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Performance of offshore wind turbine foundations under cyclic loading is one of the most important issues in designing these
structures, because they are constantly subjected to cyclic loads from winds and waves. This paper investigates the cyclic
behavior of an overconsolidated marine clay from the Bolders Bank Formation (one of the four main soil units) found at the
Sheringham Shoal Offshore Wind Farm in the North Sea. The clay samples are tested in both cyclic undrained triaxial and
cyclic direct simple shear apparatuses under various combinations of average and cyclic shear stresses. The result shows that
the number of cycles to failure decreases with increasing cyclic shear stress but can change in either direction as the average
shear stress increases. The failure modes experienced by the samples tend to depend on the relative magnitude of the two shear
stresses applied during testing. This cyclic behavior of the clay is found to be relatively consistent with the notion represented
by the cyclic contour plot framework for designing offshore foundations (developed by the Norwegian Geotechnical Institute).

INTRODUCTION

Multiple installations of offshore wind turbines in the North Sea
might occur in the next few decades if technological challenges
can be overcome to reduce the cost of offshore wind energy so
that it becomes competitive with other energy sources. One of
these challenges relates directly to the geotechnical engineering
discipline, which is to design the wind turbine foundation for cyclic
loading. This is because the loading condition for offshore wind
turbines is dominated by wind and wave forces, and these forces
tend to vary cyclically.

Various studies into the cyclic behavior of marine soils have been
conducted over the last 40 years, first in connection with the oil
and gas industry (for example, Andersen et al., 1980; Andersen and
Lauritzsen, 1988; Andersen et al., 1988; Andersen, 2004; Briaud
and Felio, 1986; Jardine, 1991), and currently to serve the emerging
offshore wind industry (Achmus et al., 2009; Achmus and Thieken,
2010; Byrne et al., 2002). The former bears important differences
from the latter, especially with regard to the magnitude of horizontal
load relative to that of vertical load. Therefore, the understanding
of cyclic behavior obtained from oil and gas exploration is useful
and transferable to the wind industry, but more studies specific to
the loading condition of the wind turbine are necessary.

Among numerous studies on cyclic behavior of clays, one of the
more comprehensive ones is the cyclic testing program on Drammen
clay conducted during the 1970s by the Norwegian Geotechnical
Institute (NGI) (Andersen et al., 1980; Andersen et al., 1988;
Andersen and Lauritzsen, 1988). The program involved a number
of cyclic triaxial tests and direct simple shear tests performed on
Drammen clay samples having different overconsolidation ratios
and under various combinations of average and cyclic shear stresses.
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The result of the testing program led to the development of a set
of cyclic contour plots that can be used for design of offshore
foundations for cyclic loading.

Cyclic loading has also been shown to be possibly beneficial in
the long-term for foundations in/on normally consolidated clays
with respect to stability and displacement, but unfavorable for
those in/on overconsolidated clays (Andersen et al., 1976). In
particular, at a given cyclic shear stress level, an overconsolidated
clay tends to deteriorate its stiffness with a lower number of cycles
than a normally consolidated clay. Therefore, the behavior of
overconsolidated clays is of particular interest for geo-structures
subjected to frequent cyclic loads such as wind turbine foundations.

This study investigates the cyclic behavior of an overconsolidated
marine clay from the Bolders Bank Formation (BDK), one of
the main four soil units found at the Sheringham Shoal Offshore
Wind Farm in the North Sea. The clay samples are tested in both
cyclic triaxial (TXL) and direct simple shear (DSS) apparatuses
at different stress states. In this paper, the testing procedure is
briefly described and the cyclic behavior is discussed with respect
to the dependencies of the average and cyclic shear strains and the
number of cycles to failure on the combination of average and
cyclic shear stresses. The observed cyclic behavior of the clay is
then compared with the cyclic contour plots of a Drammen clay to
assess the suitability of applying the cyclic contour plot framework
for design of offshore wind turbine foundations in this clay.

SOIL CHARACTERISTICS

The BDK clay investigated in this study is a Quartenary sediment
located in an area of the North Sea which has been subjected
to repeated glaciations in the past. The heavy load imposed by
ice during the glacial advances led to the overconsolidated state
of this clay. The BDK unit is the uppermost stratum of the four
soil units. Geological records of the area suggest that this unit
possibly formed during the glacial advance of the last glacial period
(∼20,000 years ago) (Saue and Meyer, 2009). The soil from this
unit appears as reddish to greyish brown stiff diamictons, probably
formed from subglacial and supraglacial sediments. The main clay
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Test No D (m) w (%) IP (%) OCR su (kPa)

TXL 1 11063 16.7 14.9 5–15 200
2 11085 18.2 20.2
3 12005 16.4 17.9
4 6096 14.2 14.0 6–15 120

DSS 5 5096 15.3 15.0 5–15 97
6 6001 15.1
7 6006 15.4

Table 1 Basic properties of the BDK clay measured from samples
tested in TXL and DSS apparatuses

component is firm to stiff, mixed with pockets of sands and gravel
and occasional boulders.

