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A B S T R A C T

Suction caisson foundations are increasingly considered as a foundation solution for offshore wind farm de-
velopment in China. This paper outlines the design considerations for developing a suction caisson supported
jacket solution for an offshore wind farm in Southern China. Geotechnical analyses for four major aspects,
ultimate limit state (ULS), serviceability limit state (SLS), fatigue limit state (FLS) and installation are discussed.
The design challenges encountered in the project due to soft seabed and metocean characteristics (severe ty-
phoon loading and dominant wind directions) and technical approaches adopted by the project are presented.
Areas for further studies are identified and discussed. The purpose of this paper is to disseminate this knowledge
and raise awareness of several important aspects.

1. Introduction

The offshore wind industry in China has seen a rapid development
in recent years. The accumulated installed capacity reached 6.0 GW by
the end of 2019, and an annual increase of 2–3 GW is projected in the
years to come (NORWEP, 2019). The foundations supporting the off-
shore wind turbines in China take a variety of forms, including mono-
piles, tripod or tetrapod structures resting on piles or suction caissons,
hybrid monobuckets (Ding et al., 2015), and high-rise pile cap foun-
dations supported by pile groups (Qi et al., 2014). The diversity in the
foundation forms is attributed to the geotechnical conditions which
often feature normally consolidated soft clays of varying thickness near
the surface, followed by more competent clays, silty clays, loose to
dense sands or silty sands. In some areas, shallow bedrock combined
with weak seabed sediments may lead to expensive foundation con-
struction in rock.
Over the last few years, suction caisson foundations have been ap-

plied in the offshore wind industry as an alternative foundation solution
to pile foundations. Caisson supported jacket structures are the most
common, with several projects already completed, including Borkum
Riffgrund Offshore Wind Farm 1&2 and Aberdeen Bay Offshore Wind
Farm. Due to their relatively quick and quiet installation process and

advantage in sites with shallow rock, suction caisson supported jackets
are increasingly being considered as a foundation solution for several
offshore wind developments in China. However, from a geotechnical
point of view, the site conditions are complex and challenging and re-
present a clear contrast to the conditions in the North Sea where the
existing caisson supported jackets are installed on dense sands or firm
clays. The complex geotechnical conditions (soft and layered ground)
and frequent typhoon events pose several design challenges that need to
be carefully addressed.
This paper outlines the design considerations for developing a suc-

tion caisson supported jacket solution for an offshore wind farm in
Southern China. Geotechnical design challenges encountered in the
project and technical solutions adopted by the project are presented and
areas for further studies are identified. The purpose of this paper is to
disseminate this knowledge and raise awareness of several important
aspects.

2. Overview of design aspects for suction caisson foundations
supporting offshore wind turbine structures

As outlined by Sturm (2017), the geotechnical design of the caisson
foundations for jackets supporting offshore wind turbines includes the
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following four major aspects:

1) Ultimate Limit State (ULS). The ULS design verifies the foundation's
capacity against the extreme loading event. It should demonstrate
that the foundation has sufficient safety margin against failure for
the possible extreme loading condition.

2) Serviceability Limit State (SLS): The SLS design verifies that the
accumulated deformation of the foundation during the design life of
the turbine, which is typically 25 years, falls within the specified
limit.

3) Fatigue Limit State (FLS): The FLS design checks the fatigue life of
the structural members of the wind turbine system. From a geo-
technical perspective, this is mainly the foundation' stiffness and
damping, which are input to the dynamic analyses of the turbine
structure and have consequence on the fatigue load assessment.

4) Installation: The installation design evaluates the caisson founda-
tion's penetration resistance, required and allowable suction pres-
sure, installation risks and mitigation strategies.

In addition, Accidental Limit State (ALS) which is concerned with
maximum load-carrying capacity for (rare) accidental loads such as
boat impact and earthquake or post-accidental integrity for damaged
structures (DNVGL, 2018) should also be considered if relevant. Fur-
thermore, for the caisson foundation, the possibility of scour develop-
ment and the need for scour protection design are critical questions and
need to be addressed in the design. However, in this paper, the dis-
cussions have been limited to the four aspects outlined above. The
specific design challenges posed by the geotechnical and metocean
conditions have been summarised and how they were addressed in the
project is presented.

