 ms is likely to be dominated by compressive wave

elements, and that is reflected in the plot. However, early evidence of the shear

wave is visible in the sediment within 5 m of the pile with the distinct yellow line

indicating particle motion in the axial, rather than radial, direction.

At 50 ms after impact in Figure 7.12, the nature of the field has changed consider-

ably. We see little particle motion in the water column, and clearly-defined shear
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Figure 7.11: The modelled particle acceleration 10 ms after impact for the con-

stant shear speed case. The colours denote the particle direction with red and cyan

indicating radial motion, and purple and yellow indicating axial motion.

waves propagating in the sediment. Of most interest is the particle acceleration at

the interface; here we see motion in all directions, which is indicative of a rolling

wave that is trapped at the interface and gives rise to the significant interface

acoustic pressures seen in previous figures.

Figures 7.13 and 7.14 show the particle acceleration field for the increasing sedi-

ment shear speed case 10 ms and 50 ms after impact. The nature of the early field

is very similar to the constant shear speed case; as discussed, the field is domi-

nated by compressive waves, and in these two cases the compressive wave speed is

identical. The differences become apparent in the later plot at 50 ms after impact.

We can now clearly see the effect of the increasing shear speed with depth on the

shear wave as it refracts towards the surface. This helps to trap the energy within

the top portion of the sediment layer, and will contribute to the acoustic pressure

close to the interface.
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Figure 7.12: The particle acceleration 50 ms after impact for the constant shear

speed case. Here we see only the shear wave propagating in the sediment with par-

ticle motion restricted to the axial direction, and the interface wave which cycles

through motion in all directions.

Figure 7.13: The modelled particle acceleration 10 ms after impact for the increas-

ing shear speed case. The colours denote the particle direction with red and cyan

indicating radial motion, and purple and yellow indicating axial motion.
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Figure 7.14: The modelled particle acceleration 50 ms after impact for the increas-

ing shear speed case. All motion in the sediment is in the axial direction indicating

shear waves. Due to the change in shear wave speed, the waves are refracted to-

wards the surface.

7.5.4 Pile toe displacement

As mentioned, the pile toe displacement or set is the increase in pile penetration

per blow, and is a key metric in the process of driving piles. Figure 7.15 shows the

pile toe displacement results from the finite-element models using the fluid sedi-

ment and the two elastic sediments. As shown before, the purely acoustic model

is not designed to model this aspect the pile dynamics and consequently offers lit-

tle resistance to the driven pile due to the style of model, with subsequent phases

of the pulse leading to a step-wise motion. Conversely, where a stiffer sediment

is modelled, the pile movement is very small and returns to its equilibrium state

very soon after impact. The pile is tightly constrained in this system, with the

sediment elements being directly attached to the pile elements with no slip al-

lowed. Another factor is likely to be the fact that the sediment is elastic and not

plastic; it will always attempt to return to its original form. These two properties

cause the pile to move only slightly, and to return to the equilibrium position very

rapidly.
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Figure 7.15: The pile set resulting from the finite-element models using the fluid

sediment and the two elastic sediments. The behaviour of the pile set in a fluid

sediment was observed previously. The two elastic sediment results show minimal

movement of the pile rapidly restoring it to a set of zero.

7.6 Chapter summary

The scenarios presented here show results for different sediment stiffness assump-

tions. These results suggest that the inclusion of shear propagation in the sedi-

ment is important not only in considering the acoustic pressure close to the inter-

face, but also when modelling the full motion of the pile following impact.

Although the shear wave provides little contribution to the acoustic pressure some

distance from the interface, the levels at the interface itself are comparable to

those in the water column due to the compressional wave. Due to the increase of

the shear speed with depth, this wave is refracted towards the surface and con-

fined to the region near the interface; despite a high shear-wave attenuation this

allows the wave to propagate more efficiently over large distances as spreading is

more cylindrical, rather than spherical. However, because of the evanescent na-

ture of waves radiating from the interface, the acoustic signal is strongest at the

interface and rapidly decays as one moves further from the sediment.

Including an elastic sediment in these models shows changes in the radiated sound

field due to the presence of shear waves. It does not, however, lead to an accurate

description of the pile motion as shown by Figure 7.15. Modelling the true nature
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of the pile requires more involved consideration of the losses as a result of sedi-

ment attachment, and the plastic nature of the seabed.
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Chapter 8

Modelling using wave-equation

analysis of piles programs

8.1 Chapter overview

This chapter discusses the potential use of civil engineering models, known as

wave-equation analysis of piles (WEAP) programs, in providing a prediction for

the noise generated during offshore piling operations. Section 8.2 provides a brief

background and description of the method and one popular algorithm to solve the

problem. Section 8.3 details the implementation used in this project of Smith’s

original WEAP program, as well as highlighting some advantages and disadvan-

tages of the approach [70]. The section also includes how the one-dimensional ax-

ial model was processed in order to generate a radial component for use in acous-

tic models. The WEAP program provides a potential acoustic source to be cou-

pled with a dedicated acoustic model; one such possible model is described in Sec-

tion 8.4. The chapter concludes with an improved WEAP model including an en-

hanced sediment mechanical model, as well as results from the model.

8.2 Wave-equation analysis of piles

Although acoustic analyses involving modelling the pile have typically involved

finite-element models, there is a significant body of work produced by the civil en-
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gineering community that considers the motion of the pile using alternative meth-

ods. This section provides an overview of these modelling approaches and some of

the relevant developments of these models.

8.2.1 Determining the pile load capacity

Piling has been used in construction since prehistoric times, and modern literature

on piling dates from the 19th century [71]. Since then there has been a signifi-

cant amount of progress, with theoretical and experimental contributions defining

guidelines by which pile foundations are designed. The majority of the literature

understandably involves statics, i.e., can a pile of these properties, driven to this

depth in this soil withstand vertical and lateral forces required of it without mov-

ing. However, there is a branch of piling analysis that involves the determination

of the load capacity by dynamic methods.

Using dynamic methods, one may estimate the load capacity by relating the pile

set (increase in penetration per hammer impact) to the ultimate capacity. The

key presumption here is that the driving resistance is equal to the static load ca-

pacity. Pre-1960, the assumption inherent in calculations was that the pile was

perfectly rigid such that the force applied by the hammer at the top of the pile

was instantaneously transferred to all points within the pile. However, it was found

that more accurate results could be realised if the study took into account the fi-

nite speed of the pulse travelling through the pile. As such, the dynamic formu-

lae were improved by considering the elastic wave travelling down the pile follow-

ing impact; by utilising the one-dimensional wave equation, the finite wave speed

within the pile could be incorporated into the equations. These programs earned

the name of wave-equation analysis of piles — or WEAP — programs and typi-

cally see use today in drivability studies of the pile [62].

The drivability study allows the engineer to determine the most appropriate ham-

mer configuration, and to check that the pile will not be subjected to excessive

stresses that may cause damage during piling. The analysis, based on the one-

dimensional wave equation, takes the internal forces and motions of the pile ele-

ments into consideration [71]. This allows for the civil engineer to calculate the

likely maximum and minimum stresses at all points within the pile at all points in
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time [62]. Although the primary purpose of this approach is to determine the rela-

tionship between the ultimate pile capacity and the pile set, as part of the process

the displacements and the stresses set up within the pile are also calculated; these

are of more interest to the acoustical engineer.

It is proposed that the displacements calculated from the one-dimensional problem

could be used, along with Poisson’s ratio, to calculate the radial expansion of the

pile. The radial expansion of the pile may then be used as an input to an acousti-

cal model to generate the sound field. Advantages in taking this approach are that

the pile-sediment interface is more realistically modelled, the models are not com-

putationally heavy, and that this approach has been refined and used by the civil

industry for many years.

8.2.2 Development of WEAP for pile capacity predictions

The WEAP models assume that the pile is essentially a one-dimensional rod with

motion restricted to the axial direction. The forcing function is used as one bound-

ary condition, with sediment resistance terms involved at relevant points down the

rod and at the pile toe. This piling situation considered may be represented by

the one-dimensional wave equation taking the form

∂2D(z, t)

∂t2
=
E

ρ

∂2D(z, t)

∂z2
±R(z, t). (8.1)

Here, D is the axial displacement of a point in the pile from its original position,

E is the Young’s modulus of the pile, ρ is the density of the pile, t is time, z is the

vertical coordinate, and R is the resistance contribution from the sediment.

Due to the effect of the sediment term, analytical solutions are generally rendered

unfeasible. Instead, solutions may be found by decomposing the pile into a series

of masses and springs, with the sediment contribution included as separate me-

chanical systems as in Figure 8.1. The sediment mechanical system comprises

a damper and a spring in series with a friction link to allow for soil ‘quake’ (the

maximum soil deflection that may occur elastically). This new problem may now

be solved using finite-difference methods by incorporating the boundary conditions

and solving the system simultaneously for all elements.

Although the system in Figure 8.1 may be solved based on a discretised version

of Equation 8.1, an alternative has been devised that instead requires solving five
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Figure 8.1: Idealisation of the pile in situ as a simple mechanical system. In prac-

tice, many more elements would be used. Note the plastic slider directly above the

springs in the sediment systems.

simpler equations [70]. It is this form of the solution, known as Smith’s method,

that has been most widely adopted for pile-driving analyses [71]. Smith’s method

comprises the same finite-difference treatment of the pile system as in Figure 8.1.

The pile is divided into a series of masses and springs, with the external soil re-

sistance applied to individual masses. As before, the sediment model comprises a

plastic slider and spring in series, with the combination in parallel with a viscous

damper.
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The five equations for Smith’s piling analysis are:

Dp(m, δ) = Dp(m, δ−1) + ∆Vp(m, δ−1); (8.2)

Cp(m, δ) = Dp(m, δ)−Dp(m+1, δ); (8.3)

F (m, δ) = Cp(m, δ)Kp(m); (8.4)

R(m, δ) = [Dp(m, δ)−Ds(m, δ)]Ks(m)[1 + Js(m)Vp(m, δ−1)]; (8.5)

Vp(m, δ) = Vp(m, δ−1) + [F (m−1, δ) +W (m)− F (m, δ)−R(m, δ)]
g∆

W (m)
; (8.6)

where

m = element index,

δ = time index,

∆ = time interval,

Cp(m, δ) = compression of spring m at time step δ,

Dp(m, δ) = displacement of element m at time step δ,

Ds(m, δ) = plastic displacement of soil element m at time step δ,

F (m, δ) = internal force at spring m at time step δ,

g = gravitational acceleration,

Js(m) = damping factor at soil element m,

Kp(m) = internal stiffness of pile spring m,

Ks(m) = soil stiffness at element m,

Mp(m) = mass of pile element m,

R(m, δ) = total resistive force by soil at element m at time step δ,

Vp(m, δ) = velocity of pile element m at time step δ, and

W (m) = Mp(m)g = weight of pile element m.

On initialisation, the velocities of all elements but the first are set to zero. The

first element represents the hammer, and so has an initial velocity as determined

by hammer data from the manufacturer. On each iteration, Equations 8.2 to 8.6

are solved in turn for each element for a single time step. This process is repeated

for each time step until the pile comes to rest, or a defined maximum time limit is

reached.
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Following the pile element displacement calculation, a check is performed to see

whether the soil is deformed plastically [71]. The soil displacement, Ds, is changed

based on the conditions

if Ds(m, δ) < Dp(m, δ)−Q(m), then Ds(m, δ) = Dp(m, δ)−Q(m); (8.7)

if Ds(m, δ) > Dp(m, δ) +Q(m), then Ds(m, δ) = Dp(m, δ) +Q(m); (8.8)

where Q(m) is the allowable quake at element m. Depending on the sediment, this

is typically between 2.5 and 5 mm. Essentially, the equations describe how a new

nominal soil position is established once the soil is taken beyond its elastic limit.

It has been noted that at the point where Dp(m) − Ds(m) becomes zero, the

damping as a result of Equation 8.5 is also zero. Due to this, an alternative soil

resistance expression is suggested to be used after this occurs [71]. This expression

is

R(m, δ) = [Dp(m, δ)−Ds(m, δ)]Ks(m) +Ru(m)Js(m)Vp(m, δ−1) (8.9)

where Ru(m) is the ultimate static soil-resistance of element m, calculable by

Ru(m) = Ks(m)Q(m). (8.10)

8.3 WEAP model implementation

8.3.1 Implementation of Smith’s model

This analysis presented here is based on Smith’s idealisation of the pile as dis-

cussed in Section 8.2. A program has been written in Matlab that solves Equa-

tions 8.2 to 8.6 in sequence. The input to the model, in order to drive the pile,

is implemented through setting the initial downward velocity of the hammer ele-

ment. As stated in Section 5.2.2, the hammer velocity is

V (1, 1) =

√
2ehEh
M

(8.11)

where eh is the efficiency of the hammer, Eh is the hammer energy rating, and

M is the mass of the ram. The indices of the velocity indicate that this property

relates to the first element (the hammer) and the first time step (t = 0).

It should also be noted that only compressive forces may exist between the ham-

mer and the first pile element. As such, the minimum force that may be applied
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to the second element by the hammer is 0 N. In order to prevent multiple strikes

to the pile, the hammer is ‘caught’ at the point where the force applied to the

head of the pile first reaches zero.

The steps to the program are as follows. All pile parameters are initialised and

variables such as the cross-sectional area of the pile, the mass of the pile, and the

weight of the pile are calculated. The hammer velocity is calculated from Equa-

tion 8.11 and applied to the first element. Soil parameters are determined, with

soil quake and the damping factor required for the sediment attached to the side

of the pile and for underneath the pile; these are then used to calculate the ini-

tial point resistance and the shaft resistance of the pile. The pile is then split into

its series of masses and springs, where the first mass element represents the ham-

mer, and the first spring element represents the anvil. The mass of each pile el-

ement is set to Mp/N , where Mp is the total pile mass, and N is the number of

pile elements. Similarly, the stiffness of each element is AE/∆L, where A is the

cross-sectional area of the pile, E is the Young’s modulus, and ∆L is the length of

each element. Once the system is set up the program runs through the five equa-

tions iteratively each time step until a maximum specified time is reached. Care

is taken to ensure that once the sediment displacement reaches its quake limit the

correct equation is used for the sediment resistance term. Additionally, during the

step where forces are calculated throughout the pile, there can be no tensile forces

between the pile and the hammer.

The analysis was performed for a 50 m long pile, with a 6 m outer diameter and

a wall thickness of 65 mm. The pile was embedded 20 m into the sediment prior

to the modelled strike, and the water depth was 20 m. The energy rating for the

hammer was 2300 kJ, and the ram mass was 115 000 kg; assuming 100 % effi-

ciency, this gave an impact velocity of 6.32 ms-1. The sediment has been mod-

elled as ‘dense sand’ with skin friction value of 75 kPa and an end bearing value

of 12 MPa. These friction values along with the soil quake (allowable soil deforma-

tion before it reaches the elastic limit) taken from Poulos [71] provide values for

the stiffnesses of the soil springs of 278 MNm-1 for the side springs and 5.73 GNm-1

for the pile-toe spring. The pile itself is made of steel with a density of 7850 kgm-3,

a Young’s modulus of 205.8 GPa, and a Poisson’s ratio of 0.28. The WEAP pro-

gram was run with a time step of 40 µs (effective sampling frequency of 25 kHz)

163



up to a maximum time of 0.14 s. Considering a maximum frequency of 1000 Hz,

and a ‘rod’ wavespeed in the pile of 5120 ms-1, the minimum wavelength would

be 5.12 m. To provide at least ten points per wavelength the length of each pile

element was set at 0.5 m. On an Intel quad-core i7 processor machine running at

3.40 GHz the run took 4.35 seconds to complete.

8.3.2 Model results

Results for the axial compression of the WEAP model pile are shown in Figure 8.2.

Based on a sound speed of 5120 ms-1 and a 50 m pile, the pulse takes approxi-

mately 10 ms to travel from the top of the pile to the bottom; consequently, the

pulses in Figures 8.2a and 8.2c are both travelling downwards, and the pulse in

Figure 8.2b is travelling upwards. It is clear from the figures that there is a pulse

inversion at each end of the pile: it resembles having free boundary conditions at

both ends of a rod. Additionally, based on the pulse amplitudes, all attenuation is

occurring within the sediment with no discernible amplitude differences between

Figures 8.2b and 8.2c.
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Figure 8.2: Results from the WEAP model for a 50 m pile embedded 20 m into

the sediment; snapshots in time show the axial compression of the pile down its

length. It takes approximately 10 ms for the pulse to travel from the top to the

bottom of the pile; after 5 ms and 25 ms the pulse is travelling downwards, and

upwards after 15 ms. Note the inversion as the pulse is reflected at each end of the

pile.

8.3.3 Model validation

The equivalent run to this implementation of the WEAP model was performed

using COMSOL multiphysics finite-element program for both fluid and solid sedi-

ments, and using the IHCWAVE Stress Wave Program [72]; for all cases parame-

ters were kept the same where possible. IHCWAVE is an implementation of WEAP

based on the commercial program TNOWAVE distributed by TNO. The imple-

mentation is based on Smith’s method of characteristics; there are, however, ad-

ditional options and parameters available in the program that are not fully de-

scribed in the documentation. In the case of the COMSOL models, the force in-
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put at the top of the pile was generated using the analytical solution for the ham-

mer [63] as described in Section 5.2.2. The sediment had a density of 1900 kgm-3,

and a compressional sound speed of 1625 ms-1. Additionally, in the solid-sediment

model, the sediment shear wave speed was 110 ms-1 which is consistent for sand

at 1 m depth [11]. In IHCWAVE, the driving mode was set to ‘Redrive after full

setup’, with all other parameters as for the WEAP model.

Figure 8.3 shows the pile toe displacement as a function of time for the imple-

mented WEAP model, the IHCWAVE Stress Wave Program, and the two COM-

SOL finite-element models. This highlights the pile motion differences between the

approaches. The plastic deformation allowed in the WEAP model and IHCWAVE

dissipates system energy and consequently both settle rapidly at a defined pile

set. However, the solid-sediment finite-element model simply oscillates close to its

initial value due to being held in place by the sediment, whilst the fluid-sediment

model shows the pile descending step-wise with each reflection of the pulse; this

step-wise motion reaches 20 cm by 0.1 s.

Despite the similarities, there are significant differences between the IHCWAVE

result and the WEAP result. The IHCWAVE software allows the user to deter-

mine whether the analysis is for redriving after a period of no driving, or whether

it is part of a sequence. This has implications in the generated pore water pres-

sure in the sediment close to the pile: during piling, the pore water pressure is ele-

vated which reduces the effective shearing between the pile and the sediment; con-

versely, the pore water pressure dissipates if the pile is allowed to settle, and the

effective stress in the sediment increases. This type of analysis requires a more so-

phisticated sediment than has been implemented in this model, and so it is likely

that differences will exist between the two. However, since presenting this work,

other interested parties have reproduced this model with results that agree re-

markably well (Benjamin Trimoreau, personal communication, January 9, 2014).
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Figure 8.3: The modelled pile toe displacement using four different models. The

WEAP model and IHCWAVE results are characteristically similar, with the effects

of the first and second pulses clearly visible at approximately 0.02 s and 0.035 s.

The finite-element model with the elastic soil continues to oscillate beyond the

time taken for the other models to settle. The fluid-soil model features a contin-

uous step-wise descent which reaches 20 cm depth by 0.1 s.

8.3.4 The relationship between axial compression and

radial expansion

The WEAP programs are inherently one-dimensional; only the motion in the axial

dimension is taken into account as typically the radial motion is of little impor-

tance in drivability studies. As far as the acoustics in the water column are con-

cerned, the axial motion is not going to produce a propagating wave due to the

inability of water to support shear waves. Conversely, the radial expansion leads

to compressive waves and subsequently the principal acoustic component propa-

gating from the pile. The analysis presented here is based on the assumption that

the radial motion is directly related to the axial compression.

