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ABSTRACT: Monopile foundations are the predominant solution for Offshore Wind Turbines (OWT’s). They are installed
using methods that involve jacking, impact hammering and vibratory driving. This study aims to investigate the effects of
the installation process on the surrounding soil mass, and its impact on the lateral response and capacity of monopiles in
sands. In view of the proposed analyses, a large deformation model using the Coupled Eulerian Lagrangian (CEL) method,
and a small-strain Finite Element Method (FEM) model are developed in Abaqus, for the simulation of the jacked pile
installation and the monotonic lateral response, respectively. In particular, the nonlinear stress-state response of the sand is
simulated using the hypoplastic law with intergranular strain. The proposed models are validated against data obtained from
centrifuge experimental tests in dry fine silica sand, available in the literature. The findings from the large deformation model
show that the initial soil conditions for lateral monopile response are significantly affected by the jacked installation method.
For this purpose, the stress-history and the state of the sand around the pile are tracked, and the lateral behaviour of the
jacked pile is compared with the wished in place pile.

Keywords: Offshore wind turbine foundations; Monopile installation; Large deformations; Pile lateral response; Numerical
modelling.
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response. Numerical investigations by Heins and
Grabe (2017) and Murphy et al. (2018) show the
potential of using numerical methods to explore the
effect of pile installation on the subsequent lateral
response. This paper presents numerical findings on
the effect of the jacking installation process on the
lateral response of monopiles in sands. For the
simulation of the pile installation process, the coupled
Eulerian—Lagrangian (CEL) method available in the
finite element software ABAQUS is used. Following
the installation, the resulting soil state is transferred to
a purely Lagrangian model, and the lateral loading of
the pile is simulated using the hypoplastic model with
intergranular strain (von Wolffersdorff, 1996;
Niemunis and Herle, 1997).

2  NUMERICAL MODELS VALIDATION

2.1 Centrifuge tests

Monotonic loading tests were carried out at the Geo-
engineering Section of TU Delft on test piles installed
in dense Geba sand (Li et al., 2022).

All the tests in this study were performed at 100 g.
The instrumented pile named P1 in the reference study
was jacked to its final penetration depth at 1g, to
reproduce a wished in place condition. The data from
such a test were used to validate the numerical model
for lateral response. In the experiment named P2, the
pile was first jacked at 1g to an initial depth of 2 times
the pile diameter. The installation was completed in-
flight at 100g, to experimentally replicate jacking
installation at the prototype scale. This allowed the
validation of the numerical model developed for the
installation.

2.2 Soil constitutive model and material
parameters

Geba sand is a silica sand with sub-angular grains. It
has a specific gravity, Gg, of 2.67. The minimum, €5,
and maximum, e,,,,, void ratios have been measured
as 0.64 and 1.07, respectively. In the reference case
study (Li et al., 2022), test piles were installed in dense
dry Geba sand with relative density, Dg = 80%. The
initial void ratio in the deposit is assumed to vary with
depth according to Equation 1:

e = eyexp [— (%)n] (D

where: e, is the void ratio at p'=0 and it is assumed
equal to 0.77, thus resulting in ey ranging between 0.77
and 0.72 for depths ranging from O to 9m.

The hypoplastic model enhanced by the
intergranular strain concept has been selected for the
present study. The hypoplastic model requires 8
parameters that are listed in Table 1 along with their
description.

Table 1: Parameters of the hypoplastic model (von
Wolffersdorff, 1996).

Parameter Description

Critical state friction angle, from critical

state soil mechanics

Control the shape of the limiting void ratio

hg [GPa]  curves and any other normal compression
n[-] line (NCL) followed in asymptotic

compression

Sets the position of the theoretical isotropic

compression line (ICL) in the p'-e plane

Sets the position of the critical state line

(CSL) in the p'-e plane

Sets the position of the minimum void ratio

line in the p’-e plane

Controls the actual value of the peak

friction angle, d)p; in particular, an increase

of « increases ¢,

Controls both the bulk and shear stiffness;

in particular, an increase of 8 increases the

soil stiffness

o [°]

e [-]
€co [‘]

eqo [-]

The implementation of intergranular strain requires
five additional parameters, briefly described in Table
2, following Masin (2019).

