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 1 Introduction 

TNO has been requested by IHC IQIP to estimate equivalent sound levels onshore 

and close to the source during pile driving for the future Arklow Bank windfarm, off 

the east coast of Ireland. A large hammer type (S-5500) will be applied for this 

project. The sound levels are estimated for the entire piling sequence and for the 

worst-case situation, at maximum piling energy setting and lowest source height 

above the water line, towards the final part of the sequence. Also the application of 

noise control measures has been taken into account. 

 

Chapter 2 describes the approach followed in the analysis. A semi-empirical 

approach was used to determine the source level of the pile driver. The sound 

source levels of the acoustic sources are discussed in Chapter 3, including 

mitigation measures to reduce the source levels. The applied sound propagation 

model is described in Chapter 4. A frequency dependent sound propagation over 

undulating water has been taken into account. In Chapter 5 the source levels are 

combined with the sound propagation model to calculate the sound immission at the 

offshore and onshore receiver positions. Finally in Chapter 6 conclusions are 

drawn. 
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 2 Approach 

2.1 Measurement data 

Since no airborne sound data on large hammer types like S-5500 are available, a 

semi-empirical approach was followed using existing data from a smaller hammer 

type. Source levels are estimated by upscaling the available dataset.  

 

During the construction of the first wind farm in Dutch waters, TNO performed 

offshore airborne sound measurement during pile driving with a S-1200 hammer at 

100 m and 25 m distance [1]. Figure 2.1 shows the measured sound levels at 100 

m distance in dB(A) as a function of time for a 60 s recording period. The equivalent 

sound level at 100 m distance is 88 dB(A). Over the same averaging time window 

the equivalent sound level at 25 m distance is 100 dB(A).  

 

 

Figure 2.1 Overview of the Sound level over 125 ms time intervals for pile driving with a S-1200 

Hydrohammer at 100 m distance. The dashed line (--) indicates the equivalent sound 

level of the 60 s interval of 88 dB(A). The dash-dotted line is the 5% exceedance level 

(93 dB(A)). 

Figure 2.1 also indicates the L5 exceedance level, the sound pressure level that is 

exceeded for 5% of the considered time interval of 60 s. L5 is governed by the 

peaks in the noise level during the pile driving and equals 93 dB(A), which is 5 dB 

higher than the equivalent sound pressure.  

The peak noise level LAFmax equals 95 dB(A). The applied Fast weighting uses a 

time constant of 125 ms. However, this value is based on only a small part of a full 

piling sequence and can therefore not be considered to be representative for LAFmax 

of a complete piling sequence. This would require an analysis on a noise recording 

on a complete piling sequence. Therefore the peak noise level have not been 

upscaled to larger piles and hammers. 

2.2 Scaling of sound source data 

The measured sound pressure levels are used to calculate the sound power level, 

see Section 3.1. In this section the sound power levels are scaled using an 

engineering formula, see eq. (1). The following piling parameters are used to scale 

the measurements results: 

• Piling energy [kJ] per unit pile diameter [m], with the energy evenly distributed 

over pile perimeter; 

• Blow rate in number of blows/minute; 

• Monopile surface above waterline in m2. 
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Table 2.1 shows the piling parameters for the reference case with the S-1200 

hammer during the recording as shown in Figure 2.1. The type of sediment in the 

North Sea is layered sand. 

Table 2.1 piling parameters for the reference case with the S-1200 hammer. 

Parameter Value 

Piling energy E0 [kJ] 380 

Blow rate N0 [blows/min] 50 

Pile diameter D0 [m] 4.6 

Pile surface above waterline S0 [m2] 91 

 

Figure 2.2 shows piling energy of the S-5500 hammer (left) and piling time (right) as 

a function of penetration, with and without the use of the IHC Pulse system, see 

Section 3.4 for more details, as estimated by IHC IQIP [2]. A constant blow rate of 

38 bmp is assumed. Both the source height and the radiating surface above the 

waterline are directly related to the penetration. The monopiles have a diameter of 

14,000 mm and total length of 66 m. The conical taper at the top is neglected.  

 

 

Figure 2.2  Expected pile energy of the S-5500 (left) and piling driving duration (right; constant 

blow rate of 38 bpm was assumed) as a function of penetration, with and without 

application of the IHC Pulse system. 



 

 

TNO report | TNO 2022 R11323  6 / 20  

 The reference sound power levels of the S-1200 hammer, see Section 3.1, are 

corrected for the piling parameters for each 1 m penetration by combining Table 2.1 

and the drivability analysis of Figure 2.2. The following formula is used. It shows a 

linear scaling of piling energy per unit pile perimeter and the radiating surface of the 

pile above the waterline: 

 

𝐿𝑊𝐴
∗ = 𝐿𝑊𝐴 + {10𝑙𝑜𝑔10 (

𝐸𝑖

𝐸0
) − 10𝑙𝑜𝑔10 (

𝐷

𝐷0
)} + {10𝑙𝑜𝑔10 (

𝐿𝑖

𝐿0
)  + 10𝑙𝑜𝑔10 (

𝐷

𝐷0
)} + 10𝑙𝑜𝑔10 (

𝑁𝑖

𝑁0
) (1) 

 

in dB(A) re 1 pW.  