Based on static theory the strain in the radial direction, εr, is given by

εr =
D −D0

D0

=
d

D0

, (8.12)

where D0 is the original diameter, D is the diameter of the section under strain,
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and d is the change in diameter. Similarly, strain in the axial direction is

εz =
L− L0

L0

=
l

L0

, (8.13)

where L0 is the section’s original length, L is the length of the section under strain,

and l is the change in length. The expression for Poisson’s ratio, ν, is simply ν =

−εr/εz These relationships can be used to calculate the radial expansion for a

given local compression. The radial expansion, based on this assumption, is

r =
d

2
=
νlD0

2L0

. (8.14)

This approach has been tested using the pile model described in Section 5.2.4.

Nodes were positioned axially along the pile wall at 0.05 m intervals. Using Equa-

tion 8.14 an alternative radial expansion may be calculated. Figure 8.4 shows

the comparison between taking the radial displacement directly from the finite-

element model, and calculating it from the local compression. What is shown is

that the calculated radial displacement is in reasonable agreement with the di-

rect result of the radial expansion. There is less agreement at high spatial frequen-

cies where there is a greater occurrence of ‘ripples’; here we see evidence of two

separate wave components propagating in the pile, the compressive and the shear

wave.

The separation of the two types of wave is better shown in Figure 8.5, which is

taken from the finite-element model data. Here, the radial expansion for the en-

tire pile is represented by the colour-map; it shows the radial displacement of all

points for the first 20 ms. The travelling waves appear as straight lines, the gradi-

ents of which represent the wave velocity. The compressive wave is shown to travel

at approximately 4950 ms-1, and the shear wave at approximately 1180 ms-1. As

the shear waves travel at speeds lower than that of water, the disturbance they

cause will propagate evanescently into the water column and so are of significantly

less concern than the supersonic compressive wave, which will propagate into the

surrounding water.

What can be concluded from this is that although the shear wave component is

not present in calculating the radial displacement from the axial compression, the

presence of this wave is acoustically unimportant; omitting the shear wave is un-

likely to affect the noise in the far-field of the pile. Using the axial compression
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Figure 8.4: Comparison of modelled radial displacements along the pile at a)

2.5 ms, b) 5 ms, c) 7.5 ms, d) 10 ms after impact. The two results show the ac-

tual radial displacement from the finite-element model, and the radial displacement

as calculated from the axial compression. The results show reasonable agreement,

especially at low spatial frequencies. 169



Figure 8.5: The radial displacements along the entire length of the pile for the first

20 ms as determined by the finite-element model. The different wave components

are easy to distinguish: the solid line shows the propagation of the compressive

wave travelling at approximately 4950 ms-1, and the dashed line shows the propa-

gation of the transverse wave travelling at approximately 1180 ms-1. As the trans-

verse wave travels at lower than the speed of sound in water (∼1500 ms-1) it prop-

agates evanescently, and so has little impact on the noise detected far from the pile

to determine the radial displacement should be sufficient to model the acoustic

disturbance caused by the piling process. Therefore WEAP models, which only

calculate axial motion, may be extended in this way to solve the acoustic problem.

8.4 WEAP with acoustic ring source model

Although the WEAP model can be used to determine the pile motion following a

hammer strike, the results require coupling to an acoustic model to be converted

to noise levels. By converting the axial motion from the WEAP model into a ra-

dial motion, one may determine the radial velocities of each point of the pile as a
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function of time. This may then be used to determine the strength of the pile wall

‘source’. This section describes a source comprising rings of dipoles and how they

may be coupled with the WEAP model outputs.

8.4.1 An acoustic dipole ring source model

The finite-element results indicate that in addition to the primary wavefront, there

exists a contribution from the far side of the pile that is often not considered in

modelling; the secondary wavefront is best seen in Figure 5.13a. This wavefront

propagates at the same angle as the primary wavefront, and in the case of smaller

diameter piles, the separation distance between the two renders individual identi-

fication impossible. Given the pile wall displacement as a model input, in order to

capture this behaviour a ring of sources must be taken into account; this is rather

than assuming, for example, a stack of monopoles located on the central axis.

The finite-element results of the pile wall motion are shown in Figure 5.8, the con-

clusions of which are that the pile wall may be treated as a shell; at the points of

expansion the inner wall also moves outwards. As the pulse travels down the pile,

indisputably there is a positive outgoing wave emanating at the points of local

compression where the pile wall moves outwards. The outward motion of the inner

wall generates a rarefaction and a negative wavefront travelling inwards. As indi-

cated in the finite-element modelling, this wavefront will emerge from the other

side of the pile having travelled through the focus point.

Derivation of the single dipole ring source

In the case of an acoustically transparent pile it is assumed that the pile may be

replaced with a cylinder comprising stacked ring sources, with each ring composed

of individual dipole sources. Again, in this instance, the ring source is considered

to exist in an infinite homogeneous fluid and so all interface interactions are effec-

tively omitted.

A single ring is shown diagrammatically in Figure 8.6. This shows a number of

dipoles on a ring of radius a. One can consider a single dipole on the ring and a

receiver constrained to the xz plane as indicated in Figure 8.7; here, the source

position is at S = [Sx, Sy, 0], the receiver is located at R = [Rx, 0, Rz], and φ is
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Figure 8.6: A diagrammatic represen-

tation of the dipole ring source.
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Figure 8.7: Geometry source a single

dipole source at S and receiver R.

the angle between the direction of the dipole and the direction from S to R. The

acoustic pressure due to a dipole source may be written as

p(r, φ) ∝ cos(φ)

r
e−jkr, (8.15)

where r is the distance between the source and the receiver.

Introducing A = R−S as the vector from the source to the receiver (i.e. r = |A|),
and using standard vector geometry one obtains

A · S = |A||S| cosφ, (8.16)

and thus Equation 8.15 can be written as

p ∝ A · S
|A|2|S|e

−jk|A|, (8.17)

To generate the result for an entire ring of sources, one notes that the location of

each source is S = [a cos θ, a sin θ, 0], where θ is the azimuthal angle. All sources

are then summed over the entire range of azimuthal angles, 0 ≤ θ < 2π, such that

for a single receiver point R the pressure is

p(R) ∝
∫ 2π

θ=0

(R− S(θ)) · S(θ)

|R− S(θ)|2 |S(θ)|
e−jk|R−S(θ)|dθ, (8.18)

which can be solved using standard numerical techniques.

Acoustic characteristics of the dipole ring source

The dipole ring source has been modelled in Matlab with in-plane results of the

impulse response shown in Figure. The time domain response clearly indicates
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Figure 8.8: The impulse response due to a dipole-ring source in the time and fre-

quency domains at a point 10 m from the nearside wall of a 2 m diameter dipole

ring source.

the two separate contributions from the nearside and farside of the pile. Although

there is a contribution from the rest of the pile wall, the rate of change of phase of

contributions is at a minimum at the near and far sides thus these provide the

greatest signal. It is this that provides the two distinct wavefronts seen in the

finite-element results.

As evident in the frequency response, the dipole source is most efficient at high

frequencies. Where the wavelength is greater than the diameter of the pile there is

a cancellation of signals due to the opposite polarity of the out-going and inward-

going wavefronts. The input functions, however, are typically low frequency dom-

inated as shown in Figure 5.5b. To provide the complete source function for the

pile, the pile wall is replaced with a stack of these dipole ring sources.

8.4.2 Coupled results

Each axial element of the pile is assumed to represent an individual ring source.

The Fourier transform of the radial velocity of each point in the pile is calculated

to provide an amplitude and phase at each individual frequency. The ring-source

field is then generated for each of these frequencies and convolved in space with
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the frequency domain pile velocities to provide a complete field at a single fre-

quency. To take into account the reflection from the pressure-release water-air in-

terface, the field above the interface is simply mirrored and subtracted from the

field in the water. An inverse Fourier transform then provides the time domain

representation of the field.

Figure 8.9 shows the wave-field produced using the WEAP model coupled with

the dipole ring source model 0.02 s after impact; as absolute values are not cal-

culated, the results are normalised by expressing the signal as the ratio of the

received pressure to the maximum absolute pressure. The angles of the conical

waves due to the relative wavespeeds of the pulse down the pile and in the water

are as expected; these agree well with previous work using finite-element mod-

els covered in Chapters 5 and 7. The wavefront due to the first down-going pulse

is clearly seen, closely followed by the contribution from the farside. Subsequent

wavefronts, however, have much reduced amplitudes due to the rapid loss of en-

ergy into the sediment. The dipole model shows much high frequency content,

with the field being dominated by the disturbances from the nearside and the

farside of the pile. The inversion of the travelling pulse in the pile at each end is

evident in the alternating signs of the wavefronts. Due to treating the sediment

as water in the acoustic model, there are neither reflections nor wave refraction at

the sediment-water interface. Additionally, as the model does not support shear

wave propagation, the interface wave noticeable in the elastic sediment models

in Figures 7.4 and 7.5 cannot exist. The horizontal line represents the sediment-

water interface; one would expect to see the effects of reflection and refraction at

this interface, and the interface wave if an elastic sediment model is used.

The received pressure as a function of time at mid-depth, 8 m from the pile is

shown in Figure 8.10. The point is located such that there would be little acous-

tic influence from the sediment. The wavefronts from the first down-going pulse

are most prominent; two peaks are seen due to the contribution from the near-

side and the far-side of the pile wall. Beyond this, initially the pressure exhibits a

rapid attenuation but is then followed by a longer decay.

Comparing the modelled pressure from the dipole model against the recorded

pulse in Figure 8.11 shows similarities in pulse characteristics. The modelled re-

sult is devoid of any structure-borne contributions from vessels or reverberation,
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Figure 8.9: Radial slice of the wave-field calculated using the WEAP model coupled

with the ring-source model. The wave generated by the first down-going pulse is

clearly visible. Subsequent wavefronts are significantly reduced in amplitude. Due

to acoustic model limitations there are no reflections at the water-sediment inter-

face nor is attenuation included in the sediment.

both of which are likely to figure in the recorded result. While the dipole model

retains the high frequency content seen in the recording, it also shows the peak

pressure from the farside of the pile being equivalent in level to the disturbance

from the nearside. This, however, is not indicated in the recording; one peak stands

out as having the greatest amplitude (at 0.02 s). This would suggest that the sig-

nal from the farside of the pile is attenuated by the pile itself; such an effect would

ideally be included in the model.

8.4.3 Discussion

The WEAP models provide rapid and realistic pile motion data that may be ex-

ploited, along with an acoustic model, to produce radiated noise results. The

acoustic dipole ring model discussed provides simple methods to get from the pile

wall velocities to a generated acoustic signal; by considering the strength of each

dipole source an absolute level may be calculated. The dipole ring model, being

based on the pile physics, displays qualitative results for which elements are in

agreement with previous modelling work and field data.
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Figure 8.10: The received pressure generated by the dipole model using the WEAP

input at a point 8 m from the pile wall at mid-depth in the water column. Acoustic

model limitations are avoided as at this position in the wave-field there is little

acoustic influence from the sediment. The first pulse from both walls dominate the

signal, with initial rapid attenuation followed by a longer decay.
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There are, however, limitations to the model as it is intended to provide an indi-

cation of the nature of the noise rather than attempt to take into account every

aspect of the noise generation and propagation process. The acoustic model fea-

tures a sediment that is essentially water; at the interface where one would expect

reflection and refraction to occur, the waves propagate through unaffected. Ad-

ditionally, shear waves are unsupported in this medium, and so no interface wave

exists in these results. The result of the water-like sediment is that the potential

reverberation within the water column itself is vastly reduced, as all sound travel-

ling down escapes into the sediment. The effect has less significance closer to the

pile, as the majority of the wavefronts have emanated directly from the pile rather

than as reflections from the seafloor.

The results from this model were compared to those from the recording analysis

in Chapter 6. Qualitatively, the results show similar high frequency behaviour and

rates of decay. However, one key qualitative difference between the recording and

the dipole model is the relative levels of the wavefronts due to the first downward-

going pulse from the nearside and from the farside of the pile. The dipole model

shows the levels to be very similar: the contribution from the farside of the pile is

the same level as that from the nearside. The recording shows only one distinct

peak that is presumed to be due to the first downward-going pulse and from the

nearside of the pile. Any possible disturbance from the opposite side of the pile

must be lost in the general signal. As such, the pile itself must have an influence

on the wavefront that travels through the centre of the pile; this may also include

multiple internal reflections which would serve to increase the decay time of the

modelled signal.

8.5 WEAP model with enhanced sediment

model

The WEAP model and the coupled results discussed in the previous sections demon-

strate that it is possible to generate a model for piling that takes the sediment

into account using methods that are less computationally heavy and generally

more realistic than simple finite-element models in use. This section expands on
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Figure 8.12: An alternative sediment model to be used in the wave-equation analy-

sis of piles model. Here the viscous damping as a result of friction between the pile

and the soil, and the radiation damping as a result of the motion of the surround-

ing soil in the vicinity of the pile are treated separately.

the model by considering a mechanical sediment model that is based on material

parameters and discriminates between pile-slip and pile-stick regimes.

8.5.1 Randolph’s sediment model

The resistance provided by the sediment principally comprises the viscous damp-

ing and the radiation damping. The viscous damping is provided by the fricative

effects between the pile and the sediment immediately adjacent. The radiation

damping takes into account the inertia of the surrounding soil that is affected by

the pile motion. Smith’s analysis includes an equivalent mechanical model with

both viscous and radiation damping lumped together. An alternative model that

separates the two mechanisms, is suggested by Randolph [62], and comprises the

equivalent system in Figure 8.12. Here, the effects of the two damping mecha-

nisms are treated separately; however, determining values for each of the parame-

ters becomes a more complex task.
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8.5.2 Implementation of the two-stage sediment model

The operating regime is determined by the retarding force exerted by the soil on

the system, and the limits of the skin friction between the sediment and the pile.

Assuming the pile is attached to the soil, the plastic slider in the mechanical sys-

tem remains fixed; this leads to all force being transmitted through the spring and

damper representing the radiation damping. In the case where the pile is attached

directly to the soil without slipping, the retarding force per unit length may be

given by

R(m, t) = Bs(m)Vp(m, t) +Ks(m)Ds(m, t), (8.19)

where Cs(m) is the damping coefficient per unit length in Nsm-2, Ks(m) is the

stiffness per unit length in Nm-2, Vp(m, t) is the velocity of the pile element, and

Ds(m, t) is the axial displacement of the soil immediately adjacent to the pile. In

this regime, it is assumed that losses due to friction are negligible relative to the

radiation damping.

The pile remains attached to the soil until a depth-dependent limiting resistance is

reached, at which point the pile starts to slide. The point at which this occurs is

determined by

R(m, t) ≥ 2πrτs(m) (8.20)

where r is the outer radius of the pile and τs(m) is the limiting shear stress at

the interface between the pile and the sediment. The pile is now operating in a

friction-loss regime where it is assumed that the radiation damping losses are neg-

ligible relative to the friction losses.

The soil resistance term is now given by

R(m, t) = 2πrτk(m, t) (8.21)

with τk(m, t) being the dynamic shear stress at the interface. Once Equation 8.20

is no longer satisfied, the system reverts to the radiation damping regime.
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8.5.3 Further soil properties

The values for Ks(z) and Cs(z) are directly relatable to the soil properties by [62]

Ks(z) = 2.75G(z), and (8.22)

Cs(z) = 2πr
√
G(z)ρs(z) . (8.23)

Here, G(z) is the shear modulus of the soil at depth z, r is the pile radius in m,

and ρs(z) is the sediment density.

The shear stress can be related to the effective stress by the standard formula

τs(z) = σ′(z) tanφ+ c′, (8.24)

where tanφ is the coefficient of friction, c′ is the adhesion, and σ′(z) is the effec-

tive stress given by σ′(z)=σ(z)−u(z), with σ(z) being the total stress and u(z) be-

ing the pore water pressure at depth z. In this case it has been assumed that the

horizontal stress is equal to the vertical stress. During piling, there is a distinct

increase in the pore water pressure and the operation takes place in undrained

conditions; because of this it can be assumed that the adhesion between the pile

wall and the sediment is zero [73]. Note that the adhesion is likely to increase if

redriving after the excess pore water has dissipated.

The total stress takes into account the pressure as a result of the weight of all ma-

terial above it, and so is simply

σ(z) = g

∫ z

0

ρ(ζ)dζ + gZρw, (8.25)

where g is the gravitational constant, ρw is the water density (assuming it to be

constant), and Z is the water depth.

The pore water pressure, u(z), can be highly variable; however, as a first approx-

imation one may approximate the water ratio in the sediment by the total sedi-

ment density at that depth. The expressions for density are covered in Section 7.3.

The void ratio, Ξ(z), is the fraction of the sediment that contains water (assuming

no air is present). This is calculated by

Ξ(z) =
ρp − ρs(z)

ρp − ρw
, (8.26)
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where ρp is the sediment particle density (assumed to be 2.00 gcm-3). The pore

water pressure is then the pressure due to the weight of the water alone, which is

u(z) = gρw

∫ z

0

Ξ(ζ)dζ + gZρw. (8.27)

The coefficient of friction, tanφ, is obtainable from experimental data [74].

As stated, once the pile starts to slip past the soil the retarding force per unit

length pile is

R(z, t) = 2πrτk(m, t) (8.28)

where the dynamic shear stress is given by

τk(z, t) = τs(z)



1 + α

(
Ḋ(z, t)

Ḋ0

)β


 . (8.29)

Here Ḋ0 is a reference velocity of 1 ms-1, and the viscous parameters, β and α, are

taken to be β = 0.2 and α in the range of 0 for dry sand up to 1 or higher for clay

soils.

The marine environment presents a complex situation for the modelling of acous-

tics. This is due to the level of uncertainty in a number of aspects of the sediment

properties. Without a detailed coring study, it is difficult to ascertain the exact

nature of the sea floor.

8.5.4 Model details

An updated model with the two-stage sediment system was implemented in Matlab

based on the model in Section 8.3. As part of the program, the sediment grain

size is required in the model inputs in order to calculate the parameters for the

two-stage depth-dependent sediment system. In this case sand with a grain size of

0.15 mm was used; all other required sediment parameters are calculated from the

grain size using the equations of Bachman [68] reproduced in Table 7.3, and those

presented in Section 8.5.3. A value of 0.5 is taken for the viscous parameter, α.

Figure 8.13 shows the axial strain as a function of depth down the pile at points

where the pulse passes the midpoint of the pile. The results are similar to that of

Figure 8.2, with greater attenuation of the pulse. At 5 ms, we see no change as

the pulse has yet to interact with the sediment. The return pulse, however, un-

dergoes greater attenuation in the sediment as indicated at 15 ms. As with the
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Figure 8.13: Results from the WEAP model with the two-stage sediment model for

a 50 m pile embedded 20 m into the sediment; snapshots in time show the axial

strain of the pile down its length. The reflected wave from the pile base is compa-

rable to the reflected pulse shown in Figure 8.2.

previous models, the reflection at the pile top seen at 25 ms is a pulse inversion

with no evident loss. The non-linear attenuation of the pile pulse is evident in its

reflection; by 35 ms the pulse has almost entirely decayed.

The increasing stiffness with depth highlights a phenomenon in that the pulse has

not undergone a simple pulse inversion on reflecting at the sediment boundary.

What is seen is a dilated pulse with a significant compressed portion in the top

half of the pile. This pulse shape is indicative of the quality of noise emanating

from the pile; these results suggest that the sediment has a very significant effect

over the pulse shape that has not been considered previously in the acoustic liter-

ature.
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8.5.5 Pulse analysis

The nature of the pulse reflection at the base end of the pile has been noted in

civil engineering literature [75]. For easy driving conditions, where the sediment

offers little resistance, it is normal to observe a pulse inversion at the pile toe.

However, it is stated that during heavy driving conditions the reflected pulse will

not invert and remain compressive. The pulse portrayed in Figure 8.13 falls into

the easy-driving category; however, a compressive portion is also present.

