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A B S T R A C T

Offshore monopile foundations are exposed to misaligned wind and wave loadings, which are respectively
dominated by (nearly) static and cyclic load components. While the response of these systems to unidirectional
cyclic loading has been extensively investigated, only a few studies have been devoted to the realistic case of
misaligned static and cyclic loads, and particularly to the effects of such misalignment on the accumulation
of pile rotation under prolonged cycling. This paper presents a 3D finite-element (FE) modelling study on
the relationship between load misalignment and cyclic monopile tilt under drained conditions, based on the
use of the SANISAND-MS model to enable accurate simulation of cyclic sand ratcheting. After qualitatively
identifying the relationship between relevant loading parameters and cyclic stress/densification mechanisms in
the soil, specific parametric studies are performed to explore the impact on pile tilt accumulation. The results
show that, in comparison to unidirectional loading, misaligned static–cyclic loading gives rise to lesser-known
pile–soil interaction mechanisms: when the direction of cycling deviates from that of the static load, ‘‘cyclic
compression’’ and ‘‘direct cyclic shearing’’ mechanisms begin to co-exist. This is quantitatively captured by a
newly proposed empirical equation for monopile tilt calibrated against the 3D FE simulation results obtained
in this work.
1. Introduction

The offshore wind sector has been decisively accelerating, especially
in Europe, over the last decade, with an increase of the yearly average
size of offshore wind turbines (OWTs) from 3 MW in 2010 to 8.2
MW in 2020 and likely to reach 10∼13 MW within the next OWT
generation (Ramírez et al., 2020). These remarkable offshore structures
must be designed to withstand ever harsher environmental conditions,
including wind and wave loads characterised by continuous variation
in amplitude, direction, and dominant frequency. Since OWTs are
expected to withstand around 108 loading cycles during their lifetime
(Achmus et al., 2009), it is important to guarantee full serviceability
of the support structure and, in particular, to prevent the accumulation
of an overall permanent rotation larger than 0.5◦ (DNV, 2016). Such
a strict requirement renders the design of OWT foundations quite
challenging, especially in light of the conceptual and computational
complexity that long-term soil–structure deformation analyses still en-
tail (Pisanò, 2019). To date, steel tubular monopiles continue to
be the preferred foundation solution for OWTs, owing to their cost-
effectiveness and suitability for mass-production. While offshore pile
design methodologies for the oil and gas industry have been originally
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developed with an emphasis on capacity requirements (API, 2011;
Kaynia, 2021), OWT monopile design requires a different focus on
serviceability, structural fatigue, and dynamic response features (Arany
et al., 2017; Byrne et al., 2019). In this context, predicting the cyclic
accumulation of monopile rotation (tilt) and the associated variations
in lateral stiffness has become a subject of utmost importance.

So far, empirical methods based on simple power-law equations
have been widely used to describe the lateral tilt of piles under repeated
loading cycles of constant amplitude (LeBlanc et al., 2010a; Klinkvort
and Hededal, 2013; Frick and Achmus, 2020). Most commonly, the
accumulation of pile tilt is expressed as a function of the perma-
nent rotation after one cycle, the characteristics of the input cyclic
loading, and the number 𝑛 of elapsed cycles — the formulation of a
direct dependence on 𝑛 is also commonly referred to as an explicit
cyclic analysis approach (Niemunis et al., 2005). An extension of
this empirical approach to the case of multi-amplitude cyclic loading
sequences has been proposed by resorting to so-called Miner’s rule (Lin
and Liao, 1999; Li et al., 2015; Truong et al., 2019) in combination
with the rainflow counting method (Kaggwa et al., 1991), which en-
ables the conversion of an irregular loading history into a sequence
vailable online 3 February 2023
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of multiple load packages of individually constant cyclic amplitude.
Although rainflow-counting analyses may lead to disregarding certain
loading history effects (Leblanc et al., 2010b; Page et al., 2021), the
mentioned empirical approach seems to be reasonably well-suited to
support geotechnical designers in practical cyclic pile tilt calculations.
On the other hand, most of the available research focuses on the case
of one-directional cyclic loading, while in reality wind and wave loads
may come from different directions at the same time and change signif-
icantly in intensity and direction (Rudolph et al., 2014). Nevertheless,
the limited research conducted so far on the multi-directional cyclic
response of monopiles has produced a number of interesting findings:

(a) when cyclic loading is applied orthogonally to the direction of
a (nearly) static load component, cyclic monopile tilt tends to
accumulate predominantly along the direction of the latter — see,
e.g., the recent studies by Sheil and McCabe (2017) and Richards
et al. (2020);

(b) the presence of misaligned static and cyclic load components can
possibly give rise to larger monopile tilt accumulation than in
the case of fully one-directional loading — as found, for instance,
by Dührkop and Grabe (2008), Rudolph et al. (2014), Nanda
et al. (2017), and Richards et al. (2020) in the presence of fan-
type, multi-directional cyclic loading. Furthermore, asymmetric
cyclic loading applied with an inclination with respect to a static
load has also been found to be more ‘damaging’ from a monopile
rotation standpoint (Jenck et al., 2021);

(c) misalignment between loading and displacement directions. In
this respect, Peralta (2010) experimentally applied a closed,
square load path on the head of a test pile, and found that the
corresponding displacement response was instead characterised
by an approximately rectangular, though not closed, path.

The study by Zhu et al. (2018) on short suction caissons provided
evidence that a change in the direction of cyclic loading can lead
to different rotation responses depending on whether such a change
is applied at once or in gradual steps. This finding might be due to
the fact that the soil state (e.g., in terms of stress field and relative
density) after lateral loading is non-uniform around the monopile and
therefore, as the loading direction is varied, the foundation tends to
engage portions of soil that are characterised by different current states,
which gives rise to quantitatively different deformations. Generally,
the multi-directionality of the lateral loads has been found to have
little influence on the natural frequency of monopile-supported OWTs
(Lovera et al., 2019), as well as on the uniaxial ultimate capacity of the
foundation (Zhu et al., 2018; Zhao et al., 2020).

In parallel to describing the mechanical behaviour of monopiles
under multi-directional cyclic loading, a few authors have also be-
gun to develop engineering modelling approaches for the numeri-
cal simulation of multi-directional monopile responses, for instance
by resorting to either distributed/𝑝 − 𝑦 (Lovera et al., 2021) or
lumped/macroelement (Page et al., 2019) models.

This paper focuses on the drained cyclic behaviour of monopiles
subjected to cyclic loading in which the constant/static and vari-
able/cyclic components are misaligned. In order to gain insight into
relevant features of the behaviour, 3D FE modelling is adopted in
combination with the cyclic SANISAND-MS model (Liu et al., 2019),
which is well-suited to reproduce the ratcheting behaviour of sandy
soils under prolonged cycling. Following recent 3D FE work on the
one-directional cyclic response of monopiles (Pisanò, 2019; Liu et al.,
2022a), the capabilities of the SANISAND-MS model are exploited
herein to highlight relevant links between local soil behaviour and
global monopile response (Cheng et al., 2021). To this end, the results
of extensive parametric studies are presented, including variations in
the static load magnitude, the amplitude and asymmetry of the cyclic
load component, and the degree of misalignment between the two load
components. Finally, the whole set of 3D FE results are exploited to feed
into a new extension of the empirical method by LeBlanc et al. (2010a)
for the case of misaligned static–cyclic loads.
2

2. 3D FE modelling of cyclic monopile–soil interaction

2.1. 3D FE model and SANISAND-MS model parameters

All the numerical simulation results presented in this paper were
obtained using a 3D FE model largely based on the development/
validation work of Liu et al. (2022a) – the main differences are ex-
clusively related to the assumed lateral loading conditions, either one-
directional (Liu et al., 2022a) or with static–cyclic misalignment (this
study). Cyclic monopile–soil interaction analyses were carried out using
the 3D FE modelling capabilities available in OpenSees (sequential
version) (McKenna, 2011), which have been previously enhanced with
an implementation of the SANISAND-MS model (Liu et al., 2022a)
built on the existing SANISAND2004 code developed at the University
of Washington (Ghofrani and Arduino, 2018).

