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ABSTRACT: With the rapid economic growth in China coastal area, the demand for offshore wind energy has been growing
enormously. More challenges are imposed on the foundations of offshore wind turbines (OWTs) in China over those in
Europe, due to harsher environmental loadings (e.g., typhoon) and complicated ground conditions (e.g., very soft clay).
Under such severe natural conditions, the approaches of foundation design and installation originated from Europe become
inadequate. This keynote paper highlights the recent progress made by the authors’ interdisciplinary team in advancing
foundation design theory and installation methods, facilitating the development of offshore wind energy in China waters. It
comprises five main parts along with practical examples: (i) typhoon extreme wind; (ii) modelling soil behaviour; (iii) soil-
pile interaction models; and (iv) multibody dynamics and software (v) innovative techniques for monopile installation. The
concluding section summaries the key issues of these advances, while calling on interdisciplinary efforts for deep-water
foundation.
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1 INTRODUCTION environmental loadings (e.g., typhoon) and more
challenging ground conditions (e.g., very soft clay),
with higher potential of dynamic failures. The ongoing
trend toward larger turbines further intensifies these
challenges (Figure 1). Under these scenarios, the
European approaches of foundation design and
installation are inadequate, hindering offshore wind
farm development in China. By the end of 2023,
China's installed capacity of offshore wind power
reached 38 GW, accounting for 48% of the global total,
see Figure 2(a). The authors’ interdisciplinary team
has participated in 76 offshore wind farms, as
illustrated in Figure 2(b).

The rapid economic growth in China coastal area and
the urgent national goal of carbon reduction have led
to surging demand for renewable energy. Although
China has been the world's largest offshore wind
power producer since 2021, its offshore techniques
have relied heavily on international guidelines such as
IEC (2009), DNV-ST-0437 (2021), and DNV-ST-
0126 (2021), most of which are European-led based on
experiences in the North Sea, where 80% of Europe’s
offshore turbines have been installed. Compared to
North Sea, OWT foundations in China face harsher
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Figure 1. Development of large offshore wind turbines in China

Table 1 summarizes typical offshore wind
foundation types deployed in four Chinese seas,
including pile groups with elevated caps, monopiles,
caissons, and pile-supported jackets (Figure 3).
Monopiles dominate in most regions except in the
South China Sea, where they are outnumbered by pile-
supported jackets (Figure 3(d)). For limited space, this
paper focuses on monopiles.

Typhoons have led to frequent failures of the
foundations and structures of OWTs in China, which
have drawn global attention. Recent revisions of DNV
standard added additional requirements for typhoon
conditions regarding mechanical response, electricity,
safety and control systems, etc.
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Figure 2. Offshore Wind Power Projects in China and Vietnam: A Summary of Team-Participated Projects

However, critical gaps remain, such as the
typhoon-scale characteristics of wind and waves, load
calculation methods, failure mechanisms and design
approaches for foundations with varying rigidities in
soft ground. Regarding design software, there is a lack
of coupled aero-hydro-servo-elastic software with
adequate considerations of typhoons and soil-pile
interactions, which are vital for structural failure

analysis and OWT foundation design in typhoon-
prone area.

In the context of installation, deploying OWT
foundations in China faces significant challenges due
to the increasing pile dimension and weight. One
major difficulty is the installation of thousand-ton pile
foundations in ultra-soft seabed, where verticality
control is critical.
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Table 1. Typical types and numbers of offshore wind

Monop  Pile group with Suction Jacket pile
ile elevated cap bucket foundation
Bohai 430 43 32 16
Yellow 3054 124 50 117
Sea
East
China 473 656 2 0
Sea
South
China 780 0 6 435
Sea

This keynote paper presents recent advancements
in developing foundation design theory and
installation techniques customized to the harsh
environments of China waters. It covers five key
sections, supported by case studies: (i) typhoon
extreme wind; (ii) modelling soil behaviour; (iii) soil-
pile interaction models; and (iv) multibody dynamics
and software; (v) innovative techniques for monopile
installation. It concludes with the key findings and
explores potential foundation innovations for deep-
water.

(d)
Figure 3. Typical offshore wind foundation types in
China: (a) pile group with elevated cap, (b) monopile,
(c) monopod with large diameter and shallow embed-
ment, (d) jacket pile foundation

2  TYPHOON EXTREME WIND

Typhoon is classified as a specific type of tropical
cyclones (TCs) characterized by maximum sustained
surface winds reaching or exceeding 32.7 m/s in 2-
minute average. Southeast China is particularly
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vulnerable to the hazards associated with typhoons.
Notably, Super-Typhoon Lekima, which made
landfall in eastern China in 2019 with maximum 2-
minute sustained winds reaching 52 m/s, resulted in
direct economic losses of 53.72 billion Chinese yuan
and claimed 56 lives. Given the increasing typhoon
hazard risk amidst climate change, it is imperative to
develop an efficient and effective TC model capable
of accurately capturing typhoon characteristics.

Due to strongly heterogeneous characteristics of
the historical TC tracks in the western North Pacific
Ocean (WNP), cluster analysis has been proposed to
explore the distinguished typhoon statistical
characteristics of different zones of the WNP basin
(Camargo, 2007; Mei, 2016). Since each cluster of
historical TC tracks has a unique geographic feature, it
is more efficient to establish a machine learning based
TC model for each cluster category than for a whole
basin.

The Random Forest (RF) algorithm is employed in
this study to build the new TC models to replace the
original Vickery linear regression model (Vickery et
al.,, 2000) in the full track simulation framework.
Random forest is an ensemble machine learning
method with Classification and Regression Trees
(CARTs) (Breiman, 2001).

The RF-based TC movement model can be
expressed as follows:

Yiy1 = REy (W A, Vi1, s, ica, Ao,

Vi3 Aicz) + &y (1)
Aig1 = RE (Y 4 Wi, 4icy, Pico, Ao,

Vi3 Ai—z) + &

where RFy and RF,; denote the RF-based TC
movement models to predict the latitude ¥ and
longitude A of a moving TC center at the next time step
of i+1; the last four steps, i.e., i, i-1, i-2 and i-3, are
chosen as the main predictors of TC movement models;
&y and ¢, are the randomly sampled error terms.

