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Abstract: The increasing global demand for renewable energy has resulted in a high in-
terest in wind power, with offshore wind farms offering better performance than onshore
installations. Coastal nations are thus, actively developing offshore wind turbines, where
monopiles are the predominant foundation type. Despite their widespread use, the effects
of monopile installation methods on the overall foundation behaviour are not sufficiently
yet understood. This study investigates how different pile installation procedures—jacked
and impact-driven—affect the lateral capacity of monopile foundations under both mono-
tonic and dynamic lateral loads, by comparing them with wished-in-place monopiles, the
usual assumption in design, for which no soil disturbance due to installation is considered.
Three finite element 3D models were employed to simulate these cases, i.e., wished-in-
place monopile, jacked, and impact-driven pile, incorporating soil zoning in the latter
cases to replicate the effects of the installation methods. Comparisons between all these
models, when subject to lateral monotonic and cyclic loads, are presented and discussed
in terms of displacements in the soil and horizontal normal stresses. Results reveal that
these installation methods significantly influence soil reactions, impacting the lateral per-
formance of monopiles under both monotonic and dynamic conditions. The impact-driven
pile demonstrated the most significant influence on the monopile behaviour. These find-
ings highlight the need for engineers to account for installation effects in the design of
monopile foundations to enhance performance and reliability, as well as the optimisation
of their design.

Keywords: offshore wind turbine foundations; monopiles; pile installation; soil-structure interaction

1. Introduction

The global effort to minimise the effects of climate change has led to a significant
shift in energy policies worldwide. International agreements such as the Kyoto Protocol
and the Paris Agreement have established ambitious goals to reduce CO; emissions and
other greenhouse gases [1]. Climate change has become a critical priority for governments,
driving the urgent need to transition from fossil fuels to cleaner, renewable energy sources.
The importance of this shift is underscored by available data which indicate that electricity
and heat production account for approximately 34% of global greenhouse gas emissions [2].
With the International Energy Agency [3] forecasting a continued increase in global electric-
ity demand during the upcoming years, the development of renewable and clean energy
systems is essential to meet energy needs while reducing their environmental impact.

Among the various renewable energy technologies, wind energy has gained widespread
attention. Offshore wind energy, in particular, offers distinct advantages over onshore
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installations. Wind energy is especially popular in coastal nations like the United Kingdom,
Germany, and China, where offshore wind farms have played a pivotal role in reducing
national carbon footprints [4]. Offshore wind energy contributed to the reduction of over
10 million tons of CO, emissions annually in the UK by 2018 [1]. Offshore wind farms also
avoid land use conflicts, as they are situated at sea, and they benefit from more stable and
higher wind speeds compared to onshore sites [5].

The successful deployment of offshore wind turbines relies on the performance of
their foundations, with monopiles being the most widely used type. A monopile is a large,
hollow steel cylinder vertically driven into the seabed, with its dimensions—diameter,
thickness, and embedment depth—dictated by site-specific conditions [6]. Recent devel-
opments have led to the construction of larger monopiles, with diameters reaching up
to 10 m and embedment depths exceeding 30 m [7]. The growing size and complexity
of monopiles have highlighted the need for more robust design and analysis methods,
particularly regarding the effects of installation procedures on the soil-structure interaction.

Current research on monopile foundations has focused primarily on their perfor-
mance under lateral loads, with limited attention to the effects of the installation methods
on soil characteristics and behaviour. Monopiles are typically installed using jacked or
impact-driven procedures, both of which can alter the properties of the surrounding soil.
Many reported studies fail to account for these installation effects, potentially leading
to inaccurate predictions of monopile capacity and long-term performance [8]. Given
the dynamic loading conditions faced by offshore wind turbines—due to waves, wind,
and operational loads—it is critical to understand how the installation methods influence
the original soil conditions, and consequently, the performance and serviceability of the
soil-monopile system.

