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Preface

The "pile run’ topic was first introduced during the lectures of Soil Structure Interaction given by Vagelis
Kementzetzidis. I finished this course of my master Civil Engineering with a 5.8, so I knew that there was more
than enough wisdom to obtain on offshore foundations. If it was this lecture or my nurture that brought me to
offshore foundation engineering remains the question. With my dad graduating on "Franki trekpalen’, the link
could easily be made that my choice for large open-ended steel piles is not an accident. In Dutch is the conclusion
on this question quite easy: "De appel valt niet ver van de boom.”

The first meeting with Teun Karnebeek and Soheib Maghsoodi from Heerema MC felt like a match. The straight
forward communication and clear expectations are new to a academic student coming from the TU Delft. A
lot of different topics were talked about in great detail. What happened as a result? There was no reaction for
weeks. Another company offered me a job as a graduate intern, and that’s when I called Heerema. One week
later, everything was signed and sealed, but there was still a lot to deliver.

The thesis started in February with three supervisors: Prof. Dr. Andrei Metrikine from the Faculty of Civil
Engineering and Geosciences, Dr. Soheib Maghsoodi from foundation development Heerema MC and Ir. Thijs
Kamphuis from wind development Heerema MC. Up to my opinion a very diverse group, but according to the
TU Delft regulations not diverse enough. It started with researching the soil fundamentals and modelling SRDs.
At the kick of meeting I presented my SRD knowledge and a plan to improve them. The only comment from
Andrei was: "Nice presentation but I do not believe in the SRD models". This turned the black and white soil
mechanics into a gray ocean. The only thing I know is that I know nothing (Plato). This is a bit shocking as I tend to
have the feeling that I know quite something if you ask the people around me.

Although I felt like a first year student with his face in the mud, the thesis preparation was signed and I started
modelling soil resistance (Yes exactly where Andrei told me not to start). Next progress meeting I met my second
TU Delft supervisor Dr. Kevin Duffy, who recently promoted on axial pile capacity in sands. As the reader will
discover in a bit, sand is not silt, but his knowledge on axial capacity was exactly the next puzzle piece that I
needed for my research. I discovered that shaft friction is based on effective stress and this effective stress is
reduced by increasing pore-water pressure. This could be the crux of my problem and it felt like my Eureka
moment. One week later this theory was proven by a paper of my third TU Delft supervisor Dr. Miguel Cabrera.
It felt for a moment as if my idea was stolen but from the moment I discussed the research with Miguel, I was
happy to have him in the supervisory board as well.

With the board completed and this thesis to be defended, my part of the pile run research comes to an end. I want
to thank Andrei for the way he approached the supervision. His open minded meeting to meeting approach gave
the freedom to research what I found interesting. His knowledge and experience on the other hand gave enough
pressure to not come up with a stupid story. Up to the reader if I succeeded. Miguel, I want to thank you for the
flexibility to jump last minute on the project. You answered exactly the remaining fundamental soil mechanics
questions I had which made the pieces fall together. Your input hammered the thesis to a more deepening level.
Kevin, I want to thank you for all the knowledge on pile driving and the insights I gained during the extra
discussions we had. You provided me new questions (as a Dr. should) that made me understand the topic better
and better. You created the link between pile driving and soil fundamentals for me. Not only in discussion, but
also in literature contributions, as your papers had the highest score in my plagiarism scan. I want to thank Thijs
for the practical link he made between the research and the Heerema operations. I remember foremost the end of
the 1st progress meeting where you were praising the discussion while I was still high in frustration. I learned a
lot on how to approach such a thesis. Throw 90% away to obtain the knowledge for the final result. Last but for
sure not least, Soheib. I enjoyed everyday working together with you and I hope to beat you again with ping
pong while working on the same project offshore. Your direct and demanding attitude was exactly what I needed
to deliver everyday. Sometimes your words do not tell the work or argumentation is bad, but your face explains
enough. The way how you guided me through my thesis was a 5 star treatment which I had to earn myself. You
prefer the numbers sometimes but I prefer working with engineers as pragmatic and honest as you are.
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The last paragraph is for my family and friends, who supported my as well during this journey. I want to thank
mum for the love and the fact that you are always present when I need help. I enjoyed especially my writers camp
the last two months back home. Sometimes it feels like you are the only real engineer at home. Dad, I was so
lucky to have you so investigated in the research. You asked me the right questions, improved my argumentation
and pinpointed the aspects that where important. I feel proud that we can share the title Ir. in a couple of days. A
title that raised in prestige with the experience of the last 6 months. I hope you will both keep the family together
and continue to enrich my life with your knowledge, as you have done for the last 25 years. An, you where to
make me smile after long days of study. You are the only one in the world that was willing to listen to long
monologues of my daily discoveries which I really appreciate. After explaining pile driving for one hour you
claimed that the topic is easy. Would say job well done. It turned out that you are better in almost all aspects of
performing an academic research. Thanks to my brothers, room mates and the guys from Vic for forming my
personal foundation throughout the years. Not to forget the DSDH, the band that made me swing through Civil
Engineering. As last the Foundation team at Heerema, that made me feel welcome and you guys where always
open to help and discuss. Loved being part of your team this months.

