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Abstract

The present study consists of a synthesis of the lithostratigraphy, geotechnical properties, geometry and distribution of Eocene and Quaternary
deposits of the Belgian continental shelf. It is based on available large datasets (seismics, cores, cone penetration tests) and their interpretations
synthesised from numerous studies from the last 20 years. A significant effort has been focused on data digitisation and integration into
appropriate GIS software packages in order to compare the data in a much more dynamic and flexible way. New insights have been proposed on
the lithostratigraphy and geotechnical properties of offshore and onland deposits.

An application is presented for the selection of wind farm implantation sites. Geological and geotechnical aspects of direct interest for wind farm
implantation site selection have been focused on, such as the stability of the offshore wind turbine structures and the minimization of

environmental impacts on the seabed. Sites suitable for wind turbines using monopile structures on the Belgian continental shelf are proposed.

Keywords: Belgian continental shelf, Eocene, Quaternary, seismic stratigraphy, lithostratigraphy, deposit geometry, geotechnics, wind turbines

;_Iptroduction

Given the contribution expected from offshore wind energy in
Belgium, a scientific assessment has been conducted of the
feasibility of offshore wind farming on the Belgian continental
shelf (Van Hulle et al., 2004). Aim was to develop a long-term
strategy for the selection of offshore wind farm sites in the
view of a sustainable development. Together with studies of
the wind potential, structure design and electrical aspects,
the assessment also involved a geological study, as recommen-
dations for the selection of potential wind farm implantation
sites require a sound knowledge of the most relevant geo-
parameters and their spatial distribution.

Since the early 80’s, numerous studies have been conducted
on various aspects of the geology of the Belgian continental
shelf: e.q. Cenozoic seismic stratigraphy and structural setting
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(De Batist, 1989; De Batist & Henriet, 1995), Cenozoic
lithostratigraphy and sequence stratigraphy (Jacobs et al.,
1990; Jacobs & Sevens, 1993; Jacobs & De Batist, 1996) and
Quaternary seismic stratigraphy and palaeomorphology
(Mostaert et al., 1989; Liu et al., 1992, 1993).

In this paper, we will present a synthesis of the lithostrati-
graphy, geometry and distribution, and geotechnical properties
of the deposits on the Belgian continental shelf, based on a
digital compilation of all existing data sets, on an overview
of the previous interpretations, but also on new data and
new interpretations. We will propose new insights in the
lithostratigraphy and geotechnical properties of offshore and
onshore deposits from the correlation of offshore cores with
seismic data, and from the interpretation of cone penetration
tests to aid in the stratigraphic correlation of onshore and
offshore strata. Finally, we will present a map of the most and
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least suitable sites for windfarm implantation in case of
monopile structures, based on criteria such as stability and
minimization of the environmental impacts on the seabed.

We will focus only on Quaternary deposits and on Eocene
strata subcropping below the Quaternary cover, as only these
are relevant for supporting wind mill piles (< 20 m into the
seabed). Oligocene, Miocene and Pliocene deposits are lacking
on most parts of the continental shelf due to intensive erosion
in Neogene and Pleistocene times, and Paleocene deposits are
too deeply buried.

[ Data

The main geological and geotechnical data and results that
have been used for this study, consist of seismic profiles,
sediment cores and cone penetration tests.

l Seismic data

The offshore seismic data constitute the largest and most
useful dataset. Since 1978, a dense and regular high-
resolution reflection seismic grid with a total length of about
16,000 km has been acquired on the Belgian continental shelf
and on the adjacent French, Dutch and UK sectors by the
Renard Centre of Marine Geology (Ghent University) in the
framework of several projects (Maréchal & Henriet, 1983;
Maréchal et al., 1986; Henriet et al., 1988; De Batist et al.,
1989; Mostaert et al., 1989; De Batist & Henriet, 1995) (Fig. 1).

These seismic data have been interpreted in terms of
seismic stratigraphy, geometry and distribution of the Cenozoic
deposits (Henriet et al., 1988; De Batist et al., 1989, De Batist,
1989; De Batist & Henriet, 1995). Integration of lithostrati-
graphic information from boreholes and sediment cores have
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Fig. 1. Location of available seismic profiles, cores and cone penetration tests.
Seismic data have been provided by RCMG (Ghent University), boreholes and cores by the Belgian (BGD) and Dutch (TNO-NITG) Geological Surveys and
cone penetration tests by the ‘Databank Ondergrond Vlaanderen’ (Ministry of the Flemish Community, Department of Geotechnics).
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allowed Jacobs & De Batist (1996) to determine depositional
environments and establish a sequence-stratigraphic framework.

