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This paper characterises the soil conditions at the SheringhamShoalwind farm in theNorth Sea, in the context of
designing foundations for offshore wind turbines. The purpose is to provide a realistic reference case study for
research and practice in the emerging field of offshore wind energy. The soil data was obtained between 2005
and 2008 in an investigation program involving field measurements and laboratory experiments. The character-
isation focuses on soil properties which are relevant for evaluating the performance of foundations for offshore
wind turbines. The soil profile at the Sheringham Shoal site consists of four main units: two clay strata interbed-
dedwith a sand layer and underlain by a chalk bed. The heavily overconsolidated state of the clays and the dense-
ly compacted state of the sand dictate the behaviour of these soils. The chalk bed is characterised by varying
degrees of weathering leading to significant variation in properties ranging from those typical for stiff soil to
soft rock. These fourmain units, though differ considerably in soil composition, share several common character-
istics including high shear strength and high stiffness but their shear stiffnesses reduce significantly both at high
mobilised static shear strength and atmedium tohighmobilised strength under cyclic loading. The soil stiffness is
an important input parameter for the design of offshore wind turbine foundations and hence the degradation of
stiffness is an important issue at this wind farm. A number of soil properties at the site show considerable vari-
ability which requires a specific foundation design tailored for each location in order to be both safe and cost-
effective.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

As a promising renewable energy source, offshore wind power is
currently attracting strong interest from both academia and industry
particularly in a number of European countries including Denmark,
UK, Germany and Norway. If existing technology can be improved sig-
nificantly to reduce the cost of energy produced by offshore wind to a
competitive level, significant increase in the number of installations of
turbines in the North Sea and the Baltic Sea can be expected over the
next few decades. A key step to realize such a development is to under-
stand the site conditions and the soil properties. In the North Sea, vari-
ous sites and soil types have been characterised (e.g. Bjerrum, 1973;
Andresen et al., 1979; Jardine et al., 1998; Long and Donohue, 2010).
However, these studies are usually in connection with soil investiga-
tions to design foundations for oil and gas platforms. These types of
foundations bear some important differences to those for offshore
d.eiksund@ntnu.no
ngi-inc.com (M. Saue).
wind turbines. Most notably, compared with the former, the latter is
usually installed in larger number, in shallower water depth, subjected
to lower vertical load but higher horizontal load and overturning mo-
ment (relative to the vertical load), and governed by dynamic response
and fatigue rather than by ultimate limit states (ULS) (Houlsby et al.,
2001; Byrne and Houlsby, 2006). Also, soil–structure interaction, cyclic
behaviour and stiffness degradation characteristic are often strongly
emphasized in the geotechnical characterisation for offshore wind tur-
bine foundations. There are currently very few papers which present
real soil properties in connection with offshore wind farms. These stud-
ies (e.g. Hamre et al., 2010; Firouzianbandpey et al., 2012) normally in-
cluded the soil properties only as auxiliary information rather than as
their main focus.

This paper presents a case study of the soil conditions at the
Sheringham Shoal offshore wind farm (SSOWF) and discusses several
aspects of the geological and geotechnical characterisation that are im-
portant for offshorewind turbine (OWT) foundations. The farm is locat-
ed at ~20mwater depth and ~20 kmnorth of theNorfolk coastline (the
UK) in the North Sea (see top-right corner of Figure 1), with the total
capacity of 317 MW from 88 wind turbines (Figure 1). Monopile

http://crossmark.crossref.org/dialog/?doi=10.1016/j.enggeo.2014.05.005&domain=pdf
http://dx.doi.org/10.1016/j.enggeo.2014.05.005
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Fig. 1. Location of boreholes and wind turbines at the SSOWF.
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foundations having diameters between 4.7 and 5.7 m and penetration
depths between 23 and 37 m are used (Hamre et al., 2010). The field
and laboratory data presented in this paper were obtained during a
soil investigation program which involved a preliminary investigation
in 2005–2006 followed by a main investigation in 2008. In this study,
four main soil units found at the site are characterised which are, from
the youngest to the oldest, the Bolders Bank (BDK) clay, the Egmond
Ground (EG) sand, the Swarte Bank (SBK) clay and the Chalk (CK)
rock. The characterisation focuses especially on properties that are rele-
vant for the designing of OWT foundation including small strain stiff-
ness, upper and lower bound strengths and stiffness degradation. The
four soil units extend over large areas in the southern part of the
North Sea (Cameron et al., 1992) and hence are likely to exist at other
offshore wind farms in the vicinity. Indeed, clays of very similar
characteristics to the BDK and SBK have been found at the planned
Dogger Bank wind farm (T.I. Tjelta, (personal communication, 2012)).
This study therefore aims to provide a source of reference for future
geology/geotechnics practices and site investigation activities in this
region. It also aims to contribute in guiding the young emerging offshore
wind industry through the focused discussion of the implications of the
geological and geotechnical characteristics of soils at the Sheringham
Shoal site on the design of foundation. A section will be dedicated to
provide discussions and recommendations on the strategy to deal
with soil variability, which will be useful for the practice of engineering
geology in the North Sea region due to the highly variable soil condition
at this region.

2. Geological condition and soil description

2.1. Geological condition

Geological records suggest that the SSOWF is situated in an area
where Quaternary sediments are found directly on top of Cretaceous
chalk (Cameron et al., 1992). The Quaternary period spans over the
past 1.8 Ma during which ice sheets advanced and retreated many
times across much of the high latitudes of the Northern hemisphere.
The repeated glaciations resulted in overconsolidation or dense com-
paction of the main Quaternary soil units found at the SSOWF site due
to the weight imposed by the ice sheets. In addition, the soil compo-
nents of each soil unit tend to be a mix of various materials that were
picked up by glacier during advancing and retreating, somewhat similar
to components of till deposits occurring along the coastal areas of east-
ern England (Bell, 2002). Melt-water streams during glacial retreats left
behind channels which caused rapid lateral changes in sediment
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stratigraphy. Fig. 2 presents, as an example, the interpreted profile of
cross-section A–A (indicated in Figure 1). The main soil units at the
SSOWF site are identified based on data from the geological survey, bor-
ings, samplings and cone penetration tests (CPTs) (Birchall, 2012).

