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INTRODUCTION

2

BACKGROUND SUSPENDED SEDIMENT CONCENTRATIONS

1.1.1

Plume dispersion modelling associated with sandwave clearance and cable burial
was carried out in support of the Environmental Impact Assessment for Project One.
As the Project Two cable route corridor covers almost the exact same spatial footprint
as the Project One cable route corridor, the plume assessment work carried out for
Project One is relevant to Project Two (see Figure 3.2 in Volume 1, Chapter 3:
Project Description).

2.1

Introduction

2.1.1

There are few reported studies reporting detailed measurements of suspended
sediments offshore of the Holderness and Lincolnshire coast, and, therefore, limited
data to provide detailed information on background sediment concentrations over a
range of metocean conditions and over a wide area. This section provides an
overview of measurements undertaken within the general vicinity of the Hornsea
Zone to provide an indication of typical background suspended sediment
concentrations (SSC).

2.2

Metocean Data Collection in the Hornsea Zone

2.2.1

A metocean baseline data collection programme has been carried out within the
Hornsea Zone. Monitoring has been carried out of tidal heights, currents, waves, SSC
and meteorological parameters at six locations. Full details of the metocean data
collection is provided in Annex 5.1.3: Metocean Data Review.

2.2.2

The metocean sampling campaign found that SSC values were typically in the range
of 3 mg/l to 30 mg/l. During spring tides and storm conditions (defined for the
purposes of the wave modelling as a larger than normal condition, occurring over
fixed time period, see Section 2.2 (Volume 5, Annex 5.1.2: Wave Modelling)),
elevations of SSC values of up to 50 mg/l were observed.

2.3

Holderness Coast Measurements

2.3.1

Comprehensive measurements of suspended sediments offshore of Tunstall on the
Holderness Coast were undertaken in July 1995 and February 1996 in shallow water
(9 - 17 m) (Blewett and Huntley, 1998). The measurements of suspended sediment
concentrations were obtained using several instrumented bed frames at three sites
(described as inner, middle and outer). In the period 29 June to 15 July
measurements were carried out at the inner and middle sites in water depths of
10.9 m and 14.8 m, respectively. During February 1996, overlapping measurements
at all three locations were undertaken. (Inner site 4 – 19 February – 9.4 m water
depth; middle site 4 – 23 February – 12.4 m water depth; outer site 15 – 29 February
– 16.8 m water depth).

2.3.2

Measurements made in the July period at the inner site in around 11 m of water were
found to be typically in the range 0-12 mg/l, the lower end of this range corresponding
to calm neap conditions and the upper end of the range corresponding to spring tides

1.1.2

This annex presents the results of the plume dispersion modelling carried out for
Project One, and draws upon this work to assess the effects of sandwave clearance
and cable burial associated with Project Two.
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with significant wave heights of around Hs (significant wave height) = 0.5 m. Results
for the middle site during this period are not given.
2.3.3

The measurements taken in February varied over a much larger range. For the
measurements undertaken at the inner site (nearshore – 9.4 m water depth) SSC
ranged up to 800 mg/l, the variation being due to a combination of tidal current and
waves of up to 1.5 m. At the outer site, (16.8 m water depth) the observed suspended
sediment concentrations varied over the range 0-250 mg/l. The peak SSC measured
offshore during this period corresponded with a measured SSC at the inner site of
around 500 mg/l. Blewett and Huntley concluded that wave conditions have a major
influence on the levels of SSC off the Holderness coast, and although some of the
increase in SSC during storms may come from erosion of the cliffs, it is also likely
that resuspension of sediment from the seabed is also significant.

2.3.4

The measured peak suspended sediment concentrations at the three measurement
sites coincided with a large wave event (Hs = 2-3 m at the outer site; Hs = 1-1.5 m at
the inner site) which lasted for approximately two days during peak spring tidal
conditions. Following the storm event the sediment concentration at the sites
decreased steadily into the neap tidal period to around 20 to 75 mg/l at the offshore
site and 40 to 150 mg/l, approximately, at the inner site.

2.4

Measurements at Race Bank

2.4.1

Cefas made a series of measurements at Race Bank to the south of dredging areas
448 and 449, in the vicinity of Burnham Ridge. The measurements indicate SSC
between 20 and 100 mg/l on neap tides, rising to between 50 mg/l and 700 mg/l on
spring tides.

2.5

Mean Concentrations Based on Cefas Measurements

2.5.1

HR Wallingford et al. (2002) presented maps of mean 'summer' and 'winter' SSC
based on Cefas near surface measurements. Values of suspended sediment in the
summer (Figure 2.1 - top) are generally low in offshore areas – typically 0 to 4 mg/l.
Within areas like the Wash and the Humber the concentrations are generally higher
(e.g., the Humber Estuary > 300 mg/l). The winter suspended sediment distribution
(Figure 2.1 - bottom) shows a similar pattern in the coastal areas but the
concentrations are higher. Generally the summer maxima are strengthened in the
winter with a doubling of the SSC. The main feature of the sediment concentration
distribution picked out by the winter data is the plume-like feature in the suspended
sediment field extending from northeast Norfolk out in a northeasterly direction across
the North Sea towards the island of Texel in the Netherlands. This 'plume' has also
been reported by Dyer and Moffat (1998) and modelled with a 3D computational
hydrodynamic model by HR Wallingford et al. (1992).

Figure 2.1
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Mean summer (top) and winter (bottom) distributions of near-surface
suspended sediment (source: Cefas, presented in HR Wallingford et al.,
2002).

