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INTRODUCTION

2

DESCRIPTION OF PROPOSED
DISPOSAL METHODOLOGIES

1.1.1

This annex presents the results of the plume assessment for the installation of wind
turbine generator (WTG) foundations for Project Two, and forms part of the detailed
marine processes assessment for Project Two.

2.1.1

This section discusses the methodologies employed during the modelling of the
foundation installation process. The foundation locations used within the modelling
(to specify release locations) have been taken from “Project Two - Layout 2”
indicative WTG layout options (See Volume 1, Chapter 3: Project Description).

2.2

Foundation Preparations

1.1.2

The objective of this assessment was to evaluate the fine sediment plumes arising
from foundation installation: specifically, monopile drilling and jacket installation and
from dredging and disposal activities associated with seabed preparation for the
installation of gravity base foundations (GBFs). The modelling work has enabled
quantitative estimates of the increases in suspended sediment concentration and
deposition of fine sediment from these activities.

DREDGING,

DRILLING

AND

Monopile Drilling
2.2.1

It is expected that monopiles will be driven into the seabed using a hydraulic hammer.
If piling alone fails to install the piles to full depth, then a combination of piling and
drilling will be used.

2.2.2

While the disturbance resulting from piling will be minimal, drilling will lead to the
release of sediment into the water column forming plumes, which can be advected
away from the site by tidal currents. To assess the effects of the monopile installation,
a worst case scenario has been assumed whereby the monopile foundations are
installed using drilling alone.

2.2.3

The monopile foundations are assumed to be 10 m in diameter and drilled to a depth
of 50 m. The total volume arising from the drilling of each monopile was assumed to
be 3,927 m3 per WTG (based on a full drill-out). This is slightly greater than the
maximum volume of 3,848.5 m3 per WTG that is quoted in Volume 1, Chapter 3:
Project Description, and is the result of a minor change to the Project Description
after the modelling study had commenced. As the modelled volume is slightly greater
than the maximum volume given in the Project Description, this is considered to be a
conservative assessment. There have been no other relevant changes to the Project
Description that would affect the modelling of monopile installation.
Gravity Base Foundation Bed Preparation

2.2.4

1

The preparation of the seabed for GBFs will require the dredging of an area up to
78 m in diameter and 5 m in depth. The volume to be dredged per foundation is
assumed to be 23,892 m3 per turbine. The dredging will be carried out using a trailer
suction hopper dredger (TSHD). After each loading period it is assumed that the
TSHD will dispose of the material dredged about 500 m away from the foundation
location in an easterly or westerly direction.

Jacket Drilling
2.2.5

2.2.6

2.2.7

2.2.8

3

PLUME DISPERSION MODEL METHODOLOGY

3.1

Plume Dispersion Model

3.1.1

The plume dispersion model used to simulate the dispersion of fine sediment from
drilling and dredging was the SEDPLUME-RW model developed by HR Wallingford.
A description of the model is included in Appendix A. The model was run using the
hydrodynamic output from the TELEMAC-2D model of the North Sea developed for
Hornsea Project One (and validated for Project Two) as described in Volume 5,
Annex 5.1.1: Tidal Modelling Calibration and Validation Report.

3.1.2

The SEDPLUME-RW model tracks three-dimensional movement of sediment
particles. Dispersal in the direction of flow in the model is provided by the shear
action of differential speeds through the water column while turbulent dispersion is
modelled using a random walk technique. The deposition and resuspension of
particles are modelled by establishing critical shear stresses for erosion and
deposition. Erosion of deposited material occurs when the bed shear stress exceeds
the critical shear stress for erosion while deposition of suspended material occurs
when the bed shear stress falls below the critical shear stress for deposition.

Gravity Base Foundation Bed Preparation for Converter Stations

3.1.3

For sea bed preparation for the converter stations, dredging will be carried out by a
TSHD using the same methodology as for GBF’s for the turbines. The total volume
associated with the converter station seabed preparation is assumed to be 104,500
m3 for each station. As with the GBF seabed preparation, after each loading period it
is assumed that the dredged material will be placed a distance about 500 m away
from the foundation location. There will probably be four dredging placements for
each converter station location.

For simulation of the fine sediment plumes arising from trailer dredging, HR
Wallingford has developed a specially adapted form of the SEDPLUME-RW code
(SEDTRAIL-3D) which allows the representation of the moving sources and near-field
mixing that occurs with trailer suction hopper dredgers (Spearman et al., 2003).

3.1.4

The nature of the sediment plume resulting from disturbance is dependent upon the
rate of sediment released into the water column and the local flow regime (Fischer et
al., 1979). The rate of release into the water column is dependent on the
characteristics of the in situ sediment and the nature of the dredging or drilling
operation. The source terms (or sediment release rates) used in the plume dispersion
modelling were derived from considering both of these aspects.

