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ARTICLE INFO ABSTRACT

Keywords: The design of monopile foundations for offshore wind turbines is often governed by lateral tilt under monotonic
Offshore wind and cyclic loading, commonly assessed using distributed (spring-based) soil-reaction models. While these
Monopiles models are well established for monotonic loading, their extension to cyclic conditions — and their acceptance

Finite element modelling
Cyclic loading
Sand

in industry — remains limited. As part of a broader research programme on cyclic soil-reaction modelling,
this paper supports such developments through non-linear 3D FE analyses of monopile response in sand under
monotonic and cyclic loading. The SANISAND-MS constitutive model is employed to capture the drained cyclic
behaviour of the sand, including ratcheting. Extensive parametric studies are performed to investigate the
combined effects of geometric, geotechnical, and loading conditions. The results confirm well-known aspects
of monopile mechanics while also highlighting less-studied features, including the relative contributions of
different (cyclic) soil-reaction components (within the PISA framework) and the quantitative influence of
relative monopile-soil stiffness on both monotonic and cyclic response. Finally, the study proposes interpolation
laws synthesising the numerical findings, which can aid in conceptualising monopile lateral behaviour, guiding
future experimental campaigns, and, very importantly, informing the development and validation of simplified
soil-reaction models.

1. Introduction Staubach and Wichtmann, 2020; Liu et al., 2022; Jostad et al., 2023;
Li et al., 2023, 2025).

Wind energy production continues to grow to meet the global 3D finite element (FE) simulations offer the greatest versatility for
demand for renewable power, and offshore wind turbines (OWTs) analysing the influence of governing factors, including pile geometry,
p.rov1de an efficient means of harnessn.lg this resource. Large steel load history, soil behaviour, and soil stratigraphy/heterogeneity. How-
piles — commonly.referred to as “monopiles Care current?y the most ever, they typically involve high computational costs, making long-term
prevalent foundation type for OWTs due to their cost-effectiveness and monopile simulations (extending up to 107108 cycles, Houlsby (2016))
su}tablhty for mass prodl}ctlo.n. Among the various design .COHSIder' impractical for multiple foundation sites (Pisano, 2019). Therefore, the
ations, evaluating monopile tilt under lateral loading remains a key . s

R - abovementioned simplified approaches (0D or 1D models) are generally
aspect of serviceability assessment. . .
. . . . .. . preferred for handling large cycle numbers (Abadie et al., 2023).

With a particular focus on cyclic loading conditions, several numeri- . . .

Although computationally attractive, these modelling approaches

cal approaches are available to predict lateral tilt. These include - listed . . . . . .
in order of increasing dimensionality — lumped macroelements (also require the adoption of appropriate upscaled constitutive relationships

known as 0D models) (Li et al., 2016; Page et al., 2018, 2019), dis- to capture soil-structure interaction mechanisms. The development of

tributed soil-reaction spring models used with 1D pile analyses (Fuentes such laws necessitates their formulation, calibration, and validation

et al., 2021; Beuckelaers et al., 2020; Kementzetzidis et al., 2022; Zha against observed pile response under both monotonic and cyclic load-
et al., 2022), and fully 3D continuum models (Achmus et al., 2009; ing. A major obstacle in this effort is the scarcity of full-scale tests,
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coupled with the difficulties of exploiting available experimental data
to inform specific modelling choices and calibration steps. In regimes
where soil behaviour remains linear, analytical calibration expressions
can be established - see, for example, Higgins et al. (2013) and He and
Kaynia (2024) for OD and 1D pile analyses, respectively. However, the
intrinsic non-linearity of soil behaviour, particularly under sufficiently
large external loads, prevents the development of simple calibration
procedures, making the use of experimental evidence essential for
producing reliable models and attaining wide industry acceptance.

The execution of small-scale model tests — either under 1 g condi-
tions or in a geotechnical centrifuge — as well as medium- or full-scale
field tests, is now entirely feasible and widely employed, as evidenced
by the substantial body of literature available (LeBlanc et al., 2010;
Klinkvort and Hededal, 2013; Li et al., 2015; Abadie et al., 2019;
Richards et al., 2020; McAdam et al., 2020; Byrne et al., 2020a,b;
Li et al., 2022; Wang et al., 2022a; Kementzetzidis et al., 2023a; Liu
et al., 2024). However, time and budget constraints typically impose
on these experimental programs limitations on the number of tests, so
that only selected combinations of pile geometries and soil properties
can be considered. Furthermore, the small scale of tested model piles
means that even miniaturised sensors used to measure local responses
and soil-structure interaction forces may influence the results, making
a detailed evaluation of the local processes near the pile challenging. As
a consequence, it is difficult to perform truly exhaustive and internally
consistent investigations — both in terms of experimental methods and
test setups — to unravel all quantitative dependencies of monopile
response features on the full range of governing factors.

For instance, although monopiles are often described as responding
to lateral loading primarily through rigid rotation, real designs often
fall, depending on site-specific soil conditions, into an intermediate
regime in which the lateral response involves a combination of rigid
rotation and flexural deformation (Abadie et al., 2019). This makes it
challenging to conceptualise and systematise the various levels of such
transitional behaviour, particularly under complex cyclic loading con-
ditions. In this regard, the problem of quantitatively determining the
influence of relative pile-soil stiffness on cyclic response characteristics
has not yet been conclusively addressed (Wang et al., 2022b).

