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ABSTRACT: Offshore wind energy is essential for a low-carbon future and has expanded rapidly since the early 2000s.
As floating offshore wind turbines (FOWTs) near commercial viability, new technical challenges emerge, particularly in
developing cost-effective foundation and anchoring systems. Shared mooring presents a promising solution for scaling up
FOWT deployment while reducing costs and environmental impact. A major challenge lies in optimising foundation designs
to endure multidirectional cyclic loads from wind, waves, and currents over extended cycles. Despite recent advances in
understanding monopile cyclic behaviour, accurately modelling long-term, multidirectional cyclic loading in offshore
geotechnics remains complex. Key factors include capturing deformation accumulation with cycle numbers, stiffness
variations, and coupled loading effects, such as horizontal forces and moments. This paper introduces the Cyclic Loading
Analysis of Piles (CLAP) model, which simulates the long-term effects of cyclic loading using the HARM method (Abadie,
2015; Houlsby et al., 2017) while integrating the coupling framework of the REDWIN model (Page et al., 2018, 2019) to
permit modelling of multi-directional load sequences. This paper demonstrates the potential of the model through modelling
of a multidirectional cyclic fan load path, advancing simplified numerical modelling for practical design applications.

Keywords: Offshore wind foundations; floating wind; shared anchors, multi-directional cyclic loading; constitutive
modelling.

1 INTRODUCTION minimising capital expenditures (Lovera et al., 2025).
Modelling multidirectional cyclic loads on piles can
also enhance the design of monopiles, which are
susceptible to such loading conditions (Figure 1).
Research on shared foundations for floating wind
turbines and multidirectional cyclic loading on
monopiles is limited, with no established guidelines
. L . , ; for anchor pile design under such loads (Herduin,
lies in optimising foundation geometry while ensuring 51 9) “"Rydolph et al. (2014) initially demonstrated
resilience against strong, repeated multidirectional throuch trif tudies i d that ch .
gh centrifuge studies in sand that changes in

loads from wind, waves, and currents. . . . )
; . . . loading direction can greatly enhance displacement
For bottom-fixed and floating turbines (Figure 1), . .
accumulation, even at load levels typical of

accurately' rpode!lmg foun.datlon response 'to long- serviceability conditions. Richards (2019) continued
term multi-directional cyclic loads is essential, yet it the investigation through 1lg testing, showing
remains poorly unFlerstood and dlsr§qued n most ratcheting occurs in the direction of load bias. Lovera
offshore geotechnics software. This is especially et al. (2021) extended the p — y curves model for
critical for the gpcoming design .Of shareq anchoring multidirectional  loading, though experimental
S}{st(elmts (E'.g" Flgure 11).'[ Dep loylng ﬂl? atlgg offshpre validation remains scarce, and modelling of very large
WING turbines n - CIUSIErS USINg - shared Mooring cycle numbers can be computationally expensive with
systems aims to reduce the cost of floating offshore this type of method (Abadie et al, 2023). Recent
wind, but also increases the risk of cascading failures a dvan)g::ments improve numerical ar’l d expérimental

caused by higher multi-directional cyclic loads, insights into pile behaviour under multidirectional

Advancing the understanding and robust modelling .0 \[: 12 4¢ (c.0., Zabatta et al., 2024, 2025, Chaloub
of pile behaviour under multidirectional cyclic loads is et al, 2025), but without yet proposing a simple

essential  for optimising  design  strategies and analytical tool for design. This paper introduces a

Offshore wind energy plays a vital role in the transition
to a low-carbon energy system and has experienced
rapid growth over the past two decades. With the
expansion of floating offshore wind turbines
(FOWTs), the global potential for renewable energy
generation continues to rise. One of the key challenges
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Figure 1. Multi-directional loading on monopile foundations and possible layout of floating offshore wind turbines

(FOWTs) with shared anchor piles (© Christelle Abadie).

numerical approach called CLAP (Cyclic Loading
Analysis of Piles), which employs a macro-model to
simulate multidirectional cyclic loading on piles.

2 CLAP METHOD

2.1 Key Principles

Modelling the foundation's response to multi-
directional cyclic loading involves accounting for the
effects of repeated cyclic loads, such as deformation
accumulation and stiffness changes with cycle
number, while considering the coupling effects
between different loading directions and horizontal
and moment loads. Currently, no simple model
comprehensively addresses these aspects. However,
specialised models based on kinematic hardening
plasticity principles offer a solution.