The pulse reflection phenomenon may be explored by simply adjusting the pen-

etration depth of the pile. At greater depths, greater attenuation of the pulse

would be expected due to both the pile being in contact with more of the sedi-

ment, and because of the sediment getting stiffer at greater depths. A lighter driv-

ing scenario was devised with the pile at 15 m penetration, and a heavier driv-

ing scenario as at penetration depth of 23 m; all other parameters were kept con-

stant. The results of the axial strain for the lighter driving case are shown in Fig-

ure 8.14, and the results for the axial strain of the heavier driving case shown in

Figure 8.15.

The results of the axial strain for the lighter driving case show a degree of attenu-

ation of the pulse within the sediment, though not to the extent of the 20 m driv-

ing case. Evidence of the inversion on reflection is apparent in Figure 8.14b; the

principal section of the reflected pulse has positive strain (i.e. has been inverted)

and broadly follows a similar pulse shape as the incident pulse. Figure 8.14b shows

the remnants of the upward-going pulse that is non-existent in Figure 8.13d

Results for the heavier driving case in Figure 8.15 show a different response. The

pulse is significantly damped such that there is little energy returning to the top

of the pile. As shown in Figure 8.15b, what remains of the reflected pulse is all

compressive.

Compared to the light driving case, the heavy driving case shows a reflected pulse

with no toe inversion. Figure 8.15b indicates the pulse that would be reflected at

the toe end; however, the pulse energy is in the compressive portion in the section

of pile out of the sediment. The level of attenuation of the pulse in the sediment

also brings the pile to rest more rapidly.

In both cases, the pulse has been partially reflected and partially transmitted at
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Figure 8.14: Results from the WEAP model for a 50 m pile embedded 15 m into

the sediment; snapshots in time show the axial compression of the pile down its

length. Note the inversion as the pulse is reflected at each end of the pile. Addi-

tionally, there is still a discernible pulse at 35 ms.

all points in the sediment. The reflections occurring along the embedded length of

the pile are not inverted, and form the early section of the reflected pulse. Where

the pulse reaches the end of the pile, this is inverted providing the sediment is

not too stiff; this forms the tail end of the reflected pulse. This distinctive reflec-

tion occurs due to a continual change in impedance that occurs only when the

sediment is allowed to vary with depth; where step changes in sediment param-

eters are used, reflections are only generated at the changes of impedance at the

sediment-water interface and the pile toe.

The resulting pile sets are shown in Figure 8.16. Here we clearly see the effect of

the increased resistance from the sediment at greater penetrations. Of note is the

displacement change due to the second downward-going pulse occurring at approx-
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Figure 8.15: Results from the WEAP model with the two-stage sediment model for

a 50 m pile embedded 23 m into the sediment; this is a much heavier driving case

as shown at 15 ms where the pile remains principally in compression. No pulse is

identifiable by 35 ms.

imately 30 ms. In the lighter-driving case there is considerable additional set due

to the returning pulse to take it from 17 mm to 20 mm. For the two heavier cases,

however, there is little further gain from the returning pulse due to the magnitude

of energy loss to the sediment.

Although not investigated here, it is also worth considering the pulse behaviour

at the top of the pile. In modelling examples with a prescribed forcing input it is

implicitly assumed that the hammer is removed from the top of the pile before the

reflected pulse reaches it. When this is the case, it is correct to see pulse inversion

at the head of the pile. However, where the hammer remains in contact with the

pile, the end conditions are going to change along with the nature of the pulse

reflection and the resulting force seen at the head of the pile.
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Figure 8.16: The pile sets for the three investigated cases of 15 m, 20 m, and 23 m

starting penetration. The increased effort required to drive the pile at greater pene-

trations is evident in the difference in the pile set. Additionally, the arrival of the

second downward-going pulse is identifiable in the lighter driving cases.

8.5.6 Coupled acoustic results

Similar to the process in Section 8.4.2, the radial motion results from the two-

stage sediment WEAP models were used as the input to the dipole ring-source

acoustic model. The resulting radial slice for the three cases are shown in Fig-

ures 8.17, 8.18, and 8.19 for the 15 m, 20 m, and 23 m cases respectively; the

water-sediment interface in the figures is at a height of zero. The shape and an-

gle of the wavefronts is as expected; the spatial difference in the wavefronts be-

tween the three results is due to the change in penetration depth. The effect of

the pulse inversion is evident in the polarity of the second phase in the 15 m pen-

etration case in Figure 8.17, where the first upward-going wavefront is led by a

rarefaction. Due to the nature of the reflection in the sediment this is less well de-

fined for the 20 m and the 23 m penetration cases. As the dipole model has been

used, the wavefront from the farside of the pile is inverted relative to the nearside

wavefront.

The first wavefront is produced by the pulse before it reaches the sediment; in

each case, other than a small time difference for the propagation in the unwet-

ted portion of the pile, these are the same. In practical driving cases, the hammer
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Figure 8.17: Radial slice of the wave-field for the pile at 15 m penetration. Calcu-

lations are from the WEAP model with two-stage sediment model coupled with the

dipole ring-source model. For illustrative purposes, the field has been multiplied by

the square root of the range to compensate for geometric spreading.

Figure 8.18: Radial slice of the wave-field for the pile at 20 m penetration. Calcu-

lations are from the WEAP model with two-stage sediment model coupled with the

dipole ring-source model. For illustrative purposes, the field has been multiplied by

the square root of the range to compensate for geometric spreading.
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Figure 8.19: Radial slice of the wave-field for the pile at 23 m penetration. Calcu-

lations are from the WEAP model with two-stage sediment model coupled with the

dipole ring-source model. For illustrative purposes, the field has been multiplied by

the square root of the range to compensate for geometric spreading.

energy is going to increase with greater penetration depths; where this is the case,

the unimpeded initial downward-going pulse is going to cause a larger acoustic

disturbance. The nature of the return pulse is wholly dependent on the degree of

penetration and the sediment into which the pile is driven. As the penetration in-

creases, the subsequent wavefronts are altered with no second upward-going pulse

visible for the two deeper cases.

The pressure traces at a single point located at 10 m depth and 10 m from the

pile wall for the three penetration depths are shown in Figures 8.20 to 8.22; at

this location it is anticipated there would be little influence due to reflections from

the sediment. Of note is the difference in the decay between the three penetra-

tion depths; as previously observed, the pile at the greatest penetration depth is

brought to rest more quickly.

Also observable is a change in the relative pressure amplitudes between wavefronts

resulting from the change in penetration depth. The initial wavefront is identi-

cal between the three penetration depths, as there is no sediment influence at this

point. On the upward-going pulse and following downward-going pulse, arriving

between 0.01 and 0.015 s, the received pressure is markedly greater for the 20 m

penetration case than the 15 m case; this is despite a greater level of damping re-
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Figure 8.20: The modelled received pressure at a point 10 m from the pile wall at

15 m penetration for the WEAP model with two-stage sediment coupled with the

dipole model. The receiver is positioned at mid-depth in the water column.
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Figure 8.21: The modelled received pressure at a point 10 m from the pile wall at

20 m penetration for the WEAP model with two-stage sediment coupled with the

dipole model. The receiver is positioned at mid-depth in the water column.

ducing the energy in the pulse. At 23 m penetration, however, the acoustic pres-

sure is reduced for these subsequent wavefronts.

The inclusion of the depth-dependent sediment and the two-stage sediment model

have highlighted important details in the piling noise generation process. It also

allows real measurable sediment properties to be included in the model, details of
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Figure 8.22: The modelled received pressure at a point 10 m from the pile wall at

23 m penetration for the WEAP model with two-stage sediment coupled with the

dipole model. The receiver is positioned at mid-depth in the water column.

which will already be determined as part of the pile driveability study. In each of

the cases shown, the wavefront due to the first downward travelling pulse is identi-

cal as at this point there is no influence from the sediment. Beyond this point the

models support observations of the varied nature of the piling pulse reflections at

the pile toe. The continuous change in impedance causes small non-inverted re-

flections at all embedded points of the pile, which will be followed by an inverted

reflection at the pile toe. However, the relative contributions of these two in com-

bination determine the complete nature of the reflected pulse. Although typically

there is greater total resistance at increased penetration depths, this does not nec-

essarily cause radiated noise from subsequent pulses to be reduced. In this exam-

ple, we see greater acoustic energy from the second and third pulses in the 20 m

penetration case than in both the 15 m and 23 m cases. Despite the simplicity of

the model, this approach demonstrates aspects of practical piling acoustics which

have previously not been observed in modelling results.

8.5.7 Benchmark scenario WEAP model

The model was adapted to run the COMPILE benchmark piling scenario, de-

tails of which were covered in Section 5.2.5. Although many parameters were pre-
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scribed, some required either a conversion of existing values or assumptions about

the model to be made. Based on the sediment properties provided, and cross-

referencing them against the simplified table of sediment properties in Compu-

tational Ocean Acoustics [11], the most likely match for the sediment was gravel.

To simulate this, a grain size of 2 mm was used and sediment parameters were cal-

culated in accordance with Sections 7.3 and 8.5.3.

The COMPILE benchmark model had a prescribed forcing function input; how-

ever, the WEAP model works by specifying the initial velocity and properties of

the hammer, and as such the force as a function of time is only defined during

modelling. The initial velocity itself is determined using Equation 8.11, and re-

quire the mass and energy of the hammer system, neither of which are listed in

the model specifications.

The COMPILE benchmark forcing function is given by

F (t) =





Fp
t
tr

for t ≤ tr

Fpe
−
(
t−tr
td

)
for t > tr

where, as before, Fp is the peak force applied, tr is the rise time, and td is the de-

cay time. The limiting case hammer forcing function shown in Section 5.2.2 for

an massless anvil and infinitely rigid cushion emulates a hammer being dropped

directly onto the pile, and provides the most similar forcing function to the pre-

scribed scenario forcing function. The limiting forcing function is given by

F (t) = ZV e−
Zt
M (8.30)

where Z is the pile impedance given by Z = EA/cp.

If one considers just the decay portion of the COMPILE forcing function it can

be shown that the equivalent parameters required for the mass and velocity in the

WEAP model are

M = Ztd, and (8.31)

V =

(
Fp
Z

)
e
tr
td . (8.32)

These correspond to a ram mass of 17150 kg, and an impact velocity of 2.11 ms-1.

These parameters were used in the model, along with a capblock stiffness to be

the same as that of the pile elements. Figure 8.23 shows the prescribed COMPILE
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Figure 8.23: The prescribed forcing function at the pile head and the resulting

modelled forcing function. Note the hump in the force generated by the WEAP

model due to the reflected pulse.

forcing function and the resulting force at the top of the pile due to a hammer

with the above properties. One key thing to note is that the forcing function is

not only a property of hammer parameters, but is also dependent on the pile. Not

only is the pile impedance required to ascertain how effectively the force is trans-

ferred, but the length of the pile and sediment properties also determine the re-

turn pulse and the nature of the hump in Figure 8.23.

The resulting axial strains are shown in Figure 8.24. Although the pulse is clearly

visible at 2.5 ms, the return pulse at 5 ms is greatly reduced in amplitude; at this

point the entire pile is in compression due to it falling in the heavy driving cat-

egory. Pile strains are seen once the pulse has reflected from the top of the pile

at 12.5 ms. However, due to the level of damping provided by the sediment very

little pulse energy remains for the second upward-going pulse at 17.5 ms.

As before, the results of the WEAP model were used as the input to the dipole

acoustic model to provide an indication of the radiated noise. Figure 8.25 shows

the radiated pressure on a radial slice 20 ms after impact. The limitations of the

dipole acoustic model are more severe because of the shallow water column where

one would typically see more reflections from the sediment-water interface. Con-

sequently, the greatest acoustics pressures are in the sediment as the sound travels

unimpeded through the water-sediment interface.
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Figure 8.24: Results of the axial strain for the COMPILE pile using the WEAP

model with the two-stage sediment. As the 25 m pile is embedded 15 m into the

sediment, the pulse is rapidly damped.

The model, however, does capture the relative contributions of the different wave-

fronts and demonstrates the degree to which the sediment affects the radiated

sound. Subsequent wavefronts beyond the first are significantly reduced in am-

plitude and the pile is brought to rest rapidly.

Figure 8.26 shows the received pressure at the mid-water depth and 11 m from

the centre of the pile. The pulse is short due to the high levels of damping pro-

vided by the sediment and the lack of reflections that would normally be present

in the field. In the previous model, the larger pile diameter allows for separate

identification of the received noise from the near and far-sides of the pile. As the

COMPILE pile has a smaller diameter, the signal from the farside of the pile is

located close behind the leading wavefront. The wavefront due to the upward-

193



Figure 8.25: The pressure in the water column due to the COMPILE scenario us-

ing WEAP and the dipole ring source model. For illustrative purposes, the field

has been multiplied by the square root of the range to compensate for geometric

spreading.

going pulse is greatly dilated, and it becomes impossible to discern the second

downward-going wavefront.

8.5.8 Model comparisons

The COMPILE benchmark scenario allowed for the comparison of many differ-

ent modelling techniques for the radiated noise from the submerged pile. One key

issue to modelling the pile is in how losses in the sediment are modelled. As dis-

cussed in Section 5.2.5 the losses were included in the COMPILE model by use

of a constant value of damping within the steel itself. This led to pulse inver-

sions at the pile toe that resulted in a change of polarity of the wavefronts. This

work, however, suggests that a pulse inversion is only seen for lighter driving cases

whereas for heavier driving the pulse shape is going to be significantly altered.

Compared with the finite-element results for COMPILE in Figure 5.17, it is seen

that the ratio and time difference between the first two wavefronts is the same.

Beyond this point, however, the pile is brought to rest in the WEAP model whereas

the linear damping in the finite-element model reduces it much more gradually.

The nature of the second arrival is very different between the two models; the
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Figure 8.26: The modelled received pressure at a point 11 m from the centre COM-

PILE pile at 10 m penetration for the WEAP model with two-stage sediment cou-

pled with the dipole model. It is positioned at mid-depth in the water column.

finite-element model features neat packages of energy with similar shape and min-

imal dilation, and the WEAP model shows stark contrasts between the received

wavefronts. Again, this is down to a non-linear sediment model used in WEAP

that fundamentally changes the nature of the pulse within the pile, and the conse-

quent noise field.

8.6 Chapter summary

The problem of determining pile dynamics following impact is not a new one.

Methods have been devised and refined that take into account the axial motion

of the pile and the travelling pulse within it. It is shown that this axial motion

may also be used to infer the radial motion in cases where the shear wave may

be neglected. Using this method, the results suggest that in some cases it would

be wrong to assume a single reflection coefficient at the pile toe; instead, what is

seen, is a continual change in impedance as the pulse travels through the embed-

ded section of the pile.

In an initial study, where a dipole ring source model is utilised for the propaga-

tion of noise, we see not only the trademarks of piling noise, but also the damping

effect the sediment has on the pulse. Although the acoustic model is particularly

195



simple and does not determine the full field, the WEAP models clearly show how

the travelling pulse within the pile is affected by the interactions with the sedi-

ment. The WEAP model takes the semi-plastic nature of the soil and the result-

ing non-linear force exerted on the pile in motion, into account. This produces

behaviours such as pulse dilation, and more complex noise fields resulting from

wavefronts beyond the first arrival. These effects of the sediment on the pulse are

often ignored in existing finite-element models despite the impact they have on

the radiated sound.
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Chapter 9

Further work

As piling is a huge contributor to underwater noise, due to both the noise levels

involved and the sheer scale of operations, the field remains an important subject

to study. Consequently, there are numerous avenues for continuing from topics set

out in this work. This chapter suggests some of the more promising routes and

describes possible implementations.

Expanding the friction model

This work has shown that one of the most important aspects of the modelling is

the treatment of the interface between the pile and the sediment. As this is the

principal energy loss mechanism from the pile to the soil it is key in determining

the nature of the radiated pulse. The WEAP models provide quick and accurate

results of the effect that the sediment has on the motion of the pile in the axial

direction; it is from the axial motion that the radial motion has to be inferred. Al-

though broadly there is a direct relationship between the axial compression and

the radial expansion, some of the finer aspects of the outer wall movement are ne-

glected such as the slower shear wave component. By taking into account shell

equations and extending the model from one dimension to two, the motion of the

pile may be more fully realised. Using such a model, one may consider the effects

of a hollow pile and the radiation damping into the water, which is all due to ra-

dial, rather than axial, motion.
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Propagation from the WEAP model results

The WEAP model provides results for the radial displacement at each point along

the pile length on the outer wall. The results presented herein provide an indi-

cation of the character of the pulse from the piling; these qualitative results are

proportional to the expected sound pressures. Quantitative results may be deter-

mined through use of the Rayleigh integral on the pile wall to determine absolute

pressures. By taking these results determined at a specified distance from the pile,

they may then be propagated using standard propagation models where one can

specify a starting acoustic field offset from the central axis.

It has been suggested that the results from the WEAP model could be coupled to

a finite-element model to determine the acoustic pressures close to the pile [76].

One issue with this approach is that by prescribing the particle motions at the

wall of the pile, any disturbance travelling through the centre of the pile is effec-

tively blocked.

Recording analyses

An obstacle in the study of noise from piling events is the lack of recorded data

close to the pile. The recording analyses in Section 6 demonstrate the variability

in the noise produced by piling. It is hypothesised that much of this variability

is due to changes in the sediment; however, more results are required to be able

to confirm or deny this. Further analyses would provide more insight into which

aspects of the piling operation have the most impact on the noise generated.

Assuming that the sediment is a key predictor of piling noise, the analyses would

also benefit from greater detail of the substrate. As a change in the substrate

causes a change in the pile motion according to the WEAP model, it is expected

to change the radiated noise. Being able to show this through recordings would be

of great benefit, as if a link is shown to genuinely exist then this will aid predic-

tions of when the pile strikes will be loudest.

Continuation of the COMPILE Benchmark meetings

The COMPILE benchmark meeting allowed multiple interested parties to com-

pare results for a specified piling scenario as detailed in Section 5.2.5. The results
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of this showed very good agreement across the modelling methods presented. The

benchmark case presented, however, had little left to interpretation in how mech-

anisms were implemented. One major part of this was the treatment of the loss

of energy from the pile. The first iteration of the benchmark had no damping

included. Seen as a significant oversight, the second included a loss factor that

should be implemented in the material parameters of the steel. Although this

does indeed effectively damp the propagation of the travelling pulse in the pile,

it is a linear damping loss and is not necessarily going to respond realistically to

pile movement. Plans for the next COMPILE benchmark meeting are underway,

and it is envisioned to include other physical factors such as shear propagation in

the sediment and a more comprehensive treatment of the frictional connection be-

tween the pile and the surrounding sediment [77]. In addition, it is intended that

a more realistic force input mechanism is devised that considers the ram construc-

tion and the physics of the anvil and cushion assembly similar to the work covered

here in Section 5.2.2.

Non-axisymmetric pile response

The previous future work topics are natural extensions of the work presented in

this thesis; there are, however, other avenues of exploration that have not yet been

studied. Throughout, it has been assumed that the pile may be treated as an

axisymmetric system. The principal advantage of this is that by assuming axial-

symmetry the problem is reduced from three dimensions to just two; consequently,

the modelling effort is kept manageable. One issue with this, however, is that it

is impossible to excite any bending modes within the pile; these bending modes

will have natural frequencies within the frequency range of interest [42]. The non-

axisymmetric modes may be excited by any force that is slightly off-centre or by

radial differences in the sediment. It has been assumed so far that any excited

bending modes are unlikely to produce significant propagating noise due to the

bending cylinder being a poor radiator of sound; there is a critical need, however,

for evidence to determine to what an extent this is an issue.