For this paper, we have re-compiled the existing seismic data
and synthesised the results of these previous studies in terms of
stratigraphy, geometry and distribution of the Cenozoic deposits.

] Core information

A second important data set consisted of 79 sediment cores
(Fig. 1), of which 64 were taken offshore and 15 onshore
(maximum 20 km from the coastline). These cores are generally
not longer than 10 m. Only 37 of them penetrate the base of
the Quaternary cover and Eocene deposits. The sediment cores
were mainly collected by the former Rijks Geologische Dienst
(RGD, NL), the Belgische Geologische Dienst (BGD) and OSIRIS
Survey (NL).

In the near-shore area, detailed lithostratigraphic informa-
tion from 4 deeper boreholes was correlated with seismic
information by Jacobs & Sevens (1993) and Jacobs & De Batist
(1996). A large variety of analysis performed on some cores by
RGD, BGD and OSIRIS Survey provide valuable indications on
deposit ages (e.g. microfossil analysis), sedimentology and
lithostratigraphy (e.g. grain-size and sedimentary facies
analysis).

For this paper, we have re-interpreted the lithostratigraphy
of the offshore deposits, based on a revised correlation of
information from offshore cores and seismic data.

| Cone penetration tests

The third major data set consisted of cone penetration tests.
Most were conducted onshore, however few cone penetration
tests are available offshore in areas where infrastructure works
have been carried out: e.g. near the harbour of Zeebrugge
(Depret, 1981) and at the Oostdijck and Westhinder sand banks
(Fig. 1). Most of the cone penetration tests were conducted
by the Ministry of the Flemish Community (Department of
Geotechnics) and made available through the ‘Databank
Ondergrond Vlaanderen’ (DOV).

For this paper, we integrated for the first time cone pene-
tration test data with seismic and lithological information on
a regional scale. The cone resistance parameter from 165
selected cone penetration tests was used to obtain information
on the geotechnical and lithological characteristics of
geological units. The cone penetration tests were selected on
basis of the following criteria: (1) tests with available strati-
graphic interpretation, delivered by DOV, were first considered,
(2) secondly, their location was taken into account: onshore
CPT’s not too far from the coast were preferred in the view of
offshore correlation, and attention has been paid to select
tests conducted in every geological unit, and (3) thirdly, only
the tests penetrating deeper than 25 m were selected, to get
information on pre-Quaternary deposits as well.
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| Methodology

| Data compilation and assessment

The compilation and integration of these large amounts of
data and results from previous studies has represented a
considerable effort. Most of the data existed only in analogue
format, and an important part of the work involved digitization
of the data and their subsequent integration in appropriate
GIS software packages to allow dynamic and flexible data
comparison and to aid in the final mapping of suitable sites
for wind farm implantation. The summary maps and diagrams
presented in this paper were generated from this GIS compi-
lation.

[ Correlation methods

The lithostratigraphy of offshore deposits was established by
correlating seismic-stratigraphic data with offshore coring
information, i.e. by comparing the depths of the lithostrati-
graphic boundaries (in cores) with the depths of the seismic-
stratigraphic and seismic facies boundaries at the same
offshore location. However, cores and cone penetrating tests
are quite scarce on the shelf, due to the complex logistics
required to collect them, and they are mostly confined to
near-shore locations. When offshore data were lacking or
scarce, the assessment of the lithological and geotechnical
characteristics of offshore deposits was done by extrapolating
onshore information to corresponding offshore units. From the
onshore cone resistance profiles, distinct units were identified
on the basis of the values of the cone resistance parameter
and the pattern (homogenous or heterogeneous). Then, a
correlation was made between coring information and cone
resistance parameter interpretation in terms of lithostrati-
graphy and geotechnical properties of the geological units.
This correlation is also based on the comparison of the depths
of the lithostratigraphic boundaries (cores) and the depths of
cone resistance facies (cone penetration tests) at the same
near-shore location. Near-shore properties were then extra-
polated to offshore geological units, guided by seismic strati-
graphy and seismic facies interpretation.

