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Summary

The structural response and thus the service life of offshore wind turbines is signif-
icantly affected by their first natural frequency. However, field measurements from
offshore wind farms show that the field response of monopile-founded wind turbines
is stiffer than expected, suggesting that improved modelling could lead to optimized
cost-efficient structures.

This discrepancy may be associated to conservative foundation modelling. The cur-
rent industry-standard finite element (FE) approach assumes monopiles as wished-
in-place (WIP), thus neglecting installation effects. The goal of this thesis is to cali-
brate a 3D FE model to better capture the lateral response of impact and vibratory-
driven monopiles in predominantly sandy soils under monotonic loading, particu-
larly in the small-strain range that governs the dynamic response of offshore wind
turbines, by accounting for installation effects.

PLAXIS 3D is used to model the soil-structure interaction with Hardening Soil elastic-
plastic constitutive model that can capture small-strain stiffness (HSsmall). The
study has a twofold scope: namely, establishing an interpretation scheme for ini-
tial soil properties to model the WIP response and incorporating installation effects
through a practical approach that captures the effects of the installation on the soil
state, and consequently the lateral capacity, without explicitly simulating the pile
installation.

The WIP models, validated against a number of field tests, show that the current
modelling approach can accurately predict the lateral response of vibratory driven
monopiles, while it underestimates the stiffness of impact driven ones. Therefore,
this thesis proposes to artificially incorporate installation effects into the established
WIP FE models for impact driven monopiles, by either imposing volumetric strains
(ev01) to the soil plug or by modifying the coefficient of lateral earth pressure at rest



(Kp). Both methods lead to increased horizontal stresses around the monopile and
result in stiffer global response and improved agreement with the field data, for all
cases examined.

This thesis offers a comprehensive framework for modelling the lateral response
of monotonically loaded monopiles, including installation effects, that could poten-
tially be adopted by industry thanks to its simplicity, computational efficiency and
reliance on commonly available data in offshore wind projects.
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Chapter 1

Literature review

1.1 Motivation

Offshore wind energy is continuously expanding and is expected to play a central
role in the EU’s decarbonisation targets. By 2030, total wind capacity in the EU is
projected to reach 351 GW, of which 48 GW will come from offshore wind farms
[18]. To ensure the robustness and long-term reliability of these structures, the
geotechnical design of the foundation is an integral part of the overall design pro-
cess, directly influencing the structural response and serviceability.

Most offshore wind farms are located in the shallow waters of the North Sea, where
monopiles remain the predominant foundation type due to their simplicity, cost-
effectiveness, and suitability for the region’s soil and water depth conditions. Field
measurements from several bottom-fixed offshore wind farms imply that the natural
frequency of wind turbines is consistently higher than expected [21], [32], [39] and
[56] as illustrated in Figure 1.1. Moreover, various studies have showcased that the
predicted initial stiffness of laterally loaded monopiles by the current engineering
practice - either by numerical or analytical modelling - is often significantly under-
estimated [35]. This discrepancy has been attributed to potentially inaccurate or
conservative modelling of this soil-structure interaction problem. A key limitation in
the current design practice is that the pile is considered as wished-in-place (WIP),
meaning that installation effects are not considered in the model. The aim of this
project is to contribute in bridging this frequency gap, from a soil’s perspective, by in-
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vestigating the influence of installation effects on the lateral response of monopiles,
with focus on the initial stiffness.
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Figure 1.1: Comparison of design and measured natural frequencies. Left: Mea-
sured first tower bending frequency (fmeas) vs. design frequency (fiesign) for 400
offshore wind turbines (Kallehave et al. [32]). Right: Relative error between fqecsign
and fineasurea for 47 turbine locations (Nernheim et al. [39]).

1.2 Objective and scope

The objective of this thesis is to improve the prediction of the lateral response of
monotonically loaded monopiles, by accounting for installation effects. To achieve
this, the finite element software PLAXIS 3D is employed to simulate the soil-structure
interaction problem, using the Hardening Soil with small-strain stiffness (HSsmall)
constitutive model to adequately capture the non-linear and hardening behaviour of
soil. The initial soil parameters are first calibrated based on field and laboratory test
data (primarily CPT data) and then the installation effects; namely horizontal stress
changes, are artificially incorporated into the model. Therefore instead of modelling
the computationally intensive installation process explicitly, its effects are imposed
directly onto the model. This approach allows the study to focus on improving the
prediction of the lateral response rather than reproducing the installation itself.

The study considers both impact and vibratory driven monopiles in dense, sand
dominated sites, where installation effects are expected to be most significant. These
conditions are representative of bottom-fixed offshore wind farms in the North Sea
region. The analysis focuses on the monotonic lateral response in small strains;
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defined as a horizontal displacement of 0.02D at the mudline level, as analytically
explained in Section 3.1.

1.3 Lateral response of monopiles

For monopile foundations supporting offshore wind turbines, the dominant design
load generally acts laterally [28] and the design is often driven by the fatigue limit
state (FLS). In other words, it is the dynamic response, not the ultimate capacity, of
the wind turbine that drives the design. However, field measurements show that the
measured natural frequency of offshore wind turbines is lower than the designed,
suggesting that the current modelling approaches may be further optimized. This
frequency gap can be, at least partially, attributed to simplifications in foundation
modelling. Factors such as scour protection and installation effects that are usually
neglected in foundation modelling are believed to stiffen the actual response and
help explain this discrepancy. The latter is also the topic of this thesis; namely how to
incorporate installation effects into foundation modelling and make the foundation
modelling more accurate.

U

(@ ®)

Figure 1.2: Failure mechanism of piles under horizontal load (a) short rigid pile, (b)
long slender pile (adapted from [38]).

1.3.1 Current design practice

In engineering practice, soil-structure interaction is simplified to enhance compu-
tational efficiency. Traditionally, p-y curves have been used to estimate the lateral
response of monopiles. However, these curves that were originally developed for
long and slender piles in the in the oil and gas industry, which exhibit “long” failure
mechanism characterized by the formation of a plastic hinge and pile bending in the
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direction of loading. Such curves tend to underestimate the lateral response of the
short, large diameter and rigid monopiles used in offshore wind foundations. These
monopiles, with length-to-diameter (L/D) ratios typically below 7 [51], exhibit a
“short” failure mechanism [55], where the pile rotates rigidly about a pivot point
located below the mudline [11], [29], [50]. The two mechanisms are illustrated in
Figure 1.2.

For that reason an extensive joint industry research project (PISA: Pile Soil Analysis)
[14] took place in order to improve the accuracy of this method by including more
forces in the model to better capture the soil-structure interaction as illustrated in
Figure 1.3. Using site specific FE models, revised soil response curves were pro-
duced, useful for the design of monopile foundations. In this framework a 1D FE
model is used to model the soil structure interaction. The pile is modelled as a
Timoshenko beam on elastic foundation.

1.3.2 Soil reaction curves

PISA proposed two calibration approaches for the new p-y curves, a rule-based
method and a numerical based, with the latter recommended for detailed design.
The numerical approach uses 3D FE models to derive site specific soil reaction
curves, which are implemented into 1D FE models to efficiently model the lateral
response. The PISA model included additional force components to better capture
the lateral pile behaviour. For rigidly rotating piles; such as those used in offshore
wind applications, the soil reaction components are illustrated in Figure 1.3.

In addition to lateral distributed forces, the figure shows frictional forces along the
pile wall as well as a horizontal shear force and moment at the pile toe. Accurately
capturing these of these forces is essential for reliable FE modelling of the lateral
response. However for small-strains analyses, as those in this thesis, used for FLS
design, studies [41] indicate that the original p-y curves including only the lateral
force component, when calibrated against the site-specific 3D FE models, give com-
parable results to those of the PISA model including all four force components.

1.3.3 Small-strain response

This study focuses on the small-strain response of monopiles under lateral loading
that governs the dynamic response of offshore wind turbines. According to Achmus
et al. [2] the initial stiffness under monotonic lateral loading can be used as a good
approximation of the un- and re-loading stiffness under cyclic loading and can there-
fore be used for assessing the dynamic response. For that reason this study evaluates
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Figure 1.3: Idealization of the soil reaction components acting on a rigidly rotating
monopile (Burd et al. [14])

the monotonic lateral behaviour of monopiles at a displacement level up to 2%D at
the mudline level. In general, the SLS is defined as a rotation of 0.25 degrees at the
mudline [22] which for the slenderness ratios (PPD/D) and pivot depth representa-
tive of rigid monopiles used in offshore wind corresponds to a lateral displacement
of about 2%D. Project experience indicates that FLS deflection levels remain well
below this threshold, while a lateral displacement of 10%D is typically considered
the ULS limit. Therefore accurately capturing the initial stiffness in 3D FE modelling
will allow for future calibration of the initial stiffness in 1D FE models and therefore
improve the prediction accuracy.

The assessment focuses on lateral displacements at the mudline up to 2%D. In gen-
eral, the SLS is defined as a rotation of 0.25 degrees at the mudline [22] which
for the slenderness ratios (PPD/D) and pivot depth characteristic of rigid monopiles
used in offshore wind corresponds to a lateral displacement of about 2%D. Project
experience indicates that FLS deflection levels remain well below this threshold,
while a lateral displacement of 10%D is typically considered the ULS limit.

1.4 Overview of installation methods

Monopiles, open-ended deep steel pile foundations driven into the seabed, are the
most common foundation type for offshore wind turbines in shallow waters. As wind
turbines become larger, so do the monopiles supporting them, with current design



1.5. EFFECTS OF INSTALLATION METHOD ON THE LATERAL RESPONSE 6

reaching diameters of up to 11 m diameter and embedment lengths of up to 60 m
[31]. Typically the monopiles are installed using impact driving, a well established
method from both onshore application but also from the oil and gas industry, where
a cyclic axial load is applied at the top of the pile via a hydraulic hammer.

However, the growing size of these steel structures poses new challenges for engi-
neers particularly during installation. The impact driving of large diameter monopiles
creates high levels of underwater noise, potentially harmful to marine life [54]. To
address this, environmental regulations have been introduced, requiring mitigation
measures such as bubble curtains. As a result vibratory driving has gained attention
as a quieter and potentially faster alternative. It allows quicker penetration and min-
imizes the risk of pile run. However, it remains less well understood and currently
several ongoing studies examine the soil response during vibratory driving [3], [11],
[19], [29].

For both cases; the well established hammering method and for the more recent
and not fully investigated vibratory installation, current numerical models might
not be accurate enough and underestimate the initial stiffness and lateral capacity
of monopiles, leaving room for design optimization and further research.

This thesis investigates installation effects for both techniques. Other more novel
installation methods like Gentle Driving of Piles [53] or Vibrojet [12] will not be
discussed herein due to their limited technological readiness and the lack of similar
applications for the foundation of offshore wind turbines.

1.5 Effects of installation method on the lateral re-
sponse

The effect of installation on the lateral response is more pronounced in sandy soils.
In contrast, current design practices have been found to accurately predict the lat-
eral behaviour of piles in clay [6], [57], [58]. According to Achmus et al. [1] the
effect of installation on the bedding resistance is limited in clays compared to non-
cohesive soils. Results from the PISA project at Cowden clay showed that the lateral
response of monopiles can be accurately captured by WIP FE models, especially for
small strains [57], [58]. Alsharedah et al. [6] used PLAXIS 3D and the HSsmall
constitutive model to predict the lateral response of large scale piles in offshore clay
conditions, reporting excellent agreement with the field tests. Overall, despite the
expected changes in the soil state, several FE studies have demonstrated that the lat-
eral response, especially in the small strain region, of impact driven piles in clay can
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be reproduced with high accuracy by the current WIP modelling approach, provided
that these models are properly calibrated.

Therefore this study focuses on installation effects in sandy soils, considering both
conventionally impact driven piles and the most most promising technique reported
in literature, vibratory driving. The common observation across various studies is
that pile installation affects the surrounding soil state and consequently the lateral
response of the piles. In detail, the two main phenomena that govern this behaviour
is the change in void ratio; soil densification or loosening, and the redistribution of
the horizontal stresses. The effect of pore pressure build up is typically found to be
less significant [3], [20], [48] - especially for sand - that is usually sheared under
drained conditions.

1.5.1 Effects of installation method on the soil state

Driven piles fall into the broader category of displacement piles; where as pushed
into the ground they “displace” the surrounding soil and change the soil state around
them. The extent of the affected zone around the pile is still not clear enough, with
different studies reporting varying values [3], [25]. Therefore in this section an
overview of the geomechanical response of the soil during installation is presented
to set the basis for the numerical modelling.

Stress redistribution

Both impact and vibratory driving induce cyclic shearing in the adjacent soil leading
to gradual contraction of the sand. As the volume of the adjacent soil decreases
the horizontal confining stresses acting on the pile also tend to decrease [10], [29];
a phainomenon known as “friction fatigue” [28] or cyclic degradation [29]. It de-
scribes the realignment and loss of interlocking between grains, resulting in reduced
shaft friction resistance f,, with the lower limit being the residual resistance.