This study aims to address this research gap by using numerical modelling to evaluate
the effects of jacked and impact-driven pile installation procedures on the lateral mono-
tonic and dynamic capacity of monopile foundations. The research objectives include
(1) investigating some installation methods and their general impact on soil, (2) reviewing
past research on soil-pile interaction, (3) establishing a validated numerical model, (4) con-
ducting a set of numerical simulations, and (5) evaluating the results to determine the
influence of installation on the performance of the monopile. By providing new insights
into the effects of pile installation, this study aims to support the design of more efficient
and resilient offshore wind turbine monopile foundations.

2. Literature Review
2.1. Installation of Monopiles

Monopile installation typically follows a multi-stage process, which includes the
transportation of the monopile, its vertical positioning on the vessel, followed by the
initiation of the main installation, which consists of the penetration of the monopile in
the soil [9] (in [10] construction stages are sketched and explained). Monopile installation
methods have evolved to meet the challenges of deeper waters and more demanding
operational environments. The primary techniques for monopile installation are based
on driving the monopiles into the soil, usually by applying a set of impacts on top of the
pile until the penetration reaches the target depth [6]. The shock wave produced by the
impact travels down the pile, resulting in soil displacement and the subsequent penetration
of the monopile. Nowadays, impact-driving still remains the most widely used method
for monopile installation. Modern hydraulic hammers applying impact on top of the pile
operate on the same principle as older systems but now offer greater efficiency due to
higher impact energies and advanced control systems [10]. A specific type of impact-driving
procedure is the so-called Jack-up Vessel Installation, which is a traditional methodology
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that relies on a jack-up vessel to position the pile and hammer. The vessel’s crane lifts the
monopile into a guide frame known as a “piling gate”, allowing precise alignment before
the hammer is placed at top of the pile [6]. This approach requires stable seabed conditions
and calm weather to ensure operational safety. An alternative to this driving method is
the Submerged Support Structure for Installing a Pile (SSIP) that offers a more versatile
approach by using a reusable subsea support structure. As detailed by [11], this process
involves pre-positioning the SSIP at the installation site. The pile, fitted with end caps, is
towed to the location, where the top cap is removed, and water is pumped into the pile,
causing it to sink under its own weight. Once the pile reaches the seabed, the SSIP stabilises
it, and hammering begins. The SSIP then floats to the surface for reuse, offering cost and
time savings over traditional jack-up vessel methods.

In addition to the traditional impact-driving techniques, pile-jacking has also been
discussed as an emerging method, though its application in offshore monopile installation
is still limited [12]. Pile-jacking, also known as press-in piling, offers a quieter and less
disruptive alternative to impact-driving. Unlike the impact or vibratory methods, pile-
jacking uses a hydraulic ram to apply a static force to push the pile into the seabed [13]. This
process significantly reduces noise pollution and ground vibrations, making it an attractive
option in noise-sensitive environments. However, despite these environmental advantages,
the adoption of pile-jacking in offshore applications is still limited and further investigation
is yet required to establish its operational feasibility and long-term performance.

Driving and jacking are not the only installation methods for monopiles. Vibratory
Driving is a process that involves vertical vibrations applied to the pile, causing the
surrounding soil to experience cyclic loading. As soil strength temporarily decreases due
to these vibrations, the pile can be driven into position. These vibratory devices typically
operate at frequencies of 20 to 40 Hz [14]. Vibratory driving is often preferred for its reduced
noise impact, making it a more environmentally friendly option compared to conventional
hammer-driven methods [15].

The lateral forces exerted on a monopile during its service life are varied and substan-
tial. The interaction between the monopile and the surrounding soil plays a critical role in
the structural integrity of the foundation [16]. Given this critical aspect, it is essential to
explore how installation methods impact the soil behaviour and monopile performance
after installation.