To validate the RF-based TC full track simulation
method (Huang et al., 2022a), a series of tropical
cyclone paths and intensity samples were generated.
The key statistical parameter of the simulated tropical
cyclones, i.e., annual occurrence of TC, was then
calculated and compared to historical data for 25
selected sites along the coastline of China. The
comparison results with the historical tropical cyclone
statistics are shown in Figure 4. It can be seen that the
annual occurrence of the simulated tropical cyclones
for 25 coastal sites align well with the corresponding
parameters of the historical tropical cyclones. The
correlation coefficient R values are above 0.99,
verifying the effectiveness of the RF-based TC full
track simulation model.
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Figure 4. Comparison of annual occurrence of TC from sim-
ulation and historical dataset for 25 selected sites along the
coastline of China

In the context of future global warming, a case
under SSP5-8.5 scenario from the CMIP6 is studied
with trained RF typhoon models, to predict the design
wind speeds of offshore area of China at the end of the
century (Huang et al., 2022b). Figure 5 presents the
100-year return period typhoon design wind speeds
(mean wind speed averaged in two minutes) in the
south-eastern coastal seas of China. In the future
climate conditions, the extreme wind speeds are
highest in the coastal seas of Taiwan Province,
Zhejiang Province and Guangdong Province, with the
extreme wind speed in the eastern coastal seas of
Taiwan approaching 70 m/s.
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Figure 5. Typhoon wind speed distribution of 100-year re-
turn periods under SSP5-8.5 scenario in the late of 21st cen-

tury

3 MODELLING SOIL BEHAVIOR

3.1 Offshore Geotechnical Site Investigation
and Testing

A series of jack-up platforms for different water depths
(15 m, 35 m, 55 m and 75 m) has been developed by
Huadong Engineering Corporation limited (HDEC) in
China. These platforms can perform intelligent drilling
and sampling, in-situ testing, and geotechnical lab

testing. Among others, ‘HDEC 308’ is the most
advanced jack-up platform in China for offshore wind
farm geotechnical investigation (Figure 6), with the
longest pile leg length of 100 m, the largest deck area
of 2200 m?* and the highest wind withstanding level of
16. In addition, HDEC is equipped with advanced
marine drilling and sampling system (Figure 7(a)),
which can ensure high-quality sampling under
condition of 80 m water depth and 2.5 m/s current
velocity. Besides, seabed CPTU (Figure 7(b)) and
downhole CPTU (Figure 7(c)) have been incorporated
in site investigation for testing in deeper water and
larger penetration depths.

Platform for 75 m water depth

Figure 6. Jack-up marine survey platforms

e, » .

¢) Downhole CPTU

'b) Seabed CPTU

Figure 7. Advanced marine drilling and in-situ testing
devices
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Figure 8. Typical geological strata in major sea areas of China (Qin et al., 2020

Above equipment and technologies have been
applied in various seas across China, performing high-
quality and efficient investigations under different
geotechnical conditions. Typical geological strata in
China‘s four major seas (Qin et al., 2020) are shown in
Figure 8.

3.2 Marine Clay Thermal-visco-elasto-
plasticity

Natural clay usually exhibits significant anisotropy,
with its microscopic fabric alignment induced by
deposition and stress history leading to inclined yield
surfaces and anisotropy in undrained shear strength
(Leroueil and Marques 1996; Leroueil, 2001). The
temperature discrepancy between in-situ seabed (0-
4 °C) and laboratory conditions (20 = 2 °C) implies that
the undrained shear strength obtained in laboratory
should be carefully corrected. Yield and shear
strengths  demonstrate  strain-rate  dependency,
showing around 10% enhancement per order-of-
magnitude strain rate increase (Leroueil, 1997). Under
cyclic loading, stiffness degradation, plastic strain
accumulation, and pore pressure redistribution occur,
with  hysteresis loops governed by loading
characteristics. Special attention should be paid to
cyclic weakening effects on seabed foundation
stability. There are mainly two theories for soil
plasticity modelling, including multiple surfaces and
boundary surface (Dafalias, 1986; Asaoka, 2002; Liu
et al, 2019), which have experienced mutually
enhancement over the past two decades.

3.2.1 Yield surface and anisotropic undrained shear
strength of natural marine clay

Nineteen different stress probe tests and four
undrained triaxial tests on Kyp-consolidated Wenzhou
clay are analysed, and the yield surface as well as the
plastic flow rule beyond yielding also studied (Wang
and Shen, 2008). The initial yield surface of natural
marine clay can be described by an inclined ellipse on
the p'-g plane based on the yield function proposed by
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Wheeler et al. (2003), and the normality law is verified
for describing the flow behaviour (Figure 9).

M —a?+(—a) ,
f: M?2 —pc=0

where a defines the orientation of the inclined ellipses,
which represents the effects of plastic anisotropy. p,
represent the size of the yield surface. 7 is stress ratio.
M is the critical state stress ratio.

2
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Figure 9. Yield surface and plastic flow direction of Wen-
zhou clay

On the basis of the critical state soil mechanics and
the inclined ellipse yield surface, theoretical formulas
of the undrained strength under K, compression and
extension stress condition were derived (Wang et al.,
2008):

100 120

Sy M 1+ 2K,

’

oy 2 3
A 3)
) (M + a0>A M? + nIZ(Onc ~ zaonKOnc nA
2M M? — a,?
Zonct3 -Mm?
where ay = (e +30ane=1) is the inital value of

iniclination of yield surface and 7, represents the
stress ratio of Ko-consolidated state. 4 = 1 — % is the

compression parameter. A and k denote the slopes of
normal consolidation line (NCL) and elastic swelling
line in v — Inp’ plane, respectively.

The measured and predicted s, of three natural clay
(i.e. Ariake clay, Weald clay and Mito clay) are
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compared, as shown in Figure 10. The comparison
results proved that Eq. (3) can reasonably capture the
undrained shear strength of K, consolidated clay with
different OCR values under both triaxial compression
and extension conditions.