| Eocene deposits

| Seismic stratigraphy

The structural setting and seismic stratigraphy of the Eocene
deposits on the Belgian continental shelf was studied by De
Batist (1989) and De Batist & Henriet (1995). They identified
within the Belgian offshore Eocene succession 8 seismic-
stratigraphic units and a number of sub-units based on seismic
geometry and facies characteristics. Units are labelled Y1 to
Y5, of Ypresian age, L1 and L2, of Lutetian age, B1, of Bartonian
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pronounced sheet-like shape, with horizontal boundaries at
their base and top. Localised erosional truncation and valley
incisions are common features at the top of the units. Each
unit is characterized by a distinct seismic facies and/or by
typical facies variations, indicative of the depositional
environment and its evolution. The main seismic-stratigraphic
characteristics of these units were compiled by Maréchal et al.
(1986) and Jacobs & De Batist (1996) into a synoptic seismic
and schematic type section, constructed as a composite of
several seismogram sections acquired with comparable source
signatures (Fig. 2).

| Distribution and geometry of the deposits

Eocene units gently dip (0.5 - 1°) towards the NNE, which
results in progressively younger strata subcropping below the
sub-horizontal base of the Quaternary cover from SW to NE
(Fig. 3). The extension and thickness of the Eocene deposits
is highly variable within the different geological units (Figs. 3
and 4). Units subcrop along the whole width of the platform,
except for units Y4 and Y5, which are confined to a channel
or erosional depression cut into units Y1, Y2 and Y3 during an
erosion/infilling stage. Y4 has a maximum thickness of 10 m
and subcrops beneath the Akkaert Bank and the Goote Bank,
whereas unit Y5 extends from the coast to the Thornton Bank
with a maximum thickness of 17 m (Fig. 4, top right and
bottom right). Unit Y1 subcrops in the major part of the
western Belgian continental shelf and displays the largest
thickness (150 to 180 m; Fig. 4). The thickness reaches 30 m
in units Y2 and Y3, 45 - 60 m in unit B1 and 40 - 90 m in unit
L1, maximum to the North of the Noordhinder Bank (Fig. 4).
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Onshore Eocene lithostratigraphy was summarized by Maréchal
& Laga (1988) and Laga et al. (2001). The interpretation of the
lithostratigraphy of the offshore seismic-stratigraphic units was
carried out by De Batist (1989), De Batist & Henriet (1995),
Jacobs & Sevens (1993), Jacobs (1995) and Jacobs & De Batist
(1996) based on a correlation between seismic data, 4 offshore
boreholes and onshore outcrops. However, knowledge of the
lithostratigraphy of offshore Eocene deposits was not very
detailed, in particular towards the outer parts of the shelf
where only a few cores were available at that time. Major
uncertainties also remained in the offshore lithostratigraphy
of Eocene deposits, since these deposits are characterized by
rapid lateral facies changes related to the marginal position of
the area in Eocene times (Jacobs & De Batist, 1996). Such mar-
ginal environments (Table 1) are submitted to a strong variability
of sediment sources and depositional processes, inducing rapid
changes in sediment nature and pattern (lithological facies) in
the across-margin direction (onshore-offshore).

We have been able to access and compile lithological infor-
mation from in total 33 offshore cores and 165 onshore cone
penetration tests, which allowed us to refine the lithostrati-
graphy of the offshore Eocene units. The new stratigraphy is
summarized in Fig. 5.

Most of the offshore units display little across-margin litho-
logical variability. Units Y1 and Y4, and the Ursel, Zomergem
and Onderdijke Members (unit B1) consist of clay. The Buis-
putten Member (unit B1) is composed of sand. The Wemmel,
Asse and Onderdale Members (unit B1) consist of clayey sands,
and the Kortemark Member (unit Y2) and unit Y3 consist of
sandy clay. Some units display a strong lateral lithological
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Fig. 3. Subcrops of Eocene deposits under the Quaternary deposits (offshore data: compilation after Maréchal et al., 1986; De Batist, 1989; De Batist

& Henriet, 1995 / onland data: Jacobs et al., 2002).

variability, resulting in a distal (i.e. towards the N and NE)
fining of sediments. The Egem Member (unit Y2) and unit Y5
consist of sand onshore and evolve offshore towards sandy
clay. The Oedelem Member (unit L1) consists of clayey sand
onshore (more than 70% of sand, mean grain-size: 0,08 mm)
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and evolves offshore to silty clay surmounted with a sand
layer (11 m thick) and alternating layers of sandy silty clay
and clayey silty sand. These units are associated with coastal
environments where rapid changes of sedimentary sources and
processes occur.
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Table 1. Depositional environments of the Eocene units of the Belgian continental shelf (modified from Jacobs & De Batist, 1996).