Fig. 1 shows the 3D FE model adopted in this study. As in Liu
et al. (2022a), the FE model features a steel monopile (founded in
sand) of diameter 𝐷 = 5 m, embedded length 𝐿 = 20 m, and wall
thickness 𝑡 = 0.1 m, with elastic properties equal to 𝐸 = 220 GPa
(Young’s modulus) and 𝜈 = 0.3 (Poisson’s ratio). While the soil domain
and embedded portion of the monopile were discretised using 8-node
stabilised single-point (SSP) brick elements (McGann et al., 2015), the
pile above the soil surface was modelled as a Timoshenko beam of
equivalent bending stiffness. Such a beam facilitated the application
of external lateral loads with an eccentricity 𝑒 = 𝐿 with respect to the
mudline.

Regarding the modelling of the sand’s cyclic behaviour, the earliest
version of the SANISAND-MS model was adopted to enable realistic
simulation of cyclic ratcheting behaviour (Liu et al., 2019; Liu and
Pisanò, 2019), owing to the enhancement of the original SANISAND
bounding surface model (Dafalias and Manzari, 2004) with an addi-
tional memory locus (Corti et al., 2016). The proven good performance
of the model under non-standard triaxial loading conditions (Liu
et al., 2019), in which independent cyclic variations of both axial and
radial stress give rise to a more complex, polarised stress path in the
𝑞 − 𝑝 plane, is relevant for the present study. As is shown in Fig. 2,
SANISAND-MS can capture the effect of the stress path polarisation
angle on the cyclic ratcheting response. Furthermore, the model –
both in its first and upgraded (Liu et al., 2018, 2020) versions – has
been successfully applied to the 3D FE analysis of offshore monopiles
under lateral cyclic loading, and has shown encouraging performance
with respect to the simulation of pile tilt accumulation under different
loading and drainage conditions (Liu et al., 2022a; Cheng et al., 2021;
Liu and Kaynia, 2021; Liu et al., 2022b).

Given the focus of this study on low-frequency cyclic loading in
(permeable) sandy soil, inertial and hydro-mechanical coupling effects
were disregarded, so that all cyclic simulations were performed in
dry sand (fully drained conditions) using the OpenSees’ quasi-static FE
solver. The reference soil parameters calibrated by Liu et al. (2019)
for Karlsruhe quartz sand (Wichtmann, 2005) were adopted in all
cases as reported in Table 1 – the specific gravity 𝐺𝑠 of the soil
particles equals 2.6, while the dry unit weight 𝛾𝑑𝑟𝑦 may be obtained
for any relative density based on the known values of the maximum
(𝑒𝑚𝑎𝑥=0.874) and minimum (𝑒𝑚𝑖𝑛=0.577) void ratios. The interface
between the monopile and the soil was modelled as a thin layer of soil
(of thickness equal to 0.01𝐷) of reduced critical stress ratio (𝑀c) and
dimensionless shear stiffness (𝐺0) (both 2/3 of the corresponding intact
soil’s properties), following the simplified approach by Griffiths (1985)
(see also Corciulo et al., 2017; Kementzetzidis et al., 2019 for recent
application to monopile 3D FE modelling).

Overall, the 3D FE model in Fig. 1 is in all respects similar to the
model set up and verified by Liu et al. (2022a). In summary:

– boundary conditions were imposed on the soil domain to obtain a
fully fixed bottom surface, a free upper surface, and no horizontal
displacement along the direction perpendicular to the lateral

surface;
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Fig. 1. Space discretisation of the 3D monopile–soil model.
Fig. 2. (a) Cyclic triaxial test results with imposed stress path polarisation and (b) corresponding SANISAND-MS simulation — redrawn after (Liu et al., 2019).
Table 1
Karlsruhe sand SANISAND-MS model parameters — after Liu et al. (2019).

Elasticity Critical state Yield surface Plastic modulus Dilatancy Memory surface

𝐺0 𝜈 𝑀c 𝑐 𝜆c 𝑒0 𝜉 𝑚 ℎ0 𝑐h 𝑛b 𝐴0 𝑛d 𝜇0 𝜁 𝛽

110 0.05 1.27 0.712 0.049 0.845 0.27 0.01 5.95 1.01 2.0 1.06 1.17 260 0.0005 1
– both the soil and the embedded monopile were discretised using
the 8-node brick elements of the stabilised, single-point (SSP) type
proposed by McGann et al. (2015);

– non-linear static simulations were performed with implicit time
integration and each step solved iteratively using the Krylov–
Newton algorithm described by Scott and Fenves (2003);

– SANISAND-MS constitutive equations were integrated in time
using an explicit, fourth-order Runge–Kutta algorithm, featuring
automatic error control and sub-stepping (Sloan, 1987; Liu et al.,
2022a).

Since this work deals with misaligned static and cyclic load com-
ponents, however, it was not possible to exploit any geometrical sym-
metries of the system to reduce computational costs — nevertheless,
it was verified that the complete 3D model in Fig. 1 returns, under
unidirectional lateral loading, the same results that one would obtain
using Liu et al.’s reduced half model.

2.2. Load application and monopile tilt: relevant definitions

It is well-known that OWTs are subjected to wind and wave loads
that may act along different spatial directions. In order to study the
3

effects of multi-directional cyclic loading on the lateral response of
monopiles, small-scale experimental studies have been recently per-
formed, e.g., regarding the application of T- and L-shaped loading
paths (Figs. 3(c)–3(d)) to investigate unexplored load misalignment
effects (Richards, 2019; Richards et al., 2020, 2021). In this respect, the
combination of static and cyclic load components is typically regarded
as an idealised representation of, respectively, slow/nearly-steady wind
loading and substantially variable (cyclic) wave loading.

As illustrated in Fig. 3(a), this numerical study considers loading
scenarios (of pile moment 𝑀 at the mudline) in which, with respect
to an arbitrary system of orthogonal coordinates 𝑋 and 𝑌 , the static
load 𝑀stat is applied at an angle 𝛷 with respect to the 𝑋 direction,
while an angle 𝛾 defines the misalignment between the static and
cyclic loading directions (directions I and II, respectively). These loads
intersect at a point 𝑂′; since regular cyclic loading can always be
described as the combination of an average (𝑀av) and a cyclic/variable
(𝑀cyc) component, the distance along II between 𝑂′ and 𝑀av directly
quantifies the asymmetry of the cycling with respect to 𝑀stat – in this
context, 𝑀av coinciding with 𝑂′ will determine a case of symmetric
cyclic loading. For simplicity (and with no loss of generality for a
uniform soil deposit), 𝑀stat will henceforth be assumed to act along
the 𝑋 direction (i.e., 𝛷 = 0◦); while the case 𝛾 = 0◦ identifies aligned
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tatic and cyclic loads (unidirectional loading, Fig. 3(b)), 𝛾 = 90◦ can
be associated with either T-shape (Fig. 3(c)) or L-shape (Fig. 3(d))
loading, depending on whether the cycling is symmetric or asymmetric
with respect to 𝑀stat . All 3D FE simulations were performed according
to the following three-stage pile loading procedure: (1) application
of the static base-load 𝑀stat ; (2) load re-orientation (according to the
misalignment angle 𝛾 and further loading up to the established cyclic
average load 𝑀av; (3) application of sinusoidal cycling 𝑀cyc around
𝑀av.