 

with, 

LWA
 *  scaled A-weighted sound power level in dB(A). 

LWA   reference sound power level for the S-1200 hammer. 

Ei    blow energy of piling phase i in [kJ]; 

E0   reference blow energy (380 kJ); 

Ni   blow rate in number of blows per minute; 

N0   reference blow rate in number of blows per minute (50 bpm); 

Li    length of the pile above the waterline (between 7-38 m); 

L0   length of the reference pile above the waterline (6.3 m). 

Di   diameter of the pile [m]; 

D0   diameter of the reference pile (4.6 m). 

 

Equation (1) is contains the following reasonable approximations: 

• Radiation of the hammer surface is neglected; 

• The piling energy is distributed evenly over the pile diameter; 

• Noise radiation underwater is neglected for airborne noise; 

 

Note that any effects of differences in sediment types on the reference location in 

the North Sea and the local conditions on the acoustic behavior of the monopile are 

not taken into account in this simplified approach. However, the temporal increase 

of piling energy required to penetrate through, for instance rocky interlayers, is 

taken into account in the drivability analysis.  
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 3 Sound sources and mitigation 

3.1 Hydrohammer 

The reference sound power level of the pile driving with S-1200 hammer was 

estimated from the acoustic measurement at 100 m distance from [1], see also 

figure 2.1. Figure 3.1 shows the A-weighted spectrum of the sound power level. 

Levels are tabulated in Table 3.1. Most of the acoustic energy is found in the 

frequency range between 500 Hz – 1 kHz. The total A-weighted sound power level 

is 137 dB(A). 

 

Figure 3.2 shows the scaled source levels as a function of penetration following eq. 

(1) for the S-5500 hammer and pile. The right figure shows the scaling effects due 

to the varying settings of the piling energy and the decreasing pile length above the 

waterline. The S-1200 reference source level is increased by a factor from 8 dB(A) 

up to 12 dB(A). Any frequency dependency in the up-scaling to larger pile 

dimensions has not been taken into account. 

 

 

Figure 3.1 Estimated sound power level for the reference S-1200 Hydrohammer in octave bands. 

Table 3.1 Sound power levels for the reference S-1200  LW in octave bands.  

1/1 octave band [Hz] LW in dB(A) re 1 pW 

  

16 73 

31.5 94 

63 112 

125 121 

250 128 

500 132 

1k 133 

2k 128 

4k 120 

8k 106 
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Figure 3.2 The scaled sound power level of the monopile with S-5500 hammer as a function of 

penetration (left) and the applied corrections relative to the reference monopile in 

terms of energy and radiating surface as a function of penetration (right). 

3.2 Powerpack 

The hydraulic power pack aboard the installation vessel is also an airborne sound 

source. The sound power levels LW of a type P2400 power pack equals 112 dB(A) 

re 1 pW [3]. This is 25 dB(A) lower than the sound power level of the reference 

S-1200 case, and can therefore be neglected. 

3.3 Insertion loss bellows 

In the past TNO has measured the Insertion Loss of rubber bellows installed over a 

pile, see [4] and [5]. Figure 3.3 shows the averaged results. These measurements 

from the past were performed on small pile dimensions excited by smaller 

hammers. Recent data the on the performance of bellows over large piles with 

larger hammers is not available. The insertion loss is a difference between two 

sound levels, with and without mitigation installed, and is considered as a constant 

factor independent from the source level. The piling sound calculations are also 

performed including the bellows, by reducing the spectral reference sound power 

level of Figure 3.1 with the insertion loss of Figure 3.3. The effect of the bellows on 

the broad-band sound power level is a reduction of 10 dB(A). 
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Figure 3.3 Insertion Loss (IL) of noise mitigating rubber bellows over the monopile in 1/1 octave 

bands. 

3.4 Insertion loss Pulse system 

The IHC Pulse system is an add-on placed between the hammer and the sleeve. 

The impact force generated by the ram weight on the anvil is dampened by 

hydraulic plungers. The volume in between the plungers can be filled with water. 

This volume is controllable during the pile driving process. 

 

The application of the Pulse system affects the acoustic source level of the pile 

driver in two ways: 

• The piling energy/penetration curve changes when applying a Pulse system, 

see Figure 2.2. The maximum required piling energy is decreased; 

• The force pulse is spread out over a larger time, with a lower peak force. This 

affects the spectrum of the source level.   

 

For the current project IHC IQIP has made a prognoses for the expected force 

versus time signal, with and without the Pulse system, see Figure 3.4 left. The 

time-series have been converted into force level spectra, see Figure 3.4 right, by 

applying octave-band filters. It can be seen that dampening of the sharp pulse 

reduces the force levels in the mid and high frequency range.  

Although the force signals have not been determined for the reference S-1200 pile 

driver itself, the frequency dependent delta effect of the force spectra with and 

without Pulse have been applied on the measured sound power spectrum of a 

S-1200 pile driver of Figure 3.1. This implies that all force reductions are directly 

converted to reductions of noise radiation of the pile. This is considered as an 

engineering approach at this phase of the Arklow Bank project. It results in the 

insertion loss of the Pulse system as shown in Figure 3.5.  