The seafloor is covered by a layer of shelly, fine tomediumHolocene
sand (HS) which varies in thickness from a few centimeters to 1–2 m.
Underneath this sand, a relatively recent formation (~10–15 kyr ago),
identified as the Botney Cut formation (BCT), occurs mainly as infills
in subglacially produced melt-water channels with thickness varying
from 0 to 5 m (Figures 1 and 2). This stratum consists of an upper
glaciolacustrine and glaciomarine soft to firm silty clays (sometimes
with pebbles and sand seams) and a basal part of a diamicton. Com-
pared with other soil units (described subsequently), the HS and the
BCT are relatively thin and hence unlikely to play a significant role in
providing stiffness and strength for the foundations. In addition, data
obtained for these soil layers are rather limited due to lack of good qual-
ity samples, resulting in highly variablemeasurementswhich bear large
uncertainties. The BCT and the HS are therefore not characterised in de-
tail in this study. These surface deposits can however be important in as-
sessment of scouring at the SSOWF as they are prone to being eroded
away by hydrodynamic processes activated by wind and wave actions.
In assessing scour potential, locations covered with the HS should be
differentiated from those with the BCT because scour holes can develop
fast in sands with a few tidal cycles or a single storm event but can take
months or years in clays. Near surface deposits can also be important in
the evaluation of geohazards. This however is not a particular concern
for the SSOWF because the site terrain is relatively flat (hence low risk
of slope instability) and the area is not known to be at risk of seismic
activity.
2.2. The Bolders Bank Formation (BDK)

The BDK unit represents the glacial advance during the last glacial
period (~20 kyr ago) which appears as reddish to greyish brown stiff
diamictons probably formed from subglacial and supraglacial sedi-
ments. It is described as a firm to stiff clay with pockets of sands and
gravels and occasional boulders.
2.3. The Egmond Ground Formation (EG)

The EG unit was deposited in an open marine sedimentation
environment following a sea level rise which inundated the North
Sea after the decay of the Elsterian glaciation (~280–250 kyr). This
formation is lithologically variable comprising of dense to very
dense gravelly silty fine to medium sands interbedded with occa-
sional stiff clay bands.
Fig. 2. Interpreted soil stratigraphy of a cross-sectio
2.4. The Swarte Bank Formation (SBK)

The SBK unit was formed during the first glacial deposition in the re-
gion (~350–280 kyr) by filling a series of braided valleys cutting into the
underlying chalk (Saue and Meyer, 2009). This formation consists of a
basal till member occasionally interbedded with glaciofluvial dense
sands or layers of gravels (Cameron et al., 1992). The gravel fraction is
composed of fine to medium subrounded chalk. The main component
is stratified glaciolucustrinehard silty claywhich is sporadically overlaid
bymarine interglacial sediments. This formation has an undulating lon-
gitudinal profile and exhibits large variation in thickness (e.g. Figure 2).

2.5. Cretaceous Chalk (CK)

The bottom chalk, the oldest among the four soil units, was formed
~84–74 Ma ago (Saue and Meyer, 2009) and extends over a large area
in the southern UK. The chalk in this region is divided into three mem-
bers: the Lower,Middle andUpper Chalks. TheUpper Chalk can bemore
than 200 m in thickness at the SSOWF site and, hence, is of interest to
the current study. The chalk in this region appears to be more porous
than chalks in other areas of the UK. This high porosity is conducive to
the formation of “putty” chalk by weathering and freeze–thaw cycles
which explains the presence of the weathered structureless materials
grading downward into the intact chalk at the SSOWF site. The struc-
tureless upper chalk has thickness varying between 10 and 15 m and
is composed of fine to coarse gravels mixed in a clayey sandy silty ma-
trix. The structured lower intact chalk is a weak rock with low to medi-
um density. This large variation in chalk weathering condition has also
been observed in other areas in Norwich region (e.g. Smith and
Rosenbaum, 1993). Using the chalk classification system suggested by
Lord et al. (2002), the former is graded as Dm (i.e. structureless chalk
with N35% comminuted chalk matrix) and Dc (i.e. structureless chalk
with b35% comminuted chalkmatrix)while the latter falls in B3 (i.e. in-
tact chalk with typical discontinuity aperture b3 mm and typical dis-
continuity spacing between 60 and 200 mm) to B5 (i.e. intact chalk
with typical discontinuity aperture b3 mm and typical discontinuity
spacing b20 mm).

3. Investigation and testing program

The site investigation campaignwas designed based on previous ex-
periences at similar sites and/or for similar purposes (e.g. other offshore
wind farms or offshore oil and gas facilities in the regions). The details of
the campaign follow guidelines specified by certification bodies such as,
for example, DNV No 30.4 (1992) and DNV-OS-J101 (2011).

The number of boreholes is recommended to be at least 10% of the
number of turbine locations and a larger number might be required if
the site condition is complex. At the SSOWF, 12 boreholes were drilled
n (A–A in Figure 1) of the SSOWF (unit in m).
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including 5 during the preliminary investigation stage and 7 during the
main investigation stage (more than 10% of the number of wind tur-
bines). This number of borehole is considered necessary due to the rel-
ative complex soil condition at this site. The borehole locations were
selected so that soil samples from all soil units (interpreted from the
seismic survey and geological history) could be obtained and in suffi-
cient quantity. In addition to borings at required locations (i.e. at all
the corners and in the centre of the site), locations between the corners
and between the corner and the centre were selected at relatively even
distances (Figure 1). This strategy aims at gathering sufficient informa-
tion for various purposes including: to update and verify the geological
model from seismic survey and geological history, to balance the need
for spatial information, and to take into account the large variability of
soils at the SSOWF. The boreholes are approximately 4–5 km apart
(Figure 1), which does reflect the main features in spatial variability of
the field, as confirmed by information from CPTs and seismic survey. It
is difficult to ascertain that all the spatial variability are captured by
the spacing adopted, however extra boreholes are probably unneces-
sary for the purpose of designing the foundation considering the high
cost involved. The number of boreholes and their spacing were, after
the investigation campaign, found to be sufficient to verify the geologi-
cal model interpreted from seismic survey and geological history. They
also provided adequate amounts of soil materials from different units
for laboratory testing.

Since monopiles were identified as a possible foundation option at
the SSOWF based on the initial soil investigation, the borehole depths
for the main soil investigation were tailored to suit this foundation
type. The borehole depth is half to one pile diameter (i.e. ≈3–10 m)
below the pile tips (DNV-OS-J101, 2011). The depth was also designed
to be sufficient so that samples from all units can be taken. The bore-
holes at the SSOWF vary from 26 to 70 m in depth depending on
location.

Although much experience of designing the soil investigation pro-
gram for thewind industry has been derived from the oil and gas indus-
try, there are some clear differences between the soil investigation
programs between the two industries. Foundations for oil and gas facil-
ities can vary significantly in sizes and, hence, their soil investigation
programs also vary significantly in extent, concentration and methods
selected. A jack-up platform, for example, tends to cover a relatively
small area (e.g. 50 m × 50 m) which requires a soil investigation cam-
paign spreading over much smaller area than an offshore wind farm
such as the SSOWF. Conversely, a large floating platform can involve
soil investigation over an area as large as a wind farm, but much less
concentrated effort (i.e. normally the investigation will only require 1
CPT and 2 boreholes at each template or, for anchored platforms, one
CPT at each anchor location and a borehole for each anchor cluster).
The relevant depth of boring is relatively similar between foundations
for oil facilities and for offshore wind farms.