With reference to simplest unidirectional loading conditions,
LeBlanc et al. (2010a) introduced two dimensionless load factors, 𝜁b
and 𝜁c, to describe the main features of single-amplitude cyclic loading
programmes: 𝜁b = 𝑀max∕𝑀R quantifies the relative magnitude of the
cyclic load component and 𝜁c = 𝑀min∕𝑀max its asymmetry. In these
definitions, 𝑀max and 𝑀min denote the maximum and the minimum
values of the applied moment load (at the mudline), respectively,
whereas the reference load 𝑀R is usually associated with the lateral
capacity of the pile at hand — henceforth conventionally associated
with a rigid rotation 𝜃𝑅 of 2◦ under monotonic lateral loading. For the

onopile considered herein, 𝑀R equals to 26 800 kN and 15 450 kN
n dense and loose sand, respectively — as previously reported by Liu
t al. (2022a). Building on this set of definitions, LeBlanc et al. (2010a)
roposed the following empirical law to describe the cyclic accumula-
ion of monopile rotation under unidirectional/single-amplitude cyclic
oading:
𝛥𝜃
𝜃𝑅

= 𝑇b(𝜁b, 𝐷𝑟)⋅𝑇c(𝜁c)⋅𝑛𝛼 (1)

here 𝑇b (depending on 𝜁b and the relative density 𝐷𝑟) and 𝑇c (depend-
ng on 𝜁 ) are two functions that express the influence of the external
4

c

loading conditions – 𝑇b and 𝑇c are assumed to be unrelated, with the
orking assumption that 𝑇c = 1 when 𝜁c = 0. The exponent 𝛼 quantifies

he dependence of the normalised pile rotation on the number 𝑛 of
lapsed loading cycles — it should be noted that 𝛥𝜃 is normalised with
espect to 𝜃𝑅 following Richards (2019), which is slightly, though
nsubstantially, different from the original normalisation proposed by
eBlanc et al. (2010a). Several studies have already confirmed that
he largest tilting rate is achieved for a 𝜁c value between −1 and 0,
.e., under biased two-way loading conditions (Klinkvort and Hededal,
013; Albiker et al., 2017; Frick and Achmus, 2020; Liu et al., 2022a).

In order to extend to the case of misaligned static–cyclic loads, the
bove definitions of 𝜁b and 𝜁c were extended by considering the two
ifferent loading directions, I (static) and II (cyclic) – see Fig. 3(a) and
qs. (2)–(5):

b,I =
𝑀max,I

𝑀R
, 𝜁c,I =

𝑀min,I

𝑀max,I
= 1 (2)

𝜁b,II =
𝑀max,II

𝑀R
, 𝜁c,II =

𝑀min,II

𝑀max,II
(3)

𝜁av =
𝑀av
𝑀R

=
(𝑀max,II +𝑀min,II)∕2

𝑀R
=

𝜁b,II
(

1 + 𝜁c,II
)

2
(4)

𝜁cyc =
𝑀cyc

𝑀R
=

(𝑀max,II −𝑀min,II)∕2
𝑀R

=
𝜁b,II

(

1 − 𝜁c,II
)

2
(5)

It is worth noting that, while 𝜁c,I is necessarily always equal to 1 for
the static load component, 𝜁av and 𝜁cyc denote the normalised cyclic
mean load and amplitude — obtained by using a value of 𝑀R that is
assumed to be independent of the loading direction (which holds true
for a uniform soil deposit). It is also important to acknowledge that, if
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Fig. 4. Schematic moment–rotation response of a monopile subjected to cyclic loading.

the direction of a second loading is different with respect to the first
loading, the path of the pile deflection may generally deviate from the
direction of the second loading; therefore the 𝑋 and 𝑌 components
of the pile deflection (or rotation) need to be explicitly specified for
clarity.

Fig. 4 shows a schematic representation of the cyclic moment–
rotation response of a monopile. Following the same definitions intro-
duced by Richards et al. (2020), the total mean rotation at the 𝑛th
ycle is defined as

𝑛 =
1
2
(𝜃a𝑛 + 𝜃b𝑛 ) (6)

where the subscripts a and b refer, respectively, to the loading and
unloading branches within the considered cycle. Therefore, the accu-
mulated mean rotation at the 𝑛th cycle is equal to

𝛥𝜃𝑛 = 𝜃𝑛 − 𝜃0 (7)

The definitions in Eqs. (6)–(7) will be used to describe the pile
rotation (in degrees) along both the 𝑋 and 𝑌 axes.

2.3. Numerical simulation programme

This paper aims to shed new light on the influence of static–cyclic
load misalignment on the tilting response of laterally loaded monopiles,
with emphasis on the role played by relevant loading factors. To this
end, 3D FE SANISAND-MS parametric studies were performed for the
cases of T-/L-shaped and unidirectional loading, for different values
of the soil relative density (𝐷𝑟 = 70, 30%) and of the loading factors
efined in Eqs. (2)–(5). The complete lists of simulations performed for
ach loading type are reported in Tables 2–4, along with the respective
elevant specifications. In addition to the definitions in Eqs. (2)–(5),
able 4 also reports the values of two further loading factors:

b,u = 𝜁b,I + 𝜁b,II (8)

𝜁c,u =
𝜁b,I𝜁c,I + 𝜁b,II𝜁c,II

𝜁b,u
(9)

here 𝜁b,u and 𝜁c,u are only meaningful for unidirectional cycling (hence
he subscript u) and are completely equivalent to the factors 𝜁𝑏 and 𝜁𝑐

used in Eq. (1) (LeBlanc et al., 2010a). Nevertheless, the associated
values of 𝜁b,I−II, 𝜁c,I−II, 𝜁av, 𝜁cyc are also reported in Table 4 to enable
direct comparison to the values in Tables 2–3.

All simulations were performed on a standard workstation equipped
with one Xeon processor (4 cores) of 3.6 GHz, which led to a calculation
time of 2 ∼ 3 weeks for the analysis of 100 load cycles in combination
with the discrete 3D FE model in Fig. 1. Given the high computational
effort, it would be impractical to consider many more loading cycles;
however, the results presented below provide novel information, based
5

3

on state-of-the-art cyclic modelling, regarding the relevant geotech-
nical mechanisms. In the future, it will be possible to translate this
information into more efficient engineering models, either 0D or 1D.