2.5.2

The most likely source of this material is local resuspension by wave activity but other
theories include transport of material down from the Humber along the Norfolk coast
and then offshore.

2.5.3

Figure 2.2 shows a true-colour Aqua MODIS image acquired on December 18, 2004
(Jeff Schmaltz, MODIS Rapid Response Team, NASA/GSFC). The image shows
clouds of brown and green sediment within the North Sea. The sediments are most
concentrated in river outlets, most notably the Thames Estuary and the Mouth of the
Humber Estuary. Within the larger body of the North Sea, the sediment is most likely
being pulled up from the seafloor, which lies no more than 50 m below the surface.
Large storms often stir up such sediment, therefore, such events are relatively
common.

Figure 2.2
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A true-colour Aqua MODIS image acquired on December 18, 2004 of
sediment plumes in the North Sea (Jeff Schmaltz, MODIS Rapid Response
Team, NASA/GSFC).
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PLUME DISPERSION MODELLING: METHODOLOGY

3.1

Introduction

3.1.1

The dispersion and deposition of sediment arising from sandwave clearance and
cable burial has been simulated using the HR Wallingford SEDPLUME-RW model
(see A.1.1 for further details of the model). The model uses the hydrodynamic output
from the TELEMAC-2D flow model and the assumption of a logarithmic velocity
profile through the water column to track the 3-dimensional movement of sediment
particles. Dispersal in the direction of flow was provided by the shear action of
differential speeds through the water column while turbulent dispersion was modelled
using a random walk technique. The deposition and re-suspension of particles were
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.

3.2

Bedform Analysis and Sandwave Clearance

3.2.1

Along the cable route, a range of bedforms have been observed in the bathymetric
survey data: both megaripples and sandwaves are present with varying height and
spacing. The majority of these bedforms are deemed to be very mobile, as they are
wave related, isolated on a gravel substrate and/or very asymmetric (see Annex
5.1.5: Bedform Analysis of the Cable Route for further details).

3.2.2

Results from the cable route corridor geophysical surveys are reported relative to the
distance in kilometres from the shore to the offshore termination of the survey
(referred to as Kilometre Points, or KPs), as illustrated on Figure 3.1.

3.2.3

Analysis of the cable route (Annex 5.1.5: Bedform Analysis of the Cable Route) has
identified that most bedforms have crests that are aligned parallel or very obliquely to
the cable route, allowing for cabling through the troughs. However, where preconstruction surveys show pronounced sandwaves along the route, these may
require clearing or ‘pre-sweeping’ to the level of the bottom of the trough of the
sandwave prior to cable burial. This will be achieved using a trailer suction hopper
dredger or a mass flow excavator (for example, the ROTECH jetting system)
mounted on a dynamic positioning vessel. Both of these sandwave clearance
techniques have been assessed. A description of each of the techniques is provided
below.

Trailer Suction Hopper Dredging
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3.2.4

The process of loading the dredger entails pumping a mixture of solids and water
from the seabed into the hopper of the dredger (which is usually partially full of water
at the start of loading). The solids content in the pumped mixture is relatively low
(approximately 25% by volume) and so the vessel fills quickly with water while
loading. In order to allow the vessel to load a full cargo of sand (and/or gravel)
without becoming overloaded, the excess water in the hopper is returned overboard
through overflow spillways which discharge through the hull of the dredger. The
returned water also contains a proportion of suspended solids (typically fine sands
and silt).

3.2.5

Once returned to the sea through the hull of the dredger, this sediment interacts with
the ambient tidal currents, the boundary layer of the dredging vessel and the air
bubbles entrained in the overflow discharge. As a result of this interaction the
overflow tends to form two different plumes: a surface plume which contains around
15% of the sediment discharged from the overflow (based on measurements
undertaken by Nick Bray and John Land in Hong Kong, pers.comm. Nick Bray,
HR Wallingford, and more recent measurements undertaken by the EcoShape
Project in Dutch waters, Aarninkhof et al., 2010) which is released quickly into the
water column, and a negatively buoyant dynamic plume, carrying most of the
released sediment, which rapidly descends towards the bed mixing with the
surrounding water as it does so. This dynamic plume usually impinges on the bed,
collapsing onto the bed as a density current. This density current is at some point
entrained into the overlying waters by tidal currents forming a passive plume, albeit
more diffuse than the passive plume caused by the surface plume. Once passive
plumes are formed they will be dispersed horizontally and vertically in the form of a
plume by tidal flows and wave action and be advected by the tidal currents. The
processes of advection and dispersion will continue until the sediment concentrations
are reduced to close to background levels.

Figure 3.1

Bathymetry and approximate lengths along the Project Two cable route corridor.
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3.2.6

The requirements for the dredging associated with sandwave clearance were
identified as follows. Assumed model parameters are given in Table 3.1:



Table 3.1

Jetting (Mass Flow Excavator)
3.2.7

Dredging using a trailer suction hopper dredger of size similar to the Brabo
(11,650 m3, Clarkson Research Services Ltd., 2009); and
'Local' release of dredged sediment to reduce cycle times. In this study local has
been assumed to be a location 1500 m from the point of dredging, close enough
to keep the sediment in the vicinity of the sandwave system from where it was
derived, but far enough away that the sediment will not return to the dredged
area before the cable has been laid. The location would be chosen in the lee of
the cable route with respect to the net direction of sand transport (see Annex
5.1.5: Bedform Analysis of the Cable Route).
Assumed model parameters for trailer suction hopper dredger sandwave
clearance scenario.