 

Note that the estimated insertion loss of the Pulse system at lower frequencies is 

higher than for the bellows. Therefore it can be expected that the Pulse system is a 

more effective noise control measure than bellows at larger distances, see also 

Section 5.2.  

 

The estimated effect of the Pulse system on the broad-band sound power level is a 

reduction of 5 dB(A). The total effect on the onshore sound levels at large distances 

depends on range and meteorological conditions.  
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Figure 3.4 Expected impact force as a function of time (dt = 0.01 ms) with and without Pulse 

system (left) and the corresponding force level spectrum in octave bands (right). 

 

 

Figure 3.5 Calculated Insertion Loss (IL) of the Pulse system 1/1 octave bands. 
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 4 Sound propagation model 

The sound propagation predictions have been performed according to ISO 9613-2 

[6] with modifications to account for the propagation over undulating water. The 

method takes into account the influence of geometrical divergence, ground 

absorption, atmospheric absorption. 

 

The total octave-band attenuation A consist of the following contributions: 

 

A = Adiv + Aatm + Aground in dB  (2) 

 

with, 

Adiv  attenuation due to divergence in dB; 

Aatm  attenuation due to atmospheric absorption in dB; 

Aground attenuation due to the ground effect (in this case water surface) in dB.  

4.1 Divergence 

The Adiv is a frequency independent constant and depends on the distance [6]. 

 

 

Figure 4.1 Overview of the source and receiver positions for both piling cases.  

The distances from the shore to the monopiles at the Arklow Bank OWF range 

between 5.87-15.3 km. The considered receiver height equals 4 m. The pile is 

considered as a monopole source. The situation is sketched in Figure 4.1. The 

expected noise levels onshore are calculated for the minimal and maximum 

distance. Adiv ranges between 86-95 dB for the considered distances.  

4.2 Atmospheric absorption 

The dynamic range of Aatm is about 90 dB, see Figure 4.2, and this attenuation term 

is strongly frequency dependent [6]. The atmospheric absorption increases 

considerably for higher frequencies. This term is sensitive to the temperature and 

the humidity of the atmosphere. For this case 15 ºC and 70% relative humidity was 

taken.  
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Figure 4.2 Attenuation due to atmospheric absorption (T= 15 ºC and 70% relative humidity) over 

the two considered distances in octave bands [6]. Green line at 5.87 km, blue at 

15.3 km. 

4.3 Ground effect 

Long-range sound propagation over sea is a complex phenomenon. Both the 

atmosphere and the undulating water surface have strong effects on sound waves 

[7, 8]. 

 

Wind and temperature profiles cause refraction of sound waves, or equivalently, 

bending of sound rays. Figure 4.3 (left) illustrates bending of sound rays under 

downward-refracting atmospheric conditions. In general, downward-refracting 

atmospheric conditions lead to enhanced sound levels, since many sound rays with 

multiple reflections arrive at a distant receiver. Sound levels under neutral or 

upward-refracting conditions are lower, in general. Downward-refracting conditions 

occur under downwind conditions (wind from source to receiver) and/or during 

temperature inversions. 

 

Figure 4.3 (right) illustrates the effect of the undulating water surface on sound 

propagation. The water waves scatter the sound rays in upward direction, which 

leads to a reduction of the number of sound rays arriving at a distant receiver. 

Consequently, the effect of water waves is a reduction of the enhanced sound 

levels that occur under downward-refracting conditions 

 

The prediction of the scattering of undulating water is taken from [7], which 

describes an engineering calculation scheme for calculating the effect of water 

waves. The calculation scheme proceeds in two steps: 

i) First the (negative) sound attenuation  under downward-refracting conditions is 

calculated for a smooth water surface, 

ii) Next the effect of the water waves is calculated with analytical formulas and is 

added to the result from step i). 

 

Step i) uses a numerical database of sound attenuations as a function of various 

parameters: source height, receiver height, receiver distance, frequency, and 

atmospheric sound speed profile. This step deviates from the way the ISO9613-2 
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 takes into account downward refraction. Multiple reflections are taken into account, 

which results in large amplifications than accounting for one reflection only. In the 

ISO9613-2 this amplification is limited to 6 dB, in the numerical database to 20 dB. 

In step ii) this amplification is partly cancelled by the acoustic scattering. So the 

model is a combination of amplification due to multiple reflections and scattering. 

 

The method in [7] employs an average wind speed and water depth as parameters 

to calculate height and length of the water waves, which affect the amount of 

scattering. Table 4.1 shows the applied wind speeds and resulting wave heights; 

also the relation to sea state classification is listed. 

 

 

Figure 4.3 Illustration of sound propagation over smooth water (left) and rough water (right) [7]. 

Table 4.1 Relation between wind speed, calculated average wave height and sea state 

classification at a water depth of 28 m. 

