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3D FE simulation of PISA monopile field tests at Dunkirk using
SANISAND-MS

F. PISANÒ*{, I. DEL BROCCO{, H. M. HO§ and S. BRASILE{

This paper presents an investigation into the suitability of the SANISAND-MS model for the three-
dimensional finite-element (3D FE) simulation of cyclic monopile behaviour in sandy soils. In addition
to previous work on the subject, the primary focus of this study is to further assess the model’s
capability to reproduce the accumulation of permanent deflection/tilt under cyclic lateral load histories.
To this end, experimental data from the PISA field campaign are employed, particularly those emerged
from the medium-scale cyclic tests conducted at the Dunkirk site in France. The methodology adopted
herein involves calibrating the SANISAND-MS model’s parameters to align with 3D FE simulation of a
selected monotonic pile test reported by the PISA team using a bounding surface plasticity model
partly similar to SANISAND-MS. Subsequently, the soil parameters governing SANISAND-MS’
ratcheting response are calibrated using only minimal information from published PISA field data.
While representing the first attempt to simulate the reference data set using a fully ‘implicit’ 3D FE
approach, this paper offers novel insights into calibrating and using advanced cyclic models for
monopile analysis and design – particularly, with regard to the quantitative influence of pile installation
effects and sand’s microstructural evolution under drained cyclic loading.
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NOTATION
A0 SANISAND-MS ‘intrinsic’ dilatancy parameter
b0 SANISAND-MS hardening factor
bM yield-to-memory surface distance in SANISAND-MS
bref reference distance for normalisation in SANISAND-MS
Ce high-cycle accumulation (HCA) model parameter govern-

ing void ratio effects
CN1 first HCA model parameter governing cyclic preloading

effects
CN2 second HCA model parameter governing cyclic preloading

effects
CN3 third HCA model parameter governing cyclic preloading

effects
Cp HCA model parameter governing mean effective stress

effects
CU uniformity coefficient
CY HCAmodel parameter governing average stress ratio effects
Cδ small dimensionless quantity
c compression-to-extension strength ratio in

SANISAND-MS
ch SANISAND-MS hardening parameter
D outer pile diameter

D50 sand’s median grain size
Dr relative density
e void ratio
e0 critical state line (CSL) void ratio intercept at p′=0 kPa in

SANISAND-MS
eini initial void ratio

emax maximum void ratio
emin minimum void ratio
fshr memory surface shrinkage geometrical factor in

SANISAND-MS

G0 SANISAND-MS dimensionless small-strain shear
modulus parameter

Gmax small-strain shear modulus
H external lateral load

Hmax maximum lateral load within cyclic load set (LS)
h hardening factor in SANISAND-MS
h0 SANISAND-MS hardening parameter
he lateral load eccentricity above ground surface
K0 earth pressure coefficient
Kp plastic modulus in SANISAND-MS
L pile embedment length

Mb SANISAND-MS bounding ratio in triaxial compression
Mc SANISAND-MS critical stress ratio in triaxial compression
m SANISAND-MS yield surface size parameter

mM memory surface size in SANISAND-MS
N number of loading cycles
n unit tensor normal to yield surface in SANISAND-MS

nb,d SANISAND-MS bounding and dilatancy surface
contraction/expansion parameters

p′ mean effective stress
patm atmospheric pressure
pwp pore-water pressure

q deviatoric stress
r1,2,3 principal stress ratio axes
rα
M image back-stress ratio on memory surface along n in

SANISAND-MS
r̃Mα image back-stress ratio on memory surface along −n in

SANISAND-MS
t pile wall thickness
U pile head deflection at ground surface

UR accumulated pile head deflection at ground surface (relative
to first cycle in load set)

α back-stress ratio tensor in SANISAND-MS
αb,c,d image back-stress ratio on bounding, critical, dilatancy

surfaces along n in SANISAND-MSeαb;d image back-stress ratio on bounding and dilatancy surfaces
along −n in SANISAND-MS

αin initial load-reversal back-stress ratio tensor in
SANISAND-MS

αM memory back-stress ratio tensor in SANISAND-MS
β SANISAND-MS dilatancy memory parameter

εax axial strain
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εvol volumetric strain
εvol
inst enforced installation volumetric strain
ν Poisson’s ratio
θ stress Lode angle
ζ SANISAND-MS memory surface shrinkage parameter
ζb cyclic stress amplitude factor
Λ plastic multiplier
λc SANISAND-MS CSL shape parameter
μ0 SANISAND-MS ratcheting-control parameter
ξ SANISAND-MS CSL shape parameter
ψ state parameter