The REDWIN model (REDucing cost in offshore
WINd by integrated structural and geotechnical
design, Page et al., 2018, 2019) addresses the coupling
effects between different loading directions. However,
the REDWIN model cannot yet capture the
accumulation of permanent deformation with large
numbers of cycles (ratcheting).

The HARM model (Houlsby-Abadie Ratcheting
Model, also called Hyperplastic Accelerated
Ratcheting Model, Abadie, 2015; Houlsby et al., 2017)
captures the effects of repeated cyclic loads. The
model can be accelerated to capture the response to
very large cycle numbers and can be used to predict
the lifetime response of a foundation using a 0-D or 1-
D model (Abadie et al., 2023), without accounting for
the multi-directionality of the loads and moment-load
coupling (Richards, 2019, Abadie, 2025).

The CLAP model (Cyclic Loading Analysis of
Piles) combines the HARM and REDWIN approaches
to simulate multidirectional cyclic lateral loading on
piles. The proposed model fully integrates horizontal

(Hx,Hy) and moment (Mx, My) loads. Given that
most piles are sufficiently long to allow horizontal and
vertical load decoupling, full coupling across all six
degrees of freedom has not been addressed here but
could be included in future developments (see for
instance Skau et al., 2018, which coupled five degrees
of freedom) to model the response of shallow
foundations (Ifeobu et al., 2025) or suction caissons
(Soriano-Camelo et al., 2024) to multi-directional
loading.

2.2 REDWIN

The REDWIN macro-element model, developed by
Page et al. (2018, 2019), simulates soil-structure
interaction for (mono)pile foundations at a macro-
level. REDWIN proposes full coupling of the four
lateral degrees of freedom (DOF), capturing stiffness
and damping under realistic multidirectional loads.

This is achieved through a multi-surface kinematic
hardening (MSKH) framework, which models the
interaction of multiple yield surfaces to capture the full
coupling of horizontal (Hx, Hy) and moment
(Mx,My) loads caused by lateral pile loading. The
approach accounts for the combined effects of multi-
axial stress states and plastic soil deformation under
multidirectional loads. By capturing nonlinear soil
behaviour, REDWIN effectively represents stiffness
and damping and has been validated against
experimental and finite element analysis (FEA) results
in PLAXIS 3D (e.g. Page et al., 2019). This enables
more accurate time-domain simulations and fatigue
predictions, while ensuring both precision and
computational efficiency in integrated geotechnical
and structural modeling (Bergua et al., 2021).

2.3 HARM

The HARM constitutive model is designed to simulate
the progressive accumulation of permanent plastic
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deformation under cyclic loading, known as
ratcheting, which is particularly relevant for offshore
wind turbine foundations. Built within the
thermodynamically consistent hyperplasticity
framework (Houlsby and Puzrin, 2006), HARM
permits accurate modelling of ratcheting while
ensuring integration within any pre-defined MSKH
model, such as REDWIN (Abadie, 2015; Houlsby et
al., 2017). The model can also capture the evolution of
stiffness and hysteretic damping with cycle number
through the implementation of a chosen modification
of the initial MSKH framework. An acceleration
scheme optimises computational efficiency.

HARM has been used both as a 0-D macro-element
and as part of a 1-D model (Abadie et al., 2023) and
could also be used within 3D FE constitutive models
(Abadie, 2015). HARM's macro-element-based soil
representation is calibrated against experimental
(Abadie et al., 2019) and field data (Abadie et al.,
2023) and has been used to predict the lifetime of a
typical offshore wind foundation (Abadie et al., 2023).

24 CLAP

2.4.1 Methodology

The CLAP (Cyclic Loading Analysis of Piles) model
is an advanced MSKH framework designed to
simulate the behaviour of offshore monopile
foundations under multidirectional cyclic loading.
Built on the Multi-Surface Kinematic Hardening
(MSKH) approach from REDWIN, it integrates the
HARM features to introduce ratcheting as an
additional unrecoverable strain derived from the yield
surfaces from REDWIN (see later Equation (1)).

The model provides a rate-independent
representation of foundation stiffness and damping
while efficiently capturing the nonlinear accumulation
of ratcheting strain under cyclic loading.

2.5 Implementation and calibration

The implementation of CLAP includes: (1) calibration
of the elastic stiffness, backbone curves and ratcheting
rate, (2) initialisation of system states, and (3) iterative
update of trial stresses and back-stresses using an
explicit algorithm with correction (documented in
Page et al., 2018, Section 3.1.7 as displacement-
controlled). To simulate load-controlled scenarios, a
Newton-Raphson solver is employed around the
displacement-controlled algorithm. The model also
incorporates sub-stepping to handle large increments.