10

Measured Predicted
¢ CK,UC (Ariake clay)
* CK,UC (Weald clay) -——

o CK,UE (Mito clay) i

5,/

OCR
Figure 10. Comparison between the measured and pre-

dicted undrained shear strength of K0O-consolidated clay

6 78910

3.2.2 Temperature-dependent undrained shear

strength

Building upon the anisotropic constitutive framework,
a temperature-dependent model was developed
through explicit incorporation of the
thermomechanical coupling between preconsolidation
pressure and thermal history. The relationship between
preconsolidation pressure and temperature can be
fitted by the following equation (Wang et al., 2016;
Wang et al., 2020b):

C & To
Pe = Peo " €XP| Ty (7) 4)
Vi
where p_ is the initial preconsolidation pressure at
reference temperature Ty . 6 is a model parameter
reflecting  the temperature effect on the
preconsolidation stress, and could be dertermined
through the linearly correlation between the plasticity
index /p, as shown in Figure 11:

6 = 0.1120 + 0.00121, (5)

A simplified equation for temperature-dependent
undrained shear strength after drained heating is
derived as:

o MLt Miay! T
O, 2 3 2M To

A case study shows that laboratory triaxial
undrained tests, which follows drained heating
consolidation at 20 °C, could induce 17% increase of
sy for samples from the deep waters (at 4 °C) (Wang et
al., 2016).
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Figure 11. Correlation between the temperature related pa-
rameter and plasticity index
3.2.3  Strain-rate dependent preconsolidation

pressure and undrained shear strength

The viscous behavior of soft soils is evident in creep
and the types of strain-rate dependent phenomena. The
undrained shear strength may increase by around 10%
for a tenfold increase in strain rates. An anisotropic
elastic-viscoplastic constitutive model was developed
to simulate the strain-rate dependent behavior of Ko-
consolidated soft clays. The constitutive equations are
derived on the basis of the overstress concept,
assuming inclined ellipses as contours of the
viscoplastic scalar multiplier ¢ (Wang et al., 2012).
By analyzing the deformations in one-dimensional

(1D) creep compression (Wang et al., 2012), the
functional form of ¢ can be derived by:
A—k
Y ( >T
Ui tO pcO
(7)

Vi

¢ =
—szp M? — a}
i M? — nKonc

where Y =

compresswn. tO = 24h is the absolute time of the
NCL. v; denote the initial value of specific volume
before shearing. ¢,” is the visco-plastic volumetric
strain.

The analytical formulations of strain-rate
dependent preconsolidation pressure and undrained
shear strength are derived as:

denotes the coefficient of secondary

@W/D/A
o, E
L = 1; 3
D, 24h —_
vitO
sy M 1+ 2K,
01;0 2 3
©)

2
(M + ao) €e MZ—ni, v/ N
2M /vty 2(M F ay)
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where a,,
measured from the standard 24-h oedometer test. n is
the yield stress ratio.

Figure 12 shows the results of rate dependency of
pre-consolidation pressures for 12 natural marine clays
from the Champlain sea area in Eastern Canada. The
proposed model can adequately describe the
relationship of pre-consolidation pressure versus the
axial strain rate, and most test data are in a narrow

range of £7 % from the predicted curve.

24n 1 the preconsolidation pressure

Berthierville clay
St-Cesaire clay

Gloucester clay
Vares
Jolictte clay

Ste-Catherine clay

0.6 2ol Lol Lol
10® 10
Vertical strain rate &, (s")

Figure 12. Measured and predicted preconsolidation pres-
sure of Champlain sea clay at various strain rates

In order to verify the predictive capability of the Eq.

(9), the undrained shear strength of a total of 26 clays
under different shear strain rates were collected, as
shown in Figure 13. It is revealed that Eq. (9) can well
capture the increase trend of undrained shear strength
with axial strain-rate.

1.50 =
© Mecasured ° L]

Predicted °

0.75

0.50 - il L i J- d il
100 107 100 10° 100 100 100 10 10

Axial strain rate ¢, (%/h)
Figure 13. Measured and predicted undrained shear
strength of different soils at different strain rates

<

3.2.4 Modelling cyclic behaviour: an equivalent
creep simplification approach

In addition, the accumulative behaviour under
undrained cyclic loading can be evaluated through
combining a pseudo-static method of equivalent
undrained creep with the above models. To
theoretically simulate the accumulative behavior of
clayey samples, the real undrained cyclic loading
process is equivalent to a static undrained creep with a
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load increment 4q = ¢y, and the loading duration t is
chosen as a basic modeling variable (Li et al., 2011).
(A-K)

S.vp:w_w<a_,;>w

vn Uit v to 0_'1;

(10)

However, this simplification results in a shorter
predicted rupture lifetime compared to experimental
observations, as the soil experiences the peak deviator
stress ¢cyc for only a brief interval during each cycle.

To improve the validity and precision of the
prediction, the coefficient of secondary compression,
which is a key parameter in controlling the viscous
behaviour of soils, was adjusted by the back-analysis
method. The equivalent coefficient of secondary
compression C, is proposed through the back analysis

method and is linearly related to cyclic stress ratio doye,

Do
Ca Po

By using the pseudo-static method of equivalent
creep and the proposed anisotropic TEVP model, the
development of shear strain amplitudes and excess
pore pressure of natural Wenzhou clay are generally
well predicted, as illustrated in Figure 14.
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Figure 14. Comparison between measured and predicted
accumulative behavior of natural Wenzhou clay (f=0.01 Hz):
(a) shear strain, (b) pore pressure.