ψacc accumulated pile head rotation at the ground surface
(relative to first cycle in LS)

INTRODUCTION
Monopiles are the most common type of foundation used for
offshore wind turbines in water depths of up to approxi-
mately 50 m. To accommodate the increasing size of wind
towers, monopiles with larger diameters (up to 8–10 m and
beyond) are being adopted in the construction of modern
offshore wind farms. The trend towards bigger turbines and
support structures has accompanied the development of the
offshore wind industry over the past decade, with a strong
emphasis on reducing material costs through optimised
design of structures and foundations.
Due to their widespread use, monopiles have been – and

continue to be – at the core of important geotechnical research
initiatives. Recent studies have focused on various aspects of
monopile performance, including drivability and assessment
of different installation methods (Byrne et al., 2018; Achmus
et al., 2020), lateral capacity and stiffness (Byrne et al., 2019;
Jeanjean et al., 2022; Maatouk et al., 2022), interaction with
difficult geomaterials such as chalk and glauconitic soils
(Jardine et al., 2019; Westgate et al., 2023) and, more recently,
dynamic/seismic response (Kaynia, 2019; Kementzetzidis
et al., 2021; Panagoulias et al., 2023; Pisanò et al., 2024).
However, the assessment of monopile serviceability under
cyclic loading conditions, particularly in terms of predicting
lateral deflection/tilt accumulation, remains a subject of
debate (Achmus et al., 2009; Byrne et al., 2020a; Page et al.,
2021; Staubach et al., 2022; Pisanò et al., 2022). While the
offshore industryoften requires simplified approaches (such as
p− y methods) for repetitive, location-specific calculations,
advanced physical and numerical modelling study continues
to be carried out to inform the development of simplified
design methods (Klinkvort et al., 2018; Pisanò, 2019).
This paper takes further recent research on the three-

dimensional finite-element (3D FE) modelling of cyclically
loaded monopiles using the SANISAND-MS model (Liu &
Pisanò, 2019; Liu et al., 2019) – that is, based on the
step-by-step simulation of the foundation response to an
external load history prescribed in the time domain. Using the
terminology of Niemunis et al. (2005), this approach is
henceforth referred to as ‘implicit’ – as opposed to ‘explicit’,
which indicates analyses where loads and response variables
are described/calculated as a function of the number of cycles.
SANISAND-MS is a critical state, bounding surface plasticity
model, built on the existing Sanisand formulation by Dafalias
& Manzari (2004) and enriched with a so-called ‘memory
surface’ to enhance the simulation of cyclic sand ratcheting
(Corti et al., 2016) (which is key to capturing the tilting
behaviour of monopiles). Following previous computational
studies on 3D FE monopile modelling (Liu et al., 2022a,
2022b; Li et al., 2023), this study seeks to confirm the
suitability of the SANISAND-MS 3D FE approach by
comparing numerical simulation results to selected field data
from the literature. Specifically, new 3D FE SANISAND-MS
results are benchmarked against the cyclic experimental test
results obtained in dense marine sand at Dunkirk (France),

and reported by Beuckelaers (2017) and Byrne et al. (2020b)
as part of the PISA joint industry project. While the results of
the main monotonic load tests have been thoroughly analysed
through three-dimensional and one-dimensional monopile-
soil modelling (Burd et al., 2020; McAdam et al., 2020;
Taborda et al., 2020), this paper tackles the implicit 3D
simulation of the cyclic pile response.

Despite the challenges associated with capturing real (and
partly unknown) field conditions and simulating the effects
of long cyclic loading histories, the following results provide
new evidence of the strengths and limitations of the 3D FE
SANISAND-MS framework. After describing the steps
taken to set up and calibrate the 3D FE numerical model,
special attention is devoted to assessing its simulation
capabilities and discussing the impact of relevant geotechni-
cal factors, such as post-installation soil state.

SANISAND-MS MODEL: KEY MODEL FEATURES
The SANISAND-MS model was originally proposed by Liu
et al. (2019) to improve the simulation of cyclic sand
ratcheting with respect to the existing Sanisand parent
model by Dafalias & Manzari (2004). Since the release of
the initial version of SANISAND-MS, significant efforts
have been devoted to developing a robust implementation for
3D FE simulations. The most recent set of model equations,
which are utilised in this study, are described by Li et al.
(2024) along with a demonstration of their positive impact
on the quality of cyclic 3D FE simulation results.