Sea State Wave height 

[m] 

Characteristics Wind speed [m/s] Calc. Wave 

height* [m] 

0 0 calm (glassy) 0 0 

1 0 - 0.1 calm (rippled) 2 0.1 

2 0.1 - 0.5 Smooth 

(wavelets) 
4 0.3 

3 0.5 - 1.25 Slight 8 0.8 

4 1.25 - 2.5 Moderate 16 1.8 

* height difference between the highest point and lowest point of the wave. 

 

Figure 4.4 illustrates that the ground effect Aground is also dependent on the source 

height above the water surface. The source height is taken as the top of the 

monopile above water, where the impact occurs. For a smooth sea without any 

wind, as defined by sea state 0 (SS0), the ground effect Aground of a flat sea surface 

is negative for all frequencies for most source heights (see Figure 4.4), which 

implies amplification of the sound due to the reflections of the hard water surface. 

With increasing sea state, higher wind speeds and gradients occur in the 

atmosphere, which result in a wind speed and frequency dependent Aground. 
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Figure 4.4 Variations in the attenuation due to the ground effect Aground with frequency, wind 

speed/ wave height combinations at various sea states (SS) and two source heights 

(taken as the top of the monopile), for a source/receiver distance of 5,870 m and a 

receiver height of 4 m. 

4.4 Equivalent sound pressure level 

Finally the equivalent continuous downwind octave-band sound level LAeq, is 

calculated for a bandwidth of 16 Hz to 4 kHz by combining source level and 

propagation terms: 

 

LAeq = LWA + Dc - A (3) 

 

with, 

LWA: A-weighted octave-band sound power level in dB re 1 pW for each part of the 

piling sequence. 

Dc:  directivity correction in dB. For this case Dc = 0 for a representation for a 

omni-directional point source; 

A:  sum of all attenuation terms of (see eq. (2)). 

 

The source level, sound propagation and resulting sound pressure level are 

calculated for every 1 m penetration of the piling sequence. Variations of  piling 

energy and pile height above the water line during the piling sequence are taken 

into account. The total equivalent sound pressure level over the duration of a full 

piling sequence is calculated by weighting the sound pressure level for each 1m 

penetration step by its duration. Resulting is a sum of equivalent sound pressure 

levels average over time. 

 



 

 

TNO report | TNO 2022 R11323  15 / 20  

 5 Sound immission  

This chapter shows the calculation results of offshore and onshore piling sound 

predictions, for the entire piling sequence and also for the final part of the sequence 

with the highest energy setting. Also, noise mitigation measures have been applied. 

5.1 Offshore sound pressure levels close to the source 

Table 5.1 shows the estimated equivalent sound pressure levels at different 

distances for the full piling sequence and the final part with high energy setting. Also 

the sound pressure levels with application of bellows and the Pulse system are 

shown. Corresponding spectra without mitigation are shown in Figure 5.1. Other 

spectra with mitigation and tabulated levels are shown in Appendix A.  

 

Unmitigated sound pressure levels up to 98 dB(A) are estimated at 100 m distance 

and 83 dB(A) at 500 m. A bellow system can reduce the sound pressure levels of 

the entire sequence at these distances with 10 dB(A) and the Pulse system with  

6 dB(A). The noise reducing effect of Pulse is larger on the final part of the piling 

sequence, since the maximum piling energy of the sequence is lowered, see also 

Figure 2.2.  

Table 5.1 A-weighted equivalent sound pressure levels in dB(A) of the full piling sequence at two 

distances. Also the equivalent sound levels for the final part of the piling sequence is 

given (“worst-case”), with and without application of noise mitigation measures.  

LA,eq in dB(A)  

re 20 µPa 

No mitigation Bellows Pulse 

Full Worst-case Full Worst-case Full Worst-case 

25 m 109 110 98 99 103 102 

100 m 97 98 87 87 91 89 

500 m 82 83 72 72 76 77 

 

 

Figure 5.1 Estimated equivalent sound pressure levels over an entire piling sequence at 25 m,    

100 m and 500 m from an operational S-5500 hammer, in octave bands. 
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 5.2 Onshore sound levels 

The estimated unmitigated onshore piling equivalent sound pressure levels at 

minimal and maximal distance are listed in Table 5.2 for various sea states under 

downwind conditions (so onshore winds). Also sound pressure levels averaged over 

the final part of the sequence can be found here.  Corresponding spectra are shown 

in Appendix B.  

 

Estimated unmitigated equivalent sound pressure levels are 53-57 dB(A) at minimal 

distance and 38-48 dB(A) at maximal distance for a full piling sequence. The sound 

pressure levels depend on governing wind speeds and wave heights. Maximum 

sound pressure levels are expected at a windspeed of 2 m/s. For the final part of 

the piling sequence, sound pressure levels increase up to 62 and 53 dB(A) at 

respectively minimal and maximal distance. 

 

The sound pressure levels as a function of penetration is shown in Figure 5.2. All 

levels shown in these figures are tabulated in Tables 5.5 - 5.10. 

 

Equivalent sound pressure levels with application of bellows and the IHC Pulse 

system are shown in Tables 5.6 and 5.7, Again, spectra are shown in Appendix B. 

With bellows, sound pressure levels of 47-52 dB(A) are estimated at minimal 

distance and 34-45 dB(A) at maximal distance for a full piling sequence.  