3. Pile response to misaligned static–cyclic loading

3.1. General features of cyclic pile behaviour

Fig. 5 gives a general impression of the simulated tilting response
of a monopile subjected to T- and L-shaped loading, with either orthog-
onal (𝛾 = 90◦, T and L labels in the figure legends) or non-orthogonal
(𝛾 ≠ 90◦, TV and LV labels in the figure legends) static–cyclic misalign-
ment, both in dense (𝐷𝑟 = 70%) and loose (𝐷𝑟 = 30%) sand. In all
onsidered cases, it is seen that the lateral tilting rate of the monopile
ends to decrease with the number of cycles along any relevant spatial
irection, which is in line with the type of cyclic ratcheting behaviour
eproduced by the adopted SANISAND-MS model (Liu et al., 2019).

Figs. 5(a) and 5(b) show that the (normalised) rotational response
f the pile along the two spatial directions, 𝑋 and 𝑌 , is mostly along the
direction (the direction of the static load) under orthogonal T-shaped

yclic loading (cases T2 and T11, i.e., regardless of the sand density),
hereas the asymmetry associated with L-shaped loading (cases L5
nd L15, with 𝜁𝑐,II > −1) leads to comparable rotation accumulation
long both the 𝑋 and 𝑌 directions. These phenomenon are qualitatively
n good agreement with the experimental findings of Richards et al.
2020). Besides, the asymmetry of L-shaped loading seems to enhance
he pile tilt along the direction 𝑋 of the static load. At the same time,
2 and L5 (and also loose sand cases, T11 and L15) feature the same
yclic load amplitude 𝜁cyc and indeed exhibit almost identical cyclic
otation excursions when the 100th cycle is approached.

Figs. 5(c) and 5(d) exemplify the tilting response of the pile under
on-orthogonal T- and L-shaped loading, in dense and loose sand,
espectively; in dense sand, a load misalignment angle of 𝛾 = 30◦ is
onsidered (cases TV8 and LV8), while two examples for 𝛾 = 60◦ are
llustrated for the reference pile in loose sand (cases TV18 and LV18).
n these plots, a green line is used to connect the middle points in
ach cycle of the considered pile rotation path. It is seen that, while
he load and pile rotation directions are substantially different at the
nset of cycling, they eventually tend to align as the number of loading
ycles increases — with a practically perfect match achieved within
he 100 cycles considered herein. At the same time, it is also worth
oting that the rotation path in dense sand under non-orthogonal T-
haped loading (TV8 case) eventually becomes symmetric about the 𝑋
xis, while the same phenomenon does not occur for the same pile in
oose sand. Furthermore, the non-orthogonal T-shaped loading cases,
V8 and TV18, appear to produce larger pile tilt along the 𝑋 direction
han their orthogonal T-shaped loading counterparts, cases T2 and T11.

An additional comparison to the unidirectional response is provided
n Figs. 5(e) and 5(f). Specifically, the L-shaped loading cases, L5 and
15, are compared in terms of moment–rotation response along the 𝑌
irection to the unidirectional cases, U3 and U8, characterised by the
ame cyclic loading features (amplitude and asymmetry). It is clear that
he presence of an initial static preload has a substantial impact on the
nitial stiffness (under the initial static loading ramp) and the gradual
ilt accumulation — especially in loose sand. On the other hand, the
ame figures (top-left corner) show that, after simple translation along
he 𝜃𝑌 axis, the shape of the response cycles (particularly their loop
rea) is almost insensitive to the presence of 𝑀stat and the cycling
rientation — see the almost overlapping 1st, 10th, 100th cycles as-
ociated with L-shaped (dashed red lines) and unidirectional (solid
lack lines) loading. This finding is, for instance, relevant to assessing
hether the cyclic pile–soil damping may or may not be affected by

oad misalignment effects, which seems not to be the case based on the

D FE results obtained in this study.
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Table 2
Numerical simulation programme for T-shaped loading cases.

Simulation
label

Relative
density 𝐷𝑟/%

Misalignment
angle 𝛾/◦

𝜁b 𝜁c 𝜁av 𝜁cyc

I II I II

T1 70 90 0.1 0.1 1 −1 0 0.1
T2 70 90 0.2 0.1 1 −1 0 0.1
T3 70 90 0.3 0.1 1 −1 0 0.1
T4 70 90 0.2 0.05 1 −1 0 0.05
T5 70 90 0.2 0.15 1 −1 0 0.15
T6 70 90 0.2 0.175 1 −1 0 0.175
T7 70 90 0.2 0.2 1 −1 0 0.2
TV8 70 30 0.2 0.1 1 −1 0 0.1
TV9 70 60 0.2 0.1 1 −1 0 0.1
T10 30 90 0.1 0.1 1 −1 0 0.1
T11 30 90 0.2 0.1 1 −1 0 0.1
T12 30 90 0.3 0.1 1 −1 0 0.1
T13 30 90 0.2 0.05 1 −1 0 0.05
T14 30 90 0.2 0.15 1 −1 0 0.15
T15 30 90 0.2 0.175 1 −1 0 0.175
T16 30 90 0.2 0.2 1 −1 0 0.2
TV17 30 30 0.2 0.1 1 −1 0 0.1
TV18 30 60 0.2 0.1 1 −1 0 0.1

Note: The label T stands for T-shaped loading with 𝛾 = 90◦, while TV stands for 𝛾 ≠ 90◦ (non-orthogonal static and cyclic
load directions).
Table 3
Numerical simulation programme for L-shaped loading cases.

Simulation
label

Relative
density 𝐷𝑟/%

Misalignment
angle 𝛾/◦

𝜁b 𝜁c 𝜁av 𝜁cyc

I II I II

L1 70 90 0.1 0.1 1 0 0.05 0.05
L2 70 90 0.2 0.1 1 0 0.05 0.05
L3 70 90 0.3 0.1 1 0 0.05 0.05
L4 70 90 0.2 0.2 1 −0.5 0.05 0.15
L5 70 90 0.2 0.2 1 0 0.1 0.1
L6 70 90 0.2 0.2 1 0.5 0.15 0.05
L7 70 90 0.2 0.15 1 −0.33 0.05 0.1
LV8 70 30 0.2 0.1 1 0 0.05 0.05
LV9 70 60 0.2 0.1 1 0 0.05 0.05
LV10 70 135 0.2 0.1 1 0 0.05 0.05
L11 30 90 0.1 0.1 1 0 0.05 0.05
L12 30 90 0.2 0.1 1 0 0.05 0.05
L13 30 90 0.3 0.1 1 0 0.05 0.05
L14 30 90 0.2 0.2 1 −0.5 0.05 0.15
L15 30 90 0.2 0.2 1 0 0.1 0.1
L16 30 90 0.2 0.2 1 0.5 0.15 0.05
LV17 30 30 0.2 0.1 1 0 0.05 0.05
LV18 30 60 0.2 0.1 1 0 0.05 0.05
LV19 30 135 0.2 0.1 1 0 0.05 0.05

Note: The label L stands for L-shaped loading with 𝛾 = 90◦, while LV stands for 𝛾 ≠ 90◦ (non-orthogonal static and cyclic load
directions).
Table 4
Numerical simulation programme for unidirectional loading cases.