The options for analysing circumferential variation for a finite-element model in-

clude modelling a fully three-dimensional pile, which may be computationally pro-
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hibitive, or by considering circumferential modes. The complete pile set of three-

dimensional pile motions can be decomposed into an infinite set of axial, radial,

and circumferential modes, all of which are independent. By assuming an ax-

isymmetric modelling scenario we imply that there are no active circumferential

modes. Some finite-element codes running in a two-dimensional axisymmetric en-

vironment allow for the study of circumferential modes. One can first investigate

this by considering a force at the top of the pile that varies with cos(θ) where θ is

the angle round the pile; excitation of this form will excite only the first circum-

ferential mode. As in all modal analyses more complex circumferential variation

may be investigated by incorporating an increasing number of modes with a force

of the form

F (θ) =
N∑

n=0

Fn cos(2πnθ + φn) (9.1)

where Fn is the amplitude of the nth mode, N corresponds to the highest mode

included, and φn accounts for phase variation between modes.

In the case of piles driven in at an angle other than vertical, the pile dynamics will

typically be the same as studied herein; the propagation of sound, however, will

require more sophisticated methods as the angle of the wavefronts will now be de-

pendent on the bearing. Typically, an axially symmetric noise propagation model

would be unusable here due to the rotational symmetry of the pile being different

from vertical. They may be used providing the pile is broken down into equiva-

lent point sources at appropriate coordinates, the fields of which are calculated

separately and summed taking into account the horizontal difference in location

between each source. Otherwise, all radial transects will need to be considered in-

dependently.

Long-range propagation for pile modelling

The majority of results presented in this work consider the noise field in the vicin-

ity of the pile. This is due to the specific problem being the noise generated by

the pile rather than the more generic problem of underwater sound propagation

from a source. There are certain considerations, however: the sound is generated

along a line at the source rather than a single point, and there is a direct coupling

to shear wave generation in the sediment.
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The line source nature of the problem with respect to a longer-range normal-modes

model was investigated in 5.3. There it was shown that for a model that decom-

poses the field into modes propagating at single angles, great computational economies

may be made by taking advantage of the angle of the conical wavefront. This

should be extended to consider a non-rigid seabed; although varying bathymetry

may be introduced it is not necessarily suited to normal-mode models [11].

The longer-range propagation of waves in an elastic sediment is not suited to nor-

mal mode models; there are, however, methods based on the parabolic equation

that take into account elastic seabeds [11]. These models require an initial field

that is propagated using the code; by using an initial field that comprises both

compressional and shear wave components, all radiated energy from the pile may

be accounted for and propagated [78].

201



202



Chapter 10

Conclusions

A common approach to modelling the noise from piling is through the use of finite-

element models. Examples of these that feature fluid-like sediment were inves-

tigated in Chapter 5. The models are simple to configure, and provide easy-to-

interpret results. Following the hammer impact on the head of the pile, a pulse is

sent through the pile that travels at the appropriate speed of sound in the pile.

This pulse is reflected at the changes in impedance, which for a pile in a fluid-

sediment exist at the sediment-water interface and the pile toe end. As the pulse

travels through the pile, its presence causes local changes in the pile wall displace-

ment with compressions causing local expansion of the pile. This expansion is

caused by gross wall displacement rather than changes in the wall thickness; al-

though small variations in wall thickness exist as the pulse travels through the

pile, both the inside and the outside of the pile wall move in similar motion and

thus the pile exhibits shell-like behaviour.

The pile wall motion generates not only a compressive outward-going wave, but

also a rarefied inward-going wave, which travels through the centre of the pile to-

ward the receiver. Due to the short time spacing between the two arrivals, this

is only evident if the pulse exhibits a rapid decay; otherwise, the two wavefronts

typically merge into a single feature. The implications of this is that the contribu-

tion from both sides need to be taken into account if the pile is replaced by a set

of monopoles on the axis. Alternatively, as shown in Chapter 8, a ring of dipoles

may be effectively employed to take into account both near- and far-side compo-

nents of the radiated wave simultaneously.
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The fluid-sediment assumption reduces the degrees of freedom of the sediment el-

ements and hence of the overall model significantly; this leads to greatly reduced

computational time. Additionally, as the compressional wave speed is considerably

higher in sediments than the shear wave speed, fewer elements are needed to re-

tain accuracy at higher frequencies. It is also trivial to apply a set forcing function

as an input to the model, and this is utilised in this work to investigate the effect

of varying compliance in either the cushion or in an anvil block between the ham-

mer ram and the pile itself. It was shown that the change in compliance led to a

change principally in pulse length; this affecting the spectrum of the pulse, with

stiff cushions or even no cushion producing more energy at higher frequencies. In

the fluid-sediment pile models, this is directly related to the spectrum of the re-

ceived acoustic pressure and suggests that for an easy fix to reducing the peak

SPL, one may simply soften the blow on the top of the pile. However, in the non-

linear wave equation models discussed in Chapter 8, the peak force is important

in driving the pile past the elastic limit of the sediment-pile interface and thus

implies while lessening the peak force will reduce the noise, it is not always appro-

priate as a viable noise mitigation approach.

The local expansions in the pile diameter generate changes in pressure at the wall

of the pile which radiate as an acoustic wave. The conical propagation observed

previously is exhibited throughout all of the piling models presented in this work.

The angle of this propagation is directly related to the ratio of the sound speed in

the pile to that of the water. It was shown in Section 5.3 that knowledge of this

angle allows for great efficiencies to be made in the longer range propagation of

the piling noise. As the particular angles of the propagation correspond to a nar-

row band of propagating modes, the overall sound field is well-represented by con-

sidering only these modes. At low frequencies it is likely that most modes are still

required to fully represent the field; at higher frequencies (1 kHz upward), how-

ever, the field can be practically realised using a much smaller fraction of all prop-

agating modes. Although, only a simple isovelocity case is discussed in this work,

the method may be extended to tackle problems involving greater water depths

and in-sediment propagation. The piling pulse at the head of the pile was used

as the trial input to the model, but results suggest that this lacks the modulation

by the high-frequency wall vibration. Despite this, if a suitable source function
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for the normal modes model can be simply derived, this approach can provide an

efficient long-range model applicable to piling noise.

The COMPILE benchmark meeting allowed attendees to compare the results of

various methods of pile noise modelling. In order to account for energy loss from

the pile in motion, artificial absorption coefficients were employed for the com-

pressional wave and the shear wave propagation in the embedded section of the

pile. Remarkable agreement was seen across the models with the SEL and Lp,0-p

yielding results that were often within a range of a few decibels. The models used,

however, were overwhelmingly similar in construction, with finite-element models

being the favoured approach by all-but-one party. The concern is that although

the models yielded very consistent results, are the models suitably representative

of real-life piling? It is only by comparisons of the modelling results to real-world

data can this question be answered.

Chapter 6 presented results for a recorded pile sequence in shallow waters, with

the associated hammer properties and other records made during the recording.

Although the hammer energy varied approximately linearly against the strike

number, the radiated noise showed a step change around the 1000th strike. The

only other noticeable change around strike 1000 was a drop in the pile set from

12 mm to just 6 mm; these numbers are averaged over many strikes and as such

any sudden changes that may exist would have been smoothed out. This suggests

that although conceptually the energy imparted on the pile must directly affect

the radiated noise, what is more important is how much of this energy goes into

deforming the sediment and driving the pile into the ground.

The modelling associated with the recording, based on standard approaches, showed

a direct correlation between input energy and radiated noise. As little was known

about the sediment it was assumed to be an idealised homogeneous sand in fluid

form. Because no sediment variation was included in the model, the step change

could not be realised in the results. Consequently the modelling results look very

similar with the input energy controlling the scale of the sound energy, and the

pile penetration controlling the geometry of the model; acoustically, very little dif-

ference is seen. Another highlighted issue is that the modelled pile set shows the

pile sinking steadily into the ground following the strike.

In order to go forward with this to generate better predictions the pile set is a
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possible indicator of the noise generated. If the pile set is low, based on this work,

one would expect to see higher radiated noise; consequently, in order to predict

the noise the sediment must be known and must be taken into account in the

modelling. The force imparted on the pile by the sediment is tricky to implement

directly, but is the principal loss mechanism of energy from the pile; very careful

treatment of this interface is necessary for noise predictions.

The standard approaches limit behaviour of the seabed in two distinct ways: firstly,

the propagation of shear waves in the sediment is completely ignored, and; sec-

ondly, little consideration is applied to the interface between the pile and sediment

that forms the principal energy loss mechanism. The effect of an elastic seabed

has been considered in Chapter 7. One aspect to using a pile as a noise source

compared to other conventional underwater noise sources is that part of it exists

embedded in the sediment. This provides a direct coupling of the source into the

seabed and primary generation of shear waves in the surrounding sediment. This

gives rise to a strong interface wave at the boundary between the water and the

sediment. The interface wave travels at low velocities, but is capable of generating

significant sound pressures. As the shear speed in the sediment typically increases

with depth the shear wave is typically confined to a region close to the interface

due to refraction thus reducing propagation losses. Although the sound pressure

reduces exponentially as one moves away from the interface, high levels associated

with the slow wave are present. Similarly, these arrive with high particle velocities

that would simply not be included in a fluid sediment.

The other critical aspect to pile noise modelling is the treatment of the losses at

the interface. As stated, this topic has received attention from civil engineers

when taking into account the maximum load a pile can withstand. The loss of

energy from the pile to the sediment occurs via two mechanisms: the radiation

damping, and the friction between the interfaces. The moving pile will interact

with the adjacent sediment in one of two ways: either the sediment will move with

the pile, or the pile will slide past the sediment. In the first case we see a domi-

nance of radiation damping, and in the second the friction losses are dominant.

One drawback of the non-linear nature of the plastic sediment is that solutions

must be generated in the time domain. Additionally, one must determine the ra-

dial expansion as a result of the axial compression. The models, however, generate
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more realistic results for the pulse and the pile set.

In this work, a simple dipole-ring model has been suggested to illustrate the acous-

tic field following the pile motion. The dipole-ring takes into account the motion

of the pile highlighted in the finite-element model results, that the pile wall is dis-

placed rather than changes thickness. The dipole-ring showed greater promise

as a source function due to the shell-like nature of the pile wall. One particular

behaviour that the WEAP model exhibited that does not appear in the finite-

element models is the possible non-inversion of the pulse at the pile toe end. When

driving into stiffer soils it is possible for the reflected pulse not to be inverted.

This is due to continuous reflections occurring throughout the embedded section

of the pile where the change in sediment stiffness produces a small reflection that

is not inverted whilst letting the majority of the pulse be transmitted through the

pile. Only if there is enough energy in the pulse by the time it reaches the pile toe

is the inverted reflection observed. This is crucial to consider as the reflected pulse

adds significantly to the radiated noise from the pile. Consequently, anything that

affects it has the potential to change the received sound pressure at distance.

This work has highlighted the issues with some of the assumptions made when

modelling the noise from offshore piling. Priority is frequently given to the pile

geometry and the hammer energy. Although these are necessary to providing

predictions to the noise, it is suggested that much greater consideration must be

given to the sediment into which the pile is driven. The recording analysis sug-

gests that the greatest change in noise levels came about due to a change in sedi-

ment properties and consequently a change in driving effort required. The elastic

seabed modelling showed that much energy may exist in the seabed in the form

of shear waves; although these have little effect on noise within the water column

as a whole, there are significant acoustic pressures associated with the slow inter-

face travelling wave. Finally, the interface between the pile wall and the sediment

must be analysed carefully as what happens at this interface has a great effect on

the nature of the piling pulse. Although various works have taken the absorption

of the piling pulse into account in some ad-hoc way, only a few take into account

the direct physical interaction between the pile and the sediment [76, 79]; what

happens at this interface drives the resulting travelling pulse within the pile and

consequently the noise radiated from the pile.
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1 INTRODUCTION  

The hammer impact from pile-driving is capable of producing high-level acoustic disturbances. In 
offshore piling, this disturbance will often propagate over many kilometres. The initial impact and 
noise produced thereafter are determined by a number a factors. The aim of this paper is to 
consider the possible effects the stiffness of the hammer cushion may have on the radiated pulse. 
The cushion stiffness and the consequent effect on the pulse are often not taken into account in the 
prediction of piling noise. 
 
A finite-element model of the pile in situ has been created in COMSOL Multiphysics software. The 
model portrays an axisymmetric cross-section of the tubular pile as shown in Figure 1. The 6 m 
diameter, 50 m long pile is embedded 10 m in the sediment with a water column depth of 20 m. A 
receiver is placed 7 m from the pile, at a depth of 10 m such that it is in the path of the conical wave 
[1]. Further dimensions and material properties that were used in the model are listed in the 
appendix. The water surface boundary has been modelled as a perfect pressure-release boundary. 
The outer radial boundary and the bottom of the sediment have been modelled as non-reflective 
boundaries. The sediment is modelled as a fluid (i.e. no shear waves are propagated) and the pile 
as an elastic solid. 
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Figure 1. Diagram of the axisymmetric environment, and the modelled 2D slice. 
 
The input to the model is in the form of a time-dependent boundary load applied to the top of the 
pile and is discussed in Section 2. The model mesh has a maximum element size of 0.3 m, and the 
time step used for the model was 0.1 ms.  
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2 AN ANALYTICAL FORCING FUNCTION 

The hammer assembly comprises a number of elements which may be represented as a simplified 
mechanical system. In this study the system is composed of a ram of mass   , a cushion of 

stiffness   , an anvil of mass    and dashpot representing the pile impedance,  . The idealised 
system is shown in Figure 2. 

 
 

Figure 2. The idealised hammer mechanical system. 
 
Initially the entire system is at rest apart from the ram, which hits the cushion with a velocity,   . 
This impact velocity is dependent on the rated energy for the hammer: a value that is more 
commonly quoted [2]. The rated energy can be converted to the energy imparted to the pile based 
on an efficiency value that is often based on hammer type [3], i.e. 
 
          (1) 

 
where    is the kinetic energy of the ram an instant before impacting the cushion,   is the efficiency 

of the hammer and    is the rated energy. Alternatively, some manufacturers quote the “blow 

energy on the pile”, which provides a value for    directly. The impact velocity is then simply [3] 
 
 

    √
   
  

  (2) 

 
By solving the mechanical system for these initial conditions the force at the top of the pile may be 
calculated. However, conventional methods (e.g. Laplace transforms) imply no separation between 
elements whereas in the physical system a gap may form between the ram and the cushion. An 
analytical solution has been developed that allows for the bouncing of the ram [4]; it is this solution 
that has been used to determine the forcing function used in this study. The solution also allows for 
a cushion between the anvil and the pile top, but has been excluded in this case to reduce the 
number of variable parameters. 
 
This solution for the force at the top of the pile is valid for the portion of the impact before any 
reflected waves arrive back at the top. The cushion values chosen for this study produce pulses that 
are shorter than the time taken for the pulse to reflect back to the top of the pile; however, it is 
possible that in real circumstances the hammer pulse and first reflection coincide. 
 
 

  

Ram mass, 𝑚𝑟 

Cushion stiffness, 𝑘𝑐 

Anvil mass, 𝑚𝑎 

Pile impedance, 𝑍 

 



Proceedings of the 11
th

 European Conference on Underwater Acoustics 
 
 

 

3 EFFECT OF VARYING THE CUSHION STIFFNESS 

The cushion is used to prevent pile fracture or pile head damage and is often chosen based on the 
results of a drivability study. The forcing function has been determined for three stiffnesses of 
cushion (21 GNm

-1
, 10.5 GNm

-1
, and 5.25 GNm

-1
), where the ram mass, anvil mass and impact 

velocity have been kept constant with values as listed in the appendix. The time history and the 
frequency analysis of each forcing function are shown in Figures 3a and 3b.  
 

 
 

Figure 3. The forcing function for the three cushions as a function of time (a) and frequency (b). 
Peak force is increased and pulse length decreased when stiffer cushions are used. 

 
The mechanical systems involved provided pulse rise times (0 to max. force) of 3.27 ms, 4.62 ms 
and 6.57 ms for hard, medium and sift cushions respectively. As has been previously observed [5], 
the rise time is inversely proportional to the square root of the cushion stiffness. Additionally, the 
cushion stiffness has a significant effect on the peak force transmitted to the pile; more compliant 
cushions reduce the peak force. This shows that for impacts of the same energy, the peak force 
and duration of pulse experienced by the pile may still vary significantly. 
 
These force pulses were used as inputs to the COMSOL model. The modelled acoustic pressure at 
the receiver point was then analysed for each case. Snapshots of the acoustic field at 18 ms are 
shown in Figure 4; this illustrates the spatial effect of varying the pulse length. These have been 

scaled by a factor √  to compensate for the effects of cylindrical spreading.  
 
The slice plots in Figure 4 show the differences in the first arrivals for the three stiffnesses. The 
rarefied section immediately following the initial compressional downward going wave is generated 
by the radial pile-wall oscillations; this is most noticeable where the pulse length is shorter and the 
compressional and rarefied sections do not destructively interfere. As the wave arrival times are 
determined by the geometry of the pile, the increased length of the soft-cushion pulse is only 
evident in the increased destructive interference. 
 
The modelled acoustic pressure results at the receiver location are shown in Figure 5a. The plot 
exhibits very little decay over the duration, and shows the pile `ringing' with period 0.02 s. The only 
loss mechanism for the system is through the boundaries, as neither friction between the pile and 
the sediment, nor viscous losses are included. Additionally, as shear waves are unable to 
propagate in the fluid-modelled sediment, this also reduces the number of potential loss 
mechanisms. 
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Figure 4. Two-dimensional slice of the acoustic field at 18 ms for each cushion. Acoustic pressure 

has been scaled by √  to compensate for geometric spreading. The marker indicates the position of 
the receiver. 

 
 
 
 
 

 
 

Figure 5. The time domain (a) and frequency domain (b) plots of the acoustic pressure at the 
receiver point for each of the three modelled cushion stiffnesses. 
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Of note, is that the peak pressure (and peak-to-peak pressure) varies significantly between the 
three cushions with it being greater for stiffer cushions. This is due to a combination of the 
magnitude of the pulse and the duration; shorter pulses are less affected by the destructive 
interference caused by the wave emanating from the opposite side of the pile. 
 
Figure 5b shows the frequency domain representations of the received pulses. The ringing is 
manifest in the defined peaks. Of interest is that the levels of the fundamental for all three cases are 
within 3 dB; however, the levels of the higher harmonics are reduced where the impact pulse is of 
longer duration. At 150 Hz, the difference between the medium and hard cushion levels is 13 dB. At 
100 Hz, the level difference between the soft and medium cushions is 15 dB. This can be linked 
back to the frequency content of the forcing pulse: the shorter pulse contains more energy at higher 
frequencies which is exhibited in the radiated noise. 
 

4 CONCLUSIONS 

There are a number of factors that are involved in the noise-generation process in piling. This study 
aims to demonstrate that one of these elements, that is often discounted, may still have a significant 
effect on the radiated noise levels. In predicting marine noise from underwater piling, therefore, it is 
worth considering whether there exist elements in the noise-generation process that are not being 
taken into account nor whose exclusion is justified. As shown, it is possible that a neglected 
element may have a significant effect on the acoustic levels. 
 

5 FURTHER WORK 

The model in COMSOL currently does not include any form of loss mechanism other than 
propagation through the non-reflective boundaries; this leads to a ringing pile with little decay. 
Fricative elements are required between the pile and sediment as well as accounting for the plastic 
deformation of the sediment.  
 
Additionally the sediment currently does not allow for shear waves to propagate. It has been 
suggested that this will increase the energy dissipation [1], as well as provide an alternate 
mechanism for energy to enter the water column.  
 
Finally, the cushion and anvil parameters have been estimated to provide an appreciation of the 
likely effects of the forcing function. It would be more illustrative to run this model alongside real 
measurements of the same system. 
 