3.2

Properties of In Situ Sediment

3.2.1

Information about the in situ sediment was taken from borehole information provided
by RPS. There were four boreholes within Subzone 2 (Figure 3.1): HZ13, HZ17,
HZ18 and HZ19 (Fugro, 2012). It was noted that there was no borehole information in
the north east of Subzone 2. To provide information regarding the in situ sediment in
this part of Subzone 2, two of the nearby boreholes within Subzone 1 (NJ5 and NJ8)
were used in the analysis.

Whilst it is likely to be the case that the piles fixing the jacket structures to the seabed
are driven into the seabed using a hydraulic hammer, drilling may be required to
assist the piling operations if the seabed conditions make driving difficult. While the
disturbance resulting from piling will be minimal, drilling will lead to the release of
sediment into the water column forming plumes, which can be advected away from
the site by tidal currents. To assess the effects of installation of the jackets, a worst
case scenario has been assumed whereby the jacket foundations are prepared using
drilling alone.
The jackets are assumed to have four jacket sleeves of 6 m diameter, be drilled to a
depth of 75 m, with an associated total spoil volume assumed to be 8,482 m3 per
turbine. This is a greater pile penetration depth, and spoil volume, than is quoted in
Volume 1, Chapter 3: Project Description. This is also the result of a minor change to
the Project Description after the modelling study had commenced. As the modelled
volume (8,482 m3) is greater than the maximum volume given in the Project
Description (6,220.4 m3), this is considered to be a conservative assessment. There
have been no other relevant changes to the Project Description that would affect the
modelling of jacket installation.

As the mode of dredging and disposal will be the same as for the sea bed preparation
associated with WTG installation, it is concluded that the resulting plume will also be
of a similar scale.

2

3.2.2

From the sediment sample information the sediment consists mainly of clay or sand
mixtures with some silt and shell (gravel size). The top layer seems to be generally
made up of coarser material, whilst with depth into the seabed, there are layers of
cohesive (hard) sediment mixed with sand and silty sand layers with varying degrees
of density.

3.2.3

In terms of sediment composition, it was determined that two boreholes would be
sufficient to characterise Subzone 2. Monopile/jacket foundations and GBFs have
varying requirements in terms of sediment removal. For the monopile foundations the
requirement was to drill/drive the 10 m diameter pile to a depth of 50 m, whilst for the
jacket four jacket sleeves of 6 m diameter are to be drilled to a depth of 75 m. The
seabed preparation for GBFs required the dredging of the seabed in an area of 78 m
in diameter to a depth of 5 m. Therefore, it was decided to characterise them
differently.

3.2.4

In order to characterise the fine content of the seabed of Subzone 2, two areas were
defined and two boreholes were taken to represent the worst case fine sediment and
fine sand content in these areas. For monopile and jacket foundations, boreholes
HZ17 and NJ8 were selected to characterise the two areas. For GBF seabed
preparation, HZ19 and NJ8 were chosen.

3.3

Derivation of Source Terms from Drilling and Dredging

3.3.1

The rates of sediment release used in the drilling simulations were determined by
deriving the rate of removal of the fine sediment (< 63 µm in diameter) and fine sand
(63 µm < diameter < 250 µm) fractions as the drill descends through the different
sediment layers identified by the borehole information. These rates of release vary
over the drilling period. Coarser fractions were assumed to deposit in the immediate
vicinity of the discharge pipe.

3.3.2

The rates of sediment release used in the dredging simulations were derived using
the TASS overflow model developed at HR Wallingford (Spearman et al., 2011). This
model calculates the sediment transport processes in the hopper and predicts the
magnitude and particle size distribution of the sediment flux out of the hopper in the
overflow discharge. The model also predicts the volume and particle size distribution
of sediment likely to be retained in the hopper from a loading cycle. This information
was then used to form source terms for the disposal process.
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Figure 3.1

Location of boreholes and cone penetration tests within the Hornsea Zone (Fugro, 2012).
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4

DESCRIPTION OF MODELLED SCENARIOS

4.1.1

Five different scenarios were simulated:

4.2
4.2.1

4.2.2

Scenario 1: Drilling monopile foundations;



Scenario 2: Dredging for seabed preparation of GBF’s;
Scenario 3: Concurrent drilling of two close-located monopile foundations;



Scenario 4: Concurrent dredging for preparation of two close-located GBFs; and



Scenario 5: Drilling of pile sleeves for a jacket foundation.

Scenario 1: Release of Fine Sediment from Drilling Monopile
Foundations

Critical shear stress for erosion (Silt)

= 0.2 Nm-2

Erosion constant [me = dm/dt = me(τ-τe)]

= 0.002 kg N-1 m-2 s-1

Settling velocity

= 0.001 m s-1

Mass concentration of deposited silt

= 500 kgm-3

Borehole ID

Borehole ID

(WGS 84)

(WGS 84)

Piled
Foundations

Gravity Base
Foundation

1

53° 53.2130' N

01° 33.8544' E

HZ17

HZ19

2

53° 58.4240' N

01° 32.3323' E

HZ17

HZ19

3

53° 58.0308' N

01° 47.6407' E

NJ8

NJ8

4

53° 57.8272' N

01° 58.4653' E

NJ8

NJ8

Concurrent 1

53° 58.5130' N

02° 04.0692' E

NJ8

NJ8

Concurrent 2

53° 57.8327' N

02° 04.8115' E

NJ8

NJ8

List of parameters used in all of the SEDPLUME simulations (> 63 and
<200 µm).