Simulation
label

Relative
density 𝐷𝑟/%

𝜁b 𝜁c 𝜁av 𝜁cyc 𝜁b,u 𝜁c,u

I II I II

U1 70 −0.1 0.2 1 0 0.1 0.1 0.1 −1
U2 70 0 0.1 1 0 0.05 0.05 0.1 0
U3 70 0 0.2 1 0 0.1 0.1 0.2 0
U4 70 0.1 0.1 1 0 0.05 0.05 0.2 0.5
U5 70 0.1 0.2 1 0 0.1 0.1 0.3 0.33
U6 70 0.2 0.1 1 0 0.05 0.05 0.3 0.67
U7 30 0 0.1 1 0 0.05 0.05 0.1 0
U8 30 0 0.2 1 0 0.1 0.1 0.2 0
U9 30 0.1 0.1 1 0 0.05 0.05 0.2 0.5
U10 30 0.1 0.2 1 0 0.1 0.1 0.3 0.33
U11 30 0.2 0.1 1 0 0.05 0.05 0.3 0.67

Note: The label U stands for unidirectional loading, i.e., with 𝛾 = 0◦ in all cases.
6
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Fig. 5. Typical pile rotation responses to T- and L-shaped cyclic loading — both orthogonal (𝛾 = 90◦) and non-orthogonal (𝛾 ≠ 90◦) – and comparison to unidirectional cyclic
oading.
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.2. Cyclic soil mechanisms around the pile

This section explores how the cyclic ratcheting behaviour of the
oil (as modelled via SANISAND-MS) scales up to determine the tilting
esponse of the monopile under misaligned static–cyclic loading. To this
nd, the evolution under cycling of the stress state and the relative den-
ity in the soil around the pile are considered. In terms of nomenclature,
he terminology illustrated in Fig. 8(a) is hereafter adopted: for a given
irection of the static load 𝑀stat (coinciding with the 𝑋 axis), ‘front’ and

back’ pile sides are identified along the direction of 𝑀stat to refer to
7

oil zones under predominantly passive and active pressure conditions,
espectively; along the perpendicular 𝑌 direction, ‘left’ and ‘right’ sides
re defined relative to the direction of 𝑀stat .

.2.1. Cyclic stress evolution
To exemplify the evolution of soil stresses under T-shaped cyclic

ile loading, all six independent components (i.e., 𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦,
𝑦𝑧, 𝜏𝑧𝑥 – subscripts are consistent with the coordinate system (𝑥, 𝑦, 𝑧)

in Fig. 1(a), and signs follow typical soil mechanics conventions) are
plotted against the number of cycles 𝑛 in Fig. 6 for the cases (a) T3 (in
dense sand) and (b) T12 (in loose sand); in particular, the soil stresses

associated with the reference element E1 in Fig. 1(b) are plotted, i.e., at
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Fig. 6. (a)–(b) Evolution of soil stress components under cyclic T-shaped loading at element E1 in Fig. 1(b); (c) example of final settlement distribution after T-shaped loading.
a location adjacent to the pile 4.5 m below the ground surface. Element
E1 in the passive zone was selected to sample the soil response at a
location where a large portion of the pile resistance to lateral loading
is mobilised; in the case of L-shaped loading, element E2 on the left
side (along the 𝑌 direction of pile deflection) is also considered.

Fig. 6 shows that, at a point in time immediately before cycling, the
application of 𝑀stat has already caused an increase of the horizontal
stress 𝜎𝑥𝑥 beyond the vertical component 𝜎𝑧𝑧, with a difference that
is further magnified by the following 100 loading cycles. Among the
tangential stress components, 𝜏𝑥𝑦 most clearly reflects the application
of the cyclic load according to a T-shaped path, while 𝜏𝑦𝑧 and 𝜏𝑧𝑥
experience only limited adjustments with minimal cyclic excursions,
as a consequence of general equilibrium/compatibility conditions. The
predominant cyclic variation of 𝜏𝑥𝑦 emerges from the frictional interac-
tion between the soil and pile surface under T-loading, in a fashion that
is qualitatively similar in both dense (Fig. 6(a)) and loose (Fig. 6(b))
sands. The misaligned cyclic loading therefore has a twofold effect on
the local response of the soil, in that it mobilises direct shearing along
the direction of cycling, while enhancing the horizontal confining stress
in the passive soil mass. Overall, the local behaviour of the soil at
the considered location presents strong similarity with the response
observed during drained cyclic DSS laboratory tests (Hsu and Vucetic,
2004). Similarly to cyclic DSS loading producing a compaction of the
soil sample, T-shaped cycling induces visible compaction in the passive
soil mass (Section 3.2.2) and soil settlement around the pile perimeter
(Fig. 6(c)).

In order to describe the response to misaligned asymmetric cycling,
Figs. 7(a)–7(b) presents similar cyclic stress information for case L3 in
Table 3 (L-shaped loading in dense sand) at the two aforementioned
elements E1 (passive side) and E2 (left side) – the corresponding results
obtained for case T3 in Table 2 (T-shaped loading in dense sand) are
reported in Figs. 7(c)–7(d) for comparison. While the soil in the passive
zone (element E1) behaves in a broadly similar manner to what is
observed in Fig. 6 (substantial permanent increase in 𝜎 and cyclic
8

𝑥𝑥
𝜏𝑥𝑦 excursion), the largest cyclic stress variations in the reference left
element (element E2) are associated with the stress components 𝜎𝑦𝑦
and 𝜏𝑦𝑧 – this is consistent with the response that one would expect
under one-directional cyclic loading along the 𝑌 direction. Therefore,
it may be concluded that L-shaped cycling is mainly resisted by soil
mechanisms that may be termed, respectively, ‘direct cyclic shearing’
(in the passive zone) and ‘cyclic compression’ (in the side zones) – this
terminology will continue to be used in the remainder of this paper.
When comparing the evolution of all stress components in Figs. 7(a)–
7(b) and 7(c)–7(d), it should be borne in mind that the T3 and L3
simulation cases share the same values of 𝜁b,I and 𝜁b,II (see Tables 2–
3) with different resulting 𝜁cyc (dimensionless cyclic loading excursion
with respect to the average) – in the former case (𝜁T3cyc = 0.1) it is twice
as big as in the latter case (𝜁L3cyc = 0.05). This difference stems directly
from the different values set for the cyclic load asymmetry factor 𝜁c,II,
which is necessary to obtain the target T- and L-shaped cyclic inputs.
As a result, the cyclic variations of corresponding stress components
are quantitatively rather different, with an impact, for instance, on the
accumulated normalised rotation of the pile along the 𝑋 direction (see
Fig. 7(e)).

3.2.2. Cyclic relative density evolution
To complement the insight provided by Figs. 6–7, Fig. 8 shows the

distribution of relative density at the soil surface after the static loading
phase (Figs. 8(a)–8(b)) and the application of T-cycling (Figs. 8(c)–
8(d)), both in dense (Figs. 8(a) and 8(c)) and loose (Figs. 8(b) and 8(d))
sands. As expected, the initial static loading produces a compressive
densification in the passive zone, while dilation (due to compression
relief) occurs in the active zone at the back of the pile, with no qualita-
tive difference between piles in either dense or loose sand. Conversely,
by the end of cyclic loading, more prominent densification and dilation
have resulted at the front and back of the pile when in dense sand,
whereas a net densification is found all around the pile in loose sand.
Close inspection of stress paths in dense sand (not reported for brevity)
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Fig. 7. Comparison between evolution of soil stress components under (a)–(b) L-shaped and (c)–(d) T-shaped cyclic loading in dense sand (𝐷𝑟 = 70%) – cases L3 in Table 3 vs.
3 in Table 2; (e) accumulated normalised pile rotation for L3 and T3 simulation cases.
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as revealed that the phase transformation limit – i.e., transition from
ompactive to dilative behaviour (Li and Dafalias, 2000; Woo and
algado, 2015) – is largely unattained in the passive zone in front of the
ile, due to the relatively low amplitude of the applied cyclic load. This
xplains the strong similarities between the pile responses simulated in
oose and dense sand.