Otto Robert Schultze
Delft, November 2025



Abstract

The phenomenon of unexpected pile runs during pile driving, also known as ‘dropfalls’, in silty transitional soils
remains a subject of limited understanding. These occurrences have the potential to result in damage to the pile,
hammer, and the occurrence of costly installation delays. In response to the growing demand for renewable
energy and the spatial constraints of nearshore sites, offshore wind farms have emerged as a promising solution.
In the last fifteen years, there has been a marked increase in the dimensions of offshore wind turbines, with
monopile foundations now reaching diameters of up to 10 m. However, the installation of these large foundation
piles can be hindered by dropfalls, which occur when the bearing resistance of the soil is decreased.

This study investigates the theoretical mechanisms by which excess pore-water pressure is generated in contractive
silts during impact hammering. This temporarily reduces shaft friction and induces dropfalls. The primary
objective of this study is to improve pile-run predictions, thereby enable the implementation mitigation measures.
Firstly, the interaction between soil and pile under impact loading is reviewed, with particular emphasis on the
hydro-mechanical response of silty soils. It is demonstrated that silts may exhibit behaviour similar to undrained
soil during driving. Such behaviour has been shown to result in the accumulation of pore pressure within
transitional layers, leading to a reduction in effective stress along the pile shaft.

The application of insights to a case study at the Changhua offshore wind farm (Taiwan) is then undertaken,
where drop-falls occurred at depths of 16-25 m. The conclusion drawn from this study is that soil permeability
and contractivity have a significant influence on the bearing capacity of the soil. In light of the aforementioned
conclusions, the thesis proposes the incorporation of these variables into Soil Resistance to Driving (SRD) methods
for the purpose of forecasting dropfalls. The contractivity is in this thesis assessed with help of the state parameter,
which describes the difference in void ratios. Lab tests on borehole samples and plotting of CPT data on an SBT,
chart were used to identify semi-permeable soil layers. The findings contribute to the advancement of mechanistic
understanding of pile runs in silty soils, thereby providing a predictive framework for engineers to ensure safer,
more efficient large-diameter foundation pile installations in transitional soil environments.
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Introduction

Most offshore structures are supported by large open-ended steel piles driven into the seabed. Examples include
conventional oil and gas jacket platforms, wind turbines and AC/DC converter stations. These piles resist
loads from the superstructure and from environmental wind and wave forces. Wind turbines in particular are
founded on a single large pile called a monopile. This chapter describes problems associated with installing these
foundation piles and outlines the research needed to improve understanding of their installation.

1.1. Research problem

In the ongoing energy transition, the quest for more marine renewable energy is leading to an increase in the
number and size of offshore wind projects worldwide (EU 2025). Offshore wind power is currently the most
developed renewable energy source available at sea (Negro et al. 2017). Over the last few years, the size of
offshore wind turbines has increased, resulting in greater energy generation. These larger turbines require larger
monopiles, with diameters of up to 11 metres, to support the structure (SIF 2025). Increasing the size of the pile
also requires a heavier hammer. This increases weights to thousands of tonnes, thus increasing the risk of pile
run. As energy projects expand into more challenging environments, pile running has become a growing concern
within the offshore industry.

