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A B S T R A C T

The growth of floating offshore wind has prompted new attention on the behaviour of anchors, including the 
concept of anchor sharing among multiple mooring lines. A critical design interface is between the mooring line 
loads and the geotechnical design. Typically ten to a hundred design loading conditions must be rationalised into 
the critical contributions that govern the geotechnical response of the anchor.

This paper provides a framework to bridge between the mooring system analysis and the geotechnical design. 
Firstly, a methodology to translate a general time history of anchor loading into a characteristic ‘fingerprint’ is 
set out. This fingerprint has three components – (i) a ‘heatmap’ defining the normalised distribution of the cyclic 
loading across the three spherical dimensions of the resultant load, (ii) a vector of the relative cyclic frequency in 
these directions, and (iii) two scalar quantities required to unpack these normalised parameters to recover the 
original time series characteristics.

Secondly, measures of similarity are defined, that allow two fingerprints to be quantitatively compared. This 
provides a new measure to compare the idealised patterns of loading used in model testing, field testing or 
laboratory element tests with the more complex patterns that are found in real data of anchor loading or from 
numerical simulations of floating systems. The framework is illustrated by demonstrating the varying similarity 
evident between example mooring line loads and the common loading patterns applied in geotechnical testing.

In summary, this new framework allows anchor loading histories to be distilled into simple fingerprints and 
similarity measures, providing to tool to accelerate identification of critical design cases and allow more efficient 
idealisation for geotechnical modelling and design.

1. Introduction

1.1. Background and motivation

1.1.1. Anchor design for floating offshore wind
The growth of floating offshore wind to meet decarbonisation targets 

requires many thousands of marine anchors to be installed in the coming 
decades (Greaves et al., 2024; IRENA 2024). Supply chain constraints 
and the need to minimise material use and accelerate deployment mean 
that optimisation beyond current practice is required (Cerfontaine et al. 
2023; Gourvenec 2024).

The general configuration of the anchor loading scenario for floating 
offshore wind installations is illustrated in Fig. 1a. A key optimisation is 
the use of shared anchors, in which multiple mooring lines are attached 
to the same anchor (Goldschmidt and Muskulus 2015; Fontana et al. 
2016). Shared anchors are shown in Fig. 1a using the example of a 

hexagonal layout of anchors and floaters, such that each anchor is 
connected to three mooring lines at angles of 120◦ in plan. The use of 
shared anchors can reduce the number of anchors by up to 60 % 
(Fontana et al. 2016). Anchor sharing can also reduce the peak loads on 
the anchor relative to a single line case due to horizontal load compo
nents from different mooring line cancelling out. Numerical studies 
suggest this benefit could be a 30 % to 50 % reduction (Fontana et al., 
2018; Pillai et al., 2022). However, the resulting load may be inclined 
more steeply upwards, which is more onerous, as the vertical load 
components are summed. Despite potential reductions in the peak load, 
shared anchors come at the expense of more complex multi-directional 
loading compared to single anchors, which could be detrimental to its 
cyclic performance (Cerfontaine et al. 2024).

Mooring lines may be taut – as shown in Fig. 1a – or in the form of a 
catenary, with a grounded section prior to the anchor. In addition, the 
mooring lines may incorporate load reduction devices, which aim to 
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absorb peak loading events, leading to relief of extreme anchor loads 
(Festa et al. 2025).

The loading experienced by an anchor throughout the operating life 
is influenced by effects and events that range over many timescales 
(Fig. 2). These span from climate change-induced variations in the wind 
and wave conditions over the operating life of the facility (109 s) (e.g. 
Brown et al. 2019; Mosquera-Mosquera et al. 2020) through to short 
snatch loading events of around 100 s duration within a single cycle of 
wave loading (e.g. Hann et al. 2015; Lind et al. 2016). For a shared 
anchor, these loading events can lead to long term loading histories that 
are highly multi-directional, as well as cyclic (Fig. 1) (Pillai et al. 2022; 
Coughlan et al. 2025; Fontana et al. 2018). In design practice, these 
events are simplified into a set of Design Loading Cases (DLCs) based on 
international standards (IEC 2019; Lovera et al. 2025), which typically 
leads to between ten and a hundred load condition combinations that 
must be analysed.

The capacity of common anchor types under monotonic combined 
vertical and horizontal loading is well-established for drained or un
drained soil properties (Randolph and Gourvenec, 2011; Aubeny, 2017). 
The added complexity of cyclic loading, leading to degradation and rate 
effects on soil strength, is captured at the soil element level by 
cycle-counting S-N fatigue-type methods (e.g. Andersen 2015), which 
can also be applied to an anchor under unidirectional line loading (Kwa 
et al., 2023). However, future floating wind installations require anchor 
capacity to be assessed allowing for two additional challenges: (i) 
multi-directionality of loading and (ii) whole life geotechnical effects. 
Current design guidance recognises these challenges, acknowledging, 
for example, that the “more complex cyclic loading pattern for shared 
anchors shall be considered when assessing cyclic soil strength degra
dation and the anchor holding capacity” (DNV, 2021).