Seven high-quality soil samples, retrieved offshore at water depth
of ∼20 m and from two depths (i.e. D ≈ 6 m and 12 m from the
sea bed), are tested in TXL and DSS apparatuses with their basic
properties presented in Table 1. The soil samples were taken from
boreholes, extruded and sealed with wax to preserve core integrity
and then transported onshore for testing. Drilling was performed by
a mobile heave-compensated marine drill derrick mounted on a
cantilever frame over the port side of a barge. During operation,
the drilling was stopped at each required depth for sampling and
the drill string was clamped at the seabed. A standard wire-line
‘WIP sampler’ system was then deployed with sample tubes of
72-mm internal diameter, 2-mm wall thickness and 1-m length.
The WIP sampler hydraulically pushed the sample tube into the
soil at a constant rate of 20 mm per second using the reaction
obtained by clamping the drill pipe at mudline.

The water content w of the BDK clay is rather low (15–18%),
consistent with its overconsolidated state, while the average unit
weight is 21.3 kN/m3. The overconsolidation ratio (OCR) ranges
from 5 to 15, which is estimated from the range indicated by CPT
measurements and a few triaxial and odeometer tests. Parallel static
compressive TXL and DSS tests on samples at similar depths from
the same boreholes indicate stiff behavior with relatively high
undrained shear strength su = 97–200 kPa. The clay exhibits low
plasticity IP , which might be explained by the effect of “rock flour”
associated with its glacial origin, as observed for Drammen clay
(Tanaka et al., 2001). It is almost impermeable with permeability
approximately equal to 10−9 m/s. In Table 1, the samples have been
numbered from 1 to 7, which will be used as references to facilitate
presentation and discussion of the results in subsequent sections.

TESTING PRODCEDURE

Cyclic Triaxial Test

Four BDK clay samples (i.e. samples 1–4 in Table 1) are tested
in the cyclic triaxial apparatus. The experiments are designed based
on the estimated in-situ stress and drainage condition of the soil.
As winds and waves tend to have load periods of ten seconds or
more, all the tests are performed at a load period T = 10 s or a
frequency of 0.1 Hz.

Each triaxial test is conducted with a cylindrical soil specimen
that is enclosed in a rubber membrane inside the triaxial cell.
After applying the back-pressure, the specimen is consolidated
anisotropically to the estimated in-situ effective stresses, assuming
Ko condition. The shear stress � is then increased from an initial
value (i.e. at the end of consolidation) to a value equal to the
average shear stress �a (Fig. 1). The magnitude of �a is determined
by the initial shear stress in the soil prior to the installation of the
wind turbine and the additional stress due to the turbine weight.

Fig. 1 Definition of cyclic shear stresses and cyclic shear strains

The axial stress of the triaxial apparatus is then varied to generate
a cyclic shear stress �cy around the average shear stress �a (Fig. 1),
while the radial stress is kept constant throughout the test.

As the BDK clay is almost impermeable, the triaxial tests are
conducted in undrained condition, and hence the volumetric strain
is equal to zero throughout the test. The axial and radial strains
are measured during each cycle, from which the shear strain � is
estimated. The value of � is separated into two components: the
average shear strain �a and the cyclic shear strain �cy (Fig. 1).
The former is the average accumulative strain measured after each
cycle while the latter is the cyclic component within each cycle
(Andersen, 2004).

During the cyclic loading process, the permanent pore water
pressure change up accumulates in the triaxial sample and rises
through each cycle (Fig. 2a). This pushes the effective stress state
toward the Mohr-Coulomb failure envelope. At the same time, the
shear strains increase, particularly over cycles that are close to the
failure state. The sample is considered to reach failure if the value
of either �a or �cy exceeds ∼15%. The failure mode (i.e. due to
either excessive amount of �a or �cy) and the number of cycles to
failure Nf are then defined at this failure state.