 

With the Pulse system, sound pressure levels of 50-51 dB(A) are estimated at 

minimal distance and 31-37 dB(A) at maximal distance for a full piling sequence.   

 

These numbers show that at larger distances the Pulse system is a more effective 

noise control measure than bellows. Regarding a full piling sequence, the effect of 

the Pulse system is 6 dB(A) at minimal distance and the bellow 5 dB(A). At maximal 

distance however, the effect of the bellow is 3 dB(A) whereas the effect of Pulse is 

11 dB(A). This is because the Pulse system mitigates sound power levels at lower 

frequency bands more effectively than bellows. The lower frequency bands 

dominate the total onshore immission levels. 

Table 5.2 Calculated LAeq in dB(A) for different wind speeds (downwind conditions) during the entire piling 

sequence (full) and the final part of the piling at maximum energy setting (worst-case) at 5,870 and 

15,300 m distance and a 4 m receiver height; no mitigation measures. 

LA,eq in dB(A) 

re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

Full Worst- 

case 

Full Worst-

case 
Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

5,870 m 53 54 57 62 56 60 55 58 54 56 

15,300 m 38 39 48 53 44 50 41 45 39 41 
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 Table 5.3 Calculated LAeq in dB(A) for different wind speeds (downwind conditions) during the entire piling 

sequence (full) and the final part of the piling at maximum energy setting (worst-case) at 5,870 and 

15,300 m distance and a 4 m receiver height; with bellows. 

LA,eq in dB(A) 

re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

5,870 m 47 47 52 57 51 56 49 54 48 51 

15,300 m 34 34 45 50 42 47 38 43 35 38 

Table 5.4 Calculated LAeq in dB(A) for different wind speeds (downwind conditions) during the entire piling 

sequence (full) and the final part of the piling at maximum energy setting (worst-case) at 5,870 and 

15,300 m distance and a 4 m receiver height; with Pulse. 

LA,eq in dB(A) 

re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

Full Worst- 

case 

5,870 m 50 49 51 54 51 52 50 51 50 49 

15,300 m 31 30 37 40 34 36 32 33 31 31 

 

 

Figure 5.2 Estimated equivalent sound pressure levels for each interval of 1 m penetration for 

different wind speeds and two distances, without noise mitigation. 
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 Table 5.5 Tabulated equivalent sound pressure levels for each interval with 1 m penetration for 

different wind speeds and distances.  

Distance 5,870 m LAeq in dB(A) re 20 µPa 

Penetration [m] 0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

10 51.3 49.7 50.5 51.1 51.4 

11 51.1 49.5 50.4 50.9 51.2 

12 51.0 49.6 50.4 50.8 51.1 

13 51.7 50.3 51.2 51.5 51.7 

14 52.1 50.8 51.7 51.9 52.1 

15 52.3 51.2 52.0 52.2 52.4 

16 52.9 51.8 52.6 52.8 52.9 

17 52.9 51.9 52.7 52.9 53.0 

18 53.1 52.3 53.0 53.1 53.2 

19 53.4 52.7 53.4 53.5 53.5 

20 53.6 53.2 53.7 53.8 53.7 

21 53.8 53.6 54.0 54.0 53.9 

22 53.8 53.9 54.1 54.0 53.8 

23 53.8 54.2 54.2 54.0 53.9 

24 53.9 54.7 54.5 54.2 54.0 

25 53.8 54.9 54.5 54.1 53.9 

26 53.8 55.2 54.5 54.1 53.8 

27 53.7 55.4 54.5 54.1 53.8 

28 53.6 55.7 54.5 54.0 53.7 

29 53.5 56.1 54.5 54.0 53.7 

30 52.9 55.9 54.2 53.5 53.1 

31 53.0 56.5 54.6 53.7 53.3 

 

Distance 15,300 m LAeq in dB(A) re 20 µPa 

Penetration [m] 0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

10 36.1 38.4 37.0 36.1 36.1 

11 35.8 38.4 36.9 35.9 35.9 

12 35.7 38.5 36.8 35.8 35.8 

13 36.4 39.4 37.6 36.5 36.4 

14 36.8 40.0 38.1 37.0 36.8 

15 37.0 40.4 38.4 37.2 37.1 

16 37.5 41.2 39.0 37.8 37.6 

17 37.6 41.4 39.1 37.9 37.6 

18 37.8 42.0 39.6 38.2 37.9 

19 38.1 42.6 40.0 38.6 38.1 

20 38.3 43.2 40.5 38.9 38.4 

21 38.5 43.8 40.9 39.2 38.6 

22 38.5 44.1 41.1 39.3 38.6 

23 38.5 44.5 41.4 39.4 38.6 

24 38.6 44.9 41.8 39.7 38.7 

25 38.5 45.2 42.0 39.7 38.6 

26 38.5 45.6 42.2 39.8 38.6 

27 38.4 45.9 42.4 39.9 38.6 

28 38.3 46.2 42.8 40.0 38.5 

29 38.2 46.6 43.2 40.2 38.4 

30 37.6 46.5 43.0 39.8 37.8 

31 37.7 47.1 43.7 40.3 37.9 
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 6 Conclusions 

TNO has made prediction of the equivalent sound levels during offshore pile driving 

of monopiles with a IHC S-5500 Hydrohammer, using semi-empirical data. 