At the SSOWF, the field investigation included measurements of
small strain stiffness (Gmax) at four boreholes, and numerous CPT mea-
surements of cone resistance (qt) (which were used to estimate un-
drained shear strength (su) of clays and relative density (Dr) of sands).
The boreholes were advanced from themudline by GEOBOR rotary dril-
ling. Push sampling and CPT measurements were performed from the
mudline until encountering the chalk. Push sampling was then contin-
ued into the chalk until the end of the boreholes. TheGmaxwas obtained
by the suspension PS velocity logging method (GeoVision, 1994).

Samples were collected at each borehole by Shelby tubes and core
samplers for advanced testing in offshore and onshore laboratories.
The offshore laboratory tests consisted of soil description and classifica-
tion tests (forwater content (w), plastic (PL) and liquid (LL) limits, plas-
ticity (IP) and liquidity (IL) indices); index shear strength testing and
unconsolidated undrained (UU) triaxial tests. In onshore laboratories
(at the Norwegian Geotechnical Institute — NGI), a testing program
was conducted including: classification tests (for w, IP, IL), total and
dry unit weights (γ, γdry), fines and clay contents, remoulded shear
strength (su,rem) and sensitivity (St); constant rate strain (CRS)
oedometer tests for vertical coefficient of consolidation (cv) and con-
stant head test for permeability (k); bender element (BE) tests for
Gmax; shear box and interface shear box tests for peak and residual
shear strength (τpeak and τres); ring shear tests for residual friction
angle (ϕr′); direct simple shear (DSS), compression and extension un-
drained triaxial tests for undrained shear strength (suDSS, suC and su

E);
and drained triaxial tests for friction angle (ϕ′). In particular, cyclic
tests were conducted in both DSS and triaxial apparatuses from which
the degradation of stiffness with cyclic loading of the four main soil
units is investigated shedding light on one of the most important as-
pects governing the design of OWT foundations.

The characterisation of the BDK, EG, SBK and CK presented in this
paper is based on both field measurements and onshore/offshore labo-
ratory tests. The ranges of the basic soil properties are summarized in
Table 1 while Fig. 3 shows an example of soil profile (at borehole BH3).

4. Index soil properties

4.1. Water content (w), total and dry unit weight (γ, γdry) and relative
density (Dr)

The measurements included in Figs. 3 and 4 suggest that there is no
apparent decrease of w with depth at the SSOWF (as usually observed
for normally consolidated soils). Both the BDK and the SBK exhibit rela-
tively low w for clays (average at ~17 and 16%, respectively), which in-
dicates stiff behaviour and overconsolidated state similar to the w
observed for various British overconsolidated clays (e.g. see Cripps
and Taylor, 1987). The average w of the SBK increases to around 25%
from 40 m downward, consistent with the increases in fines and clay
contents (Table 1). Considerable variation is observed for the w of the
EG due to the lithological non-uniformity of this sand unit (Figure 4).
Thew of the CK is relatively high (averaging at ~28%) due to high poros-
ity which implies potentially high brittleness during installation and
hence low side friction for pile foundation.

For all four soil units, the values of γ and γdry estimated using corre-
lations withw (assuming a saturated state and constant specific gravity
~2.65) are consistent with their corresponding values estimated from
advanced tests in onshore laboratory and from measuring dimension
and weight of waxed samples in offshore laboratory. The range of
mean values of γ is from ~17–21.3 kN/m3. The γdry is of particular inter-
est for chalk because it is often used as an index parameter in correlation
with other soil properties. The average value of γdry of the CK is
~15.2 kN/m3 which falls in the low end of the medium dry density
range for chalk (15.2–16.7 kN/m3) suggested by Bell et al. (1999) and
Lord et al. (2002).

The Dr for the EG sand is interpreted from CPT cone resistance using
the relationship suggested by Baldi et al. (1986) and a unity coefficient
of earth pressure at rest (Ko =1). Note that the value of Ko tends to de-
creasewith depth, however the thickness of the EG unit is generally less
than 7 m at this site and hence the assumption of a constant Ko is con-
sidered to be acceptable. The value of Dr varies over a wide range
(~30–85%)with an average at ~70%which indicates densely compacted
sand (e.g. Figure 3).

4.2. Grain size composition and plasticity indexes

The grain size distributions at various depths for the EG, SBK and CK
vary significantly even within a single soil unit (e.g. Figure 5), which re-
flects the variable composition of these glacial deposits. Thefines content
(particles b 0.063 mm) and the clay content (particles b 0.002 mm) of
different samples scatter over wide ranges for both the BDK and the
SBK. The fines content of these soils can be as high as 98% in some sam-
ples, but also drops to as low as 5% if sand lenses are encountered during
sampling. The SBK has on average higher fines content than the BDK



Table 1
Average ranges of the main soil properties.

BDK EG SBK CK

Depth (m) 0–12 7–18 15–40 40–62 10–70
Geological age Pleistocene Pleistocene Pleistocene Campanian
Description Stiff clay Dense sand Very stiff clay Weak rock
w (%) 10–24 18–28 10–22 15–33 20–36
IP (%) 14–20 10–20 20–30 6–10
IL −0.1–0.3 −0.4–0.6 0.3–1.5
γ (kN/m3) 19.7–22.5 19.1–20.8 20.0–22.5 18.4–21.4 18.1–20.4
Fines content (%) 52–62 2 83–97 95–98
Clay content (%) 24–36 32–48 12–60
su,rem (kPa) 40–150a 60–400a

St 1–2 2–3.5
OCR 4–40b 3–30b

Dr (%) 40–120
cv (m2/s) 1.0–2.0 (×10−7) 2.8 (×10−1) 7.5–7.8 (×10−6) 1.0–4.0 (×10−4)
k (m/s) 1.8–2.0 (×10−10) 3.2 (×10−5) 2.0 (×10−9) 1.5–5.7 (×10−8)
Gmax (MPa) 10–150c 16–280c 140–1000c 100–2500c

su (kPa) 20–250a 180–1600a 100–1400c

su
DSS/suC 0.75 0.43 0.74

su
E/suC 0.67 0.48 0.67

ϕ′ (°)d 40.5e, 36.0f 44.0, 47.5–49.5g 31.0–33.5 33.5–41.0, 37.0g

ϕr′ (°)h 25 30
τres/τpeaki 0.30–0.84 0.82–0.98
τres/τpeakj 0.64–0.98 0.80–1.00

a Varies with depth
b Decreases with depth
c Increases with depth
d From undrained triaxial tests unless specified
e 0–5 m
f 5–12 m
g From drained triaxial tests
h Ring shear and shear box tests
i Shear box tests
j Interface shear box tests
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(Table 1). The clay content varies at 10 – 50% for the BDK and 10–70% for
the SBK.