3. Geotechnical conditions

3.1. Static shear strength profile

This section provides an overview of the geotechnical condition of
the study area. Fig. 1 presents the measured tip resistance (qc) and u2

pore pressure of a representative cone penetration test (CPTU) per-
formed within the footprint of the tripod structure at a turbine location.
The seabed typically consists of a layer of normally consolidated soft
clay. The thickness varies from a couple of meters to up to 10 m. It is a
young marine, medium plastic clay. The top soft clay is underlain by
layers of low to medium plasticity, over-consolidated, silty clay or clay.
Medium dense to very dense, medium to coarse sand layers are sand-
wiched in between the fine-grained layers. The fines (i.e., clay and silt
particles) content in the sand layers varies. These layers are formed in
an alternating land and marine deposition environment. From about
40 m below the seafloor, there is strongly weathered rock. From a
foundation design point of view, the soil conditions in the upper 40 m is
of most relevance for the example location illustrated in Fig. 1.
Fig. 2 presents the undrained shear strength (su) profile and inter-

preted over-consolidation ratio (OCR) with depth. The undrained shear
strength profile is determined by a comprehensive onshore laboratory
testing programme consisting of anisotropically consolidated undrained
triaxial compression and extension (CAUC/CAUE) tests, undrained di-
rect simple shear (DSS) tests, as well as empirical correlation from
CPTU measurements. A cone factor (Nkt), which converts the cone re-
sistance to the undrained shear strength, of 20 was found to produce a
reasonably good fit to the strengths measured by CAUC tests (denoted
as suC). The CAUE and DSS tests suggest the following anisotropy ratios:
suE/suC=0.5, suD/suC=0.75, where suE is the undrained triaxial exten-
sion strength and suD is the undrained direct simple shear strength.
A high estimate of the undrained triaxial compression strength (suC)

is made based on correlation from CPTU with a Nkt factor of 15.
Considerable scatter of response is noted for the layer from 4 to 9.5 m
below seafloor. The fluctuation in the measured cone resistance is likely
an indication of local variation of the sand inclusion. However, the
CPTU measured quite high positive excess pore pressure (Fig. 1), sug-
gesting an undrained penetration response. The interpretation of su
from the cone resistance using the same cone factor as other layers is
likely to over-estimate the undrained shear strength in this layer be-
cause the relative high qc value is likely have been contributed by the
sand mixture in the soil matrix.
As illustrated, low estimate (LE) and high estimate (HE) design

Fig. 1. CPTU cone resistance qc and u2 pore pressure at a representative turbine location.
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profiles for suC, denoted suC_LE and suC_HE respectively in the figure, are
proposed based on the CPTU correlation with Nkt=20 and 15 respec-
tively. The labels next to the design lines indicate the suC values. For
purpose of comparison, an empirical normally consolidation strength
line, assuming suC = 0.3p0′is also included, where p0′is the in-situ
vertical effective stress. The comparison clearly indicates over-con-
solidated state for the soil 4 m beneath the seafloor.
The pre-consolidation pressure pc' and the over-consolidation ratio

(OCR) are estimated from the CPTU measurement by the following
equations according to Lunne et al. (1997):

=p k q( )c t v0 (1)

=Q
q( )

t
t v

v

0

0 (2)

=OCR kQt (3)

where
qt is the total cone resistance

k is an empirical factor, which typically has a range from 0.2 to 0.5.
Hereby k = 0.2 is used, which generates a reasonable agreement with
the pc' value measured from oedometer tests.
As illustrated in Fig. 2, the CPTU suggests that the top soft clay layer

is normally consolidated while the soil layers below are over-con-
solidated. The over-consolidation ratio reduces gradually with the
depth. A design OCR profile is proposed and illustrated in Fig. 2. The
labels next to the design profile indicate the OCR values.

3.2. Cyclic properties

Wind turbine foundations are subjected to cyclic loading at almost
all time due to various sources of vibrations (wind, wave and turbine
rotations). However, the largest cyclic effect is expected during the
extreme weather conditions. At the example turbine location, the clay
layer from 9.5 m to 29 m belongs to the same geological unit and has a
similar plasticity (with Ip=25), and a gradual reduction in OCR. For
this reason, a batch of 10 cyclic DSS tests were performed between the
depth interval from 10.82 m to 11.32 m to investigate the cyclic stress-

Fig. 2. Undrained shear strength (suC) and over-consolidation ratio (OCR) versus depth for a representative turbine location.

Fig. 3. Definition of: (a) average and cyclic shear stresses (τa, τcy); (b) average and cyclic shear strains (γa, γcy).
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strain properties of this soil unit. At this depth interval, the OCR is
estimated to be 3.4. Despite the variation of OCR over the depth of this
layer, its effect on the normalized cyclic soil response is neglected. For
ease of understanding, Fig. 3 defines the average and cyclic shear
stresses (τa and τcy) as well as the resulting average and cyclic shear
strains (γa and γcy).
The cyclic DSS tests were performed mainly at two different nor-

malised average shear stresses: τa/suD = 0 and τa/suD = 0.52. The ten
tests explore a range of different combinations of average and cyclic
shear stresses and are used to construct the failure interaction diagram
illustrated in Fig. 4. The diagram describes the stress combinations that
cause failure of the soil specimen under specified number of cycles (1,
10, 100 and 1000). It should be noted that failure is defined as when
either the average shear strain (γa) or the cyclic shear strain (γcy)
reaches 15% as per Andersen (2015). Fig. 4 presents the γcy-log(N)
contour diagram which describes the development of cyclic shear strain
(γcy) with number of cycles (N) under symmetric cyclic shearing. It is
constructed from the results of the five symmetric (i.e., τa/suD = 0)
cyclic DSS tests. The γcy-log(N) contour diagram will be used to de-
termine the equivalent number of cycles (Neq) for a cyclic loading
history using the strain accumulation procedure, which is explained in
detail in Andersen (2015). Fig. 6 presents strain contour diagrams
which describe the development of average and cyclic shear strains (γa,
γcy respectively) as a function of average and cyclic components of
shear stress at different number of cycles. These diagrams will be used
to derive the stress-strain curves of the soil for a given Neq value and
stress path (i.e., cyclic to average shear stress ratio), as will be de-
monstrated later. Fig. 5
From 16.7 to 19.0 m below the seafloor there is a loose to medium