2.2. Effects of Installation on Sands

The soil response to monopile installation varies depending on the method used and
the soil properties. The most critical changes are observed in the void ratio, horizontal
stress, soil plugging, and soil settlement. Fan, Bienen, and Randolph (2021) [12] conducted
numerical simulations to study the impact of driving and jacking on silica sand of differ-
ent relative densities (Dr = 38%, 60%, 88%). Their findings indicate that the void ratio,
horizontal stress, and soil plugging differ significantly between the two methods. During
pile-jacking, dense sand tends to dilate, whereas medium-dense sand densifies. This pattern
of dilation and densification affects the void ratio, with denser sands experiencing larger
dilation. In contrast, impact-driving causes densification in the surrounding sand, leading
to lower void ratios outside the pile. The relationship between the pile installation method
and sand relative density is crucial for understanding how soil deformations evolve.

Both impact-driving and pile-jacking cause an increase in horizontal stress around the
pile. However, jacking produces significantly higher radial stresses, especially inside the
pile, due to the direct application of static force. This increased stress, combined with the
reduction in void ratio, leads to an overall increase in soil strength [12].
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Soil plugging occurs when soil is retained inside the pile during penetration. Pile-
jacking results in higher soil plugging due to its reliance on continuous static force, while
impact-driven piles experience less plugging. This distinction is important for pile capacity
and load-bearing behaviour.

Impact-driven piles cause settlement of the soil outside the pile. For medium-dense
sands, settlement occurs inside the pile as well, but for dense sands, soil heave is observed
inside the pile. Pile-jacking produces heave both inside and outside the pile due to the
volumetric expansion of displaced soil [12].

The impact of pile installation extends to distinct zones within the soil. The iden-
tification and classification of these zones enable better prediction of soil response and
load transfer. Fan, Bienen, and Randolph (2021) [12] used finite element modeling for
jacked installation of a monopile in soils with different relative densities, showing distinct
soil response zones. Based on numerical analyses and experimental results, Yang et al.,
(2020) [17] proposed different zones around a solid pile, with different properties as the
result of the installation. Cuéllar (2011) [18] proposed a simplified zonation model for
defining the geometry of densified soil as two truncated cones with a common base at
the rotation centre. This model has limitations, as it fails to account for the complex soil
behaviour evident in numerical simulation [12], but can be adopted as a first approximation,
obtaining average properties for the soil in each of the simplified zones. Both zonation
approaches can be seen in Figure 1.
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Figure 1. Zonation in the installation of piles (jacking) in sand, (a) after Yang et al. (2020) [17]; (b) after
Cuéllar (2011) [18]. Zones A-E: incrementally varying from zero to a high plastic shear strain rate
and very low to mean stress (<0.2 MPa to >3 MPa) Zone F: low incremental plastic shear strain rate

and low mean stress (P < 0.5 MPa).

Soil disturbance during installation can also play a critical role in the long-term
performance of monopile foundations. Impact-driven monopiles typically experience
greater initial soil disturbance compared to jacked or vibratory methods [15,17]. Over
time, however, reconsolidation of the disturbed soil can partially restore lateral capacity,
especially in cohesive soils [12]. Jacked installations, which minimise soil disturbance, tend
to provide more stable lateral capacity from the outset. In cyclic loading, disturbed soils are
more prone to degradation, leading to increased displacement and rotation of monopoles
compared to monotonic loads. Higher-frequency loading, such as that induced by wave or
wind excitation, may lead to increased dynamic amplification and reduced lateral resistance
due to higher strain rates and accelerated degradation of soil properties [8,13]. Other factors
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such as soil stratigraphy, groundwater conditions, and pile material properties can also
significantly influence monopile behaviour [7,8,12].

Numerical models, such as the finite element method (FEM), are used to simulate
the complex interactions between monopiles and the surrounding sand soil in offshore
foundations. These numerical models allow for detailed analysis of factors such as soil
nonlinearity, pile-soil interaction, scour [19], long-term settlement [20,21], and particularly,
the effects of cyclic loading [22-24], making them a powerful tool for optimising monopile
designs. Ho et al. (2024) [24] utilised FEM (SANISAND-MS model) to investigate the
importance of considering installation effects, which significantly influenced the initial
stiffness and load-displacement behaviour of monopiles. The study also emphasised the
limitations of the “wished-in-place” approach, which neglects the effects of pile installation.
Kainya et al. (2022) [22] used experimental data and case studies to validate a numerical
simulation model, VibPile, for the simulation of the nonlinear dynamic response of large
monopiles under harmonic loading and installation by vibration or impact-driving. The
study highlighted the importance of considering dynamic soil-structure interaction and
soil-specific characteristics to optimise the process.