Firstly it is important to explain pile driving shortly. In general, a pile design is made that provides sufficient
strength to support a super structure. The installation of this pile consists of multiple steps. The pile is stabbed
and lowered to self weight penetration under its own weight. Then the hammer is placed on top. This additional
mass could result in extra pile penetration. After the hammer is placed on top, the pile is driven to target
penetration. This pile driving has two main failure mechanisms: Pile refusal and pile run. Refusal means that the
hammer cannot provide enough energy to the system to penetrate through a soil layer. Pile run is an uncontrolled
descent of the pile because the bearing capacity is less than the weight of the pile and hammer. It is up to the
contractor to pick a hammer that is strong enough to reach target penetration while controlling the pile descent.

Pile run is not a new phenomenon in foundation pile installation. In fact, when controllable, it can help to achieve
total penetration depth with less effort. This uncontrolled descent can potentially damage the hydraulic controls
of the pile hammer, lead to sling failures or cause the hammer to fall into the water. It is also possible that the
hammer will slam onto the pile again, which could damage the flanges. In all these cases, work is halted, resulting
in high costs for the contractor and client. Static analyses are typically carried out to calculate the strength of
the soil and predict the self-weight penetration (SWP), assuming that the pile’s weight and static soil resistance
are equal at the SWP level. At the SWP level, relatively little shaft resistance has developed, meaning the static
equilibrium remains at a critical threshold. However, if the soil’s bearing capacity diminishes for any reason, a
pile run will follow.

The Soil Resistance to Driving (SRD) methods used to predict soil strength during pile driving, are based on
empirical research attempting to establish a relationship between CPT data and bearing capacity. This means
that each SRD method is applicable only to new projects in comparable environments, as it is based on specific
boundary conditions. Secondly, most SRD methods only consider sandy and/or clay soils. However, transitional
soils, such as silt, have their own characteristics that are not taken into account, resulting in inaccurate drivability
calculations.

Inaccurate predictions of soil bearing capacity, coupled with an increasing risk of dropfalls due to larger pile
dimensions and heavier hammer weights, can result in unexpected dropfalls causing substantial damage and
downtime. This compels the industry to seek knowledge on how to identify dropfall risks in new areas.
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1.2. Research objectives
This research aims to address the challenges of pile run prediction in transitional soils by:

¢ Investigating the hydro-mechanical interaction between impact-driven piles and transitional soils under
axial loading.

* Developing a risk-based framework to predict dropfalls during installation, with the use of SRD-based
methods.

To provide context on the objectives, the hydro-mechanical interaction relates to changes in pore water pressure
(PWP) in transitional soils due to the impact of pile driving, and how this affects the soil’s bearing capacity. This
objective focuses on transitional soils because the relationship between pile driving and the soil skeleton for this
soil type is not clearly defined.

The second objective is the primary goal of the thesis and requires the theoretical knowledge obtained in the first
objective. The idea is to create a step-by-step plan that assesses dropfall risks based on CPT data, since CPT is the
most commonly used test for easily obtaining continuous soil profiles. Using the basic soil fundamentals and test
it on a field case helps to create a generally applicable framework for the industry. In addition, it is necessary to
identify the soil parameters that facilitate more precise prediction of the SRD in transitional soils.

This is beneficial for the analysis of driveability and the subsequent risk assessment of the contractor. Two failure
mechanisms for pile driving have been identified: Pile run and pile refusal. Pile refusal is defined as the state in
which a foundation pile is unable to be driven deeper into the ground due to the presence of an impenetrable
obstacle, such as rock or boulders. This phenomenon is often observed when the effective energy of the hammer
is inadequate for additional penetration. The contractor’s objective is to predict the occurrence of one of the two
failure mechanisms.

1.3. Scope and limitations

This research focuses on the impact hammering of pin piles in transitional soils, with a particular focus on pile-soil
interaction under axial loading. The designed criteria from subsection 2.5.4 are tested using a case study near
Changhua in Taiwan. All boundary conditions beyond the scope of this research are taken from that project. This
means that the pile dimensions and hammer type are predefined and do not change between cases. Consequently,
only the soil properties change. It also means that human interaction, such as the movement of the crane operator,
is not being researched.