SANISAND-MS is formulated in the framework of
bounding surface plasticity and complieswith well-established
critical state theory principles using the state parameter ψ
proposed by Been & Jefferies (1985). Following the work of
Corti et al. (2016), the ‘memory surface’ concept has been cast
into the Sanisand constitutive formulation to enhance the
simulation of cyclic strain accumulation (cyclic ratcheting). As
shown in Fig. 1, SANISAND-MS features four main model
surfaces – namely, bounding, yield, dilatancy and memory
surfaces. Notably, the memory surface enables phenomenolo-
gical representation of micro-mechanical effects associated
with fabric changes occurring during cycling, reflected at the
macroscopic level by variations in stiffness and dilatancy.

In SANISAND-MS the evolution of sand stiffness in the
elasto-plastic regime is determined both by the bounding
and memory surfaces through the following formulation of
the plastic modulus Kp:

Kp ¼ 2
3
p′h αb � α

� �
: n ð1Þ

where p′ is the mean effective stress and (αb-α) : n quantifies
the distance between the back stresses associated with
bounding and yield surfaces (αb and α), after projection
along the unit tensor normal to the yield surface, n (Fig. 1).
In equation (1) the hardening coefficient h is defined as

h ¼ b0
α� αinð Þ : nþ Cδ

exp μ0

ffiffiffiffiffiffiffiffiffi
p′
patm

s
bM

bref

� �2
" #

ð2Þ

where – see Fig. 1 and Liu et al. (2019)]:

• bref ¼ αb � eαb� �
: n, bM= (rα

M − α) : n accounts for the
distance between memory and yield loci – with rMα ¼
αM þ ffiffiffiffiffiffiffiffi

2=3
p

mM �m
� �

n – andCδ is a small dimensionless
quantity (typically in the order of 10−3) that prevents
computational difficulties possibly caused by vanishing
(α−αin) : n.

• the factor b0 ¼ G0h0 1� cheð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p′=patm

p
depends on the

current void ratio (e) and mean effective stress, with G0,
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h0 and ch being dimensionless constitutive parameters.
• mM and m are related to the radii of, respectively, the

memory and yield surfaces, while μ0 is a model parameter
governing cyclic strain accumulation (ratcheting).

• αin is the α value at the onset of a load reversal – that is,
whenever the condition (α−αin) : n<0 is fulfilled under
any stress path.

The main effect of the memory mechanism is expressed by
the exponential term in equation (2): an increase in the
distance bM determines larger plastic stiffness, while bM=0
(i.e. yield surface tangent to the memory locus) deactivates
memory effects in the cyclic response.
The evolution laws for the internal variables mM (memory

surface size, equation (3)) and αM (memory back stress,
equation (4) are key to the simulation of cyclic behaviour. As
contractive behaviour promotes ‘fabric reinforcement’,
stages of cyclic contraction are linked to an expansion of
the memory surface (dmM>0), and therefore to larger
stiffness through equations (1) and (2). Further, equation
(3) also includes a competing memory-shrinking mechanism
(dmM<0) to reproduce the loss in stiffness that may be
caused by stages of dilative deformation:

dmM ¼
ffiffiffi
3
2

r
dαM : n�mM

ζ
fshr �dεpv

	 
 ð3Þ

where fshr is a geometrical shrinkage factor (Liu et al., 2019),
while the material parameter ζ governs the memory surface
shrinkage during dilation. The kinematics of the memory
back stress αM follows directly from a parallel consistency
condition imposed with respect to the memory surface:

dαM ¼ 2
3

Λh ihM αb � rMα
� � ð4Þ

In comparison to Liu et al. (2019), minor modifications to
certain constitutive equations have been introduced to
improve the numerical performance under complex stress
paths, including model loci featuring π-sections based on
Van Eekelen (1980) (Fig. 1), a slight modification of the
dilatancy coefficient, and an enforced stabilising upper
bound on the argument of the exponential function in
equation (2) – more details provided by Li et al. (2024). The
formulation refinements related to sand’s undrained cyclic
behaviour proposed by Liu et al. (2020) are not considered in
the subsequent monopile analyses, as they are not relevant to
the specific problem at hand.