3. Methodology

A set to 3D Finite Element models developed in Ansys 2024 R1 have been developed.
In these models, to account for the effects of both impact-driving and jacking installation
effects, different zones in the soil domain have been established, based on previous numeri-
cal simulations of these installation procedures in sands reported in the literature. For each
model configuration, lateral loads (monotonic and cyclic) have been applied. The lateral
responses are compared with the wished-in-place pile (i.e., ignoring the installation), and
conclusions on the effects of both installation procedures are derived.

The geometric model of the monopile was designed to reflect current industry practice.
Offshore monopiles typically have diameters that range from 8 to 10 metres and embedment
depths from 30 to 50 m [7]. Accordingly, the monopile used in this model had a diameter of
8 m, a total length of 60 m (of which 30 m was embedded), and a wall thickness of 90 mm,
consistent with previous studies [5]. The surrounding soil model had a depth of 50 m and a
total diameter of 90 m, with the monopile centrally positioned. This arrangement allows for
an adequate representation of the soil-pile interaction. The installation of these piles was
modelled by FEM before cycling loading is applied [12,18]. Figure 2 shows the geometry of
the conducted models. It can be seen that, both geometry and loads being symmetric, only
half of the model has been simulated, to reduce computational effort.

Figure 2. Dimensions of the soil-monopile system in the FE simulations. Horizontal load (H).

The monopile material was modelled as S355 steel, with properties taken from [25]:
density of 7850 kg-m~3, Young Modulus of 21 GPa, and Poisson’s ratio of 0.3. The material
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properties of the soil were modelled as dry sand, using an elasto-plastic Mohr—Coulomb
model, as this approach offers a balance between computational efficiency and simulation
accuracy for soils. Lopez-Querol et al. (2020) [5] demonstrated that under 100 load cycles,
results from a homogeneous soil model and a heterogeneous soil model are comparable,
justifying the simplification in this study. The use of dry sand in this modelling is justified
by the numerical results presented in [12,26] who validated numerical models of soil
installation through several centrifuge tests conducted on dry sand. As the paper compares
different soil-pile configurations (wished-in-place, jacked, and impact-driven), the influence
of density is low which is significant in determining which method induces the greatest
soil disturbance, and which has the most pronounced effects.

The soil’s mechanical properties are adopted from Lopez-Querol et al. (2020) [5] and
are presented in Table 1. The wished-in-place model, with homogeneous soil conditions, is
validated under both monotonic and cyclic lateral loads, with the results presented in [5],
obtaining identical results, as the model is exactly the same.

Table 1. Soil properties in the numerical models.

. Young . . .
Density (p), Poisson’s Friction Angle . ° Cohesion (c),
kg 3 MOdll\l/};)lZ (Eop), Ratio (v) (@),° Dilatancy (5), KPa
2000 40 0.25 35 5 1

After the successful validation of the model was achieved, both installation procedures
(impact-driving and jacking) were represented. Given the computational effort required of
directly simulating pile installation, a simplified zoning approach was adopted to capture
the effects of installation on different locations in the surrounding soil. Similar models
to the one proposed in [18] have been adopted for both driving and jacking installation
methods. The zones are adopted based on the results reported by Spyridis and Lopez-
Querol (2024) [26], where the affected areas surrounding the monopile are defined for both
driving and jacking. The axisymmetric geometries of the adopted zonation in both cases
are represented on top of Figure 3a,b. In both sketches, the right vertical line represents the
external contact between pile and soil. For jacked piles, the soil is divided into three zones,
while for impact-driven piles, four zones were used. The shapes and sizes of all zones
are referred to the pile diameter for further extrapolation in different pile geometries. For
impact-driven piles, the higher affected area reflects the greater variation in soil disturbance
caused by this installation method [26]. The bottom graphs in the figure represent the
geometries adopted in the models. It is worth highlighting that the wished-in-place
case does not have any zoning as the soil is considered homogeneous (as in Figure 2).
The distinction between the zones in the numerical models for installed monopiles was
guided by the horizontal stress distributions observed in the previously mentioned studies.
Horizontal stress-based modifications to Young’s modulus were applied to reflect the
installation effects for each soil zone. The updated Young’s modulus values were computed
using the empirical relationship proposed in [27,28]:

E- Eo("h)n M

0ho

where E and Ej are the current and the original Young Modulus, respectively, n is an
empirically obtained exponent with usual values for sands ranging between 0.3 and 0.5
(in this case, n = 0.5) and ¢y, and 07, respectively, denote current (after installation) and
initial horizontal normal stresses (as in wished-in-place) at the centre of each zone, which
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are representative locations for each one of them. The updated Young’s moduli applied in
each zone, obtained with Equation (1) and employed, are shown in Table 2.

10.64m

\ f —~i 25.056m —

@) (b)

Figure 3. Simplified axisymmetric section and full model geometries for the different zones adopted
in the numerical simulations. (a) Jacking; (b) Impact-driving. Densification and dilation zones A, B,
C, D are based on zoning obtained by [12,26].

Table 2. Updated stiffness in all zones of the models for the numerical analyses.

Zone (See Original Young Modulus  Updated Young Modulus = Updated Young Modulus
Figure 3) (Eo), MPa Jacking (E), MPa Impact-Driving (E), MPa
A 40 111.63 30.21
B 40 38.27 25.49
C 40 103.97 38.38
D 40 - 30.98

Boundary conditions are standard ones, i.e., fixed in the bottom boundary, and vertical
movement allowed but restricted horizontal displacements are considered in the lateral
sides of the model. In the symmetry plane, no displacement perpendicular to it is allowed
(usual symmetry condition). The size of the model has been tested to make sure that the
lateral boundaries are sufficiently far away from the pile [5]. The contact between the pile
and the soil is simulated as frictional, with a friction coefficient of 0.4 [29].

Sensitivity analysis was performed to determine the optimal mesh size for each type
of pile installation. The analysis assessed horizontal displacement at the top of the structure
(i.e., 30 m above the mudline). The analysis identified suitable mesh densities for each
model, leading to final node counts of:

e Jacked: 98,939 nodes
e Impact-driven: 124,720 nodes
e  Wished-in-place: 50,850 nodes

Note that the impact-driven case requires a higher number of nodes, as a consequence
of the higher complexity of geometry in this case. These mesh sizes ensured convergence
for all static and cyclic simulations. Mesh refinement was applied near the monopile and
the soil zones directly affected by installation to enhance the accuracy of the results. Coarser
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meshes were applied further from the pile, where stress gradients were smaller. The final
mesh configurations are illustrated in Figure 4.

Figure 4. Meshes in the symmetry planes in the conducted numerical models. (a) Jaking; (b) Impact-
driving; (c) Wished-in-place.

The loading conditions considered included both static and cyclic loads to evaluate the
impact of pile installation on lateral and vertical load responses. In both cases, the lateral
load is applied on top of the simplified structure (in this case, 30 m over the mudline—
Figure 2) to represent not only load but also moments at the mudline. Gravity loading
was first applied to account for the self-weight of the pile, including the application of a
vertical load of 3 MN on top of the structure to represent the weight of the turbine and
the part of the tower that has not been included in the models. These vertical loads are
followed by either monotonic horizontal loading (to find the different lateral reactions in
the pile) or cyclic loading (to simulate the operational forces from wind and wave-induced
lateral loads).