For the scenario of clearing sandwaves using a mass flow excavator (for example,
the ROTECH jetting device) the following assumptions were made:


The jetting device will travel at 0.05 ms-1;



The jet head will operate at 1 m above the seabed;



The diameter of the jet head is 1.5 m;



The jetting device draws in seawater from the side pipes and jets water out from
the vertical down pipe. The bed material is shifted and trenched with the force of
the jet (except in cases where the bed has high cohesive strength) and flushed
away;



Only one ‘pass’ will be made through each sandwave to achieve the required
clearance width; and



The width of the sandwave to be cleared is 20 m, and the depth of clearance
varies for each location.

Model Parameters
Critical shear stress for deposition

= 0.1 N/m2

Critical shear stress for erosion

= 0.2 N/m2

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

= 0.002 m-1s

Settling velocity

= 0.1 mms-1

Diffusion coefficient
Mass concentration of deposited silt
1

Nikuradse seabed roughness length

3.2.8

Assumed model parameters are provided in Table 3.2.

Table 3.2

Assumed model parameters for mass flow excavator scenario.
Model Parameters

2

= 1.0 m /s
= 500 kg/m

3

= 0.01 m

1

The Nikuradse roughness length (ks) is used in a number of widely used formulas. For a flat
seabed consisting of sand or gravel the roughness length is considered to be related to the
diameter of the largest grains on the bed surface. Whilst it is possible that ks may vary with flow
rate as mobile sediment grains move to offer least resistance to the flow Van Rijn (1982)
undertook a review of available data and found no evidence of the variation of ks with flow rate.
There are a number of expressions relating ks to sediment grain size, however, the most
commonly used expression is ks = 2.5 d50, where d50 is the median grain size.
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Critical shear stress for deposition

= 0.1 N/m2

Critical shear stress for erosion

= 0.2 N/m2

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

= 0.002 m-1s

Settling velocity

= 1 mms-1

Diffusion coefficient

= 1.0 m2/s

Mass concentration of deposited sand

= 1,700 kg/m3

Nikuradse seabed roughness length

= 0.01 m

3.3

Cable Burial

3.3.1

The extent and method by which the Project Two cables will be buried is dependent
on the result of a detailed seabed survey of the final cable route and associated burial
risk assessment process. Cable installation would likely involve one, a combination
of, or all of, ploughing, trenching, jetting, rock-cutting, dredging, surface laying with
post lay burial, or surface laying.

3.3.2

Of these techniques, jetting and ploughing have the potential to create the greatest
disturbance to seabed sediments, and as such both have been assessed. A
description of each of the techniques is provided below.

3.3.3

It is proposed to bury the cables, and standard best practice will be followed to
ensure that cables are buried to an optimum depth so that they will not become
exposed.

Jetting
3.3.8

During the construction of the Nysted Offshore Wind Farm in Denmark (BERR,
2008), measurements of turbidity were collected during the cable laying operations.
The cable was laid using jetting where possible and using pre-trenching (using a back
hoe dredger) and backfilling where hard substrates were encountered. Jetting
operations were found to result in significantly less turbidity than the pre-trenching
and backfilling operations. BERR reports that Seacon (2005) concluded that the
higher rates of sediment release from the pre-trenching and backfilling were a result
of the larger volume of seabed strata disturbed during these operations and due to
the fact that the material disturbed during trenching was lifted to the surface for
inspection. This meant that the sediment was carried through the full water column
before being placed alongside the trench.

3.3.9

Typical values of SSC are shown in Table 3.3 and in this particular example the
method of cable burial using jetting produced smaller sediment concentrations in the
water column than were associated with trenching and backfilling of the cable trench
using a back-hoe.

Ploughing
3.3.4

Ploughs can be categorised into two main types: displacement and non-displacement
ploughs.

3.3.5

Displacement ploughs cut an open V-shaped trench allowing the cable to be laid into
it. This process can result in a large amount of seabed material being displaced.
Displacement ploughs are suitable for use in most types of sediment due to the sheer
force of the forward movement. The trench created by these ploughs can be up to
5 m wide, in addition, the footprint of the plough can be up to 10 m wide. This type of
plough is normally used for pipelines and the open trench will either backfill naturally
or be backfilled by using a series of blades either mounted to the rear of the plough or
on a separate plough.

3.3.6

3.3.7

Table 3.3

Mean and maximum values of sediment concentration at 200 m from the
various cable laying operation methodologies (Seacon, 2005 in BERR,
2008).
Method

Non-displacement ploughs are designed to slice through the seabed using a shear.
The shear is typically a thin blade-like design, which does not create a permanent
trench leading to minimal disturbance of the seabed. The trench created is very
narrow, normally between 0.3 m and 1 m depending on the size of the plough.
However, the footprint of the plough is generally still large and can be up to 8 m. A
distinct advantage of this plough type is the trench created backfills immediately due
to the design of the plough.

Maximum

Trenching

14 mg/l

75 mg/l

Backfilling

5 mg/l

35 mg/l

Jetting

2 mg/l

18 mg/l

3.3.10

Jetting inevitably creates more disturbance than non-displacement ploughing.
Reach (2007) describes plume dispersion studies for a cable laying jetting operation
in Hong Kong with an assumption that 20% of a trench cross-section of 1.75 m2
would be disturbed by the jetting process and the speed of the jetting machine would
be 300 m/hr (0.083 ms-1). ASA (2005) describes similar studies for a cable laying
operation near Cape Cod in the USA and assumed that 30% of a trench crosssection of 3 m2 would be disturbed by the jetting process and the speed of the jetting
machine would be 91 m/hr (0.025 ms-1). This latter study also assumed that any sand
particles would quickly return to the bed and only the fine sediment particles (particles
with a diameter less than 63 μm) would form a plume in the water column.