3.3 Sand Plasticity with Fabric Anisotropy

Wave induced liquefaction is a classic topic in
offshore geotechnical community (Ishihara and
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Towhata, 1983), but principal stress rotation does not
produce residual pore pressure in the view of isotropic
material plasticity. Marine sedimentation induces
preferential orientation of sand particles, forming
anisotropic fabric structures through hydrodynamic
sorting and gravitational compaction. Such inherent
fabric anisotropy fundamentally governs the stress-
strain hysteresis observed in marine sands, requiring
explicit representation of fabric tensors in anisotropic
constitutive models. This can be achieved by
introducing an anisotropic state parameter ¢ (Li and
Dafalias, 2012):

{=e—e(p)—es4—-1) (12)

R* .
is the

IRl
anisotropic variable expressed as the joint invariant
between the fabric tensor F and the flow direction

*

where e, is a material constant and A = F:

R
tensor —.
IR"]|

Using ¢, Hong et al. (2024) proposed a new
dilatancy function to consider the effect of fabric on
dilation:

D ={A,9(0) (1 +(z:n))(af — a) :n}
explk;(1 - A)]

fabric dependent

(13)

where ng and k; are two material constants. The term

explk,(1 — A)] was introduced to describe fabric-
related dilation based on experimental observations.

For the modelling of cyclic loading, the high-cycle
strain accumulation and liquefaction of sands are
usually described using the bounding surface plasticity
enriched with a memory surface (Figure 15). The
dependency of these surfaces on fabric anisotropy
were formulated by Hong et al. (2024).

Fabric dependent
bounding surface

Critical state surface Ty L
%

Fabric dependent
dilatancy surface *.

Fabric related
memory surface

T3

a

Figure 15. Schematic illustration of the model surfaces and
mapping rules on the deviatoric stress ratio-plane.

A unified approach to simulate anisotropic drained
and undrained cyclic behavior considering fabric
anisotropy 1is established by incorporating the
memory-to-yield distance bM = (a™ — a) : n into the

plastic modulus K, through the hardening coefficient
h:

AR
K, = (5)ph(af - @):m (14)

where /1 captures the fabric effect as detailed in
Papadimitriou et al. (2019) and Yang et al. (2022). A
new fabric-related anisotropic hardening rule is also
proposed, incorporating fabric anisotropy and its
evolution into the expansion rate of the memory
surface.

The performance of the proposed model in
simulating anisotropic  high-cycle behavior is
validated via several sets of representative
experiments, including a large-strain drained cyclic
test with up to 10* cycles (Wichtmann, 2005),
anisotropic cyclic drainage tests with different fabric
bedding plane angles (Hong et al, 2024), and
undrained cyclic tests. Figure 16 examplifies one
unique feature of the proposed model, which manages
to capture the transition from cyclic shakedown to
ratcheting for sands with the same voild ratio and mean
effective stress but different fabric orentations.

0.30
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(b)
Figure 16. Influence of bedding plane angle By on high-cy-
cle axial strain accumulation: (a) experimental data, (b)
simulated results
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4  SOIL-PILE INTERACTION MODELS

4.1 Soil Flow Mechanism Around Monopiles

Monopile diameters (D) increased from the 4 — 6 m in
the early stage to over 8 m currently and may reach 10
m in the future (Byrne et al., 2019). The embedded pile
length to diameter ratio (L/D) of a monopile is
typically within 4-8, but may reduce to 3 or lower in
the future. Figure 17 presents the statistics of typical
monopile geometries in China (Wang et al., 2021).

China's wind farm projects (Lai et al. 2019)
Centrifuge tests (Gilbert et al. 2015; Truong et al. 2018)
Field tests (Gilbert et al. 2015; Truong et al. 2018)
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Figure 17. Statistics of monopile geometries (Wang et al.,
2021

The design of laterally loaded monopiles is
typically based on the p-y models (API, 2014; DNVGL,
2016), which were established according to field tests
on long slender piles with D =0.324 m and L/D = 39.
Recent attempts to apply existing p-y models for
monopile designs with larger D and smaller L/D were
unsatisfactory, indicating these models cannot
accurately capture the mechanical responses of large-
diameter monopiles.

The authors’ team has placed special emphasis on
the soil failure mechanism around monopiles, which
inherently links with the dependency of p-y on L/D.

Figure 18 illustrates the soil flow mechanism
surrounding a semi-rigid pile embedded in soft clay, as
observed within a 100g centrifuge environment (Hong
et al., 2017). Meanwhile, Figure 19(a) presents a
numerical simulation depicting the soil failure flow
pattern for a semi-rigid pile (L/D = 8) in clay (Wang et
al., 2020c), whereas Figure 19(b) shows a
corresponding simulation for a rigid pile (L/D = 6) in
sand (Wang et al,, 2020c). Both centrifuge and
numerical analyses have collectively demonstrated
that the L/D ratio of a monopile, which is a
dimensionless term governing the relative stiffness
between the soil and the pile, plays an important role
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in determining its nearby soil flow mechanisms, and
thus the modes of soil-pile interaction.
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Figure 18. Measured soil flow mechanism around a semi-
rigid pile in soft clay (Hong et al., 2017).
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Figure 19. Soil flow mechanics around monopiles

4.2 "p-y+M-60" Model for Monopile in Clay

Based on the merits and potential demerits of the
existing models, Wang et al. (2020c) proposed a new
two-spring model, i.e., "p-y + M-8" model, as shown
in Figure 20. It considers the three most important
components resisting a laterally loaded monopile,
namely (i) lateral soil resistance; (ii) base shear and (iii)
base moment. Above the rotation point, the lateral soil
resistance is modelled by distributed lateral
translational springs (p-y springs), as routinely
practiced. While the overall resistances at and below
the rotation point, including the contributions from the
rotational soil flow (as evident numerically and
experimentally), base shear and base moment, are
integrated into a concentrated rotational spring (M-6
spring) at the rotation point. The rotation point, which
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involves a pure rotation with little lateral displacement,
is usually located within a narrow range of depth z =
(0.75-0.80) L. The well-defined boundary conditions
and location of the rotation point bring convenience
for constructing the "p-y + M-6" model.

Mudline

pry
springs

»=0
Rotation i
point ]

|
=l

spring
Figure 20. A new model proposed in this study for mono-
piles with varied L/D.

Based on the Norwegian Geotechnical Institute
(NGI) theoretical framework for cyclic contour lines,
the stress-strain relationship for an equivalent number
of cycles under simple shear can be scaled to derive p-
y curves under cyclic loading. Recent advancements
extend this to equivalent p-y curves for combined
average and cyclic loading, as shown in Figure 21.
Here, cyclic stress amplitude and mean stress are
decoupled to obtain stress-strain curves for a specified
equivalent number of cycles. These curves are scaled
to separately compute monopile response under mean
and cyclic loads, which are then superimposed. For
this model, the cyclic contour line theory also applies
to constructing cyclic M-0 curves. Using cyclic p-y and
M-0 curves for equivalent cycles, the model can
analyze monopile response under cyclic loading for
varying pile stiffnesses, providing a versatile tool for
practical engineering applications.