The dynamic input loads on a monopile arise from a combination of wind and sea
waves, each characterised by distinct amplitudes and frequencies. Standard 5 MW offshore
wind turbines can be represented by a peak force of 4 MN, a value that has been widely
adopted in numerical models throughout the literature [5,29]. Sea waves typically have
frequencies in the range of 0.1 Hz, while wind frequencies are around 0.01 Hz. The entire
structure tends to vibrate at frequencies near 1 Hz. This paper explores the effects of two
different input load frequencies, both corresponding to realistic load conditions, aiming to
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capture the influence of natural vibrations and sea waves. Given that wind is slower, it can
be represented by monotonic loads. All these factors are considered in this work.
The cyclic horizontal loads were defined using the following sinusoidal function, as
suggested in [5]:
h(t) = H sin(2mtft) 2)

where H is the amplitude of the input horizontal load (4 MN), f is the load frequency
(1.0 or 0.1 Hz), and t denotes time (in s). To simulate the load of the remaining tower
(over the point of application of the horizontal load) and the turbine, a vertical load of
3 MN is applied in all models at the same time as the initial gravity load. This study
limited cyclic loading to 40 cycles to maintain computational efficiency while capturing
sufficient trends of the behaviour for analysis. Longer simulations would, however, be
beneficial for understanding the long-term behaviour. Table 3 presents the full range of
loading cases, with key distinctions made for jacked piles (J), impact-driven piles (I), and
wished-in-place (W) piles. In the denomination of the cases, M or C, respectively, refer to
monotonic or cyclic loads. Simulations for wished-in-place models are also included to
provide a baseline comparison.

Table 3. Conducted numerical analyses.

Case Installation Type Loading Type Frequency (Hz)
M1 Jacked Monotonic N/A

JC1 Jacked Cyclic 0.1

JC2 Jacked Cyclic 1.0

M1 Impact-driven Monotonic N/A

IC1 Impact-driven Cyclic 0.1

IC2 Impact-driven Cyclic 1.0
WM1 - Monotonic N/A
WC1 - Cyclic 0.1

4. Results and Discussion
4.1. Comparison of the Response of the Three Monopiles Under Monotonic Lateral Load

Figure 5 shows two vertical profiles of the horizontal displacements in the soil domain
at horizontal distances of 0.15 D and 0.5 D from the pile (see Figure 6 for the location of
these profiles) for the jacked, impact-driven, and wished-in-place cases, under monotonic
horizontal load (JM1, IM1, and WM1 cases in Table 3). As can be seen in the figure, both
soil profiles tend to rotate quasi rigidly in all cases (i.e., the displacements are proportional
to the depth, indicating rotation of the geometry surrounding the monopile). Looking at
the closest location to the pile (0.15 D), we can conclude that, under the same horizontal,
monotonic load, the displacements for the impact-driven case are the highest one (both
positive value—on top of the pile—and negative—at the bottom), followed by the jacked
pile and the wished-in-place case. This result illustrates the higher effect of the impact-
driving in the soil condition as well as the soil-pile interaction, compared to the jacked
monopile, and in both cases, the displacements are higher than those found in the wished-
in-place pile. As we move away from the pile, at a distance of 0.5 D, this effect is not as
clearly observed as all the results are very close, only showing slight differences.

Figure 6 represents the horizontal displacements for the same cases in the symmetry
plane of the models. Taking the wished-in-place case as a reference (Figure 6¢), two main
conclusions could be obtained: firstly, and as concluded above, the higher effects of the
impact-driven procedure are again evidenced by the greater displacement values seen in
the soil domain for this case close to the pile (Figure 6b), although the differences between
the three cases are very local and minimised as we move away from the pile. The second
aspect that can be observed from these graphs is that the rotation point (i.e., location of
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zero displacement in the axis of the pile) is at a lower position in the wished-in-place case,
followed by the jacked and finally by the driven pile, which displays the highest elevation
of this rotation point. Both effects combined mean that the rotation of the pile, under the
same monotonic load, is expected to be higher in the case of the impact-driven pile than in
the jacked or wished-in-place cases, confirming the discussion of results from Figure 5.