Seismic Depositional environments

units
P1 Shallow marine and barrier-protected lagoonal, wash-over and tidal flat environments (onland: Steurbaut, 1986; Jacobs & Sevens, 1993)
B1 Central to outer shelf environment (20 to 50 m water depth) (onland: distal deltaic environment, Jacobs & Sevens, 1993)
L2 Transgressive lag deposit overlying a ravinement surface
L1 Very shallow marine environment (strong variations) (onland: tidal flats, lagoons; Jacobs et al., 1990, Jacobs & Sevens, 1993)
Y5 Lagoon towards mouthbar or crevasse splay in a deltaic to intertidal environment (onland: tidal ridge system,
Houthuys & Gullentops, 1988; cross-bedded sands)
Y4 Eroded and then infilled depression (channel or basin ?) (onland: tidal ridge system, Houthuys & Gullentops, 1988; cross-bedded sands)
Y3 Nearshore mudshelf (15 - 30 m) with delta influence (top of Merelbeke clay) and tide influence (Pittem Member)
(nearshore: offshore sand-shoal deposits, Jacobs & Sevens, 1993)
He Deltaic origin deposits with a southern sediment supply (onland: offshore mud-flat deposits, Jacobs & Sevens, 1993)
Y1 Mud-shelf environment below storm-wave base (Jacob & Sevens, 1993)

Onshore, the Onderdale, Oedelem, Vlierzele, Pittem and Egem
Members, consisting of sand or a mixture of sand and clay,
usually display a large variety of cone resistance values (Fig. 6),
which underlines the heterogeneity of these deposits, whereas
the Kortemark, Merelbeke, Asse, Ursel, Zomergem and Onder-
dijke Members consist of clayey, more homogeneous units.

Thin hard layers have been observed onshore within the
Oedelem Member (unit L1), the Wemmel Member (unit B1) and
units Y4, Y5 and L2. They correspond to calcarenite, sandy
limestone or sandstone beds. In the Oedelem Member, these
beds have been correlated with very high amplitude seismic
reflectors (Depret, 1983).

| Deformation structures

On the Belgian continental shelf, two types of deformations
are observed. Basement-induced deformations occur in two large
areas: i.e. the Noordhinder and the Goote-Raan deformation
zones (Fig. 4). Structural features involve faults and folds and
are attributed to regional tectonic stresses during late Eocene
times. They are no longer active. Sediment-dynamic or -tectonic
deformations, now known as polygonal faulting or intraforma-
tional faulting, were observed and interpreted for the first time
in some clay units of the Belgian continental shelf, such as
units Y1 and B1 (Henriet et al., 1982, 1988; De Batist et al.,
1989; Cameron et al., 1992). They are attributed to changes in
the mechanical and rheological properties of the sediment
during compaction (Henriet et al., 1982, 1988; De Batist et al.,
1989; Cameron et al., 1992).

| Quaternary deposits

The Quaternary cover is characterized by localized deposits,
displaying a laterally and vertically complex and heterogeneous
facies assemblage. The distribution of Quaternary deposits is
well known, as is their lithostratigraphy in some places, but a
lateral correlation of the different isolated Quaternary accu-
mulations is difficult to accomplish.