Cyclic stress-strain
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Figure 21. Deducing cyclic p-y curves from cyclic loading
contour
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4.3 Blind Prediction Competition in ISFOG-
2020

During the 4™ International Symposium on Frontiers
in Offshore Geotechnics (ISFOG-2020), the
University of Western Australia (UWA) organized a
prediction competition for the monotonic and cyclic
loading responses of laterally loaded piles in soft clay,
using centrifuge model tests. Soil element test data
were provided in advance for analysis. The author's
team submitted predictions for both monotonic and
cyclic loading responses based on the "p-y + M-6"
analysis model. Figure 22 illustrates elevation view of
the model test in prototype scale. Table 2 summarizes
all centrifuge tests, including one monotonic loading
test and three bidirectional cyclic loading tests.

18.24 m

1.114m

—_—

Figure 22. Elevation view of the model test in prototype
scale

Table 2. Test program for the prediction event

Amplitude
Test Test type . Model  Prototype
Displacement
scale scale
Static M X 14.90
loading 10“?;0“” 1.07D : 119 m
(MDD oading mm
Cyele test dB'ldllr ecnonai 0.02D 022 0
L (CTD isplacemen . mm .02 m
control
Cycle test E.ldllrectlonai 0.10 D 1.37 o011
2 (CT2) isplacemen . mm Al m
control
Cycle test Bidirectional
y idirectional 239N 153 kKN

3 (CT3) Load Control

Figure 23 shows the comparison between the
meausred and predicted results for this contest.
Specifically, Figure 23(a) presents the monotonic
loading test results (black line) alongside all predicted
load-displacement curves (gray lines), with the results
from the "p-y + M-0" model highlighted in red.
Meanwhile, Figure 23(b) and (c) show the predicted
and measured pile head responses and bending
moment distributions along the pile at different cycle
counts. Additionally, Figure 24 compares the
predictive performance of all participants using the
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peak bending moment along the pile as a benchmark.
Notably, the "p-y + M-0" model developed in this
study accurately captures the monotonic and cyclic
loading responses of monopiles, with its predictive
accuracy ranking among the top of all participating
models.
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Figure 23. Cyclic loading prediction event (a) Monotonic
lateral head load-displacement curves, (b) Pile head re-
sponse against cycles number (N = 1, 40, and 400), (c)
Bending moment profiles for N = 1 and 400 for each cy-
clic test

4.4 "p-y+M-6" Model for Monopile in Sand

4.4.1

Wang et al. (2023) presents a numerical investigation
of the monotonic lateral response of large-diameter
monopiles in drained sand with configurations typical

Sandy soil reaction model
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of those employed to support offshore wind turbines.
These analyses were then extended to examine the
influence of pile diameter and loading eccentricity on
the lateral response of rigid monopiles. The results
show no dependency of suitably normalised lateral
load transfer curves on the pile diameter and loading
eccentricity. A normalisation method is subsequently
proposed which unifies the load—deflection responses
of rigid piles with different diameters at a given load
eccentricity.

A soil reaction model for describing high-cycle
behaviour of pile in sand is also develped using a series
of non-linear springs. It incorporates a multi-yield
surface kinematic hardening model (Houlsby et al.,
2017; Zha et al., 2022) into the "p-y+M-6" framework
(Wang et al., 2020c). In the light of the soil flow
mechanisms around monopiles, the lateral soil
resistance within the upper half of the pile is described
using a p-y model, while the resistances around the
rotation point RP near the lower half of the pile are
integrated into a  moment-rotation  spring
(characterized by a M-0 model) at the RP. The rotation
point, which involves a pure rotation with little lateral
displacement, is usually located within a narrow range
of depth z= (0.7-0.80) L (Figure 25(a)).

S~ p—y curves:
F— .
1 k, =10
¥, =388.78-3.42¢
Mudiine )
n, =0.00558¢-0.018(D/D,_ )+0.80
mll N
et & p, =KalD, K =10V
wedge failure zone: 0482 | W P
W M-8
-6 curves:
!

k, =012
- 7 =46.56+528p
flow failure zone: 0,527 — @ M-0 spring

m, =0.00733p+0.005( D/D, )+ 0.54
M, =0.0325KDL’y

(b)
Figure 25. (a) The "p-y+ M-0" model for monopile in sand;
(b) Schematic diagram of the spring-slider-ratchet element
assembly in the hyperplastic ratcheting model.
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442

Houlsby et al. (2017) presents a well-designed model
HARM for cyclic ratcheting analysis, as shown in
Figure 25(b). The prediction accuracy of the multi-
yield surface kinematic hardening model depends on
the number of spring-slider units N and the distribution
form of the initial backbone curve discrete points. To
accurately simulate the nonlinear characteristics of the
curve, the number of spring-slider units N is taken as
50 in the simulation. In the ratcheting model, the load
characteristics and loading history effects are reflected
through the definition of ratcheting coupling
parameter expressions, as shown below (Beuckelaers,
2017):

lo\™ (Zyiki\™ [ an \"™ k;
= (2) (B
oy Ou Aho Oy

4.5 Blind Prediction Competition in ISFOG-
2025

As an event of the 5™ International Symposium on
Offshore Geotechnical Engineering (ISFOG-2025)
and part of the GEOLAB project, the Institute of
Geotechnics of TU Darmstadt called industry and
academia to participate in an international Blind
Prediction Contest (BPC) on the response of piles
under monotonic and cyclic lateral loading in 2024.
Two separate tests were to be performed on a hollow
open-ended steel pile embedded in dry sand. One test
under monotonic loading and the other under quasi-
static harmonic loading with more than 10,000 loading
cycles. In this contest, a total of 18 teams submitted
their predictions.