1.1.2. Impact of loading multi-directionality and whole life soil response
Multi-directionality adds complexity to the resulting geotechnical 

response. For example, experiments show that two-directional planar 
loading can lead to faster accumulation of displacement than one-way 
cycles to the same maximum load (e.g. Leblanc et al., 2010), and 
generalisation to three-dimensional loading adds further complexity to 
the response (Rashidi-Mehrabadi et al., 2025). Experiments show that 
load multi-directionality can lead to greater accumulation of deforma
tion compared to uni-directional loading with the same amplitude (e.g. 
Rudolph and Grabe 2013; Richards et al. 2020; Cerfontaine et al. 2024). 
Loading multi-directionality creates rotation of the principal stress di
rections in the ground, making this additional deformation consistent 
with element tests with principal stress rotation, which also reveal 
enhanced rates of strain accumulation, for both sand and clay (Miura 
et al. 1986; Mandolini et al. 2021; Cheng et al. 2023; Xiao et al. 2014). 
Meanwhile, multiple mooring lines attached to the same anchor cause 
the destabilising upwards vertical loads to be reinforced, even though 
combined horizontal loads may partly cancel (Fontana et al. 2018; 
Shimada et al., 2018).

Whole-life changes in soil strength can result from the operational 
cyclic loading followed by consolidation (Gourvenec 2020, 2022). These 
effects raise the stiffness and capacity of soft clays (Zhang et al. 2011; 
Zhou et al. 2020), and similar densification-related effects are observed 
in sand (Huang et al. 2020). Whole life effects can therefore provide a 
positive compensation for the detrimental influence of load 
multi-directionality.

To systematically address these two effects – multi-directionality and 
whole life strength changes – it is first necessary to quantify the anchor 
loading in a format suited to geotechnical analysis of capacity and soil 
strength over the operating life. Floating system analyses – which 
simulate the response of the floating unit and turbine under the actions 

Fig. 1. Floating wind turbine system schematic: (a) Side view of two floating turbines and a shared anchor. (b) plan view of a wind farm connected to shared anchors. 
(c) Description of the resultant load applied to the shared anchor in cylindrical coordinates.
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of wind and waves – are used to ensure that the system meets the 
required design criteria set out by relevant standards (e.g. DNV 2021) or 
by the turbine manufacturer. These simulations also produce time his
tories of mooring line load at the anchor points, which are then used for 
geotechnical anchor design (DNV 2017a, 2017b, 2017c; ISO 2025). 
Geotechnical simulations – in physical experiments or numerical models 
– are necessarily idealised compared to the real multi-directional time 
history of loading. However, these idealisations must retain the key 
characteristics of the loading history that govern the geotechnical 
response.

1.2. Objectives

The objective of this study is to meet the requirement set out above, 
of quantifying an anchor loading history in a compact format, capturing 
key aspects relevant to geotechnical analysis and in a form that is 
convenient for comparison with experiments or other time histories. 
This is achieved by defining (i) the characteristic ‘fingerprint’ of a real or 
idealised anchor load history and (ii) measures of similarity to compare 
different histories, such as real and idealised examples. This methodo
logical contribution provides a systematic approach to bridge from a 
floating system analysis (which generates a multi-directional anchor 
load time series for each design condition) to the idealised input for 
geotechnical analysis (either to perform design calculations, or to guide 
idealised physical or numerical simulations).

In Section 3 the anchor and mooring line system is defined, as well as 
the range of relevant timescales. In Section 4 typical time series data of 
anchor loading from a floating offshore wind system are introduced, for 
the interpretation set out in Section 5. This interpretation provides a 
general basis to convert an anchor loading history into a format suited to 
geotechnical analysis, capturing the aspects most critical to geotechnical 
behaviour. In Section 6 this same framework is used to illustrate the 
characteristics of typical idealised loading patterns that are used in 
geotechnical testing, to demonstrate how their consistency with realistic 
loading can be quantified. Measures to quantify the similarity between 
real and idealised load histories are described in Section 7.

1.3. Novelty and contribution relative to current practice

The key novelty contributed by the ‘fingerprint’ methodology of this 
study is the capability of quantifying in a compact way the multi- 
directionality of a loading time history, and to capture this in a format 
that allows rapid comparison of multiple loading cases. Conventional 
rainflow analysis of a single load time series neglects multi- 
directionality. Meanwhile, conventional damage accumulation 
methods – such as S-N curves – can be used to compare the impact of 
different load cases, but they require geotechnical parameters, whereas 
the fingerprint concept is based only on the loading history.

This ability to consolidate a series of loading histories into a set of 
simple fingerprints that can be efficiently compared addresses the 
challenge of analysis overload that is associated with floating system 
design. Current design procedures lead to a large number of design load 
cases (DLCs), and it is common practice to generate multiple time series 
load histories using different seeds for each DLC. It is impractical to 
conduct a geotechnical design analysis for all load histories from all 
DLCs. Instead, by clustering load cases and time histories using finger
prints, and analysing a representative selection, the relative severity and 

design criticality can be more efficiently determined.
This loading fingerprint concept is complementary to the geotech

nical practice of damage accumulation (or cyclic strength degradation) 
by S-N curves (which results, primarily, in a loading history being 
converted to an equivalent number, Neq, of the largest cycle (Andersen 
2015)). These accumulation procedures require defined geotechnical 
parameters (and an estimate of the foundation or anchor capacity), 
which are used to normalise and shape the S-N curves and therefore set 
the damage or Neq from a given load history. The fingerprint approach in 
this paper is based only on the loading history, not any specific 
geotechnical properties, so can be performed prior to the selection or 
definition of any geotechnical design parameters of anchor dimensions. 
As discussed at the end of the paper, experience gained from S-N ana
lyses of the fingerprint outputs may help identify which aspects of the 
fingerprint are most closely linked to the geotechnical performance. This 
could lead to improved definition of the fingerprints.