Fig. 2 Example of a cyclic triaxial test on the BDK clay—sample 4:
(a) permanent pore water pressure up change; (b) evolution of
shear strain � over each cycle
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An example of the evolution of � over each cycle for sample 4
(Table 1) is shown in Fig. 2b. The increases in both values of
�a and �cy with the number of cycles are visible in this test.
The magnitude of �a dominates over that of �cy in this example,
indicating that the failure is due to an excessive amount of �a.
Damping is evident as the loading and unloading curves do not
coincide. Indeed, the area circumscribed by each cycle increases
with time, indicating the increase in damping effect. The sample
fails after a relatively large number of cycles (166 cycles) compared
with other samples of this clay because it is subjected to a relatively
small cyclic shear stress �cy = 3106 kPa, especially compared with
the shear strength at this depth su = 120 kPa.

Cyclic Direct Simple Shear Test

Three samples at depth of ∼6 m are tested in the direct simple
shear apparatus. A simple static DSS test is conducted first to
determine the appropriate level of �cy which results in a shear
strength value su = 9606 kPa (Table 1).

Each DSS cyclic test uses a cylindrical soil sample which is
enclosed in a reinforced rubber membrane. This membrane allows
the sample to deform vertically and in simple shear but prevents
it from deforming radially. Similar to the triaxial test, the soil
sample is first anisotropically consolidated to Ko-loading condition.
As the BDK clay is overconsolidated, each specimen is loaded
to its estimated past-maximum vertical stress and then unloaded
to achieve representative horizontal stress. During shearing, the
horizontal stress is varied cyclically, while the vertical stress is
continuously adjusted to maintain a constant sample height and
thus a constant volume. It is assumed that the change in vertical
stress is equal to the change in pore water pressure (that would
have occurred during a truly undrained test); hence, the test is
considered undrained. The constant volume test is advantageous
over the true undrained test in a simple shear apparatus, because
drainage cannot be completely prevented and the saturation by
applying back pressure is not possible in such a device.

Fig. 3 Example of a cyclic direct simple shear test on the BDK
clay—sample 5: (a) permanent pore water pressure up change; (b)
evolution of shear strain � over each cycle

Figure 3 shows an example of the evolutions of up and �
with the number of cycles of one cyclic DSS test (sample 5 in
Table 1). A large negative pore pressure is generated in the sample
after the first cycle (Fig. 3a) because of the dilation due to the
overconsolidated state of the clay. The negative pore pressure
change then decreases (i.e. the value of up moves toward the
positive side) in subsequent cycles. However, due to the limited
number of cycles required to induce failure for this particular
sample, the end pore pressure change is still negative. The value
of �a applied to this sample is very small (equal to −0.8 kPa in
this case), and hence each cycle spans both negative and positive
sides and circumscribes a relatively symmetrical area about the
origin of the axes (Fig. 3b). The value of �a does not increase
significantly over time, because the amounts of compressive and
extensive (i.e. negative and positive) strains almost cancel each
other out. Conversely, the value of �cy increases significantly over
each cycle, leading to a failure state due to excessive amount of
cyclic shear strain. The number of cycles to failure is rather small
in this case due to a large value of �cy = 7808 kPa relative to the
undrained shear strength (su = 9606 kPa).

CYCLIC BEHAVIOR

Number of Cycles to Failure and Failure Modes

For wind turbine structures, the cyclic load is contributed
predominantly by wind and wave forces and hence varies in
magnitude and period from one cycle to the next, leading to a
variation in the shear stress �cy . A redistribution of stresses occurs in
the soil during cyclic loading, which causes a variation in the value
of �a. Also, soil elements lying in different zones (e.g., passive,
active) relative to the wind turbine foundation experience different
magnitudes of �a and �cy . Therefore, the BDK clay samples are
tested for various combinations of �a and �cy , which results in
different values of Nf , �a, �cy and up at failure, as presented in
Table 2.

The values of Nf , �a and �cy are plotted against �cy and �a in
Fig. 4 to facilitate discussion. In this figure, samples which have
been subjected to similar magnitudes of �a are connected with
lines to highlight the variation patterns. The figure shows that, for
samples subjected to relatively similar values of �a, the number
of cycles required to cause failure Nf tends to decrease as the
cyclic shear stress �cy increases in both TXL and DSS testing
conditions (Fig. 4a). This trend is intuitively expected, because the
soil sample is subjected to a higher load in each cycle with a larger
value of �cy . This higher load degrades the soil structure more
severely, as well as causes larger accumulation of pore pressure
in each cycle, and hence fewer cycles can still bring the soil to
failure. An increase in �a, on the other hand, does not immediately
imply a decrease in Nf . For example, sample 7 is subjected to a
higher value of �a than either samples 5 or 6, but the value of
Nf corresponding to sample 7 is larger than that of sample 5 but

Test No �a (kPa) �cy (kPa) Nf �a (%) �cy (%) up (kPa)