Measurements from the small-scale phase of the SIMOX project [20], the research of
Stein [49] and Fischer [25], all focused on the installation effects in dense saturated
sands, demonstrate that as the impact driven pile progresses towards a pressure
sensor, radial stresses initially increase due to soil displacement. However, once the
pile tip passes the sensor level, stresses gradually decrease due to the friction fatigue
effect, as illustrated in Figure 1.4. According to Stein [49], this stress evolution
distinguishes two different zones along the pile, one governed by the installation
effect (installation induced stress increase) on the lower part of the pile and one
governed by friction fatigue on the upper part of the pile, as shown in Figure 1.5.
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Figure 1.4: Development of radial soil stress during impact driving for a dense satu-
rated sand, after [48]

While SIMOX relied on a single sensor located near the pile toe, the more compre-
hensive sensor array employed in Fischer [25] and Stein [48] provides a clearer
picture of post-installation stress state in dense, overconsolidated, saturated sands
at a radial distance of 0.33D across the embedment depth as illustrated in Figure
1.5, that shows an increase of installation induced stresses with depth. The increase
at the upper, friction fatigue governed, part of the pile is limited while the pile toe
region where the stress increase is significant is governed by the installation effect.
A more accurate representation of the post-installation stress state is expected to
improve predictions of lateral monopile behaviour.
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Figure 1.5: Post-installation effective horizontal stress state for an impact driven pile
with a pile pentration depth (PPD) of 2.5m, after [48]

Interestingly, for vibratory driven piles horizontal stress changes are often negligible
[20], [48] which may explain the better agreement of the WIP-based numerical
models with field tests, as it will be discussed in the following chapters. Nonetheless,
several studies report a localized increase in horizontal stresses near the pile tip for

both vibratory and impact driven piles, though the effect is more pronounced for the
latter [10], [23], [29].

Overall, a change in horizontal stresses in the surrounding soil due to pile installation
will result in a change in the lateral response of the monopile. The strength and
stiffness properties of the soil are dependent on the stress level, therefore increased
horizontal stresses, in the case of impact driven monopiles will result in increased
strength and stiffness properties of the soil and subsequently stiffer lateral response
of the monopile under lateral loading. That is also reflected in the formulation of

Hardening Soil constitutive models, where both strength and stiffness properties are
stress dependent.

Void ratio changes

Achmus et al. [3] conducted large-scale field tests in dense to very dense sand, com-
paring pre- and post-installation CPTs at varying distances from the pile, to identify
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changes in the soil state; specifically relative density, and ultimately discuss the ef-
fect of installation on the lateral response. In this study, Achmus explicitly attributes
differences in load-bearing behaviour between impact- and vibratory-driven piles to
the effects of installation on relative density. Loosening of the soil, indicated by a de-
crease in cone resistance, was observed up to a distance of 0.28D from the pile wall
for both installation methods.However, the effect was notably smaller for the pile in-
stalled with reduced frequency and slower penetration rate (pile P1v), highlighting
the influence of installation parameters. At a closer distance of 0.09D from the pile,
dilation was still observed at the same or lower degree. The overall disturbance zone
was found to extend up to approximately 0.46D. The effect is more pronounced for
the vibro-installed monopiles except for the one with modified installation proper-
ties (slow installation). These findings align with observations by Hoffmann et al.
[29] and reinforce the conclusion that void ratio changes, and consequently lateral
response, are sensitive to installation frequency and duration.

Contrary to these observations, small-scale laboratory tests conducted during the
SIMOX project [19], [20] reported densification around both hammered and vi-
brated piles installed in saturated medium dense and dense sands. Settlement mea-
surements supported the presence of a densified “shell” approximately 0.15D inside
and outside the pile wall. Similar findings are also reported by [48].

Further insights are provided by experiments from the University of Western Aus-
tralia. Bienen et al. [10], using large-strain FE modelling validated against centrifuge
tests in dense sand (D, = 68%), observed significant densification in the immediate
vicinity of vibro-driven piles, and loosening at more distant zones. Fan et al. [23]
confirms those observations with numerical modelling results for different relative
densities from loose to dense sands (ranging from 38 to 88 %). Specifically, Fan
et al. [23] reports densification regardless of the initial density for the hammered
piles, both on the inside and outside of the piles, but more pronounced in the soil
plug. Findings from the same study show that the sand tends to reach the same
critical state void ratio regardless of the initial relative density, implying that densifi-
cation is more pronounced in loose soils. The densification area extends horizontally
to 2.72D in contrast to da Silva et al. [20]. Additionally significant decrease of the
void ratio below the pile toe for every relative density was observed.

Pore pressure changes

As aforementioned the effect of pore pressure build up due to installation in the
subsequent lateral response of monopiles is generally considered to be negligible,
particularly in sandy soils. This is largely because piles are usually loaded laterally
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after a sufficient time from installation has passed allowing for any excess pore pres-
sure to dissipate [8]. Achmus et al. [3] mentions that post-installation CPTs showed
that drainage occurred after 25 to 35 days post installation while Da Silva et al. [19]
and da Silva et al. [20] observed rapid dissipation of excess pore pressure following
both impact and vibratory installation in saturated dense sands. Similarly Stein [49]
found no significant pore pressure build-up during both installation methods.

On the other hand, according to Hoffmann et al. [29] pore pressure build up may de-
pend on the installation method. Minimal build-up was observed for impact driven
piles -attributed to the long time between blows - while vibratory driving caused a
transient increase in pore pressure, up to 1.6 and 1.4 times the initial values for non-
cavitational and cavitational modes respectively. These so-called vibration modes are
associated with the installation speed, where non-cavitational and cavitational cor-
responds to fast and slow driving respectively. However because dissipation time
was not measured, it is unclear whether these changes affected the effective stress
state at the time of lateral loading. It is mentioned that the pile installed with a non-
cavitational mode (fast driving) exhibits the softer response while the impact driven
pile was stiffer. That observation aligns well with the finding from Achmus et al. [3],
namely that the negative effect of the vibratory installation was minimized on the
piles installed with lower installation frequency and increased installation time.

According to Fischer [25], piles driven in unsaturated sand experience significantly
greater grain rearrangement and effective horizontal stress increase compared to
those driven in fully saturated conditions. This is attributed to reduced inter-particle
shear transfer under saturated conditions due to transient pore pressure spikes,
and lower frictional resistance. Consequently, fully saturated sand shows less pro-
nounced dilative or contractive behaviour during pile driving, resulting in smaller
net changes in effective stress. Notably, Fischer [25] reports that the horizontal
stress measured near the pile tip at the end of installation can differ by more than a
factor of two between unsaturated and fully saturated conditions, even in the same
dense sandy soil.

Overview

Literature findings are generally diverse and sometimes contradictive regarding the
effect of the installation method on the soil state and subsequently on the lateral
response of monopiles. Nevertheless the conclusion that can be made is that vibra-
tory driven piles generally exhibit softer response compared to hammered piles all
else being equal, that pore pressure effects are transient and can have an effect on
the subsequent lateral response, that the net radial stress increase post installation
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is increasing with depth and that while void ratio effects changes may occur they are
not considered decisive in determining lateral behaviour. Therefore it is assumed
the the dominant - installation related - mechanism governing the lateral response
of monopiles, is the change of effective horizontal stresses in the surrounding soil.

1.6 Numerical modelling of monopile installation

The common practice in FE modelling is to consider the pile as wished-in-place
(WIP), thereby ignoring the effects of installation on the surrounding soil. Although
this method offers computational efficiency and often yields relatively accurate re-
sults for the design of monopiles, several studies have shown that tends to under-
estimate the initial stiffness of monotonically laterally loaded monopiles [32], [35],
[50] with potential implications on the predicted natural frequency of the supported
structure. Incorporating installation effects into the FE model is expected to im-
prove the accuracy of the foundation design and more realistically reflect in-situ
conditions.

1.6.1 Explicit modelling - Large deformations methods

Several authors have attempted to explicitly model the installation procedure in the
context of finite element modelling using the Coupled Eulerian-Lagrangian (CEL)
approach [10], [23]. These models often validated against centrifuge tests offer
valuable insights into how installation changes the soil state, as discussed earlier in
Chapter 1. However, such methods remain computationally intensive and often un-
derestimate the loading cycles required for the full penetration of the pile, compared
to physical modelling. The underestimation of the lateral capacity is attributed to
the significantly different number of loading cycles observed during physical and nu-
merical modelling. Notably, Bienen et al. [10] reports 6000 “installation” cycles for
physical modelling opposed to only 40 in numerical for the pile to reach the target
penetration depth. Less cycles may lead to underpredict the changes in the soil state
associated with the installation process, specifically friction fatigue, and therefore
amplify the uncertainty in predicting the lateral capacity. Due to these limitations,
this approach was considered unsuitable for the scope of this thesis.

1.6.2 Implicit modelling - Soil degradation zone

In response to the computational cost and complexity related to the aforementioned
approach, there have recently been proposed simplified methods trying to capture
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the installation effects on the soil rather than the installation procedure itself. In
other words, the effect of the installation on the soil and consequently the lateral be-
haviour of the monopile is incorporated into the model by modifying the soil proper-
ties accordingly. Instead of modelling the installation procedure and subjecting the
soil in cyclic loads that would consequently degrade its properties, in alignment with
the friction fatigue concept, but also the loosening of the soil as reported by Achmus
et al. [3], the pile is wished in place (WIP) for simplicity and the installation effect is
directly assigned to the soil properties in a so-called degraded zone surrounding the
pile, by means of correlating the post installation cone resistance curves to the consti-
tutive model properties, that would have normally been affected by the installation.
This method has been employed by several researchers [27], [34] and provides im-
proved accuracy to the numerical model results. The modified soil properties can be
obtained by means of empirical correlations of post-installation CPTs at the vicinity
of the installed monopiles, and in the absence of such data for the majority of the
newly executed offshore wind projects that method was considered not feasible. As
an alternative, a modified version of this approach is adopted in this study, where the
coefficient of lateral earth pressure is adjusted to reflect the increase in horizontal
stresses due to installation, calibrated against analytically derived stress profiles, as
will be discussed in detail later in this thesis.

1.6.3 Implicit modelling - Volumetric expansion zone

An approach is that of imposing volumetric strains to the adjacent soil as originally
described by Tol and Broere [52] in an effort to incorporate into the model the volu-
metric expansion or compaction that has been noticed both in physical and numer-
ical modelling. In other words, instead of modelling the procedure itself, the effect
of it is assigned into the model; namely the soil is “artificially” expanded in order to
mimic the stress increase that would have occurred during driving due to shearing
in the pile-soil interface. This modelling technique; was used by Pisano et al. [42]
for piles installed in dense marine sand related to the PISA field test, improving the
accuracy of the small strain stiffness of the pile under lateral loading. da Silva et al.
[20] in an effort to capture the geomechanical effects on the soil during installation
that were mentioned in Section 1.5.1 also introduced volumetric strains in a region,
cluster around the pile, where the settlements were observed.

However it is important to mention that merely imposing isotropic volumetric strains
cannot fully capture these anisotropic and non-uniform changes in soil fabric, struc-
ture, and stress orientation. The success of this method depends heavily on the
calibration of volumetric strains to match known post-installation conditions. In re-
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ality, different soil types (sand, clay, layered deposits) respond differently to pile
penetration. A single prescribed strain field may not reflect key differences in soil
response, leading to discrepancies when extrapolating to other sites, soils, or pile
configurations and installation methods.

1.7 Conclusion and main findings

The main findings of the literature review, that will serve as the backbone of this
thesis, can be summarized in the following points.

The research focus should be on the small strains response of monopiles, that
governs the dynamic behaviour of offshore wind turbines.

Installation effects are significant only in sandy soils while the initial stiffness
of laterally loaded monopiles in clay soils is very well predicted under the
simplified WIP assumption.

Pile installation results in changes in the soil state, most importantly relative
density changes and stress redistribution in the vicinity of the pile. Pore pres-
sure changes are generally found to be insignificant for sands.

Installation effects are more pronounced in unsaturated dense sands, as the
“transient undrained” response in saturated conditions limits these effects dur-
ing pile driving.

The post-installation effective horizontal stresses around the monopile, gov-
ern its lateral response. Void ratio changes are generally considered as less
significant.

A successful implementation of the installation effects into a FE model scheme,
is expected to optimize the design of monopiles foundations for offshore wind
turbines.

The modelling approaches that show the greatest potential for engineering ap-
plications, are volumetric strains and a modified coefficient of lateral earth
pressure, offering simplicity and the ability to capture the most important ge-
omechanical effect, namely horizontal stress changes.
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1.8 Research question

The literature study presented in this chapter leads to the following research ques-
tion:

How to capture installation effects on the lateral response of monopiles within a gener-
alized framework?

To address this main research question, the study is structured around two inter-
linked themes:

* The calibration of the soil constitutive model to model wished-in-place (WIP)
response, and

* The modelling of installation effects, which modify the initial stress state around
the monopile

1.9 Outline

This thesis project is organized in five main chapters. The current chapter provides
the literature review, introducing the motivation and objectives of the study, dis-
cussing the effects of monopile installation on soil behaviour, and reviewing the
numerical methods available to model their lateral response. The second chap-
ter presents the FE model setup used throughout the project, including the mesh,
boundary conditions, and material properties while also including the model vali-
dation. Chapter three outlines the calibration procedure that was followed to esti-
mate the initial soil parameters and presents the results of the WIP models while
chapter four describes the modelling approaches that were followed to capture in-
stallation effects for both impact- and vibratory-driven monopiles and presents the
corresponding results from the enhanced models. Finally, chapter five summarizes
the key findings and provides recommendations for practical implementation as well
as suggestions for future research.



Chapter 2

Finite Element Model

2.1 Finite Element Model

The soil-structure interaction problem determining the lateral behaviour of a monopile
under monotonic loading, is investigated by means of a FE model in PLAXIS 3D. The
FE model is first validated against the results of Fazlighiyasabadi et al. [24] and
Minga and Burd [37].

2.2 Model geometry and properties

Owing to the symmetry of the problem only half of the 3D geometry is modelled,
with the vertical plane at y=0 being the plane of symmetry. The soil domain dimen-
sions are decided as a function of the monopile dimensions such as to not affect the
numerical results but also ensure reasonable computational time. The total model
length in the loading direction is equal to 12 monopile outer diameters while the
length in the perpendicular to the loading direction is equal to 4 diameters, as spec-
ified in [40]. The boundary conditions are defined such as to ensure symmetry with
respect to the vertical planes, fixity at the lower boundary and free at the soil surface.
An indicative model geometry is given in the following figure.