1.4. Applicability

The fingerprint methodology is applicable to all anchors – single or 
shared – since the loading is defined using a general formulation that 
allows full multi-directionality (i.e. the direction of the resultant load 
can vary throughout the half space above the horizontal seabed). Planar 
loading is a special case in which one of the loading angles (defined 
later) remains constant, and uni-directional loading is a further special 
case in which both loading angles remain constant. Loading on a single 
anchor is usually slightly multi-directional, because of vertical varia
tions in the loading direction if the mooring line is lifted from the seabed 
and vertical or lateral variations due to movement of the floating unit. 
However, loading on a single anchor can sometimes be idealised as uni- 
directional or planar, if one or both of these effects are negligible. 
Loading on a shared anchor is usually strongly multi-directional as the 
most heavily loaded mooring line changes during a seastate or between 
subsequent seastates (which may have different wind or wave 
directions).

2. Anchor, mooring system and loading period definitions

The geometry and notation of the loads on an anchor from the 
attached mooring lines is defined in Fig. 1c. The resultant of the applied 
tensions can be defined as a single force vector, using the geometry and 
notation in Fig. 3. The present analysis is concerned only with a 
connection point (padeye) located on the top of the anchor, at which all 
mooring lines are attached. The analysis could be extended for alter
native padeye positions, noting that moment actions are created if the 

Fig. 2. Time periods relevant to whole life anchor loading.

Fig. 3. Geometry and notation to define resultant force on anchor.
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load vectors from the mooring line do not pass through a single load 
reference point. While a top pad-eye is not commonly used due to the 
lower capacity compared to an embedded pad-eye (Randolph and 
Gourvenec 2011), it can be favoured from an integrity management 
perspective (Foglia et al. 2025).

The cartesian coordinate system, xyz, is centred at the anchor 
connection point (Fig. 3). It is convenient to align the x-axis in the 
horizontal direction of the initial configuration of the mooring line, for a 
non-shared anchor (but this choice does not affect the outcome). For a 
shared anchor, this could be the most heavily-loaded line.

The applied mooring line loads are converted to spherical co
ordinates, with the horizontal direction anti-clockwise from the x-axis 
defined as α and the vertical inclination upwards from horizontal being 
defined as β. The resultant force is F.

The time periods relevant to loading actions on a floating offshore 
wind turbine span from 10◦ to 109 s, from snatch loads to the entire 
operating life (Fig. 2). Floating system analyses are conducted for each 
Design Load Case (DLC), which involves a single seastate – defined as a 
stationary set of metocean conditions, typically lasting for 3 h. Within 
that simulation, all of the shorter period actions (<104 s) are found, 
down to the brief snatch loads, if applicable. The longer period effects – 
such as seasonality, or the variation between storm directions – are 
considered in structural fatigue analyses that accumulate the effects of 
many different DLCs, seastates and storm events, which comprise a 
whole life of loading (e.g. Liao et al. 2022). The recognition that loading 
history can affect soil properties means similar analyses that accumulate 
the effects of many DLCs and sea states are also emerging for the fatigue 
of monopiles (e.g. Schafhirt et al. 2016; Ma et al. 2024) and changes in 
the stiffness and capacity of foundations and anchors (Gourvenec 2020; 
Lai et al. 2020; Kwa et al., 2023).

3. Example floating system analyses

Two time histories of anchor loading derived from a time domain 
simulation of a floating wind turbine in a typical design seastate (i.e. of 
duration ~104 s) are used as exemplars to illustrate the interpretation 
framework that simplifies the loading into the critical characteristics 
relevant to geotechnical analysis. Both time histories are from the study 

of Coughlan et al. (2025), based on the Volturn steel semi-submersible 
supporting a NREL 15 MW wind turbine, moored via a taut line sys
tem (Coughlan et al., 2025; Allen et al. 2020). This case study was 
selected due to being very recent and well-documented, with 
publicly-available mooring loads, and using a wind turbine and platform 
that match current commercial sizes. Two histories are used: (i) an an
chor with a single mooring line attached and (ii) a shared anchor with 
three mooring lines attached, each from different floating units 
(Coughlan 2025).

The platform is located in 850 m water depth – to represent typical 
US West Coast conditions – with a taut mooring system of three lines 
comprised of steel wire and chain. The simulations, using the OpenFAST 
3.3.0 software (Coughlan et al. 2025; Jonkman and Sprague, 2026), 
subjected the platform to a seastate represented by the JONSWAP 
spectrum. In this paper, we use the loading time history for design load 
case DLC6.1, when the turbine is parked. This has a significant wave 
height Hs = 10.8 m and peak period, Tp = 15.1 s concurrent with a 
mean wind speed of 36.5 m/s and a surface current equal to 1.49 m/s. A 
fixed pin located 1155 m radially from the platform centre represented 
the anchor point, resulting in a mooring line angle of β = 36 degrees.

The resulting time histories are shown in Fig. 4, in terms of the 
resultant cartesian forces applied at the anchor load reference point, 

(
Fx,

Fy, Fz
)
. The x-axis is aligned with the direction of the mooring line for 

the single line case, and in the direction of the windward mooring line, 
which is the most heavily loaded, for the shared anchor case. 
Throughout the time history, Fz

Fx
≈ 0.75 due to the mooring line incli

nation, and Fy ≈ 0 due to the floter movement being negligible, so the 
mooring line remains perpendicular to the y-axis.