SIMULATION OF PISA CYCLIC TESTS IN SAND
This section covers relevant numerical modelling aspects,
including general 3D FE model set-up and SANISAND-
MS model calibration for the PISA cyclic tests at Dunkirk.
In particular, the piles labelled as DM4 and DM2 are
considered, which were subjected to, respectively, monotonic
and cyclic lateral loading and feature (McAdam et al., 2020;
Byrne et al., 2020b):

• outer diameter D=0·762 m
• wall thickness t=14 mm
• embedded length L=4 m (hence L/D=5·24)
• load eccentricity above ground level he = 10 m.

Both piles were installed and laterally loaded in almost
identical soil conditions, extensively described by Zdravković
et al. (2020). To enable fair comparison with existing
literature, the same ground model adopted by Taborda
et al. (2020) was considered for setting up the 3D FE model
and calibrate all SANISAND-MS parameters.

GROUND CONDITIONS
The Dunkirk site comprises a dense layer of partially
saturated fill material overlaying a sand layer extending
from 3 to 30 m below ground surface – the groundwater table
is located at a depth of 5·4 m. In the lack of specific
characterisation data, the shallow fill material was assumed
to share the same mechanical properties of the underlying
sand, though with a different relative density – Dr was set
equal to 75% (initial void ratio: eini = 0·628) and 100%
(eini = 0·54) for the sand and the fill layer, respectively, with
the soil unit weight equal to 17·1 and 19·9 kN/m3 above and
below the groundwater table. Horizontal stresses in the soil
were initialised using an estimated earth pressure coefficient
(K0) equal to 0·4. Figure 2 shows a comparison between the
profiles of initial pore-water pressure, small-strain shear
modulus (Gmax) and state parameter (ψ) that were set in this
study (using PLAXIS 3D 2023.2) and in the study by
Taborda et al. (2020) (using ICFEP, the Imperial College
Finite Element Program) – the minor discrepancy in the
upper 4 m may be attributed to slight differences between
the two FE programmes in setting up soil’s initial conditions
(prior to pile installation).

FE MODEL SET-UP
Figure 3 illustrates the 3D FE model built in this study. The
symmetry associated with unidirectional lateral loading was
exploited for computational convenience, so that only half of
the whole problem domain was explicitly modelled. To
ensure no boundary effects on the simulated pile response,
the soil domain extends 50 m horizontally and has a depth
of 12 m. The FE mesh consists of 10 node tetrahedral
elements, featuring specific mesh refinement in the vicinity
of the pile to capture expected high stress/strain gradients
accurately. The lower boundary of the model is fixed, while
the side boundaries are constrained to prevent displacement
in the normal direction.

The steel pile was modelled as a zero-thickness cylindrical
shell and discretised using plate elements, to which Young’s
modulus and Poisson’s ratio equal to 2·11 GPa and 0·3,
respectively, were assigned. Zero-thickness interface
elements were used to simulate the interaction between soil
and structural elements, employing a cohesionless Mohr–
Coulomb interface model with both stiffness components
(normal and tangential) equal to 105 kN/m3 and friction
angle of 32° (Taborda et al., 2020). At individual stress

Bounding surface
Critical state surface
Dilatancy surface
Yield surface
Memory surface αb

αc

αM
αd

α̃ d

α̃b

r̃α
M

θ

θ

α

r�

r3r2

n

n

r

rα
M

√2/3(mM–m)

√2/3m

Fig. 1. SANISAND-MS model loci in the π plane
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points, the soil constitutive equations were integrated using
an explicit, third-order Runge–Kutta (RK) scheme with
automatic sub-stepping and error control. In comparison to
Liu et al. (2022a) (where model integration settings are
described in more detail), lower-order RK integration (third
in lieu of fourth) was enhanced with a drift correction
algorithm to guarantee satisfactory efficiency and accuracy.
All FE simulations were executed through combinations

of the following phases:

• Step 1: initialisation of effective geo-static stresses, using
K0 = 0·4.

• Step 2: activation of interfaces and structural elements
(with associated material properties).

• Step 3a: static application of prescribed lateral
displacement at pile head.

• Step 3b: dynamic application of cyclic load history at pile
head.

The monotonic load test on pile DM4 was simulated
through the sequence step 1!step 2!step 3a, while the
response to cyclic loading of pile DM2 was analysed by
replacing step 3a with step 3b. As reported by Byrne et al.
(2020b), pile DM2 was subjected to a multi-amplitude cyclic
loading history comprising five purely one-way load
packages, all applied at 0·1 Hz. For each load set (LS)
Table 1 reports: maximum applied load (Hmax), ζb ratio
between Hmax and lateral capacity (based on definitions by
LeBlanc et al., 2010), number of loading cycles (N ).