The main soil types of interest for this study are transitional soils, such as silts and clayey sands. Transitional
soils demonstrate mechanical properties that are neither wholly consistent with that of sands nor that of clays,
exhibiting characteristics that are intermediate between these two categories. The main characteristics of interest
are the permeability and particle sizes. As addressed in the research problem lies the research gap in the soil
behaviour region between clays and sands. The focus will not be on stratified soil layers and their behaviour,
except when they show partially drained behaviour as mechanical property. The project details are explained in
section 3.1. The main limitation is that the presented theory is only tested on dropfalls at six locations. This helps
to test the theory, but does not prove the provided underlaying mechanism. Other key limitations include:

¢ The distance from CPT to the pile is approximately 10 meters, which introduces an element of uncertainty
with respect to the soil stratigraphy.

¢ If present, direct hammer output data is used. Otherwise hammer info data is reconstructed as precise
as possible. The hammer data is not 100% accurate, so it is compared with the blowcount sheets of the
responsible engineer offshore.

* The validation of frameworks is confined to pin piles. The scalability of the system to other pile sizes, such
as monopiles, remains to be empirically validated. Changes to other pile dimensions alter the contribution
of shaft friction versus tip resistance.

* The decision has been made to utilise a select group of three SRD methods for the calculation of soil
resistance. Motivation is given in section 3.3. Assumptions are also made when correcting the raw CPT
data, but these are kept to a minimum.

* The CPT correlations that are used for soil classification and strength parameter calculations are very
uncertain.

* Viscous effects and drag forces are neglected in the analytical model. The reason for it is further explained
in section 2.7.
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1.4. Research questions

The primary research question explores the potential for soil failure mechanisms resulting in a dropfall in
transitional soils during impact driving. This involves pile-soil interface behaviour, fundamental soil mechanics
and soil resistance to driving predictions for quantification. The main research question is as follows:

What is the primary mechanism that initiates a dropfall of an offshore monopile during impact pile driving in transitional
soils?

The following sub-questions provide further insights into the governing mechanisms and the ability to predict a
pile run:

* How does impact pile driving cause soil resistance reduction in transitional soils?

e How can the dropfalls observed in the Changhua case study be evaluated against the theoretical criteria for
the proposed framework?

* To what extent can static SRD-based predictions of shaft and tip resistance anticipate the depth and
occurrence of a dropfall?

1.5. Research method

The research is structured in three phases: theoretical framework development based on soil fundamentals,
case-study validation and a predictive assessment with SRD methods. These phases are described below in more
detail.

Theoretical framework development. To answer the question of how does impact pile driving cause soil
resistance reduction in transitional soils, a comprehensive literature review is first conducted to characterise
soil-pile interaction under impact loading at both particle scale and system scale (shaft and tip resistance zones).
Existing models, including the Mohr-Coulomb criterium, Bolton’s stress-dilatancy relations and the fluidisation
concept, are integrated into a conceptual framework. From this analysis, explicit failure criteria (contractivity and
partial permeability) are derived in order to define the conditions under which successive hammer blows will
trigger a loss of bearing capacity and thus a dropfall.

Case-Study Validation. In order to address the question of how the dropfalls observed in the Changhua case
study can be evaluated against the theoretical criteria for the proposed mechanism, borehole logs and CPT profiles
from the six sites with dropfalls are assembled. For each site, the state parameter is computed and soil layers
classified on Robertson’s SBT,, chart to identify contractive, semi-permeable soil layers. Subsequent to this, the
observed dropfall depths will be overlaid on these classifications in order to verify whether they coincide with
layers that meet the two aforementioned theoretical criteria.

Predictive Assessment with SRD Methods. The objective of this study is to evaluate the extent to which static
SRD-based predictions of shaft and tip resistance can predict the depth and occurrence of a dropfall. To this end,
three state-of-the-art SRD models (Alm & Hamre, Maynard, Unified Method) are applied to the Changhua CPT
data. Predicted static shaft and tip resistances are compared to the actual dropfall depths in order to evaluate the
predictive performance. The results will demonstrate the capabilities and limitations of static SRD approaches for
forecasting pile run risks in transitional soils.

1.6. Literature gap

A literature gap was identified in the pile-soil interaction in transitional soils for pile installation based on a
literature study. The fundamental mechanisms describing this interaction during impact driving have yet to be
defined. Although research on this mechanism exists, it is not linked to applications in industry. A more general
gap exists between research and industry in terms of calculation methods used to quantify soil strengths. While
many options exist for determining specific soil parameters using laboratory tests, the industry is limited to CPT
tests. While laboratory tests provide variables that help create a pile design, a continuous soil profile is required
for driveability to prevent installation failure due to local imperfections. Laboratory tests only provide precise
parameter identification for certain depths, which creates a risk of not capturing complete soil behaviour. This is
why CPT data is still widely used as the main input for driveability analysis.