4. Interpretation of mooring loads for geotechnical analysis

4.1. Introduction

A general multi-directional mooring time history, as shown in Fig. 3, 
can be systematically characterized for geotechnical analysis purposes 
via the following quantities, which are explained in sequence: 

Fig. 4. Time histories of resultant mooring line loading in cartesian reference frame (a -b) Anchor with single mooring line, (c-d) Shared anchor.
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(a) Mooring line loads are firstly synthesized into spherical loading 
parameters – which captures the overall load on the anchor, F, 
and uses the angle β to distinguish between load components that 
mobilise axial resistance and lateral resistance at the anchor, 
acknowledging that these geotechnical responses are different 
and often treated separately (Section 5.2).

(b) Temporal distributions are generated to quantify the weighted 
range of the loading parameters, F, α and β, indicating the 
loading domain space occupied by the loading history (Section 
5.3).

(c) Rainflow cycle counting is used to identify, for each loading 
parameter, the distribution of the mean and cyclic amplitude of 
the cycles, and the relative number of cycles of each loading 
parameter (Section 5.4).

(d) The frequency spectrum of each loading parameter is also 
generated (Section 5.5).

All of these characteristics have a role in identifying, in a simple way, 
the ‘fingerprint’ of a loading time history relevant to geotechnical 
analysis. Together, the characteristics allow the similarity between 
idealized and actual loading histories to be quantified, as shown later.

4.2. Definition of spherical loading parameters

A spherical coordinate system, centred at the anchor load reference 
point, captures directly the changing direction and resultant load, F, on 
the anchor, which are not evident in individual cartesian coordinates. 
The spherical load parameters are: 

F =

⎛

⎝
F
α
β

⎞

⎠ =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

(
F2

x + F2
y + F2

z

)1/2

atan
(

Fy

Fx

)

atan

⎛

⎝ Fz
(

F2
x + F2

y

)1/2

⎞

⎠

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

where F is the resultant force from the mooring line(s), α is the direction 

of F in the horizontal plane, measured anticlockwise from the reference 
direction, α = 0 and β is the upward inclination of F from the horizontal 
plane (Fig. 1c).

The components of F can be normalized between zero and unity 
using the maximum resultant load in the time series, Fmax, and the 
maximum possible ranges of each angle, which are αmax = π and βmax =

π/2. However, it can be preferable to display the angles without 
normalization, which remain dimensionless and have clear physical 
meaning. The α = 0∘ axis is parallel to Fx, which is aligned with the 
single mooring line, or the most heavily-loaded line for the shared an
chor. For arbitrary time histories, or a situation where the most heavily- 
loaded line is unknown or varying between sea states, the α = 0∘ axis can 
be defined as the average horizontal direction of the resultant force, such 
that the time-averaged angle α = 0∘.

The time series shown in Fig. 4 are illustrated using spherical pa
rameters in Fig. 5.

Key characteristics of the single mooring line case that are evident in 
Fig. 5 are (i) a mean resultant anchor load, F, that is approximately 30 % 
of the peak value, (ii) a consistent inclination of loading, at β ∼ 36∘ (iii) 
superposed cyclic components with periods that represent wave action 
(~10 s) and the natural period of the platform-mooring system (~150 s). 
For the shared anchor with three mooring lines, key features are (i) a 
higher vertical inclination of the resultant load (higher β)compared to 
the single line case due to reinforcement of the upwards components 
from multiple mooring lines (while the horizontal components partially 
cancel out), and (ii) high variations in the loading direction in the ver
tical (β) and horizontal planes (α), reflecting the alternating influence of 
tension in different mooring lines.

4.3. Time distributions of loading parameters: temporal heatmaps

To summarise the distribution through time of the loading parame
ters, each parameter is presented as a single distribution (Fig. 6a-c), and 
as bi-variate distributions (‘heatmaps’) (Fig. 6d-h) that show pairs of 
parameters. These illustrate the range of each parameter – with a log 
scale used to highlight extreme tails (low: Fig. 6b, high: Fig. 6c) – and 
how they correlate with each other.

Bi-variate distributions using the spherical parameters are shown in 

Fig. 5. Time histories of loading in spherical load parameters (a -b) Anchor with single mooring line, (c-d) Shared anchor.
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Fig. 6d-e. These illustrate that the maximum resultant force coincides 
with an orientation of = 0, 2β

π = 0.43(β= 38.7∘) . A lower resultant force 
is applied at the adjacent range of α (Fig. 6e). The angle β varies only 
slightly below the orientation of peak force, but varies widely across 
higher values, up to 2β

π = 0.6 (β= 54∘) (Fig. 6d). Other bi-variate dis
tributions, based on the cartesian parameters, provide a useful 

representation of the loading history in planes that are parallel and 
perpendicular to the α = 0∘ axis and in plan (Fig. 6f-h).

These type of loading heatmaps provide an efficient way to visualize 
the effect of metocean and mooring system parameters on the temporal 
distribution of anchor load. However, they do not indicate the number 
and nature (i.e. the mean and cyclic amplitude) of the loading cycles, 
which are critical to the geotechnical response, since they drive pore 

Fig. 6. Distributions of loading parameters for shared anchor case: (a-c): Univariate ranges of F, α and β; (a) Distributions, (b) Cumulative distributions (CDFs) 
showing low tail, (c) (1- CDFs) showing high tail, (d)-(f) Bivariate ranges; (d) angular range (α, β) parallel to x-axis (primary mooring line), (e) ‘plan’ view in 
spherical coordinates, (R,α), (f) cartesian (x,y) plan view, (g) cartesian (x,z) perpendicular to x-axis (primary mooring line) and (h) cartesian (y,z) parallel to x-axis 
(primary mooring line).