Critical shear stress for erosion

Sand particles assumed to become part of
background sand transport as they settle
onto the bed

Settling velocity

= 0.012 m s-1

Mass concentration of deposited sand

= 1700 kg m-3

4.3

Scenario 2: Release of Fine Sediment and Fine Sand During
Dredging for Preparation of a GBF

4.3.1

For the simulation of the effects of dredging of gravity base foundations, release was
simulated at the four locations (See Table 4.1). A conservative approach was taken
so that the dredging was assumed in each case to a depth of 5 m. The dredging
activities were distributed during eight loads, each with a three hour cycle time. Since
the disposal occurs in a very short time, the total process took around 27 hours. The
dredger was assumed to be of 11,000 m3 capacity (which is a representative size for
offshore GBF construction, for instance at Thornton Bank Offshore Windfarm, Peire
et al., 2009) and to travel at 0.5 m/s backwards and forwards across the dredging site
(with release ceasing during periods of turning). Release during the placement was
assumed to be static.

4.3.2

The two boreholes characterising the release were borehole HZ19 for Locations 1
and 2 and NJ8 for Locations 3 and 4. Borehole HZ19 has an average silt content of
23% (fine sand 13%). Borehole NJ8 has an average silt content of 52% (fine sand
24%).

Coordinates for the location of piles studied for sediment release.
Longitude

Release
Locations

= 0.1 Nm-2

Critical shear stress for deposition

The two boreholes characterising the release rate were borehole HZ17 for Locations
1 and 2 and NJ8 for Locations 3 and 4. Borehole HZ17 has an average silt content of
28% and an average fine sand content of 60%. Borehole NJ8 has an average silt
content of 43% and an average fine sand content of 39% (Table 4.4).

Latitude

List of parameters used in all of the SEDPLUME simulations (<63 µm).

Critical shear stress for deposition (Silt)

Table 4.3

For the simulation of the effects of drilling the monopile foundations, a release was
simulated at the four locations within the Project Two area to describe the dispersion
of the fine sediment and fine sand plumes released whilst drilling (See Table 4.1 for
location). The drill was assumed to travel at around 3 m/hr to a depth of 50 m. The
release of the material was assumed to take place near the surface and the drilling
was represented as lasting for about 17 hours.

Table 4.1

The release of material is dependent on the strata and hence the rate of release of
silt and fine sand varied over the 17 hours release period.

Table 4.2





4.2.3
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4.3.3

Table 4.4

The dredging for seabed preparation for GBFs has been simulated at four locations
within Subzone 2 to describe the dispersion of the fine sediment and fine sand
plumes released whilst dredging and disposing of the fine sediment and fine sands.

Scenario conditions for plume simulations.

Diameter (m)

4.4
4.4.1

4.5

Gravity
base

Monopile

Jacket

10

78

6

50

5

75

Scenario 3: Release of Fine Sediment from Concurrent Drilling of
Two Monopile Foundations

Depth (m)
Spoil volume (m )

3,927

23,892

8,482

For this scenario two neighbouring turbine locations (Table 4.1) were drilled
concurrently. Otherwise this scenario was identical to Scenario 1.

Average % fine content
Location 1 and 2 (Borehole ID)

28%
(HZ17)

23%
(HZ19)

28%
(HZ17)

Average % fine content
Location 3 and 4 (Borehole ID)

43%
(NJ8)

52%
(NJ8)

43%
(NJ8)

Average % fine sand content
Location 1 and 2 (Borehole ID)

60%
(HZ17)

13%
(HZ19)

60%
(HZ17)

Average % fine sand content for P3 and P4
Location 3 and 4 (Borehole ID)

39%
(NJ8)

24%
(NJ8)

39%
(NJ8)

3

Scenario 4: Release of Fine Sediment and Fine Sand from
Concurrent Dredging for Sea Bed Preparation for Two GBFs

4.5.1

In this scenario two neighbouring turbine locations (Table 4.1) were dredged
concurrently otherwise this scenario was identical to Scenario 2.