Regarding the pile geometry, the top is closed with rigid plate to allow for the force
or prescribed displacement to be applied while the bottom of the pile remains open.

16



2.2. MODEL GEOMETRY AND PROPERTIES

An overview of the main geometrical characteristics and installation methods of the

Figure 2.1: 3D finite element model indicative geometry

piles studied are given in the Table 2.1.

Pile Project Installation | D [m] | PPD [m] | t [m] | e [m]
DM4 | PISA [36] | Impact 0.76 3.98 0.014 | 9.98
DM7 | PISA [36] | Impact 0.76 2.24 0.010 | 10.00
DL1 | PISA [36] | Impact 2.00 10.61 0.038 | 9.90
P2h | VIBRO [3] | Impact 4.30 18.50 0.040 | 0.85
Plv | VIBRO [3] | Vibratory 4.30 18.20 0.040 | 1.00
6A-V | SIMOX [-] | Vibratory — - - -
8B-H | SIMOX [-] | Impact - - - -
Z10 Stein [48] | Impact 0.60 2.40 0.003 | 2.00

Table 2.1: Overview of pile characteristics (The geometrical characteristics of SIMOX

piles are not included herein for confidentiality reasons).
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2.3 Interface properties

To simulate the soil-pile interaction and allow for slippage (relative displacement),
12-node interface elements are added along the outer monopile surface. Their
strength and stiffness properties are controlled by the reduction factor R;,, which
correlates the interface properties to those of the adjacent soil cluster. Alternatively, a
new separate material can be assigned to the interface elements allowing for custom
properties independent of the adjacent soil. The first approach is generally followed
throughout this thesis project, with the R;,;., values summarized in the relevant
Tables of Appendix A. For the validation of the model against Minga and Burd [37]
and Fazlighiyasabadi et al. [24] the second approach was used; namely, a new ma-
terial was assigned to the interfaces with the same stiffness properties but modified
effective friction angle, denoted as ¢/,,,.,., consistent with their original assumptions,
as shown in Tables A.5 and A.9.

2.4 Mesh and calculation

Upon completion of the structure’s modelling, the finite element mesh is generated
whose quality directly affects the quality of the results but also the computational
time. The governing elements being those at the shaft-soil interface. For that reason
the coarse mesh refinement is selected for the soil surround the pile while a mesh
refinement factor of 0.5 is assigned to the pile to better capture the interaction forces
but also ensure reasonable computational cost. The results of a mesh convergence
study conducted to decide on the adequate mesh quality are given in Appendix B.

Finite element calculations take place in sequential phases; the option of construc-
tion stages is used. A typical construction sequence for a laterally loaded pile, fea-
tures the initial phase where the initial undisturbed soil stress state is calculated by
means of a KO-procedure followed by the activation of the monopile geometry (pile
plate and interface elements) in a single phase where the pile is introduced into the
model as WIP. The application of the lateral loading at the pile top follows at the last
stage.

2.5 Constitutive model

The choice of the soil constitutive model is of significant importance determining the
stress - strain relationship and ultimately affecting the quality of the predictions. In
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this study the focus is placed on the the pre-failure behaviour of the soil that governs
the dynamic behaviour of offshore wind turbines that is related to the fatigue limit
state (FLS), focused on small strains rather than ultimate capacity. The non-linear
behaviour of soil even in the small strains region was first investigated by Burland
[15] who employed local strain measurements in triaxial tests, unlike the conven-
tional practice of using external measurements. These experiments revealed that
the initial small strain shear modulus is nearly an order of magnitude higher than
the secant shear modulus before yielding. Such behaviour cannot be captured by
simple linear-elastic models and therefore implies the use of more advanced models
capable of capture small strain nonlinearity and the increased stiffness of soil in that
range of strains. The Hardening Soil model with small-strain stiffness (HSsmall) is
considered the most appropriate for capturing the realistic behaviour of the soil in
this strain range.

Considering the dynamic nature of the loading and the focus on the serviceability
(SLS) and fatigue limit state (FLS), as well as the expected accuracy of predictions,
the advanced constitutive models which predict the stress-strain relation more ac-
curately than simple linear-elastic, perfectly plastic models as described above was
chosen. Figure 2.2 illustrates the strain range that this study focused on considering
the dynamic response and that justifies the use of this constitutive model.
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Conventional soil testing
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Figure 2.2: Strain dependency of shear stiffness with typical ranges from structures
and laboratory tests (after PLAXIS Material Models Manual)

As aforementioned the adopted soil constitutive model is HSsmall. This model was
selected because it can not only capture the hardening behaviour of soil under shear-
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ing and compression but also accounts for the pressure-dependent stiffness through
yield surface expansion. In contrast to the simple Hardening Soil model, HSsmall
can also capture small strain non-linearity and irreversibility thus avoiding overes-
timation of displacements. The two fundamental features of HSsmall is the stress
dependency of the stiffness even in the small strain region controlled by G, and
the small strain non-linearity controlled by 7y 7. These two additional parameters
enable HSsmall to more accurately capture monopile response in the small-strain
region, which is critical in this study since the focus is on initial stiffness governing
the dynamic response of offshore wind turbines. However, it is important to men-
tion the inherent limitation of this constitutive model; namely the fact that it cannot
capture the softening behaviour of soils, particularly relevant for dense sands. Nev-
ertheless, since the main focus in on small strains and initial stiffness, the potential
implications of this limitation; namely overprediction of the ultimate capacity were
considered to be of little importance and therefore were neglected in this study.

A brief description of the main parameters that define the mechanical behaviour
of the soil when using this constitutive model is also given in the section. The
Hardening Soil models feature stress dependency, expressed through three differ-
ent confining stress-dependent moduli; namely Es5g, Focq, Fur. The secant modulus
E’5o which corresponds to 50% of the value of the maximum shear deviatoric stress
gy is dependent on the minor principal stress and is given by the following formula.

ccosp — o sing

B — Eref
50 50 (ccos¢ + Drefsing

) 2.1

E,. on the other hand defines the slope of the unloading-reloading part of the stress-
strain curve in a triaxial test and is given by the following formula.

Buy = TSI ( ccosp — aésiﬁqﬁ m
CCOSP + PrefSing

ur

(2.2)

At last E,.4 gives the tangent stiffness for primary oedometer (one-dimensional com-
pression) loading. Note that the stress dependency level is controlled by parameter
m and that in the HSsmall formulation effective stresses ¢’ are negative in compres-
sion. The stiffness parameters in the context of a triaxial test are illustrated in the
following figure.

These were the common parameters of Hardening Soil and Hardening Soil with
Small Strains models. The distinct characteristic of HSsmall is in the small-strains,
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Figure 2.3: Stiffness parameters F;, = Ey, Fs5o and E,, in a triaxial test (after PLAXIS
Material Models Manual)

as its name implies, and is controlled by the small-strain shear modulus; G, and the
threshold shear strain; 7.7 given by the following formulas.

ccosp — ahsing

G — G’I‘ef
0 0 (ccosqb + DrefSing

)™ (2.3)

Yo7 = W[QC/(I + cos2¢’ — o' (1 + Ko)sin2¢'] 2.4
0

In contrast to the more complex formulation of the stiffness properties, the strength
of the soil in this model is constant - not stress dependent - and is described by the
effective friction ¢’ and dilation ¢ angles and cohesion, c. Lastly, an overview of the
key model parameters is given in Table 2.2.
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Parameters Description Unit
Bt Secant stiffness modulus kPa
Eref Oedometer stiffness modulus kPa
Eret Unloading-reloading stiffness modulus kPa
G{)ef Small strains shear modulus (¢ < 1079) kPa
Var Unloading-reloading Poisson’s ratio -

Yo.7 Threshold shear strain at G/Gy = 0.722 -

Ry Failure ratio -

m Power for stress-level dependency of stiffness -

c Cohesion kPa

© Angle of internal friction degree
P Dilatancy angle degree

Table 2.2: Overview of HSsmall model parameters

2.6 Validation

The validity of the numerical models that were used in this study is verified against
the large-scale field tests of PISA [14] and VIBRO-Cuxhaven [3], both investigat-
ing the lateral bearing capacity of large diameter, impact and vibratory driven,
monopiles in predominantly dense, partly saturated sandy soils. Validation is per-
formed against the results of piles DL1 (PISA) and P2h (VIBRO-Cuxhaven) by com-
paring the obtained horizontal reaction force (H) versus mean lateral displacement
at the mudline level (v,) against those reported in previous finite element (FE) stud-
ies by Minga and Burd [37] and Fazlighiyasabadi et al. [24]. In the PISA project,
the original load-displacement curves, are originally reported at the mudline level
[36], [50], whereas for the VIBRO-Cuxhaven test, the displacements were recorded
at varying heights above the mudline Achmus et al. [3]. For consistency and cross-
project comparison, the Cuxhaven displacements were transferred to the mudline
level, using the deformed shape given in Gattermann et al. [26]. The geometri-
cal characteristics for the aforementioned piles are summarized in Table 2.1. The
relevant soil properties are summarized in Appendix A.
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Figure 2.4: Comparison of the lateral response between the results of the present FE
models and previous numerical studies. Left: PISA pile DL1 (Minga and Burd [37]).
Right: VIBRO-Cuxhaven pile P2h (Fazlighiyasabadi et al. [24])

The developed FE models show very good agreement with the published results,
and prove that the present WIP modelling approach can adequately capture the lat-
eral response of a monopile under monotonic loading. In both cases, the goal was
to replicate the authors’ numerical results using their original constitutive model
parameters, as summarized in Tables A.5 and A.9. For the model of the VIBRO-
Cuxhaven pile, it is important to mention that the stiffness properties of the clay-till
layers were not explicitly provided in Fazlighiyasabadi et al. [24]. Instead, repre-
sentative values were estimated using empirical correlations from DNV-GL-ST0126
[22], as described in Appendix A. That is expected to be the main source of any
minor deviation between the models.

In the validation models, the relative displacement of the pile toe to the the outer soil
was modelled via an interface at the tip, while the weight of the pile was neglected,
to align with the original models. For the models following in this study, the pile
weight is considered for a more realistic representation while the interface at the
pile toe was neglected to optimize the calculation time. This modelling choice is
supported by the observation that the pile toe has a negligible effect on the overall
response, as demonstrated in the sensitivity analysis provided in Appendix C.



Chapter 3

WIP response modelling

Establishing a method to obtain constitutive model parameters based on in-situ data
is fundamental for predicting the lateral response of monopiles, since this controls
the WIP response of a pile, and defines the optimization margin by incorporating
installation effects into the model. The comparison of the WIP response of the same
monopile based on different approaches showcases the need for an initial soil param-
eters interpretation scheme. It is evident that different approaches for estimating the
constitutive model parameters lead to different level of agreement with the field test
and consequently different degree of underestimation and level of required volumet-
ric strain. In other words, it is the initial soil conditions that not only define the WIP
response but also determine the calibration of the installation parameter.

The proposed approach is to first interpret the soil properties and calibrate the initial
constitutive model parameters. After the accuracy of the model is further improved
by incorporating the installation effect in the FE model. Hence, it has been decided
that PLAXIS 3D and HSsmall, a widely used constitutive model in industry that cap-
tures small-strain plasticity, can capture soil hardening, and offers a balance of accu-
racy and complexity, will be used. This chapter aims to describe the basic features of
HSsmall, its adequacy for this problem, possible limitations and their implications.

24
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3.1 Methodology

The present section aims to describe the interpretation methodology - calibration of
the initial soil parameters - followed throughout this study based on results obtained
by in-situ testing and through empirical correlations.

In literature there is a number of different approaches to calibrate those constitutive
model parameters: either entirely against CPT data as in Brinkgreve et al. [13], or
using a combination of in-situ and laboratory test data as in Minga and Burd [37]
and Zdravkovic et al. [57]. In the present study the second approach with some
modifications is followed.

To evaluate the effectiveness of each method, a comparison is conducted for the
PISA-DM4 pile on the basis of the prediction accuracy of the load displacement
curve. The assessment focuses on lateral displacements at the mudline up to 2%D.
In general, the SLS is defined as a rotation of 0.25 degrees at the mudline [22] which
for the slenderness ratios (PPD/D) and pivot depth characteristic of rigid monopiles
used in offshore wind corresponds to a lateral displacement of about 2%D. Project
experience indicates that FLS deflection levels remain well below this threshold,
while a lateral displacement of 10%D is typically considered the ULS limit. Field
data for the PISA test campaign are reported by [36], and the pile’s geometric char-
acteristics are listed in Table 2.1. The comparison depicted in Figure 3.1, shows
that the correlation by Brinkgreve et al. [13] significantly underestimates the lateral
response, in alignment with [16]. In contrast, both the correlations by Minga and
Burd [37] and the approach proposed in this study both result in comparably good
agreement, with the latter yielding slightly softer responses. Nevertheless, it is ev-
ident that all three different methodologies underestimate the stiffness and lead to
different response. A similar pattern, wide spread of the prediction accuracy across
different methods and a general tendency to underpredict the initial stiffness, is re-
ported by Machacek et al. [35] for a blind prediction contest on laterally loaded im-
pact driven piles in dense sand, despite the availability of detailed input data. These
findings highlight the importance of initial constitutive model parameter calibration
and the need to establish a robust methodology to capture the WIP response.
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Figure 3.1: Comparison of different correlations for the calibration of the initial soil
parameters in terms of accuracy in predicting the lateral load behaviour of the PISA-
DM4 pile [36].

Based on the previous comparison and the lack of justification for the non-degrading
with strain stiffness properties used by Minga and Burd [37], as well as the simplified
approach of Brinkgreve et al. [13], which relies solely on the relative density D,.;
this study adopts a new calibration workflow. The constitutive model properties for
each soil layer corresponding the three different models presented in Figure 3.1 are
summarized in Tables A.5, A.6 and A.7.