Moving on to SRD methods, it is evident that there is a research gap as there is no method calibrated for
large-diameter foundation piles in silty soils. Silt is often treated as sand, despite having different mechanical
properties. Most methods are tested on piles with diameters under two metres. These two factors make SRD
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predictions unreliable. The industry is calling for new methods to describe these soil layers. This thesis focuses
on the transitional soil response during impact driving in order to gain an understanding of the governing
mechanisms during pile driving. Calibrating the sensitivity of SRD method parameters is beyond the scope of
this thesis as this would not contribute to our understanding of silt behaviour.

1.7. Thesis outline

The structure of this research is summarised below, providing an overview of the contents of each chapter:
¢ Chapter 1: Introduction

— Problem definition and thesis motivation

— Outline of research objectives and questions

Chapter 2: Literature Review

— Description of soil fundamentals and governing theoretical mechanisms
— Summary of existing knowledge on soil mechanics and pile driving
Chapter 3: Methodology

- Explanation of the soil investigation
— Project details and explanation of the SRD methods
Chapter 4: Results

— Plots of relevant soil parameters for the case study

— SRD outcomes over depth compared with observed dropfalls

Chapter 5: Discussion

- Interpretation and evaluation of the performed research

- Applicability of the theory and practical recommendations

Chapter 6: Conclusion

— Answers to the main research question and sub-questions



Literature review

This chapter reviews literature relevant to this research, providing insights needed to achieve the study’s objectives.
Firstly, the report zooms out to watch the trends in the offshore wind market and the accompanied so called
"pile run’ problem in offshore foundations. Secondly, the drivability of foundation piles is explained and the
relevant input factors are discussed. The soil fundamentals that influence the bearing capacity are elaborated
on. Finally the CPT test is explained and the equations used to calculate CPT correlations are provided. This
literature review a steady foundation for the research.

2.1. Offshore wind market

The offshore wind energy sector has experienced significant growth in recent years (Lee and F. Zhao 2021). This
has been driven by technological advances and environmental requirements (Netherlands Enterprise Agency
2023)(Bilgili et al. 2023). Offshore wind has become a key component of global renewable energy strategies.
Governments worldwide are setting ambitious renewable energy targets to combat climate change, bolstering
investments in offshore wind projects (Osborne 2024). Most countries have their first targets placed in 2030,
creating a high demand for wind turbine installation the upcoming years. Figure 2.1 below shows that offshore
wind energy deployment could reach more than 193 GW by 2029, according to McCoy et al. (2024). Most of the
wind turbines are nowadays build in the shallow sea areas with bottom fixed foundations. The turbines are
connected to the seabed with jacket structures or monopiles.
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Figure 2.1: Estimated cumulative fixed-bottom and floating offshore wind capacity by country based on developer-announced CODs in 2023
(McCoy et al. 2024).
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One of the primary trends in the technological growth of offshore wind turbines is the movement toward
larger-rotor machines with higher hub height. This increase in size gives an increase in total weight of the wind
turbine as well, requiring larger monopiles, which leads to even more weight of the total turbine (Bilgili et al.
2023). This increase of size and the accompanied grow of potential power generation is visible in Figure 2.2.
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Figure 2.2: Global evolution of the largest commercially available wind turbines (International Energy Agency 2019).

2.2. Offshore foundations

Steel pipe pile is widely used to construct the foundations of offshore structures because it requires less installation
effort than a closed-ended pile under the same soil conditions (Salgado et al. 2002)(M.F. Randolph 2003)(Paik
and Salgado 2003). As described in section 2.1, the wind turbines are growing, requiring larger diameter
monopiles to support the loads generated from the weight of the structure itself, wind and waves (Sun et al.
2016). These monopiles are currently dominating the offshore wind market, but as projects shift to deeper water
other foundation types are chosen. Jacket and pin piles are used to support jacket and tripod superstructures.
Jacket piles are also characterized by substantial diameters up to 4 meters. Three other foundations which are
not further discussed in this thesis are mooring lines, anchor piles and suction caissons. Mooring lines anchor
a floating structure to the seabed. Anchor piles hold offshore floaters in place and are able to transfer loads
vertically compared to mooring lines. Suction caissons are fixed platform anchors with normally large diameters
than piled foundations. They lower themself by creating a water pressure difference. In Table 3.1 the typical pile
dimensions presented.