3.3.11

Based on these previous studies, for the current study it is assumed that 25% of the
trench cross-section area of 3 m2 is disturbed and that the jetting machine moves at
180 m/hr (0.05 ms-1).

Royal Haskoning (2002) describes the effects of non-displacement ploughing as
causing, typically, a disturbance of 0.02 m3 per metre of cable laid. Without further
detailed site measurements, this was considered a reasonable value to adopt for use
in the plume dispersion studies undertaken for Project One assuming a cable laying
speed of 0.05 ms-1 (based on a number of previous studies undertaken).
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Mean

3.4

Overview of Modelled Scenarios

3.4.1

Two sandwave clearance scenarios and four cable laying scenarios were modelled:

3.4.2

4

DETAILED DESCRIPTION OF MODELLED SCENARIOS

4.1

Scenario 1 – Sandwave Clearance: Trailer Suction Hopper Dredging

4.1.1

Engineering assessments identified that sandwaves at the following locations along
the cable route may be suitable for clearing using trailer suction hopper dredging:



Scenario 1 – Sandwave clearance: Trailer suction hopper dredging;



Scenario 2 – Sandwave clearance: Jetting (mass flow excavator);



Scenario 3 – Cable burial: Ploughing through sand;



Scenario 4 – Cable burial: Jetting through sand;



KP 52.2;



Scenario 5 – Cable burial: Ploughing through till; and



KP 58.5 and KP 60;



Scenario 6 – Cable burial: Jetting through till.



KP 61 to KP 63;



KP 70 to 71.5;



KP 76 to 77.5;



KP 81 to KP 83.2; and



KP 96.

The scenarios selected represent the principal soil conditions encountered along the
cable route and within the array. Although jetting or ploughing through till is likely to
result in greater sediment dispersion than through sand (because till is a finer
material once it is broken by the jetting process), a representative sandy area along
the cable route was modelled to determine the fate of the dispersion of any fine
material in predominantly sandy areas.
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4.1.2

All the sandwaves to be cleared are offshore in water depths of 20 – 30 m. The
closest sandwave to the coast that may need to be cleared is at KP52.2,
approximately 50 km from the shoreline. The water depth at this point is
approximately 20 m.

4.1.3

In this scenario sandwave clearance using a trailer suction hopper dredger was
simulated through the sandwaves between KP 81 and KP 83 (Figure 3.1), which is
considered to be representative of the sandwaves listed above. Large sand deposits
are present in this area which may have been part of a palaeo-delta (Glacial till may
be present as well as calcareous remains and boulders), and the mobile sediment
forms seabed features such as sandwaves: in this case the sandwave is 1 km long
and 5 m high. As the fine sediment content for the soil samples varies greatly, an
average value was taken as 1.5% for the purpose of the simulation due to the
predominantly sandy nature of the material.

4.1.4

The dredger was assumed to travel at 1.0 ms-1, disturbing the bed with an assumed
(dry) density of 1700 kg/m3, of which 1.5% is assumed to be released into the water
column as fine material (< 63μm in diameter). The release rate of the fine material
simulated in the plume dispersion model was, therefore, 50 kg/s.

4.1.5

The release of fine material from the dredging was represented as moving over a
0.8 km path from west to east at 1.0 ms-1 for a period of approximately 2 tides.

4.2

Scenario 2 – Sandwave Clearance: Jetting (Mass Flow Excavator)

4.2.1

Engineering assessments have identified that sandwaves at the following locations
along the cable route corridor may be suitable for clearing using the jetting technique
(refer to Figure 3.1 and Figure 5.3 for locations):


KP 61 to 63 (sandwave 1);



KP 70 to 71.5 (sandwave 2); and



KP 76 to 77.5 (sandwave 3).

4.2.2

In this scenario, all three of these sandwaves were simulated.

4.2.3

The mass flow excavator produces a downwards flow from a nozzle suspended a
couple of metres above the seabed. It was assumed to travel at 0.05 ms-1, disturbing
the seabed with a given (dry) density of 1700 kg/m3, of which 5% is assumed to be
released into the water column as fine material (< 63μm in diameter). The percentage
of fine material released is greater for jetting than for trailer suction hopper dredging
(see Section 4.1) because the jetting technique results in overall greater disturbance
of the sandwave material (i.e., any consolidated fine material is likely to be broken up
and released during the jetting operation).

4.2.4

The overall volume of material released for each sandwave clearance operation
varies according to the size of the sandwave. The extent and volume of material to be
cleared for each sandwave was calculated using data from the bathymetric survey of
the cable route (Fugro, 2011). It was assumed that the bottom width for clearance
was 20 m with 1: 5 side slopes.

4.2.5

It should be noted that the seabed profile at the time of installation and the KP
locations of sandwave clearance may not directly correspond to those given within
this annex due to potential adjustments in cable route within the corridor, and also
due to the movement of bed features in the period since the bathymetric survey used
in this study (Fugro, 2011) was carried out. However, as the study has used the most
up-to-date data available at the time of the assessment, it is considered sufficient to
inform the assessment of potential effects on marine processes.

4.2.6

4.2.7



For engineering purposes the sandwave clearance profiles and volumes should be
confirmed with:


Analysis of the in-survey obtained prior to the cable installation work; and



The contractor’s proposed method of sandwave clearance, equipment
specification and tolerances.

Based on the size of the three sandwave clearance operations simulated, the release
of fine material was represented over the following distances:


Sandwave 1, KP 61 to 63: 1.2 km path;



Sandwave 2, KP 70 to 71.5: 0.6 km path; and
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Sandwave 3, KP 76 to 77.5: 0.9 km path.