The soil plasticity index (IP) has been shown to be positively corre-
lated with the rate of stiffness degradation and negatively correlated
with the damping ratio (Vucetic and Dobry, 1991), and hence can
have important implications on the performance of OWT foundations.
Fig. 3. Example of a typical boring profile an
Both the BDK and the SBK exhibit low to medium plasticity
(e.g. Figure 3 and Table 1) which might be explained by the ef-
fect of “rock flour” associated with their glaciation origin as observed
for the Drammen clay (Tanaka et al., 2001). The CK also shows low plas-
ticity (~8%) which falls toward the lower limit of the typical IP range for
chalk (4–40%) reported by Lord et al. (2002). The liquidity index (IL) for
d corresponding soil properties (BH3).

image of Fig.�3


Fig. 4. Variation of water content (w) with depth of the four main soil units.
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the BDK and the SBK drops to negative values in a number of samples
(Table 1) indicating stiff to very stiff behaviour in the field.

5. Deformation characteristics

5.1. Coefficient of consolidation (cv) and permeability (k)

Permeability of the four soil units is investigated by constant head
test, while the coefficient of consolidation is derived from oedometer
test at around the effective overburden pressure. Both the values of cv
and k differ significantly between different soil units but vary only
slightly with depth within each unit (Figure 6). The rates of consolida-
tion (inferred from the corresponding values of cv) is lower for the
BDK than for the SBK, CK and EG. This is consistent to the fact that the
BDK is considerably less permeable than the SBK, CK and EG. Except
for the EG which is a sand and hence has relatively high permeability
(k N 10−5 m/s), the other three units have relatively low permeability
(10−7 N k N 10−10 m/s), which falls in the typical permeability range
for clays and chalk. These low permeability soil strata are susceptible
to accumulation of excess pore water pressure. This can be particularly
problematic during cyclic loading, especially for large diameter piles
embedded in poor drainage condition and subjected to large number
of load cycles. The sand lenses interbedded in the BDK and the SBK at
the SSOWF site might however act as ‘drains’ which would alleviate
the accumulation of excess pore water pressure during loading.
Fig. 5. Grain size distribution at various depths from a representative borehole (BH15).
5.2. In situ stress condition and over consolidation ratio (OCR)

The OCR at a certain depth is defined as the ratio between the pre-
consolidation stress (σc′) and the vertical effective stress (σv′) at that
depth (i.e. OCR= σc′ / σv′). The value of OCR can be estimated direct-
ly from evaluating σc′ and σv′; or indirectly from correlations with
other soil parameters, for example, those measured by the CPT or
in triaxial tests. Fig. 7 compares the OCR values estimated by various
methods.

The value of σv′ can be estimated from the total unit weight while
the value of σc′ can be interpreted from laboratory tests or by consider-
ing the geological history of the site. The geological history of the SSOWF
is governed by repeated glaciations and possible periods with perma-
frost. The value of σc′ can be approximated assuming an equivalent sur-
face stress from 25 to 75 m of ice for the BDK and 130–550 m of ice for
the SBK (Siegerta and Dowdeswell, 2004). This method results in a de-
creasing profile of OCR with depth which is relatively consistent with
estimations of OCR using the values of σc′ measured in CRS oedometer
(OE) (for the BDK) (Figure 7a).

Fig. 7 also shows the upper and lower limits of the range of OCR
interpreted from the normalised cone resistance (Qt) by employing
the following empirical correlation (Lunne et al., 1997):

OCR ¼ kOCR � Qt : ð1Þ

A correlation factor kOCR = 0.3 is used as it normally offers reason-
able consistency between the field and the laboratory tests (Saue and
Meyer, 2009). Indeed, Fig. 7 shows that the ranges of OCR from the
CPTs for both the BDK and the SBK agree relatively well with the values
of OCR interpreted from anisotropically consolidated undrained triaxial
(CAU) compression tests, using an empirical correlation between su/σv′,
OCR and IP suggested in Lunne et al. (1997).

The BDK is highly overconsolidated in the top layer (OCR ~15–50 in
thefirst 2m), then its OCRdecreases to b10below7m. The value of OCR
for the SBK ranges between 4 and 20 but its upper bound exhibits a
value of 40–50 at certain depths (Figure 7b). This is possibly associated
with sand layers, which means that the interpretation of OCR from
Eq. (1) is not applicable.

At a similar depth, the OCR for the BDK and SBK are from slightly to
considerably higher than that of several well-characterised clays in
Northern Europe reported in the literature, for example, London clay
~4–16 at 7–50 m depth (Gasparre, 2005), Troll clay ~1.5 at 0–75 m
depth (Lunne et al., 2006) and Dublin Bolder clay b4 at 0–24 m depth
(Long and Menkiti, 2007). These values of OCR are comparable to that
of glacial clays in nearby vicinity such as at Cowden site (UK)
~2–50 at 3–11 m depth (Lehane and Jardine, 1994). The large OCRs
have several implications for the design and performance of wind tur-
bine foundations at the SSOWF. First, soil parameters for preliminary
design are, in practice, sometimes estimated using correlations between
the OCR with other soil properties, for example with su (Wroth, 1984;
Ladd, 1991) or with Ko (Mayne and Kulhawy, 1982). However, the ver-
ification of these correlations is based mainly on soil data having OCR
b10 with limited samples having OCR N10. Therefore, these correla-
tions, if needed, should be applied with extreme caution to heavily
overconsolidated soils such as the BDK or SBK.

In addition, theOCR can considerably influence soil initial stiffness in
both lateral and axial loading conditions through the initial slopes of the
p–y and t–z curves respectively (if employing these curves for service-
ability limit state (SLS) or fatigue analysis of wind turbine foundations
(DNV, 2011)). For example, unless data indicate otherwise, the initial
slope (kpy) of p–y curve for clay is suggested to be calculated from the
ultimate lateral resistance (pu), pile diameter (D) and vertical strain at
a certain stress (εc) (DNV, 2011) as follows:

kpy ¼ ξ � pu
.

D � εc0:25
� �

: ð2Þ

image of Fig.�4
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Fig. 6. Variation of (a) consolidation coefficient (cv) and (b) permeability (k) with depth.
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In Eq. (2), the empirical coefficient ξ is recommended to be 10 for
normally consolidated clays but three times higher (ξ = 30) for
overconsolidated clays.