Table 2: Parameters of the intergranular strain extension of
the hypoplastic model (Niemunis and Herle, 1997).

Parameter Description
Controls the magnitude of the small strain
me 1] shear modulus, G, in the initial loading and
R upon a 180° change in the direction of the
strain path
Controls the magnitude of Ggy, that is the
my [-] initial shear stiffness after a 90° change in
the strain path direction
R[-] Controls the horizontal position of the
stiffness degradation curve within the G-
B: -] Ing; diagram
¥ [ Controls the rate of stiffness decrease with

strain

The material parameters of the hypoplastic model
for Geba sand are provided in literature (Masin, 2017).

In the present study, they were recalibrated to get
satisfactory agreement of computed monotonic
monopile response with the measured from centrifuge
tests (Li et al., 2022). Both parameter sets are
summarised in Table 3.
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Table 3. Parameters for Geba sand of the hypoplastic model

with intergranular strain (von Wolffersdorff, 1996;
Niemunis and Herle, 1997).
Parameter Masin This study
(2017)
. [°] 34 34
hg [GPa] 2.5 2.5
nl-] 0.3 0.3
€ [-] 1.28 1.28
e [-] 1.07 1.07
€eqo [-] 0.64 0.64
a [-] 0.11 0.11
Bl 2.0 0.75
mpg [-] 5.5 5.5
my [-] 3.9 3.9
R[] 10 107
B I-] 0.3 0.3
X [-] 0.7 0.7

2.3  Finite element model for lateral pile
response

The numerical analyses were conducted using the
finite element (FE) software ABAQUS/Standard
(Dassault, 2022). Considering the symmetry of the
geometric model and of the loading condition, a
semicylindrical model was developed. Figure 1
presents the finite-element mesh, which consists of
40848 8-noded reduced integration elements with
hourglass control available in ABAQUS element
library. The pile foundation was modelled as a thin
embedded hollow cylinder by solid elements. The
cross-section of the pile is circular, with an external
diameter, D = 1.8 m, a wall thickness of t,, = 0.03 m
and an embedded length below seabed of L =9 m (5D).
The pile extends above the seabed by 14.4 m (8D). The
material behaviour of the monopile was assumed to be
linear elastic, with the Young’s modulus E;, =210 GPa
and the Poisson’s ratio v, = 0.3.

The size of the discretized model results from a
sensitivity analysis to guarantee the accuracy of the
results and the efficiency of the computation. The
diameter of the domain, L,,, was assumed equal to
12D. The bottom boundary of the model was taken
4.5D below the monopile base, so that the height of the
domain, H,,, is L + 4.5D. In this model, the nodes
belonging to the base were restrained against vertical
and horizontal displacements; displacements in the
horizontal plane were restrained on the lateral surface;
the symmetric plane was constrained in the normal
direction.

The FE analyses were conducted in three
calculation steps. The first step of FE analyses was a
geostatic step. The coefficient of earth pressure at rest,
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kg, has been estimated using Jaky’s formula ky = 1 —
sing, (Jaki, 1944).

T
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T

i

Figure 1: Finite element model for the lateral response of a
monopile.

A “wished-in-place” procedure was modelled in
the simulation and fully drained conditions have been
considered. The dry soil unit weight is y; = 15.5
kN/m3. In the second loading step, the weight of the
pile was applied. In the last step of the analyses, a
horizontal displacement, u, was applied at the pile
head, at a distance, h, from the ground surface, that
represents the eccentricity of the horizontal load, H,
that will act at the level of the pile head.

To describe the tangential interaction of contacting
surfaces, the friction coefficient, y, was set equal to 0.3
on the shaft and the tip areas, recommended in
literature for the simulation of sand-pile interactions
(Lascarro et al., 2024).