4.2.8

The model simulation was run for two spring-neap tidal cycles.

4.3

Scenario 3 – Cable Burial: Ploughing Sand

4.3.1

Along the cable route there are areas of sandy substrate. The fine sediment content
(particles less than 63 μm in diameter) for the soil samples varies greatly, therefore,
for the purpose of the simulation a value of 10% was considered reasonable based
on expert judgement and on the basis of numerous previous cable laying studies
undertaken by HR Wallingford.

4.3.2

The plough was assumed to travel at 0.05 ms-1 disturbing 0.02 m3 per metre
ploughed, at a (dry) density of 1700 kg/m3, of which 10% is fine material (< 63μm in
diameter). The release of fine material is approximately 0.2 kg/s which is the release
rate simulated in the plume dispersion model. It was assumed that coarse sands and
gravels disturbed by the plough fall straight back down on the bed and are not
released into the water column. Fine sediment released into the water column was
assumed to flocculate and have a constant settling velocity of 1 mms-1.

4.3.3

The release of fine material from the ploughing was represented as moving over a
4.3 km path approximately between KP 111.5 to 115.5 (Figure 3.1) from west to east
at 0.05 ms-1 for a period of 2 tides.

4.4

Scenario 4 – Cable Burial: Jetting Sand

4.4.1

The jetting device was assumed to travel at 0.05 ms-1 disturbing 0.75 m3 per metre
jetted, at a (dry) density of 1700 kg/m3, of which 10% is fine material (< 63μm in
diameter). The release of fine material is approximately 6.4 kg/s which is the release
rate simulated in the plume dispersion model.

4.5

Scenario 5 – Cable Burial: Ploughing Till

4.5.1

In this scenario the use of non-displacement ploughing for cable burial within a glacial
till outcrop along the cable route between KP 36.5 and KP 40.5 (Figure 3.1) was
simulated. The seabed along this section of the cable route also consists of
numerous small boulders, gravel associated to medium to coarse sand, shell
fragments and pebbles. The fine sediment content for the soil samples varies greatly.
Therefore, using expert judgement and drawing upon experience gained from
undertaking similar studies for cable burial a value of 20% fines content was
assumed as a worst case scenario for the purpose of the simulation.

4.5.2

The plough was assumed to travel at 0.05 ms-1 disturbing 0.02 m3 per metre
ploughed, at a (dry) density of 1700 kg/m3, of which 20% is assumed to be released
into the water column as fine material. The release of fines simulated in the plume
dispersion model was 0.34 kg/s. The release of fine material from the ploughing was
represented as moving over the 4.3 km extent of the route from west to east at
0.05 ms-1, for a period of approximately 2 tides.

4.6

Scenario 6 – Cable Burial: Jetting Till

4.6.1

The jetting device was assumed to travel at 0.05 ms-1 disturbing 0.75 m3 per metre
jetted, at a (dry) density of 1700 kg/m3, of which 20% is assumed to be released into
the water column as fine material. This represents a worst case scenario. The
release of fines simulated in the plume dispersion model was 12.8 kg/s.

10

5

PLUME DISPERSION MODELLING RESULTS

5.1

Introduction

5.1.1

The figures presented in this section are shown as plots of predicted maximum
increases in SSC above background during the simulation and predicted cumulative
deposits occurring during the simulation. They 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.

5.1.2

Coarse sands and gravels displaced by the dredging activity will not be dispersed by
tidal currents. They will be mobilised in the immediate vicinity of the activity but will
settle rapidly in close proximity to the point of disposal.

5.2

Scenario 1 – Sandwave Clearance: Trailer Suction Hopper Dredging

5.2.1

The scenario of dredging sandwaves where there is a 1.5% fine sediment content is
predicted to produce depth-averaged concentration increases of less than 40 mg/l
above background (typically 20 – 150 mg/l) and cumulative deposition of less than
2 mm.

5.2.2

Figure 5.1 shows the predicted increase in depth-averaged SSC above background.
Figure 5.2 shows the predicted cumulative deposits of fine material.

5.2.3

Figure 5.1 shows that the plume footprint is aligned to the main tidal flow direction
and is asymmetric: higher predicted SSC is observed to the northwest of the release
point. The predicted footprint of up to 40 mg/l SSC above background extends for
200 m from the cable route. Due to the settling and re-suspension of fine sediments,
the predicted maximum extent of the sediment plume (> 2 mg/l above background
SSC levels) is 16 km northwest and 17 km southeast from the point of release. The
peak predicted increase in above background concentration is 37 mg/l and occurs
along the dredge track.

5.2.4

Figure 5.2 shows the extent of the predicted cumulative sediment deposit (deposits
greater than 0.5 mm in thickness). At its widest, the maximum extent of the predicted
footprint extends 60 m to the northwest and 250 m to the southeast of the cable
route. The material is predicted to deposit and form this footprint under low flow
conditions, when flow speeds pick up the material is re-suspended and transported
by the tide away from the site (this happens twice during the simulation and there is
no indication that there is any deposition of greater than 0.5 mm thickness). Any
sediment that settles to form a layer less than 0.5 mm is small enough to be reworked
through the tide and disperse and form part of the background material.

5.2.5

Coarser sands and gravels displaced by the dredging activity will not be dispersed by
tidal currents. They will be mobilised in the immediate vicinity of the activity but will
settle rapidly in close proximity to the point of disposal.