Similarly, the initial slope of t–z curve is also positively correlated
with the OCR. For example, the initial shearmodulusGo for axial loading
is suggested by (Eide and Andersen, 1984) to correlate with the OCR as
follows:

Go ¼ 600 � su−170 � su � OCR−1ð Þ0:5: ð3Þ

Both Eqs. (2) and (3) imply that the BDK and SBK will behave very
stiff at very small initial strain due to their high OCRwhichwill contrib-
ute to, for example, high natural frequencies of the wind turbine tower.
High initial stiffnesses also imply a risk of significant degradation of stiff-
ness with loading, as will be discussed in detail in later sections.
(a)

Fig. 7. Overconsolidation ratio (OC
5.3. Small strain shear modulus (Gmax)

A key soil parameter for evaluating the foundation performance in
fatigue and serviceability limit state is the shear modulus (G). The
shear modulus at very small strain Gmax is a fundamental soil property
which can be applied to static, dynamic, drained and undrained condi-
tions. This is because, at the onset of loading in the field, soil has not
yet “determined” the path that it is going to follow. This path depends
on, among other factors, loading rate and permeability (Mayne, 2006).
The Gmax is particularly an important soil parameter for OWT because
it directly influences the eigenfrequency. Also, this parameter can be
used directly to estimate the foundation stiffness at low to moderate
load amplitude which is relevant for fatigue life evaluation.

At the SSOWF site, the values of Gmax were measured at 4 boreholes
(15, 16, 17 and 20 in Figure 1) using the PS suspension loggingmethod,
and cross-checked with those measured by BE in DSS and TXL speci-
mens. During PS suspension logging, the shear wave velocity (vs) was
(b)

R) for the BDK and SBK clays.
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determined at a nominal 1 m interval by the PS logger down to 45 m
depth below the seabed. The Gmax was then calculated from vs and the
soil bulk density (ρ) (Gmax = ρvs2). The values of Gmax estimated at dif-
ferent boreholes span relatively similar variation ranges and hence are
not differentiated in Fig. 8. Note that the Gmax discussed subsequently
is average value and any stiffness anisotropy at the site has not been
considered.

TheGmax exhibits an overall increasing tendencywith depthwhich is
especially visible for the SBK and the CK due to the large thicknesses of
these units (Figure 8). This increase is likely to be associatedwith the in-
creasing geologic age and the increasing overburden pressure with
depth (Vucetic and Dobry, 1991). All four soil units behave stiff to
very stiff in the small strain region corresponding to significantly large
values of Gmax. In particular, the range of Gmax for the BDK is ~10–
30 MPa near the surface and ~150 MPa at 10 m depth, which is rather
typical for low plasticity overconsolidated clays. For example, London
clay (with OCR ~4–16) has a range of Gmax of ~10–30MPa near the sur-
face and increasing to ~100 MPa at 10 m depth (Cripps and Taylor,
1986; Gasparre, 2005; Clayton, 2011). The Gmax of the EG sand varies
over a range of 15–280 MPa. The high ‘upper bound’ is consistent with
the high Dr of this dense sand. The SBK shows very large Gmax varying
from 150 MPa (at 15 m depth) to 1000 MPa (at 30 m depth) which is
comparable to other stiff overconsolidated clays such as the Dublin
Boulder Clay (Gmax ~200 MPa at depth b4 m and Gmax ~1500 MPa at
30 m depth) (Long and Menkiti, 2007). The Gmax for chalk ranges from
100 MPa (at 12 m depth) to 2000–2500 MPa (at 30–40 m depth) with
several very large measurements of almost 5000 MPa at 45 m (not in-
cluded in Figure 8). These very large Gmax values have also been ob-
served, for example, for chalks found in the Fehmarn Belt Fixed link
project between Denmark and Germany (Gmax ~ 6000 MPa) (Rambøll,
2011).

Fig. 8 also shows that the values of Gmax obtained in the BE tests tend
to be smaller than that obtained by the PS logger (with the exception of
the BDK unit). This underestimation of the field measurements by the
laboratory data is likely to be the result of disturbances caused by the
sampling process. These disturbances ‘loosen’ overconsolidated soil
samples and hence decrease soil stiffness (Elhakim, 2005). Similar dis-
crepancy between the values of Gmax measured in the laboratory and
at the field has also been observed for other overconsolidated soils, for
example, the Dubai gypsiferous mudrock or London Eocene sandy clay
(see Clayton (2011)).
Fig. 8. Variation of small strain stiffness (Gmax) with depth.
6. Shear strength

6.1. Undrained shear strength (su)

For OWT, the foundation dimension is determined by the lower
bound while the installation capacity is governed by the upper bound
of the su. Due to the strong link between stiffness and strength, the
range between the lower and the upper bound is also important for
stiffness evaluation. Therefore, the su and its boundvalues are important
parameters for the designing of OWT foundation.

The su was investigated in the field using downhole CPT, while good
quality samples retrieved from the boreholes were tested in the labora-
tory mainly in anisotropically consolidated undrained compression and
extension (CAUC and CAUE) triaxial tests and unconsolidated un-
drained triaxial (UU) tests. The su is related to the corrected cone resis-
tance (qt) measured by the CPTs, the total vertical stress (σv) and the
cone factor (Nkt) as follows:

su ¼ qt–σvð Þ=Nkt : ð4Þ

UsingNkt=15 (for the BDK and SBK) and Nkt=20 (for the CK), rel-
atively consistent patterns of variation can be seen between the field
and the laboratory results. However, the values of su obtained in the lab-
oratory tend to fall in the lower ends of the ranges indicated by the CPT
(Figure 9).

The su varies quite significantly with depth and in lateral direction
(i.e. between different boreholes). In particular, the value of su for the
BDK ranges between ~50 and 500 kPa down to 7 m, then the variation
range decreases between 7 and 11 m (Figure 9a). The narrower varia-
tion should however be treated with caution in this case because only
three laboratory tests and two CPTs are available at depth below 7 m.
The value of su for the SBK varies from 200 to 800 kPa with several
prominent peaks (Figure 9b). For the CK, the range of su is ~100–
600 kPa between 16 and 21 m (based on limited data) which is
narrower than the approximate range of 200–1500 kPa from 21 m
downward. This trend might be associated with the weathered and
structureless state of chalk at shallower depth leading to a reduction
in su compared with the intact deeper chalk. The values of su for the
BDK and the SBK are rather typical for stiff to very stiff heavily
overconsolidated clays while that for the CK is consistent with the
shear strength range observed for weak rocks. The prominent peaks ob-
served for the CPT data are likely to be caused by coarse-grained soil
lenses dominated by sands or gravels in the BDK and the SBK units, or
with harder layers in the CK unit. The measurement of su for CK should
be interpretedwith caution as some readingsmight be erroneous due to
the existence of gaps within the brittle chalk mass.