The calibration of the elastic stiffness and
backbone curves in this paper follows the approach
outlined in Page et al. (2019). The calibrated case
selected for this paper corresponds to a 9 m diameter
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steel monopile, with thickness t =0.1125 m, embedded
L = 36 m in undrained normally consolidated
Fujinomori clay (Section 3.4.3 of Page et al., 2019).
However, the conclusions of this paper are
extrapolatable to other types of soil and pile
geometries and are explored for an anchor pile in sand
in Abadie (2025).

The elastic stiffness matrix is defined using five
coefficients:

» Three for lateral response: horizontal, rotational,
and their coupling.

= One for vertical response (infinitely large here).

= One for torsional response (infinitely large here).

The backbone curves, which can be obtained from
static pushover FEA, PISA calculations or
experiments, correspond to two critical load scenarios:
*  Pure moment Loading: To derive moment-rotation

(M/6) and moment-displacement (M/ vg) curves.
= Pure horizontal Loading: To derive load-

displacement (H/vg) and load-rotation (H/6)

curves.

The yield surface size and corresponding plastic
stiffness are derived based on the elastic stiffness and
backbone curves (see Page et al., 2018, Section 3.1.8).

In this paper, the ratcheting rate R,, is defined by
Equation (1), and amplified by the eccentricity for the
moment. Equation (1) is derived from the methods in
Abadie (2015), Abadie et al. (2019b), and Richards
(2019), permitting to capture accumulation of
permanent deformation as a function of load level and
cyclic history:

nen@(L(@F 1)) o

In the context of the calibrated model used here,
Ry = 1.3E4 denotes the initial ratcheting rate, and
m, = 2.2 and mg = 2.2 are empirical exponents.
These exponents govern the rate of accumulated
deformation with respect to the loading history (m,)
and the load level (mg). The ultimate stress level, ky,
is characterised as the stiffness value at the ultimate
capacity derived from the backbone curve. The
parameter 8 represents the accumulated ratcheting
strain, encapsulating the historical impact of cyclic
loading on the pile. The initial hardening strain, By, is
assigned an arbitrarily small value (here f, = 1E —

4). Theterma = / o2+ 0'3% signifies the magnitude of
the load radius in a two-dimensional context. The
. kn\ . . .
expression (k—”) is used to adjust the ratcheting rate for
U

each hardening surface.
REDWIN’s backbone curves remain unaffected by
ratcheting due to a trigger activated only during cyclic



3- Constitutive models and soil behaviour modelling | C.N. Abadie & A.M. Page

3 3
10 x 10 10 —X 10
8 8
z 6 Z 6
=4, 24,
2 2
0 0
0 5 10 0 2 1 6
H, [kN]  x10° wy [m] %1073
=3 3
x 10 10 X 10
0 8
= Z 6
24 Z
s o 4
2
2
0 0
0 2 4 6 0 2 4 6
Uy [m] *x1073 u, [m] %103
CLAP (This ISFOG 2025 paper) - - - - REDWIN (Page et al., 2019)

Figure 2. Results of CLAP model on square monotonic multi-directional load path from Page et al. (2019).

loading and deactivated when the load exceeds its
historical maximum. Thus, no correction of the
backbone curve is needed during cyclic loading
(Abadie et al., 2019b, 2023). However, this paper does
not aim for full model -calibration but rather
demonstrates its potential. Further validation and
calibration can be found in Abadie (2025).

3 VALIDATION AND RESULTS
EXAMPLE

3.1 Non-cyclic rectangular load path

Using the above calibration, an idealised square load
path is first considered to assess the foundation's multi-
directional behaviour. This path, previously simulated
on the same pile using REDWIN and an advanced 3D
FE model by Page et al. (2019), is used here to verify
the CLAP implementation. It highlights the force-
displacement relationship under pure, sequential
horizontal loads. Figure 2 compares CLAP results with
the original REDWIN model from Page et al. (2019),
showing a perfect match.

3.2 Uni-directional long-term 1-way cyclic
load path

The second verification step involves simulating a
unidirectional lateral cyclic loading path, defined by
(cycle number N x maximum cyclic loads Hy,qy)
within a horizontal load packet. The load sequence
used here is:
10,000 cycles — 0.25 X Hp

— 1,000 cycles — 0.5 X Hg

— 100cycles — 0.75 X Hp

- 1cycle — 1.0 X Hp
The capacity of the pile for a ground displacement of
0.1 x D is here equal to Hp = 7.7 MN. The horizontal
cyclic load is applied at an eccentricity of h, = 20 m
from ground level, inducing both a moment around the
y-axis M,, and horizontal loading H,.