6 APPENDIX 

Model parameters 
 

Pile diameter 6 m Ram mass 100000 kg 
Pile wall thickness 65 mm Anvil mass 38000 kg 
Pile cross-sectional area 1.225 m

2
 Cushion stiffness Hard 21 GNm

-1
 

Pile length 50 m  Medium 10.5 GNm
-1

 
Pile Youngs modulus 205 GPa  Soft 5.25 GNm

-1
 

Pile bulk wave speed 5778 ms
-1

 Hammer energy 2000 kJ 
Pile impedance 43.5 MNsm

-1
 Hammer efficiency 100% 

Pile density 7850 kgm
-3

 Impact velocity 6.32 ms
-1

 
Pile Poisson’s ratio 0.28   
Sediment density 1900 kgm

-3
   

Sediment speed of sound 1650 ms
-1

   
Water density 999.6 kgm

-3
   

Water speed of sound 1481.4 ms
-1
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ABSTRACT  
Marine piling is commonly used in the construction of offshore wind farms. The impact produces high-level 
acoustic disturbances that can propagate over large distances. Numerical models have shown that one 
radiation mechanism is due to the waves travelling down the length of the cylinder. The radiated wavefront is 
conical in nature with the angle dependent on the ratio of sound speeds in the pile and in the water. 
 
This work investigates the coupling of the conical wave into the normal modes of the acoustic field by 
considering a phased line source in cylindrical geometry. The theoretical basis is an isovelocity normal-mode 

model for a channel, in which the source is of the form     . Here   (       ) and    are the wavenumber and 

speed of sound of the waves propagating down the pile,   is the depth and   is the radial frequency. It is shown 
that the source couples most effectively into particular modes; these are the modes formed from component 
waves propagating at angles similar to that of the conical wavefront.  Consequently, these modes contribute 
significantly more to the acoustic field at larger ranges than other modes. 
 
By considering only the significant modes, this may be used to improve the efficiency of noise field prediction 
models, by restricting the number of modes considered in the acoustic field.  The approach also enables the 
most significant modes to be identified for a given configuration.   
 
Keywords: Marine piling, underwater noise, normal modes    
 
NOMENCLATURE 
 

  Sound speed in water 

   Sound speed in pile 

  Wavenumber in water 

     Radial component of modal wavenumber 

    Vertical component of modal wavenumber 

  Mode number 

  Acoustic pressure 

  Radial coordinate 

  Vertical coordinate 

  Water column depth 

   Modal coefficient 

        ratio of sound speeds (>1) 

  Dirac delta function 

  Wavenumber of wave down pile 

   Angle of travel of conical wavefront 

   Preferable modal propagation angle 

  Radial frequency 

     Radial separation variable 

     Vertical separation variable 

 

1. INTRODUCTION 

 
There has been considerable interest in attempting 

to characterise and predict the noise generated by 

offshore piling. There is concern that the noise 

generated in the development of offshore wind 

farms may have an adverse effect on local marine 

life (Popper, 2009).  

 

Models have been developed that determine the 

transmission loss between a source and receiver in 

the ocean from which, along with measured noise 

levels from piling, a source term may be estimated 

(de Jong, 2008; Duncan, 2010; Robinson, 2011). 

Utilising this and with knowledge of the likely effect 

on marine species (Southall, 2008), one may 

estimate the potential environmental impact of 

building a wind farm (de Jong, 2008; Lepper, 2011). 

 

A large number of transmission loss models are 

based on a point source assumption (Jensen, 

2011). For piling, this leads to issues including the 

depth at which it is placed, and the assumed initial 

spherical geometric spreading. However, it has 

been shown that the nature of the acoustic field 

close to the pile features conical wavefronts 

travelling at angles determined by the relative 

sound speeds of the water and the pile (Reinhall, 

2011). 

 

This paper outlines the theory for using a line 

source model to represent the pile. The nature of 

the forcing function is representative of a wave 
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travelling down the pile wall and as such is 

modelled as a phased line source. 

 

2. THEORY 

 
2.1 LINE SOURCE IN CYLINDRICAL GEOMETRY 

 
The analysis is based on a source located on the 

centre axis in cylindrical geometry and closely 

follows Porter’s derivation of normal modes of a 

point source (Jensen, 2011). The forcing function 

has been altered to include vertical dependence in 

the form of     , where   is the vertical coordinate 

and   is the wavenumber of the disturbance down 

the pile. The wavenumber may be given by 

       , where   is the radial frequency and    is 

the speed of propagation of the pulse down the pile. 

The two-dimensional Helmholtz equation in 

cylindrical coordinates, with the phased line source 

forcing term on the RHS is 

 

 

 

 

  
( 

  

  
)  

   

   
      

 ( )    

   
   (1) 

 

Here,   is the horizontal coordinate,   is the 

acoustic pressure, and   is the acoustic 

wavenumber in the water. An implicit assumption of 

constant sound speed and density in the water 

column has been made. 

 

Using a separation of variables, i.e.  (   )  

 ( ) ( ), the unforced equation may be written as 
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For this to be valid for all   and  , the values in the 

two square brackets must remain constant. This 

constant shall be denoted as ( )  
 . 

 

Considering firstly the vertical function we have 

 

   ( )

   
 (     

 ) ( )     (3) 

 

For this Sturm-Liouville problem there exists an 

infinite set of orthogonal modal solutions each with 

its own unique eigenvalue,    . In the case of a 

rigid sea-floor and perfect pressure-release surface 

the modes form a complete set and     is either 

purely real or purely imaginary. Consequently the 

pressure is the sum of the contributions from an 

infinite set of modes i.e. 

 

 (   )  ∑   ( )  ( ) 

 

   

 (4) 

 

We assume scaling of the vertical function such that  

∫   
 ( )

 

 

      (5) 

where   is the water column depth. 

 

Substituting the modal summation form of the 

pressure into the original equation yields 
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or, by including the modal form of Equation (3), 
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Application of the operator 
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to Equation (7) provides 
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the solution of which is given in the form of a 

Hankel function,  
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The general pressure field function is then 
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2.2 THE VERTICAL MODESHAPE FUNCTION 

 
Solutions to Equation (3) have a general form of 

 

  ( )      (    )      (    )  (12) 

 

Here,     √      
 , is the vertical component of 

the modal wavenumber. 

 

Boundary conditions of  ( )    and   ( )    

leads to 

 

     and        (    )     (13) 

 

For the solution not to be trivial, it must be the case 

that 

 

     (  
 

 
)                (14) 

 

As a result, whilst also satisfying Equation (5), the 

solution is 

 

  ( )  √
 

 
   (    )  (15) 

 

The vertical modeshape function may then be 

substituted into the general pressure field function 

from Equation (11). This then yields 
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The pressure field can be thought to comprise an 

infinite number of modes. Each mode features: a 

range dependence, given by the Hankel function; a 

depth dependence, given by the sine function; and 

a modal coefficient,   . The modal coefficient is 

independent of the receiver position and is 

representative of that mode’s efficiency in 

propagating into the water column. 

 

The contribution from the modal coefficient is at a 

maximum when the vertical component of the 

wavenumber of the     mode is equal to the 

wavenumber down the pile, i.e.      . In this 

case, both numerator and denominator become 

zero, and the modal coefficient is 
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As the vertical wavenumber takes on discrete 

values, it is unlikely that the two wavenumbers 

exactly coincide. In the general case, the greatest 

modal coefficient is realised for modes where     is 

closest to  . 

 

At modes where |   
    |   , the large 

denominator means that     . 

 

It is of note that the equivalent modal coefficient for 

a point source at depth    is 

 

          (     )  (19) 

 

Throughout the range of modes and for real values 

of     the absolute value varies between zero and 

one. There is no narrow range of modes for which 

the modal coefficient is distinctly greater. 

 

2.3 PROPAGATION ANGLES 

 
The wavefront of the conical wave travels at an 

angle    determined by Snell’s law as 
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where   is the ratio of wave speed in pile to wave 

speed in water (i.e.      ). 

 

The principally-excited mode, where       and 

the modal coefficient is at a maximum, has a 

propagation angle determined by 
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As     , this confirms that  
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   (  )  
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This shows that the modal angle of the principally-

excited mode and the angle at which the wavefront 

propagates are exactly the same. This allows the 

principal mode for any frequency to be easily 

determinable by  

 

  
 

 
 

  

   
   (23) 

 

3. RESULTS 

 
Figure 1 shows the cross-sectional slice of 

transmission loss, based on the normal-mode 

model for both a point source and the phased line 

source. 

 

The water depth is 20 m, point source depth is 7.5 

m, and the speed of sound in the water and pile are 

1500 ms
-1

 and 5500 ms
-1

 respectively. The driving 

frequency is 1000 Hz. 

 

The transmission loss is defined as 

 

  (   )        |
 (   )

  (   )
| (24) 

 

where   (   ) is the reference pressure; this is 

defined differently for the point source and the line 

source. 

 

The point source reference pressure is based on 

the free-field pressure due to a point source and is 

defined as 

 

        ( )  
    

   
  (25) 

 

The reference pressure for the line source is that 

based on the free-field pressure of an infinite line 

source and is defined as 

 

       ( )  
 

 
  

( )(  )  (26) 

 

The line source represents only down-going waves; 

as such, the conical wave propagates at the angle 

defined by the ratio of sound speeds and leaves 

well-defined shadow-zones. This characteristic 

wave angle has been identified in noise from piling 

in models and measurement (Reinhall, 2011). 

 

Although in the near-field of the point source there 

is a strong interference pattern, there are no 

discernible patterns at greater ranges. Contrary to 

this, the propagation path of the conical wave from 

the line source is easily identifiable. 

 

 
Figure 1: Transmission loss for a point source and phased line source at 1000 Hz.  
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The magnitude of the modal coefficients against 

mode number for both point and line sources are 

shown in Figure 2 for 1000 Hz and 10000 Hz. 

 

The result for the point source in all cases varies 

between zero and one for all modes. Where there 

are a large number of modes, such as at higher 

frequencies, the line source results show that the 

energy is concentrated in a band of modes. This is 

centred on the principal modes where the vertical 

components of the modal wavenumbers are close 

to the wavenumber of the pile. 

 

A practical application of this is in the transmission 

loss prediction from a phased line source. Figure 3 

shows the predicted transmission loss from a 

phased line source at 1000 Hz. Here, the 

transmission loss is plotted for the following cases: 

those calculated using all twenty-seven non-

evanescent modes, seven modes, and three 

modes. 

 

 

 

 

 

 
Figure 2: Variation with the modal coefficient with mode number for line and point sources. Water depth was 20 

m, sound speeds in water and pile were 1500 and 5500 ms
-1

 respectively and point source depth was 7.5 m.  

 

 
Figure 3: Transmission loss against range for a line source at 1000 Hz. Retaining  

only the principal modes provides a reasonable estimate of the transmission loss. 

 

The results in Figure 3 show that the modelled 

transmission loss can be reasonably estimated 

without needing to calculate the contributions from 

all modes. This has the potential to significantly 

increase the efficiency of models run for this type of 

source. At higher frequencies, where the narrow 

band comprises a smaller fraction of all modes, the 

gain in efficiency is even greater.  

 

 

 

 

4. FURTHER WORK 

 
The case presented in this work has limited use in 

the modelling of real-life piling noise. The main 

limitation is in the assumption that the sea-bed is 

rigid. Inclusion of a sediment half-space increases 

the complexity as the Sturm-Liouville problem in 

Equation (3) may now be singular; as such, the 

modes determined may not form the complete set. 

In this study only the downward wave has been 

considered. To include the up-going wave it is 
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simple to reproduce the model with a source in the 

form of      . In addition, one should take account 

of the phase difference (time delay) based on the 

pile penetration depth, and the relative amplitude 

change. The results may be linearly superposed to 

provide a more complete field. 

5. CONCLUSIONS 
 

This paper aimed to develop an analytical solution 

to the acoustic pressure due to a phased line-

source on the rotational axis by using normal 

modes. The normal modes that are excited by the 

two sources are dependent on the frequency and 

environmental parameters, and so are independent 

of source type.  

 

The difference between the two source types exists 

in the relative levels of the modes; this is 

determined by the modal coefficient. The modal 

coefficient for the point source has a magnitude 

between zero and one for all modes such that there 

is typically no prominent mode. The magnitude of 

the modal coefficient of the line source differs in 

that there exists a distinctive peak value where the 

vertical wavenumber of the mode is the same as 

that of the wavenumber of the wave down the pile. 

Away from this peak the modal coefficient tends to 

zero. 

 

It has been shown that at high frequencies, where 

there are a greater number of propagating modes, a 

very reasonable approximation to the pressure field 

may be achieved by considering only the prominent 

modes. This has implications in the prediction of the 

received acoustic pressure due to piling in that 

more efficient models may be developed using this 

concept. 
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1 INTRODUCTION  

The UK is currently the world leader in energy produced from offshore wind with an installed 
capacity of 2.9 GW

1
. It is envisaged that the UK could generate 18 GW by 2020, with the possibility 

of deploying over 40 GW by 2030
2
. The majority of this power is due to be generated from The 

Crown Estate’s Round 3 programme, which comprises the development of nine offshore wind farms 
around the UK

3,4
. The typical capacity of a single wind turbine is 5-7 MW, with larger capacity 

turbines being developed
3
. Therefore it is likely that many thousands of wind turbines will be 

installed in UK waters in the coming years to meet these targets. 
 
Marine piling is commonly used in the construction of offshore wind farms

5
. This involves using a 

ram, with a mass in the region of 100 tonnes, repeatedly impacted against the top of a steel tubular 
cylindrical pile that may be up to 6 m in diameter and many tens of metres in length

5
. This impacting 

process has been found to generate high-level acoustic disturbances (greater than 210 dB (re 
1 μPa) peak-to-peak at 57 m) that may then propagate to large distances

6
. There is increasing 

concern that this noise may adversely affect marine life
7
. Consequently there is interest in being 

able to predict the noise generated by these operations. 
 
A variety of methods have been used to model the pile acoustics in recent years

8-12
. Typically the 

pile has been modelled in situ, most often comprising a linear elastic pile situated in a 
homogeneous fluid sediment. The energy input into the pile is used to overcome side shaft friction 
and plastically deforming the soil such that the pile is driven into the sediment. Frictional losses 
between the pile and the sediment have been included in some models by use of a complex sound 
speed in the sections of pile in contact with the soil

8,9
. An alternative is to use an empirically-derived 

reflection coefficient to represent energy losses at each end of the pile
13

.  
 
The analysis and modelling of wave propagation down the driven pile is not new; methods have 
been developed over many years that model the stress wave down the pile taking measurable soil 
properties into account. The most frequent method of predicting the ultimate capacity of piles 
involves using dynamic formulae relating it to pile set (vertical displacement of the pile per hammer 
blow)

14
; this approach is known as Wave Equation Analysis of Piles (WEAP). This paper presents 

work based on this method to determine the pile motion that is then used as an input to an acoustic 
model. 
 
Section 2 introduces a typical WEAP program, with an overview of the inputs and outputs of such a 
model, and a comparison against a standard finite-element approach. Section 3 presents a simple 
acoustic model and the results of coupling the two models to produce a wave-field. The results and 
findings are discussed in Section 4, with avenues of future work outlined in Section 5. 
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2 WAVE EQUATION ANALYSIS OF PILES 

2.1 Motivation for using WEAP models 

During the planning stages of the pile installation, studies are undertaken to ensure the drivability of 
a pile

14
. This process allows the engineer to determine the most appropriate hammer configuration, 

and ensures that the pile will not be subject to excessive stresses that may cause damage. These 
studies typically involve the use of a WEAP program. The analysis involved is based on solving the 
one-dimensional wave equation taking the internal forces and motions of the pile elements into 
consideration

15
. The primary outcome of this approach is to determine the relationship between the 

ultimate pile load or capacity and the pile set. However, as part of the process, a time history of the 
motion of the pile is also calculated; this is of more interest to the acoustical engineer. 
 
It is proposed that the pile compression calculated from the one-dimensional problem could be 
used, along with Poisson's ratio, to calculate the radial expansion of the pile. The radial expansion 
of the pile may then be used as an input to an acoustical model to generate the sound field. 
Furthermore, the axial motion of the sediment directly adjacent to the pile may be used as an input 
to model the outgoing shear waves. The advantage in taking this approach is that the pile-sediment 
interface is more realistically modelled, and that this technique has been refined and used in the 
civil industry for many years. 
 

2.2 WEAP model overview 

The problem is defined by the one-dimensional wave equation of the form 
 
    (   )

   
 

 

 

   (   )

   
  (   ) (1) 

 
where   is the axial displacement of a point in the pile from its original position,   is the Young’s 
modulus of the pile,   is the density of the pile,   is time,   is position along the vertical axis and   
comprises all soil resistance terms. The use of this form of the equation implies that displacements 
are restricted to the axial direction only and consequently only axisymmetric solutions are possible. 
 
Due to the nature of the soil resistance terms, a solution typically cannot be found by analytical 
methods. Instead, a finite-difference model is created involving splitting the pile into a one-
dimensional series of masses, springs, and dampers. Where the pile is in contact with the sediment, 
the system is coupled to a separate mechanical system comprising a spring, damper, and plastic 
slider. The idealised system is shown in Figure 1. The ram is included in the idealisation as a mass 
with an initial downward velocity determined by the hammer energy rating, mass, and efficiency

15
. 

The force of the hammer is transmitted to the pile through a capblock represented by a spring; this 
spring allows no tensile forces to be transmitted representing the possible separation of the ram and 
the capblock.  
 
Although the problem in Equation 1 could be solved numerically, it has been shown that the 
problem can be defined by a series of five simpler equations. These equations may be solved 
iteratively for each element and for each time step

15
. This form of the problem is the most commonly 

adopted method in pile-driving analysis
15

. A program based on these five equations has been 
written in MATLAB and has been used to generate the results for this paper. 
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Figure 1. The idealised pile model. The pile itself is decomposed into a series of 
masses interconnected with springs and dampers. The soil is represented by 
connected sub-systems comprising a spring, a damper, and a plastic slider.  

 

2.3 Model inputs and outputs 

The analysis was performed for a 50 m long pile, 6 m outer diameter with a wall thickness of 
65 mm. The pile was embedded 20 m into the sediment prior to the modelled strike, and the water 
depth was 20 m. The energy rating for the hammer was 2300 kJ, and the ram mass was 115000 kg; 
assuming 100% efficiency, this gave an impact velocity of 6.32 ms

-1
. The sediment has been 

modelled as ‘dense sand’ with skin friction value of 75 kPa and an end bearing value of 12 MPa. 
These friction values along with the soil quake (allowable soil deformation before it reaches the 
elastic limit) provide values for the stiffnesses of the soil springs of 2.78×10

8 
Nm

-1
 for the side 

springs and 5.73×10
9 

Nm
-1

 for the point spring. The pile itself is made of steel with a density of 
7850 kgm

-3
, a Young’s modulus of 205.8 GPa, and a Poisson’s ratio of 0.28. The WEAP program 

was run with a time step of 40 μs (effective sampling frequency of 25 kHz) up to a maximum time of 
0.14 s. Considering a maximum frequency of 1000 Hz, and a ‘rod’ wavespeed in the pile of 
5120 ms

-1
, the minimum wavelength would be 5.12 m. To provide at least ten points per wavelength 

the length of each pile element was set at 0.5 m; no benefit was seen for increasing the axial 
resolution beyond this value. On an Intel quad-core i7 processor machine running at 3.40 GHz the 
run took 4.35 seconds to complete. 
 
The WEAP model calculates the element displacement, compression, force between elements, soil 
resistance, and the resulting element velocity for each point in time. The radial expansion of the pile 
as a function of time can be inferred from the local compression of the pile. The radial expansion,  , 
is given by 
 

  
   

  
  (2) 

 
where   is Poisson’s ratio,   is the diameter of the pile,   is the compression, and    is the length 
of a single pile element. 
 