The industry’s need for design approaches that are sufficiently
simple yet reliable and robust has, in recent years, led to the devel-
opment of the PISA 1D analysis framework for monopiles, originally
proposed to reproduce the monotonic lateral response of monopiles in
sand (Byrne et al., 2019). The fundamental idea behind this framework
is to extend standard subgrade-reaction modelling — initially developed
for slender, flexible piles — to the case of stiff OWT monopiles. This
is accomplished by introducing additional soil-reaction components,
including the distributed moment along the pile shaft and the base
force and moment, alongside the conventional lateral soil reaction. If
appropriately calibrated, the PISA model can successfully reproduce
the monotonic system response, both in terms of load-displacement
behaviour and bending-moment distributions. However, in its current
form it is not equipped to capture key aspects of cyclic behaviour, such
as the progressive accumulation of irreversible displacements.

In light of the above gaps, this paper presents research conducted
as part of the MIDAS project, a research initiative aimed at advancing
physical and numerical modelling capabilities to improve monopile
design approaches (Pisano et al., 2022, 2025). MIDAS’ overarching
objective is to develop a cyclic soil-reaction model for 1D monopile
analysis, informed by centrifuge load tests and 3D FE simulations, and
to propose robust calibration procedures to facilitate its broad appli-
cation in industrial offshore wind projects. This contribution leverages
an advanced 3D FE modelling framework incorporating the memory-
enhanced SANISAND-MS constitutive model (Liu et al., 2019) to: (i)
characterise the mechanical processes occurring near the pile under
monotonic and cyclic loading; (ii) quantify the influence of the different
soil-reaction components defined within the PISA 1D monopile analysis
framework; (iii) assess the impact of pile geometry and soil mechanical
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properties on the cyclic accumulation of displacements and rotations;
and (iv) provide a set of numerical results for benchmarking simplified
soil-monopile interaction models.

A validated and computationally robust 3D analysis tool enables
consistent parametric exploration of the many factors that govern
monopile lateral response and supports the identification of funda-
mental relationships between key response features — such as the rate
of cyclic tilt accumulation — and governing parameters, such as the
relative pile-soil stiffness, over a realistic range of conditions. The
ultimate contribution of this paper is therefore both methodological
and practical, in that it provides benchmark results and interpolation
relationships derived from numerical procedures that are now readily
accessible to practitioners beyond the academic research community.

2. 3D FE modelling of laterally loaded monopiles in sand
2.1. 3D FE model setup

To analyse the lateral response of piles in sand, a series of 3D non-
linear finite element (FE) simulations were performed using Plaxis 3D,
following the approach of Pisano et al. (2024). A steel tubular pile of
diameter D was embedded in a homogeneous dry sand layer. The total
pile length consisted of both the embedded length (L) and the above-
ground length (4). The soil domain used in the numerical analyses
(Fig. 1) was defined based on the monopile geometry: the horizontal
dimensions were set relative to the pile diameter (30D and 15D), while
the vertical extent was set to four times the embedded length (4L).
The symmetry inherent in the lateral loading of a cylindrical structure
was exploited to model only half of the system, thereby reducing
computational costs.

The soil domain was discretised into approximately 16,000 10-node
tetrahedral elements, with finer elements near the pile (approximately
0.125D) to capture larger strain gradients. The pile was modelled using
approximately 1000 6-node triangular plate elements, with interface
elements incorporated to simulate soil-pile interaction. In the normal
direction, the interface elements exhibited a perfectly brittle response
under tension and an elastic response under compression. To ensure
that the interface stiffness value do not significantly affect the numeri-
cal results, it was set equal to five times that of the surrounding soil in
a way to ensure a “nearly rigid” behaviour. In the tangential direction,
the interface elements followed a “rigid”-perfectly plastic behaviour.
The yield locus was defined by the Mohr-Coulomb criterion, with the
friction angle taken as two-thirds of the soil critical state friction angle.

The domain size and element distribution were chosen to ensure
accurate numerical solutions, leveraging experience from previous re-
lated research (Corciulo et al., 2017; Liu et al., 2022) and considering
the higher accuracy of second-order tetrahedral elements used in Plaxis
3D (Pisano et al., 2024). Boundary conditions were applied as follows:
all displacements were constrained to zero at the base of the soil
domain, while normal displacements were restricted along the vertical
boundaries. A horizontal force H was applied at the pile head.

The quasi-static numerical analyses were conducted in the following
stages:

1. Stress initialisation - The initial stress state was imposed using
a k, procedure, where k, represents the at-rest lateral earth
pressure coefficient.

2. Pile installation - The pile was assumed to be ‘“wished-in-
place”, a common assumption when investigating pile installa-
tion effects is not the primary focus of the analysis (Hu et al.,
2022; Liu et al., 2022).

3. Lateral loading — The horizontal force H was applied either
monotonically or cyclically.
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Fig. 1. Model geometry and FE discretisation.

Although the initial stress state — as resulting from soil unit weight
and the pile installation process — quantitatively influences the lateral
response of monopiles, prior studies have shown that these factors do
not modify the general qualitative behaviour (Achmus et al., 2020; Liu
et al., 2022; Pisano et al., 2024). Consequently, the governing mecha-
nisms, behavioural patterns, and the relative contributions of the soil
reaction components — the main focus of this paper — are not expected
to be significantly affected. Moreover, recent literature indicates that
assuming a wished-in-place installation generally leads to conservative
predictions of monopile lateral deflection under monotonic loading;
under cyclic loading, installation effects are mostly confined to the
early cycles and tend to vanish as cycling progresses (Staubach et al.,
2020; Kementzetzidis et al., 2023b; Pisano et al., 2024).

All cyclic numerical analyses were performed for 100 cycles; there-
fore, it would be imprudent to directly extrapolate these results to
long-term monopile performance. Nevertheless, this limitation does
not detract from the value of the findings presented in the following
sections. The results serve to (i) elucidate fundamental geotechnical
mechanisms and behavioural patterns and (ii) support mechanics-based
enhancements of engineering design approaches (Pisano, 2019) - in-
sights that cannot be obtained from experimental datasets that are often
inevitably restricted to specific geometries and soil conditions.