Figure 5.2

Figure 5.1

Sandwave clearance: dredging - Predicted increase of suspended
sediment concentration above background peak depth-averaged
concentration. Dredged path marked in black.
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Sandwave clearance: dredging - Predicted accumulated deposition of fine
sediment. Dredged path marked in black.

5.3

Scenario 2 – Sandwave Clearance: Jetting (Mass Flow Excavator)

5.3.1

Figure 5.3 shows the predicted maximum increases in depth-averaged SSC during
the model simulation. This figure plots the predicted maximum increases in depthaveraged SSC above background during the simulation; it does not show the actual
plume at any time but rather the peak values attained at each location over the
course of the model simulation. In order to illustrate ‘real time’ effects, Figure 5.4
shows the predicted increases in depth averaged SSC at four distinct points in time
throughout the model simulation for the largest sandwave: sandwave 1.

5.3.2

At the largest sandwave (1), the scenario of jetting to clear the sandwave where there
is 5% fine sediment content is predicted to produce depth-averaged SSC increases
that peak at approximately 900 mg/l above background levels; however as shown on
Figure 5.3, such increases are confined to an area very close to the sandwave
location, and as shown on Figure 5.5 are predicted to occur for a very short period of
time (less than an hour). Increases of up to 200 mg/l are observed up to 18 km to the
north of the sandwave, and increases of up to 50 mg/l are observed in the southern
extent of the plume.

5.3.3

SSC at sandwaves 2 and 3 display a similar pattern of dispersion but the increases
above background levels are reduced compared to sandwave 1.
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Figure 5.3

Sandwave clearance: Jetting - Predicted maximum increases in depth-averaged suspended sediment concentration above background conditions, for sandwaves 1, 2
and 3.
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Figure 5.4

Sandwave clearance: jetting – Predicted increases in (depth averaged) suspended sediment concentration above baseline conditions at four points in time throughout
the model simulation, for sandwave 1.
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5.3.4

At two points within the suspended sediment plume for each of the three sandwaves,
time-series data have been plotted to show the maximum increases in SSC over
time, as presented in Figure 5.5, Figure 5.6 and Figure 5.7 for sandwaves 1, 2 and 3,
respectively. The observed dispersion of fine material from jetting activity is relatively
rapid. For sandwaves 2 and 3, there is evidence of material being re-suspended by
tidal currents after jetting activity has ceased, resulting in a second, smaller ‘peak’ in
SSC. After 24 hours of model simulation, it can be seen that the SSC has returned to
background levels.

Figure 5.7
Figure 5.5

Figure 5.6

Time series illustrating predicted depth averaged suspended sediment
concentration (mg/l) above background levels during jetting activity at
sandwave 1.

Time series illustrating predicted depth averaged suspended sediment
concentration (mg/l) above background levels during jetting activity at
sandwave 2.
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Time series illustrating predicted depth averaged suspended sediment
concentration (mg/l) above background levels during jetting activity at
sandwave 3.

5.3.5

Figure 5.8 shows the extent of the predicted cumulative sediment deposit from the
three sandwaves modelled (deposits greater than 0.5 mm in thickness). At all three
locations, the greatest levels of deposition are observed in close proximity to the
sandwave. The largest sandwave (KP 61 to 63, furthest to the west) generates the
greatest levels of deposition: the predicted footprint extends approximately 20 m to
the north and deposition is observed at levels up to 5 mm, although the majority of
deposition within this wider footprint is less than 1 mm. Any sediment that settles to
form a layer less than 0.5 mm is considered small enough to be reworked through the
tide and disperse and form part of the background material.

5.3.6

Coarser sands and gravels displaced by the jetting activity are likely to be entrained
into the water column but will not be dispersed by tidal currents. They will settle
rapidly in close proximity to the cable route.

Figure 5.8

Sandwave clearance: jetting - Predicted accumulated deposition of fine sediment. Dredged path marked in black.
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5.4

Scenario 3 - Cable Burial: Ploughing Sand

5.4.1

The scenario of ploughing sand with 10% fines content predicted no measureable
increase in suspended sediment concentration or deposition of fine material; as such
the model output figures for this scenario are not shown. As the majority of the
sediment being disturbed consists of sand it will fall very close to/or along the track of
the plough.

5.5

Scenario 4 - Cable Burial: Jetting Sand

5.5.1

The scenario of jetting through sand with 10% fine sediment content is predicted to
produce depth-averaged SSC increases of less than 12 mg/l above background and
deposition of up to 2 mm.

5.5.2

Figure 5.9 shows the maximum predicted increases in depth-averaged SSC above
background levels. The maximum spatial extent of the predicted plume (increases of
2 - 5 mg/l) spreads up to 16 km to the north and south of the cable route due to the
tidal flows. Most of the time the instantaneous predicted plume covers a much
smaller area (and most of the time the predicted concentration of the plume is
<10 mg/l). In the close vicinity of the cable route the peak predicted increase in
concentration is 30 mg/l for a period of 15 minutes (in the simulation), extending up to
40 m from the cable route.

5.5.3

Figure 5.10 shows the extent of the predicted cumulative deposit (deposits greater
than 0.5 mm in thickness). The predicted footprint extends 75 m on both sides of the
cable route. The sediment may initially be deposited to be later re-suspended,
transported and re-worked.
Figure 5.9

5.6

Scenario 5 - Cable Burial: Ploughing Till

5.6.1

The scenario of ploughing in an area where glacial till outcrops and sub-crops are
present with 20% fine sediment content is predicted to produce near-bed SSC
increases of less than 4 mg/l above background and deposition of less than 0.1 mm.
Depth-averaged predicted concentrations are very small; near-bed concentrations
are shown as they are slightly larger.