In the model test, the pile is assumed to be an Euler-
Bernoulli beam, with the embedment depth L=2 m, the
radius D=0.32 m, and the wall thickness t=0.00525 m,
as shown in Figure 26.

Accelerated ratcheting hyperplasticity

(15)

——

2m

0.3249m — —

an

Figure 26. A schematic diagram showing test model pile
Four material constants are introduced in the
ratcheting model, namely the initial hardening
parameter ano, stress index m, hardening index my, and
the ratcheting rate R.. These four material constants for
lateral loaded piles in sand have been carefully

12

calibrated by Abadie et al. (2019), and are thus taken
in this present analyses, as summarised in Table 3.

Table 3 List of material constants for the cyclic "p-y+M-6"
model.
Ratcheting parame-

Definition Value Reference
ters
paraiy Abadie
p-y mg stress index 9.5 (2019)
my hardening index -3.1
R, ratcheting rate 1.8
e initial hardening 1x10%
parameter .
M-0 Mg stress index 9.5 /?Z%aldgl;
my hardening index -3.1
R, ratcheting rate 1.8

The test was conducted in a geotechnical test
chamber. Medium coarse sand was used in the model
test. The sand was filled in layers and compacted, the
averge relative density D=0.89.

To assess the compactness of sand at various depths
and locations within the experimental container, seven
standard Cone Penetration Tests (CPTs) were carried
out following the initial compaction process, as
illustrated in Figure 27(a). These tests utilized a
conical probe with a base area of 10 cm? (designated
as CPT 10). The penetration depth achieved was 2.5
meters. The cone resistance data obtained from these
tests are illustrated in Figure 28(b).

Cone tip resistance, g (MPa)

0 10 20 30 40 50
0

Loading direction

5000
s

Penetration depth, = (m)

(a)Test arrangement (b) CPT results

Figure 27. Cone Penetration Test

Table 4 and Table 5 summarize the content of
monotonic loading test and cyclic loading test
respectively. In the monotonic test (MT), the loading
rate of pile head is 1 mm/min. The cyclic test series
consists of two experiments (CT1 and CT2), in which
the cyclic loading frequency is 0.125Hz.

Table 4. Monotonic Loading Test

Loading .
Stage mode Description
. Monotonic loading at | mm/min until reaching
Displacement . . .
a displacement of the loading point of 65 mm
Control . Lok .
with respect to the initial pile position.
Maintain the force achieved in Stage 1 constant
MT Force . . . .
Control for 20 minutes or until the displacement rate is

lower than 0.02 mm/min, whichever occurs last.

Monotonic unloading at I mm/min until
reaching a force H =0

Displacement
Control
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Table 5. Cyclic Loading Test

Loading s
Stage mode Description
. Monotonic loading at 1 mm/min until
Displacement .
Control reaching a force
H=H,;=0.2H,
First cyclic loading package: H =
H,,,+H,sin(2rfi)
CcTi1 Force
Control Mean force: H,,; = 0.2H; , Amplitude: H.; =
0.1H,
Number of cycles: N = 10000
. Monotonic unloading at 1 mm/min until
Displacement . -
Control reaching a force
H=0
Loading s
Stage mode Description
. Monotonic loading at 1 mm/min until
Displacement . .
Control reaching a force
H= Hm] = 05H/
Second cyclic loading package: H =
H,»+H sin(2nft)
Mean force: H,,, = 0.5H;, Amplitude: H.; =
0.2H;
T2 Force
Control Number of cycles: continue cyclic loading until

Displacement
Control

any of the following conditions is reached :
1. N> 1000 and y e > 33mm ;

2. N> 3000 ;
3. Voar > 65mm
Monotonic unloading at 1 mm/min until
reaching a force
H=0

For the monotonic loading prediction of single pile,

the parameter selection of "p-y + M-0" backbone curve
proposed was determined based on the CPT data.
Considering that ¢' varies with stress level, Bolton
(1986) relates ¢' to stress level and relative densities,
as shown in Figure 28(a). In the case of D: = 0.89,
linear interpolation yields an internal friction angle ¢’
of 45°, which broadly represents the average friction
angle deduced from CPT test (Figure 28(b)).

50

D,=100%

)

45

D,=75%

40 D, =50%

D,=25%
35

Critical internal fiiction angle ¢’

D, =0%

30 | | | | |
0 50 100 150 200 250 300
Stress levels p’ (kPa)

(a) Relationship between ¢ 'and stress level p’ at different relative
density Dy
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Critical internal friction angle , ¢'(°)
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(b) Empirical formula to calculate values

Figure 28. The predicted model's internal friction angle

The normalized quantity Gy is calculated by the
formula proposed by Senetakis et al. (2013):

Go = Ae* Py (om/Pa)" (15)
where e is the void ratio, d'y is the average effective
stress, 4=570.1-58.8Cy, x=-0.28C,-0.98, n=0.47, C, is
the coefficient of inhomogeneity. The above
parameters can be obtained according to the test data
provided by the organizer.

All teams submitted a total of 25 sets of predictions,
including 18 sets of predictions for monotonic loading
and 7 sets of predictions for cyclic loading. Figure 29
shows the results of the monotonic loading test (in
black line) and the predictions submitted by all teams
(in gray line). Among these predictions, the
predictions based on the "p-y + M-6" model in this
paper are shown in red lines. It demonstrates that when
the horizontal pile displacement reaches 60mm at the
loading point, the majority (89%) of predictions
significantly underestimate the applied load. While the
median prediction across all models is 32% lower than
the measured data. The "p-y + M-0" model shows
reasonable accuracy with only 18% deviation from the
measured value, ranking among the top-performing
predictive methods in this comparative study. This
consistent discrepancy likely originates from
underestimated internal friction angles, particularly in
1g model tests conducted under low stress conditions
where sand exhibits enhanced dilative behavior.
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Other prediction models

=

80

60

a0 F

Horizontal load, F (kN)

L L L L L L
0 0 20 30 40 50 o0

Horizontal displacement of the loading point, y (mm)

Figure 29 Monotonic lateral load-displacement curves
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Figure 31. (a) Ranking for the cyclic test predictions, (b) Overall ranking for both cyclic and monotonic test predictions

The predictive performance of the proposed model
for cyclic loading tests is illustrated in Figure 30,
where it achieved the highest accuracy ranking among
all evaluated models. It is the only model that manages
to predict the shakedown response of the laterally
loaded pile under a total of 13000 cycles. When
considering the combined performance under both
static and cyclic loading conditions (as summarized in
Figure 31, the proposed model secured the second-
place ranking overall. Notably, the "p-y + M-6" model
demonstrates  superior  predictive  capabilities,
particularly in  capturing high-cycle lateral
displacement accumulations.