2.2. Material modelling and constitutive parameters

Steel monopiles were considered in this numerical study, each
assigned standard material properties: Young’s modulus of 200 GPa,
Poisson’s ratio of 0.3, and a unit weight of 78.5 kN/m?>. The pile wall
thickness (t,) was set to 10 cm.

The dry unit weight of the soil (yd,y) was determined based on the
target relative density of the sand (D,) for each specific 3D model. This
was computed assuming a specific gravity (G,) of 2.67 and minimum
and maximum void ratios of 0.64 and 1.07, respectively. These values
were obtained from standard laboratory tests conducted on Geba sand,
the reference sand type used throughout the MIDAS experimental
programme (Wang et al., 2025). Geba sand is a silica-based, slightly
silty, fine, poorly graded sand (D,y, Dsy, and Dy, equal 0.081 mm,
0.119 mm, and 0.129 mm, respectively), already used in previous
physical modelling studies (Zhang and Askarinejad, 2019; Li et al.,
2022).

The mechanical behaviour of Geba sand was modelled using the
well-established SANISAND-MS model, originally developed by Liu
et al. (2019). This model is an extension of the original SANISAND
model by Dafalias and Manzari (2004). It preserves the advantages of

bounding surface plasticity in simulating cyclic sand behaviour while
enhancing accuracy in modelling cyclic strain accumulation through
the introduction of a memory surface (Corti et al., 2016). SANISAND-
MS has been successfully applied to cyclic soil-pile interaction prob-
lems and is gaining broad traction in cyclic 3D FE studies across
the research community (Roy et al., 2024; Wen et al., 2025; Stastny
et al., 2025; Liu et al., 2026a). The implementation used in this study
follows the latest work outlined by Li et al. (2026), which was recently
validated against cyclic pile load test data from Byrne et al. (2020a)
by Pisano et al. (2024).

Predictions obtained with the SANISAND-MS model depend on the
adopted set of elastic and plastic parameters (Liu et al., 2019). The
model employs a non-linear hypo-elastic formulation in which the shear
modulus varies with both mean effective stress (p’) and void ratio (e)
through a dimensionless stiffness factor G, while the Poisson’s ratio
v is kept constant. In the g—p’ stress plane, the opening of the conical
yield surface is controlled by the parameter my, and its rotation about
the apex is governed by the kinematic hardening rule. The critical-state
stress ratio under general loading paths is defined based on its values
in triaxial compression (M,) and triaxial extension (¢ - M., where ¢
is the triaxial-extension multiplier). The critical state line in the e—p’
plane is described by three parameters (4., ¢, £), while the evolution
of plastic stiffness during loading is controlled by the parameters h
and c,. The distance between peak strength and the critical state
is governed by the evolving state parameter y, as defined by Been
and Jefferies (1985), together with the additional model parameter
n,. In the latest version of the model (Li et al., 2026), an additional
parameter M>™™ is introduced to impose an upper bound on the
mobilised peak strength associated with the bounding surface under
triaxial compression, thereby preventing unrealistically high strength
mobilisation in very dense states or under non-triaxial loading paths —
in this regard, see also Taborda et al. (2020). Dilatancy is governed by
two parameters, A, and n,;, where the former primarily regulates its
magnitude and the latter controls its dependence on yw. Under cyclic
loading, dilatancy is additionally influenced by the cyclic parameter g
and is indirectly affected by the memory-hardening mechanism, which
governs cyclic strain accumulation through the parameters x, and ¢.

The constitutive parameters for Geba sand were calibrated using
experimental data from element soil tests and centrifuge pile load
experiments. These tests were conducted at Deltares’ laboratory (Delft,
the Netherlands) as part of the MIDAS research programme (Wang
et al., 2025; Peccin da Silva et al., 2026). The final calibrated param-
eters, tailored for the specific MIDAS centrifuge tests, are summarised
in Table 1, with most values broadly falling within the same range as
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Fig. 2. Simulated monotonic monopile response: (a) load—displacement and (b) moment-rotation curves.

Table 1

Calibrated SANISAND-MS model parameters for Geba sand, based on Liu et al.

(2026).
Elasticity

Strength and critical state Yielding

G, v M c M n® A

¢ ¢,max ¢ € ¢ my

0.0015 0.935 0.7 0.1

400 0.05 1.25 0.70 1.9 0.96

Plastic modulus Dilatancy Cyclic/memory effects
ho Ch Ay n Ho ¢ B
8.64 1.09 1.1 0.75 500 0.0001 1

those identified for Karlsruhe sand (Liu et al., 2019; Li et al., 2026),
Ottawa 20/30 sand (Liu and Pisano, 2019), and Dunkirk sand (Pisano
et al., 2024).

While the calibration and validation work is extensively reported
in Liu et al. (2026), the key aspects relevant to the present study
are summarised in Appendix, demonstrating that the 3D FE results
presented herein build on a sound numerical model — previously vali-
dated against experimental observations of monopile behaviour under
monotonic and cyclic loading in uniform sand.

3. Numerical results of monopile behaviour - a reference case

To investigate the mechanical response of monopiles under mono-
tonic and cyclic loads, numerical parametric studies were performed.
This section presents and interprets the results of a selected reference
case (D =9 m, L/D =4, h/D =5, D, = 90%) to highlight general,
recurring system response features.

3.1. Response to lateral monotonic loading

Fig. 2 presents the numerical simulation results of the monopile
subjected to a monotonically increasing lateral load, shown through
the H-ygg (Fig. 2a) and M-, (Fig. 2b) relationships. The surface
moment is computed as M = H - h, whereas y;g and ;¢ denote
the horizontal displacement and rotation at the ground surface, respec-
tively. The rotation 6 is obtained by dividing the differential vertical
displacement between points A and B in Fig. 1 by the pile diameter.

