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Editor’s preface

Der Ausbau der offshore Windenergie ist ein wesentliches Element, um aus fossilen En-
ergietragern auszusteigen und um zukiinftig mit regenerativer Energie versorgt zu werden.
Seit Beginn liegt ein besonderer Fokus auf der Griindung. Fiir die Dimensionierung der
Monopiles ist das Tragverhalten unter zyklischen und dynamischen Einwirkungen aus
Wind und Welle mafigebend. Es geht im Kern um die Frage, ob die Windenergieanlagen
sich langfristig schief stellen, denn bereits bei einem Grad Schiefstellung ist mit einem
erhohten Verschleifl in der Turbine und einer reduzierten Leistung zu rechnen. Da die
Einwirkungen aus Wind und Wellen in Richtung und Amplitude Schwankungen unterliegen,
stellt sich insbesondere die Frage, welchen Einfluss die Lastrichtung und die Reihenfolge
der Einwirkungen haben.

Es handelt sich um eine komplexe nicht lineare Struktur-Boden-Interaktion unter stochastis-
chen Einwirkungen aus Wind und Wellen. Die Herausforderung fiir die Praxis besteht
darin, anhand von einem besseren Verstandnis der Zusammenhange das System so zu
vereinfachen, dass daraus abgesicherte Erkenntnisse zur Dimensionierung abgeleitet werden
kénnen. Die Thematik der Dissertation von Frau Hagemann hat daher fiir gegriindete
Offshore-Windenergieanlagen grofie Relevanz.

Die Arbeit ist zu wesentlichen Teilen im Rahmen des von der DFG geférderten Projektes
GR 1024/37-1 und 37-2 ,Holistic approach for the design of single piles and pile groups
under cyclic loading®, welches in Kooperation mit der Ruhr Universitdt Bochum, Herrn
Kollegen Wichtmann (WI 3810/5-1 und WI 3810/5-2) und der University Western Australia
(UWA), Perth, Frau Kollegin Britta Bienen, bearbeitet wurde.

Zielsetzung der Arbeit von Frau Hagemann ist geméfl Kapitel [3| die Beantwortung folgender
Fragen:

1. How can measurements with fibre optic strain gauges contribute to a comprehensive
description of cyclic axial pile-bearing behaviour and pile-soil interaction and improve
our understanding of pile response to axial cyclic loading?

2. Is Miner’s rule valid for non-cohesive soils? How does the ordering of cycle packages
influence cyclic deformation accumulation? Is it acceptable to simplify nonlinear
wave-form load signals by means of classification methods?

3. Is it possible to describe the behaviour of pile and soil due to cyclic and dynamic
loading using a p-y model? Which key aspects and mechanism are necessary and
sufficient for this?

Frau Hagemann fiithrt zur Beantwortung der Fragen

o Testreihen mit Modellpfahlen unter zyklischer axialer Last unter ng-Bedingungen in
der Grof-Zentrifuge der UWA in Perth,

» systematische Scherversuche in einem mehrdirektionalen Simple-Shear-Versuchsstand
des Instituts und

o numerische Untersuchungen an einem selbst abgeleiteten und programmierten Er-
satzschwingungssystem
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durch. Die Wahl der Methoden wird vorbildlich im Abschnitt [3.1] begriindet.

In Kapitel[[]fithrt sie zielstrebig in die Thematik ein. Der Stand der Technik und Wissenschaft
ist in Kapitel 2] auf wenigen Seiten dargestellt. In Abschnitt [2.5] diskutiert sie beispielsweise

die bisherigen Arbeiten zur Thematik und zeigt den Forschungsbedarf auf. Besonders
gelungen ist der Zeitstrahl in Tabelle

Das Tragverhalten von Pfahlen unter zyklischen axialen Lasten wird in Kapitel |4| behandelt.
Diese Untersuchungen erweitern das Wissen fiir den Einzelpfahl innerhalb einer Pfahlgruppe,
beispielsweise von Jacket- und Tripilegriindungen. Das laterale Verhalten eines Einzelp-
fahls unter zyklischer Last wurde u. a. bereits von Dithrkop (2010), Rudolph (2015) und
anderen untersucht. Zum axialen Verhalten unter zyklischer Last liegen dagegen weniger
Untersuchungen vor. In Abschnitt behandelt sie die zu beachtenden Modellgesetze in
der Zentrifuge mit n-facher Beschleunigung. Die Versuche wurden von Frau Hagemann
in der Zentrifuge der UWA in Perth durchgefiihrt. Neu ist die Nutzung von Glasfasern
unter ng-Bedingungen. Das Testprogramm ist in Tabelle [£.2] aufgetragen. Die Ergebnisse
werden im Abschnitt [£.7 zusammengefasst. Interessant ist, dass die zyklische Belastung
das axiale Tragverhalten insbesondere der Mantelreibung positiv beeinflusst, solange die
Zugbelastung kleiner ist als die tiber die Einbindeldnge integrierte Mantelreibung. Aus den
Versuchen folgert sie, dass Glasfasermessungen auch unter ng-Bedingungen geeignet sind,
zusitzliche Kenntnisse zu gewinnen. Damit ist ihre erste Forschungsfrage beantwortet.

In Kapitel [f| beschreibt sie die von ihr durchgefiihrten zyklischen Scherversuche bei Variation
der Scherrichtung (Polarisation). Die Abbildungen , und geben einen Uberblick
iiber ihre Testreihen. Sie untersucht, ob und unter welchen Bedingungen die akkumulierten
Verformungen weitestgehend unabhéngig von der Reihenfolge der Lastpakete ist. Geméafl
Miner (1945) kann bei Stahl eine Unabhéngigkeit von der Reihenfolge der Lastpakete
angenommen werden. Bei Boden ist das offen. Abbildung und zeigen, dass die
Abweichungen bei Sand nach 100000 Zyklen bis zu 20 % grof} sein kénnen. Frau Hagemann
untersucht zusatzlich die Verformungsakkumulation unter stochastischen Scherspannun-
gen, was eher der Realitat entspricht, sieche Abbildung 5.9/ und folgende, und stellt eine
Abweichung von 44 % fest. Des Weiteren untersucht sie in Abschnitt den Einfluss der
stufenweisen Richtungsanderung. Abbildung [5.14] und folgende zeigen ihre Ergebnisse. Das
Kapitel endet mit der Beantwortung der zweiten Forschungsfrage. Wesentlich sind fir die
akkumulierten Verformungen demzufolge die Extremlasten. Besonders interessant ist ihre
Feststellung, dass bei Anderung der Lastrichtung eine Umlagerung der Partikel eintritt.

Sie leitet in Kapitel [6] ein dynamisches p-y Modell mit nicht linearen Federkennlinien
und Dampfern ab, siche Abbildung Das zu losende Differentialgleichungssystem ist
in Gleichung dargestellt. Die Bettung wird ratenabhéngig definiert, sieche Gleichung
6.4 was sicherlich als auBlergewohnlich anzusehen ist. Sie kann hierzu Vorarbeiten von
Carstensen, Pucker, Grabe (2018) nutzen. Die Programmierung hat Frau Hagemann selbst
durchgefiihrt. Besonders spannend ist m. E. der Abschnitt in dem sie auf ihren Ansatz
der Dampfung eingeht. In Abschnitt untersucht sie die Sensitivitat ihres Models, siehe
Abbildung und folgende, und vergleicht die horizontale Auslenkung mit dem Ansatz
nach API (2000).

In Kapitel [7] wendet sie ihr Modell zur Untersuchung der Verformungsakkumulation in-
folge zyklischer Einwirkungen an. Die Ergebnisse sind in den Abbildung und folgende
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dargestellt. Mir ist kein vergleichbares numerisches Modell der Pfahl-Boden-Interaktion
bekannt. Der grofle Vorteil ist, dass das dynamische Verhalten des Pfahls bei hohen Zyk-
lenzahlen berechenbar ist, was bei Finite Elemente Simulationen aufgrund der Rechenzeit
und Genauigkeit nicht gelingt. Das HCA-Modell nach Niemunis et al. (2005) und darauf
aufbauende sind meines Wissens nach nicht fiir dynamische Berechnungen geeignet. In
Abschnitt[7.3] behandelt sie das dynamische Verhalten unter stochastischen Welleneinwirkun-
gen. Es zeigen sich Eigenmoden, sieche Abbildung [7.5] die bedingt durch die Dampfung
abklingen.

Die Arbeit schlieft mit einem Fazit und einem Ausblick.

Die von Frau Hagemann vorgelegte Arbeit besticht durch ihre systematische Vorgehensweise
und methodische Breite. Thre Ergebnisse liefern einen wesentlichen Beitrag zum besseren Ver-
stdndnis des dynamischen und akkumulierten Verhaltens von Monopiles unter in Amplitude
und Richtung hochzyklisch variierenden Einwirkungen. Sie hat mit ihren Untersuchungen
einen wesentlichen Beitrag zum Stand der Wissenschaft in der Marinen Geotechnik geleistet.
Durch ihre Dissertationsschrift hat sie ihre Befahigung zur selbststandigen wissenschaftlichen
Arbeit ausdriicklich nachgewiesen.

Ich bin mir sicher, dass Frau Hagemann ihren Weg zielstrebig weitergehen wird. Hierfiir
winsche ich ihr alles Gute.

Hamburg, Juli 2024

Jirgen Grabe
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Abstract

Global warming due to climate change is altering marine ecosystems and thus having
a striking impact on the world’s oceans. Technical solutions in offshore wind for future
sustainable energy can contribute to alleviating this situation. To develop representative
tools for cyclic loading analysis of offshore structures, it is essential to understand the cyclic
and dynamic soil response, such as the bearing behaviour of pile foundations.

Therefore, the general objective of this thesis is to analyse the pile-bearing behaviour due
to cyclic and dynamic loading in sand and to derive further a p-y model which combines
the analysis of cyclic deformation accumulation and dynamic analysis of offshore monopiles
in a reliable and simple model.

First, this thesis investigates the pile response to cyclic axial loading in centrifuge experi-
ments with the aim to gain a deeper understanding of the cyclic axial pile-bearing behaviour
and pile-soil interaction (chapter . The successful application of fibre optic strain gauges
in cyclic axial centrifuge experiments at 200 g on typical offshore piles into water-saturated
sand is shown. The experiments indicate that partial two-way cyclic loading leads to
greater ratcheting than one-way cyclic loading to the same maximum load. Following cyclic
loading, the pile capacity increases in compression and is maintained or increased in tension,
enhancing the confidence in the post-cyclic bearing capacity of axial loaded piles.

Second, relevant aspects of cyclic soil behaviour in the near field of the pile are investigated
in direct simple shear tests (chapter . This includes a study on the validity of Miner’s
rule investigating the effect of the ordering of cycle packages on the total cyclic strain
accumulation such as irregular cyclic load tests. An evident effect of the ordering of cycle
packages on the accumulated volumetric strain is found from the experimental data. In
addition, both the high cyclic multi-amplitude tests and the irregular cyclic load tests
highlight the impact of the loading history — specifically of the maximum load, applied to
the soil — on the ratcheting response. Based on the experimental data, the application of
classification methods in current offshore design practice is discussed (section [5.7)).

Conclusively, a dynamic p-y model for lateral loading in sand, which combines relevant
aspects of cyclic and dynamic pile-soil interaction, is developed (chapter |§] and @ The
model depicts key aspects of cyclic soil response and describes the interaction at the model
interfaces, i.e. wave-pile, pile-soil.

Thus, this thesis presents new knowledge about the cyclic and dynamic pile-bearing
behaviour and pile-soil interaction and provides a promising and efficient approach to
combine the analysis of cyclic deformation accumulation and dynamic structural analysis
of a monopile supporting offshore wind turbine.
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1 Motivation

Nowadays, any mention of climate change turns on all the warning lights, with global
warming affecting marine ecosystems and thus strikingly impacting the world’s oceans.
Further consequences are storms, bushfires and droughts, to the extent of which they
were (partly) caused by climate change (IPCC, 2019). To alleviate the situation, reducing
CO, emissions is crucial. Technical solutions can add to this. The offshore industry is
constantly expanding and is seen as a primary sustainable energy source for the future.
The high demand for renewable energy requires effective and accurate design methods for
the foundation design of offshore wind parks. This thesis focuses on monopile foundations,
which are currently the preferred type for coastal waters.

Thereby, one urgent task for engineers and researchers in geotechnical engineering is to
provide simple and representative tools for cyclic loading analysis during the wind turbine
lifetime and to ensure that appropriate design methods are applied in the design process
(Jardine, 2020). First, this implies an accurate prediction of accumulated displacements
due to wind, wave and currents, and second, it relates to a reliable estimate of foundation
stiffness to allow for the derivation of natural frequencies of the offshore structure (Byrne.
Houlsby et al., 2020). Sophisticated numerical models can contribute to this but require
significant computation power and time. These factors are crucial in designing offshore
wind parks. One way of making advanced numerical models useful for the designer is to
apply p-y models. This involves creating spring and dashpot elements that reflect the soil
behaviour. The simplicity of the p-y model greatly reduces computational complexity.

The current approach to foundation modelling in design practice is the p-y method, which
utilises the API p-y curves recommended by |API (2000). This approach has proven itself in
practical applications for many years, but is widely known to have significant limitations.
Literature indicates discrepancies between the response predicted by the API p-y curves
and the actual monopile behaviour (Doherty and Gavin, 2012; |Jardine, 2020)) and questions
their applicability to the soil-pile response of large diameter monopiles (Byrne et al., 2017;
Kallehave, Byrne, et al., 2015; |Page et al., 2018)).

Various advanced numerical models are available that either concentrate on describing
cyclic deformation accumulation, e.g. Niemunis et al. (2005), or focus on aspects of fatigue
analysis of offshore wind turbines (OWT5) (Page et al., 2018]). Certain models, for example,
consider damping effects and assess natural frequencies. However, cyclic pile response
and dynamic loading analysis are viewed as separate problems, and conventional models
are constrained to monotonic loading. Consequently, the research objective should be to
understand and model the cyclic and dynamic pile-bearing behaviour.

The general objective of this thesis is to analyse the soil-pile interaction during cyclic and
dynamic loading and to derive further a p-y model which combines the analysis of cyclic
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deformation accumulation and the dynamic analysis of the wind turbine support structure
in one model. To specify this general objective, the theory and state-of-the-art research for
cyclic and dynamic pile-bearing behaviour is evaluated in the next chapter.

Reviewing existing knowledge about the bearing behaviour of piles will reveal if the cyclic soil
behaviour is understood in sufficient detail, if the pile response due to cyclic and dynamic
loading can be modelled precisely and if the resulting system response is understood
comprehensively. Based on the state-of-the-art review, a research aim and an approach for
the scope of work will be formulated.



2 State of the art and research

This thesis focuses on understanding the cyclic and dynamic soil response and the bearing
behaviour of pile foundations. Further, the general objective is to derive a simple p-y
model that combines cyclic and dynamic analysis of piles, considering relevant mechanisms
of soil-pile interaction. Hence, the following sections concentrate on cyclic and dynamic
pile-bearing behaviour.

In this thesis, the term dynamics will be considered to describe the time-dependent behaviour
of a soil or a structure. This encompasses time-dependent effects such as inertia, damping,
wave radiation and time-dependent material behaviour. At low frequencies (f < 1 Hz), the
load velocity does not significantly affect the mechanical properties of the soil, resulting in
a purely cyclic response. In this particular case, inertia forces can be neglected.

Analogously, this thesis uses the terms cyclic and irregular cyclic loading to characterise
the kind of impact. Specifically, irregular cyclic loading is presumed to involve fast load
changes, which results in a dynamic structural response. Cyclic loads are characterised by
slow, repetitive sinusoidal regular load sequences with constant amplitude and mean load.

The cyclic load characteristics will be explained in detail in section 2.1} Subsequently,
section summarises relevant aspects of cyclic soil response. Section explains axial
and lateral pile-bearing behaviour mechanisms, focusing on the global pile response during
cyclic loading. In section [2.4] a timeline summarises relevant approaches for analysing
pile-soil response to cyclic and dynamic loading. Section concludes the review of existing
research.

2.1 Cyclic load characteristics

Due to wind, waves and currents, offshore structures experience severe loads from varying
directions. For this reason, the cyclic soil response is essential in the design of offshore
structures. Cyclic loading can generate excess pore water pressures, cyclic strains, resulting
displacements and finally, cause permanent strains in the soil. Although storms, wind and
waves have irregular amplitude and frequency (refer to figure ), investigating the cyclic
soil response primarily applies cyclic loading scenarios with constant mean load, stress
amplitude and frequency, as shown in figure (Randolph and Gourvenec, 2011)).

Cyclic loads are characterised by their average or mean load H,,, amplitude H., and
frequency f. The cyclic amplitude is applied around the average load, resulting in a load
sequence which oscillates periodically between the minimum H,,;, and the maximum H,,,,
value of the applied load. Literature distinguishes four different modes of cyclic loading,
depending on the magnitude of the average load in relation to the cyclic amplitude, compare
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(a) Changes in amplitude
and frequency.

~Y

(b) Constant mean load,
stress amplitude and fre-

quency.

Figure 2.1: Cyclic loading characterised by frequency and amplitude: (a) a typical
offshore irregular load sequence and (b) cyclic loading scenario for laboratory investiga-
tions and the design of offshore structures.

Randolph and Gourvenec (2011). Figure illustrates the modes of cyclic loading and
clarifies the nomenclature of cyclic loading and total strain accumulation. One-way cyclic
loading is defined as a load sequence without zero-crossing (figure and d). Two-way
cyclic loading denotes cycles with positive and negative values (figure and c¢). A cyclic
load can either be symmetric, in a particular case of two-way cyclic loading, including a
zero mean load (figure b) or unsymmetric with a mean load unequal to zero (figure

2.2h, ¢ and d).

Within this thesis, the load characteristics are denoted according to LeBlanc, Byrne, et al|
(2010) using the dimensionless ratios ¢, and (. which are defined as:

Hmaz

= 2.1
" Ha oM™ 2
Hmin
= 2.2
CC Hmaz ( )

and involve H,,;, and H,,4., i.e. the minimum and maximum force, and H,; which is the
ultimate capacity.