5.6.2

Figure 5.11 shows the predicted increases in near-bed SSC above background
levels. The footprint of effect extends up to 100 m from the cable route but at these
distances the predicted increases in SSC above background levels are
less than 1 mg/l. Increases in SSC of more than 3 mg/l are predicted to occur within
10 m of the cable route. The peak predicted increase in concentration is about 4 mg/l
and takes place along the track of the plough.
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Cable burial: jetting through sand – Predicted increase peak depthaveraged SSC above background levels.

Figure 5.11

Figure 5.10

5.6.3

5.7.2

Figure 5.12 shows the maximum predicted increases in depth-averaged SSC above
background. The spatial extent of the predicted plume (between 2 and 5 mg/l)
spreads up to 16 km to the north and south of the cable route due to the tidal flows.
For the majority of the time the instantaneous predicted plume covers a much smaller
area (and most of the time the predicted concentration of the plume is <10 mg/l). In
the close vicinity of the cable route the predicted instantaneous concentrations reach
a peak of 30 mg/l for a short time. The apparent ‘clustering’ of sediment around the
edge of the Silver Pit is partly an artefact of the timing of the release, the cut-off
chosen for the sediment concentration and the low concentration levels.

5.7.3

During jetting through till, the peak value of concentration is predicted to last for
15 minutes. The typical width of the plume >20 mg/l is 100 m. The peak predicted
increase in SSC is about 30 mg/l and extends 40 m from the cable route.

5.7.4

Figure 5.13 shows the extent of the predicted cumulative deposit (deposits greater
than 0.5 mm in thickness). The figure shows three areas where there is the potential
for deposition of more than 1 mm of fine sediment. The maximum potential deposition
is predicted to be 3 mm along the jetting track. The footprint of deposits of greater
than 2 mm extends 60 m around the release point. The patterns of deposition due to
the jetting of the bed material corresponds to the lower tidal flow speeds.

Cable burial: jetting through sand – Predicted accumulated deposition of
fine sediment.

Permanent deposition of fine sediment is assumed to be negligible: any sediment that
settles to form a layer less than 0.5 mm is small enough to be reworked through the
tide and disperse and form part of the background material.

5.7

Scenario 6 - Cable Burial: Jetting Till

5.7.1

The scenario of jetting in an area where glacial till outcrops and sub-crops are
present with 20% fine sediment content is predicted to produce depth-averaged
increases in SSC of less than 30 mg/l above background levels and deposition of up
to 3 mm.
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Cable burial: ploughing till – Predicted increase of depth-averaged SSC
above background levels. Left: area view, right: zoomed in view.

Figure 5.12

Cable burial: jetting through till - Predicted increase of depth-averaged
SSC above background levels.

5.8

Summary of Cable Burial Techniques

5.8.1

The worst case scenario for sediment dispersion is jetting through glacial till (scenario
6). Assuming 20% fine sediment content, the spatial extent of the predicted plume
(increases of between 2 and 5 mg/l SSC) spreads up to 16 km to the north and south
of the cable route. In the close vicinity of the cable route the predicted instantaneous
concentrations reach a peak of 30 mg/l for a short time (15 minutes in the model
simulation). Increases in SSC of 20 mg/l are observed up to 100 m from the cable
route.

Figure 5.13

5.8.2
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Cable burial: jetting through till - Predicted accumulated deposition of fine
sediment arising.

Figure 5.14 transposes the modelled worst case scenario for sediment dispersion
(jetting through till – scenario 6) along the entire cable route to provide an indication
of the maximum predicted increase in SSC above background levels. Whilst the
maximum extent for SSC above background levels is of the order of 20 km, the peak
concentrations are patchy and very dispersed, as can be seen from the model output
included on Figure 5.14, inset.

Figure 5.14

Maximum predicted increase in suspended sediment concentration resulting from cable burial.
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6

CONCLUSIONS

6.1.1

The generation and dispersion of plumes arising from both sandwave clearance and
cable burial activities for Project Two have been investigated using a combination of
modelling work carried out in connection with Project One and expert assessment.
The following scenarios have been assessed:


Scenario 1 – Sandwave clearance: trailer suction hopper dredging;



Scenario 2 – Sandwave clearance: Jetting (mass flow excavator);



Scenario 3 – Cable burial: Ploughing through sand;



Scenario 4 – Cable burial: Jetting through sand;



Scenario 5 – Cable burial: Ploughing through till; and



Scenario 6 – Cable burial: Jetting through till.

6.1.2

Sandwave clearance using a trailer suction hopper dredger is predicted to result in
increases in background SSC of up to 40 mg/l, extending up to 200 m from the cable
route. Due to the settling and re-suspension of fine sediments, the predicted
maximum extent of the plume > 2 mg/l above background SSC levels is 16 km
northwest and 17 km southeast from the point of release. The maximum predicted
increase above background concentration is 37 mg/l and occurs only in a localised
area close to the cable route. Coarser sands and gravels displaced by the dredging
activity will not be dispersed by tidal currents; they will settle rapidly in close proximity
to the point of disposal.

6.1.3

At the largest sandwave (1), sandwave clearance using a mass excavation jetting
technique is predicted to produce depth-averaged increases in SSC that peak at
approximately 900 mg/l above background levels; however such increases are
confined to an area very close to the sandwave location, and are predicted to occur
for a very short period of time (less than an hour). Increases of up to 200 mg/l are
observed up to 18 km to the north of the sandwave, and increases of up to 50 mg/l
are observed in the southern extent of the plume. Coarser sands and gravels
displaced by the jetting activity are likely to be entrained into the water column but will
not be dispersed by tidal currents. They will settle rapidly in close proximity to the
cable route.