In this study, the strength parameters, effective friction ¢’ and dilation angle 1),
are derived based on the relative density (D,) of the soil, following the empirical
correlation by Schmertmann [45]. The relative density is correlated to the cone
resistance curve according to Baldi et al. [7] and therefore potential inaccuracies
related to disturbance of reconstituted sand samples in triaxial or direct simple shear
testing are avoided. Note that the dilation angle, 1) is obtained as a function of, the
CPT derived, effective friction angle through the following formula: ¥ = ¢ — 30.
Lastly, in order to avoid numerical instabilities, the cohesion for sand layers, c, was
set equal to 0.1 kPa unless stated otherwise.

In line with the formulation of the constitutive model, and consistent with this
study’s interpretation scheme, the small strain shear modulus G is considered the
key parameter governing initial stiffness and therefore its calibration is essential for
the quality of the prediction. Its value is typically obtained from SCPT measurements
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through empirical correlations proposed by Robertson [44] or Seed and Idriss [46]
the value of Gy is determined. Depending on the availability of data Gy can also be
estimated based on dilatometer testing, as follows:

Go = pV¢ 3.1

The different Young moduli are subsequently derived as a function of G, as described
in the PLAXIS reference manual [9]. Specifically, the initial Young’s modulus, E, is
related to Gy through Hooke’s law as follows:

Ey = 2G0(1 + l/) (3.2)

The unloading-reloading modulus E,, follows from a modified version of Alpan’s
diagram [5] while Fs; is derived according to the following equation, according to
PLAXIS reference manual [9]:

ESO = Eur/3 (33)

At last, F,.q is assumed to be equal to E5q unless otherwise stated. A schematic
overview of the entire calibration workflow is shown in the following Figure.

Baldi Schmertzmann
CPT — D, ———— > strength (¢, §)

Robertson or v mod. Alpan
(S)CPT > GO - EO > Eur - ESO' Eoed
Seed&Idriss

Figure 3.2: Proposed constitutive model properties interpretation scheme

A full list of the numerical values for the constitutive model parameters per soil layer
for every simulation presented in this study is given in Appendix A.

It is important to highlight the effect of the overconsolidation ratio (OCR) and the
resulting coefficient of lateral earth pressure at rest, Ky -which together reflect the
history of the soil- on the lateral behaviour of monopiles. However, their interpreta-
tion often involves considerable uncertainty; since detailed soil history is not always
available. The OCR and K| are defined as follows:
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(3.4)

Ky = - (3.5)

where a;, is the preconsolidation stress, o/, is the current vertical effective stress, and
oy, is the horizontal effective stress. An alternative way to define overconsolidation
in PLAXIS is through the Pre-Overburden Pressure (POP) given by the following
Equation:

POP = cr; — O'/V (3.6)

In this study the Pre-Overburden Pressure (POP) or Pre-Overconsolidation Pressure
(POP) is first decided to calculate the OCR for overconsolidated (OC) layers, as
follows:

POP + ),

OCR = 3.7

/!
The uncertainty stems from estimating the preconsolidation stress, which depends
on the availability and quality of historical information about the history of the soil,
such as previous excavation records, as in the case of the Cuxhaven field test [43],
or geological events (e.g. glacial loading). When limited data are available, the
decision may be partly based on engineering judgement. To evaluate the effect
of this uncertainty on the lateral response, a sensitivity study was conducted, as
described in Appendix A, to asses how different OCR assumptions affect the lateral
response.

An increased OCR leads to a higher K, which consequently increases the horizontal
stresses around the pile and ultimately the stiffness parameters of the soil; namely
Eso, By, and Gy, as described in equations 2.1, 2.2, 3.1 and 3.2. The formulas used
to calculate Ky under normally consolidated and overconsolidated conditions are:

KYC =1 - sing/ (3.8)

Ko = KNCOC R ™' (3.9)
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where KV corresponds to normally consolidated conditions and K|, corresponds
to overconsolidated soils.

3.2 Results

The accuracy of the prediction when modelling the pile as WIP strongly depends on
the correlations used to derive the constitutive model parameters and consequently
determines the optimization margin, as clearly illustrated in Figure 3.1. Through
the interpretation methodology that was described in the previous section the initial
constitutive model parameters were derived, as summarized in Appendix A, Tables
A7, A.10, A.11 and A.14. These findings indicate that the accuracy of the WIP
model is dependent on the installation method. They highlight the need to incorpo-
rate installation effects when modelling impact driven piles while demonstrating the
WIP model’s adequacy for vibratory driven monopiles. This conclusion is supported
by the findings of literature review; pressure measurements from [20], [48], [49]
confirm the minimal increase in horizontal stresses and lateral displacement associ-
ated with vibratory driving in contrast to the the increased post-installation stresses
observed for impact driving.

3.2.1 Impact driven piles

The underestimation of the initial secant stiffness at a displacement level of 2%D
at mudline level is consistently observed for the impact driven piles in PISA [36],
SIMOX [19], [35] and in the tests reported by [48], as shown in Figure 3.3. In con-
trast, the WIP model unexpectedly overestimates the response for the impact-driven
pile investigated in the VIBRO-Cuxhaven field test [3]. The load-displacement curves
in Figure 3.3 highlight varying levels of prediction accuracy among the different
piles, nevertheless all models, with the exception of the Cuxhaven pile, underesti-
mate the initial stiffness.

A closer inspection of each field test and its corresponding load-displacement curve
can help identify the underlying mechanisms responsible for the observed differ-
ences in the WIP model accuracy. Specifically, the FE models for piles DM4 and
DM?7 exhibit the softest responses, underestimating the secant stiffness at a displace-
ment equal to 2%D at the mudline level by 60% and 40%, respectively while pile
DL1 shows a much smaller underestimation of around 13%. As described in Ap-
pendix A and B, piles DM4 and DM7 are installed entirely above the water table
(i.e., in unsaturated conditions) while pile DL1 is partially in saturated and partially
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in unsaturated conditions. According to [25] - as discussed in Chapter 1 - installa-
tion effects are more pronounced in unsaturated conditions, which may explain the
greater degree of underestimation for these piles. In other words, the soil around
piles DM4 and DM7 likely underwent more intense dilation, resulting in increased
resistance and more significant installation effects, which the WIP model fails to
accurately capture. However, since saturated conditions are the representative for
offshore environments and therefore more relevant to the scope of this thesis, pile
DL1 is considered the reference case for the PISA project in this context.

On the contrary, for the impact driven pile P2h from the VIBRO-Cuxhaven project
[3], the WIP model overestimates the response. Fazlighiyasabadi et al. [24], Blok
[12] and Gavin et al. [27] confirm these findings using the same FE program and
constitutive model (PLAXIS 3D - HSsmall). These studies attribute the discrepancy
to the inability of the constitutive model to capture softening effects in dense sands
or the lack of creep modelling. These findings could also be explained by comparing
the relative density, D,, between the different projects. As illustrated in Figure 3.4
the Cuxhaven sand is less dense compared to PISA, SIMOX and Stein [48]. This indi-
cated reduced dilation during installation and consequently limited stress increase.
Therefore the WIP model does not underestimate the stiffness of this pile unlike
in the other cases. That argument is further supported by Achmus et al. [3] who
reported decreased cone resistance in the post-installation CPTs performed around
the monopiles at a distance of 0.4 and 1.2 m. While the alternative interpretation
scheme proposed by Fazlighiyasabadi et al. [24], also based on overconsolidated soil
conditions, yields better agreement compared to the proposed in this study approach
it is not adopted herein. The improved agreement is likely attributed to the use of
site-specific correlations for the Cuxhaven site, which could limit the robustness of
the approach. To maintain consistency across all case studies, the same interpreta-
tion methodology is applied to Cuxhaven. It is worth mentioning that an alternative
interpretation of the Cuxhaven sand as normally consolidated was also explored, as
presented in Appendix A, with the corresponding properties listed in Table A.13. This
interpretation yielded a response more consistent with the general trend observed
across the remaining tests, where WIP models tend to underestimate the stiffness of
impact-driven monopiles.

The results of the WIP model for pile Z10 studied by Stein [48] in dense overconsol-
idated and fully saturated sand, focused in very small strains, approximately 0.4%D
at the mudline level, indicate that the response is underestimated as well. At last,
similar level of underestimation is observed for the impact driven SIMOX-8B-H pile.
Despite the presence of a clay layer, the profile up to a depth of z = 1D, consists of
very dense sand which seems to control the lateral behaviour of the pile and deter-
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mine installation effects. Overall the accuracy of the FE model WIP predictions, as
presented in this Chapter, highlights the need to incorporate installation effects into
the FE model.

It should be noted that all horizontal displacements refer to the mudline level, except
for pile Z10, where the displacement denoted as vy, is reported at a height of 0.6 m
above the mudline due to limitations in the available data. The displacements are
normalized by the outer diameter of the pile, according to the following expression:

vt = — (3.10)

For pile 8B-H of SIMOX, the horizontal load is also normalized to preserve confiden-
tiality:

H
H* = 7LD27’ (3.11)
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Figure 3.3: Lateral response of impact-driven monopiles. Comparison between field
measurements and 3D FE-WIP simulations for piles: (a) PISA-DM4, (b) PISA-DM?7, (c)
PISA-DL1, (d) Cuxhaven-P2h, (e) Stein-Z10, and (f) SIMOX-8B-H.
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Figure 3.4: Comparison of relative density profiles normalized with respect to pile
penetration depth (PPD) for the impact-driven (left) and vibratory-driven (right)
monopiles.

3.2.2 Vibratory driven piles

The WIP FE model predicts the response of vibratory-driven piles studied in the
SIMOX tests with good accuracy, while it overestimates the response of the VIBRO-
Cuxhaven piles [3], as shown in Figure 3.5. That aligns well with the findings of [3]
who reports reduced cone resistance in post-installation CPTs suggesting degraded
soil properties. Also considering the fact that usually no horizontal stress increase is
observed for vibratory driven piles [48], [49], [20], as discussed in Chapter 1, the
WIP assumption is plausible for vibratory driven piles. It should be noted that for the
VIBRO-Cuxhaven tests, the comparison of the modelled and measured field response
is performed in terms of uncorrected load displacement curves, as indicated by [3].
Since the numerical model in this study explicitly includes the localized soil stratig-
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raphy, CPT-based stiffness parameters, and pile geometry and loading characteristics
for each test location, comparison with the uncorrected curves ensures consistency
in the evaluation.

To further investigate the overprediction observed for pile P1v, an alternative in-
terpretation assuming normally consolidated soil conditions was developed. This
adjusted set of constitutive model parameters, summarized in Table A.12, led to sig-
nificantly improved agreement with the field test, as described in Appendix A. These
results can support the previous finding that WIP models are generally adequate
for vibratory-driven piles while also highlighting the uncertainty associated with the
stress state in Cuxhaven.
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Figure 3.5: Lateral response of the vibratory driven monopiles. Comparison between
field measurements and 3D FE-WIP simulations for piles: Cuxhaven-P1v (left) and
SIMOX-6A-V (right)



Chapter 4

Implicit modelling of
installation effects

This chapter presents the calibration of the installation parameters, namely the vol-
umetric strain €,,;, and the modified coefficient of lateral earth pressure at rest,
Ko,modq- The calibration is carried out against the global response of the monopile,
using three different field tests; PISA [50], TU Braunschweig-Stein [48] and SIMOX,
to ensure applicability across varying soil stratigraphies and pile geometries. The
ability of the volumetric strain to produce realistic post installation stress profiles
is verified against an analytical expression, ensuring that the governing factor for
the lateral pile behaviour; namely the post installation horizontal stress state, is re-
alistically reproduced. In the second part of this chapter, an alternative approach
including the modification of the lateral earth pressure coefficient, K, is presented.
As a result, the models with the installation effect included yield increased stiffness
and improved agreement with field observations, as discussed in section 4.2.

4.1 Methodology

4.1.1 Volumetric strain

The approach of Tol and Broere [52] and Pisano et al. [42] is followed in this study,
chosen for its simplicity making it a reliable and easy to use tool for engineering ap-

35
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i
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Figure 4.1: Soil plug (red coloured volume) where the installation effect €,; is applied

plications. The implementation of this method in the FE environment of PLAXIS 3D
is presented in this paragraph aiming to give a detailed description of the necessary
steps involved in that process. As extensively described in Chapter 1, the installation
of monopiles in dense sandy soils will increase the horizontal confining stresses, de-
pending on the installation method, resulting in increased initial stiffness. The effect
of the installation on the stress state can be artificially incorporated in the model by
imposing positive planar volumetric strain; expansion of the entire soil plug as il-
lustrated in Figure 4.1. In the case of stratified soil profiles, the volumetric strain is
applied exclusively to the dense sand layers, since only those are expected to dilate
during driving. A uniform volumetric strain is applied, and is calibrated in terms of
global response for the different piles examined, in an effort to make this method
practical yet accurate for predicting the lateral response of monopiles. Following the
initialization of the geostatic stresses, the soil inside the pile is expanded prior to
the WIP phase, to account for the displacement and dilation of the soil that would
typically occur when a monopile is impact driven into the ground.