4.6

Scenario 5: Release of Fine Sediment from Drilling the Pile Sleeves
for a Jacket Foundation

4.6.1

As a sensitivity test, the simulation of plume release from drilling of an individual
jacket foundation was undertaken. For the purposes of this simulation it was
assumed the jacket consisted of four jacket sleeves, each 6 m in diameter, to be
drilled to a depth of 75 m. The total volume per jacket was assumed to be 8,482 m3
per jacket. The simulation consisted of the release of drilled material from the drilling
of one jacket foundation i.e. from four jacket sleeves. Drilling was represented for
about 25 hours per jacket sleeve with a nine hour stop in between each drilling period
to allow the vessel to prepare the ground and move to the location of the next jacket
sleeve. The total simulation duration was 132 hours. Each jacket sleeve was
assumed to be separated by 20 m. Whilst the total volume of material released is
greater than that for a monopile, the installation process means that each pile is
drilled separately and, therefore, the amount of material released during each pile
drilling operation is less than that for a monopile. This sensitivity test was set up to
confirm that this assumption was correct.
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5

RESULTS

5.1.1

The modelling results are shown as plots of predicted maximum increases in depthaveraged suspended sediment concentration above background and predicted
deposition over the duration of the simulation. The plume figures illustrating predicted
increases in suspended sediment concentrations do not show the actual plume at
any time but rather the peak values attained at each location over the course of the
simulation. This style of figure is informative for showing the footprint of effect but
tends to over-emphasise the size of the plume at any particular instant. For the
purpose of this report the extent of the plume dispersion is plotted for predicted
increases in suspended sediment concentration of 2 mg/l or more above background.

5.2

Scenario 1: Release of Fine Sediment from Drilling Monopile
Foundations

5.2.1

For drilling at Locations 1 and 2, peak increases in the depth-averaged concentration
of more than 2 mg/l above background were predicted up to 12 km NW and up to
7 km SE of the drilling location. Predicted peak increases in depth-averaged
concentration of more than 10 mg/l were predicted up to 2.8 km NW and about
2.5 km SE of the drilling location. Peak depth-averaged suspended sediment
concentrations very close to the drilling location were predicted to be 110 and 94 mg/l
for releases from Locations 1 and 2, respectively.

5.2.2

For drilling at Locations 3 and 4, peak increases in depth-averaged concentration of
more than 2 mg/l above background were predicted up to 16 km NW and up to 9 km
SE of the drilling location. Predicted peak increases in depth-averaged concentration
of more than 10 mg/l were predicted up to 8 km NW and about 2.5 km SE of the
drilling location. Peak depth-averaged suspended sediment concentrations very close
to the drilling location were predicted to be 103 and 161 mg/l for releases from
Locations 3 and 4, respectively.

5.2.3

The plumes were predominantly composed of fine sediment (silt or clay, < 63 µm in
diameter) while the sand (> 63 µm) released from the drilling rapidly settled to the
bed.

5.2.4

Figure 5.1 shows the predicted peak increase in depth-averaged concentration for
the four simulated locations of release. Despite predicted high values of depthaveraged concentration above background in close vicinity to the drilling, these high
values were localised and short-lived as illustrated in the time-series graph (Figure
5.2) of predicted concentration increases at Location 4. The time-series of predicted
suspended sediment concentration were extracted from the six locations shown in
Figure 5.1. The points were aligned with the largest axis of travel of the plume.

7

5.2.5

Figure 5.1 also illustrates the predicted outline extent of the 2 mg/l and the 10 mg/l
peak concentration footprints for Project Two as a whole. These plots are further
discussed in Section 6.2.

5.2.6

No appreciable deposition of fine sediment was predicted. Fine sand was predicted to
be locally deposited in the vicinity of the monopile. The fine sand deposition was
predicted to be in the region of a centimetre in the immediate vicinity of the release.

Figure 5.1

Model output showing peak predicted depth-averaged increases in suspended sediment concentrations above background (mg/l) during drilling for monopile
foundations.
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Depth averaged suspended sediment
concentration (mg/l)

90
80

L1

L2

L3

L4

L5

L6

5.3.4

For dredging/disposal at Locations 3 and 4, peak increases in the depth-averaged
concentration of more than 2 mg/l above background were predicted up to 14 km NW
and up to 11 km SE of the dredging/disposal location. Predicted increases in depth
averaged concentration of more than 10 mg/l were predicted to extend up to 4 km
NW and about 5.5 km SE from the dredging/disposal location. Peak depth-averaged
suspended sediment concentrations very close to the disposal location were
predicted to be 480 and 450 mg/l for releases from Locations 3 and 4, respectively.
These predicted peak values only occurred in the area very close to the point of
release.

5.3.5

Figure 5.3 shows the predicted peak increase in depth-averaged concentration for
the four simulated locations of release. Despite predicted high values of depthaveraged concentration above background in the close vicinity of the drilling, these
high values were localised and short-lived as illustrated in the time-series graph
(Figure 5.4) of predicted concentration increases at Location 1. The time-series of
predicted suspended sediment concentration were extracted from the six locations
shown in Figure 5.3. The time-series figure shows that the predicted peak in
concentration lasts for about one hour, and that concentrations return to background
levels 27 hours after the start of the release.

5.3.6

Sediment deposits were predicted to be localised to the close vicinity of the dredge
and disposal sites. In the vicinity of the dredging only a thin deposit (up to 1 mm) of
sand was predicted with negligible deposition of fine sediment. In the vicinity of the
location of disposal, deposition of fine sediment was predicted to be a few
centimetres overlying the disposal.