2.4  Finite element model for pile installation

The procedure for developing the numerical model
used for simulating pile installation is described in this
section. For this analysis, the Coupled Eulerian-
Lagrangian (CEL) method is adopted. The numerical
model is shown in Figure 2. To avoid reflections at the
boundaries of the finite soil domain, a relatively large
domain is used, specifically with a width of 28 m and
a height of 40 m. The Eulerian domain also includes
void elements, which are material-free above the red
line shown in Figure 2. Below the red line, elements
are material-filled to represent the soil domain,
allowing soil to be displaced even in initially void
spaces. The total number of elements in the soil
domain is 286405. The rigid pile penetrates the soil,
starting from the depth of 2D, at a constant rate of 5
m/s, a rate that has been previously adopted for
simulating pile installation (Fan et al., 2021; Spyridis
& Lopez-Querol, 2024). In the initial condition, the
soil inside the monopile is not plugged. The lateral
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earth pressure and the interface friction coefficient
considered equal to the values of the small strain finite
element model developed for the lateral response
analysis.

Figure 2: Coupled Eulerian-Lagrangian (CEL) model for
the pile installation

3 NUMERICAL RESULTS & DISCUSSION

3.1 Validation of numerical models

The material parameters for Geba sand previously
calibrated by Masin (2017) and reported in Table 3
have been considered in the numerical model used for
simulating pile installation.

In view of a rigorous numerical procedure, the
initial conditions described by Li et al. (2022) are
prescribed in the CEL model, namely, the depth of the
pile tip at the beginning of the analysis, relative density
etc. It is recalled that the pile tip at the beginning of the
procedure is equal to 2D. Hence, from the very first
steps of the analysis, a relatively high installation force
is computed, which is very well captured from the
numerical model in comparison with the experimental
data, as shown in Figure 3. Noticeable movement at
the pile is observed when the installation force is
greater than SMN. As the pile tip advances at greater
depths, the numerical model continues to have an
overall excellent agreement against experimental data.
The installation force required for the pile to reach at
the target depth of 9m is approximately equal to
20MN.

To simulate the monotonic loading test P1 reported
by Li et al. (2022), numerical analyses were performed
with the same material parameters.

—— FE analysis
e Experiment

Normalised depth, z/D [-]

_5 T T T
0 5 10 15 20

Installation force, F [MN]

Figure 3: Installation force with depth for a monopile in
dense Geba sand, comparison between centrifuge and
numerical results.

Figure 4 plots the comparison between the
numerical results of this study (FE analysis) and the
reference experimental results (Experiment P1).

The results are reported in terms of horizontal load
versus the normalised horizontal displacement
exhibited by the pile at the mudline.

It can be observed in Figure 4 that the numerical
model exhibits significantly larger initial stiffness and
lateral resistance than the centrifuge model.

In order to better reproduce the soil-pile interaction
observed in the centrifuge test, the set of parameters
for the hypoplastic model has been recalibrated as
reported in Table 3. The parameters directly related to
the sand properties, such as the three void ratios states
(minimum, critical and maximum) and ¢,., were not
changed. The recalibration has focused on f,
considering that it controls the soil stiffness.

1.0
o084
= L
s =
T 0.6 :
5 //, [
g /’/’ [
T 0.41
2
3 -~ FE analysis

S0 e ysi
.2 e
021 4 — FEWIP
e e Experiment P1
0.0

0.00 002 004 006 008 0.0
Normalised lateral displacement, u/D [-]

Figure 4: Lateral load-displacement curves for a wished-in-
place monopile embedded in dense Geba sand, comparison
between centrifuge and numerical results.

Numerical results (FE WIP) are compared with the
experimental data in Figure 4. A good agreement
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between numerical and centrifuge results may be
observed.

3.2 Installation effect on the pile lateral
response

During the penetration of the pile, the state of the sand
changes as expected. This is shown in Figure 5, where
radial stresses and the void ratio are plotted at the end
of the pile installation. At the conclusion of this
analysis, radial stresses reach very high levels,
especially beneath the pile tip and within the inner soil
region of the pile. In this area, the soil mass densifies,
and soil plugging is noticed, while dilation occurs in
the surrounding soil mass around the jacked pile. This
outcome aligns with findings from previous research
on the jacking installation procedure (Fan et al., 2021;
Spyridis & Lopez-Querol, 2024).