600023027 Published online by Cambridge University Press

| Main depositional features

| Pleistocene deposits

On the Belgian continental shelf, only few sediments are
considered to be of Pleistocene age. Their scarcity is due to a
combined effect of a complete exposure of the Belgian
continental shelf during glacial lowstands and an extensive
sediment reworking during the Holocene transgression. At the
same time, a lack of coring information prevents their mapping.
Pleistocene deposits mainly fill scour hollows and palaeo-
valleys cut into the top of Eocene deposits (Fig. 7). These were
probably formed by fluvial erosion and tidal scouring during
phases of Late Pleistocene sea-level lowstand and subsequent
rise (Liu, 1990; Liu et al., 1993). The scour hollows occur
essentially within fluvial palaeovalleys, mainly in the Axial
Channel and in the Oostende Valley (Liu et al., 1993). The
Sepia Pits 1, 2 and 3 (Mostaert et al., 1989; Liu, 1990), that
have been cut 20 m or more below the base of the Oostende
Valley, are 3 - 3.5 km across and accumulate up to 30 - 40 m of
sedimentary infill. Other Pleistocene deposits, such as channel
deposits or marine deposits, not more than 10 m thick, have
been locally observed (Kirby & Oele, 1975; Paepe et al., 1981;
Baeteman & Van Strijdonck, 1989; Balson et al., 1992; Baeteman
& Denys, 1997).

[ Holocene sediments

Most of the preserved Quaternary sediments have been
deposited during the Holocene transgression, when a repeated
reworking and removal of the material led to the deposition of
the Young Sands on top of tidal flat deposits, estuarine sand
banks and beach deposits (Oele & Schiittenhelm, 1979;
Jelgersma et al., 1979; Jansen et al., 1979; Baeteman & Denys,
1997). These sands took part in the development of the present-
day sand banks, which form the thickest accumulations of
Quaternary deposits and the most prominent seabed features
on the Belgian continental shelf (Fig. 7). The seismic and
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Fig. 4. Thickness of Eocene deposits and regional deformations (after
De Batist, 1989). Isopachs with thickness in metres.

lithostratigraphy of several sand banks has been investigated:
i.e. the Akkaert Bank, the Goote Bank, the Thornton Bank and
the Vlakte van de Raan (Maréchal et al., 1986), the Kwinte
Bank (De Moor, 1986), the Western Coastal Banks (De Maeyer
et al., 1985; Wartel, 1989). Within the Middelkerke Bank,
intensively studied during the EC MAST projects RESECUSED
and STARFISH (De Moor & Lanckneus, 1993; Trentesaux, 1993;
Trentesaux et al., 1994; Berné et al., 1994; Heyse & De Moor,
1996; Trentesaux et al., 1999), 7 Holocene seismic-stratigraphic
units were identified on top of an incised channel, which was
cut into the underlying Eocene strata during Weichselian
times (Trentesaux, 1993).

Recent tidal currents have also shaped nearly planar beds
and dunes (Eisma et al., 1979). Peat layers are observed in
coastal areas and in Pleistocene paleovalleys (Baeteman & Van
Strijdonck, 1989; Baeteman & Denys, 1997).

Netherlands Journal of Geosciences — Geologie en Mijnbouw | 84 - 2 | 2005

https://doi.org/10.1017/50016774600023027 Published online by Cambridge University Press

! Distribution and geometry of the deposits

On the Belgian continental shelf the base of Quaternary
deposits coincides with the erosional surface, which truncates
the Eocene sequence (Mostaert et al., 1989). The base of the
Quaternary is affected by numerous and various morphological
features, such as scour hollows, valleys, scarps, slope breaks
and cuestas (Liu et al., 1992). It deepens progressively from
12.5 m at the coast to 60 m in the outer parts of the shelf,
and locally displays larger depths beneath scour hollows and
paleovalleys.

The thickness of the Quaternary sediments ranges from a
few to 50 m (Fig. 7). Locally, Eocene strata are exposed at the
seabed, where they even can be eroded by the present-day
currents. In most of the swales between sand banks, the
Quaternary thickness is between 0 and 10 m and mostly less
than 2.5 m (Maréchal & Henriet, 1983; Maréchal et al., 1986).
The largest thicknesses are reached in the tidal Holocene sand
banks (up to 30 m) and in the Pleistocene scour hollows (e.g.
40 m in Sepia Pit 1 beneath the Oostende Bank).
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| Lithostratigraphy

Quaternary sediments are highly heterogeneous and display a
complex distribution pattern. This stands in contrast to the
more regular trends in the Eocene deposits. Vertical and lateral
heterogeneity is visible on cone penetration test profiles as
well as in cores. According to coring data, the Quaternary
sediments consist mainly of medium coarse to very coarse sands
(generally 60 - 65% of sand and a mean grain-size between 0.2
and 0.45 mm) with intercalation of shelly, gravelly (flints)
and clayey layers.