A growing body of recent research has shown that
different pile installation methods may give rise to differ-
ences in post-installation lateral response (Fan et al., 2021;
Staubach et al., 2021; Kementzetzidis et al., 2023). Although
this study focuses on the analysis of lateral pile behaviour
through standard ‘wished-in-place’ modelling (as also done
by Taborda et al., 2020), an attempt was made to consider
the effects of impact piling using a simplified approach
inspired by the study by Broere & van Tol (2006).
Accordingly, prior to lateral loading, a planar volumetric
expansion εvol

inst (i.e. with nil vertical strain) was applied to the
whole soil plug volume up to the interface with the outer soil
(thus including the fictitiously nil volume of the pile). In the
next section, simulation results accounting for installation
effects are always associated with the application of εvol

inst

between the aforementioned steps 1 and 2.

CALIBRATION OF SANISAND-MS PARAMETERS
SANISAND-MS, including its monotonic backbone, is
primarily derived from the parent model proposed by
Dafalias &Manzari (2004), which is similar in many respects
to the later bounding surface model developed by Taborda
et al. (2014). The latter was adopted by Taborda et al. (2020)
to simulate the PISA field tests conducted in Dunkirk. The

12·5 m

3 m

9 m

H/2

he = 10 m

L = 4 m

50 m

y

x

Fig. 3. 3D FE model

–25 25

pwp: kPa Gmax: MPa ψ: dimensionless

50 0 45 90 135 180 –0·3 –0·2 –0·1 00
D

ep
th

: m

Taborda et al. (2020)

From SCPT1
From SCPT2

This study
Taborda et al. (2020)
This study

Taborda et al. (2020)
This study

(a) (b) (c)

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

0

1

2

3

4

5

6

7

8

9

10

Fig. 2. Initial ground conditions: depth profiles of (left) pore water pressure (pwp), (centre) small-strain shear modulus (Gmax), (right)
state parameters ψ
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SANISAND-MS parameters that govern the monotonic
response are listed in Table 2 (from G0 to nd) and were
obtained by comparing to the parameter set provided by
Taborda et al. (2020), though bearing in mind some inevitable
differences between the respective model formulations (and
the corresponding meaning of material parameters). In the
latter regard, it is worth mentioning that:

1. to prevent the attainment of unrealistic soil states, the
values of the maximum and minimum void ratios –
respectively equal to 0·91 and 0·54 for the Dunkirk sand
(Taborda et al., 2020) – were enforced as constraints on
the evolution of the void ratio

2. an upper limit equal to 1·63 was set for the stress ratio
describing the opening angle of the bounding surface,
Mb =Mc exp(n

bψ) (Taborda et al., 2020)
3. the dimensionless shear stiffness parameter (G0 in

Table 2) was calibrated to reproduce the small-strain
shear modulus (Gmax) profile obtained from seismic
cone penetration test (SCPT) data – Fig. 2 shows close
agreement between in situ data, the Gmax profile
considered by Taborda et al. (2020) and that adopted
herein

4. the SANISAND-MS parameters that are not directly
relatable to the formulation of Taborda et al. (2014)
(e.g. A0 and h0 in Table 2) were determined through
trial-and-error to match as closely as possible the results
of the triaxial test simulations reported by Taborda et al.
(2020).

In support of point 4, Fig. 4 shows the comparison between
Taborda et al. (2020)’s simulation results and those obtained
using SANISAND-MS, for triaxial tests conducted on
isotropically consolidated samples at different values of
initial void ratio and mean effective stress. The comparison
in terms of deviatoric stress against axial strain and
volumetric strain against axial strain indicates good agree-
ment between the two sets of model simulations, as well as
comparable accuracy in reproducing the reference laboratory
test results (Taborda et al., 2020).

The calibration of the SANISAND-MS parameters
governing cyclic response features, including ratcheting,
would ideally require a set of high-cyclic laboratory test
data. Such data were provided, for the case of Karslruhe
sand, by Wichtmann (2005) and utilised by Liu et al. (2019)
to directly calibrate SANISAND-MS. However, the lack of
specific high-cyclic characterisation for Dunkirk sand led to
adopt an alternative calibration approach. The cyclic
parameters μ0, ζ and β were initially set equal (or similar)
to the values identified by Liu et al. (2019) for Karlsruhe
sand. Subsequently, these parameters were refined using the
measured response of the DM2 pile to the first cyclic load set
(LS1) reported in Table 1.