2.2 Cyclic soil response

The cyclic soil response is characterised by a gradual accumulation of plastic strains, also
known as ratcheting behaviour. Figure ) shows the typical load-unload-reload response
(ABCD) during cyclic loading. Very small loads result in a linear soil response. However, a
nonlinear soil behaviour is observed when loads beyond the linear-elastic strain range are
applied to the soil (path AB). The soil response due to cyclic loading depicts a hysteresis
loop (BCD), which does not close in points B and D. During unloading, the soil stiffness
increases, and a plastic displacement can be observed, which means that point C is separate
from point A. Hence, permanent displacements accumulate with the number of cycles.
Also, the shape of the hysteresis loop changes due to energy dissipation during a load cycle
(Houlsby et al., 2017). Three different modes of long-term ratcheting behaviour describe the
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Figure 2.2: Cyclic loading and strain accumulation nomenclature: (a) one-way, Hg, =
Hye (b) two-way (symmetric), Hqy = 0 (c) two-way (unsymmetric), Heye > Hgy and

(d) one-way, Hqy > Heye cyclic loading.
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Figure 2.3: Cyclic soil response: (a) progressive failure, (b) gradual accumulation of
plastic strains, (c) shakedown and (d) modes of long-term ratcheting behaviour under

many load cycles.
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accumulation of ratcheting displacement. Those are shown in figure [2.3d. First, a gradually
increasing accumulation rate can be observed, resulting in a progressive failure, compare
figure [2.3h. Second, cyclic loading gradually accumulates plastic strains, illustrated in figure
[2.3p. Third, the rate of accumulation of ratcheting displacement decreases over the number
of load cyclic (figure [2.3¢) which is also known as shakedown (Goldscheider and Gudehus!
1976).

2.2.1 Key aspects of cyclic soil response

The cyclic ratcheting behaviour is influenced by specific parameters which can be identified
based on existing research, e.g. Wichtmann (2005) and Wichtmann (2016). The most
frequently investigated parameters are the initial confining stress and relative density, the
cyclic amplitude and load characteristics, and the applied load frequency. The typical soil
response is shown in figure [2.4h-d, indicating the influence of those key aspects from the
results of cyclic direct simple shear tests for very fine silica sand. The main conclusions
from this experimental data are summarized below.

Influence of initial stress

Various experimental studies (Silver and Seed, 1971}, Youd, 1972; |Sawicki and Swidzinski
1989) concluded a minor influence of the vertical axial stress on the cyclic ratcheting
behaviour in strain-controlled direct simple shear experiments for a limited number of load
cycles. Later works report an increasing strain accumulation at higher confining pressures
(Le, 2015} [Wichtmann, 2016)), which corresponds to the results displayed in figure [2.4h.
Hence, higher confining pressures lead to higher compaction during cyclic loading with
identical load amplitude and similar relative densities.

Influence of relative density

The initial relative density strongly influences the accumulated strain due to cyclic loading
(Silver and Seed, 1971)). Figure indicates an accelerated ratcheting behaviour involving
three different soil states at lower relative densities.

Influence of amplitude and cyclic load scenario

Figure shows the influence of the magnitude of the cyclic load scenario on the
accumulated volumetric strain. It can be observed that the strain accumulation increases as

the cyclic amplitude increases. Several authors reported this behaviour earlier, respectively
Silver and Seed (1971)), Youd (1972)), and [Sawicki and Swidzinski (1989).
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Figure 2.4: Key aspects of cyclic soil response derived from results of cyclic direct
simple shear tests for very fine silica sand with three different (a) axial stresses, (b)
relative densities, (c) load scenarios and (d) load frequencies.
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Frequency effects

Figure depicts the results of cyclic direct simple shear tests with three different load
frequencies 0.1 < f < 1 Hz with identical initial stress and similar relative density. The
results suggest that the magnitude of ratcheting may be considered independent of the
cyclic frequency in low-frequency range. This is in good agreement with, e.g. |Peacock and
Seed (1968)), Yoshimi and Oh-oka (1975)), Tatsuoka, Maeda, et al. (1986)), and Tatsuoka.
Toki, et al. (1986]).

2.2.2 Polarisation effects and multidirectional loading

Offshore structures are subjected to multi-component cyclic loads from varying directions.
Much research has been dedicated to one-directional strain accumulation and tilting of
offshore piles, while less attention was given to complex multidirectional cyclic loading.
Diithrkop and Grabe (2008) and Rudolph (2015) reported an increased ratcheting magnitude
of piles resulting from a variable loading direction compared to one-dimensional loading. This
observation was manifested from multidirectional direct simple shear tests by [Wichtmann
(2005), |[Rudolph, Grabe, et al. (2014)), and Le (2015), after that

a) the strain accumulation is aligned to the direction of the average load,

b) a stepwise or continuous change in loading direction reinforces the displacement
accumulation in granular materials.

2.2.3 Ordering effects and the applicability of Miner’s rule

Offshore structures experience a high number of load cycles resulting from wind and wave
conditions offshore. The design procedure facilitates these complex and time-dependent
loading histories by means of classification methods. Thus, load sequences composed of
idealised regular cycle packages with constant cyclic properties (i.e. frequency, amplitude
and mean load) result, compare figure . This method adopts the concept of Miner’s rule,
a linear damage accumulation hypothesis according to |Miner (1945)). Miner’s rule describes
a linear relation between cycle packages/ load and structure fatigue/ partial damage of a
structure. Hence, the ordering of cycle packages does not affect the total damage. Miner’s
rule was initially developed to describe the fatigue behaviour of metals due to cyclic
loading but is a widely used concept to adopt the loading history for offshore geotechnical
engineering design purpose on monopiles (LeBlanc, Byrne, et al., 2010; |Abadie et al., 2015)).
However, the applicability of Miner’s rule in soil mechanics is relevant to recent research
(Liu et al., 2022; [Tafili et al., 2023)) and still needs to be fully confirmed for cohesionless
and fine-grained materials. [Wichtmann, Niemunis, et al. (2006) and |Wichtmann, Niemunis,
et al. (2010) applied the idea of Miner’s rule to cohesionless soils and concluded its validity
for variations of cycle packages with constant mean load based on a series of cyclic triaxial
tests performed on Karlsruhe sand. This conclusion was confirmed later in (Glasenapp (2016))
and extended by further investigations on preloading effects and self-healing (Wichtmann,
Niemunis, et al., 2010; Wichtmann and Triantafyllidis, 2017)). Staubach and Wichtmann
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(2020)), Liu et al. (2022), and |Tafili et al. (2023)) assessed sequence effects numerically,
investigating capabilities and limitations of the respective constitutive models. The majority
of these contributions have in common that they solely involve cycle packages with constant
mean load whereas |Luo et al. (2020) investigate the effect of the ordering of cycle packages
on the response of suction caissons subjected to multi-amplitude cyclic loading and a
variation of the cyclic load magnitude. The results indicate a significant influence of the
ordering of the cyclic loads on the accumulated rotation. Hence, sequence effects with
varying mean loads deserve further research.

2.2.4 Constitutive models

To develop constitutive models for cyclic loading, it is necessary to account for the signifi-
cantly different soil responses under repeated loading. Several constitutive models reproduce
the mechanical behaviour of the soil during drained or undrained cyclic loading, which differs
entirely from that during monotonic loading. By now, no all-embracing model exists that
captures all key aspects of cyclic soil response in a simple formulation for practical purposes
(Randolph and Gourvenec, 2011)). Wichtmann et al. (2019) inspected three sophisticated
constitutive models for their capability to estimate the cyclic behaviour of granular soils:

 the hypoplastic model with intergranular strain (Niemunis and Herle, 1997 Von
Wolftersdorft, 1996)),

e« SANISAND, an elastoplastic implicit constitutive model which was initially pro-
posed by Dafalias and Manzari (2004) and Dafalias et al. (2004) and later improved
by adopting an additional memory surface to enhance the model for cyclic strain
accumulation (Liu et al., 2019; |Liu and Pisand, 2019; Liu et al., 2020) and

o ISA (intergranular strain anisotropy) developed as an extension for hypoplastic
models to account for small strain effects and improve modelling cyclic soil behaviour
(Fuentes, 2014; [Fuentes et al., 2020).

Following on from that [Duque et al. (2021)) identified certain limitations of these models,
such as stress overshooting and one-way ratcheting in cyclic strain accumulation, to name
just some of the investigated key aspects. Simultaneously, the authors highlighted the
potential for future soil model development. The high-cycle accumulation (HCA) model
originally published by Niemunis et al. (2005]) adopts the aspect of cyclic strain accumulation.
The model is an explicit accumulation model for high cyclic loading and one of the most
sophisticated models for predicting long-term pile displacements (Zachert and Wichtmann,
2020; |Staubach, Machacek, Bienen, et al., 2022).
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2.3 Response of piles to cyclic axial and lateral loading

This thesis divides the loads acting on the pile head into vertical ' and horizontal H
components. Thereby, vertical loads imply purely cyclic loading. Horizontal loads can
involve either cyclic or dynamic loading. The pile response nomenclature is shown in

figure

2.3.1 Pile response to axial loading

The axial pile resistance @); is decomposed of the base resistance (), and the shaft resistance
Qs. Thus,

Qt:Qb+QSZQb'Ab+Ts'As 5 (23)

wherein 7, denotes the skin friction along the pile shaft area A, and ¢, is the bearing
pressure at the area of the pile tip A,. Both the shaft and base resistance are mobilised
due to relative displacements between pile and soil. The shaft resistance is mobilised even
at small pile displacements (around 0.5 to 2% of the pile diameter) due to shearing at the
pile-soil interface. Full mobilisation of the base resistance requires larger pile displacements,
typically 5 to 10% of the pile diameter (Fleming et al., 2008)). Once the ultimate shaft
capacity is reached, pile displacements increase, followed by a load transfer to the lower
part of the pile (Randolph, 2003).

Cyclic axial loading can lead to an immense degradation of shaft resistance compared to
monotonic loading and, thus, enhance this effect. During cyclic loading, the soil adjacent
to the pile densifies, i.e. shows a contractile shearing response, which leads to a stress relief
and a softer response of the pile-soil system. The shaft resistance degrades with the number
of load cycles, especially for larger cycles. Under one-way cyclic loading, the degradation
is caused by increasing settlements. In contrast, two-way cyclic loading rapidly reduces
the soil stiffness, which increases the cyclic amplitude, followed by failure (Randolph and
Gourvenec, 2011)).

Considering offshore applications, axial loads on monopiles are small relative to the lateral
load magnitude and, more importantly, to the bearing behaviour of jacket foundations.

2.3.2 Pile response to lateral loading

The mobilised soil resistance due to lateral loading of monopiles results from a horizontal
pressure on the pile. Various components contribute to the total soil resistance. Those are
the front resistance resulting from normal radial stresses, the friction resistance from normal
and tangential shear stresses along the pile and the base moment resistance (Briaud et al..
1984). The radial stresses around the pile are uniformly distributed in an unloaded state.
When the pile is loaded laterally, normal stresses increase in front of the pile, resulting
in soil densification at the pile front. Behind the pile, normal stresses decrease to the
magnitude of active earth pressure. At a particular loading stage, gap opening behind the
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Figure 2.5: Pile response to axial and lateral loading: notation for loads, displacements
and resistance according to Randolph and Gourvenec (2011)).
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pile might occur near the soil surface, which involves the failure of a wedge of soil at the
pile front. This effect is also called postholing.

Failure modes for laterally loaded piles mainly depend on the flexibility and bending stiffness
of the pile. Short piles or piles with significant flexure rigidity will rotate as a rigid body
without being subjected to bending. Long flexible piles bend around a centre of rotation.
Hence, passive earth pressures develop in front of the pile above the point of rotation and
behind the pile below the point of rotation (Fleming et al., 2008).

The magnitude of mobilised soil resistance mainly depends on the stiffness of the adjacent
soil. Cyclic loading can significantly reduce soil stiffness due to postholing, which results in
a low resistance during the first load cycles (Randolph and Gourvenec, 2011)). Long-term
cyclic failure is induced by accumulating displacements and a decreasing soil stiffness
(Jardine et al., 2012). Research on cyclic lateral loading on monopiles has successfully
adopted physical model tests at 1g (LeBlanc, Byrne, et al., 2010; [Nicolai and Ibsen, 2014;
Arshad and O’Kelly, 2017)) and ng level (Klinkvort and Hededal, 2010; Rudolph, 2015;
Bayton et al., 2018 'Truong et al., 2019). However, understanding the monopile response
to long-term lateral loading still gets a lot of attention, refer to section [2.4]

2.4 Approaches to analysis of pile-soil response to cyclic
and dynamic loading

This section briefly overviews current industry design practice and captures recent ap-
proaches to assess the pile-soil response to cyclic and dynamic loading. Table [2.1| summarises
the most relevant contributions within this field in the last years, indicating the increasing re-
search dedicated to offshore geotechnics and pile foundations. It includes design approaches,
experimental works on cyclic soil/pile response, and constitutive and accumulation models
for cyclic soil behaviour, such as cyclic and dynamic models for numerical assessment of
pile response.

The foundation model used in current industry design practice applies the p-y method,
i.e. the API p-y curves following API (2000). The p-y method, initially developed by
Reese and Matlock (1956)), is based on Winkler beam theory, modelling the monopile and
the surrounding soil as a beam on elastic foundation (Winkler, 1867)). Thereby, a set of
uncoupled spring elements describes the soil response. The resulting load-deflection curves
are commonly known as p-y curves. Following this, the original p-y approach for piles in
cohesionless soils was suggested by [Reese et al. (1974]).

Although the API p-y curves have been successfully applied in the offshore industry for
several years, the literature indicates discrepancies between the response predicted by the
API p-y curves and the actual monopile behaviour (Doherty and Gavin, 2012; [Jardine,
2020) and questions their applicability to the soil-pile response of large diameter monopiles
(Kallehave, Byrne, et al., 2015; Byrne et al., 2017; Page et al., 2018]). To overcome these
deficiencies, several authors modified the original p-y curves, i.e. by improving the foundation
stiffness formulation or extending the approach for large diameter piles (Sgrensen et al..
2010; [Kallehave, LeBlanc Thilsted, and Liingaard, 2012) and [Sgrensen (2012)).
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The recent PISA project addressed the deficiencies mentioned previously to gain a deeper
understanding of the monopile response to monotonic lateral loading and to develop better
methods to predict the pile response (Richards et al., 2020)). The PISA project included field
testing (Burd et al., 2020; Byrne, McAdam et al., 2020; McAdam et al., 2020; Zdravkovic.
Jardine et al., 2020) and three-dimensional finite-element modelling (Zdravkovi¢, Taborda
et al., 2020; [Taborda et al., 2020). The implications of these investigations for design
practice were discussed and applied to develop new design methods (Byrne et al., 2015;
Byrne et al., 2017). As an outcome of the project, a one-dimensional computational model
was developed to analyse and design laterally loaded monopile foundations in offshore
wind turbine applications. The PISA model employs the p-y method but enhances the soil
model by further soil reaction components. The current PISA model can be applied to
homogenous soils and is now restricted to monotonic loading (Byrne, Houlsby et al., 2020)).

While PISA combined field testing and numerical modelling, various approaches exist
to assess the cyclic pile and soil behaviour experimentally or based on further advanced
numerical models. In this context, besides field tests (Long and Reese, 1984; [Little and
Briaud, 1988; Long and Vanneste, 1994 |[Lin and Liao, 1999), small-scale model tests
(Hettler, 1981; |Achmus, Abdel-Rahman, et al., 2007)), element tests (Wichtmann, 2005)
and centrifuge experiments (Rudolph, Bienen, et al., 2014; Truong et al., 2019)) provided
valuable insights on an experimental basis. Additionally, various numerical models attempt
to improve individual aspects of foundation modelling and, respectively, the design process.
Some of those address high cyclic pile response and strain accumulation (Achmus, Kuo,
et al., 2008}, |Dithrkop, 2010; Tasan et al., 2011; Niemunis et al., 2005; Triantatyllidis and
Chrisopoulos, 2016|) while others concentrate on integrated analysis of offshore structures
(Kementzetzidis, Corciulo, et al., 2019; Page et al., 2018), fatigue (Aasen et al., 2017;
Katsikogiannis et al., 2019) and frequency effects (Kementzetzidis, Metrikine, et al., 2021)).

2.5 Discussion on existing research

Global warming due to climate change is altering marine ecosystems and thus having
a striking impact on the world’s oceans. Technical solutions in offshore wind for future
sustainable energy can contribute to alleviating this situation. In order to develop represen-
tative tools for cyclic loading analysis of offshore structures, it is essential to understand
the cyclic soil response and the bearing behaviour of pile foundations.

To gain further insights into the underlying mechanisms of cyclic axial pile-bearing behaviour,
it is necessary to study the deformation behaviour of piles at different cyclic loading scenarios,
including cyclic axial loading in tension and compression and the pile response in layered
soils.

While the key aspects of one-directional cyclic soil behaviour are well investigated, multi-
directional cyclic loading and the effect of continuous polarisation changes are not fully
understood. Existing research manifests an increased strain accumulation resulting from
stepwise polarisation changes and continuous multidirectional cyclic loading compared to
one-directional loading.
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TABLE 2.1 Timeline: Approaches to analysis of pile-soil response to cyclic and
dynamic loading.

Year ¢+ Advances in recent research on monopile response in offshore applications

1956 P-y method initially developed by |[Reese and Matlock (1956

1974 P-y approach for piles in cohesionsless soils Reese et al. (1974

1996 Hypoplastic constitutive model according to Von Wolffersdorff (1996

1997 ¢+ Hypoplastic model for cohesionless soils with elastic strain range

|N iemunis and Herle (1997[)

2004 ¢+ SANISAND sand plasticity model e.g. by Dafalias and Manzari (2004

and |Dafalias et al. (2004P
2005 ¢+ High Cycle Accumulation Model (HCA) (Niemunis et al., 2005
2010 ¢+ Modified p-y method (Diihrkop, 2010
2014 ¢+ Intergranular strain anisotropy (ISA) (Fuentes, 2014
2015 ¢+ Cyclic soil/ pile response and strain accumulation due to cyclic loading
from varying direction (]Le, 2015|; |Rud01ph, 2015[)

2018 ¢ Macro-element pile foundation model for integrated analysis of
monopile-based offshore wind turbines (IPage et al., 2018[)

2019 ¢+ Memory enhancement for cyclic ratcheting accumulation,
SANISAND-MS (lLiu et al., 2019|; |Liu and Pisano, 2019[)

2020 IS A-Hypoplasticity accounting for cyclic mobility effects (Fuentes et al.
2020))

2020 Monopile application in renewable offshore wind energy (Jardine, 2020

2020 + PISA project (Burd et al., 2020; Byrne, Houlsby et al., 2020; Byrne,
McAdam et al., 2020; McAdam et al., 2020} [Richards et al., 2020;
Taborda et al., 2020; Zdravkovi¢, Jardine et al., 2020; [Zdravkovic, |
[Taborda et al., 2020P

2020 ¢ Assessment of monopile installation effects (Staubach, Machacek,
|Moscoso, et al., 2020F |Bienen et al., 2021|; |Fan et al., 2021

2021 Standard for support structures of wind turbines (Standard

|DNV—ST—0126, 2021[)
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The design procedure for offshore monopiles decomposes irregular cyclic loading caused by
wind and wave conditions into regular cyclic load packages with constant cyclic properties.
This is done by means of counting methods, i.e. the ordering of load parcels by their
magnitude, including an equivalent number of load cycles. This approach assumes the
validity of Miner’s rule, which postulates that the strain accumulation in the soil is
independent of ordering effects. By now, the approach of Miner’s rule is not fully confirmed
in existing literature but is reported to lead to conservative predictions in the design.
Nevertheless, sequence effects, especially when involving a varying mean stress state in the
soil, deserve further attention.