6.2. Effective stress parameters

The effective stress parameters (i.e. friction angleϕ′ and cohesion c′)
are derived, in the current study, mainly from the effective stress paths
of triaxial undrained tests (CAUC and CAUE) and complimented with a
few drained tests (CADC and CADE) conducted for the EG and the CK.
For all four soil units, the effective stress paths shown in Fig. 10 indicate
dilatant behaviour which is consistent with their high OCR values (for
clays and chalk) and high Dr (for sand). The effective stress parameters
are most relevant for the EG unit as they are used for both construction
of p–y curves and for driveability evaluations but are also relevant for
other soil units to model their long-term behaviour.

The values of peakϕ′ are relatively high for all four soil units, and are
the same or close between compression and extension conditions
(Figure 10). Note that the mean effective stress in Fig. 10 is the average
of effective stresses in various directions. In case of triaxial tests, this is
equal to one-third of the sum of two times the radial effective stress
plus the vertical effective stress. The BDK shows slightly higher ϕ′ at
depth range from 0 to 5 m (~40.5°) than at larger depth from 5 to



Fig. 9.Undrained shear strength (su) of the BDK, SBK andCK. Note that the curves “2005Min and 2005Max” indicate the lower and upper bounds respectively of CPTmeasurements from a
related investigation by Fugro conducted in 2005.

Fig. 10. Effective stress paths from compression and extension triaxial tests and corresponding friction angles (ϕ′). Positive direction for compression and negative direction for extension
tests.
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12 m (~36.0°) which implies the dependency of ϕ′ on stress level. The
loading condition also plays a role in determining the value of ϕ′ as
the EG has ϕ′ ≈ 44.0° estimated from the undrained tests but slightly
higher values from drained tests (47.5–49.5°). The SBK shows lower
values of ϕ′ than the BDK and EG, and lower for the active state
~31.0° (extension) than passive state ~33.5° (compression). The values
of c′ are zero for these three soil units. The weathered structureless
CK(Dc) exhibits values of ϕ′ varying from 35.5° (with c′ = 0 kPa) to
38.5° (with c′ = 40 kPa), smaller than ϕ′ = 41.0° (with c′ = 131 kPa)
for the intact structured CK(B3).
6.3. Remoulded shear strength (su,rem) and sensitivity (St)

The su,rem is an intrinsic soil propertywhich is required for evaluating
the skin friction for skirt penetration resistance and pile drivability or for
axial pile capacity analysis by, for example, the Imperial Collegemethod
(Jardine et al., 2005). The following discussion of su,rem for the BDK, SBK
and CK also takes into account the sleeve friction (fs)measured in all rel-
evant CPTs.

Fig. 11a shows that the values of su,rem (measuredmostly by fallcone)
for the BDK unit exhibit significant scatter (~40–200 kPa). A single UU
test for the BDK (at 10% axial strain) shows dilatant behaviour and re-
sults in su,rem = 45.8 kPa which falls toward the low end of the scatter
range. The su,rem for the SBK (based on limited laboratory tests) ranges
between 50 and 220 kPa (Figure 11b). For both clays, the variation
ranges of fs with depth generally agree with the values of su,rem
(Figures 11a and b). The correlation of fs with su,rem is however unlikely
to be universal due to various factors affecting the measurements of fs
including pore pressure, sleeve end area, sleeve roughness and degree
of remoulding. The sensitivity (estimated as the ratio between intact
and remoulded shear strength, St = su/su,rem) falls between 1 and 2 for
the BDK and 2–3.5 for the SBK (Table 1).

Driving piles into chalk might lead to the development of a
remoulded zone along the pile shaft which can result in very low shaft
resistance. This is a particular important issue at the SSOWF site due
to the widespread of chalk at the site. Values of su,rem between ~200
and 300 kPa are obtained for chalk from residual ring shear, shear box
and interface shear box tests. Although these values fall in the middle
of the range of fs for the CK obtained from the CPTs at the site, Lord
et al. (2002) observed that the measured fs for chalk normally exceeds
the skin friction obtained in pile load tests and, hence, is unsuitable for
assessing the shear resistance of driven piles into chalks. This over-
estimation is explained by the scale effect because the fs represents
the friction between the CPT sleeve and the intact (not remoulded)
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Fig. 11. Remoulded shear strength (su,rem) and variation
chalk, which is amplified by an increasedhorizontal stress caused by lat-
eral displacement of the block of chalk (Lord et al., 2002). To address
this problem, Lord et al. (2002) recommends that a value of 20 kPa is
used for the ultimate shaft resistance for small displacement driven
piles into chalk unless the chalk is very intact (i.e. classified as high-
density Grade A), in which case a value of 120 kPa is suggested. The
value of fs may however be applicable to an open-ended steel pile
with skin friction of up to 150 kPa (Lord et al., 2002).

7. Stiffness degradation

A requirement for structures exposed to dynamic environmental
loads is to keep the eigenfrequencies at a safe distance to avoid reso-
nance with the dominating loading frequencies. This means that, for
OWTs, additional requirements regarding dynamic stiffness must be
taken into account due to the dynamic loads from the turbine (1P and
3P frequencies), which results in a narrow allowed frequency band
(typically 0.2–0.3 Hz) for the first eigenmode of the wind turbine struc-
ture. The design of the OWT foundation is therefore sensitive to the soil
stiffness. The high initial stiffnesses of soils at the SSOWF imply a poten-
tial problem of stiffness degradation (i.e. reduction of G with loading),
and this needs to be properly taken into account in order to achieve re-
liable estimate of stiffness.

7.1. Stiffness degradation during monotonic loading

This section focuses on the degradation of secant shear modulus (G/
Gmax) with the mobilised shear strength (τ*/|τ*max|). To facilitate the
presentation of the results, the horizontal axes shown in Fig. 12 have
been rescaled by deducting the shear stress by its initial value, τ* =
τ − τini and τ*max = τmax − τini (i.e. τini is attained at the end of
anisotropic consolidation and prior to shearing).