70
60
50
40
30
20
10
0
0

Figure 5.2

10

20

30

40
Time (hr)

50

60

70

Time-series
of predicted depth-averaged suspended sediment
concentration (mg/l) above background during drilling at Location 4. The
positions of time-series outputs are shown in Figure 5.1.

5.3

Scenario 2: Release of Fine Sediment and Fine Sand During
Dredging for Preparation of a GBF

5.3.1

During this simulation there were two sources of sediment release: the dredging and
the disposal. The release rate from the dredge was smaller than that from the
disposal site and happened over a longer period of time. The highest concentration
increases were mostly generated by the dispersion from disposal while the plume
resulting from dredging was less significant and more quickly dispersed by tidal
currents.

5.3.2

Predicted peak increases in depth-averaged concentration of more than 10 mg/l were
predicted up to 2.8 km NW and about 2.5 km SE of the drilling location.

5.3.3

For dredging/disposal at Locations 1 and 2 peak increases in depth-averaged
concentration of more than 2 mg/l above background were predicted up to 16 km NW
and up to 14 km SE of the drilling location. Increases in the depth-averaged
concentration of more than 10 mg/l were predicted for Locations 1 and 2, and
extending in length up to 12 km NW and about 13.5 km SE from the
dredging/disposal
location.
Peak
depth-averaged
suspended
sediment
concentrations very close to the drilling location were predicted to be 500 and 800
mg/l for releases from Locations 1 and 2, respectively. These predicted peak values
only occurred in the area very close to the point of release.
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Figure 5.3

Model output showing peak predicted depth averaged suspended sediment concentrations above background (mg/l) during seabed preparation for gravity base
foundations.
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Depth averaged suspended sediment
concentration (mg/l)
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Figure 5.4

Time-series
of predicted depth-averaged suspended sediment
concentration (mg/l) above background during gravity base foundation
preparation at Location 1. Positions of time-series output shown in Figure
5.3.

5.4

Scenario 3: Release of Fine Sediment from Concurrent Drilling of
Two Monopile Foundations

5.4.1

The results of the simulation of concurrent drilling at two neighbouring monopile
foundations are summarised in Figure 5.5 and Figure 5.6. Figure 5.5 shows the
predicted peak increase in depth-averaged concentration above background for the
four locations of release. Peak increases in depth-averaged concentration of more
than 2 mg/l above background were predicted up to 19 km WNW and up to 10 km SE
of the drilling location. Predicted increases in depth-averaged concentration of more
than 10 mg/l were predicted to extend up to 11.5 km NW and about 2.3 km SE from
the drilling locations.

5.4.2

Figure 5.5 shows the predicted deposition of fine sand resulting from the drilling for
the foundation of two concurrent monopile foundations. It can be seen that in the
immediate vicinity of the monopiles, deposition of fine sand is predicted to be
between 10 and 20 mm. Outside of the immediate vicinity of the monopiles, the level
of deposition is predicted to be negligible (5 mm or less). There is no cumulative
deposition resulting from the concurrent drilling of two monopiles.
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Figure 5.5

Scenario 3 - Release of fine sediment from drilling concurrently two monopile foundations.
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Figure 5.6

Deposition of fine sand resulting from the drilling for the foundation of two concurrent monopile foundations.
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5.5

Scenario 4: Scenario 4: Release of Fine Sediment and Fine Sand
from Concurrent Dredging for Sea Bed Preparation for Two GBFs

5.5.1

The predicted peak increase in depth-averaged concentration above background
arising from two neighbouring and concurrent GBF seabed preparations is shown in
Figure 5.7. Predicted peak depth-averaged suspended sediment concentrations
above background were predicted to be about 300 mg/l in the vicinity of the two
different dredging/disposal locations. This is a little lower than for gravity base
foundation preparation at Locations 3 and 4 (See Section 5.3), but the tidal currents
are slightly different as the locations of dredging/disposal for this simulation are at the
eastern edge of the site. Peak increases in depth-averaged concentrations of more
than 2 mg/l above background were predicted up to 15.5 km NW and up to 11.5 km
SE of the drilling location. Increases in depth-averaged concentration of more than 10
mg/l were predicted to extend up to 5.7 km NW and 5.5 km SE from the
dredging/disposal locations.

5.5.2

Fine sediment deposits around the dredging areas were predicted to be localised and
in the region of a few millimetres, whilst fine sand deposits were negligible. At the
location of disposal, the fine sediment deposits were predicted to be localised and
consisted of a few centimetres overlying the disposed sand.

5.6

Scenario 5: Release of Fine Sediment from Drilling the Pile Sleeves
for a Jacket Foundation

5.6.1

In this scenario drilling of the piles for a four sleeve jacket is carried out in sequence.

5.6.2

Figure 5.8 shows the predicted peak increase in depth-averaged concentration above
background for the four drilling locations. Peak increases in depth-averaged
concentration of more than 2 mg/l above background were predicted up to 11.5 km
NW and SE of the drilling location. Increases in depth-averaged concentration
increases of more than 10 mg/l were predicted to extend up to 800 m NW and 700 m
SE of the dredging/disposal locations. Peak depth-averaged suspended sediment
concentrations above background were predicted to be about 30 mg/l in the close
vicinity of the drilling locations.