COMPARISON TO FIELD DATA
Figure 5 presents a comparison between the measured
monotonic response of pile DM4 and the corresponding

Table 1. LS applied to pile DM2

LS (#) Hmax: kN ζb: – N: –

1 10 0·046 5100
2 20 0·093 3300
3 40 0·19 8100
4 80 0·37 11110
11 160 0·74 31

q:
 k

Pa

p'0 = 400 kPa – e0 = 0·64

p'0 = 400 kPa – e0 = 0·64

p'0 = 150 kPa – e0 = 0·64

p'0 = 150 kPa – e0 = 0·64

p'0 = 100 kPa – e0 = 0·64

p'0 = 100 kPa – e0 = 0·64

p'0 = 100 kPa – e0 = 0·58

p'0 = 100 kPa – e0 = 0·58

p'0 = 50 kPa – e0 = 0·64

p'0 = 50 kPa – e0 = 0·64
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Fig. 4. Simulation of PISA’s triaxial tests on Durkirk sand specimens: comparison between model simulations from Taborda et al.
(2020) and this study: (a) axial strain-deviatoric stress and (b) axial strain-volumetric strain

Table 2. Dunkirk sand’s SANISAND-MS model parameters

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

451 0·17 1·28 0·7188 0·135 0·91 0·179 0·065 3·5 1·0 1·9 1·3 0·75 260 10−4, 103 1
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3D FE simulation results from Taborda et al. (2020) and this
study. The comparison is shown in terms of applied lateral
load (H ) against pile displacement at ground surface (U ).
The ultimate lateral capacity of the foundation is conven-
tionally associated with U=0·1D, where D is the pile
diameter.
Given the similar triaxial test simulations, shown in Fig. 4,

the calibrated SANISAND-MS parameters led to 3D FE
results that are as close to the reference field data as those
obtained by Taborda et al. (2020). Since model parameters
have been defined by integrating laboratory and in situ data,
the 3D FE results appear in Fig. 5a to be rather satisfactory
despite the adoption of the simplified wished-in-place
approach – confirming the validity of the approach followed
by Taborda et al. (2020). Particularly, setting the soil’s
small-strain stiffness solely based on the results of triaxial
tests on isotropically consolidated samples (Fig. 2) would
have led to further underestimate the lateral small-deflection
stiffness of the pile, while better results have been obtained
by using a shear modulus profile inferred from SCPTs – see
also Kementzetzidis et al. (2021). As a further step, improved
agreement with the field data at low load levels was achieved
by setting an initial installation strain εvol

inst equal to 1%,
following the approach by Broere & van Tol (2006) – see
Fig. 5(b). In what follows, εvol

inst = 1% is regarded as a
calibrated, site-specific installation parameter for both
piles DM2 and DM4. The impact of εvol

inst on the soil state
near the pile is displayed in Fig. 6, which reports the
simulated pre- and post-installation profiles of mean
effective stress (p′), small-strain shear modulus (Gmax),
memory surface size (mM) – at a distance of 0·4 m from
the vertical pile axis. The profiles shown in the figure indicate
that the adopted strategy for reproducing pile installation
effects produces a visible enhancement of the soil’s mean
effective stress near the pile. This enhancement arises from

enforcing the lateral expansion of a constrained volume of
soil in a manner that approximately captures the effects of
pile penetration and determines a stiffer response to
monotonic loading (on the other hand, the impact of local
void ratio variations was found to be negligible). Following
initialisation to the same value as the fixed yield surface size
(m in Table 2), the post-installation profile ofmM describes a
substantial alteration of the sand’s fabric, which is expected
to influence the ensuing pile response to lateral cyclic
loading.

The same 3D FE model was then employed to simulate
the multi-amplitude cyclic test reported by Byrne et al.
(2020b), in combination with the following cyclic parameter
settings (cf. to Table 2):

• μ0, the main ratcheting-control parameter, was set equal
to 260, which is the same value identified for Karlsruhe
sand by Liu et al. (2019). Such a value was determined
with respect to the measured response of the DM2 pile to
the first load parcel, LS1, in Table 1.

• The same value β=1 adopted by Liu et al. (2019) was
retained herein. β is known to mostly affect the
post-dilation reduction of the mean effective stress during
undrained cyclic. On the other hand, Liu et al. (2019)
also showed the negligible impact of β on drained cyclic
strain accumulation, which led to limit the efforts on its
calibration for a problem not governed by
hydro-mechanical effects (i.e. slow lateral loading of a
pile in permeable soil).