Considered are offshore receiver positions close to the source, but also onshore 

receiver positions, with a distance up to 15.3 km. For long-range sound propagation 

over sea the effects of governing wind speeds and wave heights have been taken 

into account. In this study sea states 0-4 are considered, assuming downwind 

conditions (onshore winds), which is a worst-case situation for the sound 

propagation. 

 

Close to the source the effects of sea state can be neglected. Unmitigated sound 

pressure levels up to 98 dB(A) are estimated at 100 m distance and 83 dB(A) at  

500 m. A bellow system can reduce the sound pressure levels of the entire 

sequence at these distances close to the source with 10 dB(A) and when using the 

Pulse system with 6 dB(A). 

 

For a full piling sequence the estimated unmitigated onshore sound pressure levels 

are 53-57 dB(A) at a minimal distance of 5.87 km. Sound pressure levels depend 

on the governing wind speed. At the maximal distance of 15.3 km sound pressure 

levels are estimated at 38-48 dB(A). For the final part of the piling sequence, sound 

pressure levels increase up to 62 dB(A) and 53 dB(A) at respectively minimal and 

maximal distance. Maximum sound pressure levels are expected at a wind speed of 

2 m/s. 

 

At larger distances the Pulse system is a more effective noise control measure than 

bellows. The effect of the Pulse system is about 6 dB(A) at minimal distance and 

the bellow 5 dB(A). At maximal distance however, the effect of the bellow is 3 dB(A) 

whereas the effect of Pulse is 11 dB(A), due to a more effective reduction at lower 

frequencies. 

 

With bellows, sound pressure levels of 47-52 dB(A) are estimated at minimal 

distance and 34-45 dB(A) at maximal distance for a full piling sequence.  

 

With the Pulse system, sound pressure levels of 50-51 dB(A) are estimated at 

minimal distance and 31-37 dB(A) at maximal distance for a full piling sequence.  

 

Due to the lack of data on the airborne sound of the S-5500 Hydrohammer in the 

upper piling energy range, with and without noise mitigation measures, the results 

of the followed semi-empirical approach, based on the mid-range S-1200 hammer, 

should be regarded as indicative. To obtain a higher accuracy of the predictions at 

higher energy settings, it is desirable to obtain more experimental data on large 

Hydrohammers and on large monopiles. This will also provide more details on peak 

levels, which could not be reported for larger piles. 

 

The available measurement data of S-1200, used as a reference case, shows a 

5 dB difference between the equivalent sound pressure level and the level that is 

exceeded for 5% of the measurement time (L5). The difference between the 

equivalent sound pressure level and the peak level (LAFmax) is 7 dB. 

 



 

 

TNO report | TNO 2022 R11323  20 / 20  

 7 References 

[1]  Van Noort, A.M. e.a., Acoustic study on pile driving of monopile foundations 

North Sea Windfarm (in Dutch), TNO report IS-RPT-033-DTS-2006-00897, 

2006.  

[2]  Driveability prediction for Arklow Bank OWF, IHC IQIP, September 2022. 

[3] De Haan, J., Hydraulic power pack P2499 noise measurements, project 

109106172, ALARA-LUKAGRO, March 2011. 

[4] Van Noort, A.M., Sound measurements on a IHC S-90 hydraulic hammer 

during pile driving with and without bellows (in Dutch), TNO report 

DGT-RPT-020025, March 2002. 

[5] Jansen, H.W., Sound measurements on a IHC S-150 hydraulic hammer during 

pile driving with and without bellows (in Dutch), TNO report 2013 R10728, May 

2013. 

[6] ISO 9613-2, Attenuation of sound during propagation outdoors -- Part 2: 

General method of calculation. 

[7] Salomons, E., Computational Study Of Sound Propagation Over Undulating 

Water, 19th international congress on acoustics Madrid, 2-7 September 2007. 

[8] Salomons, E.M., “Computational atmospheric acoustics”, Kluwer, Dordrecht, 

2001.  

 

 



Appendix A | 1/2 

 

 

TNO report | TNO 2022 R11323  

 A Spectra offshore 

 

Figure A.1 Estimated equivalent sound pressure levels over an entire piling sequence at 25 m, 

100 m and 500 m from an operational S-5500 hammer, in octave bands. 

Table A.1 Tabulated sound pressure levels LAeq over an entire piling sequence at 25 m, 100 m 

and 500 m distance in octave bands, without noise control measures.  

1/1 octave band 

[Hz] 

LAeq in dB(A) re 20 µPa 

25 m 100 m 500 m 

16 45.7 36.7 23.5 

31.5 63.5 56.5 44.1 

63 83.5 71.5 61.4 

125 93.2 79.7 69.9 

250 100.3 88.0 74.3 

500 104.3 92.6 75.9 

1k 104.7 93.4 77.2 

2k 100.1 87.8 70.8 

4k 92.1 78.5 55.1 

 

 

Figure A.2 Estimated equivalent sound pressure levels over an entire piling sequence at 25 m, 

100 m and 500 m from an operational S-5500 hammer, with bellows in octave bands. 
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 Table A.2 Tabulated sound pressure levels LAeq over an entire piling sequence at 25 m, 100 m 

and 500 m distance in octave bands, with bellows.  