Table 2.1: Typical dimensions for Jacket Pile and Monopile (Maynard et al. 2019).

Typical Dimension Jacket Pile | Monopile
Embedded length (m) 65 30
Diameter (m) 25 7.5
L/D (m) 26 4

Tip thickness (mm) 55 70
Side area (m?) 325 450
End area (m?) 0.1375 0.525

As pile dimensions increase, the complexity and technical demands of the installation process also grow. The
installation process typically consists of four main stages, as illustrated in Figure 2.3:

1. Placement of pile guide frame: A steel template is lowered to support pile positioning during stabbing and
driving of the pile.

2. Stabbing of monopile: The monopile is lifted into the guide frame and allowed to penetrate under its
own weight until initial embedment (SWP) is achieved. Hitting a soft soil layer can already cause a punch
through.

3. Placement of follower and hammering: A follower is seated on the pile head, and an impact hammer
drives the pile to target depth through controlled blows. Placing of the follower and hammer can initiate a
punch through. This thesis researches dropfalls during the impact driving phase.

4. Template removal and superstructure installation: The guide frame is retrieved. A transition piece for the
turbine or a different super structure is installed atop the driven foundation pile.
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Figure 2.3: Example of a monopile installation process (Duffy et al. 2025).

2.3. Soil fundamentals

This section describes fundamental behaviour of soil that help understanding the governing mechanisms in the
pile-soil interaction.

2.3.1. Soil stresses

The basic principles that determine stress in soils are primarily based on the concept of effective stress, which is
critical in soil mechanics. Effective stress is the stress that contributes to soil deformation and strength, excluding
pore water pressure. This principle is essential for understanding both saturated and unsaturated soil behaviour.
The fundamental relationship of stresses in soil is described as follows by Terzaghi’s stress principle and written
by Verruijt (2001):

o=0"+u (2.1)

where:

e o is the total stress (N/m?);
e ¢’ is the effective stress (N/m?);

* u is the pore water pressure (N/m?3).

The principle of effective stress is foundational in soil mechanics, serving as the basis for understanding soil
behaviour under various conditions (Zhao et al. 2016). It influences the stress-strain rate over time (Alpan 1970),
further explained in subsection 2.3.8 and provides insights into the mechanical behaviour of soils under different
stress conditions, emphasizing the critical state line where soil transitions from elastic to plastic behaviour
(Atkinson and Bransby 1987). In stress and strain relationships, it is important to distinguish between compression
and distortion. The behaviour in these two types of deformation is completely different. Deformations in shear are
usually much greater than those in compression. Moreover, in compression the material becomes progressively
stiffer, whereas in shear it becomes progressively softer (Verruijt 2001). This is not the case when compact soil is
exerted under shear. For compact soils, shear results in dilation and thus increasing effective stress.
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Figure 2.4: Stiffness in compression (Verruijt 2001). Figure 2.5: Stiffness in shear (Verruijt 2001).

The principle of effective stress is essential to understanding soil mechanics and influences how soils respond to
external forces. It determines soil properties under drained and undrained conditions, which are explained in
Subsections 2.3.5 and 2.3.6. Understanding these principles is essential for predicting soil behaviour.

2.3.2. Grain size distribution

Grain size distribution (GSD) is a fundamental characteristic that determines the physical and hydraulic properties
of soils. It influences soil classification, behaviour and various soil properties. The three main soil types for
offshore foundations are sand, silt and clay. The distribution of gravel, sand, silt and clay particles affects soil
texture, which in turn affects soil properties such as porosity, permeability and water holding capacity. For
example, soils with higher silt and clay content tend to have higher water retention and different mechanical
properties compared to sandy soils (Ural and Gorgiin 2019).
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0.00001 0.0001 0.0 0.01 0.1 1 10 100 Figure 2.7: Soil type classification based on particle size (Verruijt 2001)
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Figure 2.6: Determination of the soil fractions according to the USDA
classification, when using the unimodal equation (Fredlund et al.
2000).