6.1.4

For cable laying, the worst case scenario for sediment dispersion is jetting through
glacial till (scenario 6). The spatial extent of the predicted plume (between 2 and 5
mg/l increases in SSC above background levels) is predicted to spread up to 16 km
to the north and south of the cable route. In the close vicinity of the cable route the
predicted instantaneous concentrations reach a peak of 30 mg/l for a short time.
Increases in SSC of 20 mg/l are observed up to 100 m from the cable route.
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APPENDIX A - SEDPLUME TECHNICAL DESCRIPTION

A.1.1

A.3.2

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 sediment
in such a region, the effects of these flows on suspended sediment 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).

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.
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:

A.2

Representation of Sediment Disturbance

A.2.1

In SEDPLUME, the release of suspended sediment in coastal waters is represented
as a regular or intermittent discharge of discrete particles. Particles are released
throughout a model run to simulate continuous sediment disturbance or for part of the
run to simulate sediment 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 sediment, the total sediment 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.

A.3.3



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



α = an empirical constant; and



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

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

A.3.4

In order to simulate the effects of turbulent eddies on suspended sediment 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 sediment transport models. This is discussed in more
detail below.
Lateral Diffusion

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) =

A.3.5

U *  30.1z 

ln
Κ  k s 

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:

[1]

D = 2D
Dt
2

where:


-1

U = current speed (ms );

[3]

where:
-1



U* = friction velocity for a tidal current (ms );



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



Κ = von Karman’s constant;



Dt = time-step (s); and
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A.3.6

D = lateral diffusivity (m2s-1).

number of particles and a very short timestep, where we introduce subscripts i,j
and k running over the three coordinate directions:

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.

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

A.3.10

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.3.11

Equation (6) can be compared with the advection-diffusion equation for the
concentration of a pollutant, c:

Vertical Diffusion
A.3.7

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

∂c ∂
∂
∂
+
( u i c) =
( K ik
c)
∂t ∂ xi
∂ xi
∂ xk

[4]
Ai = u i +

A.3.8

H = height of particle above the bed;



d = water depth;



0.16 = (von Karman constant)2;



u = current speed; and



z = vertical coordinate.

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.

[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:

where:


[6]

∂
K ik
∂ xk

[8]

A.3.12

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.

A.3.13

This subject is discussed in considerably more detail in References 2, 3, 4, and 5.
Sedimentation Processes

Drift Velocities
Settling
n

n -1

n -1

x = x + A( x ,t

A.3.9

n -1

)∆t + B( x ,t
n -1

n -1

) ∆t ξ

n

[5]

A.3.14

A particle undergoes a random walk as follows:




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); and

In SEDPLUME, the settling velocity (ws) of suspended sediment is assumed to be
related to the sediment concentration (c) through an equation of the form:
Q
ws = max( wmin , Pc )

[9]

where wmin, P and Q are empirical constants. Having computed a suspended
sediment 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 sediment
concentrations, as indicated by recent research at HR Wallingford (Reference 6).

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
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A.3.15

A.3.16

Computation of sediment deposit distributions

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 sediment 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. Sediment deposition is
represented in SEDPLUME by particles approaching the seabed becoming inactive
when tb is below td. Whilst active particles in the water column contribute to the
computed suspended sediment concentration field, as described subsequently in this
appendix, inactive particles contribute to the sediment deposit field.

A.3.19

A.4

A. S. Monin and A M Yaglom, Statistical Fluid Mechanics MIT Press, Cambridge,
Massachusetts, (1971).
A F B Tompson and L W Gelhar. Numerical simulation of solute transport in three-dimensional
randomly heterogeneous porous media. Water Resources Research, Vol 26 pp2541-2562,
October 1990.

In shallow areas, where tidal currents are sufficiently weak to allow sediment
accretion, normal wave action can prevent sediment deposition. This effect is
included empirically in SEDPLUME, by specifying a minimum water depth below
which deposition does not occur.

K N Dimou and E E Adams. A random-walk particle tracking model for well-mixed estuaries
and coastal waters. Estuarine, Coastal and Shelf Science, Vol 37, pp99-110, 1993.
B J Legg and M R Raupach. Markov-chain simulation of particle dispersion in inhomogeneous
flows: the mean drift velocity induced in a gradient in Eulerian velocity variance. Boundary
Layer Meteorology Vol 24, pp3-13, 1982.

The erosion of sediment deposits from the seabed 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:

∂me
= M (t b − t e )
∂t

HR Wallingford. Port and Airport Development Strategy - Enhancement of the WAHMO
Mathematical Models. Calibration of the North West New Territories Coastal Waters Mud
Transport Model for Normal Wet and Dry Season Conditions. Report EX 2266, January 1991.
HR Wallingford. Port and Airport Development Strategy - Enhancement of the WAHMO
Mathematical Models. Testing of the North West New Territories Coastal Waters Mud
Transport Model for Storm Wave Conditions in the Wet Season. Report EX 2267, January
1991.

[10]

where:


me is the mass eroded (kg);



t is time (s); and



M is an empirical erosion constant.

Van Rijn, L. C., (1982). Equivalent Roughness of Alluvial Bed, J. Hydr. Engrg., ASCE Vol. 108,
No. HY10, Pg. 1215-1219.
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Erosion
A.3.17

SEDPLUME computes sediment deposit distributions by summing the mass of
sediment 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.

In SEDPLUME, suspended sediment 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 sediment represented by all the active particles in that
cell by the volume of the cell.
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