TXL 1 −1601 10301 10 −1406 1000 11207
2 −1606 8001 62 −1502 803 8000
3 −1501 5000 64 −1500 709 11506
4 −1700 3106 166 −1500 209 5105

DSS 5 −008 7800 6 −300 1503 −1005
6 005 4609 99 −505 1502 4100
7 4703 4806 11 1505 009 −107

Table 2 Shear stresses and failure state of the cyclic tests



62 Cyclic Behavior of an Overconsolidated Marine Clay at Sheringham Shoal Offshore Wind Farm

Fig. 4 Variation of the number of cycles to failure (Nf ) and the
average (�a) and cyclic (�cy) shear strains with average (�a) and
cyclic (�cy) shear stresses

smaller than Nf of sample 6 (Fig. 4b). The value of Nf varies
from as few as 6 cycles to 166 cycles as the largest value in this
study. This number is extremely small compared with the actual
numbers of 100 million to 1 billion load cycles that a standard
wind turbine might be subjected to over its 20-year lifetime (Jansen
et al., 2012). The results from this study are therefore applicable to
the foundation behavior at the load magnitudes that are associated
with extreme events (e.g., very severe storms).

For samples subjected to similar values of �a, an increase in
the value of �cy causes a rise in the amount of �cy . This trend
can be observed visibly from the TXL result in Fig. 4c. All four
TXL samples produce a value of �cy at failure which is smaller
than 15%, even though they are subjected to similar magnitudes
of �a (∼15–17 kPa) which are smaller than the values of �cy
(∼31–103 kPa) (Table 2). Consequently, the failure mode due to
excessive amount of �a occurs with all four TXL samples (Fig. 4d).
For the DSS tests, samples 5 and 6 fail due to excessive amounts
of �cy (Fig. 4c) caused by subjection to large values of �cy and
small values of �a (Table 2). Conversely, sample 7 produces a large
amount of �a due to the large magnitude of �a and fails due to
production of �a exceeding 15% (Table 2).

Cyclic Contour Plots

The variation tendencies of Nf , �a and �cy with changes in �cy
and �a discussed above have also been observed in other clays (e.g.,
Andersen et al., 1976), which were the basis for the development
of the cyclic contour plot framework by the NGI. The number of
tests conducted for the BDK clay in this study is, however, too few
to reasonably draw the contour plots of its own. Therefore, in this
section, the cyclic test results are compared with the contour plots
of a Drammen clay with OCR = 4 in order to assess the possibility
of applying the cyclic contour plot framework in designing for
cyclic loading condition of foundations in the BDK clay.

Two main types of contour plots will be discussed in this
section. The first type presents the contours of Nf and of different
combinations of �a and �cy corresponding to various combinations
of �a and �cy , referred to as ‘Nf − �’ plot hereafter. This plot
attempts to capture both the expected number of cycles required
to cause failure and the expected failure mode corresponding to
a certain state of shear stresses. The values of �a and �cy are
normalized by the magnitude of shear strength su obtained from
the compressive static triaxial tests to facilitate the presentation
of this contour plot. The Nf −� contour plot for Drammen clay

Fig. 5 Cyclic contour plot of the BDK interpolated from Drammen

with OCR = 4 is presented in Fig. 5. The contour plot can be
divided into three areas, as indicated with the letters. The center
area (BCDE), bordered to the left and to the right by the contours
�a ± �cy = −15 ± 15% and 15 ± 15%, respectively, is characterized
by low �a (relative to su). In this area, the dominant failure mode
is due to excessive amount of �cy . Also, the Nf contour moves
upward in the vertical direction as the value of Nf decreases, which
reflects the tendency of decreasing the number of cycles required to
cause failure as �cy increases and approaches su. As the value of �a
increases in either a positive or negative direction, the Nf contours
are still located higher upward for smaller values of Nf but tend
to converge to one point on the horizontal axis corresponding to
�cy = 0 (see areas ABC and DEF in Fig. 5). Note that the Nf

contours in Fig. 5 converge at �a/su = 1 in the positive direction (i.e.
the average shear stress becomes equal to the static compressive
shear strength) but at �a/su = −006 in the negative direction. This
is because no static extension triaxial test is conducted, and hence
the value of �a is normalized to compressive shear strength in both
directions. In these left and right areas, the plot suggests that the
soil tends to experience failure due to excessive amount of �a for
increasing value of �a.