Fig. 7. Cyclic loading distributions, ψ, for shared anchor case (second plot shows inset zone indicated on first plot): (a,d) Resultant force, ψF , (b,e) Horizontal angle, 
ψα, (c,f) Vertical angle, ψβ.
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pressure generation or densification. Geotechnical analyses of soil soft
ening or densification use accumulation routines based on these cyclic 
parameters (e.g. Andersen 2015), rather than on the temporal variation 
of load level.

4.4. Cycle counting of loading parameters: cyclic heatmaps

To capture this cyclic information, a rainflow counting procedure 
(ASTM 2017) is applied to each of the spherical parameters of F, 
resulting in a population of cycles, each with a mean (Fav,αav or βav) and 

a half-amplitude 
(

Fcy,αcy or βcy

)
that can be normalized by the ranges, 

(Fmax, π, π /2) to give dimensionless values, e.g. μF = Fav/Fmax and δF =

Fcy/Fmax. These populations of cyclic means and amplitudes are collated 
into cyclic heatmaps defined as the normalized cyclic distribution 
functions (denoted ψF(μF, δF), ψα(μα, δα) and ψβ

(
μβ, δβ

)
) (Fig. 7). These 

distributions show how the cycle population is distributed across the 
range of mean and cyclic amplitudes, in a form that is independent of the 
overall length of the input time history.

It is usual in geotechnical analysis for the static or monotonic ca
pacity (e.g. Fult) to be used for normalization of these axes of Fig. 7, but 
these heatmaps relate only to the loading and are independent of any 
anchor characteristics. The ψF heatmap would become a stability dia
gram for a specific anchor of capacity Fult if each axis was scaled down by 
the relevant combined partial factors, i.e. Fult

Fmax
= γrγa using partial factors 

on geotechnical resistance, γr and total load, γa.
To complete the cycle counting interpretation it is necessary to 

quantify the different mean frequencies of the cycles of each loading 
parameter. Each cyclic parameter heatmap (Fig. 7) is normalized to a 
volume of unity, but the underlying loading time series will not in 
general feature the same number of cycles of each parameter in F= (F,α,
β). The relative cyclic frequency of the three components, ω =

(
ωF , ωα,

ωβ
)

is simply the relative number of cycles of each component, scaled to 
unity for the most frequent component. This vector can be illustrated by 
a spider diagram (Fig. 8a) and similar plots can be produced for the 
cartesian axes (Fig. 8b). These diagrams indicate the relative number of 
cycles in each component of F within the time history.

By sampling the cyclic distributions (ψF, ψα, ψβ) in ratios corre
sponding to their relative frequency, ω, loading histories can be gener
ated with the same cyclic content as the original time series, for 
geotechnical cyclic accumulation analysis. To fully recover the cyclic 
content of the original time series, the required total number of cycles 
must be defined. This information is defined by the rate that cycles 
occur, adopting the most frequent component, fp (defined as the total 
number of cycles from the rainflow analysis, divided by the period of the 
time series). The relative frequency vector, ω allows fp to be scaled to the 
other components.

For the shared anchor time history the two scalar parameters that 
complete the analysis were Fmax = 4.26 MN and fp = 0.11 Hz (which 

corresponds to the parameter α).
The final form of presenting the cyclic content of the loading history 

is via bi-variate heatmaps that classify the cyclic nature of individual 
cycles across all three parameters in F. These maps cannot be generated 
from the data in Fig. 7, because the individual cycles of each parameter 
occur over different intervals of time. Instead, the bi-variate nature of 
the cycles must be determined from a rainflow analysis on one specific 
loading parameter, which is chosen as F. From this F-rainflow analysis, 
the mean and range of α and β in each cycle of F are extracted, and used 
to form bi-variate distributions that illustrate the variation in all three 
spherical loading parameters during the cycles of F (Fig. 9). These dis
tributions of mean values (Fig. 9a-c) show that there is a dominant zone 
of μF , μα and μβ that represents a large proportion of the cycles. In 
contrast, the half-amplitude ranges δF , δα and δβ are more widely 
distributed, and include an isolated population of very small values.

Since these distributions are from the F-rainflow analysis, the α and β 
ranges in a cycle are not between maxima or minima, and the start and 
end points will not generally be the same force vector. To illustrate this, 
six individual cycles from the F-rainflow analysis are shown in Fig. 10. 
The cycles are shown in Cartesian plan and vertical plane projections 

(where Fh =
(
F2

x + F2
z
)1/2) in Fig. 10a-b. This format reveals the complex 

nature of these cycles, which are three-dimensional open loops. The 
shapes can be linked to the different frequencies of the three spherical 
components, which are shown as time histories in Fig. 10c-e. As an F- 
rainflow analysis, each cycle extends between maxima or minima of F. 
However, the angles typically have slightly higher frequency on average 
(as captured in Fig. 8a) causing the force vector to rotate about the load 
origin during each cycle. Some F-cycles are accompanied by a net drift in 
α or β, and vice versa, due to the range of frequencies present.

4.5. Frequency spectra of loading parameters

The final interpretation of the time histories is a simple frequency 
analysis on each parameter of F. The Fourier power spectra of each 
parameter are shown in Fig. 11. For the single mooring line case, this 
shows clearly the two dominant frequency ranges at the wave period 
and the natural period of the mooring system. However, this information 
is less relevant to geotechnical testing and analysis compared to the 
cycle counting of Section 5.4. This is because the primary influence of 
loading rate is to determine whether undrained or drained conditions 
are required. These are typically bounded by rates defined to the order of 
magnitude due to uncertainty in the coefficient of consolidation that 
controls drainage rate (e.g. Finnie and Randolph 1994), rather than 
being contingent on the narrow range of frequencies evident in Fig. 11.