Regarding the spatial extent of the densification zones, their limited
ize in the passive soil zone may be observed (where densification is
ostly produced by the aforementioned – and relatively localised –
irect cyclic shearing), while a much broader influence area (with a soil
edge as wide as approximately 90◦) emerges on the left/right sides of

he pile, i.e., along the 𝑌 direction of cycling. The latter occurrence is
ualitatively similar to the densification patterns described by Liu et al.
2022a) for a monopile under one-directional loading.

For a more direct comparison, Fig. 9 reports the distribution of
9

he relative density after unidirectional two-way loading (case U1 in c
able 4) and its comparison to the corresponding results after T-shaped
oading (case T2 in Table 2) – both cases relate to dense sand and the
ame fraction of cyclic load (𝜁b,II = 0.1, 𝜁c,II = −1), although only
2 features preliminary static loading prior to (misaligned) cycling.
s shown in Fig. 9(a), unidirectional symmetric cycling results in

superficial) soil densification all around the pile, with two obvious
edge-type zones that are most affected by the impact of repeated

oading. In order to present densification patterns more clearly, iso-
𝐷𝑟 lines associated with 𝛥𝐷𝑟 = 1.5% and 𝛥𝐷𝑟 = 10% are shown in
ig. 9(b) for cases T2 and U1 – the soil inside the mentioned iso-𝛥𝐷𝑟
ines has experienced the largest volumetric compaction. The static load
ppears to impact significantly the densification pattern at the back side
f the pile, while it has little influence on the front and left/right sides.
possible reason for this occurrence is the limited overlap between

he wedge-like influence zones associated with the static and cyclic

ompressive mechanisms: since the opening angles of the respective
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Fig. 8. Relative density distributions at soil surface for the cases T2 (𝐷𝑟 = 70%) and T11 (𝐷𝑟 = 30%) in Table 2, after static loading and 100 T-shaped loading cycles.
Fig. 9. Comparison between superficial soil densification patterns after unidirectional two-way loading (case U1 in Table 4) and T-shaped loading (case T2 in Table 2) – initial
𝐷𝑟 = 70%.
wedges are limited in size, they do not ‘constructively’ interfere when
𝛾 = 90◦ (wedge type), and therefore tend to generate densification
patterns that are similar to those associated with unidirectional cycling
only.

The influence of the cyclic loading direction on soil densification
is further illustrated in Fig. 10, where the lines associated with a 𝐷𝑟
increment of 1.5% are shown for L-shaped loading cases associated with
four different load misalignment angles, namely 𝛾 = 0◦, 30◦, 60◦, 90◦
(respectively, cases U6, LV8, LV9, L2 in Tables 3–4) – all cases are
for a pile in dense sand subjected to the same cyclic load amplitude
but with different misalignment angle (𝛾). Overall, the four sub-figures
10
clearly display the impact of 𝛾, which causes a re-orientation of the
𝛥𝐷𝑟 contour lines as it is varied from 0◦ (wedge-type pattern) to 90◦

(flattened pattern). The obtained 3D FE results also support the belief
that about 50 cycles are sufficient to attain the final configuration of
the soil densification pattern (although the relative density per se may
still continue to evolve to some extent).

The results reported in this section have shown monopile–soil in-
teraction mechanisms that differ substantially from the case of pure
unidirectional cyclic loading. In particular, the initial static load first
compresses the soil in the passive zone, while the subsequent applica-
tion of misaligned symmetric cycling (T-shaped loads) induces cyclic



Computers and Geotechnics 156 (2023) 105306Z. Li et al.
Fig. 10. Comparison among superficial soil densification patterns after L-shaped cycling with different load misalignment angles (cases U6, LV8, LV9, L2 in Tables 3–4) – initial
𝐷𝑟 = 70%.
shear stresses that produce further densification of the same zone; if
asymmetric cyclic loading is applied (L-shaped loads), then the left
zone also experiences compression — in a fashion that resembles the
mechanism under unidirectional cyclic loading. Furthermore, when the
static–cyclic load misalignment angle is changed, a clear relationship
between this angle and the spatial orientation of the densification
pattern is observed. The effects of these governing factors on cyclic tilt
response of the pile are quantitatively analysed in the next section.

4. Parametric studies

After inspecting the main mechanisms of monopile–soil interaction
under misaligned static–cyclic loads, the resulting tilt responses of
the reference foundation (see Section 2) are discussed based on the
results of detailed parametric analyses. The corresponding discussion
is instrumental for quantifying the relevance of the main loading vari-
ables, and ultimately conceiving simplified approaches for cyclic pile
tilt calculations.

4.1. Influence of 𝜁b,I (static load magnitude) and 𝜁b,II − 𝜁c,II (cyclic load
magnitude and asymmetry)

Fig. 11 illustrates the influence of the static load magnitude on the
cyclic accumulation of pile rotation. Under L-shaped loading (cases L1,
L2, L3), increasing the magnitude of the static load (𝜁b,I) is seen to en-
hance the total rotation induced by direct cyclic shearing (i.e., along the
𝑋 direction), while it has negligible impact on the rotation caused by
the cyclic compression mechanism in the orthogonal (i.e., 𝑌 ) direction.
In contrast, the influencing zone of the compressive loads is limited.
11
This finding is consistent with Richards et al. (2020)’s experimental
results, and is confirmed by the substantial agreement between the
‘compressive’ rotation increment 𝛥𝜃𝑦 and the corresponding trends for
unidirectional loading of the same cyclic amplitude (cases U2 and U7
for dense and loose sand, respectively).

To explore the influence of the cyclic load amplitude (quantified
by 𝜁b,II), the results of T-shaped simulations are compared in Fig. 12.
The results indicate that, both in dense and loose sands, the larger the
cyclic load amplitude, the more rotation that accumulates (along the
𝑋 direction) as a consequence of the direct cyclic shear mechanism
— which is therefore not directly comparable to pile ratcheting under
unidirectional (compressive only) loading. The rotation accumulation
trends in Fig. 12 appear to be mutually parallel for a given relative
density, which implies a negligible influence of 𝜁b,II on the ratcheting
rate.

The cyclic asymmetry factor 𝜁c,II determines the amplitude of the
cyclic load excursion with respect to the corresponding average value
after static loading. Decreasing 𝜁c,II is in essence equivalent to increas-
ing the intensity of the direct cyclic shear mechanism, which in turn
enhances the accumulation of pile rotation along the 𝑋 direction —
see Fig. 13.

4.2. Influence of 𝛾 (static–cyclic load misalignment angle)

While the limited previous research has exclusively considered or-
thogonal T-shaped and L-shaped loads, the influence of static–cyclic
load misalignment is explored herein by varying the misalignment
angle 𝛾. In the case of T-shaped loading, which is always cyclically
symmetric (i.e., 𝜁 = −1), it is sufficient to account for 𝛾 values in
c,II
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Fig. 11. Influence of the static load magnitude (𝜁b,I) on the accumulated normalised pile rotation along the 𝑋 and 𝑌 directions (L-shaped loading).
Fig. 12. Influence of the cyclic load magnitude (𝜁b,II) on the accumulated normalised pile rotation along the 𝑋 direction.
Fig. 13. Influence of the cyclic load asymmetry factor 𝜁c,II on the accumulated normalised pile rotation along the 𝑋 direction.
the range from 0◦ to 90◦; conversely, L-shaped loading cases require 𝛾
to vary over 0◦–180◦ for the whole range of possibilities to be covered.
In general, unidirectional loading is retrieved when 𝛾 equals either 0◦

or 180◦, but note that cycling occurs on opposite sides with respect to
the intersection point 𝑂′ in Fig. 2.