dense silty coarse sand layer with a qc resistance between 10 and
15 MPa. Using the correlation presented by Jamiolkowski et al. (2003)
and correcting for fines content (i.e., silt and clay content, which is
assumed to be 10%), the relative density of this layer is estimated to be
50%. This type of loose to medium dense silty sand is widely distributed
offshore China. The strength of these silty sand layers under cyclic
loading requires close attention. Fig. 7 shows an empirical correlation
of the 10-cycle undrained shear strength of normally consolidated sand
and silt measured in DSS tests with symmetric cyclic loading. As illu-
strated, in the low relative density region (less than 60%), the cyclic
shear strength, defined as cyclic shear stress causing 15% cyclic shear

strain after 10 cycles, can get extremely low. The normalised strength
ratio (τf/σref') can be as low as 0.15, where σref' is a function of the
vertical consolidation pressure (σvc'), as detailed in Fig. 7. The sand has
an OCR of 2.5 (inferred from the OCR of the clay layer above the sand),
however, and this will increase the cyclic shear strength by a factor of
about 2. In design of the turbine foundation at this location, the cyclic
shear strength of the sand layer is estimated from the illustrated em-
pirical database. Due to the relatively thin thickness of this layer and it
is being sandwiched by thick competent clay layers above and below,
the impact of this weak layer is relatively small for the dominantly
vertical loading under the ULS condition. However, had this layer been
thicker and located at shallower depth, this could have led to a very
different result. Special attention should be paid to such loosely packed
silty sand layers.

3.3. Challenges in characterisation of the site conditions in Southern China

Based on the experience from this project and other projects in the
region, we observe several common challenges in terms of character-
ising the soil conditions:

1) Interpretation of CPTU results. There is still limited regional ex-
perience for interpretation of CPTU results for offshore wind de-
velopment in Southern China. This introduces uncertainties when
correlating the CPTU measurements to soil parameters. The seabed
soil in Southern China is typically consisted layered soft clay, silty
sand and silty clay, and interpretation of silty material is known to
be challenging. Efforts to compare CPTU results and companion
advanced lab tests on high quality soil samples are urgently needed
to verify existing correlations established from other regions or to
develop new regional correlations.

2) Cyclic soil properties, particularly for the wide-spread silty sands.
Similar to CPTU interpretation, there exists relatively little experi-
ence on the cyclic properties of soils from offshore China. In parti-
cular, the wide spread of loosely packed silty sand layers poses a
significant design challenge which requires special attention.

3) Engineering geology. Geology tells the story of the genesis of the
soils and its history. It fundamentally controls the engineering
properties of the soil. Geotechnical investigation of the ground
condition should be performed together with an engineering
geology understanding. This understanding should support and
verify the geotechnical interpretations. For example, if a soil layer is
interpreted to be heavily over-consolidated by geotechnical in-
vestigation, the cause of this OCR should be explained by en-
gineering geology. Due to the complex geological settings in many
offshore wind development sites in Southern China, this aspect
should be emphasized.

4. Ultimate limit state

4.1. Typhoon loading

The project area is subjected to frequent tropical cyclones, i.e., ty-
phoons. In addition to extreme wind speed, the typhoons cause severe
wave conditions. The wind turbines in this project are designed to
withstand a 50-year return typhoon. At the hub level (~110 m above
sea level), the speed of 3 s extreme gust is 71.8 m/s (258 km/h) and the
10 min mean wind speed is 55.2 m/s (199 km/h). The significant wave
height during the peak stage of the typhoon is 10.12 m, with a period of
17.1 s. The maximum wave height (Hmax) is 18.43 m.

4.2. Cyclic effects and uls load time histories

To verify the foundation's capacity against the extreme loading
during the 50-year return typhoon event, the effect of cyclic loading
must be accounted for. Prior to the arrival of the extreme wind speed

Fig. 4. DSS failure contours of the clay unit below 9.5 m (the label next to each
data point indicates the number of stress cycles that bring the sample to failure,
Nf, and the combination of average (γa) and cyclic (γcy) shear strains).
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Fig. 5. Cyclic shear strain with no. of cycles for symmetric cyclic DSS tests.