• ζ determines the shrinkage rate of the memory surface
(fabric damage) when the soil is loaded into its dilative
regime. As discussed by Corti et al. (2016) and Liu et al.
(2019), the shrinkage mechanism has a remarkable
impact both on drained and undrained cyclic responses,
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which may jointly provide input to the calibration of ζ. As
pile test data could not straightforwardly support the
calibration of ζ, an initial value of 10−4 was set (similar to
the value identified by Liu et al. (2019) for Karlsruhe
sand).

The similarities between the cyclic parameters (particularly
of the ratcheting-control parameter, μ0) set for the Dunkirk
and Karlsruhe sands may be a posteriori justified in light of
Table 3, which provides relevant index properties for the two
sands and the parameters of the well-known explicit high-
cycle accumulation (HCA) model proposed by Niemunis
et al. (2005). Further to their similar quartzitic nature, the
two sands turned out to be characterised by very similar
HCA model parameters, here estimated based on the
empirical (and micromechanically based) correlations
provided by Wichtmann (2016). Therefore, the two sands
may be expected to feature similar cyclic ratcheting
properties, in spite of some visible granulometric differences
(e.g. in terms of median grain size, D50).
The calibrated 3D FE model produced the results shown

in Fig. 7(a), where numerical and experimental UR−N pile
response curves are plotted for the load sets LS1 through
LS3.
As shown in Fig. 7(a), UR indicates the pile head

deflection accumulated at ground surface during each jth
cycle – note that cycles are counted with respect to the
deflection maxima after the initial monotonic load branch,
loosely referred to as 0th cycle (LeBlanc et al., 2010). More
formally, UR ¼ Ui

j;max �Ui
0;max, where i and j count,

respectively, the LS number and the number of cycles
within each LS (with j=0 indicating the reference deflection
value for obtaining UR). To limit the computational cost of
3D FE analyses, no more than 100 cycles per LS have been

simulated. While the good agreement for LS1 is an outcome
of the specific μ0 calibration, it is readily apparent that pile
deflection is substantially overestimated for LS2 and LS3,
though with reasonable agreement in terms of deflection
accumulation rate after the first cycle.

As a subsequent step, simulations were repeated for all five
LSs (LS1 through LS5) by including the pile installation
effects using Broere & van Tol’s approach, with εvol

inst = 1%.
The resulting UR−N trends in Fig. 7(b) indicate that the
changes (stiffening) in soil state associated with pile
installation (see post-installation profiles of Gmax and mM

in Fig. 6) may quantitatively influence cyclic monopile tilt,
also in terms of accumulation rate against the number of
cycles. On a different note, the model can spontaneously
reproduce the increase in accumulation rate resulting from
progressively larger ζb values (cyclic load amplitude ratio), in
a manner not previously pointed out by, for example,
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Table 3. Comparison between Dunkirk and Karlsruhe sands:
index properties – from Zdravkovic ́ et al. (2020) and Liu et al.
(2019) – and estimated HCA model parameters – based on
Wichtmann (2016)

Sand D50: mm CU: – emin: – emin: –

Dunkirk 0·28 1·72 0·54 0·91
Karlsruhe 0·55 1·8 0·577 0·874

HCA parameters

CN−1: – CN−2: – CN−3: – Cp: – CY: – Ce: –

7·7× 10−4 0·15 5·5× 10−5 0·45 2·4 0·51
8·1× 10−4 0·14 6·3× 10−5 0·42 2·6 0·55
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LeBlanc et al.’s experimental investigation (LeBlanc et al.,
2010). While it is noted that ζb values larger than 0·5 are
hardly ever experienced by real monopiles, the results in
Fig. 7(b) confirm the good predictive capabilities of the
adopted model against real field measurements.
Figure 7(b) also shows an accelerating tilting trend under

load package LS4 that is inconsistent with the corresponding
measurements. Further consideration of the above cali-
bration assumptions led to recognise that the selected ζ
value (= 10−4) may have exaggerated the shrinking mechan-
ism of the memory surface, which would only be noticeable
for medium–high cyclic load amplitudes – that is, able to
mobilise substantial sand dilatancy (Liu et al., 2019). The
results of new numerical simulations with inhibited fabric
damage (obtained by setting a sufficiently large ζ value) are
reported in Fig. 7(c) and show very encouraging agreement
with field data (also after noting that LS2 data probably
suffered from some experimental difficulties). This finding
implicitly indicates that sand’s fabric damage at the