As can be seen from Fig. 12a, the BDK loses 50–80% of its initial stiff-
ness once the shear strength is mobilised by 20% either under compres-
sion (i.e. positive τ*/|τ*max|) or extension (i.e. negative τ*/|τ*max|). For
this clay, the variation range of G/Gmax observed in the CAU tests is rel-
atively consistent to that observed in the DSS tests, and both are slightly
lower than the range for various clays and sands compiled in Mayne
(2006) (Figure 12a). The DSS samples degrade more ‘smoothly’ than
the CAU samples, which is probably due to the stronger influence of
sampling disturbances on the latter compared with that on the former
(Mayne, 2006). For the SBK, the ratio of G/Gmax appears to decrease
much faster in the CAU than in theDSS, whichmight also be attributable
to the effect of sample disturbances (Figure 12b). The stiffness of the
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ranges of sleeve friction (fs) from all relevant CPTs.
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SBK degrades relatively ‘smoothly’ with increasing τ*/|τ*max|, similar to
the BDK. Unlike the trends observed for the BDK, SBK clays, the CK ex-
hibits widely varying and erratic patterns of stiffness degradation
(Figure 12c), which is likely due to the brittleness and variable degree
of weathering of this chalk. The G/Gmax of the EG sand reduces dramat-
ically within very low τ*/τ*max (b5%), then fluctuates around a constant
value up to failure (Figure 12d). The EG samples retain b10% of its stiff-
ness under extension and between 40 and 60% under compression.

7.2. Stiffness degradation during cyclic loading

Similar tomonotonic loading, cyclic loading can cause significant de-
terioration of soil stiffness. This is a particular important issue for the
SSOWF because the heavily overconsolidated state of clays, dense com-
paction of sand and brittleness of chalkmean that their constant subjec-
tion to cyclic loads from winds and waves can lead to considerable
losses of strength. Fig. 13 shows, in a linear-log scale, that the reduction
of secant cyclic shear modulus (Gcy) with increasing cyclic shear strain
(γcy) can be very significant for the investigated range of cyclic shear
stress (τcy) and cyclic average shear stress (τa). Note that, for most sam-
ples, the γcy corresponding to the first cycle (i.e. the starting point of
each curve) is relatively large, and the degradation of stiffness within
the small strain region is not included.

In Fig. 13, the stiffness degradation curves graphically represent the
relationship Gcy = τcy/γcy and, hence, the position of each curve is de-
fined by τcy. Samples subjected to τcy of similar magnitudes therefore
tend to approximately coincide which can be observed, for example,
for samples (4), (6) and (7) of the BDK (τcy ≈ 50 kPa), samples
(1) and (4) of the EG (τcy ≈ 150 kPa) or samples (1), (3) and (6) of
the SBK (τcy ≈ 200 kPa). An increase in τcy shifts the curve toward the
right because a larger amount of γcy is produced by the soil. For instance,
samples (1), (7), (3) and (2) of the BDK subjected to τcy of 31.6, 48.6,
80.1 and 103.1 kPa respectively are located increasingly toward the
right on the horizontal axis (Figure 13a). These trends are applicable
to all four soil units though some exceptions can be observed. The deg-
radation pattern of Gcy is consistent between the cyclic CAU results and
the cyclic DSS results.

As the τcy increases, the starting value of Gcy (after the 1st cycle)
tends to decrease, and fewer cycles are generally required to degrade
Gcy to a particular value (Figure 13). The reduction of Gcy from its
starting value can be very significant in most cases. For example, com-
pared with the value of Gcy after the first cycle, a decrease by at least
80% can be expected once the γcy reaches 3% for samples (1), (4), and
(6) of the BDK; (1) and (4) of the EG and (2) and (4) of the SBK. The
CK shows even more dramatic reduction in Gcy, in most cases, by as
much as 99% at γcy = 3%. The significant effect of cyclic loading on the
stiffness modulus of soils at the SSOWF suggests that the value of Gcy

used in design should be corrected according to the cyclic loading con-
dition to which the soil has been subjected. This can be achieved using,
for example, models that have been developed for stiffness degradation
with cyclic loading such as Achmus et al. (2009) or Vucetic and Dobry
(1988).

8. Soil variability and its implications on foundation design

As can be seen from the previous sections, the soil properties at the
SSOWF vary quite considerably due to the geological origin and
weathering condition. Table 2 shows the mean and coefficient of varia-
tion (CoV) of various soil parameters for the four soil units. The values of
CoV tend to be much smaller for the index soil parameters (e.g. γ, γdry,
w, wp, wL, and Ip.) than for those soil parameters that dictate strength
and deformation (e.g. su and Gmax) (Table 2). The main reason for this
is likely to be a larger natural variability of the latter compared with
the former. In addition, the CoV for the index soil parameters is reduced
by a considerably larger number of measurements and simpler mea-
surement techniques (and hence entailing smaller measurement er-
rors). The values of CoV for the index properties at the SSOWF are
rather similar to the corresponding data found in the literature. For
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example, Phoon and Kulhawy (1999) consolidated data from various
sources and reported a CoV = 18% for w, 18% for wL, 16% for wp, 29%
for Ip, 9% for γ and 7% for γdry. The authors also suggested that the pos-
sible variation range of CoV for each of these soil parameters and these
ranges cover all the CoV values for the soils at the SSOWF. The variability
Table 2
Variability of soil properties at the SSOWF.

Properties BDK EG

NoS μ CoV (%) NoS μ C

γ (kN/m3) 32 21.4 4 24 20.3
γdry (kN/m3) 33 18.1 5 25 16.5
w (%) 116 16.8 17 39 21.6
ϕ 115 0.31 11 38 0.36
wp (%) 43 15.3 16 2 15.0
wL (%) 43 31.6 13 2 32.4
Ip (%) 43 17.0 11 2 17.4
Clay (%) 43 31.4 23 5 17.5
Clay silt (%) 31 61.0 26 17 14.2 1
Clay silt sand (%) 31 97.5 3 17 98.7
su,rem (kPa) 17 95.0 51
su (kPa) 11 123 49

su
DSS/suC 4 0.75 25

su
E/suC 3 0.67 13

Gmax (MPa) 4 33 61 19 114
ϕ′ (°) 9 37 8 4 46
St 15 1.4 21 2 1.8
cv (m2/s) 2 1.51 × 10−7 1 2.80 × 10−1

k (m/s) 2 1.90 × 10−10 1 3.20 × 10−5

NoS: number of samples.
su: estimated from CAU and UU tests only.
Gmax for CK: ignore the depth dependency.
of undrained shear strength su at the SSOWF is larger than the corre-
sponding values from laboratory tests reported by Phoon and
Kulhawy (1999) (i.e. 49–60% compared with 22–33%), possibly due to
rather limited number of samples in the current study. Conversely, the
variability of friction angle ϕ′ is lower at the SSOWF than the typical
SBK CK

oV (%) NoS μ CoV (%) NoS μ CoV (%)

5 59 21.0 7 66 19.8 6
8 69 17.7 8 56 15.5 9

17 148 17.4 23 234 27.3 12
11 146 0.32 16 234 0.42 8

31 16.4 10 46 19.1 8
31 31.4 13 46 27.7 6
31 15.0 21 46 8.6 12

60 32 34.4 32
40 23 72.1 43
2 32 99.2 1

6 137 31 5 251 12
31 376 53 20 296 60
3 0.43 5 4 0.82 25

1 0.48 4 0.67 33

67 29 634 37 113 1360 49
6 5 32.9 4 11 38 6

1 1.8
3 7.67 × 10−6 4 2.19 × 10−4 51
3 2.00 × 10−9 4 3.20 × 10−8 48
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values in the literature (i.e. 4–8% for both sands and clays compared
with 9% for sand and 9–21% for clays, silts from Phoon and Kulhawy,
1999).