Then the pile geometry and interfaces are activated while the displacements and
small-strains are reset to zero. In this way the strain history is disregarded and
the calculation of this phase starts from a zero-displacement field. Nonetheless, the
effect, increased horizontal stresses and therefore increased stiffness, is passed on
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through the state parameter. The HSsmall model captures this stress-dependency by
modifying stiffness moduli as a function of the mean effective stress, as described by
the following generic formulation:

E = Epep(-2ym 4.1
DPref

It is evident through the previous expression, that the imposed volumetric strain
increases the horizontal and mean effective stress (p) around the pile, as illustrated
in Figure 4.2, resulting to a corresponding increase in stiffness. This ultimately
results in a stiffer overall response of the monopile. For clarity the sequence of the
calculation phases is given as follows:

* Initialization of stresses using the Kj-procedure
* Application of the volumetric strain (e,,;) in the soil plug

* Activation of structural elements and interfaces (WIP phase) while resetting
displacements and small strains

* Application of the static load or prescribed displacement at the pile’s head

Figure 4.2 illustrates the effective horizontal stress field after activation of the volu-
metric strain for pile DL1 of the PISA project. It is clear that the soil expands and the
horizontal stresses around the pile increase with depth. Although a uniform volu-
metric strain is applied within the soil plug, the resulting stress increment is greater
at depth due to the higher confinement, which resists the expansion more strongly
and thus translates the same strain into higher horizontal stresses. It is also clear
from Figure 4.2 that the stress increase is more pronounced in the vicinity of the
pile, and decreases with the distance from the pile, accurately reproducing what has
been reported by several researchers [3], [25], [48].
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Figure 4.2: Effective horizontal stress field for pile DL1 after application of a planar
volumetric strain equal to 1% (obtained by PLAXIS 3D)

Note that the installation parameter is applied only to the impact driven monopiles
based on the findings of the literature review and the WIP modelling that were
presented in Chapters 1 and 3 respectively.

The post-installation effective horizontal stress state, as predicted by the analytical
expression 4.2, proposed by Stein [48], is used in this study as a benchmark to verify
that the stress state resulting from ¢,,;, remains realistic.

1
o—ll‘l, post(PPD7Z) = Jll‘l,pre(z) ’ [1 + (E - 1> : e_a(PPD_Z):| (42)

In this expression, the post installation stress state is expressed as a function of
the initial horizontal effective stress (oﬁ,pre(z)), the pile penetration depth (PPD)
and a set of two dimensionless parameters; the soil stress amplification factor (),
controlling the magnitude of soil stress increase due to pile installation, and the
exponential decay factor («), which captures the reduction of this effect with depth
due to friction fatigue, as discussed in Section 1.5.1. The decay factor («) is defined
following Alm and Hamre [4] due to its practical direct correlation with CPT data,
as follows:

80

o =
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The stress amplification factor 3 is defined according to Fischer [25] for sands of
different densities. For clay layers and loose sands a value of 5 equal to 1 is proposed
in the present study, reflecting no horizontal stress increase due to dilation during
pile driving. The density dependent [ values are summarized in Table 4.1. The
values of the o and 3 parameters used per soil layer for the piles investigated in this
study, are summarized in Tables C.1, C.2 and C.3 . For consistency and to align with
the soil interpretation that was used in this study (Table A.14) the post installation
stress state is calculated at the middle of each layer, for enhanced accuracy opposing
to the approach of Stein [48] that assumes a uniform soil properties across the entire
depth and therefore uses a single average value of the parameters.

Loose & Clay | Medium dense | Dense | Very Dense
D, [%] 0-30 30-70 70-100 | 100-120
B [-] 1.00 0.60 0.20 0.15

Table 4.1: Classification of soil relative density ranges and corresponding 3 values for
saturated conditions.

The post-installation stress profile derived from the analytical expression of Stein
[48] using the aforementioned calibrated parameters, based on pressure measure-
ments at a scaled radial distance of 0.33D from the pile’s wall, serves as a reference
to verify that the stress profile obtained by imposing the volumetric strain parameter
remains realistic and to calibrate the K 04 as explained in the following section.
It should be noted, however, that this analytical expression has inherent limitations.
The correlation between the stress amplification factor 3 and the relative density D,
is defined as a stepwise function rather than a continuous closed-form equation. As a
result, small variations of D, around the density thresholds may lead to significantly
different stress amplification values, and therefore different post-installation stress
states. Moreover, since (3 is directly dependent on D,., the predicted post-installation
stress state can vary for the same soil depending on the D, correlation used, as dif-
ferent correlations may yield different relative density values. To ensure consistency,
the D, values used for the stress profiles in the following sections are interpreted
using the same correlation as outlined in Section 3.1.

4.1.2 Modified coefficient of earth pressure at rest

The installation parameter that has been presented so far, namely a planar volu-
metric strain on the entire soil plug, effectively manages to replicate the increased
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post-installation stress state not only resulting in an increase of the radial stresses
with depth but also ensuring a decaying effect with the distance from the pile in
line with experimental [3], [25], [48] and numerical [23] findings. However, an
alternative approach is presented in this chapter to replicate the increase in effec-
tive horizontal stresses due to pile driving and accurately capture the subsequent
lateral response under monotonic loading. That involves modifying accordingly the
coefficient of earth pressure at rest, K, while the pile is conventionally modelled as
WIP, to match the stress state resulting from Equation 4.2. It is important to men-
tion at this point that only the K| is modified to reflect the increase in horizontal
stresses and not the overconsolidation ratio. The post-installation coefficient, Ko 04
is defined as follows:

/
Ko moa = urost 4.4)

Yz
Although it is clear that modifying the K applies a uniform change across the entire
soil layer, as summarized in Tables C.1 and C.2, this simplification inaccurately im-
plies that installation affects the entire soil domain equally by increasing the effective
horizontal stresses to the same extent. However, it is believed that for small strains;
where a limited part of the soil is mobilized, this will result in improved agreement
with the field test. For larger displacements, equal to 0.1D at the mudline level, this
method is expected to overestimate the stiffness since a greater - unrealistically stiff
part of the soil domain - will be mobilized. Nevertheless, for the purposes of this
study, this approach is believed to be adequate given its reduced complexity, prac-
ticality for engineering design, and ability to improve agreement with the observed
lateral response.

4.2 Calibration

As previously mentioned, a calibration exercise of ¢,,; is first performed on the ba-
sis of global response of the impact driven monopiles in partly and fully saturated
conditions, namely piles PISA-DL1 [50], SIMOX-8B-H and Stein-Z10 [48] respec-
tively. The resulting values are considered as site specific calibrated. The results
indicate that an €,,; equal to 1 % is required for an improved agreement with the
field tests response, as illustrated in Figure 4.3. On the contrary the response of
vibratory driven piles is already very well captured by the simple WIP model, with-
out considering installation effects. That as also mentioned in Chapter 3 aligns well
with the findings of [48] and [20], concluding that the post-installation horizontal
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stress state is hardly affected by vibratory driving, and therefore the initial soil state
parameters are considered representative of the post-installation stress state.

Despite differences in pile diameters, penetration depth and soil properties all piles
examined in this study exhibit similar PPD/D ratios, indicating comparable response.
Moreover, they are are embedded in predominantly dense sand, which is expected
to dilate under shearing during installation and consequently increase the confining
pressure and stiffness under monotonic lateral loading. Therefore an ¢,,; = 1% con-
sistently improves the agreement for all cases and may serve as a practical starting
point for future projects involving impact driven monopiles in similar soil conditions.
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Figure 4.3: Lateral response of impact driven monopiles SIMOX-8B-H (top), Stein-

710 (middle) and PISA

-DL1 (bottom) with installation effect.
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To verify that the stress profile resulting from €,,;, = 1% is realistic, the horizon-
tal stresses for the Stein-Z10 pile (fully saturated sand) and the SIMOX-8B-H pile
(in saturated conditions for 80% of the penetration depth) are compared against
those predicted by Equation 4.2. As shown in Figure 4.4, the originally developed
for pile Stein-Z10, analytical expression 4.2, results in an increased stress profile
along the full length of the pile that is replicated with good agreement by a uniform
€vot = 1%. However, for the longer pile SIMOX-8B-H, Equation 4.2, originally cal-
ibrated for shorter piles indicates a reduced post-installation stress state compared
to that resulting from €,,; = 1%. This reduction stems from the exponential term
in Equation 4.2, which accounts for friction fatigue by applying a decay that scales
with the pile penetration depth (PPD). Consequently the larger PPD of SIMOX-8B-
H, amplifies the exponential decay, leading to increased friction fatigue and limited
stress increase in the upper half of the pile. This behaviour cannot be replicated by
even lower than ¢,,; = 1% values, as illustrated in 4.4.

However, the analytically predicted stress state is fully replicated by the Ko o4
model through Equation 4.4 as illustrated in Figure 4.6. The horizontal stresses
at a scaled radial distance of 0.33D, as described in Section 1.5.1, around the pile
are increased in both cases, thereby increasing the stiffness, as seen in Figure 4.5,
and resulting in improved agreement with the field test, in terms of lateral response,
as illustrated in Figure 4.3. It is also observed that horizontal stresses increase with
depth, effectively mimicking the installation effect.
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Figure 4.4: Comparison of the analytically predicted and the volumetric strain result-
ing post-installation stress state at a radial distance of 0.33D from the pile’s wall for
Stein-Z10 (left) and SIMOX-8B-H (right)

It is important to note that for pile SIMOX-8B-H an evaluation of the horizontal stress
agreement should be made only below the waterline level, located at z/PPD = 0.2
below the mudline, due to the different stress increase mechanisms described in
Chapter 1 and the irrelevance of unsaturated conditions for offshore wind projects.
According to [25] installation effects are more pronounced for unsaturated condi-
tions and different values of amplification factor are proposed to account for the
intensity of this effect. The values of 5 for unsaturated conditions were not inves-
tigated in this study due to the irrelevance for offshore conditions. For this reason,
pile DL1 was only calibrated against the global response.
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Figure 4.6: Comparison of K profiles pre- and post-installation for Stein-Z10 (left),
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4.2.1 Sensitivity study

In this section a sensitivity study on the effect of volumetric strain for the impact
driven pile PISA-DL1 is presented. The results of this are shown in Figure 4.7. The
load-displacement curve indicates that an €,,; = 1% yields the best overall agree-
ment with the field data when the comparison is made for a lateral displacement
equal to 2%D at the mudline, which broadly represents the displacement range for
FLS and SLS conditions. The figure also shows the diminishing effect of volumetric
strains with increasing magnitude but also with increasing strains.

This trend is more evident on the right plot of Figure 4.7, which shows the lateral
secant stiffness (Ks..) at the mudline for varying volumetric strain values ranging
from 0.5 to 3%. The marginal benefit of increasing volumetric strains decreases
and the effect is not only diminishing with larger volumetric strain values but also
with increasing displacement level. In other words the impact of volumetric strain
is greater for small strains and decreases with increasing level of displacements.
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Figure 4.7: Lateral response of PISA-DL1 for varying levels of volumetric strain (left)
and lateral secant stiffness for different levels of volumetric strain (right).

4.3 Case study

A case study is performed in this section, to assess the applicability of the proposed
methodology in realistic, full-scale conditions, using data from an offshore wind
farm in the Dutch North Sea. The site consists of similar soil conditions as those
examined throughout this thesis. The relevant geotechnical properties of the soil
layers required for applying this method; are summarized in Table C.3, while the
basic geometrical properties of the monopile are listed in the following table:
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Pile | Project Installation | D [m] | PPD [m] | t [m] | e [m]
CS1 | Case study | Impact 8.0 27.75 0.065 | 40.0

Table 4.2: Overview of the geometric properties and installation method for monopile
CSs1

Figure 4.9 indicates that the post-installation stress profiles resulting from Equation
4.2 and that resulting from €,,; = 1% are not in agreement. However in this case
no measured data for the post installation stress state exist that could verify the true
post installation stress state. Based on Equation 4.2 the stress increase is localized
near the pile toe. Specifically, in the upper quarter of the pile, friction fatigue con-
trols the post-installation stress state resulting in almost no stress increase, while a
significant increase is observed close to the pile toe. This stress profile cannot be
replicated by the uniform planar volumetric strain approach. In contrast, the K¢ noq
model captures the post installation stress state predicted by Equation 4.2 as illus-
trated in Figure 4.9 and leads to a conservative, yet improved, prediction of the
lateral response, as illustrated in Figure 4.8.

Overall, for the full scale pile the €,,; = 1% increases the stresses across the entire
embedment length of the pile and therefore increases the lateral stiffness across the
full strain spectrum up to 2%D. On the contrary the K noq approach replicates the
stress state changes implied by Equation 4.2 resulting in localized stress increase at
the pile of the toe and a more conservative increase of the lateral stiffness for larger
strains compared to the volumetric strain method. That can be explained by the by
the fact that the ¢,,; increases the stresses also at the upper part of the pile which
is mobilized for small strains therefore stiffness increase even from the small strain
region. However, the K n.q effect is for larger strains since only the properties of
the lower soil that is later, for larger strains mobilized, are changed.

In summary, regarding the installation parameters €,,; and Ko .4 for impact driven
monopiles in saturated conditions, it is concluded than an €,,; = 1% can be adopted
as a practical design value for future offshore wind projects in similar soil condi-
tions with those studied herein. This value is calibrated against the lateral response
of medium and large scale field tests in predominantly dense sandy soils. This ap-
proach can be considered as a progressive approach to capture installation effects,
resulting in increased horizontal stresses across the entire penetration depth, oppos-
ing to analytical expression and some pressure measurements. The Ky 04 approach
is calibrated against the analytical expression 4.2, capturing a more localized to the
lower part of the pile stress increase as implied by pressure measurements and can
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be used as a conservative approach to capture installation effects.

For large (SIMOX) and full-scale (case study) monopiles, the uniform volumetric
strain approach generally overestimates the post-installation stress state predicted
by the analytical expression. However, since Equation 4.2 has not yet been validated
against full-scale pressure measurements, its reliability remains uncertain. There-
fore, using €,,; = 1% is recommended for such applications.