Fig. 6. Cyclic and average shear strain contour diagrams for DSS condition.
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and wave, there are smaller cyclic loads which cause an accumulation
of pore pressure in the soil. This reduces the strength and stiffness of the
soil before the maximum load arrives. For this purpose, the complete
time history of the cyclic loads on the caisson foundation during the 50-
year return typhoon is ideally required. However, there is no standar-
dised 50-year return typhoon event specified in the code for geo-
technical design. Based on monitored data of past typhoon events, an
18-hour typhoon event is proposed in the project, as detailed in Table 1.
The typhoon is assumed to consists of three idealised stages, with the
10-mins mean wind speed and significant wave height increasing with
time. The total duration of the typhoon is assumed to be 18 h, and the
peak stage is assumed to last for 2 h. For each stage of the typhoon, six
time domain simulations are performed in order to capture the ran-
domness of the stochastic process, with the 10-min mean wind speed,
significant wave height (Hs) and wave period (Tp) as input parameters.
In each of the 10-min time domain simulations for the peak stage, a

constrained wave corresponding to the maximum wave (Hmax) is in-
serted. Such time domain analyses are performed for orientations that
produce either the maximum compression load or the maximum ten-
sion load on one of the three caisson foundations.
Fig. 8 presents two examples of 10-min time histories during the

stage 3 (peak stage) for the ULS typhoons causing maximum com-
pression loading and maximum tension loading respectively. The wind
and wave directions are assumed to coincide. The blades are free to
rotate, and the yaw control system is assumed to malfunction due to
loss of power. Thus, the blades do not face the wind perpendicularly, as
illustrated in Fig. 9. Fig. 8(a) illustrates that the inserted maximum
wave (at about 100 s) generates a considerably larger compression load
compared to the rest of the time history. The two unloaded foundations
(Bucket 1 and Bucket 2) remain in compression for the most part of the
time, except when the maximum wave hits the turbine. Fig. 8(b) il-
lustrates that for the maximum tension orientation, the long term
average load stays almost neutral. Similar to the compression loading,
the inserted maximum wave at 100 s generates a tension loading that is
considerably higher than the rest. However, in this 10-min simulation,
another maximum wave is realised, generating a slightly higher tension
loading.
For each stage of the typhoon, the six 10-min time histories are

counted using the rain-flow method. They are then sorted into
packages. The total number of cycles during each stage of the typhoon
is then derived by multiplying the number of hours with the cycles
counted for the six realisations, which correspond to 1 hour. Note that
although maximum wave (Hmax) is constrained to occur during each of
the six 10-min time domain simulations for the peak stage, only one
load cycle generated by the constrained maximum wave is considered
during the entire typhoon.
Once the sorted load packages are determined, the equivalent

number of cycles of the largest cyclic load (Neq) that will correspond to
the entire typhoon load history is calculated using the strain accumu-
lation procedure for clay and the pore pressure accumulation procedure
for sand. The procedures are described in detail in Andersen (2015) and
are therefore not repeated here. The cyclic undrained shear strength of
the soil is then extracted from the contour diagrams, based on the Neq
and the ratio of cyclic component to the average component of the
largest loading cycle. This is demonstrated in Fig. 10, which illustrates
an assumed cyclic to average stress ratio of 0.65. The stress path (black
solid line in Fig. 10a) intersects with the average and cyclic strain
contour lines. The intersection points define the average shear stress-
average shear strain (τa-γa) and cyclic shear stress-cyclic shear strain
(τcy-γcy) curves. The summation of the average and cyclic shear stress-
shear strain curves gives the total shear stress and total shear strain
curve. The total stress-strain curve is de-normalised by the reference
static strength and used as input for ULS bearing capacity analysis.
Sturm (2017) also discussed another ULS loading scenario where

one of the caisson foundations is under sustaining net uplift loading
when the turbine is in a normal power generation state under relatively
high wind speed. This has been checked, and it was found not relevant
for this project.

5. Serviceability limit state

For the normal functioning of the wind turbine, the displacements
of the jacket structure, particularly the tilt, must be controlled to be
within a certain limit. The allowable limit is a decision that must be
taken by the operator of the wind farm and the turbine manufacturer as
it is fundamentally related to what level of tilt that is acceptable for the
turbine. The offshore wind industry seems to generally adopt a 0.5°
criterion for bottom-fixed turbines, half of which is normally assigned
to the installation tolerance, leaving only 0.25° for accumulated tilt
during the operational life of the turbine. The 0.5° originates from the
DNVGL standard (DNVGL 2018) despite that the number is not really
meant as a prescription.

Fig. 7. Cyclic shear strength with 10 cycles of symmetric cyclic loading in DSS
for normally consolidated sand and silt (from Andersen, 2015).

Table 1
Make-up of the 50-year return typhoon.

Stage 10 min mean wind speed at hub level, m/s Hs, m Tp, s Duration, h

1 30 4.2 10.5 10
2 40 5.59 12.7 6
3 55.2 10.12 17.1 2

B. Liu, et al. Applied Ocean Research 104 (2020) 102358
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Fig. 8. Example of 10-min time load histories: (a) for maximum compression loading; (b) for maximum tension loading.