| Present-day seabed

| Seabed morphology

The seabed of the Belgian continental shelf deepens offshore
to a depth of about 50 m (MLLWS datum) (Fig. 8). In the 10
to 20 km-wide coastal zone, including the Coastal Banks and
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coring and cone resistance information.

the Vlakte van de Raan, the depth rapidly increases from 0 to
15 m. In the central part, in between the major bedforms (i.e.
the Flemish Banks, the Zeeland Ridges, the Hinder Banks), the
depth varies between 15 and 35 m. In the northernmost part,
where no sand banks occur, depths of 35 to 50 m are reached.
Sand banks are the largest type of bedforms observed on
the Belgian continental shelf. They are up to 30 m high, several
tens of kilometres long and several kilometres wide. They culmi-
nate only a few meters below sea level. Sand banks are mostly
covered with dunes (Fig. 9). The largest superimposed dunes
are mostly observed on the gentle flanks of sand banks and in
their non-linear parts, especially at the northern extremity of
the Flemish Banks and in the region of the Hinder Banks (Deleu
et al., 2004). Fields of dunes are also observed on the flatter
parts of the seabed. They are mainly up to 4 m high, but can
reach heights of 11 m in the swales in the northern part of the
Hinder Banks. A synthesis of the characteristics of the bed-
forms occurring on the Belgian continental shelf and a map of
their distribution can be found in Lanckneus et al. (2001).
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| Seabed sediments

The Belgian continental shelf is mainly covered with fine to
coarse sands (Balson et al., 1992; Lanckneus et al., 2001). In
the coastal area, from Oostende to the Dutch border, sediments
mainly consist of fine sands with a variable mud enrichment.
Lag gravel deposits have been observed in many of the swales
between sand banks, especially in the area of the Hinder
Banks (Lanckneus et al., 2001), and can generally be expected
in areas where the Quaternary cover is thin. An overview of
the spatial distribution of the seabed sediments and their
characteristics can be found in Lanckneus et al. (2001).

| Bedform dynamics

Sandbanks bear witness to a major stability phase at least since
the last 200 years, except the features under the influence of
the Westerschelde Estuary and the youngest sand bodies (Van
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Cauwenberghe, 1966, 1971). On the contrary, dunes are dynamic
and subjected to oscillatory displacements. In stormy condi-
tions or when persistent winds occur, these movements are
generally in the order of 20 m for the largest dunes (Lanckneus
et al., 2001).

An application: recommendations for the
| selection of wind farm implantation sites

In the view of offshore wind farm implantation, a detailed
knowledge of the geology and geotechnical properties of the
Eocene and Quaternary deposits and the present-day seabed
sediments is very important. These parameters determine to
what extent sites may meet the criteria of seabed stability and
where there will be minimal environmental impacts on the
seabed.

| Stability and environmental criteria

An offshore wind farm consists of several wind turbines mounted
on piles. A system of submarine high-voltage electrical cables
interconnects the individual turbines and the whole wind farm
to the onshore electrical network. In general, the substrate
and seabed properties are significant only for the foundations
and the cables. Two main types of foundations can be dis-

tinguished (CA-OWEE, 2002): (1) foundations driven some 10
to 20 m into the seabed and the solid substratum, such as the
monopiles (3 - 3.5 m in diameter) that are currently used in
water depths up to 20 m; (2) foundations put on the seabed,
such as gravity structures (e.g. concrete or steel caissons of
12 - 15 m in diameter) that are currently used in shallow waters
(less than 10 m depth).

Foundations provide support to the wind mill structures
submitted to loads by restricting settlement and avoiding
failure by ground rupture. The pile capacity can be evaluated
from cone penetration tests which act as a model pile test. In
particular, the cone resistance, obtained from cone penetration
tests, may be used to estimate end bearing (Hunt, 1986; Budhu,
1999). Loads acting on piles consist of: (1) vertical loads,
induced by the weight of the turbine and the equipment, and
(2) horizontal loads, mainly dynamic in offshore environments,
induced by waves, tidal currents, winds and dynamic bedforms.
The horizontal loads are one order of magnitude larger than
the vertical loads. Scouring phenomena can also lead to major
instability of the structures, especially around the large gravity
foundations.