2.4 Comparison with other models 

The equivalent run was performed using IHCWAVE Stress Wave Program
17

, and in COMSOL 
multiphysics finite-element program for both fluid and solid sediments; all parameters were kept the 
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same where possible. In the case of the COMSOL models the force input at the top of the pile was 
generated using an analytical solution for the hammer

11
. The sediment had a density of 1900 kgm

-3
, 

and a compressional sound speed of 1625 ms
-1

. Additionally, in the solid sediment model, the 
sediment shear wave speed was 110 ms

-1
 which is consistent for sand at 1 m depth

16
. In 

IHCWAVE, the driving mode was set to ‘Redrive after full setup’, with all other parameters as for the 
WEAP model. 
 
Figure 2 shows the pile toe displacement as a function of time for the discussed WEAP model, the 
IHCWAVE Stress Wave Program, and the two COMSOL finite-element models. This highlights the 
pile motion differences between the approaches. The plastic deformation allowed in the WEAP 
model and IHCWAVE dissipates system energy and consequently both settle rapidly at a defined 
pile set. However, the solid-sediment finite-element model simply oscillates close to its initial value 
due to being held in place by the sediment, whilst the fluid-sediment model shows the pile 
descending step-wise with each reflection of the pulse; this step-wise motion reaches 20 cm by 
0.1 s. 
 

 
 

Figure 2. The modelled pile toe displacement for the four models. The WEAP 
model and IHCWAVE results are characteristically similar, with the effects of the 
first and second pulses clearly visible at approximately 0.02 s and 0.035 s. The 
finite-element model with the elastic soil continues to oscillate beyond the time 
taken for the other models to settle. The fluid-soil model features a continuous 
step-wise descent which reaches 20 cm depth by 0.1 s. 

 
 

3 COUPLED RESULTS 

From the WEAP model, one may determine the radial velocities of each point of the pile as a 
function of time. To provide an illustration of the possible acoustic field emanating from the pile this 
has been coupled to a ring-source model assuming that each point in the pile can be treated as an 
ideal dipole-source with no other pile-boundary interactions. Additionally, the medium at all points 
below the water surface is assumed to be water; the air-water interface is modelled as a perfect 
pressure-release boundary. 
 
A single ring is shown diagrammatically in Figure 3. This shows a number of dipoles on a ring of 
radius  . One can consider a single dipole on the ring and a receiver constrained to the    plane as 

indicated in Figure 4; here, the source position is at            ,            , and   is the angle 

between the direction of the dipole and the direction from   to  . The acoustic pressure due to a 
dipole source may be written as 
 
 

 (   )  
   ( )

 
       (3) 



Proceedings of the Institute of Acoustics 
 
 

Vol. 35. Pt.1 2013 

 

   
 Figure 3. A diagrammatic 

representation of the dipole ring 
source 

 Figure 4. Geometry source a single 
dipole source at   and receiver  . 

 

 
where   is the distance between the source and the receiver. Introducing       as the vector 

from the source to the receiver (i.e.      ), and using standard vector geometry one obtains 
 
                 (4) 
 
and thus Equation 3 can be written as 
 
 

  
   

       
         (5) 

 
To generate the result for an entire ring of sources, one notes that                   and sums 

the sources over the range       , such that for a single receiver point   the pressure is 
 
 

 ( )  ∫
(   ( ))   ( )

    ( )    ( ) 
        ( )    

  

   

  (6) 

   
which can be solved using standard numerical techniques. 
 
Each axial element of the pile is assumed to represent an individual ring source. The Fourier 
transform of the radial velocity of each point in the pile is calculated to provide an amplitude and 
phase for all frequencies. The ring source field is generated for each frequency; each one is then 
convoluted in space with the pile velocities to provide a complete field at the single frequency. An 
image-source model is used in order to provide results from the reflection from the water. An 
inverse Fourier transform then provides the time domain representation of the field. 
 
Figure 5 shows the wave-field produced using this method at 0.02 s after impact. The wavefront 
caused by the first down-going pulse is clearly seen, closely followed by the contribution from the 
opposite side. Further wavefronts, however, have much reduced amplitudes due to the loss of 
energy into the sediment. The angles of the conical waves are as expected, and agree well with 
previous work

12
. These angles are due to the relative wavespeeds of the pulse down the pile and in 

the water. 
 
The received pressure as a function of time at a single point is shown in Figure 6. The point is taken 
close to the pile such that there is little acoustic influence from the sediment. The wavefronts from 
the first down-going pulse are most prominent; two peaks are seen due to the contribution from the 
near-side and the far-side of the pile wall. Beyond this, initially the pressure exhibits a rapid 
attenuation but is then followed by a longer decay.  
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Figure 5. Radial slice of the wave-field calculated using the WEAP model coupled 
with the ring-source model. The wave generated by the first down-going pulse is 
clearly visible. Subsequent wavefronts are significantly reduced in amplitude. Due 
to discussed acoustic model limitations the wave does not reflect off the water-
sediment interface nor is attenuation included in the sediment. 

 

 
Figure 6. The received pressure at a point 5.29 m from the pile wall at mid-depth 
in the water column. Acoustic model limitations are avoided as at this position in 
the wave-field there is little acoustic influence from the sediment. The first pulse 
from both walls dominate the signal, with initial rapid attenuation followed by a 
longer decay. 

  
This is a very simple model designed to picture the possible results of incorporating the WEAP 
results into an acoustic model. There is no special consideration of the sediment, and in this case it 
is treated exactly the same as water. This leads to the pressures to be greater in the sediment than 
one would otherwise expect due to no loss from reflections at the water-sediment interface and 
there being no attenuation in the sediment. Another shortcoming of the model is that each dipole is 
based on the free-field greens function rather than include any influence from the pile itself. Despite 
the limitations, however, the coupling provides useful insight into the wave generation process and 
supports the argument for using WEAP models for pile-driving acoustics. 
 
 
 

Water 

Sediment 
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4 DISCUSSION  

This paper demonstrates the use of a WEAP program being incorporated in an acoustic model of 
pile-driving noise. The WEAP model provides a more realistic representation of the pile motion 
following striking than the finite-element model examples due to the treatment of the sediment 
interface. Unless specifically taken into account, the effect of the sediment in finite-element models 
may provide misleading results; it has been shown that the pile toe displacement is greatly affected 
by how the sediment is treated. The advantages of the WEAP model are that the approach has 
been honed over many years of use in industry, and is also typically quick to run making it suitable 
for parametric studies. 
 
A simple acoustic model that demonstrates how the outputs from the WEAP program can be used 
has also been presented. This provides a qualitative example that is in agreement with what is 
known about noise from pile driving. A more sophisticated model could also take into account 
proper treatment of the sediment with reflections at the interface and allow for shear wave 
propagation.  
 
It is documented that the most significant portion of the noise produced by piling is contained in the 
first wavefront

13
. This is generated before the pulse down the pile reaches the sediment, and thus is 

not affected by the sediment model. However, there is concern that the contribution from the 
subterranean portion is significant particularly when considering mitigation methods that comprise a 
barrier in the water column. It is for this reason that the pile motion below the sediment-sea 
interface needs to be realistically modelled, especially for greater driving depths where a significant 
proportion of the sound will have been generated in this region. 
 

 

5 FUTURE WORK 

As discussed, there are significant areas of development for this model. With regards to the WEAP 
model itself, the current sediment mechanical subsystem provides no distinction between the 
radiation damping and the viscous damping provided by the soil. A more sophisticated model has 
been suggested that takes each into account separately

14
. Additionally, the radiation damping from 

the water in this case has been omitted; this should be included as there is a small effect on the pile 
wave due to the slight change in impedance. 
 
Currently the acoustic model exists only to illustrate aspects of the WEAP model and its applicability 
to pile acoustics. It is envisaged that the results from this model be used as an input to a finite-
element model in order to model the acoustic aspect. This would allow for a quantitative comparison 
against other models and against recorded results. 
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Abstract: The rapid expansion of UK wind farms to meet the 2020 energy targets will see a 

large increase in the number of piling operations in UK waters.  It is widely recognised that 

the piling process generates high levels of noise that can propagate to large distances.  

However, the sound generation mechanism has yet to be fully elucidated; although finite-

element models have provided insight to the conical wavefront produced in the water column, 

little attention has been applied to the exact nature of the pile interaction with the sediment. 

This work considers a pile modelled in situ using a Wave Equation Analysis of Piles (WEAP) 

program.  WEAP programs are commonly used in the design process to determine the 

driveability of a pile.  The model comprises a finite-difference code that calculates the stress 

wave as it propagates through the pile.  This allows the radial velocity to be calculated as a 

function of time and position along the pile.  The radial velocity then provides a source 

function that may be weakly-coupled to an acoustic model. The advantage of modelling the 

pile using this technique is that the pile-sediment interface is more accurately treated than in 

many finite-element based approaches.  Additionally, the theory has been well established 

and used as a standard approach in the industry for many years.  The acoustic model 

comprises an axially-symmetric ring-source model such that both ingoing and outgoing 

acoustic waves are considered. The results show wavefronts emanating from the pile at the 

expected angles due to the relative sound speeds of the pile and the water.  As the model 

includes the energy lost in penetration, the attenuation of the travelling pulse on reflection 

stems from the sediment properties. Additionally, the received pressure at a point can be 

modelled much more rapidly than using typical finite-element techniques. 

Keywords: Marine piling acoustics, underwater noise, Wave-equation analysis for piles 



 

1. Introduction 

 

The UK is currently the world leader in energy produced from offshore wind with an 

installed capacity of 2.9 GW[1]. It is envisaged that the UK could generate 18 GW by 2020, 

with the possibility of deploying over 40 GW by 2030[2]. The majority of this power is due 

to be generated from The Crown Estate’s Round 3 programme, which comprises the 

development of nine offshore wind farms around the UK[3,4]. The typical capacity of a 

single wind turbine is 5-7 MW, with larger capacity turbines being developed[3]. Therefore it 

is likely that many thousands of wind turbines will be installed in UK waters in the coming 

years to meet these targets. 

Marine piling is commonly used in the construction of offshore wind farms[5]. This 

involves using a ram, with a mass in the region of 100 tonnes, repeatedly impacted against 

the top of a steel tubular cylindrical pile that may be up to 6 m in diameter and many tens of 

metres in length[5]. This impacting process has been found to generate high-level acoustic 

disturbances (greater than 210 dB (re 1 µPa) peak-to-peak at 57 m) that may then propagate 

to large distances[6]. There is increasing concern that this noise may adversely affect marine 

life[7]. Consequently there is interest in being able to predict the operational noise generated. 

A variety of methods have been used to model the pile acoustics in recent years[8-12]. 

Typically the pile has been modelled in situ, most often comprising a linear elastic pile 

situated in a homogeneous fluid sediment. The energy input into the pile is used to overcome 

side shaft friction and plastically deforming the soil such that the pile is driven into the 

sediment. Frictional losses between the pile and the sediment have been included in some 

models by use of a complex sound speed in the sections of pile in contact with the soil[8,9]. 

An alternative is to use an empirically-derived reflection coefficient to represent energy 

losses at each end of the pile[13]. 

The analysis and modelling of wave propagation down the driven pile is not new; methods 

have been developed over many years that model the stress wave down the pile taking 

measurable soil properties into account. The most frequent method of predicting the ultimate 

capacity of piles involves using dynamic formulae relating it to pile set (vertical displacement 

of the pile per hammer blow)[14]; this approach is known as Wave Equation Analysis of 

Piles (WEAP). This paper presents work based on this method to determine the pile motion 

that is then used as an input to an acoustic model. 

Section 2 introduces a typical WEAP program, with an overview of the inputs and outputs 

of such a model, and a comparison against a standard finite-element approach. Section 3 

presents a simple acoustic model and the results of coupling the two models. The results and 

findings are discussed in Section 4, with avenues of future work outlined in Section 5. 

2. Wave Equation Analysis of Piles 

2.1. Motivation for using WEAP models 

 

During the planning stages of the pile installation, studies are undertaken to ensure the 

drivability of a pile[14]. This process allows the engineer to determine the most appropriate 

hammer configuration, and ensures that the pile will not be subject to excessive stresses that 

may cause damage. These studies typically involve the use of a WEAP program. The analysis 

involved is based on solving the one-dimensional wave equation taking the internal forces 



 

and motions of the pile elements into consideration[15]. The primary outcome of this 

approach is to determine the relationship between the ultimate pile load or capacity and the 

pile set. However, as part of the process, a time history of the motion of the pile is also 

calculated; this is of more interest to the acoustical engineer. 

It is proposed that the pile compression calculated from the one-dimensional problem 

could be used, along with Poisson's ratio, to calculate the radial expansion of the pile. The 

radial expansion of the pile may then be used as an input to an acoustical model to generate 

the sound field. Furthermore, the axial motion of the sediment directly adjacent to the pile 

may be used as an input to model the outgoing shear waves. The advantage in taking this 

approach is that the pile-sediment interface is more realistically modelled, and that this 

technique has been refined and used in the civil industry for many years. 

2.2. WEAP model overview 

 

The problem is defined by the one-dimensional wave equation of the form 
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where � is the axial displacement of a point in the pile from its original position, 
 is the 

Young’s modulus of the pile, � is the density of the pile, � is time, � is position along the 

vertical axis and  comprises all soil resistance terms. The use of this form of the equation 

implies that displacements are restricted to the axial direction only and consequently only 

axisymmetric solutions are possible. 

 

 
 

Fig. 1. The pile is decomposed into masses, springs and dampers. The soil is represented by 

systems comprising a spring, a damper, and a plastic slider. 

 

Due to the nature of the soil resistance terms, a solution typically cannot be found by 

analytical methods. Instead, a finite-difference model is created involving splitting the pile 

into a one-dimensional series of masses, springs, and dampers. Where the pile is in contact 
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with the sediment, the system is coupled to a separate mechanical system comprising a 

spring, damper, and plastic slider. The idealised system is shown in Fig. 1. The ram is 

included in the idealisation as a mass with an initial downward velocity determined by the 

hammer energy rating, mass, and efficiency[15]. The force of the hammer is transmitted to 

the pile through a capblock represented by a spring; this spring allows no tensile forces to be 

transmitted representing the possible separation of the ram and the capblock.  

Although the problem in Equation 1 could be solved numerically, it has been shown that 

the problem can be defined by a series of five simpler equations. These equations may be 

solved iteratively for each element and for each time step[15]. This form of the problem is the 

most commonly adopted method in pile-driving analysis[15]. A program based on these five 

equations has been written in MATLAB and has been used to generate the results for this 

paper. 

2.3. Model inputs and outputs 

 

The analysis was performed for a 50 m long pile, 6 m outer diameter with a wall thickness 

of 65 mm. The pile was embedded 20 m into the sediment prior to the modelled strike, and 

the water depth was 20 m. The energy rating for the hammer was 2300 kJ, and the ram mass 

was 115000 kg; assuming 100% efficiency, this gave an impact velocity of 6.32 ms
-1

. The 

sediment has been modelled as ‘dense sand’ with skin friction value of 75 kPa and an end 

bearing value of 12 MPa. These friction values along with the soil quake (allowable soil 

deformation before it reaches the elastic limit) provide values for the stiffnesses of the soil 

springs of 2.78×10
8 

Nm
-1

 for the side springs and 5.73×10
9 

Nm
-1

 for the point spring. The pile 

itself is made of steel with a density of 7850 kgm
-3

, a Young’s modulus of 205.8 GPa, and a 

Poisson’s ratio of 0.28. The WEAP program was run with a time step of 40 µs (effective 

sampling frequency of 25 kHz) up to a maximum time of 0.14 s. Considering a maximum 

frequency of 1000 Hz, and a ‘rod’ wavespeed in the pile of 5120 ms
-1

, the minimum 

wavelength would be 5.12 m. To provide at least ten points per wavelength the length of each 

pile element was set at 0.5 m; no benefit was seen for increasing the axial resolution beyond 

this value. On an Intel quad-core i7 processor machine running at 3.40 GHz the run took 

4.35 seconds to complete. 

The WEAP model calculates the element displacement, compression, force between 

elements, soil resistance, and the resulting element velocity for each point in time. The radial 

expansion of the pile as a function of time can be inferred from the local compression of the 

pile. The radial expansion, �, is given by 
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where � is Poisson’s ratio, � is the diameter of the pile, � is the compression, and �� is 

the length of a single pile element. 

2.4. Comparison with other models 

 

The equivalent run was performed using IHCWAVE Stress Wave Program[17], and in 

COMSOL multiphysics finite-element program for both fluid and solid sediments; all 

parameters were kept the same where possible. In the case of the COMSOL models the force 

input at the top of the pile was generated using an analytical solution for the hammer[11]. 



 

The sediment had a density of 1900 kgm
-3

, and a compressional sound speed of 1625 ms
-1

. 

Additionally, in the solid sediment model, the sediment shear wave speed was 110 ms
-1

 

which is consistent for sand at 1 m depth[16]. In IHCWAVE, the driving mode was set to 

‘Redrive after full setup’, with all other parameters as for the WEAP model. 

Fig. 2 shows the pile toe displacement as a function of time for the discussed WEAP 

model, the IHCWAVE Stress Wave Program, and the two COMSOL finite-element models. 

This highlights the pile motion differences between the approaches. The plastic deformation 

allowed in the WEAP model and IHCWAVE dissipates system energy and consequently both 

settle rapidly at a defined pile set. However, the solid-sediment finite-element model simply 

oscillates close to its initial value due to being held in place by the sediment, whilst the fluid-

sediment model shows the pile descending step-wise with each reflection of the pulse; this 

step-wise motion reaches 20 cm by 0.1 s. 

 
 

Figure 2. The modelled pile toe displacement for the four models. The WEAP model and 

IHCWAVE results are characteristically similar. The FE model results show the pile 

continuing in motion long after the WEAP models have settled. 

3. Coupled Results 

 

From the WEAP model, one may determine the radial velocities of each point of the pile 

as a function of time. To provide an illustration of the possible acoustic field emanating from 

the pile, this has been coupled to a ring-source model. This model assumes that each point on 

the pile wall can be treated as an ideal dipole-source with no other pile-boundary interactions.  

Each axial element of the pile is assumed to represent an individual continuous ring of 

dipole sources. The sound pressure at any point in the field due to a single element is simply 

the sum of the contributions from all dipole sources on the ring. The Fourier transform of the 

radial velocity of each element in the pile is calculated to provide an amplitude and phase for 

all frequencies. The ring source field is generated for each frequency; each one is then 

convolved in space with the pile velocities to provide a complete field at the single frequency. 

An image-source model is used in order to provide results from the reflection from the water. 

Implicitly, the medium at all points below the water surface is assumed to be water; the air-

water interface is modelled as a perfect pressure-release boundary. An inverse Fourier 

transform then provides the time domain representation of the field.  

Fig. 3 shows the wave-field produced using this method at 0.02 s after impact. The 

wavefront caused by the first down-going pulse is clearly seen, closely followed by the 

contribution from the opposite side. Further wavefronts, however, have much reduced 

amplitudes due to the loss of energy into the sediment. The angles of the conical waves are as 
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expected, and agree well with previous work[12]. These angles are due to the relative 

wavespeeds of the pulse down the pile and in the water. 

The received pressure as a function of time at a single point is shown in Fig. 4. The point 

is taken close to the pile such that there is little acoustic influence from the sediment. The 

wavefronts from the first down-going pulse are most prominent; two peaks are seen due to 

the contribution from the near-side and the far-side of the pile wall. Beyond this, initially the 

pressure exhibits a rapid attenuation but is then followed by a longer decay.  

 
 

Fig. 3. Radial slice of the wave-field calculated using the WEAP model coupled with the ring-

source model. The wave generated by the first down-going pulse is clearly visible. 

Subsequent wavefronts are significantly reduced in amplitude. 
 

 
 

Fig. 4. The received pressure at a point 5.29 m from the pile wall at mid-depth in the water 

column. The first pulse from both walls dominate the signal, with initial rapid attenuation 

followed by a longer decay. 