Fig. 9. Weather direction with respect to turbine orientation: (a) maximum compression; (b) maximum tension.
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For a three-legged jacket supporting structure, the accumulated tilt
of the wind turbine is most likely caused by the differential vertical
deformation amongst the three legs. Considering the stiff connection
between the leg and the bucket, local rotation of the bucket foundation
is unlikely. The vertical settlement of the bucket foundations can be
caused by the following mechanisms:

1) Plastic deformation due to repeated loading (i.e., permanent shear
strain due to cyclic shearing at soil element level)

2) Dissipation of pore pressure generated by the average vertical
loading under normal power production.

In this section, the design consideration and challenges associated
with the above-mentioned aspects are discussed.

5.1. Accumulated displacement due to cyclic loading

Soil accumulates shear strain due to repeated cyclic shearing. On a
macro scale, this is manifested by accumulated foundation displace-
ment. During its service life, the turbine will experience multiple ty-
phoons. How to assess the accumulated foundation displacement due to
all those typhoons is not an easy question.

5.1.1. Accumulated displacement due to 50-year return typhoon
The 50-year return typhoon is assumed to occur once during the

design life of the wind turbine. Fig. 11 presents a schematic illustration
of the calculation philosophy. Fig. 11a illustrates the development of
average (γa), cyclic (γcy) and permanent (γp) shear strain with cyclic
loading on a soil element level while Fig. 11b illustrates the develop-
ment of foundation displacement. Here in this project, the accumulated
foundation displacement is approximately taken to be the average
displacement (as illustrated in Fig. 11b) at the end of the cyclic loading
minus the rebound when the average load component is unloaded. The
rebound is assumed to be elastic and controlled by initial stiffness of the
soil. In principle it is more correct to calculate the accumulated dis-
placement from the permanent displacement (as illustrated in Fig. 11b).
However, as strain contour diagrams are typically expressed in terms of
γa and γcy instead of γp and γcy, it is easier to calculate the average

displacement using the γa - τa response extracted from the strain con-
tours, as will be explained below. The approximation made here will
lead to somewhat higher estimated accumulated foundation displace-
ment.
Similar to the ULS bearing capacity analysis, the equivalent number

of cycles (Neq) and the cyclic to average loading ratio is used to extract
the stress-strain response from the strain contour diagram. However, in
order to calculate the average foundation displacement, only the
average component of stress-strain response (τa-γa) is used as input to
FEA and the average foundation loading component is applied in FEA.
The displacement calculated by FEA then corresponds to the average
displacement. An unloading step using Gmax soil parameters then cal-
culates the elastic rebound when the average component is unloaded. It
should be noted that the load and material parameters are not factored
in this calculation.
The above described procedure is repeated for both the compression

leg and for the tension leg. The total difference in accumulated vertical
displacement is then used to calculate the accumulated tilt due to the
50-year return typhoon event by taking consideration of the leg to leg
spacing.

5.1.2. Accumulated displacement due to smaller typhoons
In addition to the 50-year return typhoon, the turbine will experi-

ence several smaller typhoons during its service life, for example 10-
year return typhoons and 5-year return typhoons. Each of them might
have more than one occurrence. In principal, the methodology applied
for the 50-year typhoon can be applied to the smaller typhoons.
However, the big question is how the displacements from the different
events and multiple occurrences of the same event should be combined
to give the total accumulated displacement.
There are several possible approaches:

1) Evaluate accumulated displacement of each loading event, multiply
by the number of occurrences and sum up all events. For example, if
the 10-year typhoon is estimated to occur 3 times during the service
life of the turbine, the accumulated foundation displacement for a
single 10-year typhoon is first calculated using the approach de-
scribed above for 50-year return typhoon, then the accumulated

Fig. 10. Extraction of stress-strain curve from the strain contour diagram based on Neq and stress path: (a) τa-γa and τcy-γcy stress-strain curves; (b) total stress-strain
curve.
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displacement by all 10-year return typhoons will simply be 3 times.
This will be summed up with accumulated displacements caused by
other loading events (i.e., 50-year return typhoon etc.). This ap-
proach is considered to be too conservative as it is well established
that soil strain development under cyclic shearing is not linear to the
number of load cycles.

2) Lump all loading cycles from all occurrences of the same return
period typhoon into one "super" typhoon, calculate its accumulated
displacement and sum up with displacements caused by typhoons of
other return periods. In this approach, the weakness of the approach
discussed above is dealt with. However, it still assumes that the
accumulated displacements due to smaller typhoons can be super-
imposed with those due to larger typhoons, which may over-esti-
mate the total accumulated displacement.

3) Lump all loading cycles from all typhoons expected during the life
time of the turbine into one "full-life" typhoon. In this approach, the
loading cycles due to the smaller typhoons will most likely to be
over-shadowed by cycles from larger typhoons and contribute little
to the overall Neq and therefore the accumulated displacement.