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

25 m 100 m 500 m 

16 43.7 34.7 21.5 

31.5 61.5 54.5 42.1 

63 82.5 70.5 60.4 

125 88.2 74.7 64.9 

250 92.3 80.0 66.3 

500 94.3 82.6 65.9 

1k 91.7 80.4 64.2 

2k 83.1 70.8 53.8 

4k 73.1 59.5 36.1 

 

 

Figure A.3 Estimated equivalent sound pressure levels over an entire piling sequence at 25 m, 

100 m and 500 m from an operational S-5500 hammer, with Pulse in octave bands. 

Table A.3 Tabulated sound pressure levels LAeq over an entire piling sequence at 25 m, 100 m 

and 500 m distance in octave bands, with Pulse.  

1/1 octave band 

[Hz] 

LAeq in dB(A) re 20 µPa 

25 m 100 m 500 m 

16 42.7 33.5 20.1 

31.5 54.8 47.7 35.0 

63 68.2 57.2 46.5 

125 80.2 66.8 57.1 

250 99.2 86.6 73.8 

500 96.0 84.5 68.1 

1k 97.2 85.8 69.2 

2k 90.6 78.4 61.3 

4k 82.0 68.6 45.1 
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 B Spectra onshore 

  

 

Figure B.4 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 5,870 m distance from an operational S-5500 hammer, 

in octave bands. No mitigation measures. 

Table B.4 Tabulated sound pressure levels LAeq at 5,870 m distance from an operational S-5500 

hammer for the full sequence in 1/1 octave bands. No mitigation measures. 

1/1 octave band 

[Hz] 

LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 2.0 11.2 12.9 14.5 15.0 

31.5 22.6 32.9 33.6 34.0 33.3 

63 39.7 49.2 48.7 47.0 44.2 

125 47.5 53.5 50.8 48.3 47.6 

250 50.1 50.0 50.4 50.4 50.1 

500 46.4 49.5 46.9 46.5 46.5 

1k 37.1 37.7 37.2 37.2 37.2 

2k 4.8 6.2 6.7 6.8 6.8 
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 Table B.5 Sound pressure levels LAeq at 5,870 m distance from an operational S-5500 hammer 

for the worst case in 1/1 octave bands. No mitigation measures. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 2.6 12.5 14.6 16.9 18.0 

31.5 23.2 35.3 36.8 38.2 38.1 

63 40.3 53.5 53.7 52.9 50.4 

125 48.1 59.5 57.2 52.4 48.5 

250 50.6 55.3 52.9 52.6 50.6 

500 47.1 54.0 49.1 47.1 47.1 

1k 37.8 40.6 37.8 37.8 37.8 

2k 7.3 7.3 7.3 7.3 7.3 

 

  

 

Figure B.5 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 15,300 m distance from an operational S-5500 

hammer, in octave bands. No mitigation measures. 
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 Table B.6 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational 

S-5500 hammer for the full sequence in 1/1 octave bands. No mitigation measures. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -6.3 6.9 8.3 9.4 9.0 

31.5 14.1 28.3 28.4 27.7 25.2 

63 30.5 43.7 41.7 37.9 32.6 

125 35.8 44.8 39.9 35.9 35.8 

250 31.3 33.6 31.3 31.3 31.3 

500 15.3 18.0 15.3 15.3 15.3 

1k -10.6 -10.6 -10.6 -10.6 -10.6 

2k -38.8 -38.8 -38.8 -38.8 -38.8 

Table B.7 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational 

S-5500 hammer for the worst case in 1/1 octave bands. No mitigation measures. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -5.8 8.2 10.0 11.7 11.9 

31.5 14.6 30.8 31.6 31.9 30.0 

63 31.1 47.9 46.8 43.7 37.7 

125 36.4 50.9 46.0 37.2 36.4 

250 31.9 38.7 32.0 31.9 31.9 

500 15.9 22.4 15.9 15.9 15.9 

1k -10.0 -10.0 -10.0 -10.0 -10.0 

2k -29.4 -29.4 -29.4 -29.4 -29.4 
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Figure B.6 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 5,870 m distance from an operational S-5500 hammer, 

in octave bands. With bellows. 

Table B.8 Tabulated sound pressure levels LAeq at 5,870 m distance from an operational S-5500 

hammer for the full sequence in 1/1 octave bands. With bellows. 