Both curves exhibit a continuous increase, indicating no clear me-
chanical failure. In this study, the ultimate condition is conventionally

Lateral load, H —»

©
c
5 C
Q 2 &
3 o5
2 ¥
5 o2
= 2
Ground surface
«— — S 3
©..Q %)
i
+—a& © e
- © 3 @
. BRI et 8
T o - 3
2T = 0]
Lo o
© .0 — €
Sz
T O i}
= @ —
T o
i

Base force, Fo —p-

Base moment, Mo

Fig. 3. Idealised soil reaction components for short monopiles. Forces and
displacements positive rightward; moments and rotations positive clockwise.

defined as ;¢ = 2° (Richards et al., 2020), corresponding to ultimate
values of H = H, =82.7 MN and M = M, = 3721 MNm (Fig. 2).

Modern OWT monopiles are relatively short with a large diameter.
As noted by Burd et al. (2020), their response is influenced by not only
the lateral soil reaction p, but also the distributed moment m (arising
from shear stresses due to relative vertical soil-pile movement), and
by the base force and moment (Fp and Mp). These four components
(illustrated in Fig. 3) were derived from 3D FE simulations. The reac-
tions p and m were calculated from nodal force resultants along the pile
perimeter, while Fy and M were deduced by enforcing equilibrium in
translation and rotation, once the other contributions were known.

Fig. 4 displays the lateral p-y and rotational m-0 responses at
varying depths z. Here, y denotes local horizontal displacement and
0 the corresponding rotation.

At depths beyond 13 m (z/D> 0.36), the p—y curves increase mono-
tonically, indicating the absence of local failure. Shallower depths
exhibit different behaviour: at 6 m, the response plateaus (ductile
response), while at 4-5 m, softening is observed (brittle response),
suggesting local yielding and stress redistribution. Although these ef-
fects do not compromise overall pile stability due to the system’s
redundancy, they highlight limitations in simplified analytical p-y mod-
els (API, 2010; Li et al., 2014; DNV, 2016; Burd et al., 2020; Wang
et al., 2022a), which often neglect such non-linear interactions. While
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Fig. 4. Distributed soil reactions under monotonic loading: (a) lateral reaction (p—y) and (b) moment reaction (m-) at various depths.

overall load-displacement predictions remain accurate (Burd et al.,
2020), local bending behaviour may be misrepresented.

The m-0 curves confirm that the pile is not entirely rigid. Rotations
decrease with depth, reducing from 2° at the surface to approximately
1° at 36 m. Softening at 5-6 m mirrors the p—y behaviour, and further
reductions at 25 m suggest a downward shift in the centre of rotation.

To clarify these trends, Fig. 5 presents the local soil response im-
mediately next to the pile at selected depths using ¢—p’ (normalised
for representation purpose with respect to the geostatic effective mean
stress p|) and e—p’ plots, where p’ denotes the effective mean stress,
q = \/B/2)s;;s,; is the deviatoric stress magnitude, and e is the void
ratio. At 4 m depth, the compressed side (red in Fig. 5a and d) exhibits
an almost linear stress path that reaches a peak before decreasing,
accompanied by dilation. The decompressed side (blue) instead shows
a pronounced reduction in stress and significant volume expansion. At
6 m, the compressed-side response (red in Fig. 5b and e) remains similar
to that at 4 m, but the decompressed side behaves differently: after
an initial drop, p’ begins to increase. This contrast in decompressed-
side behaviour explains the differences observed in the p—y trends at
4 m and 6 m. At 36 m depth, the response on both sides of the pile
involves only minor void-ratio changes, and the sand remains far from
the critical state, which allows the corresponding p—y curve to increase
monotonically. Further discussion of soil stress paths around monopiles
under monotonic lateral loading can be found in Cheng et al. (2023).

Fig. 6 illustrates the pile base response in terms of Fz-yp and
Mp—0p relationships, where yp and 0 represent base horizontal dis-
placement and rotation. The sign convention follows Fig. 3, with pos-
itive values aligned with the applied load H and moment M. Both
curves are nearly linear, suggesting that the ultimate condition (65¢ =
2°) occurs while irreversible deformations at the pile base remain rather
limited.

To further evaluate the contribution of soil reactions to global pile
behaviour, Fig. 7 shows bar charts of normalised force and moment
components. Fig. 7a illustrates the evolution of Fz and P (the resultant
lateral soil reaction) with respect to H/H,, while Fig. 7b shows the
evolution of Mg, M (moment due to Fg), Mp (moment from lateral
reactions), and M, (moment from distributed m) as a function of
M /M,,. The contribution of Fy increases significantly with the external
load amplitude, reaching approximately 35% of H, at (conventional)
ultimate conditions. Its associated moment My reaches 28% of M,.
The distributed moment M, also increases, though it remains compar-
atively smaller (10% of M, at ultimate). Conversely, M contributes
minimally, remaining below 1%.

These findings highlight the necessity of including both Fj and
M, in simplified models to capture global pile response accurately.
However, the negligible role of My in this case suggests it may be
omitted without compromising accuracy. This conclusion, though, is
specific to the present configuration and may not generalise across
all pile geometries and soil conditions. This will be discussed in the
following.