As is shown in Fig. 14, unidirectional load generates the largest ac-
cumulated pile rotation in comparison to orthogonal and non-
orthogonal T-shaped cases — increasing 𝛾 values determine a gradual
12
transition from compression- to shear-dominated pile tilt accumula-
tion. Nevertheless, the differences obtained between the cases of, for
instance, 0◦ and 30◦ or 60◦ and 90◦ are not substantial: in other words,
the effects of non-orthogonal T-shaped loading may be approximately
obtained by resorting to either unidirectional or orthogonal T-shaped
cyclic loading — whichever is closest to the actual loading conditions.
From a pile tilt standpoint, it seems as though the cyclic compressive

mechanism is more ‘damaging’ than direct cyclic shearing, although



Computers and Geotechnics 156 (2023) 105306Z. Li et al.

i
s

t
t
m
c
t
t
g
a
—
𝛾

4

u
0
𝜁
l
b
n
t

Fig. 14. Influence of the static–cyclic load misalignment angle 𝛾 on the accumulated normalised pile rotation along the 𝑋 direction under T-shaped loading.
Fig. 15. Influence of the static–cyclic load misalignment angle 𝛾 on the accumulated normalised pile rotation along the 𝑋 direction under L-shaped loading.
p

5

t is argued that the latter is likely to be substantially affected by the
hear behaviour of the pile–soil interface.

Although L-shaped cycling can induce pile ratcheting along both
he 𝑋 and 𝑌 directions, only the former is considered in Fig. 15
o highlight the relationship between 𝛾 and the direct cyclic shear
echanism, and to facilitate the comparison with the T-shaped loading

ases considered in Fig. 14. As already noted for T-shaped loading,
he unidirectional loading case generates the largest deflection, almost
wice the corresponding result under orthogonal L-shaped cycling. A
radual increase in 𝛾 tends to produce a reduction in pile ratcheting
long the 𝑋 direction (with the only exception being the 𝛾 = 180◦ curve

see the above remark about the difference between 𝛾 = 180◦ and
= 0◦).

.3. Influence of 𝜁av (average load during cycling)

To investigate the impact of the average load during cycling, sim-
lation cases in which the cyclic load amplitude factor 𝜁cyc is set to
.1 are considered, while 𝜁av varies between 0 and 0.1. In fact, varying
av is equivalent to studying how the ‘eccentricity’ of the cyclic mean
oad (with respect to the static load) influences the pile ratcheting
ehaviour. As shown in Fig. 16, such an influence becomes close to
egligible as the number of loading cycles increases — at least, within
he first 100 cycles considered herein.
13

b

Fig. 16. Influence of average load during cycling 𝜁av on the accumulated normalised
ile rotation along the 𝑋 direction – 𝐷𝑟 = 70%.

. An empirical law for monopile tilt induced by cyclic shearing

The pile deflection induced by T- or L-shaped cyclic loading cannot
e straightforwardly reproduced by existing empirical pile tilting laws,
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such as that proposed, for instance, by LeBlanc et al. (2010a) (Eq. (1)).
To overcome this limitation, a new version of Eq. (1) that is applicable
to the cyclic shearing mechanism described above (i.e., for orthogonal
static and cyclic loads) is proposed hereafter in light of the presented
3D FE results.

5.1. Formulation and calibration

Building on LeBlanc et al.’s formulation, a similar power-law re-
lationship between the accumulated pile rotation 𝛥𝜃𝑛,𝑋 (along the
direction of the static load) and the number of cycles 𝑛 is preserved,
which has turned out to remain suitable for fitting the above pile
ratcheting trends in the presence of static–cyclic load misalignment —
see Figs. 11–13, where the dashed lines are the result of curve-fitting
the 3D FE results using the following equation:
𝛥𝜃𝑛,𝑋
𝜃R

= 𝐴⋅𝑛𝐵 (10)

In Eq. (10), the parameters 𝐴 and 𝐵 were identified through a curve-
itting procedure (either numerical or experimental results may gen-
rally be used to this end). The 3D FE results discussed in this study
ndicate that the main governing load factors include the magnitude
f the static load, as well as the magnitude and asymmetry of the
yclic load component; the quantitative influence of the sand relative
ensity has been underlined as well. Based on these premises, Eq. (10)
s further specified to determine the accumulated normalised rotation
𝜃𝑛,𝑋 under orthogonal cyclic shearing:

𝛥𝜃𝑛,𝑋
𝜃R

= 𝑇 cs
b,I(𝜁b,I, 𝐷𝑟)⋅𝑇 cs

b,II(𝜁b,II, 𝐷𝑟)⋅𝑇 cs
c,II(𝜁c,II)⋅𝑛

𝛼(𝜁c,II ,𝐷𝑟) (11)

where 𝐴 = 𝑇 cs
b,I(𝜁b,I, 𝐷𝑟)⋅𝑇 cs

b,II(𝜁b,II, 𝐷𝑟)⋅𝑇 cs
c,II(𝜁c,II) and 𝐵 = 𝛼(𝜁c,II, 𝐷𝑟) – cf.

to Eq. (10). In order to separately identify the three functions 𝑇 cs
b,I, 𝑇

cs
b,II,

and 𝑇 cs
c,II, the assumptions 𝑇 cs

b,II(𝜁b,II = 0.1) = 1 and 𝑇 cs
c,II(𝜁c,II = −1) = 1

are introduced as pivotal settings — such settings play the same role
as the assumption 𝑇𝑐

(

𝜁𝑐 = 0
)

= 1 in Eq. (1) (LeBlanc et al., 2010a). It
should be noted that the superscript cs in Eq. (11) refers explicitly to
the cyclic shearing mechanism, for distinction from the complementary
compressive mechanism that dominates unidirectional loading cases
(and for which Eq. (1) was originally conceived). Based on these two
assumptions, numerical results associated with a varying 𝜁b,I were first
considered to derive 𝑇b,I; then, the parametric studies on the influence
of 𝜁b,II and 𝜁c,II enabled the identification of the other two functions, 𝑇b,II
and 𝑇c,II. The normalisation with respect to 𝜃𝑅 on the left-hand side is
typically introduced to account for pile size effects, although extending
the use of the same calibrated functions to different pile geometries
would require additional numerical and/or experimental analyses.

In contrast with LeBlanc et al.’s proposal, the results obtained in
this study confirm the dependence of the ratcheting exponent 𝛼 on the
cyclic asymmetry factor 𝜁c,II and the relative density 𝐷𝑟, which is in line
with the more recent experimental findings, for instance, of (Truong
et al., 2019). This fact is supported by Figs. 11–13, and summarised
in Fig. 17, where an approximately linear dependence of 𝛼 on 𝜁c,II is
shown for both considered 𝐷𝑟 values.