microscale may not be a factor governing the cyclic lateral
behaviour of monopiles, particularly if pore-pressure
build-up may overall be negligible. The dominance of soil
ratcheting and densification is not only supported by the
reference PISA field data, but also by previous laboratory
studies – see, for example, the investigation into high-cyclic
monopile behaviour by Cuéllar et al. (2012). Similar
conclusions are supported by the comparison in Fig. 8
between 3D FE results and the cyclic monopile rotation
trends reported by Beuckelaers (2017) for the same field test
on pile DM2.

The simulated load–deflection response to the cyclic LSs
LS1, LS2, LS3, LS4 and LS11 is presented in Fig. 9. While
incorporating gapping effects in the shallow unsaturated soil
fell beyond the scope of this study (Kementzetzidis et al.,
2023), it is important to note that restricting the numerical
simulation to N≤ 100 might have limited the degree of
realism in simulating the evolution of sand states compared
to the field response spanning thousands of load cycles.
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Nevertheless, the judicious selection of parameters and the
simulation of pile installation effects, albeit in a simplified
manner, yielded satisfactory 3D FE results. These outcomes
support the strengths of the proposed modelling approach.

CONCLUDING REMARKS
This study has presented a 3D FE investigation into the
response of monopiles to multi-amplitude cyclic loading in
sandy soil. After describing the main features and cali-
bration of the adopted SANISAND-MS model, numerical
results have been compared to pile load test data published
by the PISA project team after a field testing campaign in
Dunkirk (France). To the authors’ knowledge, the fully
‘implicit’ 3D FE simulation of the PISA cyclic tests has been

attempted herein for the first time, and has highlighted the
following relevant points.

• Pile installation effects should be considered to
quantitatively capture cyclic monopile tilt, particularly
under the load cycles that immediately follow
installation. While such effects have been shown in the
literature not to impact the tilt accumulation rate in the
long term, they may influence the total permanent
rotation and therefore the outcome of monopile tilt
assessments. However, additional studies – both
experimental and numerical –will be necessary to further
explore suitability and precise calibration of the
simplified approach adopted herein to mimic installation
effects.

• The competition between different microstructural
mechanisms in the soil (e.g. ratcheting and densification
against fabric damage) has quantitative influence on the
monopile cyclic response. Such an influence is expected
to become even more pronounced in the presence of
strong hydro-mechanical effects and will require further
refinement of SANISAND-MS’ calibration procedure.

• Although the availability of medium/large-scale pile test
data can strongly support model calibration and
validation, such data would typically not be available
before the monopile design phase. This reaffirms the
importance of additional research on the calibration of
soil parameters for advanced cyclic constitutive models,
such as SANISAND-MS.

It is worth emphasising how 3D FE analyses of the above
kind may contribute to the design workflow in real (offshore
wind) projects. Although computational costs would typi-
cally impose a limited number of load cycles in numerical
simulations (e.g. N<500− 1000), advanced 3D models may
enable in-depth analysis of cyclic monopile behaviour at
selected (sometimes problematic) turbine locations. Such
detailed studies may be performed to assess the impact of
uncertain, yet very relevant, factors, such as specific features
of soil behaviour (influence of density and stiffness assump-
tions, proneness to cyclic ratcheting, drainage conditions),
cyclic load conditions and foundation geometry. However,
additional efforts should be made to enhance calibration
procedures for cyclic constitutive models. This may be
accomplished by (a) including high-cyclic tests in laboratory
test programmes and (b) devising empirical correlations
between model parameters and commonly available soil data
(index properties and in situ test results). Gaining experience
in calibrating non-standard soil parameters will benefit
practical applications, as in this study the existing
SANISAND-MS calibration for Karlsruhe sand has sup-
ported the identification of Dunkirk sand’s cyclic par-
ameters. In conclusion, it is also worth recalling the option
of combining implicit and explicit 3D FE calculations – that
is, by using the former to identify cyclic strain levels within
the soil and the latter to extrapolate the system response to
thousand/million cycles with a much lower computational
burden (Staubach &Wichtmann, 2020). However, while this
approach would be well applicable to cyclic load histories
with regular amplitude packages (as in the PISA test
considered herein), its application to random cycling
would require rainflow counting and introduce uncertainties
regarding load sequence effects (Liu et al., 2022b).
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