3.2. Response to lateral cyclic loading

During their operational lifetime, OWT monopiles are subjected to
irregular loads with varying amplitudes, asymmetries, directions, and
frequencies. Although few studies to date have captured all (or part
of) these complexities (Richards et al., 2020; Abadie et al., 2023; Li
et al., 2023; Abu-Kassab et al., 2025), current practice and much of the
literature typically simplify environmental loading as regular, single-
amplitude cyclic loads (LeBlanc et al., 2010; Klinkvort and Hededal,
2013; Abadie et al., 2019; Li et al., 2022). Within this framework,
each cyclic load is characterised by its mean value and amplitude, or
alternatively, by the non-dimensional load factors for amplitude (¢;)
and asymmetry ({.), as introduced in LeBlanc et al. (2010):

M M,

max min
= — = 1
e TR v &

where M., and M_;, denote the maximum and minimum moments
applied within each load cycle. The same formulation can be applied
to lateral force loads with unaltered value of the two dimensionless
factors.

The geotechnical serviceability of monopiles may often be governed
by the lateral tilt accumulated during cyclic loading. Accurate predic-
tion of rotation and displacement at the ground surface (46,¢ and
Aygys, respectively) is therefore essential. These quantities are typically
expressed relative to their first-cycle values, 655, and yggg, as a
function of the number of cycles N.

Fig. 8 illustrates the accumulation of ground surface rotation for 1 g
small-scale Test 18, reported in LeBlanc et al. (2010) (pile diameter
and lenght 80 mm and 360 mm, respectively, sand’s relative density
38% and one-way cycles), plotted on a bi-logarithmic scale. The ex-
perimental results follow an approximately bilinear trend: a steeper
initial branch (N < 100), followed by a flatter second branch (N >
100). LeBlanc et al. (2010) fitted the latter with a power law:

A5
0650

=TgsTgsc NS« (2)



L. Flessati et al.

Computers and Geotechnics 195 (2026) 108069

z=6m z=36m
15 p,=64kPa 15~ p',=385kPa
.f_;',\. L
& H & H L
10k [6m g 10k L S
s
= Tl i = %6m .
o2 s ey [ ] | ] 7
e 7
5+ 2 5+ s
v
V.
e 7/
| 0 | | 0 | |
10 0 5 10 0 5 10
PPy PPy
(a) (b) ()
. z=4m 1 z=6m 1 z=36m
csL B csL ___ lesL_
09k \\\\ 091 R 0.9*lml s
Y IQI F’
I?I H _H»
o 08l G o 0.8} H 0 08}
Aam = 6m . 36m
| | L}
0'7’7_‘\‘\0—)—5 0-71 éﬁ—# 0.7 —aye
0.6 il v 0.6 Lo vl e 0.6 Lo il v
10° 10 10 10° 10 100 102 10
p' [kPa] p' [kPa] p' [kPa]
(d) (f)

Fig. 5. Local soil response at depths of (a,d) 4 m, (b,e) 6 m, and (c,f) 36 m under monotonic loading. p(’) is the geostatic effective pressure. The normalisation

in the ¢ — p’ planes is introduced to better visualise the results.

Rotation at the base, 6g [°]
8 1

0 02 04 06 1.2
00— ——T—— 1 -80
Fs=FBu
470 _
_Br Me=Msy £
= TU160 Z
> =
=20t lso
£ =
g 15¢ {40 5
e 30 5
3 10} 1=
@ 120 g
5T —FB-yB .10
——MsB-6B
0 L L L 0
0 -0.05 0.1 -0.15 0.2

Horizontal displacement at the base, yg [m]

Fig. 6. Simulated pile base response: base shear force vs.
and base moment vs. base rotation.

base displacement

Here, T, depends on ¢, and relative density; T . is a function of
{., and equals 1 when ¢, = 0; T, was set to 0.31. The solid line in
Fig. 8 corresponds to T, = 0.19, Ts . = 1, which closely matches the
experimental trend beyond 100 cycles. The initial segment (N < 100) is
also well-represented by a power law, albeit with different coefficients.
The dashed line reflects Tg, = 0.12, Tgg, = 0.45, consistent with
values used by Liu et al. (2022) for 100-cycle 3D FE simulations. It
should also be noted that the framework proposed by LeBlanc et al.
(2010) implicitly assumes an indefinite accumulation of pile rota-
tion under single-amplitude cyclic loading, without accounting for the
possible saturation of this trend (shakedown response). Experimental
evidence, for instance from Peccin da Silva et al. (2026), shows that
such shakedown behaviour can occur for monopiles in very dense sand
(relative density approaching 100%). The same simplifying assumption
is adopted here in order to extend the analysis of LeBlanc et al.
(2010), but no systematic investigation of the ratcheting-to-shakedown
transition is attempted, as this would require considerably longer cyclic
load histories and substantially higher computational effort.

The following analysis presents FE results from two simulations
based on the reference geometry and soil properties described in Sec-
tion 3.1, both with ¢, = 0 but different ¢, values: 0.1 and 0.4.

This framework was extended to examine the accumulation of
displacement and rotation not only at the ground surface, but also
along the pile shaft and at the pile base. This approach provides a
comprehensive view of the mechanical response during cyclic loading
and supports the development of simplified design models. A similar
methodology was also applied to analyse the evolution of various soil
reaction components, which is expected to assist in advancing cyclic
design models, including those based on stiffness degradation (Reese
et al., 1974; Little and Briaud, 1988; Long and Vanneste, 1994).

Fig. 9 summarises the ground surface response: load-displacement
and moment-rotation curves, and the cyclic accumulation of lateral
displacement and rotation. As anticipated, both lateral displacement
and rotation accumulate progressively with increasing load cycles.
When plotted on a bi-logarithmic scale, the accumulated quantities
exhibit approximately linear behaviour, and the curves for different
load cases are nearly parallel. The load-displacement and moment—
rotation plots also reveal notable differences in unloading behaviour:
for {, = 0.1, the unloading paths are nearly linear, whereas for ¢, = 0.4,
a mild non-linearity becomes evident.