5.6.3

The predicted fine sediment and fine sand deposition at the end of the simulation was
localised within the immediate vicinity of the drilling area. The predicted deposits
were larger than those of a single monopile (in the region of several centimetres) but
extending over a more limited area around the drilling locations.

5.6.4
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The volume of material released during the drilling of one jacket foundation was
larger than that released for one monopile. However, the volume of material was
released over a larger period of time. The plume generated from the release of fine
sediment from drilling each of the piles in sequence was, therefore, reduced
compared to that resulting from drilling of the monopile, but lasts for a longer period
of time.

Figure 5.7

Model output showing predicted peak depth averaged increases in suspended sediment concentrations above background (mg/l) during seabed preparation of two
concurrent GBFs.
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Figure 5.8

Model output showing predicted depth averaged increases in suspended sediment concentrations above background (mg/l) during drilling for jacket foundations.
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6

CONCLUSIONS

6.1.1

The construction of Project Two will require either drilling for monopile / jacket
foundations or sea bed preparation (dredging and consequent disposal) for GBFs.
The works will result in the release of sediment into the water column that will form
plumes of fine sediment that will travel with the prevailing tidal currents, dispersing
over time. The fine sand released will likely settle in the vicinity of the release. The
evolution and fate of these plumes have been investigated using numerical
modelling.

6.2

Footprint of Physical Impacts Arising from Fine Sediment Plumes

6.2.1

This report has concentrated on assessing the plumes at a limited number of
representative locations across the wind farm site. The effects described in this report
will be repeated for a larger number of turbines and will occur over a period of time
albeit at different locations within the site.

6.2.2

The figures summarising the predicted plumes arising from drilling and gravity base
foundation preparation include the predicted outline extent or "footprint" of the plumes
from the proposed works for all of the WTGs. These footprints were constructed from
the plume extents of the four modelled Locations. The plumes were transposed to all
the outer perimeter turbine locations and a boundary line was produced to provide an
indicative worst case ‘outer extent’ of increases in suspended sediment
concentrations above background levels of 2 mg/l and 10 mg/l.

6.2.3

Due to variations in the tidal conditions and sediment contents across the site,
modelled Locations 1 to 4, show plumes of varying extents.

6.2.4

Plume extents from the dredging for GBF seabed preparation were larger than those
from drilling, as a larger volume of sediment was released. For GBF seabed
preparation, predicted increases in depth averaged concentrations of more than
10 mg/l were predicted to extend 5.5-13.5 km from the dredging/disposal. Predicted
peak increases in depth averaged concentration in the close vicinity of the works
were in the region of several hundred mg/l. For drilling of monopile foundations
predicted increases in depth averaged concentrations of more than 10 mg/l were
predicted to extend 2.5-8 km from the dredging/disposal. Predicted peak increases in
depth-averaged concentration in the close vicinity of the works were in the region of
90-160 mg/l.

6.2.5

Peaks in suspended sediment concentration increase are typically short-lived, of the
order of an hour. During monopile drilling the predicted concentration reduces to near
background after approximately eight hours from the start of the release. For single
GBFs dredging the predicted concentration reduces to background levels within 27
hours after the start of the release.
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6.2.6

Deposition resulting from the dredging/disposal for GBF seabed preparation was
greater than that from drilling as a larger volume of sediment was released. However,
for the drilling, in both cases, any deposition was restricted to within a few hundred
metres of the location of the works.

6.2.7

The simulations of works for two concurrent turbines showed that for both GBF
dredging and monopile drilling the peak predicted depth averaged suspended
sediment concentrations were reasonably similar to those for individual foundations.
Deposits from dredging two foundations concurrently are similar to those for
individual foundations.

6.2.8

The effects of drilling for jacket foundations were predicted to be significantly smaller
compared to those of GBF seabed preparation and monopile drilling.

6.3

Longer Term Effects

6.3.1

Waves and storms have an important role on the long-term fate of fine sediment
settled material. Over longer time-scales, the deposited fine sediments will be
reworked and dispersed over a much larger area. In addition, the fine sand disposed
in the vicinity of the pile will be reworked and become part of the background sand
transport regime.
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APPENDIX A - SEDPLUME-RW

A.1.1

Flow in a coastal region consists of large-scale tidal motion, wind-driven currents and
small-scale turbulent eddies. In order to model the dispersal of suspended mud in
such a region, the effects of these flows on suspended mud plumes must be
simulated. The random walk dispersal model, SEDPLUME, represents turbulent
diffusion as random displacements from the purely advective motion described by the
turbulent mean velocities computed by the depth-averaged free surface flow model,
TELEMAC-2D.

z

=

distance above sea bed (m); and

ks

=

roughness length (m).

A.3.2

Each particle is then advected by the local flow conditions. Because the three
dimensional structure of the flow is calculated by SEDPLUME, effects such as shear
dispersion of plumes are automatically represented.