Based on the above discussions, we chose to adopt the second ap-
proach in this project. It was found that the accumulated displacement
due to the 50-year return typhoon had the largest contribution to the
accumulated tilt.
There are several fundamental assumptions that are made in the

above assessment:

1) It is assumed that the most and the least loaded legs coincide in all
typhoons so the accumulated displacements from different typhoons
can be superimposed. This is clearly a major assumption and will
lead to the worst scenario (i.e., largest accumulated tilt).

2) The effect of consolidation between typhoons are neglected. After a
typhoon event, pore pressure generated by cyclic loading will dis-
sipate during the calm period. This could lead to a "hardening" effect
in soft soils and will reduce the soil's response when it is subjected to
cyclic loading again. This effect is currently not considered.

3) The caisson foundations are subjected to a long-term average ver-
tical load under normal operation. This will pass an increased ver-
tical stress to the soil below the skirt tip, which will consolidate the
soil and have a positive effect on the soil strength. However, the
effect is dependant on the in-situ soil state (sand or clay, normally
consolidated or over-consolidated etc.).

5.2. Consolidation settlement under long term operation

5.2.1. Wind direction and foundation loads for consolidation settlement
calculation
In this project, there is a clear dominant wind direction. This is il-

lustrated by Fig. 12 which shows the relation between the dominant
wind direction with respect to the wind turbine layout. The wind from
North-East direction is dominant. Under normal power production, it
can be expected that the turbine will be subjected to a wind load
coming from the NE direction for the most of its operational time. For
the consolidation settlement calculation, it is therefore decided to use
the foundation loads calculated for normal power production under the
annual mean wind speed with the wind from the dominant direction. It
can be expected that Bucket 1 and Bucket 3 will be subjected to higher
vertical loads than Bucket 2. A load factor of 1.0 is used for settlement
calculations.

5.2.2. Computation model
Fig. 13 presents the consolidation settlement calculation model. The

external load (F), which includes the contribution of the self-weight of
the bucket, is resisted by the internal and external skin frictions (Fs_in
and Fs_ex respectively), skirt tip resistance Ft and the base plate bearing
by the internal soil plug as illustrated by Fig. 13. It is assumed that the
external skin friction is transmitted to far field, while the internal skin
friction is transmitted to the soil plug and subsequently to the soil
below the skirt tip. The load taken by the skirt tip (Ft) is also assumed to
be transmitted uniformly to the soil below the tip level. In clay, Ft is

Fig. 11. Schematic illustration of calculation philosophy for accumulated foundation displacement due to cyclic loading: (a) response at soil element level; (b)
response at foundation level.

Fig. 12. Dominant wind direction with regard to the turbine layout.
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small compared to the side frictions and can be practically ignored. It is
however a very important component if the skirt tip sits in sandy soils.
Below the skirt tip level, the additional stress resulting from the caisson
foundation is assumed to reduce with depth due to a 3 (vertical) to 1
(horizontal) load spread.
To compute the settlement, the soil within the caisson foundation

and below the skirt tip are divided into a series of horizontal slices. The
additional stress (Δσ) is evaluated for each of the horizontal soil slices.
The settlement on each slice is then calculated by considering its
compressibility (i.e., constrained modulus) and its height (Δh). The
total consolidation settlement is an integration of settlement from all
soil slices. In Liu et al. (2020), methods to compute the internal, ex-
ternal skin frictions and tip resistance are presented. Equations to cal-
culate the additional stresses for soil slices within the suction caisson
and below the skirt tip are detailed. Liu et al. (2020) also discuss the
selection of soil parameters for the settlement assessment. An example
case is presented to demonstrate the application of the proposed model.

6. Fatigue limit state

From a geotechnical perspective, the fatigue limit state design is
concerned with the foundation-soil interaction (stiffness and soil

damping) which is incorporated into the structure fatigue stress as-
sessment. Time domain structural simulations are commonly per-
formed, with the foundation-soil interaction incorporated as non-
linear/linear springs (for stiffness) and dashpots (soil damping). An
alternative approach is to incorporate the foundation-soil interaction as
macro models (for example Skau et al., 2018), which capture the multi-
directional load interaction, stiffness reduction with load level and the
soil damping in a constitutive framework. This study limits the dis-
cussion to the conventional approach, i.e., foundation springs. Soil
damping is not discussed here.
The foundation springs have an impact on the structural fatigue

assessment as they influence the natural frequency of the turbine
system, which in turn influences how close the system's frequency is to
the excitation frequencies (e.g. wind, wave, 1P and 3P). This section
will discuss the different aspects that require special attention when
calculating the FLS foundation stiffness.