JM1 (0.15D) JM1 (0.5D)
— IM1 (0.15D)  ——IM1 (0.5D)

—WM1 (0.15D) -----WM1 (0.5D)
Bottom the pile

Depth (m)

-0.030 -0.010 0.010 0.030 0.050 0.070

Horizontal displacement (m)

Figure 5. Vertical profiles of horizontal displacements at distances 0.15 D and 0.5 D from the pile for
cases JM1, IM1, and WMI (see location of the soil profiles in Figure 6). The top of the figure represents
the mudline (soil surface) and the discontinuous horizontal line represents the bottom of the pile.

0.15D 0.5D 0.15D 0.5D

0.00 20.00 40.00 (m)

40.00 (m)

10.00 30.00 10.00 30.00

() (b)

0.15D 0.5D

40.00 (m)

10.00 30.00

(0)

Figure 6. Horizontal displacements (m) in the symmetry plane of the soil domain: (a) jacking (JM1);
(b) impact-driving (IM1); (c) wished-in-place (WM1).
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0.00

Interestingly, from Figure 6, we can see that the pattern of displacements are not
very dissimilar in the proximity of the pile in all the analysed cases. However, negative
displacements on the soil surface can be observed for both jacked and driven piles, but
at different sides of the pile. This is an effect of the sharp change in the Young’s moduli
between the different zones of both models, but should not represent the real behaviour
in real cases where that transition is expected to be more progressive. In any case, and
despite this limitation of the simplified zoning approach, the conditions in the monopile
and immediately surrounding soil are properly captured by the models.

Figure 7 presents the solution of the horizontal normal stresses in the symmetry planes
of the three models (it is worth noting here that the negative sign represents compressive
stress). From this figure, we can conclude that the horizontal normal reactions around the
monopile follow a very similar pattern for both installation methods (jacked and impact-
driven, in Figure 7a,b, respectively), but the peak values, found in the left bottom corner of
the monopile, are higher in the case of the impact-driven pile, although very localised. For
the impact-driven pile, however, unlike in the jacked case, a thin area on the right soil-pile
contact is observed with low stresses, which means a lower lateral reaction in the pile in
this location, which justifies the higher horizontal displacements obtained in this case. In
any case, in both the jacked and impact-driven pile, stresses on the right and left of the pile
are very different, unlike in the case of the wished-in-place pile, that shows very similar
stresses at both sides, with the exception of the top-right side of the pile, with a localisation
of low stresses in the mudline.

20.00 40.00 (m) 0.00 20.00 40.00 (m)

10.00

30.00 10.00 30.00

(@) (b)

0.00 20.00 40,00 (m)
C—

I
10.00 30.00

(©)

Figure 7. Horizontal normal stresses (Pa) in the symmetry plane of the soil domain: (a) jacking (JM1);
(b) impact-driving (IM1); (c) wished-in-place (WM1).
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4.2. Comparison of the Response of the Three Monopiles Under Cyclic Lateral Load

When subjected to horizontal loads, whether monotonic or cyclic, monopiles tend
to exhibit rigid rotational behaviour. This rotation is characterised by the angle formed
relative to their original vertical position. Greater rotations of the pile pose an increased
risk to structural integrity. Typically, rotations of 0.5 degrees or more necessitate the
decommissioning of the structure.

The analysis of the monopiles under cyclic load is based on the analyses and compari-
son of the time histories of rotation in the monopile. As mentioned in the Methodology,
the constitutive model used (Mohr—Coulomb) is not capable of capturing some of the phe-
nomena that happen in soils under vibration (such as dynamic degradation or ratchetting).
However, it is considered to be sufficiently representative of the dynamic response of the
monopile. Hence, Figure 8 shows the evolution in time of the rotation of the monopile
during the cyclic load for both frequencies (C1: 0.1 Hz and C2: 1.0 Hz). For the wished-
in-place monopile, only the slowest frequency was simulated (C1, Figure 8a), and for it,
the amplitude of rotation is similar (although a bit smaller) than the one for the jacked
pile, and them both, much smaller than the one for the impact-driven pile. In the case
of the fastest frequency (C2, in Figure 8b), again the impact-driven pile shows a higher
amplitude than the one of the jacked pile, and both of them are much higher than those
found for 0.1 Hz. Interestingly, the case IC2 failed after a few seconds, due to a high
distortion of the elements as a result of excessive deformation, with rotations in the range
of 1 degree, which are not acceptable to guarantee a good performance and integrity of
monopiles. This shows the instability of the monopile in this case, demonstrating that this
installation procedure compromises the pile integrity under serviceability conditions. Even
with the number of cycles modeled, restricted to 40, the model yields steady responses
with constant amplitudes and frequencies, which are adequate for comparing the results
across the different methodologies.