Alternatively, the K ,,,,q model, which replicates the analytically derived post instal-
lation stress state can safely be used as a conservative, yet improved compared to
the WIP, method to estimate the lateral response.
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Figure 4.8: Lateral response of pile CS1 with installation effect
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for pile CS1 (right)



Chapter 5

Conclusions and
recommendations

5.1 Conclusions

In this study the installation effects on the lateral behaviour of impact and vibratory
driven monopiles were investigated. The literature review showed that installation
effects are present in dense sandy soils and that they can be neglected for piles driven
in clay soils. Therefore the lateral response of piles in predominantly dense sandy
soils were investigated using FE modelling.

A methodology was first developed to interpret the initial (undisturbed) soil prop-
erties, to model the WIP response representing the current industry practice where
installation effects are generally ignored. These models served as the reference for
the subsequent incorporation of installation effects.

The WIP models underestimate the initial stiffness of impact driven monopiles, while
they were able to adequately capture - or in some cases even overpredict - the re-
sponse of vibratory driven monopiles. It was therefore concluded that vibratory
driven monopiles can generally be modelled using the simple WIP models, however
installation effects have to be accounted for in the modelling approach of impact
driven piles, to accurately predict their lateral response.

The literature review indicated that the increase in effective horizontal stresses

50
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around the pile had the most significant impact on the lateral behaviour. Hence, it
was decided to incorporate the effect of installation by modifying the soil properties
through the change of horizontal stresses as an efficient way to capture installation
effects.

Two different approaches were presented, both leading to improved agreement with
the field tests; namely the application of a uniform planar volumetric strain in the
soil plug (e,o) or alternatively the modification of the coefficient of lateral earth
pressure at rest (K,). Calibration showed that a uniform ¢,,; = 1% leads to excel-
lent agreement with the field response across several medium- and large-scale tests,
and could potentially serve as a practical design value for offshore wind projects in
the North Sea with similar soil conditions. The resulting stress state from e€,,; was
compared against analytically derived post-installation stress profiles. This compari-
son indicated that ¢,,; produces higher stresses than those predicted by the analytical
expression, leading to different stress distributions for large to full scale applications.

The Ky moq approach was calibrated against the analytically derived post-installation
stress state, resulting in stress increase mainly at the lower half of the pile. This
produced a stiffer response than the WIP model but generally less stiff than that
obtained with the €,,; approach. It was found that when appropriately calibrated,
both methods could stiffen the response and lead to improved prediction of the lat-
eral response. The absence of calibration of the analytical stress expression against
full-scale pressure measurements remains a limitation in this study which introduces
uncertainty in similar applications.

The proposed approaches can be used to account for the installation effects on the
lateral behaviour of monopile for offshore wind projects, within a generalized frame-
work integrating both the calibration of initial constitutive model parameters and the
incorporation of installation effects within a FE-based design workflow, thus leading
to improved quality in the prediction of lateral behaviour of monopiles. The im-
proved prediction of foundation stiffness, will lead to a stiffer overall response of the
wind turbine and is expected to narrow the observed frequency gap by contributing
to a more accurate prediction of the first natural frequency.

5.2 Practical recommendations

A workflow to incorporate installation effects into a FE model is presented in this
section. For vibratory-driven monopiles, the WIP model alone is sufficient, as in-
stallation effects have been shown to be negligible. In contrast, for impact-driven
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monopiles, two alternative strategies are proposed to account for installation ef-
fects; namely applying a uniform volumetric strain €,,;, or modifying the coefficient
of lateral earth pressure (K moq). A volumetric strain of €,,; = 1% has been cal-
ibrated against the global response for medium- and large-scale tests. This value
can be used as a practical starting point for future offshore wind projects in similar
sandy soils. However, its reliability at full scale remains uncertain: while it generally
improves model accuracy, it may overestimate the stress state. On the other hand,
the Ky moa approach, derived from an analytical expression, yields a conservative
yet improved lateral response, for small strain levels, but has not yet been calibrated
against full-scale pressure measurements and is expected to lead to non-conservative
results for larger displacement levels, as discussed in 4.1.2. However, both methods,
€vol = 1% and K mod, offer practical ways to incorporate installation effects, with
the latter providing a more conservative alternative to the conventional WIP model.

CPT data
HSsmall
parameters
(initial)
[
I |
Clay Sand
I
[ ]
WIP Impact Vibro
[
I 1
WIP + £,,; WIP + Ko moa WIP

Figure 5.1: Proposed workflow to incorporate installation effects into the modelling
approach



5.2. PRACTICAL RECOMMENDATIONS 53

5.2.1 Reference envelope for post-installation horizontal stress
change

This section summarizes measured post installation stress states from impact-driven
pile experiments, providing a reference envelope for evaluating the installation pa-
rameters (e,, and Ko moq). The tests cover a range of scales from small (SIMOX
[20], Stein [48]) to larger (Spill et al. [47]), all conducted in dense saturated dense
sand. The results are summarized in Figure 5.2, in the form of post to pre installation
horizontal stresses, showing the stress changes due to installation.

ch,pcst/oh,pre[']
0 1 2 3 4 5 6

000 —————

—e—Stein Z03 & 704
020 + —e—Stein Z10

SIMOX
——|WES

Figure 5.2: Envelope of post-installation horizontal effective stress factors with nor-
malized depth. Data from Stein [48], SIMOX [20], and Spill et al. [47] field tests.

The measurements indicate that the net stress increase, is present below approxi-
mately 40% of the pile penetration depth (PPD), increasing with depth. Maximum
stress factorsrange from from approximately 2 to 4, for Spill et al. [47] and Stein
[48] respectively. The larger stress increase measured in the tests of Stein [48]
and da Silva et al. [20] can be attributed to the smaller diameter of the piles used
compared to Spill et al. [47], in line with the findings of [25], possibly due to soil
plugging. At the upper 40% of the piles the post installation stress state varies from
a negligible change for the piles of Stein [48] to a net decrease in the large scale
IWES test [47]. The greater PPD in the latter may explain this reduction, imply-
ing more pronounced friction fatigue effects. It is also important to mention that
the measurements were performed at a different scaled distance from the pile wall
(r/ D), introducing additional uncertainty.
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Stein-Z03&Z04 [48] | Stein-Z10 [48] | Spill et al. [47] | SIMOX [20]
r/D [-] 0.33 0.33 0.20 0.50
Dr [%] 74 74 68 80
D [m] 0.6 0.6 1.52 0.3
PPD [m] | 2.4 2.4 6.15 1.5

Table 5.1: Overview of the geometric properties and installation method for the tests
considered in the reference envelope. Note that SIMOX refers to the small-scale part
of the SIMOX project.

Nevertheless, these values may be used as a reference for future applications of
installation effects, in order to verify the validity of imposed post installation stress
profiles, but also highlight the importance of scale effects and the need for full scale
tests to verify these findings. An overview of the geometrical characteristics and D,
for the referenced studies is summarized in Table 5.1.

5.3 Recommendations for future studies

Based on the findings and limitations identified in this study, the following recom-
mendations are proposed to further validate, refine and expand the applicability of
the proposed methodology for modelling installation effects on monopile founda-
tions:

* Validate the volumetric strain proposed values against the global response of
full-scale monopiles in offshore field tests.

* Validate the analytical expression for the post-installation stress profile against
pressure measurements from large scale onshore field tests, to verify the appli-
cability of this approach in larger monopiles.

* Develop a continuous closed-form correlation between the stress amplification
factor 8 and the relative density D,., to improve the reliability of the analytical
expression in predicting the post-installation stress state.

* Based on the improved with installation effect FE models, calibrate the stiffness
parameters of 1D springs stiffness values to enable simplified 1D modelling
that accounts for installation effects.

* Investigate the effect of the improved-stiffer foundation modelling on the nat-
ural frequency of various monopile-supported offshore wind turbines.
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Appendix A

Soil Properties

A.1 Soil Profiles

This section presents the soil profiles for the investigated field tests.

ZTop [m]  Zzottom [Mm] Soil Type Dr [%]

0.00 0.43 sand 89
0.43 0.68 sand 116
0.68 0.99 sand 120
0.99 2.10 sand 120
2.10 2.64 sand 108
2.64 3.52 sand 89
3.52 3.72 sand 111
3.72 4.28 sand 115
4.28 4.58 sand 103
4.58 6.45 sand 96
6.45 8.44 sand 87
8.44 8.99 sand 89
8.99 10.10 sand 99
10.10 12.00 sand 99

Table A.1: Soil stratigraphy, type and relative densities for piles DM4, DM7, DL1 (PISA
field test) [57]
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21op [M]  ZBottom [m] Soil Type Dr [%]

0.00 1.13 sand 71
1.13 2.72 sand 83
2.72 3.70 sand 80
3.70 5.06 sand 51
5.06 5.59 sand 79
5.59 7.46 sand 93
7.46 9.35 sand 87
9.35 11.25 sand 75
11.25 13.17 sand 66
13.17 14.00 sand 80
14.00 15.68 sand 72
15.68 17.55 sand 52
17.55 20.00 sand 52

Table A.2: Soil stratigraphy, type and relative densities for pile P2h (Cuxhaven field
test) [3]



A.1. SOIL PROFILES

21op [M]  ZBottom [m] Soil Type Dr [%]

0.00 0.32 sand 63
0.32 1.48 sand 94
1.48 3.11 sand 82
3.11 4.21 sand 59
4.21 5.13 clay -

5.13 5.49 sand 77
5.49 7.26 sand 84
7.26 9.12 sand 79
9.12 11.07 sand 75
11.07 12.76 sand 66
12.76 13.7 sand 80
13.7 14.17 sand 89
14.17 14.76 sand 77
14.76 15.57 sand 87
15.57 16.1 sand 46
16.1 17.99 sand 50
17.99 20 sand 50

Table A.3: Soil stratigraphy, type and relative densities for pile P1v (Cuxhaven field
test) [3]

ZTop [m]  Zzgottom [m] Soil Type Dr [%]

0.00 0.36 sand 72
0.36 0.69 sand 95
0.69 1.03 sand 105
1.03 1.36 sand 104
1.36 2.69 sand 110
1.69 2.02 sand 114
2.02 2.38 sand 111
2.38 2.75 sand 109
2.75 3.00 sand 109

Table A.4: Soil stratigraphy, type and relative densities for pile Z10 (Stein [48])
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A.2 HSsmall material model parameters

Below the constitutive model parameters that were used for the validation and anal-
ysis of the field tests are presented.

A.2.1 PISA model

The soil properties were calibrated against the original in-situ and laboratory data
for the Dunkirk site as reported by [57], [50] and [37].According to the original
PISA study, the Dunkirk sand is normally consolidated (NC), and the soil’s stratig-
raphy consists of a hydraulically filled upper layer and a natural deposit of dense
marine sand below. According to the interpretation scheme presented in Chapter 3
the constitutive model properties were derived based on in-situ testing. However
pile specific CPTs were not available, instead the same CPT trend was used for every
pile investigated. That is believed to introduce some uncertainty into the FE model
and the interpretation of the constitutive model parameters, since any soil variabil-
ity among the different locations where the pile were installed cannot be captured.
Regarding the modelling it is important to mention that an artificial cohesion was
assumed in the first six layers - up to a depth of 6.45 m - in accordance with the orig-
inal papers by [57] and the modelling approach of [37] to account for uncertainties
and the increased strength of the hydraulically filled layer that was found on the
Dunkirk site. The water table is reportedly located at 5.4 m below the mudline level,
however in this study, it is considered to be at 6.45 m instead; that is not expected
to significantly affect the lateral behaviour of the monopiles.

The constitutive model properties by Minga and Burd [37] that were used for val-
idation of the model, are summarized in the following Table A.5. These, together
with the HSsmall properties that were derived using the interpretations following
from the correlations of Brinkgreve et al. [13] were used to assess the adequacy of
the interpretation scheme proposed in this study.
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Table A.5: HSsmall material model properties according to C1 interpretation by Minga
and Burd [37] used for validation purposes

Zp  ZBot  Drainage v OCR K, ¢ I P Egeof E{;ﬂ E"‘ff GB“ Yo7 Var Dhter
[m] [m] [-] [kN/m*]  [-1 [-]1 [deg] [kN/m?] [deg] [kN/m?*] [KN/m?] [kN/m?] [kN/m?] [-] [-] [deg]
0 3.0 0 17.1 1 0.4 44 5.0 15 60000 60000 460633 196852  1.00E-04 0.17 29
3.0 5.4 ] 17.1 1 0.4 40 10.0 10 60000 60000 397040 169675 1.25E-04 0.17 29
54 10.0 0 19.9 1 0.4 40 0.1 10 60000 60000 388155 165878  1.25E-04 0.17 29
10.0 20.0 0 19.9 1 0.4 40 0.1 10 60000 60000 367376 156998 1.25E-04 0.17 29

Note: In the Drainage column, O = drained. All stiffness values correspond to pref =
100 kPa and stress dependency factor m = 0.5

Table A.6: HSsmall material model parameters for PISA field test, correlations from
Brinkgreve et al. [13]

Zrp 2B Drainage v OCR K, ¢ J ¥ o Eh g GiT Y07 Mmoo e O
[m] [m] [-] [kN/m®]  [] [] [deg] [kN/m’] [deg] [kN/m’] [kN/m’] [kN/m’] [kN/m’] [ [1 [] [deg]
0 30 0 19.0 1 04 405 5.0 105 60000 60000 180000 128000 1.00E-04 039 - 29
30 54 0 18.0 1 04 374 100 737 45000 45000 135000 111000 1.25E-04 046 - 29
54 100 0 20.2 1 04 374 0.1 7.37 45000 45000 135000 111000 1.25E-04 046 - 29
10.0  20.0 0 215 1 04 374 0.1 7.37 45000 45000 135000 111000 1.25E-04 046 - 29

Note: In the Drainage column, 0 = drained. All stiffness values are at p,ef = 100 kPa.