 

This is a very simple model designed to picture the possible results of incorporating the 

WEAP results into an acoustic model. There is no special consideration of the sediment, and 

in this case it is treated exactly the same as water. This leads to the pressures to be greater in 

the sediment than one would otherwise expect due to no loss from reflections at the water-

sediment interface and there being no attenuation in the sediment. Another shortcoming of 
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the model is that each dipole is based on the free-field greens function rather than include any 

influence from the pile itself. Despite the limitations, however, the coupling provides useful 

insight into the wave generation process and supports the argument for using WEAP models 

for pile-driving acoustics. 

4. Discussion 

 

This paper demonstrates the use of a WEAP program being incorporated in an acoustic 

model of pile-driving noise. The WEAP model provides a more realistic representation of the 

pile motion following striking than the finite-element model examples due to the treatment of 

the sediment interface. Unless specifically taken into account, the effect of the sediment in 

finite-element models may provide misleading results; it has been shown that the pile toe 

displacement is greatly affected by how the sediment is treated. The advantages of the WEAP 

model are that the approach has been honed over many years of use in industry, and is also 

typically quick to run making it suitable for parametric studies. 

A simple acoustic model that demonstrates how the outputs from the WEAP program can 

be used has also been presented. This provides a qualitative example that is in agreement with 

what is known about noise from pile driving. A more sophisticated model could also take into 

account proper treatment of the sediment with reflections at the interface and allow for shear 

wave propagation.  

It is documented that the most significant portion of the noise produced by piling is 

contained in the first wavefront[13]. This is generated before the pulse down the pile reaches 

the sediment, and thus is not affected by the sediment model. However, there is concern that 

the contribution from the subterranean portion is significant particularly when considering 

mitigation methods that comprise a barrier in the water column. It is for this reason that the 

pile motion below the sediment-sea interface needs to be realistically modelled, especially for 

greater driving depths where a significant proportion of the sound will have been generated in 

this region. 

5. Future Work 

 

As discussed, there are significant areas of development for this model. With regards to 

the WEAP model itself, the current sediment mechanical subsystem provides no distinction 

between the radiation damping and the viscous damping provided by the soil. A more 

sophisticated model has been suggested that takes each into account separately
14

. 

Additionally, the radiation damping from the water in this case has been omitted; this should 

be included as there is a small effect on the pile wave due to the slight change in impedance. 

Currently the acoustic model exists only to illustrate aspects of the WEAP model and its 

applicability to pile acoustics. It is envisaged that the results from this model be used as an 

input to a finite-element model in order to model the acoustic aspect. This would allow for a 

quantitative comparison against other models and against recorded results. 
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COMPILE - A Generic Benchmark Case for
Predictions of Marine Pile Driving Noise
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Marcel Ruhnau, Otto von Estorff, Alexandra Schäfke, Ingo Schäfer, Jan Ehrlich, Alex MacGillivray,
Jungyong Park, Woojae Seong, Michael A. Ainslie, Christ de Jong, Michael Wood, Lian Wang, and

Pete Theobald

Abstract—The prediction of underwater noise emissions from
impact pile driving during nearshore and offshore construction
activities and its potential effect on the marine environment has
been a major field of research for several years. A number
of different modelling approaches have been suggested recently
to predict the radiated sound pressure at different distances
and depths from a driven pile. As there are no closed-form
analytical solutions for this complex class of problems and for
a lack of publicly available measurement data, the need for a
benchmark case arises to compare the different approaches. Such
a benchmark case was suggested by the Institute of Modelling
and Computation of the Hamburg University of Technology
(Germany) and the Organisation for Applied Scientific Research
(TNO, The Netherlands). Research groups from all over the
world, who are involved in modelling sound emissions from
offshore pile driving were invited to contribute to the first so-
called COMPILE workshop in Hamburg in June 2014. In this
article, the suggested benchmark case is presented, alongside an
overview of the seven models and the associated results con-
tributed by the research groups from six different countries. The
modelling results from the workshop are discussed, exhibiting
a remarkable consistency in the provided levels out to several
tens of kilometers. Additionally, possible future benchmark case
extensions are proposed.

Index Terms—Underwater acoustics, impact pile driving,
benchmark case.

I. INTRODUCTION

THE numerical prediction of underwater noise from ma-
rine near- and offshore pile driving has been a active

field of research over the past years. An accurate estimate
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of the sound pressure levels to be expected from such a
construction activity is crucial, both for the preparation of
environmental impact assessments, and for the proper choice
of sound mitigation measures to protect the marine fauna.
Furthermore, the optimization of such measures by means of
numerical simulations is crucial to get a better insight into
their efficiency and to save expensive offshore testing time.

Over the past years, several numerical approaches have
been developed to address this problem, such as the models
suggested by Reinhall and Dahl [1], Zampolli et al. [2],
Tsouvalas and Metrikene [3], Lippert and von Estorff [4]
or Fricke and Rolfes [5]. A general problem of comparing
different existing models of pile driving noise is the absence
of any analytical solution for the problem, on the one hand, and
the lack of available measurement data, on the other hand. The
absence of relevant measurement data is partially caused by
the fact that performing the offshore measurements needed to
fully validate a numerical model is cost intensive. In addition,
the majority of the existing data on marine pile driving noise
have restricted availability for public use due to confidentiality
agreements imposed by the associated industry partners.

To compare the different existing models, the use of a
benchmark case seems most appropriate. Successful examples
of the use of benchmark cases under comparable conditions
are for the example the Benchmark Target Strength Simulation
(BeTSSi) workshop for submarine target strength models, see
for example Nolte et al. [7], or the Shallow Water Acous-
tics Modeling (Swam’99) workshop for underwater acoustic
propagation models, cf. Tolstoy et al. [6]. Though lacking the
ability to directly prove the usability of a model for realistic
predictions, an advantage of such generic benchmark cases
is the precise description of both the model setup and the
evaluation points. Thereby, problems such as uncertainties in
the input parameters or with respect to the obtained measure-
ment data, see for example Lippert et al. [8], are left out and
the general ability of the models to reproduce the expected
physical phenomena can be directly assessed.

To address the need for a benchmark case for the validation
of pile driving noise prediction models, the so-called COM-
PILE workshop was initiated by the Institute of Modelling
and Computation of the Hamburg University of Technology
(TUHH) in Germany and the Organisation for Applied Scien-
tific Research (TNO) in the Netherlands. As a first benchmark
case, a basic scenario was prepared, being simple enough to
be solvable by a wide range of models, while still capturing
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the major physical and modelling aspects of the problem.
The workshop for the discussion of the results was held at
the Hamburg University of Technology in June 2014, with
seven different models, contributed by research groups from
six different countries.

In the following, a brief description of the first benchmark
case is provided in section II, followed by an overview of the
contributed models and a short introduction to each of them in
section III. In section IV, selected modelling results from the
different models are presented for comparison. A concluding
discussion and an outlook on planned future activities are
given in section V.

II. CASE DESCRIPTION

To address the above stated need for a benchmark case for
numerical models of noise emissions from marine impact pile
driving, the first COMPILE benchmark case was set up. The
idea of this case is to provide a basic setup which is solvable
by as many existing models as possible, i.e. providing a very
simplified problem compared to a real-life example. This so
called ’Generic pile’ case is described subsequently, closely
following the original case description for the workshop, cf.
[9].

The model consists of a pile with a length of L = 25 m,
stretching from the sea surface through the water column with
a depth of H = 10 m and having an embedded length of
Ls = 15 m. The pile has an outer diameter of D = 2 m with
a wall thickness of d = 0.05 m.

The hammer and anvil are not modelled explicitly, but
replaced by a given forcing function, specified in section II-A.
The choice of material parameters for the pile, the water and
the sediment is explained in sections II-B and II-C.

Most numerical models used to predict pile driving noise
are split into a close and a far range model1 to reduce the
computational effort. Therefore, the requested sampling points
for the modelling results of the COMPILE benchmark case are
also split up into a close and a far range region. At close range,
the desired output quantities are to be sampled at ranges of
r = 1, 11, and 31 m from the pile center, in depths of z = 1,
5, and 9 m, whereas for the far range, sampling ranges of
r = 750, 1500, 10000, 20000 and 50000 m are prescribed at
the same receiver depths, as depicted in figure 1. The sampling
depths and ranges are chosen in accordance with relevance to
both actual research activities and international offshore wind
turbine noise measurement regulations.

As output quantities, the sound pressure time series p(t) at
the receiver positions are requested, as well as the broadband
quantities for the sound exposure level (SEL) and the peak
sound pressure level (SPLpeak). The SEL is defined as,

SEL = 10 log10

(
1

T0

∫ ∞

−∞

p(t)2

p20
dt

)
dB, (1)

1For such models, the terms ’near field’ and ’far field’ model are commonly
used. To avoid ambiguities between these terms and the acoustic near and far
field, which is not easily defined for a waveguide, the terms ’close range’ and
’far range’ model are used here.

Fig. 1. Prescribed receiver positions for the far range region and general
model setup for the generic case

with p0 = 1µPa being the reference pressure and T0 = 1 s the
reference time interval length. The SPLpeak is defined here as,

SPLpeak = 10 log10

(
max

[∣∣p(t)2
∣∣]

p20

)
dB, (2)

i.e. being the so-called zero-to-peak pressure.
For most pile driving constructions and reasonable distances

to the pile, the observed spectral density level falls off quickly
above 2 kHz. Therefore, the model output quantities in the
time domain are specified to have a sampling frequency of
fs ≥ 5 kHz in order to span the desired frequency range.

A. Forcing function

The effect of the actual interaction between the hammer
mass, the anvil and the pile is crucial for a precise prediction of
pile driving noise. To exclude variations in the emitted sound
levels due to different models of the hammer impact, the axial
forcing function resulting from the impact is defined for this
benchmark case. Based on the forcing functions derived from
measurements in Reinhall and Dahl [1] and Zampolli et al.
[2], the force F at the pile head is defined as,

F (t) =

{
Fp

t
tr
, for t ≤ tr

Fp e
( t−tr

td
)
, for t > tr

(3)

with the maximum amplitude being Fp = 20 MN, and a rise
and decay time of tr = 0.2 ms and td = 1.6 ms, respectively.
The resulting variation of the pile head force with time is
depicted in figure 2.

B. Pile sediment friction

The most significant damping effect in offshore impact pile
driving results from the interaction between the embedded
section of the pile and the surrounding sediment, both inside
and outside the pile. A neglect of these damping effects
has been observed to yield sharp resonances in the spectral
density levels of the sound pressure and long ringing signals
in the water column, which are unrealistic and not observed
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Fig. 2. Simplified forcing function applied at the pile head to account for the
hammer strike

in measurement data, see for example Reinhall and Dahl [1].
However, the complex frictional interaction between pile and
soil is very demanding to account for in a numerical model.
In addition, the parameters needed to characterize the pile-
sediment interaction depend on the friction model that is used,
which makes it difficult to unambiguously characterize the
required material properties.

As in the case of the pile head force, this possible source
of biases in the predictions, due to a potential ambiguous
conversion of the prescribed material characteristics to the
required model parameters, is to be minimized. While the
use of frictional boundary conditions is left optional, a stan-
dard equivalent damping approach is suggested in the case
description, following Zampolli et al. [2] and Fritsch [10].
The approach introduces additional material damping for both
compressional and shear waves in the embedded section of
the pile, with the actual choice of the parameters being based
on comparisons to measurements in this case. A drawback of
this approach is that the damping coefficients are defined in
the frequency domain and thus cannot be readily translated
into a representation suitable for a time-domain model.

C. Material parameters

The material parameters for the pile were chosen to be those
of standard steel, i.e. a Young’s modulus of Ep = 210 GPa, a
Poisson ratio of µp = 0.3 and a density of ρp = 7850 kg/m3.

The densities and sound speeds for the water and the
sediment were chosen based on typical values found in lit-
erature, see for example Jensen et al. [11]. They are defined
as cw = 1500 m/s and ρw = 1025 kg/m3 for the water and
csp = 1800 m/s and ρs = 2000 kg/m3 for the sediment,
thereby roughly resembling a sandy sea bottom. Note that a
fluid bottom model is chosen here for simplicity without any
shear component in the sediment, i.e. css = 0.

The damping parameters for the three different materials are
obtained from different sources. The sediment attenuation is
chosen to be linearly dependent on frequency, with a value of

γsp = 3 · 10−5 Np/(m Hz), again following Jensen et al. [11].
The frequency dependent volume attenuation of sound in the
water column is defined as,

αw = 1.4 · 10−5
f2

f2 + f21
+ 5.58 · 10−3

f2

f2 + f22
, (4)

with f1 = 1150 Hz and f2 = 75600 Hz, where the frequency
f is to be inserted in hertz and the absorption coefficient αw

is yielded in nepers per meter. This damping definition for sea
water was taken from Ainslie [12], omitting the last term as its
influence is negligible for the investigated frequency regime in
this case. Note that the water volume attenuation contributes
little to the total transmission loss at frequencies below 2.5 kHz
in comparison to the bottom interaction loss.

The influence of the material damping of the steel itself is
considered minor in this case compared to the losses induced
by the interaction between the pile and the sediment and is
therefore neglected. As discussed in section II-B, equivalent
damping values for the embedded part of the pile are provided
here to account for these losses. The empirically estimated
damping coefficients are defined as γpp = 3 · 10−5 Np/(m Hz)
and γps = 11 · 10−5 Np/(m Hz).

Depending on the used model definitions, different represen-
tations of the above stated material parameters are needed. For
the damping parameters, all values in nepers can be transferred
to decibels by a multiplication with 20 log10(e).

For convenience and to avoid biases, a selection of con-
verted material properties is given in table I. Additionally, the
derivation for obtaining complex valued materials parameters
from the given values is exemplified in appendix A.

III. PRESENTED NUMERICAL MODELLING APPROACHES

At the COMPILE workshop in June 2014, seven dif-
ferent modelling approaches were presented to predict the
sound for the prescribed benchmark case. The participants
came from the Hamburg University of Technology (Germany,
TUHH), the Organization for Applied Scientific Research (The
Netherlands, TNO), Curtin University (Australia, CMST), the
Bundeswehr Technical Centre for Ships and Naval Weapons,
Maritime Technology and Research (Germany, WTD 71),
JASCO Applied Sciences (Canada, JASCO), University of
Southampton together with the National Physical Laboratory
(United Kingdom, UoS/NPL), and the Seoul National Univer-
sity (South Korea, SNU). Each model is briefly described in
the following sections, with the appropriate references given
where possible. In table II an overview over the different
approaches is given.

A. Model CMST

The pile, water column and fluid seabed were modelled in
the close range region using an axisymmetric frequency do-
main FEM model, which was implemented using the PAFEC-
FE software suite developed by PACSYS [15]. Quadratic
triangular finite elements were used to model the pile, water
column and sediment, where the average element size was
interpolated from 2.5 ·10−2 m for the pile and contacting fluid
to 0.2 m at the maximum radial distance of 36 m and axial
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TABLE I
OVERVIEW OF CONVERTED MATERIAL PARAMETERS

Property Symbol Unit Value

Compressibility
Bulk modulus in steel Kp GPa 175

Bulk modulus in sediment Ks GPa 6.48

Bulk modulus in water Kw GPa 2.306

Damping
Absorption coefficient in sediment (compressional) βsp dB/λ 0.469

Equivalent absorption coefficient in steel (compressional) βpp dB/λ 1.564

Equivalent absorption coefficient in steel (shear) βps dB/λ 3.065

Sound speed
Compressional wave speed in steel cpp m/s 6001

Shear wave speed in steel cps m/s 3208

Lamé constants
First Lamé constant of steel λp GPa 1212
Second Lamé constant of steel µp GPa 80.77
First Lamé constant of sediment λs GPa 6.480
Second Lamé constant of sediment µs GPa 0

TABLE II
OVERVIEW OF DIFFERENT APPROACHES FOR THE CLOSE AND FAR RANGE MODELS (TD: TIME DOMAIN / FRD: FREQUENCY DOMAIN)

Group Close range model Far range model

TNO FEM (COMSOL Multiphysics, FRD) Normal mode decomposition of close range prediction (in-house)
TUHH FEM (Abaqus, TD) Wavenumber integration method coupled by vertical array of point sources (in-house)
GAF FEM (COMSOL Multiphysics, FRD) Parabolic equation approximation directly coupled to close range prediction (in-house)
SNU FEM (COMSOL Multiphysics, FRD) Parabolic equation approximation directly coupled to close range prediction (in-house)
UoS/NPL FEM (COMSOL Multiphysics, TD) not modelled
JASCO FDM (in-house, TD) Normal mode expansion coupled by vertical array of monopole sources (ORCA)
CMST FEM (PAFEC C-FE, FRD) Normal mode expansion of close range prediction (ORCA)

depth of 95 m, totaling approximately 3 · 105 elements. A
fully coupled fluid-structure interaction was applied between
the pile and fluid media. To account for the energy loss due
to friction between the ground and the pile penetrating it, the
embedded section of the pile was modelled using complex
material properties to introduce shear and compressional wave
absorption, according to the specifications of the COMPILE
benchmark case. Perfectly matched layers were placed at
the radial and axial edges of the mesh to absorb outward
propagating waves, and so stop reflections from the mesh
boundary. The FEM model was solved for 800 equally spaced
frequencies ranging from 3.125 to 2500 Hz.

The vertical cross-section of the close range FEM solution
for the complex sound pressure field calculated at a radial
coupling distance of 11 m was expanded into a series of normal
modes using the ORCA computer code [16] to calculate
modal shapes and wavenumbers. The resulting modal shapes,
wavenumbers and complex amplitudes at the coupling distance
were used to propagate the close range sound pressure to
the far range region. The coupling distance of 11 m was
found to be large enough to minimise errors of the normal
mode approximation due to the contribution from a continuous
spectrum of leaking modes to the sound field. In this model
the continuous spectrum of leaking modes at the coupling
range was approximated by a discrete set of rapidly attenuating
modes by introducing a false layer of high attenuation over

a rigid basement at a suitably large depth below the seabed
interface. The axial depth of the FEM model was large enough
for this approximation to be reasonably accurate.

B. Model TUHH

The modelling approach chosen by TUHH was based on
a combined finite element/wavenumber integration scheme.
The close range model is based on the approach described in
Heitmann et al. [14], using the ABAQUS software package.
As mentioned in that contribution, an explicit time integration
scheme and 2D-rotationalsymetric model setup was used.
According to the chosen mesh size of 0.075 m for the water
domain, frequencies up to 2000 Hz could be accounted for
accurately. The equivalent damping approach described above
was used to take into account the losses due to the plastic
deformation of the soil and the inherent friction losses from
its interaction with the pile.

Some major changes were made to fulfill the given instruc-
tions of the compile test case to the original setup of the
model. Due to the fact that the forcing function was given,
no explicit modelling of an impact hammer was required.
The given function was assigned as a boundary condition to
the top of the pile. Furthermore the soil was represented as
an equivalent fluid in this test case, rather than using the
elastic soil modelling described in the reference above. In
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consequence, the detailed contact modeling between the pile
and the soil were replaced by a bidirectional coupling of these
parts

The results of the close range model are subsequently
coupled to an in-house wavenumber integration (WI) far range
code, via a point source array, placed along the axis of
symmetry of the pile, as described in Lippert and von Estorff
[4], [13]. The delay for the emitted signals by the single point
sources can be obtained from the spacing between the sources
and the impulse velocity in the steel. The signal characteristic
for each source was derived from an evaluation of the time
pressure series in the FE model, close to the outer hull of the
pile along a vertical line. As only the free field radiation of
the quasi-longitudinal impulse is to be determined, it has to
be made sure that no reflections from waveguide boundaries
are within the evaluated time interval. Additionally, it has
been found that the FE-WI coupling should not be carried
out directly at the outer hull of the pile, as the results tend to
be corrupted by the evanescent acoustic radiation of the piles
breathing modes.