These trends highlight the importance of accounting for rotational
hardening in both macroelement models and soil-pile interaction
frameworks. Incorporating this behaviour is key to reliably simulating
the cyclic response of soils in these modelling approaches (Houlsby
et al., 2017; Page et al., 2019; Kementzetzidis et al., 2022).

Consistent with the formulation of LeBlanc et al. (2010), the accu-
mulation of rotation was interpolated using Eq. (2). A similar power-
law expression was adopted for displacement:

3)

where Y, Y55, and Y, mirror the roles of their rotational coun-
terparts in Eq. (2).

The dashed lines in Fig. 9 represent results fitted using Egs. (2)
and (3), with coefficients listed in Table 2. In agreement with LeBlanc

Y,
Aygs = Yos5Y65.N 5«
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Table 2
Interpolation parameters used for the dashed lines in Fig. 9 (Y5, = Tgs, = |
in all cases).

YGS,b YGS,a TGS.b TGS,u
& =01 0.01 0.55 0.006 0.55
& =04 0.04 0.55 0.026 0.55

et al. (2010), both T, and Y, increase with ¢, reflecting greater
accumulation at higher load amplitudes. These coefficients are also
expected to depend on soil relative density and pile geometry — only
a single pile geometry was considered in LeBlanc et al. (2010)’s study.
This dependency is further explored in the last section of the paper.

Since the numerical results yield nearly parallel curves in
bi-logarithmic space, a common exponent of Tj;g, = Y55, = 0.55 was
adopted for all cases. This value aligns closely with that reported by Liu
et al. (2022) for up to 100 cycles of FE analysis — in that previous study
the SANISAND-MS parameters were calibrated for Karlsruhe sand.

The p-y curves shown in Fig. 10a are non-linear at all depths, and
lateral displacement accumulates with each cycle. In the bi-logarithmic
plot (Fig. 10b), accumulated displacement increases approximately
linearly with N, with nearly parallel trends across depths—similar to
those observed at the ground surface (Fig. 9c—d).

Interestingly, although the load amplitude remains constant across
cycles, the maximum lateral reaction p,y does not (Fig. 10c). At some
depths (e.g., 19 m, 36 m), py increases with cycling; at others
(e.g., 5 m), it decreases. In certain locations (e.g., 13 m, 31 m), py
initially rises then falls. This depth-dependent behaviour reflects stress
redistribution along the pile due to complex soil-pile interactions. The
results in Fig. 10 provide a useful benchmark for assessing simplified
pile-soil models that aim to capture local interaction mechanisms
(or for pointing out their limitations). These local mechanisms are
governed by compatibility conditions and are not captured by standard
simplified 1D models based on uncoupled non-linear springs. While the
global response (e.g., load—displacement at ground level) may still be
captured accurately with these simplified 1D models, inaccuracies in
modelling the local lateral soil reactions may cause errors in predicting
bending moment distributions.

Fig. 11 presents the numerical results for distributed moment re-
sponses under cyclic loading (¢, = 0.4), including: m-0 curves, cyclic
accumulation of rotation 46 (normalised by 6,), and the evolution of
the distributed moment my normalised by m,. These patterns closely
mirror those previously observed in the p-y response (Fig. 10), high-
lighting similar complexities in capturing cyclic behaviour through
simplified soil-pile interaction models.

Fig. 12 shows the cyclic response at the pile base in terms of lateral
base force Fp and displacement yp. Accumulated displacement Ayp
(normalised by yj ) increases linearly with the number of cycles in the
bi-logarithmic space. Trends are consistent with those at the ground
surface (Fig. 9c-d). The increase in Fp, with N (despite constant
load amplitude) suggests progressive mobilisation of base resistance
and highlights the need for cyclic hardening mechanisms in simplified
base response models.

The base displacement behaviour is well captured by a power-law
relation:

A
s = YB,bYB‘CNYB,a (&)

YBo

where Yy, Y., and Yj , retain the same interpretation as in Eq. (2).
For {, = 0, Yp, = 1. As with surface behaviour, Yy, is expected to
vary with ¢, relative density, and geometry—factors further explored
in the final section of the paper. The FE data are well reproduced using
Yp, = 0.55, consistent with the values used to interpolate the response
at ground surface.

Fig. 13 summarises the evolution of key reaction components dur-
ing cyclic loading at ¢, = 0.4. The base force Fp and its moment
contribution (M) both increase with N, reflecting enhanced base
engagement. While the resultant lateral soil force P also rises with
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cycles, its associated moment M, decreases—indicative of stress redis-
tribution towards the pile base. In contrast, the distributed moment M,
remains approximately constant despite local changes in m (see Fig.
11). This observation suggests that the cyclic dependence of m may
be neglected in simplified models, without compromising the global
moment balance. Finally, the base moment M continues to exhibit
negligible influence even under sustained cycling.

4. Pile geometry-sand density interplay: parametric study

This section summarises the results of parametric 3D FE analyses
aimed at investigating how monopile geometry and sand relative den-
sity affect pile behaviour (Table 3). Certain configurations — such as
D =3mand L/D =1 - are included as boundary cases rather and
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are not representative of typical offshore wind turbine (OWT) monopile

designs.

Both monotonic and cyclic responses broadly follow the trends

KG = E,
R™ G4

flexibility factor, K&, is adopted:

)

previously discussed. The discussion here focuses on key summary
metrics. For monotonic loading, attention is restricted to ultimate base
force, base moment, and distributed moment, identifying when these
components are significant. For cyclic loading, the accumulation of
displacement and rotation is described using interpolation parameters
from Egs. (2), (3), and (4).