Table A.7: HSsmall material model properties according to the NC interpretation of
this study, for piles DM4, DM7 and DL1

oy s Dramage 7 OCR Ko ¢ D 7Py
[m]  [m] [-] [kN/m®]  [-] [-] [deg] [kN/m?] [deg] [kN/m?] [kN/m?*] [kN/m?] [kN/m?*] [-] [-] [-]
0 0.43 0 18.16 1 0.33 42 5 12 27100 21600 81200 195000 1.00E-05 0.25 0.67
0.43 0.68 0 20.14 1 0.29 455 5 15.5 34100 27300 102300 250900 1.00E-05 0.22 0.67
0.68 0.99 0 20.96 1 0.28 46 5 16 35200 28200 105600 259900 4.00E-05 0.22 0.67
099 2.1 0 21.5 1 0.28 46 5 16 89100 71200 267200 259900 6.00E-05 0.22 0.67
2.1 264 0 21.04 1 0.30 44.5 5 14.5 87400 69900 262300 234500 8.00E-05 0.23 0.67
2.64 3.52 0 20.38 1 0.33 42 5 12 73700 58900 221100 194700 1.00E-05 0.25 0.67
3.52 3.72 0 21.48 1 0.29 45 10 15 89300 71400 267900 240300 1.00E-05 0.23 0.67
3.72 4.28 0 21.76 1 0.29 455 10 15.5 92400 73900 277200 249300 1.00E-05 0.22 0.67
4.28 4.58 0 21.29 1 0.31 44 10 14 83500 66800 250500 223300 1.00E-05 0.23 0.67
4.58 6.45 0 21.18 1 0.32 43 10 13 78900 63100 236600 209700 1.30E-04 0.24 0.67
6.45 8.44 0 10.89 1 0.33 42 0.1 12 72400 57900 217100 191300 1.60E-04 0.25 0.67
8.44 8.99 0 11.1 1 0.33 42 0.1 12 74200 59300 222500 196000 1.60E-04 0.25 0.67
8.99 10.1 0 11.57 1 0.31 435 0.1 13.5 80900 64800 242800 215800 1.50E-04 0.24 0.67
10.1 12 0 11.57 1 0.31 435 0.1 13.5 80900 64800 242800 215800 1.50E-04 0.24 0.67

Note: All stiffness values are provided at reference pressure p,f = 100 kPa and stress

dependency factor m = 0.5. In the Drainage column, 0 = drained.

It is important to mention at this point that although the site was originally char-
acterized as normally consolidated, other studies [30], [17] as well as the original



A.2. HSSMALL MATERIAL MODEL PARAMETERS

68

CPT data and the uncertainty regarding the properties of the top layer may justify
overconsolidated (OC) conditions. An OC interpretation of the soil results in the soil
properties given in Table A.8 and yield improved agreement with the original field
tests, while removing the need to incorporate installation effects into the model. The
load-displacement curves for the OC calibrated DM4 and DL1 piles are illustrated in
Figure A.1.

Table A.8: Alternative HSsmall material model properties for piles DM4, DL1 accord-

ing to the OC interpretation of this study.

Zbot b4 OCR Ko @ d P Egy Er B Gir Yo.7 Vur  Rinter
[m] [kN/m3] [] [] [deg] [kN/m?] [deg] [kN/m?] [kN/m?] [kN/m?] [kN/m?] [-] [-] [-]
0.43 18.16 8 1.35 405 0.1 10.5 20600 16500 61900 147500 5E-5 0.26 0.67
0.68 20.14 8 1.30 435 0.1 13.5 25200 20100 75500 183000 6E-5 0.24 0.67
0.99 20.96 8 1.27 45.0 0.1 15.0 72000 57600 216000 196200 7E-5 0.23 0.67
2.10 21.50 58 1.00 455 0.1 15.5 68400 54700 205300 184600 7E-5 0.22 0.67
2.64 21.04 41 082 435 0.1 13.5 63900 51100 191800 170400 9E-5 0.24 0.67
3.52 20.38 3.4 075 415 0.1 11.5 56500 45200 169400 148800 1.2E-4 0.25 0.67
3.72 21.48 3.0 0.66 44.0 0.1 14.0 69100 55200 207200 184700 1.1E-4 0.23 0.67
4.28 21.76 2.8 0.62 445 0.1 14.5 72300 57800 216900 193900 1.1E-4 0.23 0.67
4.58 21.29 2.6 061 43.0 0.1 13.0 66700 53300 200000 177200 1.2E-4 0.24 0.67
6.45 21.18 23 057 425 0.1 12.5 65000 52000 194900 172200 1.4E-4 0.24 0.67
8.44 10.89 21 055 415 0.1 11.5 60900 48700 182800 166000 1.7E-4 0.25 0.67
8.99 11.10 20 053 405 0.1 12.0 63300 50600 189800 167200 1.7E-4 0.25 0.67
10.10 11.57 1.9 0.50 43.0 0.1 13.0 69100 55300 207300 183700 1.6E-4 0.24 0.67
12.00 11.57 1.9 0.50 43.0 0.1 13.0 69100 55300 207300 183700 1.6E-4 0.24 0.67

Note: All stiffness values are referenced at p,f = 100 kPa and stress dependency factor
m = 0.5. All layers are modelled as drained.

250

200

150

H [kN]

100

50

0

0.12

%o 10%D./
E —Field data (McAdam et. al., 2021)5
| —3D FE-WIP (this study)
0.00 0.02 0.04 0.06 0.08 0.10
vl

H [kN]

5000 r

4000

3000

2000

1000

2%D

10%D ;

E*Field data (McAdam et. al., 2021)3

i—3D FE-WIP (this study)

H

0
0.00

0.02 0.04

0.06
Vi

0.08

0.10

0.12

Figure A.1: Alternative lateral response of piles PISA-DM4 (left) and PISA-DL1 (right)

according to the OC interpretation.
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A.2.2 VIBRO-Cuxhaven model

The original paper of [3] together with supporting studies from [24], [33], [43]
were consulted in order to interpret the soil properties in Cuxhaven. Two different
pile specific interpretations were performed to account for soil variability and reduce
uncertainty, for piles P2h and P1v, based on pile specific CPT, SCPT and sampling
data. A conservative pre-overconsolidation pressure of 150 kPa was assumed for the
OCR calculation.

The resulting HSsmall model parameters obtained following the approach proposed
in this study are presented in Tables A.10 and A.11. These soil profiles were used in
the WIP FE models to simulate the response of Cuxhaven piles. The soil properties
that were used for the validation of this model according to [24] are also given in
Table A.9.

The soil properties of the clay layers were defined as a function of the undrained
shear strength (s,) based on the following formula proposed by [22].

Gy = 600s,, — 170s,vVOCR — 1 (A1)

Note that for clay layers HSsmall reference properties are equal to absolute stiffness
properties; namely there is no stress dependency, owing to the effective angle of
internal friction being equal to zero.

Table A.9: HSsmall material model properties for pile P2h of VIBRO-Cuxhaven ac-
cording to Fazlighiyasabadi et al. [24]

ZBot 5 OCR K, ¢ J Su % B B B GreT Yo7 M Ve P
[m] [kN/m®] [] [[1  [deg] [kN/m?] [kN/m?] [deg] [kN/m?] [kN/m?] [kN/m?] [kN/m?] [-] [-] [[1  [deg]
44 1812 390 144 40 0.1 = 6.1 24960 43680 148200 159000 1.2E-4 0.79 0.25 28.07
56 1044 3.00 074 - 0.1 45 - 13484 13484 40453 16181 4.5E-4 1.00 0.25 28.07
75 1071 585 108 41 0.1 - 8 30400 53200 180500 175200 1.1E-4 0.79 025 29.36
101 1058 378 090 41 0.1 - 70 27840 48720 165300 132100 1.1E-4 0.79 0.25 28.30
132 1044 2389 076 40 0.1 - 57 29620 43680 148200 255000 1.2E-4 0.79 0.25 27.07
146 1044 289 070 39 0.1 - 57 22400 39200 133000 229000 13E-4 079 0.25 27.49
163  9.83 200 062 - 0.1 140 - 50568 50568 151704 - - - - -
185 1073 3.44 075 42 0.1 - 8 30720 53760 182400 156200 1.0E-4 0.79 026 29.38
21.0 1073 344 075 412 0.1 - 8 30720 53760 182400 156200 1.0E-4 0.79 0.26 29.38

Note: Missing values (-) represent parameters not assigned or not applicable. All
stiffness values are referenced at p.s = 100 kPa.
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Table A.10: HSsmall material model properties per soil layer for pile P1v of Cuxhaven
according to the OC interpretation of this study

Ztp  “Bs  Drainage 7 OCR K, ¢ J Su ¥ By B EiT GiT 707 Var Riner
[m]  [m] [ [kN/m®]  [] [] [deg] [kN/m’] [kN/m*] [deg] [kN/m*] [kN/m*] [kN/m*] [kN/m’] [] (-] [-1
000 032 0 1737 80 137 390 01 - 90 18500 14800 55500 131100 5.0E-05 0.27 0.67
032 148 0 2023 43 089 430 01 - 110 46200 36900 138500 173600 8.0E-05 0.28 0.67
148 311 0 202 43 089 415 0.1 - 115 54800 43800 144300 144300 1.0E-04 025 0.67
311 421 0 194 37 079 385 0.1 - 9.0 36800 28800 110400 126600 1.2E-04 0.27 0.67
421 513 0 928 29 074 - 0.1 45 - 34600 27000 39402 166500 1.3E-04 0.26 0.5
513 549 0 912 25 068 405 0.1 - 105 59700 49600 167100 149500 1.4E-04 026 0.67
549 726 0 10.64 2.0 063 415 0.1 - 11.0 57900 47900 175900 150400 1.6E-04 026 0.67
7.26 912 0 1055 23 059 410 0.1 - 11.0 58400 46700 173500 154000 1.6E-04 0.26 0.67
912 11.07 0 1024 20 056 405 0.1 - 10.0 52100 41700 164500 135800 2.0E-04 0.27 0.67
11.07 12.76 0 1024 20 055 395 0.1 - 9.5 52700 41700 164500 138500 2.0E-04 027 0.67
12.76  14.76 0 979 19 053 420 0.1 - 10.5 59600 47700 171400 156500 1.8E-04 0.25 0.67
14.76  15.76 0 973 19 053 420 0.1 - 10.5 59600 47700 171400 156500 1.8E-04 0.25 0.67
15.76 17.39 0 974 17 054 375 0.1 - 75 23900 23400 87800 122800 2.9E-04 028 0.67
17.39  20.00 0 974 17 054 375 0.1 - 75 23900 23400 87800 122800 2.9E-04 0.28 0.67

Note: Missing values (-) denote parameters not defined for specific layers. Stiffness
parameters are referenced at p,f = 100 kPa. In the Drainage column, 0 = drained.

Table A.11: HSsmall material model properties per soil layer for pile P1v of Cuxhaven
according to the OC interpretation of this study

2Top 2gor  Drainage 7' OCR Ky @' J v E5y By By Gi' 0.7 Yur - Ringer

[m]  [m] [-] (kN/m®]  [-] [-] [deg] [kN/m?] [deg] [kN/m®] [kN/m?] [kN/m*] [kN/m?] [] [-] (]
0.00 1.13 0 18.79 80 136 40.0 0.1 10.0 20000 16000 60000 142400 8.0E-5 0.26 0.67
113 272 0 20.17 50 098 415 0.1 10.0 54600 43700 163700 143800 9.0E-5 0.25 0.67
2.72 3.70 0 20.34 34 076 41.0 0.1 11.0 55900 44800 167800 147000 1.0E-4 0.26 0.67
3.70  5.06 0 9.13 29 075 375 0.1 7.5 25100 20100 75400 106900 1.0E-4 0.26 0.67
5.06 5.59 0 10.44 2.7 0.67 41.0 0.1 11.0 56600 45300 169700 148600 1.0E-4 0.26 0.67
559 7.46 0 10.77 2.5 0.66 425 0.1 11.0 56600 52000 195100 172400 9.0E-5 0.26 0.67
7.46  9.35 0 11.02 22 057 420 0.1 11.0 62900 50300 188600 166100 1.0E-4 0.26 0.67
9.35 1125 0 10.29 20 056 415 0.1 9.5 52600 45700 174300 153300 1.1E-4 0.26 0.67
11.25 13.17 0 10.29 1.9 052 41.0 0.1 9.5 60500 48400 181000 159000 1.0E-4 0.26 0.67
13.17 15.68 0 9.84 1.9 054 375 0.1 7.5 33600 26900 108800 117400 3.0E-4 0.28 0.67
15.68 17.55 0 9.84 1.7 054 375 0.1 7.5 33600 26900 108800 117400 3.0E-4 0.28 0.67

Note: All stiffness moduli are defined at a reference pressure p,f = 100 kPa and stress
dependency factor m = 0.5. In the Drainage column, 0 = drained.

Considering the relatively stiff response obtained from the WIP-FE model using
the interpreted parameters, and the inherent uncertainty in the OCR estimation,
an alternative interpretation assuming normally consolidated conditions (OCR=1)
throughout the soil profile was also conducted. The alternative constitutive model
parameters under normally consolidated conditions are summarized in Tables A.12
and A.13.

The results show good agreement with field data for both piles as illustrated in
Figure A.2 and confirm the general trend observed in the main body of this thesis;
namely that WIP models tend to underestimate the initial stiffness of impact-driven
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monopiles installed in predominantly dense sandy soils, while providing accurate
prediction for vibrated piles, where installation effects are usually limited.