The geotechnical response in undrained conditions is weakly influ
enced by viscous rate effects, which typically increase the resistance by 
10 % per log cycle of strain rate (e.g. Sheahan et al. 1996; Biscontin and 
Pestana 2001), and also by inertial forces resulting from mass acceler
ations (e.g. Kwa et al., 2021). However, these effects usually have only a 

Fig. 8. Relative cyclic frequencies: (a) spherical parameters, (b) cartesian parameters.
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secondary influence on the geotechnical response, so the frequency 
spectrum is not an essential characteristic of the loading history for 
geotechnical analysis.

4.6. Summary

To summarise, a general anchor loading time history of any duration 
– such as the examples shown in Fig. 4– can be summarised via the 
normalised heatmaps and distributions of Fig. 6 to Fig. 11. For 
geotechnical analysis purposes, Fig. 7 and Fig. 8 alone (plus the scalars 

Fmax and fp) provide a ‘fingerprint’ that contains all the information 
relevant to geotechnical analysis, namely the number and nature (mean 
value and amplitude) of all cycles during a given time period, defined in 
each of the spherical coordinates. The only information lost in this 
format is the correlation between cyclic parameters in each spherical 
dimension, which influences the ‘shape’ of individual cycles. This in
formation is contained in the F-rainflow bi-variate heatmaps (Fig. 9).

By sampling from the cyclic distributions of Fig. 7 and Fig. 8 the 
random realisations of the loading parameter distributions can be 
generated (Fig. 6), and shown in either spherical or cartesian 

Fig. 9. Bi-variate distributions of cyclic parameters (based on F-rainflow) (a)-(c) Pairs of average value, (Fav,αav, βav); (d)-(f) Pairs of cyclic amplitude, (Fcy ,αcy,βcy).

Fig. 10. Examples cycles for shared anchor case (from F-rainflow analysis): (a) Cartesian plan view, (b) Cartesian vertical plane projection, (c)-(e) Time variation of 
spherical parameters, (F, α, β).
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coordinates (with the latter assisting in visualisation of the loading 
patterns).

Compared to the heatmaps from the cycle-counting, the actual fre
quency spectrum of the loading (Fig. 11) is usually of secondary 
importance in the geotechnical analysis. However, this can be relevant 
in circumstances where viscous rate effects or inertial effects influence 
the geotechnical response, or if drainage and consolidation occur during 
the cycles of loading.

5. Idealised loading paths used in geotechnical testing

The interpretation framework set out above can be applied to the 
idealised load paths used in geotechnical testing, as well as to loading 
histories from floating system simulations. The following analysis pro
vides an overview of several such idealised load paths and shows how 
the framework captures their differing characteristics.

Some examples of single idealised cycles are shown in Fig. 12, 
simplified to only the F − α horizontal plane. Two closed loops are 
shown, defined as an ellipse (marked (1)) or straight line (4) in Cartesian 
plan coordinates (Fig. 12a). These are formed by a single cycle of α and a 
single (ellipse) or double (line) cycle of F. In contrast, if the frequencies 

of F and α differ, such that a single cycle of one is accompanied by a 
monotonic drift of the other, then open loop ‘Z’ (2) and ‘tooth’ (3) cycles 
are formed (Fig. 12). These examples illustrate how idealised cycles can 
be tailored via the relative frequencies of the spherical components to 
mimic the types of open loop cycles seen in the shared anchor time series 
(Fig. 10).

Five idealised load paths are summarised in Table 1 and illustrated in 
Fig. 13, all of which have been used in previous studies, although not 
necessarily to represent single-line or shared anchor responses. In some 
cases the paths were intended to represent the loading on a fixed 
structure or were defined to suit calibration of a predictive model. The 
interpretation framework has been applied to these idealised load paths 
to define the ‘fingerprint’ given by the cyclic distribution functions, ψ , in 
spherical parameters as well as the relative cyclic frequencies, ω 
(Fig. 14). For simplicity, all the idealised paths are multi-directional but 
only in the horizontal plane (i.e. β = 0 throughout).

6. Load history similarity analysis

The interpretation framework summarized by Fig. 7 and Fig. 8 is 

Fig. 11. Frequency distribution of spherical parameters.

Fig. 12. Examples idealised cycles shown in (a) cartesian and (b-d) spherical coordinates: (1): Closed ellipse in cartesian plan; (2) Open Z in Cartesian plan: F- 
sinusoid with slow α drift, (3) Open tooth in Cartesian plan: α-triangle wave with F drift, (4) Closed line/T-shape in Cartesian plan.

Table 1 
Idealised multi-directional load paths used in geotechnical testing.

Name Notes and references

T-shaped (Fig. 12a) A constant load offset with a perpendicular cyclic component 
(can be considered as a degenerate ellipse, with zero minor 
axis). Used in field tests (e.g. McAdam et al. 2024), physical 
modelling (e.g. Richards et al. 2020) and numerical 
simulations (e.g. Levy et al. 2009).

Offset spiral (
Fig. 12b)

A non-offset spiral, used in experiments as a challenge for 
modelling rather than to represent realistic loading (Richards 
2019). The offset spiral used here is shown later to be a 
promising representation of realistic loading.

Fan (Fig. 12c) Represents conventional one-way cyclic loading, but with 
slowly-varying direction α. Used in model testing (e.g. 
Rudolph and Grabe 2013, Richards et al. 2020).

Shell (Fig. 12d) Covers same loading domain as the fan, but with the path of 
the resultant load rotated by 90 degrees, and the relative 
frequencies of α and F reversed.