To establish a relationship between monopile response and its stiff-
ness relative to the surrounding soil, the following non-dimensional

where E,I, and G denote the pile flexural rigidity and the small-
strain shear modulus of the soil at the pile base depth, respectively.
This flexibility factor is essentially equivalent to the parameter Kp
of Poulos (1982), defined using Young’s modulus instead of G, through
K& 2(1 + v)Kg. Defining K¢ in terms of G allows direct use
of elastic stiffness measurements commonly obtained in offshore site
investigations (e.g., geophysical surveys and seismic CPTs).

Kg indicates whether the pile exhibits rigid, flexible, or intermedi-
ate behaviour under lateral loading. Flexible piles typically mobilise
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Table 3
Monopile geometries and sand relative densities considered in the 3D FE
parametric study.

D [m]

LD 3 6 9 12
1 X D, = 90% D, = 90% D, = 90%
h/D=5 h/D=5 h/D=5
2 D,=90% | D,=90% D, = 90% D, = 90%
h/D=5 n/D=5 h/D =510 h/D=5
4 D,=90% | D,=90% | D,=1530,50,90% | D, =90%
n/D=5 | h/D=5,10 h/D=5,10 h/D=5,10
6 D,=90% | D,=90% D, = 90% D, = 90%
/D=5 n/D=5 /D=5 h/D=5

negligible base reactions, whereas stiffer systems develop significant
base resistance. This definition is directly related to the flexibility factor
Ky introduced by Poulos (1982), which is formulated in terms of
Young’s modulus. The two measures are related through Kg =2(1+
V)K, enabling published threshold values to be readily converted once
the Poisson’s ratio v is assumed or measured. Although the limiting val-
ues are not unique, several criteria have been proposed in the literature.
For example, the rigid and flexible limits reported by Poulos (1982)
are K = 0.1 and 107>, respectively. Other studies suggest comparable
ranges (Poulos and Hull, 1989; He and Kaynia, 2024). While monopiles
are often conceptualised as rigid and rotation-dominated (Achmus
et al., 2009), practical designs typically fall within K ~ 1073-10"1 (or
the equivalent Kg range), indicating intermediate behaviour in which
both rotational and flexural mechanisms contribute.

Fig. 14 illustrates how normalised values of Fy,, Mp,, and M, vary
with Kg. The following empirical fits offer good agreement (except for
a few low-L/D outliers):

Iou 1.35(K§)°, Mo _ 0.075(K$)*, Mpu _ 0.13(K$H)*  (6)
Hu MM MM

These relationships allow rational assessment of when base and
distributed moments should be included in simplified models. They
also aid in interpreting small-scale test data and upscaling to real-world
monopiles.

For cyclic cases, displacements and rotations were interpolated
using Egs. (2), (3), and (4), assuming Yg5,. = Tgs. = Yp. = 1.
Bi-logarithmic plots showed nearly parallel trends, justifying a com-
mon exponent of 0.55 for Y ,, Tgs,4, and Yp, across all cases. The
coefficients Y5 ;, Tgs.4, and Yp, are functions of KC.

Fig. 15 shows these coefficients normalised by ¢,, consistent with
findings by LeBlanc et al. (2010) and Liu et al. (2022), who observed
linear scaling with ¢,. Best-fit expressions are:
= 0.18(K$)""7, Toss _ 0.14(K$™7,
b 9 b

Yss Y

=0.10 @

which is generally consistent with the experimental observations of Wang
et al. (2022b) regarding the effect of pile flexibility on global cyclic
ratcheting behaviour. As in the monotonic case, deviations arise for low
L/ D configurations, which exhibit caisson-like behaviour. Nonetheless,
the fitted relations remain promising tools for estimating cyclic accu-
mulation using readily available parameters such as pile geometry, soil
properties, and monotonic response data.

5. Conclusions

This paper presented a comprehensive numerical investigation of
the monotonic and cyclic lateral response of piles embedded in dry
sand. Soil behaviour was simulated using SANISAND-MS, an advanced
constitutive model capable of capturing cyclic strain accumulation
in granular materials. Model parameters were calibrated against cen-
trifuge experiments. The analyses were intentionally restricted to rel-
atively simple cyclic loading conditions, excluding asymmetric or ir-
regular histories. Although these more complex scenarios were beyond
the scope of the present work, they represent a natural extension

10

for future research. The limited number of simulated cycles does not
detract from the value of the adopted modelling framework, which
enables detailed insight into the governing geotechnical mechanisms
and provides a rational basis for mechanics-informed improvements to
design approaches.

The main findings of the study can be summarised as follows:

— Under both monotonic and cyclic loading, the lateral soil
reaction—-displacement and distributed moment-local rotation re-
lationships are not necessarily monotonic. This behaviour origi-
nates from localised soil-pile interaction mechanisms that are not
readily captured by conventional one-dimensional soil reaction
models.

— For the range of geometries considered, representative of
monopiles currently used in practice, the base shear force, base
moment, and distributed moment can contribute appreciably
to the overall structural response, particularly to the rotational
equilibrium of the monopile.

— The relative contribution of the base shear force increases slightly
with the number of load cycles, whereas those of the distributed
moment and base moment remain essentially unchanged, with the
latter generally negligible for practical purposes.

— Irreversible displacements and rotations develop at both the
ground surface and the pile base, evolving with the number of
cycles according to a power-law relationship.

From a practical standpoint, the study introduced a simplified pro-
cedure to estimate the maximum contributions of base shear force,
base moment, and distributed moment as a function of the relative
pile—soil stiffness. This framework helps identify cases in which some
contributions may be safely neglected, thereby reducing unnecessary
modelling complexity.