6.1. Foundation loads for FLS stiffness calculation

Assuming that the majority of the structural fatigue damage is in-
duced during the normal power generation, the fatigue stresses on the
structural members can be assessed for conditions at a range of re-
presentative wind speeds. The accumulated fatigue damage can then be
assessed by considering the proportions of the time during which the
turbine is operating at different wind speeds, based on the wind speed
statistics. For each wind speed, the foundation stiffness should be
evaluated based on a priori assessed foundation load under that wind
speed. An iterative process is therefore involved for conformity between
the foundation loads and the foundation stiffness.
The foundation loads are cyclic in nature and contains an average

component and a cyclic component, as illustrated in Fig. 14 as an
idealised sinusoidal load series. During the structural vibration, the
foundation stiffness felt by the structure is the cyclic stiffness, i.e., the
peak to peak stiffness implied by the cyclic load-displacement loops
instead of the total secant stiffness (dashed blue line in Fig. 14).
Therefore, when computing the foundation stiffness for fatigue assess-
ment, it is the cyclic component of the foundation loads that should be
used.

6.2. Soil input parameters for FLS stiffness calculation

Under normal power production, the foundation loads are only a
small proportion of the ULS load. In addition, the foundation is sized to
give a safety factor (load factor * material factor) against the ULS load.
It is assumed that the operational loads will not cause meaningful cyclic

Fig. 13. Consolidation settlement calculation model.

Fig. 14. (a) Illustration of the average load (Fa) and the cyclic load (Fcy) components of a load history, and (b) corresponding total secant stiffness and cyclic secant
stiffness.
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accumulation effect in the soil.
To compute the cyclic foundation stiffness, the cyclic stress-strain

response of the soil is needed as input. This can be extracted from the
cyclic strain contour diagrams for N = 1, as illustrated by Fig. 15.
However, one thing requires particular attention is that the smallest
cyclic contour line is 0.1%. There is no point in-between zero and 0.1%
cyclic shear strain. Considering the very small load level analysed here,
it is necessary to capture the nonlinearity of the soil response in this
very small shear strain range. For this purpose, the stiffness reduction
model proposed by Darendeli (2001) is used to curve-fit the soil re-
sponse extracted from the strain contour diagrams. The Darendeli
model describes the stiffness reduction using the following function:

=
+ ( )

G
G

1

1max
a

r (4)

where
G is the cyclic shear modulus mobilised at a cyclic shear strain

amplitude γ;
Gmax is the initial stiffness of the soil;
γr is a curve fitting parameter, which physically means the cyclic

shear strain amplitude at which the mobilised cyclic shear modulus is
reduced to half of Gmax;

a is a curve fitting parameter, which regulates the curvature of the
stiffness reduction curve.
The Gmax of the soil is typically measured in a site investigation,

either offshore by seismic CPT, or in the onshore laboratory, such as by
resonant column or bender element tests. There are also empirical
correlations for sand (e.g. Seed and Idriss, 1970; Hardin and
Drnevich, 1972) and for clay (Andersen, 2015). Fig. 16 illustrates the
curve-fitting of the Darendeli stiffness reduction model, which captures
the stiffness reduction for cyclic shear strains less than 0.1%. Reflected
on the cyclic stress-strain curve, a non-linear curve starting from Gmax is
used instead of a straight line between 0% and 0.1% cyclic shear strain.

6.3. Coupling between the horizontal and rotational degrees-of-freedom

When computing the foundation stiffness for caisson foundations, a
common issue is the coupling between the horizontal and rotational
degrees-of-freedom, i.e., a horizontal load will not only cause a hor-
izontal displacement but also a rotation at the lid level, and vice versa.
When expressing the foundation stiffness as springs, it is difficult to
incorporate the coupling term of the stiffness matrix. To deal with this
challenge, the method proposed by Hansteen (1984) and applied by
Carswell et al. (2015) can be used. The method expresses the founda-
tion stiffness at the so-called "de-coupling" point where the horizontal
and moment degree-of-freedoms are de-coupled. In the structural ana-
lysis, a rigid beam can be used to connect the leg to the de-coupling
point where the foundation springs are attached. It should be noted that
due to the soil nonlinearity, the de-coupling point is not fixed in space
but rather changes its position depending on the load level. It should
therefore be established at the load level of interest. As illustrated in
Fig. 17, in order to find the depth of the de-coupling point in the XZ
plane, a numerical perturbation analysis is performed with a small in-
crement inMy while maintaining all other load components unchanged.
Compared to the base case analysis, the small positive increment dMy
results in a positive rotation increment dθy and a positive horizontal
displacement increment dux. The depth of the de-coupling point LXZ can
be calculated:

=L du
dXZ

x

y (5)

Positive sign of LXZ means depth below the interface point which is
at the centre of the bucket lid.
The horizontal foundation stiffness in X axis direction (Kx) and the

rotational stiffness about Y axis (Kθy) at the de-coupling point is then:

= =K F
u

F
u L

_
_x

x dc

x dc

x

x y XZ (6)

= =
+

K
M M F L_

_y
y dc

y dc

y x XZ

y (7)

Similarly, in the YZ plane, it can be demonstrated that:

=L
du
dYZ

y

x (8)

The negative sign is because that a positive increment in moment
about the X axis will cause a positive increment in rotation about X axis,
but a negative increment in horizontal displacement in Y axis. A posi-
tive sign of LYZ represents a de-coupling point below the bucket lid.
The horizontal foundation stiffness in Y axis direction (Ky) and the

rotational stiffness about X axis (Kθx) stiffness at the decoupling point is:

= =
+

K
F
u

F
u L

_
_y

y dc

y dc

y

y x YZ (9)

= =K M M F L_
_x

x dc

x dc

x y YZ

x (10)

Similar depths of the decoupling point are normally calculated in
the XZ and YZ planes. An average value of the two can be used.