Random ellipses (
Fig. 12e)

Ellipses with varying centre and major and minor axes, 
spanning a similar load region as the fan and shell examples
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useful for quantifying the similarity between actual and idealised load 
histories. The load history information is contained within the cyclic 
distribution functions, ψ , and the relative cyclic frequencies, ω. A simple 
measure of the similarity between two load histories can therefore be 
derived from the scalar sum of the difference in ψ of the two load his
tories, and the squared sum of the differences in relative cyclic fre
quencies. These similarity measures, between two load histories denoted 
I and II, are therefore given by: 

Sψ =

⎡

⎣
Sψ ,F
Sψ ,α
Sψ ,β

⎤

⎦ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 −
1
2
∑

δF

∑

μF

⃒
⃒ψF,I − ψF,II

⃒
⃒

1 −
1
2
∑

δα

∑

μα

⃒
⃒ψα,I − ψα,II

⃒
⃒

1 −
1
2
∑

δβ

∑

μβ

⃒
⃒ψβ,I − ψβ,II

⃒
⃒

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(1) 

which can be simplified to a single scalar as 

Fig. 13. Example idealised loading histories: (a) T-shape, (b) Offset spiral, (c) Fan, (d) Shell, (e) Random ellipses.

Fig. 14. ‘Fingerprint’ interpretation of idealised loading histories (a) T-shape, (b) Offset spiral, (c) Fan, (d) Shell, (e) Random ellipses.
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Ŝψ = Sψ ,F × Sψ ,α × Sψ ,β (2) 

and 

Sω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

(
ωI,i − ωII,i

)2

√

(3) 

where the summation is over the n spherical components, ωF , ωα and ωβ.
The components of Sψ and the scalar Ŝψ equal unity for exactly 

matching cyclic load histories and are zero if the cycles are entirely 
uncorrelated (i.e. they occupy separate zones of the cyclic heatmap, 
Fig. 7). Similarly, the scalar measure Sω is zero if the cycles are wholly 
within different spherical parameters, and unity if the relative fre
quencies are identical.

These similarity measures are defined independent of any underlying 
geotechnical response. However, depending on the expected geotech
nical response, there may be particular ranges or components of ψ and ω 
that have a greater influence than others on the strength, stiffness or 
accumulated displacement of the anchor. Where these influences are 
recognized, then a suitable weighting could be applied to the quantities 
used in the similarity measures.

To illustrate the comparison process, the similarity measures given 
by Eqs. (2) and 3 have been quantified for each idealised load path 
compared to the shared anchor time history (Fig. 15 and Table 2). High 
similarity is not expected for all the idealised paths, and the similarity 
measures show a wide range among the different cases. This demon
strates that the measures distinguish between the different ‘fingerprints’ 
of each loading history. In particular, the measures Ŝψ and Sω are able to 
distinguish between aspects of the loading history beyond solely the 
temporal variation in load. For example, while the fan and shell cases 
have identical load heatmaps, their cyclic patterns are very different, 
due to the switching of the relative frequencies of F and α. This changes 
Sω as well as altering the cyclic heatmaps, which influence Ŝψ .

The idealized load paths that show best similarity with the shared 
anchor loading history are the offset spiral and the random ellipses, as 
shown by the similarity values being closer to zero in Fig. 15. These 
cases are distinct from the shell, fan and T-shaped cases in having a 
wider distribution of cyclic parameters and a closer match between the 
relative frequencies of each spherical parameter. These two features 
cause the function ψ and the vector ω of those two idealized patterns 
(shown on Fig. 14) to overlap with the same for the shared anchor 
(Fig. 7, Fig. 8a).

These results show that these simple scalar similarity measures 
provide a general quantitative basis for comparing two load histories, 
whether idealised or from floating system simulations. The framework 
therefore provides a valuable basis to support the development of 

improved load paths for geotechnical testing that are representative of 
real conditions. It also provides a simple quantitative measure of how 
the soil response explored in idealised tests might be relevant to the soil 
response in other loading situations.

This ‘fingerprint’ concept is a new methodological approach so has 
not yet been applied to a wide range of loading time histories, which is a 
limitation.A next step is to apply this method to the full range of loading 
histories that are typically generated for the full set of design load cases 
and seastates for a wind farm project. This experience will help to 
validate this new approach as a method to filter, compare and cluster a 
large set of loading histories, and identify those that are critical to the 
geotechnical anchor design. Similarly, the fingerprint approach can be 
applied to a suite of laboratory-scale anchor tests, in which different 
loading histories are applied and differing severities of geotechnical 
response are observed (e.g. accumulated displacement, or degradation 
of capacity). By investigating the level of correlation between the 
fingerprint parameters and the geotechnical responses, the new meth
odology could be validated and developed further.

7. Conclusions

This paper provides a new interpretation of general multi-directional 
time-varying anchor loading that captures the key aspects needed to 
bridge to geotechnical design. These key aspects, which define a 
‘fingerprint’ of the loading history, are: 

1. A normalised distribution, ψ, (‘heatmap’) of cycles in a spherical 
coordinate system, of the form used in geotechnical S-N ‘fatigue’ 
analysis, identifying the distribution of the means and amplitudes of 
all cycles.

2. A vector of the relative number of cycles of each spherical parameter, 
ω, to distinguish between different forms of cyclic loading that 
encompass the same loading space but through different cyclic 
patterns.

3. Scalar quantities that define the maximum load, Fmax, and the overall 
cyclic frequency, fp of the primary component of ψ.

Secondary aspects that support visualisation of the loading are: 

1. The temporal distribution of the anchor load, expressed in spherical 
parameters, to illustrate the loading space encompassed.