C. Model WTD 71

For the modelling of described test case, WTD 71 used a
coupled approach with a finite element model for the close
range region and a parabolic equation model for the sound
propagation in the far range region. Both models work in the
frequency domain. Time domain results were synthesized from
the frequency domain results by Fourier transformation.

For the close range calculations, the commercial FEM code
COMSOL was used. The simulation comprised the ram stroke
on the pile, based on the given force function, the sound
generation close to the pile and the initial sound spreading
up to a distance of 31 m. For the propagation in the far
range region, the in-house parabolic equation code PESSim
(Parabolic Equation Sound Simulation) was used. In compar-
ison to other numerical approaches for propagation modelling
in an axisymmetric, two-dimensional setting (normal modes,
wavenumber integration), the parabolic equation method does
not need a source at the axis. It can be started with a vertical
pressure distribution at an arbitrary distance from the axis,
which makes it very easy to use for this kind of problem.
For the coupling with the close range results the complex
pressure distribution from the finite elements calculation at
31 m was used as initial pressure distribution. Both codes
used a perfectly matched layer at the depth of 18 m in the
ground as a non-reflecting boundary for the sediment which
was assumed to be of infinite depth in the test case. Although
the formulations of the perfectly matched layers in both
codes were not identical, no discontinuous or spurious signals
resulted from the coupling.

The chosen approach also allows the calculation of more
advanced test cases. Possible are, among other refinements, a
more detailed modelling of the ram stroke with an anvil, the
inclusion of shear waves both in the pile and in the sediment,
a sound speed profile in the water and the bottom and a range-
dependent propagation with a layered and sloping bottom of
various sediment types.

D. Model JASCO

The JASCO model combines a time-domain finite difference
(TDFD) model of pile vibration with a close range wave-
number integration model for coupling the pile wall vibration
to the surrounding acoustic medium. The axial and radial stress
waves in the pile are modeled using the equations of motion
for a thin cylindrical shell, see Junger and Feit [17]. The
equations of motion are discretized using standard techniques
and solved in the time domain. Energy loss due to radiation
loading at the pile wall is computed assuming that the pile
is immersed in a fluid with depth-dependent sound speed
and density. The radiation pressure is computed according
to the cylindrical-wave impedance relation for Mach waves
emanating from the pile wall.

The TDFD model accounts for energy dissipation due to
sediment resistance using an impedance boundary condition,
whereby a reflection coefficient determines the amplitude of
stress waves reflected from bottom of the pile. The value
of is related directly to the vertical penetration of the pile
into the sediment. While the impedance boundary condition
is a physically valid approach, it cannot be related in a
straightforward manner to the frequency-domain damping co-
efficients specified in the COMPILE benchmark case. This
highlights an important difference between time-domain and
frequency-domain methods. Sound radiation from the pile
is simulated by an equivalent vertical array of monopole
sources. The amplitudes of the monopoles are computed in
the frequency domain, using a linear-least-squares method, so
that the superposition of their particle velocity fields equals the
radial velocity at boundary points along the pile wall. A close
range wavenumber integration model is used to compute the
particle velocity transfer functions between the monopoles and
the pile wall. The resulting monopole pressure signatures are
used as input to both the close and far range sound propagation
models. More details of the JASCO pile driving model may
be found in MacGillivray [18].

For the COMPILE workshop, the sound pressure at the
close range receiver points was computed using an in-house
developed wavenumber integration model. The sound pressure
at the far range receiver points was computed using the ORCA
normal mode model, cf. Westwood et al. [16]. Since an equiv-
alent time-domain representation of the damping parameters
could not be determined in advance of the workshop, results
were provided for three different values (results for were
selected for comparison with the other models).

E. Model SNU

The Seoul National University (SNU) Underwater Acoustics
groups analysis is based on a hybrid method that couples
finite elements (FE) for the close range pile driving noise and
the split step Padé parabolic equation (PE) method for the
long range propagation of sound. The FE solution provides
the initial condition which is fed directly into the PE starting
field and SNUs contribution is in this FE-PE coupling range
determination.

The FE approach is used to model the close range region
around the pile in the frequency domain. The pile is modeled
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as a linear elastic material whereas the water and the sediment
are assumed to be fluid materials. An Acoustic-structure
interaction condition is imposed at the interface between the
pile and the fluids. The impact force signal is given as an
exponential function which is transformed into the frequency
domain. The far range pressure is calculated using a split
step Padé PE approach, since it provides both accuracy and
efficiency for a range-dependent ocean environment.

The coupling range of the two methods should be chosen
such that at that particular range the field can be modeled
accurately by the PE method. This condition is tantamount to
requiring satisfaction of the far field approximation (stemming
from the Hankel function approximation) and the propagation
angle limitation (stemming from the parabolic approximation).
The propagation angle limitation is related to the number of
Padé coefficients employed, where larger number of coeffi-
cients cover wider propagation angles. Physically, the Mach
wave radiation from the pile has a pre-determined propagation
angle determined from the ratio of the pile wave velocity to
sound speed in water. Since the obtained Mach wave angle
is small, the selection of a relatively small number of Padé
coefficients covers the Mach wave angle.

If accuracy is guaranteed, a smaller coupling range is
advantageous since the FE computation burden is lessened.
Basically, this coupling range is determined based on the
waves lowest frequency or the waveguide cut-off frequency
for broadband calculations. In a case where low frequency
waves exist, we need a larger coupling range to achieve the far-
field and propagation angle approximation conditions. After
numerous numerical tests, when the coupling range multiplied
by the minimum acoustic wavenumber present is larger than
2, accurate results are obtained.

F. Model UoS/NPL

The model presented at the COMPILE meeting by the
University of Southampton and the National Physical Lab-
oratory provided time domain results up to a range of 31 m
from the pile center. The finite-element model was constructed
in COMSOL using the specified benchmark parameters. In
accordance with similar models, a pseudo three-dimensional
axi-symmetric solution was used, thus reducing the problem
to two dimensions. The water surface has been modelled as
a perfect pressure release boundary, while the outer extremes
are modelled as: a cylindrical radiation condition boundary at
the water extent, that allows cylindrical waves to pass through
with no reflection whilst also minimizing non-cylindrical com-
ponents, and; a spherical radiation condition boundary at the
sediment limit working similarly to the cylindrical boundary.

The maximum frequency required for the model was
2.5 kHz. The wavelength at this frequency is 0.60 m in the
water, and 0.72 m in the sediment. In order to fulfill the
minimum required number of points per wavelength in the
media, the maximum element size in water was set to 12 cm,
and 14.4 cm in the sediment; the minimum mesh size of the
pile was limited by the pile wall thickness of 5 cm, rather
than minimum points per wavelength. This led to a model
consisting of 314274 elements.

To allow for possible variation in the forcing function
the model was solved in the frequency domain. In order to
include damping a complex sound speed was used within the
embedded section of the pile. The compressional wave speed
for the steel pile was calculated to be cp = 6006 + i 172 m/s,
and the shear wave speed was cs = 3218+ i 180 m/s based on
the supplied parameters.

The input to the finite-element model in the frequency
domain was a cyclic force of amplitude 1 MN. The modelling
was performed at 1 Hz steps up to 2500 Hz to provide one
second worth of propagation once converted into the time
domain. The prescribed forcing function in MN was sampled
at 5 kHz to avoid aliasing in the frequency range of the pile
response modelling results, and converted to the frequency
domain. The piling frequency response at the specified receiver
locations was then made conjugate symmetric and the resulting
received spectra were achieved by multiplying the forcing
function by the pile frequency response. An inverse Fourier
transform provided the resulting time history at each location.

G. Model TNO
The hybrid axially symmetric model used by TNO for

the COMPILE workshop is based on AQUARIUS, a noise
mapping framework that was previously developed at TNO,
cf. Heinis et al. [19], which is both efficient and capable of
dealing with range dependent environments. AQUARIUS was
originally designed to work with (monopole) point sources.
An extension for arbitrary sources was developed for appli-
cation to the pile driving noise prediction problem. A short
description of this extended model was presented previously
(see Nijhof et al. [20]). An overview of the techniques used
is given here.

The hybrid model consist of an finite element (FE) based
source model which is coupled (one-way) to a propagation
model based on normal modes. The FE model predicts the
sound field at a given range r0. From this result the contribu-
tion of each normal mode to the sound field at r0 is determined
such that the superposition of normal modes matches the result
at that location. Once the contribution of individual modes
are known, their contribution at the receiver location can be
determined using the propagation properties of each mode.
Combining the contribution of all modes leads to a prediction
of the sound field due to the source model. The normal mode
model is extended to the case of range dependent waveg-
uides using the so-called adiabatic assumption (for instance
described in Jensen et al. [11]).

For small damping values in the sediment and water, an
efficient modeling approach is to derive normal modes in
the absence of damping using real valued material properties
and sound speed, while accounting for the effects of decay
explicitly using the theory of Kornhauser-Raney [21]. By using
this approach, the set of normal modes that describes the sound
field in the water waveguide form an orthogonal basis. The
orthogonality relation between modes allows a straightforward
decomposition of the sound field at r0 in terms of individual
contributions of each mode.

The normal mode implementation developed at TNO was
based on the theory described in Jensen et al. [11]. Note that



IEEE JOURNAL OF OCEAN ENGINEERING, VOL. ???, NO. ???, ??? 2015 7

so-called leaky modes were taken into account only for the
smallest three ranges described in the COMPILE benchmark
case. The result of neglecting leaky modes (and the so-called
branch-cut integral) is shortly discussed in Nijhof et al. [20].

The source model (which is based on the source model
described in Zampolli et al. [2]) consists of a linear, axial-
symmetric frequency domain FE model in COMSOL. The
infinite extent of the depth and range dimensions of the
Pekeris waveguide are modelled by lining the bottom and outer
range of the domain with so-called perfectly matched layers
(PML). Damping due to friction between pile and sediment is
represented by applying damping to the p- and s-waves in the
pile section that is imbedded in the sediment. For the source
model, damping associated with wave propagation in the water
and sediment is neglected. Pressure release conditions are
applied at the water surface. The boundary conditions at the
fluid/solid interfaces between water and pile and sediment and
pile consist of enforcing continuity of normal force and normal
velocity, whereas a slip condition is applied in the direction
tangential to the interface.

IV. RESULTS

In the following, the simulation results of the models
presented in section III will be discussed. For the close range,
predictions for the sound pressure waveforms and the SEL
and the SPLpeak values are compared. For the far range,
the comparison is restricted to the the SEL and the SPLpeak

values.

A. Close range region results

As an example, in figure 3 the predicted waveforms at the
receiver position of r = 11 m and z = 5 m are depicted.
The distinct arrivals of the different Mach wave fronts, as
for example described by Reinhall and Dahl [1], is correctly
predicted by all models.

As can be seen, all results of the finite element (FE) models
are in remarkable agreement, both with respect to the wave
front arrival times and the decay rate of the amplitude. The
prediction made by the finite difference (FD) model also
accurately captures the arrival times of the wave fronts, as
well as the amplitude of the primary wave, but slightly under-
estimates the amplitude of the secondary wavefront arrivals in
comparison to the results of the FE models. This is because
the finite difference model treats sediment dissipation by
specifying a reflection coefficient for stress waves in the pile
incident at the bottom of the pile, rather than by a damping
coefficient in the pile. The finite difference model results in
Figure 3 assume a pile toe reflection coefficient of R = −0.25
(corresponding to 1.4 mm vertical pile displacement). A value
of R = +0.5 would have produced a result more similar to
the other models, as discussed in section III-D.

Similar agreements between the different FE models for the
waveform prediction at close range are achieved at all other
specified receiver positions.

A comparison of the broadband quantities yields close
results for all FE models at all ranges, with an overall deviation
of ∆SEL < 2 dB and ∆SPLpeak < 3 dB. In general, the FD

results exhibit slightly lower absolute values, resulting from
the under-estimation of the secondary arrivals discussed above.
However, its decay behavior is the same as for the FE model,
showing the correct computation of the sound propagation with
range.

B. Far range region results

An impact driven pile is a highly directional source of
underwater noise as has been shown by several modeling
and measurement results, as discussed in references [1]-[5].
The prediction of the sound level in the far range region of
the pile depends first of all on the accuracy of the sound
field, including its directionality features, modeled near the
pile. Secondly, the far range predictions also depend on the
way the close range modeling results are coupled to the
sound propagation models in the underwater acoustic channel.
Finally, the accuracy of sound propagation modeling, including
sound interaction with the seabed, also affects the prediction
of the pile driving sound level in the far range region.

The SEL and SPLpeak values predicted by the six different
models for the far range at the receiver depth of 9 m are com-
pared in figure 4 and 5 respectively. At the shortest distance
of 750 m suggested for far range modeling, the agreement
between all six models is excellent. The SPLpeak values stay
within an interval of 1.5 dB. The maximum difference between
the SEL predictions is slightly larger, about 2.5 dB, which is
due to the somewhat lower values predicted by JASCO and
TNO. The lower SEL predicted by JASCO in the far range
region was expected as their FD model predicted a faster decay
of the pile vibration. A similarly small discrepancy between
the levels predicted by the six models at 750 m is observed at
the other two receiver depths. This indicates that the different
methods used by the different groups to couple the close range
modeling results with the far range sound propagation models,
cf. table II, are consistent with each other and yield similar
results for the sound levels at relatively short distances from
the source, where other modeling errors, such as that of sound
attenuation with range, are not accumulated yet to lead to a
larger discrepancy.

As the distance to the pile increases, the divergence between
the sound level predictions by the six models also gradually
increases, as can be seen in figure 4 and 5. At the maximum
modeling distance of 50 km, the maximum difference in the
predictions is observed at the shallow receiver depth of 1 m,
which is about 13 dB for the SPLpeak and 15 dB for the SEL.
Near the bottom at z = 9 m, the discrepancy is less significant,
being about 6 dB for both the SPLpeak and the SEL. The
large divergence at the shallow receiver depth is primarily due
to the sound levels predicted by TNO which are more than
10 dB higher than that from most of the other models. For
the other five models, the maximum difference is 7 dB for the
SPLpeak and 6 dB for the SEL. The most likely cause of such
a discrepancy that grows with range from the sound source
is a difference in sound attenuation due to bottom interaction
resulting from the different sound propagation models.



IEEE JOURNAL OF OCEAN ENGINEERING, VOL. ???, NO. ???, ??? 2015 8

0 2 · 10−2 4 · 10−2 6 · 10−2 8 · 10−2 0.1

−0.5

0

0.5

1
·105

Time [s]

A
co

us
tic

pr
es

su
re

[P
a]

WTD 71
TUHH
JASCO
SNU

0 2 · 10−2 4 · 10−2 6 · 10−2 8 · 10−2 0.1
−0.5

0

0.5

1
·105

Time [s]

A
co

us
tic

pr
es

su
re

[P
a]

TNO
CMST
UoS/NPL

Fig. 3. Comparison of computed sound pressure time series at close range at a receiver position of r = 11m and z = 5m
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Fig. 4. Comparison of far range region results for the SEL [dB ref. 1µPa2s]
of all models at a receiver depth of z = 9m

V. CONCLUSIONS AND OUTLOOK

In the following, a concluding discussion of the presented
results will be given, followed by an outlook on planned future
activities.

A. Conclusions

Six of the seven numerical models tested with the COM-
PILE benchmark case predicted very similar waveforms of
the pile driving signal at close range up to a distance of
31 m. A noticeable difference in the decay of the impulse
running in the pile amplitude with time predicted by the
JASCO FD model from that of the other models resulted from
a different approach to model damping adopted by JASCO.
In this model the damping of the radiated sound energy is
governed by the boundary conditions at the pile foot rather
than sound attenuation in the pile material of the bottom-
embedded section of the pile. An adjustment of the bottom
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Fig. 5. Comparison of far range region results for the SPLpeak [dB ref.1µPa]
of all models at a receiver depth of z = 9m

boundary condition would make the prediction by the JASCO
model look more similar to that of the other models.

Three very different approaches are implemented in the
tested models to couple the close range prediction results
with the sound propagation models used for the far range
predictions. These approaches are based on either the direct
propagation of the sound field from a close range reference
distance using either the PE method or normal mode expansion
or on the simulation of the impacted pile by a vertical linear
array of pointed sources. Nevertheless, all models tested with
respect to the prediction of the sound exposure and peak
pressure levels demonstrated very comparable results. The
agreement between the predicted levels is especially good at
relatively short distances of 750 m and 1.5 km, which indicates
the applicability and conformity of the different approaches
used for close to far range coupling.

Three different models of sound propagation in the under-
water acoustic channel were used for the far range prediction,
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which are the wavenumber integration method, the PE approx-
imation method and the normal mode model. The numerical
predictions of the sound exposure and peak pressure levels by
the six different models are in general agreement, although
certain divergence of the results with growing distance to the
sound source is observed. This divergence is likely due to
numerical errors in the modeled sound attenuation resulting
from bottom interaction, from differences in the coupling
procedures, or from differences in the modelling assumptions
and their implementation.

The numerical predictions by the different models tested
with the first generic case of the COMPILE benchmark case
are generally consistent with each other, which proves the
ability of each model to qualitatively reproduce the important
features of the underwater sound radiated by an impact driven
pile. However, to adequately model real-life scenarios of pile
driving, more comprehensive models of sound emission by a
driven pile are needed. Such advanced models are expected
to allow for other major physical factors affecting sound
emission, such as a complex interaction between the hammer,
anvil/cushion and pile head and the effect of friction between
the pile wall and ground as the pile slides into it and more
realistic seabed representations.

B. Outlook

To advance the achievements and the results of the first
COMPILE benchmark workshop presented in this article,
another benchmark case is currently under preparation, which
will aim to fully or partially address the above mentioned
problems of physical modeling. The idea of this second case
is to propose a more realistic scenario by the inclusion of the
major physical factor that may significantly affect underwater
sound emission, such as shear stress in the sediment and
frictional coupling between the pile and ground, as this will
lead to a better understanding of the sound emission physics of
impact pile driving. Additionally, the second benchmark case
is expected to allow for a more realistic mechanism of impact
driving, where a more or less realistic model of the driver,
including the hammer and anvil with or without cushioning,
is used rather than a simplified model of the force applied
to the pile head. Ideally, the second benchmark case is to be
based on a real pile driving case supported with measurements
data at different distances from the pile.

The second COMPILE workshop is intended to be held
in 2016 to compare the modeling results for the second
benchmark case; for up to date information please visit
http://www.bora.mub.tuhh.de/compile/.

APPENDIX A
DERIVATION OF COMPLEX VALUED MATERIAL

PARAMETERS

For some models the use of complex valued material
parameters for the Young’s modulus E and the Poisson ratio
µ is required. As the conversion to these quantities is less
common than the conversions for the values given in table I,
it will be briefly exemplified here.

Following Jensen et al. [11], a linearly frequency depen-
dent damping can be represented in the form of a complex
wavenumber k̂,

k̂ = k(1 + iδ), (5)

with k = ω/c being the original wavenumber and δ =
α/(40π log10(e)) being the loss tangent defined here in terms
of the damping coefficient α in decibels per wavelength λ.
From this, the complex sound speed ĉ follows as,

ĉ =
c

1 + iδ
(6)

with c being the original sound speed. Using the relation be-
tween the sound speeds cp and csand the material parameters
E, µ, and ρ,

cp =

√
E(1 − µ)

ρ(1 + µ)(1 − 2µ)
and cs =

√
E

2ρ(1 + µ)
, (7)

and restricting oneself to realistic cases of c > 0 and δ > 0,
combining equations 6 and 7, relations for the complex Pois-
son ratio µ̂ and the complex Young’s modulus Ê are obtained,

µ̂ =
(ĉ2p/(2ĉ

2
s)) − 1

2 (ĉ2p/(2ĉ
2
s)) − 1

and Ê = 2ρ(1 + µ̂)ĉs
2. (8)

For the present case, using the material parameters given in
section II-C, complex values of Ê = 208.5 − 21.0 iGPa and
µ̂ = 0.301 − 0.015 i are obtained.
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