In literature, various numerical models, methods and soil models exist - all aiming to
predict monopile displacements or capture fatigue behaviour and dynamic loading effects.
A reliable and simple model is necessary to combine both aspects of cyclic and dynamic
pile-bearing behaviour. This model needs to depict the key aspects of cyclic soil response
and describe the interaction at the model interfaces, i.e. wave-pile, pile-soil.






3 Aim of research and methodology

Today’s high demand for renewable energy requires effective and accurate design methods
for offshore wind parks. On the one hand, the design process demands an accurate prediction
of accumulated displacements and, on the other hand, a reliable estimate of foundation
stiffness.

In order to develop representative tools for cyclic loading analysis of offshore structures, it
is essential to understand the cyclic bearing behaviour of pile foundations. In a literature
review, the lateral pile response due to cyclic loading was found to be well-investigated
experimentally. In contrast, reviewing existing knowledge about cyclic axially loaded piles
was identified to be less complete (compare section .

Distributed fibre optic sensing is suitable for monitoring long linear structures, like pile
foundations. The fibres can be laid in continuous lines along the structure and thus provide
a logged strain profile over depth. In addition, the fibres marginally increase the surface of
the pile and, therefore, are expected to have a minor influence on the pile-bearing behaviour
and pile-soil interaction. The application of fibre optic sensing in civil engineering and
especially in geotechnics is a recent technique that still requires further understanding
and experience in different applications (Kiinzel, 2016; Moller et al., 2022). However, the
incorporation of fibre optic strain gauges could improve our understanding of pile response
to axial cyclic loading and is thus applied to record the profile along the pile.

Generally, offshore structures are exposed to variable and highly cyclic loads from continu-
ously changing directions due to wind and wave conditions. In the design process, these
complex dynamic loading scenarios are simplified by means of classification methods to
purely cyclic load packages with constant frequency, mean load and amplitude. This proce-
dure assumes the resulting accumulated strain in the soil to be independent of the ordering
of these cycle packages, i.e. the validity of Miner’s rule (compare section . Reviewing
existing literature does not finally confirm the validity of Miner’s rule for non-cohesive soils,
which leads to the question of whether it is acceptable to apply this concept in the context
of (offshore) geotechnical engineering.

In the design process, the API p-y curves, according to |API (2000), have successfully been
applied for several years. Regardless, literature questions their applicability to depict the
soil-pile response of large diameter monopiles and indicates certain limitations (compare
section . In recent research, the PISA project addressed these deficiencies experimentally
and numerically (Byrne et al., 2017)); contributing to a better understanding of high cyclic
pile response. These works are complemented by research addressing the dynamic structural
analysis of monopile-supporting OWTs (e.g. Page et al. (2018))). Conclusively, various models
exist in the literature that either focus on accurately describing deformation accumulation
or concentrate on aspects of dynamic analysis, i.e. fatigue, damping effects and evaluation
of natural frequencies.



18 3 Aim of research and methodology

Therefore, this thesis aims to gain a deeper understanding of the pile-bearing behaviour
during cyclic and dynamic loading. Specifically, this thesis seeks to improve the understand-
ing of the pile response to axial cyclic loading in sand, to address the knowledge gap in
terms of the validity of Miner’s rule for non-cohesive soils and to derive further a p-y model,
which combines the analysis of cyclic deformation accumulation and dynamic analysis of
laterally loaded offshore monopiles. Based on this widely formulated aim, the following
research questions for this thesis are formulated:

o How can measurements with fibre optic strain gauges contribute to a comprehensive
description of cyclic axial pile-bearing behaviour and pile-soil interaction and improve
our understanding of pile response to axial cyclic loading?

e Is Miner’s rule valid for non-cohesive soils? How does the ordering of cycle packages
influence cyclic deformation accumulation? Is it acceptable to simplify nonlinear
waveform load signals by means of classification methods?

o Is it possible to describe the behaviour of pile and soil due to cyclic and dynamic
loading using a p-y model? Which key aspects and mechanisms are necessary and
sufficient for this?

These research questions will be answered throughout this thesis, focusing on open-ended
piles installed into granular soil, even though the formulated research questions are relevant
to other types of piles and soils, e.g. clay or chalk.

3.1 Methodology

Generally, four different research methods exist to achieve the formulated goals. These are:

o numerical modeling,
o physical model tests either as
— lg-laboratory or as
— ng-centrifuge tests at model scale and

« field tests at prototype scale.

Field tests have the advantage of representing a realistic stress state during testing and,
therefore, depict the real pile-soil interaction very well. However, this method involves a lot
of time and high costs, while the tests are usually not reproducible due to inhomogeneous
soil conditions. In physical model tests, scaling laws apply. In ng-model tests, a realistic
stress state can be realised due to the increased acceleration in a centrifuge. In this way, a
comparable stress level for in situ test conditions can be realised. In 1g-laboratory tests, the
stress level is decreased compared to in-situ conditions. However, testing procedures and
soil conditions are reproducible and require low time and costs. Therefore, this method is
routinely applied in research and for soil characterisation in design practice. With numerical
simulations, the effect of specific parameters on the actual pile-bearing behaviour can be
investigated more effectively. These can be applied on different scales, assuming realistic
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conditions regarding the stress state. The results depend on the chosen modelling technique,
constitutive model and material parameter.

Within this thesis, 1g-laboratory tests, ng-centrifuge experiments and numerical simulations
are conducted.

3.2 Structure of the thesis

This thesis is structured according to the formulated research questions. First, the pile
response due to cyclic axial loading is investigated in centrifuge experiments with the aim
of gaining a better understanding of axial pile bearing behaviour and pile-soil interaction.
The centrifuge experiments are explained in detail in chapter[d In the subsequent chapter 5]
relevant aspects of cyclic soil behaviour in the nearfield of the pile are investigated in direct
simple shear tests. This includes a study on the validity of Miner’s rule that investigates
the effect of ordering of cycle packages on the resulting cyclic deformation accumulation in
tests with varying mean and cyclic load levels (section . The experimental program is
supplemented by dynamic tests, including waveform streaming (section . Hence, the
load sequences during testing vary constantly while the underlying energy spectrum stays
constant. This method enables capturing natural conditions offshore during testing. It allows
for comparing individual loading scenarios as the wave spectrum in the frequency domain
defines the distribution of wave amplitudes. Section contrasts the experimental findings
from hydrodynamic loading scenarios with design load cases. Based on the experimental
data, the application of classification methods in current offshore design practice is discussed.

Addressing the third research question, a p-y model for lateral loading in sand, which
combines relevant aspects of cyclic and dynamic soil-pile interaction, is presented in chapter [0
The model follows the subgrade reaction approach using hypoplasticity to reproduce key
characteristics of the surrounding soil and includes geometric and material damping. The
concept and basic features of the model are described, and its limitations are discussed.
The performance of the subgrade reaction model is demonstrated for selected load cases
and verified against current standards. The main idea of the model is to create a simple
but accurate model for cyclic and dynamic loading analysis. Consequently, the model
can be applied to several offshore-related questions, i.e. determination of eigenfrequencies,
model pile response due to cyclic and hydrodynamic loading, and calculating design storm
scenarios. These applications of the model related to OW'T design practice are described in
chapter [7]

Conclusively, chapter [§] summarises the findings of the presented work, discusses future
potentials in offshore wind turbine design practice and provides an outlook on future
research in offshore geotechnical engineering.

Appendix A includes all applied symbols and notation.






4 Pile response to cyclic axial loading in
centrifuge experiments

Centrifuge modelling is of major importance to investigating geotechnical engineering
problems since it enables studying complex large-scale field situations at model scale.
This chapter presents a series of centrifuge experiments conducted to investigate the load-
displacement behaviour of piles in sand due to cyclic axial loading. The test series aims to
comprehensively describe the cyclic axial pile-bearing behaviour and pile-soil interaction
and to improve the understanding of pile response to axial cyclic loading. First, the test
program comprises different cyclic loading scenarios and investigates pile displacements
through measurements with fibre optic strain gauges at different cyclic load ratios. This
includes the pile response due to cyclic axial loading in tension and compression. Second,
the pile response in layered soils, i.e. loose over dense sand, is investigated in addition
to a medium dense homogenous soil layer. Possible mechanisms involve friction fatigue
and cyclic strain accumulation in terms of the mobilized shaft resistance and a stiffness
degradation or beneficial compaction at the pile tip (ref. section .

4.1 Scaling laws

Physical modelling requires scaling of the prototype situation closely similar to the actual
event and replicating the soil behaviour in terms of strength and stiffness. In a centrifuge
experiment, the model is placed in a strongbox at the end of the centrifuge beam and
accelerated to an inertial radial acceleration, which acts as an increased gravitational
acceleration, that is n times higher than the earth’s gravity. The surface of the soil sample
in the strongbox is usually stress-free. The magnitude of vertical stress increases with depth
depending on the soil density and the strength of the acceleration field. Hence, the vertical
stress o, in a certain depth of the strongbox h,, corresponds to a prototype depth h,, where

0v = Yohp = Ymnhm Y =Tm - (4.1)

From this basic law of centrifugal modelling, the scaling factors for relevant parameters
within the scope of testing are derived and summarised in Table [4.1]

With this, the results gained in a physical model test can be extrapolated to the prototype
scale. The following limitations play a role in this experiment: on the one hand, the
acceleration field in a centrifuge is not uniformly distributed over the depth of the soil
sample, i.e. a slight variation occurs through the model. This is due to the varying radius at
different depths in a soil sample. According to Taylor (2018) minor attention can be given
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Table 4.1: Scaling laws of centrifuge modelling.

Quantity Prototype Physical model test
radial acceleration g ng

effective stress o’ o’

strain € €

density p p

length nL L

area n2A A

force n’F F

frequency f nf

axial stiffness n*EA EA

to this problem if the inertial acceleration is applied to a depth of h,,/3, wherein h,, is the
height of the sample in the centrifuge model. On the other hand, potential errors can occur
due to particle size effects. In centrifuge modelling, the particle size can hardly be scaled
realistically. Extrapolating the model dimensions to the prototype scale requires similar
scaling of the particle size, which means that a fine sand used in a modelling exercise would
represent the size of a gravel in the prototype situation. As the stress-strain behaviour of a
granular material is closely related to its mechanical properties, limited options exist to
adjust the particle size of the granular material.

4.2 Outline of testing

The centrifuge experiments are conducted in a geotechnical centrifuge of the Centre for
Offshore Foundation Systems (COFS) at the University of Western Australia. The fixed
beam centrifuge of type Acutronic 661 is illustrated in figure [, including descriptions of
its main parts. A detailed description can be found in Randolph, Jewell, et al. (1991)). The
centrifuge has a platform radius of 1.8 m and can reach a maximum acceleration of 200g at

Co'u nter- Rotation
weight ~ «

e Centrifuge
| i beam

u ) — ]
/I: ‘l"”;BOX alignment

. _ due to centri-
Rotating testing fugal force

equipment

Rotational axis

Figure 4.1: Illustration of a geotechnical centrifuge modified from Heins (2018]).
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a maximum load of 200 kg. The tests are performed in a strongbox with an inner width of
0.39 m, an inside length of 0.65 m and a height of 0.325 m. The height of the soil sample
inside the strongbox is 0.230 m.

The centrifuge tests are carried out at a g-level of 200. Hence, a scaling factor of n = 200
applies for the tests. The exact scaling of the lengths ensures geometric similarity between
the model test and the prototype scale. The centrifuge model dimensions represent a typical
offshore pile for a jacket foundation considering natural conditions and are summarised in

figure [4.2h.

To meet a realistic flexure rigidity and axial stiffness, i.e. a typical effective ratio of D,/t,,
for offshore piles, scaling leads to a wall thickness of t,, = 0.3 mm at model scale. Such
a thin wall thickness requires precise manufacturing processes and was realised using 3D
printing. The mechanical properties of the 3D printed tubular stainless steel pile are an
ultimate tensile strength of 550 — 650 MPa, a yield strength of 450 — 550 MPa and a Young’s
modulus of 180 GPa. The 3D printing process leads to a normalised surface roughness of
the material in the range of 0.28 — 0.33, which is higher than the typical normalised surface
roughness of an offshore pile (De Nicola and Randolph, 1997). The surface roughness
directly impacts the pile’s skin friction. However, among the centrifuge tests, comparability
is guaranteed, and therefore, an increased surface roughness is accepted. Besides, exact
scaling of wall thickness enables to depict the mobilized pile toe resistance and plugging
behaviour realistically during testing.

4.3 Soil sample

The soil samples are created of fine silica sand. A detailed characterisation of the material
can be found in (Chow et al. (2019)). Supplementary laboratory test results are shown in

figure in appendix [A]

The samples of fine silica sand are created by dry sand pluviation. The pluviation parameters
are adjusted to achieve soil layers of three different relative densities, specified in figure [4.2f.
At the end of sand pluviation the samples are vacuum levelled, and a measurement of the
global density of the sample is made. A total sample height of 230 mm is targeted in order
to minimise boundary effects (Tran and Randolph, 2008). The layered sample consists of
a representative soil profile of typical North Sea sands. The dense sand bottom layer is
targeted to a total sample height of 220 mm above the base of the strongbox. The height
of the loose sand top layer is 10 mm, compare figure [£.2p. The sand samples are saturated
with water, as drained conditions are expected during low-frequency cyclic axial loading.
To ensure that the sample is fully saturated, the fluid height is kept a few centimeters
above the soil during testing.

A series of cone penetration tests (CPTs) is conducted using a 6.3 and a 7 mm diameter
miniature cone penetrometer in each centrifuge sample to characterise the properties of the
sand and ensure homogenous testing conditions. Figure [4.3 shows the cone tip resistance
profiles. All CPT results for the medium dense and the loose over dense samples are
each within a relatively narrow range. The relative density of the soil can be derived
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Figure 4.2: Model dimensions and sample characteristics for physical model tests
within the centrifuge facility in cyclic axial loading in sand: (a) pile dimensions and
boundary distances chosen in accordance with Tran and Randolph (2008) (b) soil profiles
(c) relative densities. (All values are given in mm unless stated otherwise.)
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Figure 4.3: Cone penetration test results from sample no. 1 (CPT 1-6), sample no.
2 (CPT 7 & 8) and sample no. 3 (CPT 9 & 10): cone resistance g. over normalised
penetration depth z/D,.

from the cone resistance using the correlation after Schneider and Lehane (2006]) given in

equation (4.2)):
D= [T (4.2)
2500,

For the medium dense sample, the estimated relative density is D, = 48% =4 4. The cone
resistance in the dense soil layer indicates a relative density of D, = 93% = 2.5. The slight
deviation between estimated and targeted relative densities is acceptable within the scope
of testing. The results prove the soil samples’ homogeneity and comparability, see figure |4.3

4.4 Testing arrangement

The test setup used within the physical model tests is illustrated in figure [f.4h. A maximum
of six tests are performed within each sample. The position of the test setup on the
strongbox is adjusted in order to perform six tests with the same soil conditions. The pile
is located at a minimum distance of 4D, to the strongbox wall and previous test locations.
Additionally, a sufficient sand layer thickness in the target position of the pile is ensured
between the pile tip and the bottom of the strongbox in order to minimize boundary effects
like wave reflections. This distance is chosen in accordance with [Iran and Randolph, 2008

Manipulation of the pile is achieved with a two-degree-of-freedom robotic actuator. A
photograph of the experimental arrangement with the pile being attached to the actuator
prior to pile installation can be seen in figure £.4p. The actuator can be moved vertically
and horizontally along the short axis of the strongbox.
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Figure 4.4: Setup for physical model tests within the centrifuge facility in cyclic axial
loading in sand: (a) schematic setup and (b) photograph of the setup.



4.5 Test programme and procedure 27

To capture the axial pile-bearing behavior and pile-soil interaction during testing, the pile is
instrumented with a load cell and fibre optic strain gauges. The applied load, the pile head
displacement and displacements along the pile are measured during testing. The load cell
is attached to the pile head. The maximum achievable axial force limited by the load cell’s
capacity and by the actuator’s integrity is around F),,, = 6 kN. The pile’s deformation
is measured using fibre optic strain gauges. Here, fibre optics are beneficial compared to
conventional strain gauges, as they marginally increase the wall thickness of the pile and
maintain the pile tip area and external surface.

Four fibre optic strain gauges of type LBL-1550-125 are attached to the outer pile surface.
This fibre has a cladding diameter of 125 um and is optimized for operation in the 1550 nm
wavelength window. The fibres are covered by a protective coating of X60, consisting of
methylmetacrylate. The sensing distance starts 50 mm from the top of the pile and ends
7 mm from the bottom of the pile. An excess fibre is led around the pile tip in order to
reduce back reflections in the output signal. Figure illustrates the fibre optics pile
instrumentation in detail. Thereby, figure and b show 3D and 2D drawings of the fibre
line, while the photograph in figure [4.5c shows the instrumented pile.

4.5 Test programme and procedure

The pile is installed at 1g with a constant velocity of the vertical actuator of 1 mm/s to a
target embedded length of 125 mm. After pile installation, the soil sample is accelerated to
200g, acting at 1/3 of pile embedment. To ensure that no pore pressure build-up occurs
during testing, an equalisation time between ramping up and application of the prescribed
loading regime is provided. Subsequently, either a monotonic load test in axial compression
or a cyclic load test is executed.