Radial stress, kPa

1NEC TN
INE[ TuEn

Figure 5: Numerically derived radial stresses and void ratio
distribution around the pile at the end of the installation.

To take into account the effect of the installation
process on the lateral response of the pile, the state
variables of the soil after the installation are
transferred to the small-strain FE model. The
numerical model for the installation phase is one-
quarter of the full model, while for the lateral loading
phase half of the full model was considered. Therefore,
the installation results were mirrored and subsequently
interpolated.

In addition to void ratio, the intergranular strain
tensor is considered for the transfer. Figure 6 shows
the comparison of the lateral load-displacement curves
from the centrifuge tests reported by Li et al. (2022)
and the ones derived by simulations with (FE Jacked)
and without (FE WIP) incorporation of the
installation- induced state variables changes. The key
distinction between Experiment P1 and Experiment P2
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lies in the installation process, as described in Section
2.1. The pile installed in-flight (P2) exhibits both
larger initial stiffness and lateral resistance than that of
the pile pre-installed at 1g (P1), as observed by Li et
al. (2022), as a result of sand densification and
retention of high mean effective stresses caused by the
installation process.

In Figure 6, it can be observed a slight increase in
the lateral bearing capacity of the pile numerically
predicted, as a result of the soil compaction within the
inner soil region of the pile and the intergranular strain
deformation distribution.

However, it is evident that such an increase is
negligible and is not comparable to the strength and
stiffness gain of the soil-pile system observed in the
experiment P2. Therefore, it results necessary to
import from the CEL model also the stress state after
the installation process.

1.0
A
v
— 0.8 M
=2 v
= v
T 0.6- v -
g e
o . o >
= 041
o 0 v &
@ — FEWIP
© M 0 — FE Jacked
=024 v A :
e e Experiment P1
Yo v Experiment P2
0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Normalised lateral displacement, u/D [-]

Figure 6: Lateral load-displacement curves for monopile
jacked at 1g (P1) and at 100g (P2) in dense Geba sand
compared with numerical results with (FE WIP) and
without (FE Jacked) the installation effect.

Moreover, it must be recognized that the model
pile, consistently with the tested pile, is characterised
by a relatively low D/t,, value of 60, whereas typical
D/t,, ratios for monopiles in practice are 125+150.
This may explain the significant effect produced by the
jacking process to the lateral pile behaviour.

4 CONCLUSIONS

In this study, the impact of a monopile installation
method on the lateral response of the offshore wind
turbine foundation was investigated using advanced
numerical modelling techniques implemented in the
finite element software ABAQUS. By employing the
Coupled Eulerian-Lagrangian method for jacking
installation simulations and small-strain Finite
Element modelling for lateral response analysis, the
research highlighted the critical role of installation-
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induced soil state alterations. The FE models were
calibrated against available centrifuge test data for
model piles jacked in dense sand. The hypoplastic
constitutive law with intergranular strain was adopted
to simulate the nonlinear behaviour of the soil. The
results demonstrated that the studied installation
method significantly influences the state of the sand.
In detail, the pile installation analysis, illustrates that
the initial void ratio of the sand is alternated, with the
surrounding soil mass to experience dilation. On the
other hand, soil plugging and densification is noticed
at the inner part of the pile. As the pile advances, high
stresses are induced in the sand. Hence, at the end of
the installation, the region where high stresses are
recorded is beneath the pile tip.

Subsequent monopile behaviour under lateral
loading was studied, after the effects induced by pile
installation were imported. Nevertheless, the
numerical results highlighted a discrepancy with
experimental data, suggesting that further refinements
are needed to fully capture experimentally observed
soil-pile interactions into the numerical model.
Further investigations are also required to extend this
study to different installation processes and pile
geometries.
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