A.3.3

In the case of wind-driven currents, SEDPLUME assumes that the surface winddriven current is parallel to the wind vector with a speed given by:

S = αw

2

Where:
S

=

surface wind-driven current speed (ms-1);

A.2

Representation of Mud Disturbance

α

=

an empirical constant; and

A.2.1

In SEDPLUME, the release of suspended mud in coastal waters is represented as a
regular or intermittent discharge of discrete particles. Particles are released
throughout a model run to simulate continuous mud disturbance or for part of the run
to simulate mud disturbance over an interval during the tidal cycle, for instance to
represent the resuspension of fine sediment during dredging operations. At specified
sites a number of particles are released in each model time-step and, in order to
simulate the release of suspended mud, the total mud released at each site during a
given time interval is divided equally between the released particles. Particles can be
released either at the precise coordinates of the specified sites, or distributed
randomly, centred on the specified release sites. The particles can be released at the
surface or evenly distributed through the water column. This allows the
representation of the initial spreading of plumes of material released by a dredger, for
example, but SEDPLUME results are generally fairly insensitive to the specified initial
spreading radius.

w

=

wind speed at 10 m above the sea surface (ms-1).

A.3

Large Scale Advection

A.3.1

TELEMAC-2D simulates depth-averaged tidal flows in coastal waters. SEDPLUME
converts the depth-averaged current TELEMAC-2D output into a 3D representation of
tidal currents using the well-known logarithmic velocity profile:

U ( z) =

U *  30.1z 

ln
Κ  k s 

1

Where:
U

=

current speed (ms-1);

U*

=

friction velocity for a tidal current (ms-1);

Κ

=

von Karman’s constant;
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A.3.4

SEDPLUME uses this information to establish a parabolic velocity profile through
depth due to wind which is superimposed upon the tidal current profile.

A.4

Turbulent Diffusion

A.4.1

In order to simulate the effects of turbulent eddies on suspended mud plumes in
coastal waters, particles in SEDPLUME are subjected to random displacements in
addition to the ordered movements which represent advection by mean currents. The
motion of simulated plumes is, therefore, a random walk, being the resultant of
ordered and random movements. Provided the lengths of the turbulent displacements
are correctly chosen, the random step procedure is analogous to the use of turbulent
diffusivity in depth-averaged mud transport models. This is discussed in more detail
below.

(a)
A.4.2

(c)

Lateral diffusion
A.4.5

The horizontal random movement of each particle during a time-step of SEDPLUME
consists of a displacement derived from the parameters of the simulation. The
displacement of the particle in each of the orthogonal horizontal directions is
calculated from a Gaussian distribution, with zero mean and a variance determined
from the specified lateral diffusivity. The relationship between the standard deviation
of the displacement, the time-step and the diffusivity is defined in Reference 1 as:

D = 2D
Dt

where xn is the position of the particle at time tn, A is the advection velocity at
timestep n-1 and B is a matrix giving the diffusivity. ξ is a vector of three random
numbers, each drawn from a normal distribution with unit variance and zero mean. In
the case of SEDPLUME, B is diagonal, with the first two entries equal to √(2D) (as
introduced in the previous Section) and the third diagonal entry being equal to the
local value of √(2Kz).

A.4.7

The movement of a particle undergoing a random walk as described in equation (5)
can be described by the Fokker-Planck equation in the limit of a very large number of
particles and a very short timestep, where we introduce subscripts i,j and k running
over the three coordinate directions:

Where:

A.4.3

Dt

= time-step (s); and

D

= lateral diffusivity (m2s-1).

(b)
A.4.4

2
∂f
∂
1
∂
+
( Ai f) =
( Bik B jk f)
∂t ∂ xi
∂ xi ∂ x j 2

In a SEDPLUME simulation, a lateral diffusivity is specified, which the model reduces
to a turbulent displacement using Equation (3). No directional bias is required for the
turbulent movements, as the effects of shear diffusion are effectively included through
the calculated depth structure in the mean current profile.
Vertical diffusion

The probability density function f(x,t|x0,t0) is the probability of a particle which starts
at position x0 at time t0 being at position x at time t.

A.4.9

Equation (6) can be compared with the advection-diffusion equation for the
concentration of a pollutant, c:
∂c
∂
∂
∂
+
( u i c) =
( K ik
c)
∂t ∂ xi
∂ xi
∂ xk

Ai = u i +
A.4.10

h

=

height of particle above the bed;

d

=

water depth;

0.16

=

(von Karman constant)2;

u

=

current speed; and

z

=

vertical coordinate.