During a quasi-static monotonic test, the pile is pushed into the soil with the actuator at a
constant velocity of v, = 0.1 mm/s, which ensures drained conditions. The ultimate axial
capacity is defined as the axial load at a vertical displacement of 0.1D, at the pile head. A
quasi-static monotonic test is terminated when the vertical pile displacement of 0.1D, or
the capacity of the actuator is reached.

The cyclic load tests are characterised by the dimensionless ratios (, and (. and were
selected to maintain consistency with LeBlanc, Houlsby, et al. (2010). Hence, ¢, takes
values 0 < ¢, < 0.6 and (. € [—1;0]. This includes one-way (load scenario a and b) and
two-way symmetric (load scenario ¢) and unsymmetric (load scenario d) cyclic loading. A
cyclic load test with either 1,000 or 10,000 load cycles is executed by applying a cyclic axial
load with constant mean load and amplitude with the actuator to the pile head. This is
done at a frequency of 0.2 Hz. Table provides an overview of the performed centrifuge
experiments and specifies sample and load characteristics.

Following the cyclic load test, the post-cyclic capacity and mobilized skin friction after
cyclic loading are determined by a subsequent monotonic load test in compression and
subsequently in tension following the same procedure as indicated before.

The tests are conducted within one box following each other. Hence, the test setup,
illustrated in figure [4.4] is moved to both sides of and along the strongbox. A total of two
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Figure 4.5: Fibre optics pile instrumentation for physical model tests within the
centrifuge facility in cyclic axial loading in sand: (a) 3D drawing of fiberline, (b) 2D
drawing of fiberline including dimensions and (c) photograph of pile instrumented with
fibre optics.
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Table 4.2: Characteristics of the performed cyclic centrifuge tests. The table differenti-
ates the tested scenarios by relative density of the sample and indicates the number of
load cycles, cyclic load ratios, mean load and load amplitude for each test.
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monotonic tests and six cyclic tests were performed. Table |4.3| summarises the centrifuge
testing program.

To achieve the aim of gaining a better understanding of axial pile-bearing behaviour
and pile-soil interaction during cyclic axial loading, a series of centrifuge experiments
is performed at 200g considering different initial relative densities of the sand (medium
dense and loose over dense sand) and different cyclic loading scenarios (one-way, two-way,
symmetric and unsymmetric cyclic loads).

4.6 Results of the axial load tests

Each pile test was carried out following the procedure outlined in section [4.5] The test results
presented in this section are given in model scale. Positive values denote compression and
downward displacements, while negative values indicate tension and upward displacements.

4.6.1 Axial monotonic response

Figure and b visualise the pile-head load-settlement response of the monotonic tests
MON-1-MS and MON-2-LoDS in axial compression and tension in medium dense and loose
over dense sand. The penetration depth displayed at the vertical axis is normalised by the
outer pile diameter.

The monotonic test results reveal an increasing axial force with increasing pile penetration
when subjected to axial compression (ref. figure ) Compared to the medium dense sand
sample, a significantly stiffer pile response is observed in the loose over dense sand sample,
corresponding to a higher ultimate bearing capacity. Hence, the influence of the relatively
thin, loose sand layer on the response of the pile-soil system is considered marginal based
on the monotonic test results (compare section . The densely packed bottom sand layer
mainly contributes to the overall mobilized capacity and to the stiffer response of the pile in
the layered sample. The ultimate axial capacity in compression is defined at a normalised

Table 4.3: Centrifuge testing program.

Test name Sand sample Test type E Z?E}ilgsf Load scenario
MON-1-MS medium dense (no. 1)  monotonic - -
CYC-3-A-MS medium dense (no. 3) cyclic 10,000 a
CYC-1-B-MS medium dense (no. 1) cyclic 1,000 b
CYC-1-C-MS medium dense (no. 1) cyclic 1,000 c
CYC-1-D-MS medium dense (no. 1) cyclic 1,000 d
MON-2-LoDS  loose over dense (no. 2) monotonic - -
CYC-2-A-LoDS loose over dense (no. 2) cyclic 1,000 a
CYC-2-D-LoDS loose over dense (no. 2) cyclic 1,000 d
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Figure 4.6: Comparison of pile-head load—settlement behavior in axial (a) compression
and (b) tension in medium dense (test MON-1-MS) and loose over dense sand (test
MON-2-LoDS), and (c) components of axial pile resistance.
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penetration depth of z/D, = 0.1, compare section [4.5] which is F,;; = 1,744.2 N in the
medium dense sample and F,;; = 2,797.6 N in the loose over dense sample.

Subsequently, an axial monotonic load test into tension was conducted (ref. section {.5)).
The test results are shown in figure 4.6p and reveal a significantly higher tensional capacity
in the layered sample.

Figure illustrates the components of axial pile resistance, i.e. base and shaft resistance,
derived from the quasi-static monotonic test in medium dense sand. The shaft resistance,
F; =1,300 N, is found as the tensional capacity of the pile (compare figure ) and is
mobilized even at small pile displacements. With the increasing settlement of the pile, the
base resistance is fully mobilized, resulting in a load transfer to the lower part of the pile

(ref. section [2.3.1]).

4.6.2 Axial cyclic response

The centrifuge experiments aim to investigate the behaviour of piles under cyclic axial loads.
The following aspects are evaluated and discussed: repeatability of the cyclic axial load
tests, the influence of the cyclic load ratio, relative density and the ratcheting evolution.

Repeatability of the cyclic axial load tests

To compare the results of cyclic axial load tests between different soil samples, comparability
and repeatability of the test results must be ensured. The repeatability of the testing
procedure can be shown by comparing the axial force and the pile head displacement of
the cyclic tests on the initial loading path. The tests were conducted in the same soil
conditions but in different boxes. Since no direct comparability is given between two tests,
the repeatability is studied by comparing the initial loading path of the tests CYC-3-A-MS,
CYC-1-C-MS and CYC-1-D-MS. The results of the cyclic axial load tests of these three tests
are compared in Figure [4.7] On the initial loading path, the results differ only marginally.
This proves comparable and repeatable testing conditions for the cyclic load tests.

Influence of cyclic load ratio

The influence of the cyclic load ratio on the cyclic axial pile-bearing behaviour is studied
using centrifuge test results from the tests CYC-3-A-MS, CYC-1-B-MS, CYC-1-C-MS
and CYC-1-D-MS. The piles are tested in a medium dense, D, = 55%, water-saturated
sand sample at an embedment length of L, = 125 mm. Figures [4.8p-d show the pile-head
load-settlement behaviour for the load scenarios a), b), ¢) and d). Please note that a total
of 10,000 load cycles was envisaged for load scenario a) while the other three tests involved
1,000 load cycles.

The force-displacement plots in figure show the hysteretic pile response. In general,
an increase in vertical pile displacement by the number of load cycles can be observed.
The ratcheting rate decreases with an increasing number of load cycles. The impact of the
cyclic load scenario is clear, with greater ratcheting recorded for load scenario ¢) than for
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Figure 4.7: Repeatability of the cyclic axial load tests in medium dense sand: initial
pile-head load-settlement response due to cyclic loading scenarios a), ¢) and d).

load scenario d) and a), respectively. Since load scenario a) involved 10,000 load cycles, the
overall magnitude of pile head displacement cannot be compared directly but is discussed
later as part of the ratcheting evolution. The shape of the hysteresis loops becomes less
expanded during cycling, indicating a stiffer pile response.

Tensile cyclic loads — as applied in load scenario b) — uplift the pile with subsequent
ratcheting. Contrasting load scenarios a), ¢) and d), this test shows a narrow hysteretic
response. The system behaviour due to cyclic loading into tension differs compared to
the behaviour of both one-way and partial two-way cyclic loading in compression, mainly
relying on the mobilized skin friction along the pile shaft. Although the pile was subjected
to cyclic tensile loads, the pile settles and accumulates permanent displacements directed
downwards, following an initial uplift (figure [£.8b). Hence, the skin friction counteracting
the applied tensile loads has significant influence on the pile-bearing behaviour and aids
stabilizing. This is considered to apply only if the maximum tensile load is below the cyclic
frictional pile capacity.

Influence of relative density

The influence of the relative density on the cyclic axial pile-bearing behaviour is studied
using centrifuge test results from test CYC-1-D-MS in a homogenous medium dense sand
sample and tests CYC-2-A-LoDS and CYC-2-D-LoDS in a layered sample, which consisted
of a loose sand layer (D, = 33%) on top of a dense sand layer (D, = 87%). Figure 4.9 shows
the pile-head load-settlement response for load scenarios a) and d). The tests involved
1,000 load cycles.

The effect of the cyclic load ratio, i.e. the magnitude of load amplitude, is evident from
the comparison in figure [4.9 Although the maximum load remains constant in both tests,



34

4 Pile response to cyclic axial loading in

centrifuge experiments

Pile head displacement (mm)

Pile head displacement (mm)

—0.5

0.5

1.5

2.5

| | | |
—1,000 —500 0 500 1,000
Axial force (N)

(a) Test CYC-3-A-MS.

- —oH

| | |
—1,000 —500 0 500 1,000
Axial force (N)

(c) Test CYC-1-C-MS.

Pile head displacement (mm)

Pile head displacement (mm)

1.5

2.5

—b) [

| |
—1,000 —500 0

| |
500 1,000
Axial force (N)
(b) Test CYC-1-B-MS.

—

| |
—1,000 —500 0

| |
500 1,000
Axial force (N)
(d) Test CYC-1-D-MS.
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higher pile-head displacements are accumulated for load scenario d) compared to load
scenario a).

A comparison of the recorded response for load scenario d) in the medium dense and the
loose over dense sample is provided in figure [£.9b. In the layered sample, larger ratcheting
occurs, showing a softer response compared to the medium dense sample. Please note that
from the monotonic response in the loose over dense sample, a higher ultimate capacity
was derived compared to the medium dense sample (ref. figure . Hence, the cyclic loads
being estimated on that basis — when the cyclic load ratio remains constant — involve higher
values and a larger cyclic amplitude, respectively. Although a stiffer monotonic response
was observed in the monotonic loose over dense test, the cyclic test results indicate a
softer behaviour and a reduced soil stiffness in the same sample when the pile is subjected
to repetitive loading. The decrease in soil stiffness is likely caused by a stress relief and
degradation of shaft resistance due to large-amplitude cyclic loading.

However, upon investigating the cyclic axial pile-bearing behaviour, it became evident that
the ratcheting evolution plays a key role. This important phenomenon is further explored
below.

Ratcheting evolution

Figure presents the ratcheting response of the pile for the tests CYC-3-A-MS, CYC-1-
B-MS, CYC-1-C-MS and CYC-1-D-MS in a medium dense and for the tests CYC-2-A-LoDS
and CYC-2-D-LoDS in a loose over dense sand sample. The figure shows the accumulated
vertical strain over the number of load cycles.

A decreasing ratcheting rate is observed in all six tests. Further, the influence of the load
scenario on the ratcheting response is evident. A higher displacement accumulation is
observed with increasing load amplitude — as seen in both the pile-head load-settlement
plots and the ratcheting evolution plots. In test CYC-1-B-MS, the pile is subjected to
cyclic loading in tension. As mentioned before, this tensional load results in an initial uplift
of the pile, with subsequent ratcheting recorded for the following load cycles. The uplift
during initial loading into tension may activate the skin friction along the pile shaft. The
subsequent accumulation of pile settlement indicates that the component of skin friction
acting along the pile, pulling it further into the soil, is greater than the upward-acting load
components of the cyclic load.

Comparing test results in figure and b provides insight into the impact of the influence
of the relative density of the soil. The shape of the evolution of accumulated strain differs
slightly, when comparing load scenarios a) and d) in the medium dense and the loose
over dense sand samples. In the layered sample, an accelerated ratcheting behaviour is
observed at the first 100 load cycles when (. = 0 compared to (. = —0.5. The magnitude
of permanent accumulated strain developing in the layered sample is higher since higher
values of the average load and amplitude are estimated when maintaining the cyclic load
ratio. However, the ratcheting behaviour is qualitatively similar at both densities.

Conclusively, the test results highlight the importance of load asymmetry in the axial
cyclic pile response. An increasing cyclic amplitude, with increasingly negative (., leads to
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higher vertical pile displacements and rapidly reduces the soil stiffness. Contrasting this,
a decreasing mean load with increasing negative (. does not necessarily reduce the axial
strain accumulation. It may be understood from the test results that larger amplitude
two-way cyclic loading activates stiffness degradation mechanisms and, therefore, can lead
to immense vertical pile settlements. This effect can benefit practical applications such as
e.g. vibratory pile driving.

4.6.3 Reloading response

In order to investigate the post-cyclic pile capacity a quasi-static monotonic test was
conducted following a cyclic load test. A comparison of the reloading response in compression
and tension in medium dense sand is given in figure [1.11] Please note that the cyclic loading
phase was omitted in the figure for clarity.

The figure visualises the pile-head load-settlement behaviour in the tests CYC-3-A-MS,
CYC-1-B-MS, CYC-1-C-MS and CYC-1-D-MS. The penetration depth is normalised by

the outer pile diameter.
The following conclusions are derived from the test results shown in figure [4.11}

o The results in figure show an increasing axial force in the post-cyclic monotonic
stage compared to the axial monotonic response, discussed earlier in section [4.6.1]
indicating beneficial densification effects during cyclic loading. Since the reloading
curve crosses the monotonic curve, it is evident that the cyclic loading causes a higher
post-cyclic soil stiffness and increases the overall capacity of the pile.

» A significant variation in the magnitude of shaft resistance is observed in all cases,
cf. figure [1.11p. The tests with load scenario a) and b) have the same amplitude
but a different loading direction, which results in the same post-cyclic capacity in
tension. Although load scenario c) involves the largest amplitude, followed by the
largest ratcheting (refer to figure [1.10p), a more significant increase in the post-cyclic
capacity in tension is found. The increase in post-cyclic capacity is likely to be caused
by stress redistributions and rearrangement of particles in the pile-soil interface.

Thus, the results confirm an increased post-cyclic capacity in compression and either a
maintained or increased post-cyclic capacity in tension, providing potentially additional
capacity for an optimised design.

4.6.4 Fibre optic sensing

The centrifuge experiments were conducted using fibre optic strain gauges to provide insight
into the pile response to axial cyclic loading. This section aims at proving the feasibility of
using fibre optic sensing to investigate the cyclic axial pile-bearing behaviour and pile-soil
interaction. Figure shows the axial strain for load scenarios a) and b) in the medium
dense sample, estimated from the fibre optic strain gauges. The respective results for load
scenario a) in the loose over dense sample can be seen in figure [4.13] For clarity, only the
first 100 s of each test are shown. Both figures visualize the strain profiles in four different
depths during a cyclic axial load test.
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b) in medium dense sand.
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Figure 4.13: Fibre optic strain profiles at four different depths for load scenario a) in
loose over dense sand.

The results in figure and show that the fibre optic is successfully able to detect
the cyclic axial pile response. The same general shape is exhibited at all four depths,
indicating the initial loading of the pile to the intended mean load and the subsequent load
cycles. Both tests with load scenarios a) (figure 4.12h and |4.13)) show positive deformations
(compression) while load scenario b) denotes negative pile deformations (tension).

In figure the vertical strain decreases slightly up to a normalized depth of z/L. = 0.4,
indicating the same magnitude of skin friction along the pile. Closer to the pile tip (i.e.
z/L. = 0.8), the axial strain decreases, suggesting a load transfer towards the lower part of
the pile and mobilization of the pile tip resistance. A similar pile response is observed in
the test with load scenario a) conducted in the loose over dense sample, compare figure
4.13. However, higher strains were recorded from the larger cycles in the loose over dense
sample. Up to a depth of z/L. = 0.4 the strain along the pile remains almost constant
with only marginal differences being visible. This strongly suggests a minor contribution of
the skin friction along the pile and thus a degradation of shaft resistance.

Contrasting this, a narrow band of the strain profiles for all four depth is recorded from
load scenario b), cf. figure . Negative strains occur with a remaining distance from
the neutral axis — that is, clearly related to the uplift of the pile. The strain amplitude
decreases slightly with increasing depth. Hence, the results suggest a minor contribution
of the pile tip resistance to the overall pile response and confirm observations from figure
[4.10k, indicative of a predominant effect of the mobilized shaft resistance.

The key outcome of this study is that fibre optic sensing provides valuable insights into the
mechanisms of axial cyclic pile-bearing behaviour. The results prove that the fibre optic
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data clearly displays the cyclic pile response in medium dense and loose over dense sand. A
similar pile response is found for both relative densities. However, large-amplitude two-way
cyclic loading was found to lead to a degradation of shaft resistance, resulting in a higher
strain magnitude. Some differences from the one-way cyclic loading into compression and
tension were highlighted. However, combining fibre optic sensing together with the overall
recorded pile response is essential and thus exhibits superior potential to be used in the
investigation of cyclic axial pile-bearing behaviour and pile-soil interaction.

4.7 Summary

This section summarises the results of a series of centrifuge experiments investigating
the pile response due to cyclic axial loading. The test series features cyclic loading in
compression and tension with the purpose to improve the understanding of pile response
to axial cyclic loading. Investigating the effect of different cyclic loading scenarios and
different relative densities was also targeted through the experiments. Conclusively, the
cyclic loading test results enable for the following key findings:

e The ratcheting evolution in medium dense and loose over dense sand is qualitatively
similar, indicating that partial two-way cyclic loading leads to larger ratcheting than
one-way cyclic loading to the same maximum load.

o Targeting the role of cyclic loading into tension, the mobilized skin friction acts
beneficial to the stability of the structure. Failure is only expected if the tensile load
overcomes the frictional pile capacity.

 Pile capacity is increased in compression and either maintained or increased in tension
following cyclic loading in water-saturated sand, showing a significantly stiffer post-
cyclic response and potentially enhancing the trust in the bearing capacity of cyclic
axially loaded piles, since no strength degradation due to cyclic loading was found.

« It is feasible to use fibre optic sensing to detect the cyclic pile response due to
axial cyclic loading. The data adds to existing knowledge from the recorded load-
displacement response and, thus, sheds light on the mechanisms involved in the
pile response to axial cyclic loading. The method exhibits great potential and can
contribute to a comprehensive description of the cyclic axial pile-bearing behaviour
and pile-soil interaction.