The vertical correlation lengths for a few soil parameters where con-
tinuous measurements are available (e.g. su and OCR) are approximate-
ly 1–3m. This is consistentwith reported vertical correlation lengths for
corresponding parameters from the literature (e.g. Phoon and Kulhawy,
1999 or Baecher and Christian, 2003) in which the correlation length
has been derived from larger sources of data. It is not possible to reason-
ably estimate the horizontal correlation length (if exists) for soil param-
eters from the SSOWF due to limited number of measurements. If
required in analysis and design, it is recommendable to use the horizon-
tal correlation length for corresponding parameters of similar soils re-
ported in the literature (e.g. Phoon and Kulhawy, 1999 or Baecher and
Christian, 2003).

For relatively variable soil condition such as at the SSOWF, invest-
ment in soil investigation to build reliable soil models is recommended
in order to reduce uncertainties and narrow down the risk. In practical
design, the soil variability can be addressed following recommended
practices, for example, from DNV-RP-C207 (2010). For the SSOWF site,
the variability of all soil parameters is relatively large, especially for
the chalk due to the existences of bothweathered and intact chalks. Par-
ticular attention should be paid to the uncertainty associated rotational
friction of chalkwhich can cause problem in designing for rotation limit.

The choice between the mean and the percentile value in design
should take into account the particular problems governed by the soil
parameters of interest. Strength parameters (e.g. su or su,rem) play a cen-
tral role in bearing capacity calculation and, hence, a conservative lower
bound value (normally 5% percentile) is recommended to be used. This
is particularly applicable for problems governed by a local strength
value (e.g. the pile tip resistance for end-bearing capacity). Designing
for installation capacity however requires an upper bound value of
strength parameters which the 95% percentile is recommended. A
mean value is recommended for problems involving large soil volumes
where local strength variations from point to point can be assumed to
average out (e.g. the pile lateral capacity, stability of large gravity foun-
dation). Also, amean value is also suggested for Gmaxwhich is an impor-
tant soil parameter to wind turbine foundations. The Gmax dictates the
estimation of the eigenfrequency which should lie between 1P (rota-
tion) and 3P (blade passing) frequencies to avoid resonance. The use
of too high or too low values of Gmax therefore can be problematic.

In designing offshorewind turbine foundations, it is important to en-
sure stability for the low range of strengthwhile installation capacity for
the high range of strength. However, with such large variability in shear
strength as at the SSOWF, a common factor of safety that will satisfy
these conditions at every location would be excessively large and be-
comes over-conservative at many locations. This is because the founda-
tion will need to address the lowest and the highest shear strength
values of the whole site, which are respectively lower and higher than
the local lowest and highest values at many locations. Therefore, a
“one-size-fits-all foundation” would be very large and safe but very
costly. In addition, the foundation might become too big that it might
not be possible to be installed and might not give the desired dynamic
stiffness. The specific design for each location is recommended as it be-
comes less costly than the design for the whole site. The factor of safety
is then similar at every location and should be adequatewhile the size of
the foundation is varied with the locations.

Since the current design guideline for offshore wind turbine founda-
tions is largely based on those from the oil and gas industry, the factor of
safety is likely to be similar between offshore wind turbine foundations
and foundations for oil platforms. This is provided that the oil platforms
are submerged and do not support human activity and thewind turbine
foundation is designed for each specific location. If the wind turbine
foundations are designed following the guideline for the oil and gas fa-
cilities which are required to support human activities on board, then
their factor of safety would probably be over-conservative because the
wind turbines have a different safety class (as they do not pose threat
to human life upon failure). In cases where a one-site-fits-all solution
is used in highly variable soils, the FoS for an offshorewind farm is likely
to bemuch larger than for oil facilities in similar soils due tomuch larger
number of measurements.

9. Conclusions

The fourmain soil units at the Sheringham Shoal offshore wind farm
in the North Sea (Bolders Bank Formation, BDK; Egmond Ground For-
mation, EG; Swarte Bank Formation, SBK and Chalk Unit, CK) have
been characterised in this study in the context of designing foundations
for offshore wind turbines to provide a realistic case study for research
and practice. The characterisation shows that the soil behaviour at this
site is dictated by the marine glacial origin with repeated glaciation
cycles. Particularly, the BDK and SBK clays are heavily overconsolidated
with relatively lowwater content, low plasticity, medium to high rate of
consolidation and low permeability. The EG sand is densely compacted
with high relative density, high rate of consolidation and high perme-
ability. The CK chalk shows typical weak and brittle rock behaviour
with very low plasticity, high consolidation rate and low permeability,
though the properties of the CK tend to vary quite significantly with
depth due to its variable weathering state.

The undrained shear strengths of the BDK, SBK and CK are, on aver-
age, quite high but show large differences between the upper and lower
bound strengths. The drained shear strength of the EG is also high. The
wide differences in the bound shear strength values pose a challenge in
the design of the foundation dimensions which are favourably large to
be stable at the lower bound strength but small to be installable at the
upper bound strength. Therefore, a specific design strategy is recom-
mended at this site to deal with the considerable soil variability. This
means that the foundations vary in sizes depending on the soil proper-
ties at each turbine location. The remoulded shear strengths of the BDK
and SBK are from one to three times lower than the intact shear
strength. The remoulded shear strength value must be used with ex-
treme caution for locations with a substantially thick chalk layer due
to the overestimation of pile shaft resistance by the CPT sleeve friction.

All four soil units exhibit high to very high small strain stiffness
which increases with depth and tends to be larger than the stiffness of
some well-characterised soils in nearby areas. The degradation of stiff-
ness modulus with monotonic or cyclic loads is identified as a particu-
larly important issue for the Sheringham Shoal wind farm because of
the high initial stiffnesses. In the case of monotonic loading, analyses
of the secant shear moduli measured in triaxial and direct simple
shear tests suggest that the reduction of stiffness with the mobilised
shear strength can be significant for all four soils and the pattern of deg-
radation varies considerably among them. The cyclic shear stiffness of
these soils also degrades substantially with cyclic loading. This high-
lights a concern for the Sheringham Shoal or similar sites because of
the constant exposure of the wind turbine foundations to cyclic loads
from winds and waves.
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