Table A.12: Alternative HSsmall material model properties per soil layer for pile P1v
of Cuxhaven according to the NC interpretation of this study

Zop B Drainage ' OCR K, ¢ o o BT B ET GET Yo7 Var  Rinter
[m]  [m] [-] [kN/m®]  [-]  [] [deg]l [kKN/m?] [deg] [kN/m?] [kN/m?] [kN/m?] [kN/m?] [ (1 [
0.00 0.32 0 17.37 1 035 405 0.1 10.5 24000 19200 72100 171800 2.0E-05 0.26 0.67
032 1.48 0 20.23 1 030 445 0.1 145 32200 25700 96500 235200 5.0E-05 0.23 0.67
148 3.1 0 20.20 1 032 425 0.1 125 62500 50000 187600 199100 9.0E-05 0.24 0.67
311 4.21 0 19.44 1 036 395 0.1 9.5 40400 32300 119900 140200 1.2E-04 0.26 0.67
421 513 0 8.61 1 039 375 0.1 13.5 9480 4720 28300 60200 2.6E-04 0.26 0.67
5.13 5.49 0 10.37 1 0.34 415 0.1 11.5 69800 55900 209500 184000 1.3E-04 0.25 0.67
5.49 7.26 0 10.86 1 0.32 428 0.1 11.0 71900 59100 212200 185500 1.5E-04 0.26 0.67
7.26 8.52 0 11.07 1 0.35 415 0.1 11.5 70400 56300 212000 185800 1.5E-04 0.26 0.67
852 10.71 0 10.20 1 034 395 0.1 9.5 60600 48400 185300 160100 2.0E-04 0.27 0.67
10.71 12.76 0 10.94 1 034 415 0.1 11.5 70300 56200 209000 185700 1.8E-04 0.25 0.67
1276 1417 0 11.37 1 032 425 0.1 125 76300 61000 228800 200400 1.7E-04 0.26 0.67
14.17 1556 0 11.33 1 032 425 0.1 125 74900 60000 224300 197800 1.8E-04 027 0.67
15.56 17.99 0 11.21 1 030 425 0.1 125 70300 56300 209500 184000 2.3E-04 0.28 0.67
17.99  20.00 0 9.74 1 030 375 0.1 7.5 38900 31100 116700 127900 2.7E-04 0.28 0.67

Note: Missing values (-) denote parameters not defined for specific layers. Stiffness
parameters are referenced at pf = 100 kPa. In the Drainage column, 0 = drained.

Table A.13: Alternative HSsmall material model properties per soil layer for pile P2h
of Cuxhaven according to the NC interpretation of this study

“Tp B Drainage y OCR K, ¥ J 7 E E EXT GiT 0.7 Vur Rinier
[m] [m] [-] [kN/m®]  [-] [-]  [deg] [kN/m?] [deg] [kN/m?] [kN/m?] [kN/m?] [kN/m?*] [-] [-] [-]
0.00 1.13 0 18.79 1 034 415 0.1 11.5 26100 20900 78300 187500 4.0E-05 0.25 0.67
113 272 0 20.17 1 032 425 0.1 12.5 51400 41200 154300 203800 8.0E-05 0.24 0.67
272 3.70 0 20.34 1 033 420 0.1 12.0 73100 58500 191000 239000 1.0E-04 0.24 0.67
3.70  5.06 0 9.13 1 038 380 0.1 8.0 29600 23700 88900 135500 1.6E-04 0.28 0.67
5.06  5.59 0 10.44 1 034 410 0.1 11.5 70800 56600 213200 186500 1.3E-04 0.25 0.67
559  7.46 0 11.17 1 031 435 0.1 13.5 80600 64400 241700 214800 1.2E-04 0.25 0.67
7.46  9.35 0 10.61 1 032 425 0.1 125 75700 60600 227200 208700 1.4E-04 025 0.67
935 11.25 0 10.61 1 034 410 0.1 11.0 67400 53900 206600 195200 1.7E-04 0.25 0.67
1125 13.17 0 10.29 1 036 400 0.1 10.0 61100 48900 193800 159700 2.0E-04 0.27 0.67
13.17  14.00 0 10.94 1 034 415 0.1 11.5 69900 55900 209600 184100 1.8E-04 0.25 0.67
14.00 15.68 0 10.66 1 035 405 0.1 10.5 64500 51600 191400 169000 2.0E-04 0.26 0.67
15.68 17.55 0 9.84 1 038 380 0.1 8.0 44200 35300 132600 132600 2.6E-04 0.28 0.67
17.55 20.00 0 9.84 1 038 380 0.1 8.0 44200 35300 132500 132600 2.6E-04 0.28 0.67

Note: Missing values (-) denote parameters not defined for specific layers. Stiffness
parameters are referenced at pyf = 100 kPa. In the Drainage column, 0 = drained.
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Figure A.2: Alternative load displacement curves for Cuxhaven piles, pile P1v (left)

and P2h (right) assuming normally consolidated (NC) conditions

A.2.3 SIMOX model

The interpreted constitutive model parameters used for the SIMOX project are not
disclosed in full due to confidentiality restrictions. Instead, a limited subset; namely
OCR, K and G profiles, are given to investigate the effect of overconsolidation on
the lateral response of piles 6A-V and 8B-H. Given the limited information on precon-
solidation stress, a sensitivity study was conducted using three plausible values (25,
50 and 100 kPa) selected based on engineering judgement. The resulting variation
in OCR, Kj and Gy profiles is illustrated in Figure A.3. An increased preconsolida-
tion stress leads to higher OCR values, increased K, and ultimately increased G
through the pressure dependent formulation of HSsmall as described in Chapter 3
and shown in Equations 3.1 and 3.2.
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Figure A.3: Comparative OCR, K, and Gq profiles for different preconsolidation

stresses, for pile 6A-V of the SIMOX project

The effect of these three different overconsolidation profiles on the lateral response
is shown in Figure A.4. The results show that even moderate changes in OCR -
within the range of plausible values - can lead to variation in predicted stiffness and
different level of agreement with the field test. The FE model with a preconsolida-
tion pressure of 50 kPa yields the closest match with the field test and is therefore
considered as the reference case for this study. Based on this study it is clear that ac-
curate calibration of OCR is critical to avoid under- or overestimating initial stiffness
and to match field observations.
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Figure A.4: Lateral load—displacement response of 6A-V for different OCR scenarios
compared to field test

A.2.4 TU-Braunschweig (Stein) model

The constitutive model parameters for the tests of Stein [48] in overconsolidated
sand are summarized in this section.

Table A.14: HSsmall material model properties for Z10 by Stein [48]

ZTop  ZBot b4 OCR Ky @' d v E5f Er B GiT Yo0.7 var  Rinter
[m] [m] [kN/m®] [-] [[1 [deg] [kN/m?] [deg] [kN/m?] [kN/m?] [kN/m?] [kN/m?] (-1 [ [-1
0.00 0.36 7.00 50 1.07 355 0.1 5.5 19000 15200 57000 132000 2.0E-5 0.30 0.67

0.36 0.69 9.02 6.0 113 40.0 0.1 10.0 23300 18600 69800 165900 3.0E-5 0.26 0.67
0.69 1.03 9.74 3.8 0.81 420 0.1 12.0 24700 19700 74000 177800 3.0E-5 0.25 0.67
1.03 1.36 10.23 6.7 119 420 0.1 12.0 25200 20100 75500 181100 4.0E-5 0.25 0.67
1.36 1.69 10.66 53 099 43.0 0.1 13.0 37600 30100 112900 177800 5.0E-5 0.24 0.67
1.69 2.02 10.91 44 0.86 44.0 0.1 14.0 55200 44200 165600 198100 5.0E-5 0.24 0.67
2.02 238 10.99 5.2 098 43.0 0.1 13.0 67600 54100 202700 179700 6.0E-5 0.25 0.67
2.38 275 10.99 46 090 43.0 0.1 13.0 67700 54200 203200 180100 6.0E-5 0.24 0.67
2.75 3.00 10.99 46 090 43.0 0.1 13.0 67700 54200 203200 180100 6.0E-5 0.24 0.67

Note: All stiffness moduli are provided at reference pressure p.f = 100 kPa and stress
dependency factor m = 0.5. All layers are modelled as drained.
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A.2.5 Case study model

Table A.15: HSsmall material model properties for the case study pile (CS1)

7

“Tp e Drainage 5 OCR K, @ I Su ¥ EXT E ErT G 0.7 Var  Rinter
[m]  [m] [ [kN/m*] []  [] [deg]l [kN/m?] [kN/m?] [deg] [kN/m?] [kKN/m?] [kN/m?] [kN/m?] [-1 L
0.00 1.70 0 88 1.0 034 409 0.1 - 17.8 51000 39000 153000 188000  0.00004 0.26 0.59
170 3.20 0 9.0 1.0 032 429 0.1 - 17.6 86000 62000 257000 216000 0.000047 0.24 0.59
320 810 0 2.0 1.0 028 46.0 0.1 - 17.9 129000 84000 387000 277000 0.000045 0.26 0.59
810 11.60 0 9.0 1.0 036 400 0.1 - 120 70000 55000 211000 222000  0.0001  0.26 0.59
11.60  14.40 2 8.6 41 081 150 150 136 0.0 31000 42000 92000 117000  0.0002  0.20 0.59
14.40 17.20 2 2.0 42 1.0 320 100 - 120 35000 49000 104000 137000  0.00025 0.26 0.59
17.20 18.20 2 9.0 21 058 150 150 116 0.0 35000 53000 103000 157000  0.0002 0.26 0.59
18.20 21.00 2 9.0 3.4 091 316 14 - 0.0 36000 52000 109000 147000  0.0002  0.32 0.59
21.00 28.80 2 2.0 35 091 319 12 - 0.0 47000 67000 142000 160000  0.0002 0.32 0.58
28.80 30.10 2 9.0 17 052 150 150 200 0.0 23000 34000 68000 156000  0.00034 0.20 0.58

Note: Missing values (-) denote parameters not defined for specific layers. Stiffness
parameters are referenced at p,er = 100 kPa. In the Drainage column, 0 = drained, 2
= undrained B



Appendix B

Finite Element Model

B.1 FE model definition

A parametric study was conducted in order to support the modelling decision (with-
out modelling the pile toe and including the pile weight). The following figure
illustrates that the effect of those two modelling parameters is negligible.

250 2%D 10%D 250 2%D 10%D

L g o SR
200 f : £ ! i 200 f : j
: JUTR, : / /
| Joend ' K g
150 | P ' i — 150 o i
z =g H H z g H
2 i 2 :
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Figure B.1: Load displacement curves of pile PISA-DM4 to investigate the effect of
weight (left) and pile toe modelling (right)
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B.1.1 Mesh convergence study

To decide on the mesh quality a mesh convergence study was performed and it
was found that an coarse mesh with approximately 27000 elements gives the best
combination of accuracy and computational cost as compared to a fine mesh with
44547 elements for pile DL1 of PISA. Also refer to Fazlighiyasabadi et al. [24] who
reports less than 2% change for a medium 37524 and fine 67406 elements test for
the impact driven pile in Cuxhaven.
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1000
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Figure B.2: Mesh convergence study results for PISA-DL1 pile



Appendix C

Installation Parameters

C.1 Post-installation soil state parameters

The parameters « and 3 of Equation 4.2 that were used per model and soil layer are
summarized in this section.

Zmid [Mm] ¢ [MN/mQ] D, [%] 61 al] K(])mst -]

0.18 1.49 72 0.20 0.43 2.72
0.53 5.55 95 0.20 0.46 3.02
0.86 10.67 105 0.15 0.48 3.39
1.20 14.84 104 0.15 047 5.71
1.53 19.01 110 0.15 0.46 5.41
1.86 22.11 114 0.15 0.44 5.38
2.20 24.97 111 0.15 0.43 7.00
2.57 24.97 109 0.15 0.39 7.33
2.88 24.97 109 0.15 0.37 8.08

Table C.1: Input parameters as a function of depth for the Stein-Z10 pile

Note that the post installation profile K profile of SIMOX is considered more repre-
sentative for the monopile dimensions that are used in offshore wind farms. How-
ever, verification against pressure measurements is still needed to draw a more in-
formed conclusion. As also discussed above, the pile penetration depth (PPD) in the

78
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Zmid/PPD g [MN/m?1 D, [%] B[] oll K™ [
0.02 4.86 74 0.09 043 1.99
0.06 16.80 107 0.06 0.50 1.24
0.12 22.90 111 0.06 0.40 1.13
0.23 20.17 102 0.10 0.29 1.31
0.33 24.29 102 0.10 0.28 1.17
0.42 15.87 93 0.10 0.21 1.26
0.49 7.93 61 0.20 0.14 0.51
0.56 1.37 3 1.00 0.06 0.30
0.67 1.55 3 1.00 0.06 0.46
0.78 3.11 18 1.00 0.13 0.46
0.88 10.37 56 0.60 0.13 0.60
0.99 5.33 48 0.60 0.09 0.66
1.09 4.44 17 0.60 0.08 0.46

Table C.2: Input parameters as a function of normalized depth for pile 8B-H of SIMOX.
Note that an average value for 8 was used for the transitional layer from unsaturated

to saturated conditions.

zmia/PPD  q. [MN/m?] D, [%] B[] oal1 K [-]
0.03 1.6 52 0.15 0.18 0.35
0.09 11.9 108  0.15 0.29 0.32
0.20 20.8 113 0.15 0.25 0.29
0.35 6.1 52 0.15 0.10 0.68
0.47 2.7 - 1.0 0.06 0.81
0.57 22.5 81 0.60 0.16 1.10
0.64 1.7 10 1.0 0.04 0.58
0.71 13.4 58 0.60 0.11 1.16
0.90 24.8 76 0.60 0.13 1.33
1.06 12.7 53 0.60 0.09 0.52

Table C.3: Input parameters as a function of normalized depth for the case study pile

(Cs1)

exponent of equation 4.2 defines the exponential decay of the horizontal stresses
with depth due to friction fatigue. Therefore greater pile lengths and pile pene-
tration depths imply more pronounced exponential decay therefore less increase in
horizontal stresses and through equation 4.4 less increased Ko mod-
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