In addition, a simple method was formulated to predict the cyclic
accumulation of displacement and rotation at the ground surface and
pile base under one-way cyclic loading. The method requires only the
pile flexibility factor and the corresponding monotonic response, which
can be obtained from analytical solutions or numerical analyses.
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Appendix. Calibration and validation of the SANISAND-MS-based
3D FE model

This appendix summarises the calibration and validation of the
adopted 3D finite element (FE) model incorporating the SANISAND-
MS constitutive formulation. A comprehensive description is available
in Liu et al. (2026), to which the reader is referred.
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Table A.4
Initial confining pressure and void ratio for monotonic (CID) and cyclic
(cycCAD) drained triaxial tests more details available in Liu et al. (2026).

Test type Monotonic (CID) Cyclic (CAD)
Test ID CID1 CID2 CID3 CID4 CID5 cycCAD1 cycCAD2
pin [kPal 55 205 406 205 207 50.8 400
e, [-1 0.81 0.81 0.82 0.89 0.74 0.79 0.78

Experimental basis and calibration strategy

Model calibration and validation are based on an extensive experi-
mental programme on Geba sand, comprising both element-scale tests
and foundation-scale soil-structure interaction experiments. Table A.4
summarises the key test settings — namely the initial confining pressure,
Pin» and void ratio, e;, — of the triaxial experiments that most directly
supported the calibration of the SANISAND-MS parameters.

Parameter identification followed a two-stage procedure. Mono-
tonic parameters were first derived from drained triaxial compres-
sion tests (CID) on isotropically consolidated specimens and validated
against monotonic centrifuge results. Cyclic, memory-related parame-
ters — most notably the ratcheting-control parameter u, — were then
obtained from drained cyclic triaxial tests (cycCAD) on anisotropi-
cally consolidated specimens and subsequently refined using cyclic
centrifuge monopile data. This separation is enabled by the formulation
of SANISAND-MS, in which the cyclic (memory) parameters do not
affect the monotonic response.

The final parameter set reported in Table 1 can be shown to fall
within the ranges established for comparable sands and previous appli-
cations of the SANISAND-MS model (Liu et al., 2019; Liu and Pisano,
2019; Pisano et al., 2024).
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distribution with depth.
Monotonic behaviour and calibration of governing parameters

The monotonic CID1-5 triaxial tests listed in Table A.4 are shown
in Fig. A.1 (dashed lines) in terms of deviatoric stress vs. axial strain
and volumetric strain vs. axial strain responses.

The parameter set reported in Table 1 (from G, to n?) was iden-
tified with emphasis on intermediate strain levels (typically below
2%-5%), consistent with centrifuge evidence and previous numerical
back-analyses indicating that this range governs monopile lateral be-
haviour under operational and serviceability conditions. Element-level
simulations performed with SANISAND-MS (solid lines in Fig. A.1)
reproduce both the stress—strain response and volumetric trends with
good accuracy within this regime. Larger strains remain reasonably
captured but were not a primary calibration target (Liu et al., 2026).

The quality of the resulting parameter set was further assessed
against foundation-scale behaviour using centrifuge data from Peccin
da Silva et al. (2026). For brevity, only one representative test is
discussed here (100 g; modelled prototype dimensions: D = 6m, L =
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Comparison of monotonic centrifuge test measurements and 3D FE numerical simulations: (a) load-displacement response; (b) bending-moment

18m, h =25m, 1, = 0.2m, D, = 96.7%), while the complete validation
exercise is documented in Liu et al. (2026).

A.2a compares the measured and FE-simulated
load—displacement curves, with displacement normalised by the pile
diameter. The model reproduces both the initial stiffness and the
overall response shape within the serviceability range, with only a
slight overestimation of the ultimate capacity at larger displacements.
Complementary insight is provided by the bending-moment profiles in
Fig. A.2b, where the numerical results capture the depth, magnitude,
and distribution of the peak moments with satisfactory agreement.

Fig.

Cyclic behaviour and calibration of memory parameters

The calibration of the memory parameters governing cyclic be-
haviour (particularly u,) was first performed using the cycCAD1-2
triaxial tests listed in Table A.4, and subsequently refined against cyclic
centrifuge data. The responses from the two cyclic triaxial tests are
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bending-moment distribution with depth after 100 cycles.

shown in Fig. A.3 (dashed lines) in terms of accumulated total strain®
versus number of cycles. In test cycCAD2, the final accumulated strain
exceeds that of cycCADI, indicating a stress-dependent accumulation
trend. SANISAND-MS simulations (solid lines, parameters from Table 1
with p, = 100) display only limited pressure sensitivity. Experimental
evidence remains mixed, with Wichtmann (2016) reporting nearly
pressure-independent accumulation and Wichtmann et al. (2017) ob-
serving clear stress dependence. Overall, the numerical response shows
reasonable agreement with the element tests.

Given the inherent complexity of cyclic triaxial testing and the
possibility that fabric changes induced by deposition and pile instal-
lation differ from those captured at the element scale (Staubach et al.,
2020; Fan et al., 2021), the cyclic parameters were further constrained
using centrifuge monopile experiments. Results from a 100 g test in
99% dense sand (modelled prototype dimensions: D = 6,m, L =
30,m, h = 30,m, 7, = 0.2,m) were compared with corresponding
simulations using y, = 100. Although the overall response was qualita-
tively well-captured, the accumulation of pile-head displacement was
overpredicted. Increasing y, to 500 (Table 1) mitigated this effect and
improved the agreement in terms of accumulated displacements (Fig.

3

acc
£

1/ (68°)? +2(g2)2, where £ and 2 denote the accumulated axial
and radial accumulated strains, respectively.
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A.4a). The corresponding bending-moment profiles after 100 cycles
(Fig. A.4b) are also captured with satisfactory accuracy. The final
parameter set in Table 1 was therefore deemed adequate to support
the parametric studies presented in this paper.

Data availability

Data can be made available upon reasonable request.
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