5 Cyclic soil behaviour in direct simple
shear testing

Due to wind and wave conditions, offshore structures experience variable and highly cyclic
loads from varying directions. The design process simplifies these complex irregular loading
scenarios using classification methods and applies cycle packages with constant parameters
(i.e., frequency, mean load and amplitude). This procedure assumes that the ordering of
cycle packages does not affect the total accumulated strain in the soil, i.e. the validity of
Miner’s rule (compare section . This chapter presents an experimental study on the
validity of Miner’s rule in non-cohesive soils based on high cyclic direct simple shear tests.
The experiments aim to investigate the effect of the ordering of cycle packages on the cyclic
deformation accumulation and address the research question of whether it is acceptable to
simplify nonlinear waveform load signals by means of classification methods. In addition,
the influence of continuous polarisation changes is investigated.

Please note that the author has already published parts of the results included in this
chapter in Stark, Breidenstein, et al. (2022).

5.1 Concept of direct simple shear testing

This section explains the concept of direct simple shear tests. The experimental method is
defined by the American Society for Testing and Materials (ASTM) in the standard ASTM
D 6528-07. Please note that slightly different methods exist to conduct the experiment, for
instance, evaluated in Le et al. (2022). Definitions of stresses and strains in a direct simple
shear test are illustrated in Figure [5.1]

In a direct simple shear test, a cylindrical soil sample is placed in a shear box which consists
of stacked Teflon-coated aluminium rings surrounded by a latex membrane. A Teflon coating
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Figure 5.1: Definition of stresses and strains in direct simple shear tests.
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is applied to the rings to minimize friction on the contact surfaces. A confining stress o/,
is applied vertically to the specimen, which results in a one-dimensional consolidation of
the specimen. The specimen is subjected to either a horizontal stress in a stress-controlled
test or to a shear strain in a strain-controlled test. Stresses and strains are measured
during testing. For stress-controlled tests, the horizontal shear stress 7 is prescribed in
one-dimensional shearing or in two-dimensional shearing, 7, and 7, respectively. In a
strain-controlled test, the specimen is sheared by displacing the top and bottom plates
towards each other, i.e. a shear strain ,, is prescribed while measuring the resulting shear
force. Due to the aluminium rings at the sample edge, the cross-sectional area remains
constant throughout the test, and no horizontal strain occurs. Consequently, the axial
strain €, equals the volumetric strain €,. The experiment may represent either undrained
or drained conditions, corresponding to a constant specimen volume or a constant confining
stress during shearing. This thesis employs stress-controlled experiments assuming drained
conditions.

It is important to note a significant non-uniformity in stress distribution at the boundaries
of the specimen when interpreting the experimental limitations (Wichtmann, 2005; Le.
2015; |Glasenapp, 2016)). The shear stress is applied only to the top and bottom surfaces
of the specimen. As no complimentary shear stresses act on the vertical sample edges,
the moment caused by the horizontal shear stresses has to be balanced by non-uniformly
distributed shear and normal stresses to maintain equilibrium. However, the experiment
provides a good representation of idealized field stress, i.e. plane strain conditions. The
principle stresses continuously rotate due to the stress application, resulting in a stress
state similar to a soil element in the field subjected to vertically propagating shear waves.
Thus, the experiment adequately represents the cyclic and dynamic soil behaviour in the
near field of the pile.

5.2 OQOutline of testing

Validity of Miner’s rule

Within the scope of testing, Miner’s rule is investigated experimentally in high cyclic direct,
simple shear experiments on non-cohesive soils under drained conditions. This includes
the effect of ordering of different cycle packages on the resulting accumulated strain with
constant and varying mean and cyclic load levels separately. An overview of all investigated
load scenarios is given in figure and [5.3] The experiments employ a constant mean
load and a variable load amplitude (test series no. 1), a constant non-zero mean load and a
variable load amplitude (test series no. 2), a variable mean load and load amplitude (test
series no. 3), a variable mean load and a constant load amplitude (test series no. 4), a
variable axial stress (test series no. 5) and stepwise polarisation changes (test series no. 6).

A total number of 100,000 load cycles is envisaged in each test. Hence, each cycle package
has 25,000 load cycles. The magnitude of the cyclic load was selected so that the maximum
load does not exceed 60% of the monotonic capacity of the sample. Therefore, a static
reference test was conducted. The test result of the monotonic test is included in figure
in appendix [A]
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Figure 5.2: Overview of direct simple shear experiments and load scenarios included

in the experimental study on the validity of Miner’s rule. The experiments involve: (a)

a constant zero mean load 7 = 0 kPa and a variable load amplitude 72™P! = 12.5 —

25 — 37.5 — 50 kPa, (b) a constant non-zero mean load 7% = 25 kPa and a variable

load amplitude 78™P! = 12.5 — 25 — 37.5 — 50 kPa, (c) a variable mean load and load

amplitude 7% = 74mPl = 12,5 — 25 — 37.5 — 50 kPa and (d) a variable mean load
@ — 125 — 25 — 37.5 — 50 kPa and a constant load amplitude 72™P! = 25 kPa.
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Figure 5.3: Overview of direct simple shear experiments and load scenarios included
in the experimental study on the validity of Miner’s rule (continued). The experiments
involve: (a) a variable axial stress o7, = 50 — 100 — 150 — 200 kPa and (b) stepwise
polarisation changes @« =0 — 15 — 30 — 45°.
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Each test series includes six representative combinations of cycle packages chosen according
to |Wichtmann (2005). Figure illustrates the combinations of cycle packages included in
the study.

The cyclic loads are applied at a loading frequency of f = 1 Hz. The chosen load frequency
is slightly higher than natural wave conditions offshore with a frequency of 0.1 Hz. However,
existing research reports no significant impact of the load frequency on the ratcheting
response for sand at frequencies below 1 Hz (compare section . A preliminary study on
the effect of load frequency on the ratcheting response in direct simple shear experiments with
fine silica sand confirmed this hypothesis (refer to figure 2.4d). In addition, comparability
among the direct simple shear experiments is given; therefore, the slightly higher frequency
is acceptable.

Waveform streaming

An additional test series with irregular waveform streaming is conducted to investigate
whether it is acceptable to simplify nonlinear waveform load signals through classification
methods. These tests aim at improving the understanding of:

o What happened on the way to 100000 cycles? How did we get there?
o Are the loading scenarios comparable?

Within this test series the load scenarios vary constantly while maintaining the energy
spectrum in frequency domain. This approach enables natural offshore conditions to be
captured during testing and allows for comparing individual loading scenarios by defining
the distribution of wave amplitudes through the wave spectrum in the frequency domain.
Consequently, these investigations aim to assess the applicability of classification methods in
offshore pile design by considering the assumptions made when Miner’s rule and classification
methods are applied.

Fach test has a signal length of 10 minutes. The irregular load sequences were created
following the steps listed below:

1. Generate water level elevation time series from wave energy spectrum.

2. Determine waveloads on monopile using MORISON’S equation.

3. Normalize load sequence by the maximum wave load during a time series.
4

. Apply load series with 7% = 78mP! = (0.3X, reaching a maximum load of 60% of the
ultimate soil resistance.

Please note that steps no. 1 and 2 will be explained in detail in section [6.1.5]

To achieve the aim of investigating the validity of Miner’s rule, a series of direct, simple
shear experiments is performed. Examination of test results involves the soil damage being
quantified in terms of the accumulated volumetric strain.
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Figure 5.4: Combinations of cycle packages included in the study on the validity of
Miner’s rule. The shown load sequences exemplify test series no. 1 involving a constant
zero mean and a variable load amplitude.
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5.3 Experimental set up and testing procedure

The experiments were carried out using a GDS Variable Direction Direct Cyclic Simple
Shear (VDDCSS) device. The VDDCSS enables a direct, simple shear test to be performed
in two directions, i.e., shearing the sample in both horizontal axes. This is achieved by a
secondary shear actuator acting at 90° to the primary actuator. The secondary shear axis
can be used either independently or together with the primary shear axis and therefore,
allows direct simple shear with variable and from any horizontal direction. Figure 5.5
illustrates the bi-directional simple test device, with its main components being highlighted.

UI 1 1’1 o
' Rlbp-cap ;
l 2 kN DBCC load

cell ()1&\1%)

Shear}E%DT

.5 1mm armature-(Y)
(a) Variable Direction Direct (b) Hardware definitions.
Cyclic Simple Shear (VDD-
CSS).

Figure 5.5: Bi-directional simple shear test device and its main components.

The device has three AC servo motors working at the three axes with a local closed-loop
synchronised control and acquisition unit. This allows for active load and displacement
control during cyclic and dynamic shear load application. Cyclic shear loading with different
frequencies, mean load, amplitude and phase offset, such as waveform streaming, is available.
Small strain measurements can be recorded from LVDTs at all three axes.

The sample preparation steps are visible in figure [5.6| First, a latex membrane is placed
over the foot stamp (figure [5.6h) and secured with a rubber ring, which can be seen in
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Figure 5.6: Sample preparation steps for direct simple shear tests.

figure [5.6b. Then, two sealing rings are attached to the foot stamp, with a rubber ring in
between them and screwed together (figure ) The sealing rings maintain the position
of the latex membrane during sample preparation and testing. In the next step, figure [5.6(,
plain teflon-coated aluminium rings are placed over the latex membrane. Afterwards, the
latex membrane is tightened around the rings with great care given to avoid gaps between
the membrane and the rings (figure ) Finally, the sand samples are prepared manually
and carefully using dry air pluviation.

For the simple shear experiments, the samples are created from very fine silica sand, which
was previously characterised in section A medium dense sample with a relative density
of Ip = 0.6 is targeted. The tests are performed with a sample diameter of 70 mm and a
height of 20 mm. A constant vertical stress of o/, = 200 kPa is envisaged in many tests
assuming drained conditions.

Subsequently, the sample is placed carefully into the direct simple shear test device and
attached to the base pedestral with four screws. The lowest possible confining pressure of
approximately 10 kPa is envisaged for the sample docking.

After sample preparation, a vertical confining pressure of ¢, = 200 kPa is applied to the
sample in the consolidation stage. Thereby, the vertical stress is increased linearly over a
time period of 5 minutes and maintained constant until no further settlements occur. After
sample consolidation, either a cyclic or a dynamic load test is executed.
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5.4 Study on the validity of Miner’s rule

This chapter features investigations on the validity of Miner’s rule. The experiments target
ordering effects on the accumulated volumetric strain in high cyclic direct simple shear
experiments. The results from the multi-amplitude cyclic load tests are provided in figure

(.1 and (.8

Figure shows the results for test series no. 1 that involved a constant zero mean load
7% = (0 kPa and a variable load amplitude 72™P! = 12.5 — 25 — 37.5 — 50 kPa. In tests 1.1
to 1.4, the soil sample was subjected to 25,000 cycles of symmetric two-way cyclic loading
with an amplitude of 12.5 kPa. After the first cycle package, the accumulated volumetric
strain varies slightly +4.9%, proving reproducibility in these tests. The load amplitude was
varied in the following cycle packages, including an increasing (test no. 1.1) and decreasing
order (test no. 1.6), such as combinations of increasing and decreasing amplitude. In all tests
from test series no. 1, two-way symmetric cyclic loading was maintained. For increasing
amplitudes, an accelerated ratcheting behaviour is observed. The ratcheting rate decreases
slightly within the following approximately 100 cycles. A decreasing amplitude causes no
further ratcheting. This effect from the order of the cyclic loading is visible in the data
from many test series. The largest value of the accumulated volumetric strain from test
series no. 1 was recorded for tests 1.5 and 1.6, in which values of 78™P!' = 37.5 and 50 kPa
were applied in the first cycle package. A total deviation of £17.2% was found from the
test results.

Figure shows the results for test series no. 2 that involved a constant non-zero mean
load 7% = 25 kPa and a variable load amplitude 7#™P! = 12.5 — 25 — 37.5 — 50 kPa. As
observed in test series no. 1, the rate of accumulated volumetric strain increases significantly
with increasing amplitude and slows down while the load amplitude decreases. The higher
average load leads to a more considerable accumulated strain than in test series no. 1 with
a zero mean load. This results in a total deviation of 8.9%. It has to be noted that test 2.2
failed in the last cycle package. For this reason, this test is not considered in the total
deviation of test series no. 2.

Figure displays the results for test series no. 3 that involved a variable mean load
and a variable load amplitude 7% = 72! = 12.5 — 25 — 37.5 — 50 kPa. The effect of
the load is history is evident from the comparison given in figure [5.7c. Again, ratcheting
increases with increasing load, and a shakedown is observed when the cyclic load magnitude
decreases. This phenomenon is less pronounced in test series no. 4, figure [5.8h. In the
figure, the results for a variable mean load 7% = 12.5 — 25 — 37.5 — 50 kPa and a
constant load amplitude 72™P! = 25 kPa are presented. The lowest level of accumulated
strain was measured in these tests. This highlights the effect of load amplitude on the
cyclic strain accumulation since the higher-amplitude sequences accumulated higher strains
in the respective tests, i.e. figure [5.7]

Figure displays the results for test series no. 5 that involved a variable axial stress
o, =50 — 100 — 150 — 200 kPa and a constant mean load 7’ = 0 kPa and amplitude
72mPl — 25 kPa. A higher strain accumulation is observed at lower axial stress amplitudes.
The recorded accumulated volumetric strain differs by +9.6%.
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Figure 5.7: Multi-amplitude cyclic test results included in the experimental study
on the validity of Miner’s rule. The experiments involve: (a) a constant zero mean
load 7% = 0 kPa and a variable load amplitude 72™P! = 12,5 — 25 — 37.5 — 50
kPa, (b) a constant non-zero mean load 7% = 25 kPa and a variable load amplitude
rampl — 125 — 25 — 37.5 — 50 kPa and (c) a variable mean load and load amplitude
7% = qampl — 19 5 25 — 37.5 — 50 kPa.
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Figure summarises the results for test series no. 6 which involved a constant mean
load 7% = 0 kPa and a variable amplitude 7#™P! = 12.5 — 25 — 37.5 — 50 kPa but
with an additional variation of the angle of load application o = 0 — 15 — 30 — 45°.
The test results reveal an increased ratcheting behaviour compared to test series no. 1
(figure )7 which involved the same load magnitude but uni-directional cyclic loads. This
accelerated ratcheting behaviour is also visible in data from multidirectional ng-model tests
on monopiles (Rudolph, 2015). However, despite the accumulated strain magnitude, the
ratcheting response in both test series shown in figure and figure is very similar.
The variation of the accumulated volumetric strain after 100,000 cycles for test series no. 6
is approximately +15.9%.

Conclusively, the multi-amplitude cyclic load tests, which involved both a constant and a
varying mean load, reveal significant deviations of the accumulated volumetric strain for
a large number of load cycles considered in these tests and, thus, provide experimental
evidence that the ordering of the cyclic loads matters.

5.5 Waveform streaming

The data obtained from the direct simple shear experiments with waveform streaming
are evaluated and analysed in terms of the volumetric strain €,. An example of such an
irregular cyclic loading test result is shown in Figure [5.9f The horizontal shear stress course
over time is visible in figure (bottom). This signal has an irregular amplitude and
frequency and involves one-way irregular cyclic loading. The graph shows three global
peaks, indicated by arrows and labelled as (A), (B), and (C) in the figure. The evolution of
the volumetric strain recorded during the test is included in figure (top).

Initially, the volumetric strain increases steadily, and a distinct settlement of the sample
is measured. At the first load peak (A) at which a double amplitude of 272mP! ~ 30 kPa
occurs, the volumetric strain increases rapidly, followed by a significant decrease in the
deformation rate. After the first global peak, the evolution of the volumetric strain flattens
until peak (B) from the wave load signal, with a double amplitude of similar magnitude,
occurs. Peak (B) causes a slight discontinuity in the course of the volumetric strain, such
as peak (C), the last peak within the load sequence.

Hence, the most significant effect from the irregular cyclic loading is the rapid increase
caused by the first peak load in a load sequence, as considered in more detail in the following
sections. The repeatability and comparability of the test results of the direct simple shear
tests with irregular cyclic loading are explained below.
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Figure 5.8: Multi-amplitude cyclic test results included in the experimental study on
the validity of Miner’s rule (continued). The experiments involve: (a) a variable mean
load 7% = 12.5 — 25 — 37.5 — 50 kPa and a constant load amplitude 7™P! = 25
kPa, (b) a variable axial stress o, = 50 — 100 — 150 — 200 kPa and (c) stepwise
polarisation changes « =0 — 15 — 30 — 45°.
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Figure 5.9: Example of direct simple shear test results with irregular cyclic loading:
(top) measured volumetric strain €, and (bottom) shear stress 7 over time.
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Repeatability of the irregular cyclic loading tests

For the purpose of comparing the results of direct simple shear tests with different wave load
scenarios, the results have to be comparable and repeatable. Figure [5.10] shows the results of
this study. The repeatability of the irregular cyclic load test results is shown by comparing
the volumetric strain of different tests on the same soil conditions in different samples and
tested at the same load scenario. The results of the irregular cyclic load tests of four tests
are shown in figure The figure depicts the volumetric strain g, figure m (top), and
the horizontal shear stress 7 over time, figure (bottom). The differences in the results
are small. The peak load, indicated in the figure by an orange circle, causes a sudden
increase in the volumetric strain in all four tests. Thus, comparability and repeatability of
the irregular cyclic load test results are proven.