The results obtained with the CLAP model are
presented in Figure 3 and can be compared to typical
responses of laterally loaded piles and those predicted
by the HARM model (e.g., Abadie, 2015; Abadie et
al., 2023). Figure 3 corresponds to a typical response
from a long-term laterally loaded pile, showing a
progressive accumulation of permanent deformation

Proceedings of the 5th ISFOG 2025



CLAP - Simplified Model for Multidirectional Cyclic Loading on Offshore Piles

with increasing cycles, and an increase in ratcheting
rate with load magnitude, consistent with published
findings (e.g., Leblanc et al., 2010, Abadie, 2015;
Abadie et al., 2019a), which REDWIN was not able to
produce. Unlike the original HARM model, CLAP
captures the coupled moment and horizontal load
response, retains the key ratcheting characteristics, and
efficiently captures cycle-by-cycle responses.

3.3 Cyclic Multi-directional fan load path

Finally, a fan-type loading is applied in the H, — H,
space on the pile at ground level. Here, the direction of
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the horizontal load changes over 20 cycles from zero
(centreline) to +60 degrees to zero to -60 degrees and
back to zero (Figure 4) and the maximum cyclic load
is the same as the second load packet in Section 3.2
(Hpmax = 0.5 X Hp). This fan pattern is repeated 5
times, generating 100 cycles total onto the pile. This
approach aligns with the multidirectional loading
methods of Rudolph et al. (2014) and Richards (2019),
although applied to a different pile in sand. The
ratcheting rate is here exaggerated and multiplied by
500 compared with the previous value of ratcheting R,
(and hence R;) defined in Section 2.5 and used in
Section 3.2 in order to amplify the effects of ratcheting
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on the multi-directional cyclic response. In particular,
this permits to distinguish each fan-cycle more
distinctly on the displacement rose response shown in
Figure 4. Improved calibration and direct validation is
explored in Abadie (2025).

Figure 4 demonstrates the CLAP model's ability to
capture the fully coupled long-term cyclic pile
response, facilitating comparisons with unidirectional
cyclic loading and further investigation of
multidirectional effects. The results align with
Rudolph et al. (2014) on multi-directional cyclic
loading amplifying pile deformation, particularly in
the direction of load bias—the initial principal loading
direction, as noted by Richards (2019). The results also
concur with published experimental work from
Zabatta et al. (2025) and Chalhoub et al. (2025) on a
different multi-directional cyclic loading path, and
used for further understanding and validation of the
CLAP model in Abadie (2025).

The results from Figure 4 cannot be used to
quantify the amount of ratcheting accumulated
compared to the unidirectional cyclic loading test, as
the calibration has not been rigorously benchmarked
against experimental data. However, this is further
explored in Abadie (2025), and the calibrated model
shows great potential for examining the effects of load
angles on cyclic loading ratcheting.

While further calibration and validation against
experimental data are needed, Figure 4 demonstrates
CLAP’s potential as a promising tool for simplified
modelling of complex multidirectional behaviour.

4 CONCLUSIONS

This paper highlights the key principles of a new
constitutive framework - called CLAP — aimed at
modelling multi-directional cyclic loading of shared
anchor piles in a simplified, yet computationally
efficient manner. The paper demonstrates the model’s
potential through validation of an existing monotonic
multi-directional load path and simulation of typical
cyclic loading on monopiles. It then illustrates the
model’s capability through an example multi-
directional cyclic fan load.

This new modelling framework offers potential for
efficiently and rapidly modelling pile response to long-
term multi-directional cyclic loading, and hence offers
the possibility for benchmarking a large calibration
space involving a range of load conditions, pile
geometries and soil types. Providing a rigorous
understanding of the calibration space, this could
permit deriving simple design rules for industrial
practice (Abadie, 2025). Additionally, the CLAP
model could be used to replace the soil-reaction curves

in simplified 1-D models, such as PISA (e.g. Burd et
al., 2020), offering coupling between the distributed
lateral load curves p —y and distributed moment-
rotation curves m — .

Overall, the CLAP model represents a significant
advancement in the simulation of offshore foundation
behaviour under cyclic loading, providing a powerful
tool for improving the reliability and efficiency of
offshore wind energy infrastructure.
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