5 MULTIBODY DYNAMICS AND
SOFTWARE

5.1  Aero-hydro-seismic-servo Multi-body
Dynamics

As a multi-body system, the response of offshore wind
turbines can be determined using the Kane dynamic
equations (Wang et al., 2024):

14

R
Y E+E)=0 (16)
r=1

where R represents the total number of degrees of
freedom of the turbine system. F. and F are the
generalized main force and generalized inertial force
in the rth degree of freedom, which can be calculated
as:

N
Fo= ) wffn R wp (17)
n=1
N
Fr= Y ufomt it w o (1)
n=1

All the terms above are computed in the inertial
coordinate system, where N denotes the number of
bodies in the structure, er Pn and wt represent the
translational and rotational velocities, respectively, of
body n at its dynamic reference point RP,, and m™ is
the mass of body n. H" is the time derivative of the
angular momentum of body # about its reference point.
FRPn and M™ are the active force and active moment
acting on the body n. By classifying and rearranging
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the terms in Eq. (16) based on whether they contain §,
the following equation can be obtained.

M(qr t)q = _f(q' q, t) (19)

In this equation, M(q,t) consists of the terms
related to § from the generalized active forces and
generalized inertial forces, while —f(q,q,t)
represents the combination of terms independent of §.
This system can be solved using Gaussian elimination,
LU decomposition, or other methods, with various
algorithms, i.e., the 4th-order Runge—Kutta method or
the 4" order Adams-Bashforth-Moulton predictor-
corrector method for time stepping.

Schematic diagram of Zwind 2.0 software is shown
in Figure 32, with the following new and unique
features:
® the environmental loading prediction is achieved
including typhoon, typhoon wave and earthquake,
i.e., maximum wind speed, wave period, wave
height, and seismic accelerations, velocities and
displacements along the pile elevation (Wang et
al., 2025).

As for monopile design, a series of advanced soil-
structure interaction models are developed to
tackle the deteriorated seabed condition, such as
the widely-used API p-y model, the "p-y+M-60"
model (Wang et al., 2020c), the "p-y+M-0" plus
HARM model (Zha et al., 2022) and the multi-
directional model based on bounding surface
plasticity (Hong et al., 2023) and

a couple of control algorithms are proposed for
loading mitigation, known as active torque
control (Wang et al., 2024); feedback-forward
control (Chen et al., 2024).

5.2 Application of Zwind 2.0 for monopile
design

The Taizhou No.l wind farm, a total of 40 monopile
wind turbines with 7.5MW in capacity stand in soft
soil. The schematic of monopile offshore wind turbine
is shown in in Figure 33, accompanied by the

distribution of undrained shear strength along the
monopile embedment. Properties of the DEW-D7500-
204 OWT and monopile support structure are
summarized in Table 6.

(b)
Figure 33. Characteristics of Taizhou No.I wind farm

Table 6. Properties of the DEW-D7500-204 OWT with a
monopile support structure

Rating 7.5 MW
Rotor orientation, configuration Upwind, 3 blades
Rotor diameter 203.3 m
Hub-height 1212 m
Cut-in, rated, cut-out wind speed 3,11,25 m/s
Rated rotor speed 9.5 rpm
Rated tip speed 80 m/s
Rotor mass 172,107 kg
Nacelle mass 268,532 kg
Supporting structure mass 924,928 kg
Mean sea level 20.0m
Tower top diameter, wall thickness 3.87,0.019 m
Tower base diameter, wall thickness 6.0,0.027 m
Substructure diameter, wall thickness 6.0, 0.06 m
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Figure 32. Schematic diagram of Zwind software
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Integrated dynamic analyses and fatigue life
prediction of the Taizhou No.l wind turbine are
conducted with Zwind software considering the load
cases as summarized in Table 7. Each simulation lasts
for 700 s (with the first 100s responses removed) and
results of 10 seeds are averaged to predict fatigue
damage. The rain-flow counting method is adopted to
evaluate damages of wind turbine monopiles. As a
typical response, the bending moment time histories at
the mudline are compared in Figure 34. It can be seen
that the bending moment extracted from the
idling/parked condition shows a smaller maximum
value, but more fluctuations compared to that in the
normal operation. All blades are pitch-featured in the
parked/idling condition, leading to the loss of
aerodynamic load and magnifying hydrodynamic load
due to the factor that aerodynamic damping vanished
under the idling condition (Valamanesh and Myers,
2014).

e
o

— Normal Operation

— Parked condition

i iR ik

0 100 200 30{} 400 500 600
£(s)
Figure 34. Variation of bending moment with time at mud-
line against operational scenario
The annual fatigue damage and its corresponding
fatigue life are compared to demonstrate the influence
of SSI model in Figure 35. It is found that the "p-y+M-
6" model would yield a safer and more economic
monopile scheme than the widely-used API p-y model
as the longer fatigue life is predicted, which leads to a
reduction of 5 m in monopile length at No.18 and
No.39 wind turbines at the Taizhou No.1 wind farm. It
also means much cost can be saved if all wind turbines
are designed using the "p-y+M-0" model instead of the
API p-y model.
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Figure 35. Fatigue damage prediction: (a) annual fatigue
at different wind speeds; (b) fatigue life predicted based on
different soil-pile interaction model