6.4. Flexibility of the foundation lid

In finite element calculations of caisson foundations, the caisson
foundation is often treated as a rigid body. This is considered appro-
priate for the bearing capacity analyses. However, caution is needed
when it comes to the FLS foundation stiffness, for which, the flexibility
of the bucket itself might alter the overall soil-foundation interaction
stiffness. This is identified by field measurements (Shonberg et al.,
2017) and studied in detail by Skau et al. (2019) who concluded that
the flexibility of the bucket lid has the largest impact on the system

Fig. 15. Extract the cyclic stress-strain curve for FLS foundation stiffness cal-
culation.
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Fig. 16. Curve fitting of the stress-strain response at small strain levels.

Fig. 17. Finding the de-coupling point through numerical perturbation analysis.
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stiffness while the skirt has negligible impact.

7. Installation

The mechanism for suction caisson installation in clean sand or pure
clay is well understood and design methods for calculating the in-
stallation resistance, required and allowed suction pressure, and plug
uplift is well established (Housby and Byrne 2005; Andersen et al.,
2008; Senders and Randolph 2009; DNVGL, 2017). However, when it
comes to layered soils, particularly, in clay over sand soil profiles, in-
stallation design is not straightforward and there are still large un-
certainties. In this project, the seabed typically consists of a layer of soft
clay on the surface. Below this surface layer often lies sandy layers. This
poses a challenge in case of those conditions.
The largest uncertainty for suction caisson installation in a clay over

sand soil profile is whether seepage flow is developed in the sand.
Without the seepage flow, large skirt tip resistance can be encountered
(e.g. Andersen et al., 2008). The required suction pressure can be ty-
pically too high compared to what is allowable structurally (buckling)
and what is feasible due to relatively shallow water depths for offshore
wind turbines (i.e., cavitation limit). Senders et al. (2007) hypothesized
a theory that in a clay over sand profile, once the applied suction
overcomes the self-weight and the side friction on the internal soil plug,
the suction pressure will be transferred to the clay-sand interface. This
will cause a formation of seepage flow in the sand, which reduces the
skirt tip resistance, but also causes a risk of large inside plug heave that
can prevent full skirt penetration. Klinkvort et al. (2019) developed this
theory further, and proposed methods to calculate the installation re-
sistance in the underlying sand layer and the amount of plug uplift due
to seepage through the sand but confined by the upper clay. However,
this theory and calculation model is yet to be validated by experiments
or field installations before the proposed methods can be confidently
relied on.
Sparrevik and Strout (2015) suggest that "cycling", i.e., pressure

reversal and even limited uplift movement during the caisson installa-
tion, can be a very useful method for reducing the installation re-
sistance, although the mechanism behind this reduction is not fully
understood.

8. Concluding remarks

This paper presents a methodology adopted for design of suction
caisson foundations for an offshore wind farm in Southern China.
Drawing on the experience of designing similar foundations in the
North Sea, the paper highlights the challenges faced in the project due
to different soil and metocean conditions. The paper identified several
areas where further research is needed:

1) Regional experience for CPTU interpretation of soil parameters
based on calibration against high quality lab testing is highly valu-
able but is currently lacking. Engineering geology and geophysical
survey should be valued and performed to complement the geo-
technical understanding of a site.

2) Silty materials are widely distributed in offshore wind development
areas in Southern China. Understanding the static and cyclic prop-
erties of these silty materials is essential for the bucket foundation
design. Particular attention should be paid to the loose to medium
dense silty sands which may exhibit extremely low shear strength
under cyclic loading.

3) Understanding of the typhoons. Typhoons are the controlling
loading events for caisson foundation design in the region. However,
there is limited guidance on the duration and load composition of a
typhoon event for geotechnical design.

4) Serviceability limit state design of caisson foundations in soft clays,
in particular the assessment of accumulated foundation deformation
due to cyclic loading. This requires efforts from the geotechnical

profession to further understand the soil mechanics under repeated
typhoon loading and potential effects of consolidation between ty-
phoons and under long term average loading. It also requires efforts
by the metocean discipline to study the frequency, magnitude and
direction of the typhoons using statistical methods. The current
design method assumes that all typhoon events approach the turbine
in the same direction. This is considered conservative.

5) Installation of suction caissons in layered soils. It is critical to un-
derstand the mechanism of suction installation in layered soils and
whether seepage flow can be relied on in clay over sand soil profiles.
Design methods proposed in literature need to be verified by model
testing and field tests.
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