Submarine cables are generally about 10 cm in diameter
and buried in the seabed. Cables are exposed to damage from
anchoring and trawling as well as from natural bedform migra-
tion. For 90% of the cable routes where damage to cables is
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areas.

likely, trenching and burial is the best long-term solution to
cable protection (Shaw, 2001). Cone penetration test results can
also be used to derive design conditions for the top 0.1 to 1 m
of the seabed (Lunne et al., 1997, in Whitehouse et al., 2000).

Table 2 summarizes the different mechanisms and para-
meters which have to be investigated to assess the stability
potential for structures. As far as substrate properties are
concerned, the most suitable geological layers consist of: (1)
the most compacted and homogeneous layers; (2) the layers
having a high shear stress and a good long-term behaviour.
Suitable layers should have a sufficient thickness as well to
cope with failure mechanism. As far as seabed conditions are
concerned, the most suitable places correspond to the less
dynamic ones. In case of gravity foundations, the selected site
is preferably smooth and devoid of pebbles.
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| Site recommendations

A geological and geotechnical classification of sites suitable for
offshore wind farm implantation is difficult to establish since
this will vary considerably according to the type of wind farm
structure concerned (pile or cable), the type of foundation
chosen (piled structures or gravity based foundations) but also
the budget constraints. Moreover, producing a detailed suit-
ability map (with indication of the most and less suitable sites)
for the entire Belgian continental shelf is also not realistic,
given (1) the heterogeneity and variability of substrate and
seabed properties, mainly from a lithological and geotechnical
point of view, and (2) the scarcity of this type of offshore data.

Nevertheless, general mapping combinations of relevant geo-
parameters from the currently available datasets can be used
to identify areas that have potentially suitable properties for
installation of offshore wind farm structures. For the case of
monopile structures (Fig. 10), the Eocene sandy deposits are
more suitable than: (1) Eocene clayey deposits, which present
a low shear strength and a bad long-term behaviour; (2)
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Table 2. Mechanisms and parameters to be investigated to ensure the stability of offshore windmill structures.

Structures Mechanisms Parameters
Foundations General stability (exploitation phase) Load capacity, settlement (point resistance, friction resistance, angle
(in general) of internal friction, shear strength)

Loadingk(éxplbitétyion phas'e)w S e dyhamics (transport rates, scouring, bedform migration)
Foundation Drivability of pile (construction phase) Geology of the solid substrate (nature, depth, thickness, homogeneity
driven into settlement (exploitation phase) of geological layers)
the seabed Solid substrate geotechnics (shear strength, local friction, point

resistance, undrained cohesion, bearing layer)

Foundation put Smoothing of the seabed (construction phase) Seabed sediments (nature and grain-size)
on the seabed Seabed morphology (slope, bedforms, rock outcrops)
Submarine cables  Trench construction and infilling problems Seabed sediments (thickness, nature, grain-size)

(construction phase) Sediment dynamics (transport rates)

L L L L L L i L L

- Eocene deposits:
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Fig. 10. Most and less suitable sites for wind farm implantation in case of monopile structures. Mapping scenario proposed from the combinations of
various relevant geo-parameters. The water depth parameter is not specifically focused on. In the top legend, the rectangles indicate the most suitable
geological and geotechnical conditions; the other criteria correspond to less suitable ones. In the eastern part, the white areas are also less suitable

because of the presence of stony layers in the subsoil.
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Quaternary sandy deposits, such as sand banks and scour
hollows, which are less compacted and lithologically highly
complex and heterogeneous. Eocene layers affected by regional
deformations, or containing hard calcareous or sandstone layers
have to be avoided, given their heterogeneity. Interesting sites
could correspond to areas with a minimal Quaternary cover,
where the Eocene layers have the largest amount of sand and are
devoid of deformations, and sufficiently thick, given the length
of the pile. As far as seabed conditions are concerned, flat areas
would be preferred over dynamic sandy bedforms. Since water
depth is a major criterion for the cost of structures, moderate
water depths are generally preferred (up to 20 m, Van Hulle et
al., 2004). In that case, on the Belgian continental shelf, the
older and larger stable offshore sand banks or the area of dunes
with a very small net migration rate should be preferred, to limit
high horizontal loads and pronounced scouring processes.

It should, however, be kept in mind that a detailed geo-
logical and geotechnical site investigation still remains indis-
pensible for each site proposed for wind farm implantation, in
order to verify the local characteristics of the specific site.
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