0.1
FAVAVAVAVRVAYAVAVAVAYAVATAVAYAVATAVAVATAYAVAVATAVAVAVAVATAVAVAVATAVAVAVATATAVATA
—WC(C1
JC1
IC1

'

Pile Rotation (Degree)
FROO00000000
NOOOPRENON B0

0 100 200 300 400
Time (s)
(a)
1.0H

1C2
IC2

PR O00000000
RO LENONBONC0

Pile Rotation (Degree)

0 10 20 30 40
Time (s)

(b)

Figure 8. Time history of the rotation of the monopile for all cases. Input load: (a) 0.1 Hz; (b) 1.0 Hz.
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5. Conclusions

This study has provided valuable insights into the impact of installation procedures on
the lateral capacity of monopile foundations for offshore wind turbines. By employing 3D
finite element (FE) simulations in Ansys, it was possible to model the effects of both jacked
and impact-driven installation methods, alongside a wished-in-place model serving as a
baseline. The division of soil into three zones for the jacked model and four for the impact-
driven model enabled a detailed assessment of the soil-structure interaction, capturing
the distinct influence of each installation procedure. The transient dynamic response is
captured through the time integration implemented in the simulations for two different
input load frequencies. While the constitutive soil model employed (Mohr—Coulomb)
does not allow for the investigation of soil relaxation, equalisation, or degradation, it is
suitable for providing insights into the effects of jacked and impact-driven installation, and
presenting a methodology that practitioners can readily implement in commercial FEM
packages to account for these factors.

The findings highlight that the installation process significantly affects the monopile’s
lateral capacity. Of the methods studied, the impact-driven installation exhibited the most
pronounced effects, with larger displacements in the soil, compared to the wished-in-place
and jacked models. This pronounced effect is attributed to the nature of the impact-driven
process, which introduces significant energy into the soil, causing greater deformation and
stress redistribution. It is worth highlighting here that these effects, found numerically in the
present research, have already been reported in the literature from experimental research.

Additionally, the cyclic loading analysis revealed that cyclic frequency plays a critical
role in response of the monopiles. Higher cyclic frequencies resulted in more substantial
deformations, with the impact-driven model displaying the most notable effects. These
results underscore the importance of considering cyclic loading conditions in the design
and assessment of monopile foundations, as repeated loading can exacerbate the impact of
the installation process.

In conclusion, this study has demonstrated that the monopile installation process
plays a critical role in determining its lateral capacity. The impact-driven method, in
particular, was shown to have the most pronounced influence on soil displacement, strain,
and stress, raising important considerations for the design and construction of offshore
wind turbine foundations. Engineers can integrate installation effects into foundation
designs by making adjustments for reduced initial stiffness due to soil disturbance and
modeling post-installation recovery processes like reconsolidation. Moreover, updated
design guidelines should reflect the influence of installation effects to improve reliability.
This study’s findings can guide real-world offshore wind farm projects by encouraging
site-specific optimisation of installation methods to reduce soil disturbance and enhance
long-term stability. For instance, vibratory installation may be preferable in soft soils with
high plasticity to minimise disturbance, while impact-driving may be suited to dense sands
where lateral capacity is less sensitive to initial soil disturbance.

The findings suggest that further research should be undertaken to explore additional
factors influencing the installation effect, such as different soil types, installation sequences,
and long-term cyclic loading. Such research would support the development of more
accurate predictive models and contribute to the optimisation of monopile design and
installation strategies for offshore wind turbines.
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