Influence of load scenario on irregular cyclic loading test results

The figures [5.11], [5.12] and [5.13] show the course of the volumetric strain measured in six
irregular cyclic load tests. Each test involved a different wave load sequence. Obviously,
there is a significant effect of the peak loads of the irregular cyclic loading. For instance, in
figure [5.1Th, the volumetric strain approximately doubled at the peak load, indicated by
the vertical red dotted line. Only marginal permanent strains develop after this peak load,
which is considered to be due to densification effects and grain redistributions. Thus, the
effect of the stress history is evident from the test results. While the load maxima cause
inevitable damage in the soil, smaller cycles are considered to have beneficial densification
effects. It follows that the magnitude of the permanent strain recorded in an irregular cyclic
test depends on the total maximum load in a loading series and the pre-load that the soil
has experienced. Thus, when a second peak of higher amplitude follows a first peak, it
rapidly reaccelerates the evolution of the volumetric strain, compare wave loads no. 3, 4

and 6 (cf. figure and figure [5.13p).
Conclusively, the figures [5.11] [5.12 and [5.13] support the following observations:

o The magnitude of the permanent strain recorded in an irregular cyclic test depends
on the total maximum load in a load series relative to its pre-loading history.

o Subsequent smaller loads may act beneficial and do not necessarily accumulate further
permanent strains.

o Thus, the stress history impacts the dynamic soil behaviour: at the same time, low-
amplitude cyclic loads may act beneficially and enhance the overall soil stiffness,
while peak loads cause obvious damage to the soil.

o The realistic irregular cyclic load tests show a significant deviation in the total
volumetric stain of approximately +44.2 %. This indicates a wide range of variability
and suggests that simplifying irregular cyclic loads may be necessary to make them
applicable in the design process.
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Figure 5.10: Repeatability of direct simple shear tests with waveform streaming.

5.6 Influence of stepwise polarisation changes

In order to investigate the effect of stepwise polarisation changes, a supplementary series of
high cyclic direct simple shear experiments was performed. The tests involved a constant
mean load and load amplitude, 79! = 79¢ = 25 kPa and a varying polarisation angle
between cycle packages. Please note that the polarisation refers to the initial loading
direction and is kept constant during a cycle package. To illustrate the influence of a
varying angle at which an applied load affects the ratcheting behaviour, the accumulated
shear strain is evaluated in terms of 757° and ~;7°. Perspectivewise, this corresponds to a
top view of the sample in the direct simple shear device. The results are shown in figure
[5.14] [5.15] and [5.16| and involve different polarisation angles a = 0° — 15° — 30° — 45°,
a=0°—=30°—= 60° — 90° and o = 0° — 45° — 90° — 135°. The ordering of the angle of
load application varies threefold. A total number of 100,000 load cycles was envisaged in
each test.

Figure shows the results of stepwise polarisation changes of a« = 0° — 15° — 30° —
45° (test series no. 7.1). The test series is obtained for a polarisation angle, which is increased
by 4+15° in each load package. The first load package shows an evident accumulation of
shear strain in the x-direction, with a slight drift in the y-direction. Since the load was
applied to the x-direction, the deviating shear in the y-direction could be explained by
inhomogeneous stress conditions within the sample and/or at the sample edges. Only a
minor accumulation of shear strain in the x-direction is observed during the following
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Figure 5.11: Irregular cyclic load test results for very fine silica sand on a medium
dense sample with o/, = 100 kPa: measured volumetric strain during the irregular cyclic
load test (top) and shear stress 7 over time (bottom).
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Figure 5.12: Irregular cyclic load test results for very fine silica sand on a medium
dense sample with o/, = 100 kPa (continued): measured volumetric strain during the
irregular cyclic load test (top) and shear stress 7 over time (bottom).
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Figure 5.14: Comparison of cyclic shear strain accumulation due to stepwise polarisation
changes. The experiments involve a constant mean load and load amplitude of 78™P! =
7% = 25 kPa and a variable polarisation angle (a) a = 0° — 15° — 30° — 45°, (b)
a=0°—30°— 15° — 45° and (c) @ = 0° — 45° — 15° — 30°.
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load packages. However, it is evident that the shear strain accumulation in the y-direction
increases with each of the following cycle packages, and the orientation of the strain loops
rotates in line with the load application angle.

Figure depicts the test results of test series no. 7.2 for polarisation angles of a =
0° — 30° — 15° — 45°. An increasing ratcheting behaviour is observed in the second cycle
package due to the higher polarisation angle of 30° compared to test no. 7.1, where the
polarisation was 15°. As the polarisation angle increases, the strain amplitude becomes
larger, significantly altering the shape of the strain loops. Unlike in test series no. 7.1, an
ascending and descending polarisation angle of & = 0° — 30° — 15° — 45° is considered in
test series no. 7.2. After reducing the polarisation angle to 15° in the third load package,
increased ratcheting in the x-direction is observed. Similarities between the strain loops of
the last load package and those of the previous experiment are evident.

The test results of test series no. 7.3 are shown in Figure . This test series involves
polarisation angles of &« = 0° — 45° — 15° — 30°. The load sequence is characterised by an
increasing, then decreasing and again increasing polarisation angle. A higher shear strain
accumulates in the x-direction when compared to test series no. 7.1 and 7.2.

These experiments with « ranging from 0° to 45° allow for two main observations. First,
it was found that the ratcheting develops in the direction of load application. Second, a
significant effect of the pre-strain is observed since the ratcheting following a polarisation
change develops in the direction of the previously undisturbed sample. The response in
tests with higher polarisation angles of & = 0° — 30° — 60° — 90° (figure and
a = 0°— 45° — 90° — 135° (figure is consistent with these obersations. In addition,
these high-angle polarisations show how the shape of the strain loops become more altered
for larger polarisation changes. This is clearly visible in figure [5.16p and which include
polarisation changes of & = +90° and o = +135°.

Further, it is observed that the strain loops in many tests presented in figures to
have in common small overlap areas. This suggests that the sample is deformed in
a new way every time there is a change in the angle of load application. This highlights
the importance of the loading history and cyclic pre-loads, indicating a rearrangement of
particles during repetitive loading.
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Figure 5.15: Comparison of cyclic shear strain accumulation due to stepwise polarisation
changes. The experiments involve a constant mean load and load amplitude of 7#™P! =
7% = 25 kPa and a variable polarisation angle (a) a = 0° — 30° — 60° — 90°, (b)
a=0°— 60° — 90° — 30° and (c) @ = 0° — 90° — 60° — 30°.
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Figure 5.16: Comparison of cyclic shear strain accumulation due to stepwise polarisation
changes. The experiments involve a constant mean load and load amplitude of 7#™P! =
7% = 25 kPa and a variable polarisation angle (a) o = 0° — 45° — 90° — 135°, (b)
a=0°—90° — 45° — 135° and (c) a = 0° — 135° — 45° — 90°.
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5.7 Hydrodynamic loading vs. design load cases

Concluding the investigations on the validity of Miner’s rule, this section sheds light
on the research question of whether it is appropriate to simplify nonlinear load signals
using classification methods. The discussion involves the experimental studies presented
in section and and contrasts the investigations on the response of pile and soil to
hydrodynamic loading and design load cases.

The effect of the ordering of different cycle packages was investigated in high cyclic
direct simple shear experiments on non-cohesive soil under drained conditions. Different
load scenarios of one-way and two-way symmetric and unsymmetric cyclic loading were
investigated, including a constant and a varying mean load. Further, the effect of a varying
axial confining pressure and of stepwise polarisation changes was within the scope of testing.

Figure summarizes the results of the multi-amplitude cyclic load test results in a
boxplot and displays the deviation of the accumulated volumetric strain after 100,000
load cycles for each test series discussed in section separately. The red dots represent

S
S .
5 - .
D A\
5 &
Al i}@m% +9.6 % | |
@
+15.9%

189% O
e
3 & @

i§.9%
2 -

|
1 2.1,2.3-2.6 3 4 5 6
Number of test series

GRS

Accumulated volumetric strain,

Figure 5.17: Overview of the deviation of the volumetric strain after 100,000 load
cycles in the multi-amplitude cyclic load tests.

the resulting volumetric strains in each test. The red line represents the average value
of this data, and the blue box covers 50 % of the test data. A maximum value 17.2%
deviation of the accumulated volumetric strain is found from the test results. Evidently,
the multi-amplitude cyclic load tests reveal a significant effect of the ordering of the cyclic
loads in terms of the accumulated volumetric strain.

In addition, the test results indicated that the magnitude of ratcheting developing in
a cycle package depends on the total maximum load applied to the soil in relation to
the previous loading history. This brings into play the load differences compared to a
previously experienced maximum load. Hence, an ascending order of cycle packages leads
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to an accelerated ratcheting behaviour at the beginning of each cycle package. In contrast,
a descending order of cycle packages does not necessarily accumulate further strains after
the initial load parcel.

In order to understand what happened on the way to 100,000 cycles and to further investigate
whether the loading scenarios are comparable, an additional test series involving irregular
wave load signals was conducted, compare section [5.5] The results of all irregular cyclic load
tests are shown in figure [5.18] The final volumetric strain differs by 4-44.2 %. Contrasting
previous investigations, the load scenarios varied constantly while the underlying energy
spectrum remained constant. The experiments confirmed that an increased accumulation
of volumetric strain naturally accompanies the load maxima of a load sequence. The
magnitude of permanent strain developing during such a peak load is found to be highly
dependent on the previous loading history, i.e. the pre-load involved in each particular load
sequence.

Conclusively, the presented findings underpin, that the ordering of cycle packages does
influence the cyclic deformation accumulation. Significant deviations of the accumulated
volumetric strain were found for different combinations of cycle packages. However, simpli-
fying nonlinear waveform load signals through classification methods is necessary to make
highly irregular loads useful for the designer. Attention should be given when idealising
regular cycle packages with constant cyclic properties. However, in view of the soil’s spatial
variability, this procedure is considered acceptable when providing an overall reliable and
conservative design.

5.8 Summary

This chapter discussed a series of direct simple shear experiments on granular soil. The
experiments were employed to assess the effect of ordering of cycle packages on the ratcheting
evolution and investigated the soil behaviour under irregular loading and from variable
directions. The presented experimental investigations support the following findings:

o The multi-amplitude cyclic tests, which involved 100,000 load cycles at both a constant
and varying mean load, reveal a significant effect of the ordering of cycle packages on
the accumulated volumetric strain, suggesting that the damage of the soil depends
on the load sequence.

o Targeting the effect of irregular load sequences, peak loads play a significant role,
indicating that the magnitude of permanent strain that develops due to such a peak
load is highly dependent on the pre-load involved in each particular load sequence
and the previous loading history. Relating to the design process, this observation can
justify the frequent use of monotonic design loads (Richards et al., 2020).

o The ratcheting occurs in the direction of load application. Additional pre-loading ef-
fects are demonstrated from the multidirectional cyclic load tests, indicating significant
particle rearrangements in each polarisation step.
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Figure 5.18: Results of irregular cyclic direct simple shear experiments for very fine
silica sand on a medium dense sample with an axial stress of o, = 100 kPa. A total
deviation of +44.2 % is found from the test results.






6 A p-y model for sand

Offshore wind turbine structures experience many load cycles during their lifetime. Nu-
merical modelling of those high cyclic boundary value problems is challenging. On the one
hand, there is a need for advanced numerical models that can describe cyclic deformation
accumulation precisely and depict stiffness degradation mechanisms. On the other hand,
those numerical simulations are highly time-consuming and computationally complex.
P-y models can significantly reduce the computation demand compared to finite element
simulations, particularly in practical offshore pile design where time efficiency is critical.

The concept of p-y models is based on a beam on an elastic foundation, originally proposed
by Winkler (1867). In subgrade reaction modelling, the elastic foundation in Winkler’s
initial model is replaced with nonlinear load-deflection curves, known as p-y curves. The p-y
curves represent the response of the surrounding soil and depict the nonlinear soil-structure
interaction. A subgrade reaction model may comprise either a single rheological element or
a combination of rheological elements, such as springs or viscous dampers, that describe
specific soil reaction components.

This thesis investigates whether it is possible to describe the cyclic and dynamic pile-
bearing behaviour using a p-y model. Figure [6.1] illustrates the different steps in the
model development process. Following the objectives of this thesis formulated earlier in
chapter [3] the main idea of the model is to represent relevant aspects and mechanisms of
cyclic and dynamic pile-bearing behaviour. Thus, those are identified in the first phase of
model development. Second, boundary conditions, acting forces and relevant mechanical
properties are described for an infinite soil volume in the nearfield of the pile. Based on this
mechanical approach a 1D mathematical description of the expected stress-strain response
will be derived. Finally, the model components, i.e. the p-y element, and the global model
behaviour, are verified and validated.

This chapter presents a p-y model that combines cyclic and dynamic pile-bearing behaviour
of monopile foundations subjected to lateral loading in sand. First, the p-y model formulation
is described in detail in section [6.1] Second, the model behaviour and sensitivity to certain
parameters are studied in a sensitivity analysis in section [6.2] Following this, the pile
response to lateral loading is verified for exemplary load cases (ref. section . Section
concludes the chapter with a discussion on model limitations that must be considered in
further applications of the p-y model in chapter [7}

The contents of chapter @ and [7| were partly published in Hagemann and Grabe (2019),
Stark and Grabe (2021), [Stark and Grabe (2022), and Stark and Grabe (2023).
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Figure 6.1: Process steps in p-y model development.

6.1 Model formulation

Existing approaches for numerical modelling of the cyclic load-deflection behaviour of piles
mainly rely on neglecting inertia forces in the low-frequency range and therefore represent
purely cyclic behaviour (ref. section [2.4). Time-dependent impacts resulting from wind and
wave loading can include high-frequency load components followed by a mobilisation of
inertia forces due to the mass distribution of the structure. As the model presented herein
is intended to account for high cyclic as well as dynamic loading scenarios an all-embracing
formulation of the equations of motions is chosen, including inertia forces.

Figure illustrates the main components of the p-y model. The horizontal load H applied
at the pile head is transferred to the soil via the lateral bedding of the pile in the soil.
The pile is modelled using a finite element model consisting of an Euler-Bernoulli beam
embedded on a series of nonlinear spring elements and parallel viscous dampers. The
pile is discretised with structure elements of a constant height Az. Each element has two
translational and one rotational degree of freedom. Accordingly, normal and transverse
forces and bending moments can be transmitted. The pile is modelled with a linear-elastic
material behaviour expecting only small pile deflections and stresses below the yield strength
and no plastic deformations during loading. The material parameters are chosen with a
Young’s modulus of F = 210 -10° kN/m? and a density of p = 7.85 kN/m? according to
steel. System characteristics like axial and bending stiffness are derived from the material
parameters and pile dimensions.



6.1 Model formulation 71

#~ i» (5]
¥3 ‘_'i
| Pile”” / u
N z
T EA, EI, m
j - (b)
+ —z | gj
Subsoil | A p /ﬂb
W
o = " Yy
D E— - 2
Az g =) 45|
fﬂ\,_—' [a\]
X mlia ao
—~
7
(a) (c)

Figure 6.2: Tllustration of the main components of the p-y model: (a) pile dimen-
sions, discretization and spring-dashpot arrangement, (b) two-dimensional beam ele-
ment: degrees of freedom and material properties, (c¢) nonlinear p-y spring element and
frequency-dependent damping coefficient, (d) time series of horizontal cyclic loading
and (e) a wave loading scenario. (All values are given in m unless stated otherwise.)

6.1.1 Numerical integration of the nonlinear dynamic equation of
motion

The motion behaviour of the system can be described using the nonlinear dynamic equation
of motion:

Mii + Cit + £,(u) = £(t) . (6.1)

Therein, M and C describe the system mass and damping matrices and 1 and i the first
and second derivative of the displacement vector u by time ¢. f; is the internal force vector
depending on current pile displacement. Thus, the nonlinear initial value problem

(6.2)

Mii, + Cu, + f5(u,) = f(t,)
ll(t()) = Uy, l_l(t()) = 1:10

is to be solved. Assuming a constant time interval At,, = t,.1 — t, it follows that at ¢,,1
Mﬁn+1 + Cﬁn+1 + fs<un+1) = f(tn+1) . (63)

Equation is solved for the current pile displacement using an implicit method which
involves Newmark’s method (Newmark, 1959) and the Newton-Raphson iteration. Implicit
methods, comparing to explicit methods, have the advantage that the size of the time
interval is acceptable considering the required computation steps. In addition, it is beneficial
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that the equilibrium of the system is ensured in every time step. The solution scheme for a
nonlinear system is summarised in algorithm [I}

ﬁn—H 0
Wit 6 Wy, + WAL+ i, (5 — B)AL + i1 AL
Upy1 < Wy + Uy (1 —7) AL+ i1y AL
iy f(tnr1) — Fo(Wupn,841) — Ml
while erry >= Toly do

-1
N (M + CyAL + KﬂAtQ) il
ﬁ{z-&-l — ﬁ,gzjrll + Aﬁ%ﬂ
Wy =) + Al YAt
Wy =y + Al fAR A
) () — fo(u) 07, ) — Mii), 4

o
T) = Tt —ft J = J 1

end
Algorithm 1: Implicit solution algorithm based on Newton-Raphson iteration and
Newmarks method.

It is noted that v = % and =

D=

6.1.2 P-y foundation model

With the API p-y curves (API, 2000) the p-y method has proven its suitability for the
development of simple and efficient foundation models (cf. section . P-y approaches
can be based on existing soil models and involve a one-dimensional formulation of the
constitutive equations (Kelm, 2004). One main task in constitutive model development is
to understand the mechanical response and derive a constitutive relation which includes
the relevant mechanisms to the actual problem. This also holds for the development of p-y
models which require appropriate assumptions being closely related to the boundary value
problem and the initial value problem.

Carstensen et al. (2018)) proposed a hypoplastic p-y formulation to describe the soil response
due to cyclic loading. The hypoplastic spring element captures relevant aspects of cyclic
soil behaviour such as barotropy, pycnotropy and a directionality of loading. The approach
proved good agreement against finite element simulations and current standards (Carstensen
et al., 2018). The flowgraph in figure summarises the governing equations of this p-y
approach.

The spring element is based on the rate dependent hypoplastic formulation:

renafe 2 )

Hence, the change of bedding resistance is defined as a function of the initial soil stiffness
kso (A), the change of displacement %, the bedding resistance p, the ultimate bedding
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resistance p, (B) and an exponent s (C), which describes the curvature of the p-y curve.
From this, explicit time integration gives the resulting bedding resistance and the corre-
sponding displacement, i.e. the p-y curve. Thereby, the total bedding resistance of the
pile is decomposed of the front resistance caused by normal stresses at the pile front and
the friction resistance due to tangential shear stresses (cf. section [2.3). The soil stiffness
is derived as the secant stiffness from the p-y curve. Two state variables are defined to
account for the previous loading history. Those are the bedding resistance and the element
displacement prior to the current load step. The p-y formulation includes a depth-dependent
distribution of void ratio (D) according to Bauer (1996)). During cyclic loading, the soil
around the pile is loaded, unloaded and sheared which results in a change in void ratio in
the soil adjacent to the pile. Eventually, this causes also the initial stiffness to be altered.
This change in void ratio is described analogously to the volume change in triaxial tests
(F) and is related to the change in friction angle (Pucker et al., 2013)) (E).
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6.1.3 Material parameter identification for Wunder sand

For calculations with the hypoplastic p-y model the following parameters are necessary:

o The critical state friction angle ¢. can be determined either from undrained triaxial
tests or as the steepest angle of descent relative to the horizontal plane in a bulk
cone test.

e The granular hardness hg and the exponent n describe the decrease of ¢;, €., ¢4 and e
with increasing pressure p. These constants can be derived from uniaxial compression
tests and are estimated by curve fitting of equation (D) to e(p) (Herle, 1997).