The cyclic TXL test results of the BDK clay are also presented in
Fig. 5 for comparison with the Nf −� contour plot of Drammen clay
(OCR = 4). As can be seen, samples 1, 2 and 4 (corresponding to
Nf = 10, 62 and 166, respectively) are located relatively consistent
with the Nf contours of the Drammen clay and in the area with large
amounts of �a. Sample 3 (with Nf = 64) is an exception which lies
very close to the contour of Nf = 1000 for Drammen clay (while it
should probably be close to sample 2). With respect to �a and �cy

contours, all four data points lie approximately in the zone between
the contours of �a ±�cy = −15 ± 005% and −15 ± 15%, which
is consistent with the amounts of shear strains that they produce
(Table 2). These consistencies suggest that it is probably reasonable
to use the cyclic contour plot framework for designing foundations
in the BDK clay. In addition, the Nf −� plot for this clay can
possibly be interpolated from that of Drammen clay (OCR = 4).

The second type of contour plot presents a range of either �a or
�cy contours in a coordinate system of �cy/su against the number
of cycles. This plot provides a tool to estimate the amount of �a or
�cy produced due to cyclic loading at a given cyclic shear stress
over a certain number of cycles. A graphical procedure has also
been developed which allows estimating from this contour plot
the amount of �a or �cy produced by cyclic loads with varying
magnitudes of �cy and at varying number of cycles such as in a
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Fig. 6 Comparison of the value of �a (indicated by a number
next to each data point) from the triaxial tests against contours of
Drammen clay (OCR = 4)

storm condition. This procedure is explained in detail in Andersen
et al. (1988).

In Fig. 6, the values of �a corresponding to different numbers of
cycles from the four TXL tests are compared with the contours of
�a for Drammen clay (OCR = 4). For a given number of cycles, the
amount of �a produced by samples 1 or 4 is very consistent with
the contours of the Drammen clay (Fig. 6). Applying the Drammen
clay contours, however, would lead to an underestimation of the
number of cycles corresponding to a given value of �a for sample 2
but an overestimation for sample 3. Caution should therefore be
exercised if using the �a contour plot for Drammen clay directly
to predict the amount of �a produced by BDK clay under cyclic
loading, and some adjustments might be necessary in such a case.

Similar to the TXL stress state, cyclic contour plots have been
developed for the DSS stress state from test data of Drammen
clays (Andersen et al., 1976; Andersen et al., 1988). In Fig. 7, the
values of Nf predicted using the contours of Drammen clay with
OCR = 4 would be higher than the actual values of Nf for all three
samples (5, 6 and 7) corresponding to the same combination of
�cy/s

DSS
u and �a/s

DSS
u . Sample 7 agrees quite well with the �a ±�cy

contours, but samples 5 and 6 produce negative values of �a (which
is out of scale for the contour plot in Fig. 7). The interpolation of
BDK contour plot for simple shear stress condition from that of

Fig. 7 Contours of �cy against number of cycles from DSS tests

Fig. 8 Cyclic shear strain contour plot for the BDK clay drawn
from two DSS tests

the Drammen clay is probably acceptable to use for design, but
certain adjustments would be necessary.

In the �cy contour plot in Fig. 8 for the DSS tests, only samples 5
and 6 are presented, because the dominant shear strain component
for sample 7 is �a. Since there are only two tests available, the
contour lines are drawn based on these two tests rather than by
comparing with a Drammen clay as in previous plots. It can be
observed that the pattern of variation of the contour lines in Fig. 8
is rather similar to that in Fig. 6 and reflects the tendency of
increasing the number of cycles required to produce a given amount
of �cy with increasing value of �cy .

CONCLUSIONS

This study analyzes the cyclic behavior from triaxial and direct
simple shear test data of an overconsolidated marine clay from
the Sheringham Shoal Offshore Wind Farm and compares it with
cyclic contour plots based on Drammen clays for designing of
offshore foundations. The test results indicate that increasing cyclic
shear stress causes a decrease in the number of cycles to failure.
Conversely, the influence of average shear stress on the number
of cycles to failure is not monotonic. A combination of a large
cyclic shear stress and a small average shear stress induces a failure
mode associated with excessive amount of cyclic shear strain for
direct simple shear testing condition, but can lead to a failure
mode associated with excessive amount of average shear strain for
triaxial testing condition. Samples subjected to medium-to-high
average shear stresses tend to fail due to excessive average shear
strains. Comparison of the test data with the cyclic contour plots of
a Drammen clay with OCR = 4 shows that the behavior of the
BDK clay is relatively consistent with the notion represented by
the cyclic contour plot framework. Therefore, the contour plots of
the Drammen clay can be used as the basis to interpolate contours
for the BDK clay, which can be applied in designing foundations
in/on this clay for cyclic loading condition.
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