As shown in Fig. 18, the three functions 𝑇 cs
b,I, 𝑇 cs

b,II, and 𝑇 cs
c,II have

been identified against 3D FE results. Figs. 18(a) and 18(b) display
the approximately linear relationship between the amplitude of the
static (𝜁b,I) and cyclic (𝜁b,II) load components and, respectively, the
𝑇 cs
b,I and 𝑇 cs

b,II functions, with significant impact of the relative density;
conversely, the relative density seems to have no influence on the third
function 𝑇 cs

c,II. These features of the functions 𝑇 cs
b,I, 𝑇 cs

b,II, and 𝑇 cs
c,II are

very consistent with previous findings regarding unidirectional cyclic
14

loading conditions (LeBlanc et al., 2010a). c
Fig. 17. Influence of 𝜁c,II on the ratcheting exponent 𝛼 in Eq. (11) for dense and loose
sand.

5.2. A calculation example

The general case in which a cyclic loading component 𝐹 is mis-
aligned with respect to the static load (oriented along the 𝑋 direction)
may be tackled by decomposing 𝐹 into its orthogonal cyclic compo-
nents 𝐹X and 𝐹Y. Accordingly, 𝐹Y is orthogonal to the static load and

ay be regarded as responsible for pile rotation accumulation along
he 𝑋 direction through the aforementioned cyclic shear mechanism;
onversely, 𝐹X is aligned with the static load and causes 𝑋-tilt ac-
umulation through the cyclic compression mechanism. Both 𝐹X and
𝐹Y can individually induce cyclic accumulation of the pile deflection,
which can be separately estimated by using the respective empirical
equations – Eqs. (1) and (11) – with the associated values of the
relevant dimensionless load factors. In the case of 𝐹X and 𝐹Y acting
imultaneously, it would a priori be uncertain how their individual
ffects could be combined to obtain the combined response of the pile
o misaligned static–cyclic loading. Fig. 19 provides some insight into
ow such a combination could be performed for four different 3D FE
imulation cases (LV8, LV17, LV9, LV18 — black lines), not previously
dopted for the calibration of the 𝑇 cs

b,I, 𝑇 cs
b,II and 𝑇 cs

c,II functions in Eq.
11). In Fig. 19:

– the blue and red curves indicate the 𝑋-tilt of the pile individually
produced by 𝐹X (cyclic compressive mechanism) and 𝐹Y (cyclic
shear mechanism) – results obtained by means of additional 3D
FE simulations;

– the grey line represents the superposition by direct summation of
the individual rotation contributions, while the magenta line is
obtained as the square root of the sum of the squares (SRSS);

– the cyan circular markers are associated with the combination
method proposed by Lin and Liao (1999), based on the appli-
cation of so-called Miner’s rule1.

The four examples illustrated in the figure support that conjecture
hat the SRSS approach is the most suitable for estimating cyclic pile
otation under misaligned static–cyclic loading. Possible reasons for
he superior performance of the SRSS include (i) the relatively fast
volution of cyclic stress paths in the soil towards nearly steady condi-
ions, and (ii) the limited magnitude of the considered cyclic loads with
espect to lateral pile capacity (which is intrinsic to realistic operational
oading conditions).

1 The Miner’s rule-based superposition method was proposed for calculating
oil strain or pile deflection under cyclic load parcels of different amplitude.
he equivalent cycle number between two consecutive cyclic loads can be
alculated based on the same amount of strain or deflection. The equivalent
ycle number will be added into the next load parcel.
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Fig. 18. Dependence of the functions 𝑇 cs
b,I, 𝑇

cs
b,II, and 𝑇 cs

c,II in Eq. (11) on the dimensionless load factors 𝜁b,I, 𝜁b,II, and 𝜁c,II.
. Concluding remarks

Offshore wind turbines are subjected in reality to repeated wind
nd wave loads of random magnitude and direction. In an effort to
xplore essential features of offshore soil–foundation interaction for the
ase of monopiles, this paper has presented a numerical investigation
n the influence of the misalignment between wind (nearly static)
nd wave loads (prominently cyclic) on the cyclic accumulation of
onopile rotation. Emphasis has been on gaining insight into, and
roposing a simplified prediction method for, the response of offshore
onopiles to more complex/realistic loading conditions than usually

onsidered (i.e., with no load misalignment). To simplify the definition
f a meaningful numerical simulation programme, the reference cases
f T-shaped and L-shaped loading have been introduced to distinguish
he cases in which cycling either is or is not applied symmetrically
round the initial static load; furthermore, the effects of the load
agnitude and symmetry as well as the load misalignment degree have

een investigated quantitatively.
The established 3D FE simulation programme has been carried out

y considering a single monopile (with a 5 m diameter and embedded
ength of 20 m) in Karlsruhe quartz sand — the SANISAND-MS model,
reviously calibrated for this sand, has been used throughout the study
o reproduce its behaviour under loose (𝐷𝑟 = 30%) and dense (𝐷𝑟 =
0%) conditions. The whole set of numerical results have led to the
ollowing conclusions:

(a) T-shaped loading can produce non-negligible accumulation of
pile tilt with decreasing rate (ratcheting) along the direction of
the static load, while L-shaped loading can produce cyclic tilt
15

accumulation along both the static and cyclic directions due to the
asymmetry of its cyclic part. This asymmetry is more damaging
for the pile rotation along the static loading direction;

(b) the soil mechanisms underlying the pile ratcheting response along
the static loading direction are fundamentally different under
either T/L-cycling or unidirectional loading in terms of the as-
sociated evolution of the stress state and soil density around
the pile. In the former case, a prominent direct shearing effect
is present (when the cyclic loading is symmetric), and this will
co-exist with a cyclic compressive mechanism (when the cyclic
loading is asymmetric), which is the sole relevant mechanism
under unidirectional loading;

(c) the cyclic compression mechanism tends to be more damag-
ing rotation-wise than a direct shear cycling of equal ampli-
tude. When the cyclic load deviates from the static load gradu-
ally, the pile response will be increasingly affected by the latter
mechanism;

(d) T/L-shaped loading is defined by three elements — namely, static
load magnitude, cyclic load magnitude, and cyclic (a) symmetry.
Based on detailed parametric studies, a new empirical equation
suitable for cyclic-shear dominated loading (perpendicular T/L-
shaped loading) is proposed. The corresponding 𝑇 cs

b,I and 𝑇 cs
b,II

functions have been found to linearly depend on the load magni-
tude (static and cyclic, respectively), while 𝑇 cs

c,II does not seem to
be influenced by the relative density of the soil. These findings are
consistent with previous work on unidirectional cyclic loading,
and can be adopted as sound working assumptions in future

applications of the proposed framework to design practice;
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Fig. 19. Prediction of the pile ratcheting behaviour under non-orthogonal L-shaped loading.
(e) in the case of non-orthogonal T/L-shaped loading, decompos-
ing the cyclic load into two orthogonal components, calculat-
ing their respective pile accumulated rotation and, lastly, com-
bining them based on the square-root-of-the-sum-of-the-squares
(SRSS) method can provide accurate estimates of cyclic pile tilt
as obtained via more detailed 3D FE analyses.

The findings and calculation framework proposed in this study
epresent what is believed to be a valuable addition to the growing
ody of knowledge regarding cyclically loaded monopiles. Utilisation
n geotechnical design practice will require further computational and
xperimental studies to confirm the extension of the presented results to
ifferent soils and monopile geometries, as well as their extrapolation
o longer cyclic loading histories.
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