» The parameters e,cf, @ref, @, b and d can be estimated from at least six consolidated
drained (CD) triaxial tests with different initial relative density and average stresses.
The parameters are estimated in that way that the formulation given in equation (C)
and (E) meet ¢'(e) and p(y).

o According to Herle (1997)), the maximum void ratio e;o, the critical void ratio e, and
the minimum void ratio ez can be estimated to be e;p = 1.15¢,02, €c0 & €maz and
€do ~ €min-

For further details and alternative methods regarding the parameter calibration, please
refer to Herle (1997) and |Carstensen et al. (2018)).

The used material parameters for the hypoplastic p-y model for Wunder sand are summarized
in table of the appendix. In order to proof that the chosen parameter set is able to
describe the stress-strain response suitably, a series of triaxial tests is simulated numerically.
Figure [6.4] shows the normalised stress-strain behaviour in triaxial tests for Wunder sand
on a loose, medium dense and dense sample and at reference pressures of pyg = 100 kPa,
po = 200 kPa and py, = 400 kPa such as the numerical simulated results with the hypoplastic
spring element. The strain of the hypoplastic spring element relates to an influence radius
of 2.5D ((Carstensen et al., 2018)). The comparison to the laboratory data reveals a good
agreement - particularly before reaching the maximum shear stress.

6.1.4 On damping effects

Damping of offshore wind turbine structures is caused by an energy dissipation which can
occur in multiple ways (Kementzetzidis, Metrikine, et al., 2021)), involving

o aerodynamic damping caused by the interaction between wind and rotating blades,
e hydrodynamic damping due to the structure-water interaction,

« damping associated with the structural materials (steel) and connections and finally,
 soil damping, arising from material dissipation and wave radiation.

The dynamic material properties of a soil can be investigated in a resonant column test.
Within this experiment a cylindrical soil specimen is subjected to small strain amplitude
torsional vibrations. During testing, the excitation frequency is varied and the natural
frequency of the system is determined. From this, the shear wave velocity v, the dynamic
shear modulus Gy, and the damping ratio D of a soil can be derived (Wichtmann et al.,
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Figure 6.4: Comparison of the p-y model formulation against element test data: Nor-
malised stress-strain behaviour in triaxial tests for Wunder sand with (a) three different
reference pressures and (b) three different relative densities, modified from preliminary
work of the Institute of Geotechnical Engineering and Construction Management at
Hamburg University of Technology for the publication (Carstensen et al. (2018).
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Figure 6.5: Results of resonant column tests with four different reference pressures for
very fine silica sand sand on a dense sample.

2001). Figure shows the result of a resonant column test with four different reference
pressures for very fine silica sand sand on a dense sample. Clearly, the dynamic shear
modulus depends on both the static reference pressure and the dynamic shear strain
amplitude v, which confirms early suggestions e.g. by [Prange and Huber (1983).

Soil damping during dynamic loading results from material dissipation (material damping)
and wave radiation (geometric damping). The hypoplastic p-y formulation, as introduced
in section [6.1.2] includes a material dissipation through the change in void ratio. To take
into account geometric damping effects the p-y foundation model is extended by parallel
radiation damping. A commonly used approach in literature is the radiation damping
model proposed by |Gazetas and Dobry (1984)).

This approach involves the plain strain model visualised in figure [6.6f The model is based
on the idea of compression-extension waves propagating in the two quarter-planes in the
loading direction while shear waves disseminate in the two quarter-planes perpendicular to
the loading direction. Figure [6.6] indicates that the model allows only for horizontal soil
deformations within the quarter-planes, i.e. the vertical strain €, = 0. Each quarter-plane
vibrates independently not being influenced by the others. A circular pile section is replaced
by a square section with an equivalent perimeter 2w D,. The radial damping coefficient is
determined as the sum of disseminated energies in the four quarter planes. Thereby, shear
waves propagate with a velocity v, and compression-extension waves propagate with a wave
velocity vy, = 3.4vs/(m(1 — v)). Assuming a circular cross-section, the following expression
is associated for the frequency dependent radiation dashpot coefficient ¢,

. l” <<13—4>>] (1)t 65

wherein ag = 27 fr, /v is the frequency factor, ref. |(Gazetas and Dobry (1984)), and v = 0.33
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Figure 6.6: Visualisation of the radiation damping model according to |Gazetas and
Dobry (1984).

the Poisson’s ratio for sand. r, is the radius of the pile and ps the density of the soil
particles.

In shallow depths equation (6.5)) overestimates the radiation dashpot coefficient. Hence,
v, delivers a better approximation for the wave propagation velocity of surface waves.
Considering this, for depths 2, < z = 2.5D, equation (6.5] is replaced by

3
Cr m™\1 -1

The radiation dashpot coefficient is incorporated in the element damping matrix as proposed
by (Gazetas (1991)). Within the model framework a constant mean damping coefficient is
applied, which is indicated in figure[6.2c. Thus, geometric damping effects are underestimated
in low frequency range which is acceptable considering offshore conditions.

Aerodynamic, hydrodynamic damping such as structural material damping of the pile are
not within the scope of this thesis and by now, are not included in the model formulation.

6.1.5 Modeling of natural sea state
The wind induced sea state is modelled based on linear wave theory as a superposition of

single sinusodial waves with constant period and wave amplitude. Thus, the irregular wave
motion, cf. figure [6.7b, can be approximated by a Fourier series:

N
¢(t) = Z Can cOS(knx — wpt + €,) . (6.7)
n=1
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Figure 6.7: Modeling of natural sea state: (a) Exemplary time series of wave motion at a
distinct location x, (b) JONSWAP-spectrum for a significant wave height of Hy,0 = 7 m
and a peak period of T}, = 11 s.

Thereby, the wave equation ((t) in the time domain is the entirety of an infinite number
of harmonic waves in the frequency domain. Consequently, the water level in a distinct
location z as a function of time ¢ depends on the wave number k,,, the angular frequency
w, and the phase shift ¢, of the individual waves. As a two-dimensional model is considered
directionality of proceeding waves is neglected within this simple wave model formulation.

Various wave spectra exist which characterise the natural sea state in frequency domain
S¢(w). In the north sea the JONSWA P-spectrum with a significant wave height of H,,0 = Tm
and a peak period of T}, = 11s, as shown in figure , describes conventional conditions
and can be applied to derive the wave amplitudes (.,

Can = 2/ S¢(W)Aw . (6.8)

To evaluate the pile response due to wind and wave conditions offshore, Morison’s equation
is applied to calculate the resulting loads on a circular pile with a diameter D,. Equation
(6.9) gives a depth and time dependent description of wave loading which is mainly induced
by the horizontal flow velocity v(z,t) and acceleration ©(z,t) of water particles

1

In this equation, C'p = 0.8 and C); = 2 are the current and inertia coefficients chosen based
on DNV (2014)). p,, is the density of water. Numerical integration of equation leads
to the resulting wave loads on a pile element which are then assigned to the corresponding
degrees of freedom of the finite element model.
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6.2 Sensitivity analysis

In this section the p-y model, developed in section [6.1} is studied. This includes the model
behaviour and its sensitivity to certain parameters. The pile discretisation with finite
elements, the discretisation of time in time increments and the tolerance criterion which
predefines the condition to terminate the equilibrium iteration in incremental iterative
algorithms can have a significant impact on the pile response to cyclic and dynamic
loading. Within a sensitivity analysis the influence of those variables on the horizontal
pile displacement can be evaluated. Further, these unknown variables are determined to
guarantee the stability of the calculation result and to minimize the calculation time.

Therefore, a numerical model with a diameter of D, = 7 m, a wall thickness of t,, = 0.07 m
and an embedded length of L, = 40 m is created. The horizontal pile displacement is
investigated by means of a quasi-static deformation analysis. A parametric study enables to
investigate the influence of the relevant variables. Assuming a reference case, one parameter
is varied at once. Five cases for each considered parameter are chosen, in order to cover a
representative range of higher and lower values. The considered parameters are summarised
in Table 6.11

Influence of pile discretisation

The influence of element height Az is evaluated in terms of the horizontal pile displacement,
the required simulation time and the lateral deflection curve of the pile. The results are
shown in figure [6.8] Obviously, the element height has a small influence on the value
of horizontal displacement. Whereas, the simulation time increases exponentially with
decreasing element height. It is noted that small displacement increments, following a fine
discretization of the pile, can lead to a locally increasing soil stiffness which can affect the
stability of the solution algorithm of the p-y model. This limit is indicated by the dashed
vertical line in figure [6.8h. Considering this, an element height of Az = 0.5 m is found to
be acceptable.

Table 6.1: Parameters for the sensitivity study of the influence of numerical parameters
on the pile response to cyclic and dynamic loading.

parameter variation 1 variation 2 variation 3 variation 4 variation 5

element height, Az (m) Az=01 Az=025 Az=05 Az=1 Az=25
time increment, At (s) At=10"" At=10"2 At=10"3 At=10"* At=107°
tolerance, € (-) e=10"2 =102 e=10" e=10"° &e=10"°
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Figure 6.8: Influence of element height Az (a) on the horizontal pile displacement and
the simulation time and (b) on the lateral pile deflection curve.
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Influence of time increment

With the aim to investigate the influence of the increment on the horizontal displacement
and the simulation time, the time increment is varied for a fixed element height and tolerance.
Figure shows the influence of the time increment on the horizontal displacement and
the simulation time. The value of horizontal displacement remains almost constant while
the simulation time increases with decreasing time increments. A minor influence of the
time increment on the pile deflection curve in figure is observed. Since the chosen time
increment impacts the load increment and therefore the magnitude of displacement change
in a calculation step, again the stability of the stiffness iteration needs to be considered
when deriving the time increment. Thus, a time increment of At = 2 - 1072 is chosen. This
time step is slightly larger than the recommended time step for Newmark’s method which
is 1073. However, Newmark’s method is an implicit solution algorithm, which delivers a
stable solution independently of the dimension of the chosen time step.

Influence of tolerance criterion

To minimize the influence of abort errors during stiffness iteration within the solution
of the nonlinear equation of motion, the tolerance criterion is varied for a fixed pile
discretisation and time increment. The influence of the tolerance criterion on the horizontal
pile displacement and the simulation time is shown in figure [6.10kh. The lateral pile deflection
curves are visualised in figure [6.10b. The solution for the horizontal pile head displacement
converges for a break-off tolerance of one per cent. Below this value, the calculated solution
remains constant. This holds for the pile head displacement as well as for the lateral pile
deflection curve. Hence, in order to define a tolerance criterion the simulation time is crucial.
To minimize the calculation time a tolerance criterion of € = 0.01 is chosen.

6.3 Verification of pile response to lateral loading

In order to verify the pile response to lateral monotonic loading the influence of pile
diameter, wall thickness and embedded length is investigated. Additionally, the lateral
deflection of the p-y model is compared against the current industry design standard.

Influence of pile geometry

Figures|6.11],[6.12|and [6.13|show the lateral deflection curves with varying pile diameter, wall
thickness and embedded length for a monotonic horizontal load of magnitude H = 5000 kN
which is applied to the pile head. A monopile with a diameter of D, = 7 m, a wall thickness
of t, = 0.07 m and an embedded length of L. = 40 m is chosen as the base case.

Figure shows the lateral deflections curves of a monopile with diameter D, = 5 m,
D, =7m and D, = 9 m. The embedded length and the wall thickness are the same as
for the reference case. The pile with a diameter of D, = 5 m shows the largest value of
horizontal deformation. With increasing pile diameter the horizontal pile displacement
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Figure 6.10: Influence of tolerance criterion ¢ (a) on the horizontal pile head displace-
ment and the calculation time and (b) on the lateral pile deflection curve.
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decreases. Expectedly, the pile diameter influences the lateral capacity of the pile and
simultaneously the stiffness pile-soil system which causes the horizontal displacement to
decrease for larger diameter values.

The influence of the wall thickness is investigated in figure [6.12] A small increase in pile
deformation with a wall thickness of ¢,, = 0.05 m can be observed compared to the pile
with a wall thickness of ¢,, = 0.07 m.

The influence of the embedded length is investigated in figure [6.13] Note that for this
investigation the horizontal load was scaled linearly with increasing pile length. Similar
to the results with varying diameters, the pile response is closely related to the stiffness
of the pile-soil system. The pile with a length of L, = 30 m shows the lowest value of
horizontal displacement compared to the other two piles. The pile deforms almost rigid,
i.e. the pile tilts around a centre of rotation with almost no bending. The pile with a
length of L. = 50 m shows the largest value of horizontal displacement. Especially in the
upper part of the pile significant bending occurs. However, for the longer pile, a higher
lateral resistance is mobilised around the pile tip which is indicated by the small pile tip
displacement.
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Comparison against the API p-y curves

In order to verify the magnitude of lateral deflection a comparison of the pile displacement
to monotonic lateral loading of the p-y model against the API p-y curves is included
in figure For this purpose, the API p-y approach according to |API (2000) was
incorporated in the model formulation. The chosen pile geometry corresponds to the
previously defined base case. Obviously, the API p-y formulation leads to a higher value
of horizontal displacement when compared to the p-y model. This holds for the pile head
displacement as well as for the horizontal deflection of the pile tip. Since the API p-y
approach was reported to overestimate the pile displacement and therefore, to lead to a
conservative design by several authors (ref. section the model response and the order
of magnitude of horizontal displacement are considered acceptable.

6.4 Summary and discussion on model limitations

Summarising this chapter, a p-y model for lateral loading in sand, which combines relevant
aspects of cyclic and dynamic soil-pile interaction, was developed. The model is based on a
finite element formulation of a beam on nonlinear spring elements. The spring elements
are established on a hypoplastic formulation to represent the nonlinear soil behaviour
accurately. This way, relevant stress and density-dependent soil properties are captured,
directly impacting the stress-strain behaviour due to cyclic loading. The formulation of
the soil model includes material damping as well as geometric damping effects. The main
idea during the development process was to create a simple model for cyclic and dynamic
loading analysis. Therefore, the equilibrium of the system is described by the nonlinear
dynamic equation of motion, considering inertia forces.

The foundation model was calibrated carefully based on triaxial test results. A comparison
of the p-y spring element against element test data has shown a good agreement for
different initial relative densities and average stresses. However, it is noted that for the
final validation of the entire model, the calculation results should be compared with the
time series of cyclic and dynamic field tests at the prototype scale. Unfortunately, no field
test data was available during the model development. Hence, this is to be done in the
future. The model sensitivity to certain numerical parameter changes was evaluated in
a sensitivity analysis, and the unknown variables were derived to guarantee stability of
the calculation result and to minimize numerical errors. The pile response to monotonic
lateral loading was verified and compared against current standards. However, as the model
enables combining the analysis of cyclic deformation accumulation and dynamic structural
analysis of monopile-supporting OW'Ts, it provides a promising and efficient approach
to assessing the cyclic and dynamic pile-bearing behaviour. Thus, the model has several
applications within the offshore design practice, highlighted and explained in detail in the
following chapter.
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7 Applications in OWT design practice

This chapter investigates the lateral pile response in sand due to cyclic and dynamic loading
using the p-y model introduced in chapter [6] and explains different model applications
related to the current design practice. First, section briefly reviews the current design
practice for offshore monopiles. Second, section studies the pile response to cyclic
lateral loading. Section focuses on aspects of dynamic structural analysis of a monopile
supporting OW'T. Section concludes the chapter.

7.1 Review of current design practice

Offshore wind turbine foundations are designed, among others, according to the Stan-
dard DNV-ST-0126. This standard defines regulations and safety concepts for the design,
construction, operation and maintenance of offshore wind turbine structures. In addition,
the standard sets minimum requirements for geotechnical investigation and laboratory
testing (to determine cyclic and dynamic soil parameters) and provides recommendations
for numerical simulations.

Offshore wind turbine structures are subjected to significant permanent and variable loads,
which must be considered in the design process to ensure a safe and reliable operation.
These include self-weight, inherent vibration from turbine operation, horizontal loads from
ship impacts during installation and maintenance activities, and wind, wave and current
loads with varying amplitude and frequency from different directions. Additional relevant
factors throughout the operating time are steel corrosion, biological growth, scouring at
ground level and earthquake loads in regions prone to seismic activity.

In the design process, various limit states are considered. In the Ultimate Limit State
(ULS), the axial and lateral capacity of the structure is assessed, considering the cyclic
degradation of soil properties. In the Serviceability Limit State (SLS), requirements are
imposed on the inclination of the structure due to installation and cyclic horizontal loading
since even slight inclinations can affect the functionality of the turbine. Tolerances for
permanent rotation typically range from 0.25° to 0.50°. In the Fatigue Limit State (FLS),
the operational strength is demonstrated for the intended operating time, between 20 to 30
years, respectively. This includes an accurate characterization of the vibration and damping
behaviour. Additionally, the Accidental Limit State (ALS) considers extraordinary loading
scenarios, such as ship impacts during installation and maintenance activities.

Since the design parameters highly depend on the location, the pile diameter, wall thickness
and embedded length are determined in an iterative procedure. Various analytical and
numerical approaches are employed in the design process to optimize the design. Numerical
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methods can contribute to an efficient design, e.g. by allowing for modelling complex geome-
tries and considering the nonlinear soil behaviour and soil-structure interaction. However,
time-saving procedures are often preferred over a more detailed numerical analysis for
economic reasons. Hence, numerical methods are primarily used to calibrate key parameters
for p-y models and to investigate selected queries. In this way, the benefits of numerical
methods are combined with the p-y method’s computational efficiency, leveraging the
advantages of both approaches.

This chapter will reveal whether it is possible to describe the behaviour of piles and soil
due to cyclic and dynamic loading using a p-y model.