7

where Kik is the eddy diffusion matrix, diagonal in our case but not necessarily so.
Thus identifying f with c, we can see that the two equations are equivalent provided
that we take the advection velocity as:

4

Where:

6

A.4.8

Whilst lateral movements associated with turbulent eddies are satisfactorily
represented by the specification of a constant diffusivity, vertical turbulent motions
can vary significantly horizontally and over the water depth, so that vertical
diffusivities must be computed from the characteristics of the mean flow field, rather
than specified as constants. In neutral conditions, the vertical diffusivity, Kz, is given
by:

h  ∂u
2
K z = 0.16 h  1 - 
 d  ∂z

5

A.4.6

3
= standard deviation of the turbulent lateral displacement (m);

A particle undergoes a random walk as follows:
n
n
n -1
n -1 n -1
n -1 n -1
x = x + A( x ,t )∆t + B( x ,t ) ∆t ξ

2

D

Drift velocities

6.3.2

The value of the vertical diffusivity is calculated at each particle position, then a
vertical turbulent displacement is derived for each particle from its Kz value using an
equation analogous to (3) for the lateral turbulent displacement.
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∂
K ik
∂ xk

8

In the case of SEDPLUME, the diffusivity varies only in the vertical and is constant in
the horizontal, so the horizontal advection velocity is simply the flow velocity
(assuming that the relatively small effects of changing water depth can be neglected).
However, when considering the movement of particles in the vertical it is important to
include the gradient of the diffusivity (often referred to as a drift velocity) in the
advection step. If this term is omitted then particles tend to accumulate in regions of
low diffusivity, which in our case means at the surface and at the bed.
This subject is discussed in considerably more detail in References 2, 3, 4, and 5.

A.5

∂me
= M (t b − t e )
∂t
10

Sedimentation Processes
(a)

Settling

Where:
A.5.1

In SEDPLUME, the settling velocity (ws) of suspended mud is assumed to be related
to the mud concentration (c) through an equation of the form:

me is the mass eroded (kg);
t is time (s); and

Q
ws = max( wmin , Pc ) 9

M is an empirical erosion constant.

where wmin, P and Q are empirical constants. Having computed a suspended mud
concentration field, as described subsequently in this Section, a settling velocity can
be computed in each output grid cell from Equation (7) and used to derive a
downward displacement for each particle during each time-step of a model
simulation. This displacement is added vectorially to the other computed ordered and
random particle displacements. Note that there is a specified minimum value of ws.
This results in settling velocities being constant at low suspended mud
concentrations, as indicated by recent research at HR. (Reference 6).
(b)
A.5.2

A.5.3

A.5.4

Computation of Suspended Mud Concentrations

A.6.1

In SEDPLUME, suspended mud concentrations are computed on the TELEMAC-2D
grid which can be designed to resolve the essential features of relatively small-scale
plumes. In each SEDPLUME grid cell a concentration is derived by dividing the total
suspended mud represented by all the active particles in that cell by the volume of
the cell.

A.7

Computation of Mud Deposit Distributions

A.7.1

SEDPLUME computes mud deposit distributions by summing the mass of mud
represented by the inactive particles in each cell of the output grid, and assuming that
the resulting mass is evenly distributed over the cell area.

A.7.2

The model is usually used to simulate the dispersal of mud released by dredgingrelated activity in one of the following three ways:

A.7.3

Dredging in shallow areas releases small quantities of mud into the water column
close to the sea bed.

A.7.4

When dredging for marine fill, the coarse sediment content of dredged material may
be increased by over-filling of the receiving barge; with coarse material settling
rapidly in the barge and the fine mud component remaining in suspension and reentering the water column.

A.7.5

The disposal of dredged spoil in deep water results in a dense column of sediment
descending rapidly to the sea bed. Entrainment of water into this column results in
some of the fine mud component entering the water column.

A.7.6

The model is most suited to simulating detailed distributions of suspended mud and
mud deposits near areas of dredging-related activity over a few tidal cycles. The farfield effects of dredging-related activity can be simulated using other models in use at
HR Wallingford.

Deposition

SEDPLUME computes bed shear stresses from the input tidal flow fields using the
rough turbulent equation, based on a bed roughness length input by the user. If the
effects of storm waves on mud deposition and erosion at the sea bed are to be
included in a model simulation, a bed shear stress associated with wave orbital
motions, computed from the results of mathematical wave model simulations, is
added to that resulting from the simulated tidal currents (Reference 7). Where the
computed bed stress, tb, falls below a specified critical value, td, and the water is
sufficiently deep, then deposition is assumed to occur. Mud deposition is represented
in SEDPLUME by particles approaching the sea bed becoming inactive when tb is
below td. Whilst active particles in the water column contribute to the computed
suspended mud concentration field, as described subsequently in this appendix,
inactive particles contribute to the mud deposit field.
In shallow areas, where tidal currents are sufficiently weak to allow mud accretion,
normal wave action can prevent mud deposition. This effect is included empirically in
SEDPLUME, by specifying a minimum water depth below which deposition does not
occur.
(c)

A.6

Erosion

The erosion of mud deposits from the sea bed is represented in SEDPLUME by
inactive particles returning to the water column (becoming active) when tb exceeds a
specified erosional shear strength, te. The number of particles which become resuspended in each cell of the output grid in each time-step of a simulation is
determined by the equation:
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