1/1 octave band 

[Hz] 

LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 0.0 9.2 10.9 12.5 13.0 

31.5 20.6 30.9 31.6 32.0 31.3 

63 38.7 48.2 47.7 46.0 43.2 

125 42.5 48.5 45.8 43.3 42.6 

250 42.1 42.0 42.4 42.4 42.1 

500 36.4 39.5 36.9 36.5 36.5 

1k 24.1 24.7 24.2 24.2 24.2 

2k -12.2 -10.8 -10.3 -10.2 -10.2 



Appendix B | 5/9 

 

 

TNO report | TNO 2022 R11323  

 Table B.9 Sound pressure levels LAeq at 5,870 m distance from an operational S-5500 hammer 

for the worst case in 1/1 octave bands. With bellows. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 0.6 10.5 12.6 14.9 16.0 

31.5 21.2 33.3 34.8 36.2 36.1 

63 39.3 52.5 52.7 51.9 49.4 

125 43.1 54.5 52.2 47.4 43.5 

250 42.6 47.3 44.9 44.6 42.6 

500 37.1 44.0 39.1 37.1 37.1 

1k 24.8 27.6 24.8 24.8 24.8 

2k -9.6 -9.6 -9.6 -9.6 -9.6 

 

  

 

Figure B.7 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 15,300 m distance from an operational S-5500 

hammer, in octave bands. With bellows.   
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 Table B.10 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational         

S-5500 hammer for the full sequence in 1/1 octave bands. With bellows. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -8.3 4.9 6.3 7.4 7.0 

31.5 12.1 26.3 26.4 25.7 23.2 

63 29.5 42.7 40.7 36.9 31.6 

125 30.8 39.8 34.9 30.9 30.8 

250 23.3 25.6 23.3 23.3 23.3 

500 5.3 8.0 5.3 5.3 5.3 

1k -23.5 -23.5 -23.5 -23.5 -23.5 

2k -38.8 -38.8 -38.8 -38.8 -38.8 

Table B.11 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational          

S-5500 hammer for the worst case in 1/1 octave bands. With bellows. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -7.7 6.2 8.0 9.7 9.9 

31.5 12.6 28.8 29.6 29.9 28.0 

63 30.1 46.9 45.8 42.7 36.7 

125 31.4 45.9 41.0 32.2 31.4 

250 23.9 30.7 24.0 23.9 23.9 

500 5.9 12.4 5.9 5.9 5.9 

1k -22.2 -22.2 -22.2 -22.2 -22.2 

2k -29.4 -29.4 -29.4 -29.4 -29.4 
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Figure B.8 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 5,870 m distance from an operational S-5500 hammer, 

in octave bands. With Pulse. 

Table B.12 Tabulated sound pressure levels LAeq at 5,870 m distance from an operational S-5500 

hammer for the full sequence in 1/1 octave bands. With Pulse. 

1/1 octave band 

[Hz] 

LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -1.3 8.0 9.8 11.5 12.2 

31.5 13.6 24.2 25.1 25.7 25.2 

63 24.8 35.1 34.8 33.3 30.5 

125 34.5 41.8 39.2 36.0 34.6 

250 49.0 50.0 49.6 49.5 49.0 

500 38.2 42.0 38.8 38.3 38.3 

1k 29.5 30.4 29.6 29.6 29.6 

2k -4.3 -3.2 -2.7 -2.7 -2.7 
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 Table B.13 Sound pressure levels LAeq at 5,870 m distance from an operational S-5500 hammer 

for the worst case in 1/1 octave bands. With Pulse. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -2.1 7.9 9.9 12.2 13.3 

31.5 12.8 24.9 26.4 27.8 27.7 

63 24.0 37.2 37.4 36.6 34.1 

125 33.8 45.2 42.9 38.1 34.2 

250 48.2 52.9 50.5 50.2 48.2 

500 37.5 44.4 39.5 37.5 37.5 

1k 28.8 31.7 28.8 28.8 28.8 

2k -3.5 -3.5 -3.5 -3.5 -3.5 

 

  

 

Figure B.9 Estimated equivalent sound pressure level over an entire piling sequence (top) and 

the worst-case part (bottom) at 15,300 m distance from an operational S-5500 

hammer, in octave bands. With Pulse.   
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 Table B.14 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational 

S-5500 hammer for the full sequence in 1/1 octave bands. With Pulse. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -9.7 3.7 5.2 6.4 6.1 

31.5 5.0 19.6 19.9 19.4 17.1 

63 15.5 29.5 27.8 24.2 18.5 

125 22.8 33.2 28.2 23.0 22.8 

250 30.3 33.4 30.3 30.3 30.3 

500 7.0 10.5 7.0 7.0 7.0 

1k -18.2 -18.2 -18.2 -18.2 -18.2 

2k -39.7 -39.7 -39.7 -39.7 -39.7 

Table B.15 Tabulated sound pressure levels LAeq at 15,300 m distance from an operational 

S-5500 hammer for the worst case in 1/1 octave bands. With Pulse. 

1/1 octave band 

[Hz] 
LAeq in dB(A) re 20 µPa 

0 m/s 2 m/s 4 m/s 8 m/s 16 m/s 

16 -10.4 3.6 5.3 7.0 7.3 

31.5 4.2 20.4 21.2 21.5 19.7 

63 14.8 31.6 30.5 27.4 21.5 

125 22.1 36.6 31.7 22.9 22.1 

250 29.5 36.3 29.6 29.5 29.5 

500 6.3 12.8 6.3 6.3 6.3 

1k -18.9 -18.9 -18.9 -18.9 -18.9 

2k -34.0 -34.0 -34.0 -34.0 -34.0 
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