7.2 Numerical modeling of pile response to cyclic lateral
loading

First, the aspect to study is the behaviour of piles and soil due to cyclic lateral loading.
The cyclic strain accumulation and the ordering of cycle packages are analyzed. This is
done based on numerical investigations using the p-y model as introduced in chapter [6]
A pile with a diameter of D, = 7 m, a wall thickness of ¢, = 0.07 m and an embedment
length of L. = 40 m was used. The simulations were performed with an initial relative
density of a medium dense sand with I, = 0.6. The lateral loading of the pile is applied at
a height of e = 20 m above the ground surface.

7.2.1 Investigation of cyclic strain accumulation

The p-y model is employed to investigate the cyclic strain accumulation of a laterally
loaded pile in sand. Therefore, a cyclic load with a mean load and amplitude of H,, =
H.,. = 2,500 kN is applied to the pile head. Figure shows the lateral pile deflection
curve and the corresponding p-y curves at 0.25, 10 and 40 m depth after 10,000 load cycles.
Due to the applied cyclic load, permanent displacements accumulate, accompanied by a
softening of the soil. With increasing load cycles, the accumulation rate decreases until
no further strain accumulation occurs. The p-y curve is an open hysteresis loop near the
ground surface with a high degree of permanent displacements developing. The soil stiffness
significantly increases during unloading. At 10 m depth, the shape of the hysteresis loop
is less expanded and ratcheting decreases. At 40 m depth, an almost linear soil response
is observed. This may be related to the higher stress level and the increased capacity of
the soil in greater depth. Hence, small pile deflections occur at the pile tip, with some
ratcheting.
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Figure 7.1: Investigation of strain accumulation due to cyclic lateral loading: (a) lateral
pile deflection curve after 10,000 load cycles with an average load and amplitude of
Hyy = Heye = 2,500 kN and (b) p-y curves in 0.25, 10 and 40 m depth, respectively,
highlighting the different shapes of the p-y curves and a decreasing accumulation rate
for many cycles (Stark and Grabe, 2021]).
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7.2.2 Influence of ordering of cycle packages

This study will evaluate the influence of ordering of cycle packages using the p-y model
and aims to investigate the validity of Miner’s rule further. The chosen load packages are
consistent with the direct simple shear tests discussed in Section [5.2] A load scenario with
a constant average load of H,, = 1,250 kN and a varying load amplitude is considered to
represent offshore conditions appropriately. This load scenario is equivalent to test series
no. 2 from the direct simple shear experiments illustrated in figure [5.2] The variable load
amplitude contains four levels, i.e. H.,. = 1,250 — 2,500 — 3,750 — 5,000 kN, with 25,000
load cycles each. Based on previous findings, three representative combinations of cycle
packages are investigated, including an ascending, a descending and a descending and then
ascending load sequence. The results are shown in Figure and indicate the following
observations:

o An ascending order of cyclic amplitude leads to an accumulation of permanent dis-
placement in each cycle package. The maximum permanent displacement accumulates
in the first load package, while less ratcheting occurs in the following cycle packages,

cf. figure [7.2h.

o When the cyclic loads are arranged in descending and then ascending order of cyclic
amplitude, a minor accumulation of permanent displacements is found for subsequent
sequences with lower amplitude, cf. figure [7.2b. Thus, evident permanent strains
develop in the first and the last cycle package. This is consistent with that response
observed in the direct simple experiments discussed in section

o Arranging the cyclic loads in descending order (figure ) leads to an accumulation
of permanent displacements that was about of the same magnitude of that when the
cyclic loads were arranged in ascending order. However, the displacement amplitude in
the first cycle package is significantly larger compared to the other load combinations.
Ratcheting occurs during the first cycle package, while no further strain accumulation
occurs for the following lower amplitude cycles. This observation is consistent with
the direct simple test results discussed in section [5.4]

o The shape of the p-y curve is an open hysteresis loop but is less expanded for
low-amplitude cyclic loads.

Hence, the effect of cyclic loading on the accumulated displacement is magnitude-dependent
and closely related to the ordering of cycle packages.
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displacement during a cycle package.
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7.3 Dynamic structural analysis of a monopile supporting
OWT

Second, the dynamic pile response is investigated. This involves the pile response due
to hydrodynamic loading, the damping behaviour, the frequency response and the pile
response due to a storm load history. The aspects listed above are investigated numerically
using the p-y model, which was introduced in chapter [ The geometry of the pile is the
same as described in section (D, =7m, t, =0.07m, L, =40 m). In order to depict
the dynamic response of a monopile supporting OWT more realistically, the turbine at the
pile head is modelled as an additional point mass of 435,000 kg in a height of 100 m above
the ground surface.

7.3.1 Pile response due to hydrodynamic loading

To investigate the pile response due to hydrodynamic loading, the natural sea state in
the North Sea is modelled as described in section [6.1.5] A water depth of h = 25 m is
assumed, representing shallow close-coastal regions in the North Sea. Figure shows
the time series of the resulting wave force on the pile for a time period of 600 s. Please
note that this graph shows the integral of the depth-dependent wave force distribution
over the water depth, i.e. the resulting wave force on the pile. A depth-dependent load
distribution is considered in the p-y model. The resulting lateral pile displacement at
different locations along the pile is included in figure and c. Figure illustrates
the lateral pile deflection at a height of z = 100 m. The lateral pile displacement at the
ground surface (z = 0 m) and at the pile tip (z = —40 m) is illustrated in figure [7.3c. As
highlighted in the spy, referring to figure [7.3h, the wave load sequence is highly dynamic
and involves frequent, irregular load changes. In contrast, a slow cyclic deflection of the pile
with a frequency of approximately 0.2 Hz is observed, cf. figure [7.3k. This behaviour can
be explained by inertia forces counteracting small and frequent load changes. However, the
load maxima result in a reversible peak displacement and a temporary tilting of the pile.
At ground level, the maximum value of the lateral displacement is 0.02 m. This corresponds
to a maximum tilting of the pile of 0.1662° within the acceptable tolerance for rotation, cf.
section Hence, it can be concluded that no limitations in terms of serviceability of the
structure result from the applied loading scenario.

For most of the investigated time intervals, the pile displacement follows the applied load,
considering previously discussed observations. However, this does not necessarily hold for
the whole time period. In the time interval marked by the vertical red dotted lines, the pile
head displacement oscillates periodically with an increased displacement amplitude. This
behaviour was unexpected since the wave load amplitude decreased significantly in that
sequence. Consequently, this amplified vibration was caused by the peak load occurring
at t = 413 s, indicating the impact of dynamic effects on the pile response. In conclusion,
this highlights the importance of considering nonlinear loading scenarios and dynamic
soil-structure interaction in the design of offshore monopiles.
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Figure 7.3: Pile response due to hydrodynamic loading: (a) resulting wave force on the
pile induced by natural sea state in the North Sea assuming a water depth of h = 25 m,
(b) lateral pile displacement at pile head and (c) lateral pile displacement at ground
level and at the pile tip.
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7.3.2 Damping behaviour and frequency response

For the purpose of evaluating the damping behaviour and the frequency response, the pile
is subjected to an initial deflection of 0.02D, at ground level. The oscillation behaviour
is included in figure [7.4h regarding the lateral pile head displacement over time. It is
observed that the pile head oscillates with a decreasing amplitude around its neutral
position until the harmonic oscillation has completely decayed after a 30 s period. To
evaluate the observed behaviour, the oscillation of a multibody system consisting of two
bodies is included in figure [7.4b. Again, the system oscillates from one side to the other
until it reaches its neutral position. Thereby, the time required for the oscillation to decay
is significantly longer when comparing to the p-y model. This behaviour can be related to
damping effects. The cyclic displacement can potentially introduce changes to the soil’s
density, which results in material damping, especially in the upper part of the pile. Further,
energy is disseminated via wave radiation from the system. The p-y formulation captures

both effects (cf. section |6.1.4]).
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Figure 7.4: Oscillation behaviour (a) of a pile being subjected to an initial deflection
of 0.02D, at ground level and (b) of a multibody system consisting of two bodies.

The fundamental frequencies of the model can be interpreted from the frequency spectrum of
the time series of the acceleration signal, which is shown in figure[7.5] Coloured circles mark
the peak spectral frequencies within the expected frequency range. The first fundamental
frequency is at 0.3281 Hz. Alternatively, the fundamental frequencies of the p-y model
can be interpreted from a modal analysis. Solving the generalized eigenvalue problem, the
first and second fundamental frequency were found at 0.3409 Hz and 2.504 Hz. Thus, both
approaches led to very similar results. Comparing to field test data, the results are in good
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Figure 7.5: Frequency response of the p-y model: (a) natural frequencies derived
from the frequency spectrum of the acceleration signal, following an initial deflection
of 0.02D, at ground level (Stark and Grabe, 2021), (b) first and (c) second eigenmode
and natural frequency determined by a modal analysis.

agreement with the eigenfrequencies measured at the offshore research platform FINO3
(Jeromin et al., 2014) and an offshore wind turbine, at Horn’s Reef IT Offshore Wind Farm,
compare [Kallehave, LeBlanc Thilsted, and Troya (2015]).

Suppose the fundamental frequencies of a structure are considered as a system-dependent
quantity. In that case, it is reasonable to assume that a change in the fundamental frequency
is related to a change in the pile-soil stiffness. Extraordinary loads, for instance, in a storm
event, can cause a temporary reduction of the fundamental frequency. Possible mechanisms
involve pore pressure effects, gapping between pile and seabed, followed by a reduced lateral
support of the pile and increased seafloor displacements due to a temporary increase of the
wind speed (Kallehave, LeBlanc Thilsted, and Troya, 2015)). However, all those mechanisms
lead to a (temporary) reduction of the stiffness of the pile-soil system. To further evaluate
and understand the dynamic pile response, the pile displacements during a storm event are
estimated. The results are presented in the following section.

7.3.3 Storm load history

This section investigates the dynamic pile response due to storm load sequences. For this
purpose, a six-hour storm in the North Sea is modelled according to Norwegian Petroleum
Directorate (1977)). It has to be noted that this approach involves classification methods as
discussed in chapter [5 Figure includes an exemplary composition of cycle packages. A
model storm consists of a random combination of cycle packages which involve a certain
number of load cycles and a load amplitude, which is given as a percentage of a maximum
storm load. Those are related to the probability of occurrence during a storm event.
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Figure 7.6: Investigation of pile response due to storm events: (a) exemplary com-
position of cycle packages of a six-hour model storm in the North Sea according to
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The maximum storm load was chosen as H,,,, = 5,000 kN, which was found to be the
approximate maximum wave force on the pile when modelling the natural sea state. Please
note that this study does not consider other site-specific influencing factors during storm
events, such as wave height, peak period, dynamic turbulences and pile-wave interaction.

The lateral pile deflection curves for various randomly selected combinations of load
packages are shown in figure [7.6] Significant deviations are observed regarding the lateral
pile displacement at ground level after the model storm. The range extends from a minimum
value of 3.32 mm to a maximum of 22.54 mm. Deflections between 0.46 mm and 5.93 mm
are observed at the pile tip. At ground level, this results in a deviation of 74.33 %, far
beyond the deviations found in the experimental study on the validity of Miner’s rule
in section [5.4] However, although this observation requires experimental verification, the
results indicate that the order of cycle packages matters.

7.4 Summary

Numerical simulations of pile response to hydrodynamic loading highlight the impact of
dynamic effects on the load-displacement behaviour of piles and, therefore, emphasise the
importance of investigating the behaviour of pile and soil to cyclic and dynamic loading
and to consider the dynamic soil-structure interaction within the design practice. Further,
numerical simulations of a storm load history show large deviations in the resulting pile
displacements, indicating that the order of cycle packages matters.






8 Conclusion

Due to the increased interest in renewable energy, the offshore wind industry grows contin-
uously. Offshore wind turbines are subjected to large, multicomponent and cyclic loads
due to wind and sea conditions. Thus, designing offshore piles is a challenging task which
requires on the one hand a comprehensive understanding of the soil-structure interaction
and the system response and on the other hand careful consideration of the surrounding
environment. The present thesis studied the bearing-behaviour of piles under cyclic and
dynamic loading in sand. A consistent model for predicting long-term deformations of pile
foundations under various cyclic loading scenarios was developed. The following conclusions
are drawn from the conducted research:

« Since the ratcheting evolution plays a key role when investigating the pile-bearing
behaviour during cyclic and dynamic loading, the ratcheting response of piles subjected
to cyclic axial loading was studied experimentally in centrifuge experiments. High
cyclic direct simple shear tests supplemented this research to gain further insights on
the cyclic soil behaviour in the near field of the pile.

o The successful application of fibre optic strain gauges in cyclic axial centrifuge
experiments at 200g on typical offshore piles into water-saturated sand was shown.
Within the scope of research of the physical model tests was the impact of the cyclic
load ratio and the initial relative density on the ratcheting evolution. The experiments
proved the feasibility of the fibre optic strain gauges to detect the axial cyclic pile
response, providing additional data to supplement the recorded load-displacement
response. Thus, measurements with fibre optic strain gauges can contribute to a
comprehensive description of the cyclic axial pile-bearing behaviour and pile-soil
interaction, shedding light on the mechanisms involved in the pile response to axial
cyclic loading (first research question).

» Comparing the effect of different cyclic load ratios on the axial pile response revealed a
qualitatively similar ratcheting evolution in medium dense and loose over dense sand,
indicating that partial two-way cyclic loading leads to greater ratcheting than one-way
cyclic loading to the same maximum load. Pile capacity increases in compression and
is either maintained or increases in tension following cyclic loading in water-saturated
sand. Thus, a significantly stiffer post-cyclic response was found compared to the
monotonic loading, potentially enhancing the trust in the bearing capacity of cyclic
axial loaded piles.

o This thesis examined the validity of Miner’s rule in high cyclic direct simple shear
experiments on fine silica sand. The tests, which involved 100,000 load cycles at both
a constant and varying mean load and amplitude, investigated the effect of ordering
of different cycle packages on the cyclic strain accumulation. The experimental results
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indicate a significant effect of the ordering of cycle packages on the accumulated
volumetric strain. However, reasonable simplifications of irregular natural loads
through classification methods are necessary and required in the design process. Thus,
and given the soil spatial variability, the application of Miner’s rule is considered
acceptable when providing an overall conservative design (second research question).

o The data and evaluations reported in this thesis highlight the strong influence of the
loading history on the ratcheting reponse. The ratcheting is mainly affected by the
maximum load applied to the soil and its previous loading history. In addition, the
key role of the peak loads was evident from the irregular cyclic load tests.

o Conclusively, an approach to model the pile response to cyclic and dynamic loading,
which is based on the p-y method was presented. In order to accurately model the
cyclic and dynamic pile-bearing behaviour, it is essential to appropriately describe
the interaction at the interfaces between wave-pile and pile-soil. Such an approach
has been developed as part of this work (third research question).

o A foundation model for high cyclic lateral loading and dynamic analysis of monopile-
based OW'Ts was developed successfully. The model follows the subgrade reaction
approach and applies the concept of hypoplasticity to reproduce key characteristics
of the surrounding soil and includes geometric and material damping. The basic
features of the model were described, and its limitations discussed. The performance
of the subgrade reaction model was demonstrated for selected load cases and various
offshore-related applications and verified against current standards. The verification
indicated that the subgrade reaction model can simulate the monopile response
with good agreement to current standards, but in addition, it enables for simulating
the response of an entire OW'T being exposed to hydrodynamic loading with a
considerable reduction in computational effort. Hence, the model combines aspects of
cyclic and dynamic loading analysis, providing a promising and efficient approach to
assess cyclic and dynamic pile-bearing behaviour.

In summary, this thesis presents new knowledge about the cyclic and dynamic pile-bearing
behaviour and pile-soil interaction. The research conducted contrasts the response of pile
and soil to both hydrodynamic loading and design load cases. A p-y model that combines
cyclic deformation accumulation and dynamic analysis of offshore monopiles was presented
and developed.
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Outlook

This thesis discusses future potentials in offshore wind turbine design practice and provides a
promising and efficient approach to assessing the cyclic and dynamic pile-bearing behaviour.
However, different research questions remain that relate either directly to the contents of
this thesis or address future research in offshore geotechnical engineering;:

The physical model test results shed light on the cyclic axial pile-bearing behaviour
and pile-soil interaction and provide a database to inform development and aid
validation of numerical models. The results can encourage progress in further research
activities on this topic and related areas, e.g. the effect of load amplitude in terms of
the drivability of offshore piles.

Within this thesis, numerical modelling and physical model tests were applied to
investigate the cyclic and dynamic soil and pile response. All of these investigations
were conducted on a macroscopic scale. Monitoring particle rearrangements during
repetitive loading on a microscopic scale, using CT-imaging could provide significantly
improved information and further clarify the underlying mechanisms.

This thesis focuses on monopiles in sand. Likewise, the approach for a single pile
can be transferred to pile groups. Incorporating the pile group geometry in the
framework of the p-y model is necessary for this. In addition, studying set-up effects
can improve the understanding of the long-term bearing behaviour of pile foundations.
The developed model formulation is expected to apply to both of these problems.

Finally, a comprehensive validation of the developed p-y model on field data needs to
be performed. Based on this, the model formulation of the soil-structure interaction
can be improved to ensure an adequate description of the cyclic and dynamic pile
and soil response. If this can be resolved in future investigations, the approach has
great potential to contribute to an effective and accurate offshore pile design.
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A Laboratory test results on very fine
silica sand
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A Laboratory test results on very fine silica sand
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Figure A.2: Results of triaxial tests for very fine silica sand on a medium dense
sample with three different reference pressures: a) stress-strain behaviour, b) course of
volumetric strain. c) Results of stress path controlled triaxial tests on very fine silica

sand.
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Figure A.3: Results of monotonic direct simple shear tests for very fine silica sand with
three different axial stresses and initial relative densities: a) loose, b) medium dense

and c) dense sand.
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B Material parameters

Table B.1: Hypoplastic material parameters for Wunder sand taken from (Carstensen
et al., 2018))

Parameter Value Description (Unit)

©c 31.5  critical state friction angle (°)
hs 107 granular hardness (MPa)

n 0.25  exponent

€do 0.45  minimum void ratio at p’ =0
€co 0.7 critical void ratio at p’ =0
€io 0.84  maximum void ratio at p’ =0
a 0.16  empirical factor

b 0.5 exponent

d 3 exponent

Oref 34.5  reference friction angle (°)
Eref 0.46 reference void ratio

v 11.0  submerged unit weight (N/m?)
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