2. The frequency distribution of each spherical parameter, if geotech
nical rate effects are relevant.

All these features normalise such that time histories of different 
length and different maximum amplitude can be compared in a consis
tent manner. This allows comparisons between scaled model tests, 
reduced scale field tests and simulations of (or data from) full-scale 
systems.

Measures of similarity have been defined, based on the difference 
between the normalised features of a pair of time histories. This provides 
a new quantitative measure to compare the idealised patterns of loading 
used in model testing, field testing or laboratory element tests with the 
more complex patterns that are found in real data of anchor loading or 

Fig. 15. Similarity scores of idealised loading histories compared to shared 
anchor example.

Table 2 
Similarity measures between example case of shared anchor loading and ide
alised load paths (Fig. 12).

Name Similarity measure

Relative frequency index, Sω Cyclic distribution index, Ŝψ

T-shape 0.361 0.709
Offset spiral 0.165 0.163
Fan 0.669 0.687
Shell 0.619 0.709
Random ellipses 0.089 0.103
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from numerical simulations of floating systems.
This new framework allows the wide range of anchor loading his

tories relevant to a floating wind system – including 10–100 load cases 
typically considered in design – to be distilled into simple measures 
(‘fingerprints’). This provides a new approach that could allow more 
rapid identification of critical cases and more efficient and accurate 
idealisation for geotechnical modelling and design.

To quantify the usefulness of this framework, and gain confidence in 
its applicability, future steps include (i) applying the method to compare 
and cluster the design loading cases and loading histories in a project 
design, to assess whether this gives an efficient basis to identify critical 
load cases, and (ii) applying the method to compare responses in a 
laboratory-scale parametric study of anchor behaviour involving a range 
of loading histories with varying fingerprints, to assess whether the 
critical geotechnical responses correlate with particular fingerprint 
features.
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lateral loading in sand. Géotechnique 70 (10), 916–930.

Richards, I.A., 2019. Monopile Foundations Under Complex Cyclic Lateral Loading. 
University of Oxford. PhD Thesis. 

Rudolph, C., Grabe, J., 2013. Untersuchungen zu zyklisch horizontal belasteten Pfählen 
bei veränderlicher Lastrichtung. Geotechnik 36 (2), 90–95.

Schafhirt, S., Page, A., Eiksund, G.R., Muskulus, M., 2016. Influence of soil parameters on 
the fatigue lifetime of offshore wind turbines with monopile support structure. 
Energy Procedia 94, 347–356.

Sheahan, T.C., Ladd, C.C., Germaine, J.T., 1996. Rate-dependent undrained shear 
behavior of saturated clay. J. Geotech. Eng., ASCE 122 (2), 99–108.

Shimada, K., Shiroeda, T., Hotta, H., van Phuc, P., Kida, T., 2018. An empirical design 
formula of a shared pile anchor for a floating offshore wind turbine. In: Grand 
Renewable Energy 2018 Proceedings, 2018. https://doi.org/10.24752/gre.1.0_159.

Xiao, J., Juang, C.H., Wei, K., Xu, S., 2014. Effects of principal stress rotation on the 
cumulative deformation of normally consolidated soft clay under subway traffic 
loading. J. Geotech. Geoenviron. Eng. 140 (4), 04013046.

Zhang, C., White, D.J., Randolph, M.F., 2011. Centrifuge modelling of the cyclic lateral 
response of a rigid pile in soft clay. ASCE J. Geotech. Geoenviron. Engineering 137 
(7), 717–729.

Zhou, Z., O’Loughlin, C.D., White, D.J., Stanier, S.A., 2020. Improvements in plate 
anchor capacity due to cyclic and maintained loads combined with consolidation. 
Geotechnique 70 (5), 448–467.

D.J. White et al.                                                                                                                                                                                                                                 Applied Ocean Research 168 (2026) 104980 

13 

https://doi.org/10.1002/nag.775
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0034
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0034
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0034
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0035
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0035
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0035
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0036
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0036
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0037
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0037
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0037
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0038
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0038
https://doi.org/10.1680/jgeot.23.00484
https://doi.org/10.1680/jgeot.23.00484
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0040
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0040
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0041
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0041
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0041
https://doi.org/10.1016/j.oceaneng.2022.111816
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0043
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0044
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0044
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0044
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0044
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0046
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0046
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0045
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0045
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0047
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0047
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0048
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0048
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0048
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0049
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0049
https://doi.org/10.24752/gre.1.0_159
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0051
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0051
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0051
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0052
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0052
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0052
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0053
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0053
http://refhub.elsevier.com/S0141-1187(26)00063-5/sbref0053

	Definitions and characteristics of loading patterns on single and shared marine anchors for floating offshore wind turbines
	1 Introduction
	1.1 Background and motivation
	1.1.1 Anchor design for floating offshore wind
	1.1.2 Impact of loading multi-directionality and whole life soil response

	1.2 Objectives
	1.3 Novelty and contribution relative to current practice
	1.4 Applicability

	2 Anchor, mooring system and loading period definitions
	3 Example floating system analyses
	4 Interpretation of mooring loads for geotechnical analysis
	4.1 Introduction
	4.2 Definition of spherical loading parameters
	4.3 Time distributions of loading parameters: temporal heatmaps
	4.4 Cycle counting of loading parameters: cyclic heatmaps
	4.5 Frequency spectra of loading parameters
	4.6 Summary

	5 Idealised loading paths used in geotechnical testing
	6 Load history similarity analysis
	7 Conclusions
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