Table 7. Load cases for fatigue analysis

Load :gg;?j hWe?the f IYZ;‘;Z Proba;bili Operatiqnal

case V(m/s) Hs (m) Tp (s) ty £(%) scenario

LC1 2 1.07 6.03 6.071 Parked

LC2 4 1.1 5.88 8911

LC3 6 1.18 5.76 14.048

LC4 8 1.31 5.67 13.923

LCS 10 1.48 5.74 14.654

LC6 12 1.70 5.88 14.272

L7 14 1.91 6.07 8.381 Normal
operation

LC8 16 2.19 6.37 8.316

LC9 18 2.47 6.71 4.186

LCI10 20 2.76 6.99 3.480

LCI1 22 3.09 7.40 1.534

LC12 24 3.42 7.80 0.974

LC13 26 3.76 8.14 0.510

LC14 28 4.17 8.49 0.202

LC15 30 4.46 8.86 0.096 Parked

LC16 32 4.79 9.12 0.050

LC17 42 4.90 9.43 0.019

6 NOVEL TECHNIQUE FOR MONOPILE
INSTALLATION

6.1 Transition-piece-free Monopile

During the early phase of offshore wind farm
developments in Europe, limitations in construction
equipment and techniques made it difficult to control
the verticality of monopiles. As a result, monopile with
transition piece (Figure 36(a)) has been predominantly
adopted, where the transition piece was used to adjust
the verticality after the monopile was driven into the
seabed, ensuring compliance with the installation
requirements for wind turbines (<0.25°, approximately
4.3%0). Given the wide application of the monopile
with transition piece, several serious issues emerged in
the wind turbines structure after several years of
service. At the "China-UK Offshore Wind Case Study
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Conference" organized by the National Energy
Administration on March 18, 2014, UK offshore wind
experts reported that more than 600 out of over 900
transition piece monopiles in the UK had experienced
turbine tilting accidents due to fatigue failure of the
grouting at the transition piece. Despite the significant
time and effects invested, the risk of fatigue failure at
the transition piece remains. At the same conference,
the authors’ team (i.e., Jiangsu Longyuan Zhenhua
Marine Engineering Co., Ltd.) reported and
demonstrated China's successful development of
transition-piece-free  monopile  (Figure 36(b)),
marking a significant advancement in offshore wind
foundation technology in China.
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Figure 36. (a) Monopile with transition piece, (b)transition-
piece-free monopile

6.2 Equipment for controlling pile verticality

The transition-piece-free monopile foundation offers
lower costs and much higher installation efficiency.
This design was indeed initially applied in European
offshore wind farms, such as the Scroby Sands
Offshore Wind Farm in the UK in 2004, where 30
Vestas V80-2.0MW turbines were installed using
transition-piece-free monopile foundations. However,
due to immature construction equipment and
techniques at the time, it was challenging to control the
verticality of the monopiles. As a result, transition-
piece-free monopile foundations were not used in
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European offshore wind farms for nearly a decade
following this project.

To address the challenge of controlling the
verticality of large-diameter, transition-piece-free
monopiles in deep soft soil, a double-layer hydraulic
monopile gripper with internal 100-ton servo-
controlled hydraulic actuators for tilting correction
was developed (Figure 37).

| 100-ton servo-controlled hydraulic actuators for tiltingcorrection

TR

-
double-deck

uncorrected Real-time correction

Verticality 8%o

European monolayer
uncorrected

Figure 37. Double-layer servo-controlled hydraulic mono-
pile gripper

This equipment was first applied in the 2011
Longyuan Rudong Intertidal 150 MW Demonstration
Wind Farm in Jiangsu, China, achieving verticality
control within 3%, for 17 transition-piece-free
monopile foundations. Subsequently, this technology
was widely adopted in China's offshore wind projects,
reducing the verticality deviation from the previous
exercise of 8%o to 2.75%o and improving construction
efficiency from the traditional 3 days per turbine to 1
day per turbine. This advancement has significantly
promoted the application of transition-piece-free
monopile foundations in China's offshore wind
projects, accounting for approximately 70% of
installations.

The successful application of transition-piece-free
monopile foundations in China has also influenced the
European offshore wind market in recent years. For
example, between 2014 and 2015, the Netherlands
adopted this technology in two offshore wind farms:
the Eneco Luchterduinen Offshore Wind Farm, which
installed 43 transition-piece-free ~ monopile
foundations for 3 MW turbines at water depths of 18—
22 meters, and the Westermeerwind Offshore Wind
Farm, which installed 48 transition-piece-free
monopile foundations for 3 MW turbines at water
depths of 3—7 meters.

7 CONCLUDING REMARKS

This keynote paper has reported recent contributions
made by the authors’ interdisciplinary team towards
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resolving the challenges facing OWT foundation
design and installation under such severe natural
conditions in China. These advanced foundation
design and installation technologies have been applied
to 76 wind farms across China’s four major sea areas,
contributing to an installed capacity of 18.3 GW
(approximately 60% of the national total), with the
supported offshore wind turbines safely enduring over
a hundred typhoons. Building on these advancements,
the paper is structured into five parts, each targeting a
critical aspect relevant to OWT foundation design and
installation.

Part I focuses on modelling of extreme sea state
under typhoon. The full typhoon track, zonation of
typhoon wind speeds, in the Southeastern coastal area
of China are obtained based on advanced numerical
modelling supplemented with long-term field
measurements. Part II reports behavior modelling of
marine soils. The in-situ behavior of marine soil,
including anisotropy, cyclic accumulation, rate- and
temperature-dependency, are described in a unified
way through new constitutive laws. Part III presents
research supporting safe yet economical design of
OWTs foundations in typhoon-prone area with soft
soil. Part IV reports the implementation of these SSI
models in the rigid—flexible multibody dynamics
framework, enabling the development of Zwind
software that renders coupled nonlinear aero-hydro-
servo-elastic simulation of OWTS. Part V outlines
novel techniques which greatly improve feasibility of
monopile installation in very soft seabed.

As the development of nearshore wind farms nears
completion, the focus is shifting to deep-water
offshore wind energy. However, the high costs
associated with deep-water projects remain a
significant barrier. Revolutionary innovations in
foundation types, such as hybrid fixed-floating
turbines that cancel reliance on mooring systems, may
provide a viable pathway to overcoming these
challenges. Interdisciplinary efforts in this regard can
significantly enhance the efficiency of deep-water
wind energy development.
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