Traditional methods like sieve analysis and hydrometer analysis are commonly used to determine GSD, especially
for coarse and fine particles, respectively. These methods involve physical separation and measurement of soil
particles. Also several mathematical models are used to represent GSD curves (Fredlund et al. 2000). The results
of two different models are presented in Figure 2.6 and Figure 2.7 above, which shows that there are no clear
boundaries between the different soil types. The distribution of grain sizes, including parameters like average
size and dispersion, plays a crucial role in predicting permeability (Masch and Denny 1966), which is further
elaborated on in subsection 2.3.4.

2.3.3. Soil classification
Soil classification is based on index properties, which are determined by classification tests. These tests are
described below:
¢ Particle-size (grain-size) analysis by sieving, which is used to determine gradation parameters.
¢ Plasticity characterisation by Atterberg limit tests, which are used to obtain the plasticity index and place
fine-grained samples on the plasticity chart.

Combining particle-size and Atterberg-limit information ensures robust identification of sands, silts and clays.
Soil samples are obtained by making boreholes from which soil layers are extracted (Das 2006). subsection 2.3.2
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explains more on grain size distributions that follow from a sive analysis. An example of the Atterberg-limits is
shown in Figure 2.13. The limits are typically determined using the Casagrande device.

For samples that contain significant fines, the liquid limit (LL) and plastic limit (PL) are determined following
standard laboratory methods on the soil samples. The plasticity index (PI), which quantifies the plastic range of
the soil, is defined as:

PI=LL-PL (2.2)

The PI is a measure of the plasticity of a soil. As such, the PI indicates the amount and type of clay present in a
soil (Kaliakin 2017). In general:

® Soils with a high PI tend to be clay.
e Soils with a lower PI tend to be silt.

¢ Soils with a PI near zero tend to have little or no fines (silt or clay) present.

The particle size and plasticity index classify the soil type. The problem is that these indicating parameters
are only determined with lab tests on soil samples taken from a borehole. They cannot be directly derived for
a continuous soil profile provided by a CPT. P. Robertson (2010) suggested a method to classify soil based on
CPT correlations. A clear description of how this analyss is performed is given in section 2.4. This method is
involved with more uncertainty than lab tests on the soil samples. The advice is to classify soil with particle size
or plasticity index, as is done in the case study from this thesis with the information gathered from the borehole
samples. The process of obtaining a borehole log is described in subsection 3.2.1.

2.3.4. Permeability

Grain size determine soil permeability, which is the measure of how easily water can move through soil. Larger
grain sizes generally lead to higher permeability, while smaller grain sizes result in lower permeability (Shepherd
1989). Permeability (k) is basically the volume of water that can pass through one square meter per second and is
represented in Equation 2.3 as:

soil type k (m/s)
in gravel 1073 - 107"
g=—k= 2.3) sand 106 -1073
s silt 107®-107°
clay 10719 - 1078

Figure 2.8: Equation for soil permeability (Darcy 1856)(Whitaker 1986)
Figure 2.9: Permeability of different soil types (Verruijt 2001).

The sorting of grain sizes, which refers to the uniformity of particle sizes, also affects permeability. Well-sorted
soils with uniform grain sizes tend to have higher permeability compared to poorly sorted soils (Huang et al.
2019). Soil can in practice be divided into two categories: coarse-grained and fine-grained soils, with as described
their difference in permeability. The mechanical differences between these two categories are relevant for the
calculations of the SRD, as it influences the drainage conditions, described in the next subsections. Figure 2.10
below provides pictures of the structure of different soil types, sorted on permeability and grain size.

coarse-grained fine-grained

meability low permeability

I

S5

ravel Sand

Figure 2.10: Pictures of different soil types, ordered on grain size and permeability (Kementzetzidis 2024).
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2.3.5. Drained conditions

Coarse-grained soils have been shown to exhibit distinct mechanical properties in comparison to fine-grained
soils. The high permeability of the medium leads to conditions of drainage. In conditions of drained loading, the
application of load is gradual, or alternatively, the soil permeability is high, resulting in the unobstructed flow of
water out of the soil skeleton, without the development of excess pore pressures (Au). In other words, all load
changes are taken by the soil skeleton (Lambe and Whitman 1969). The soil is described by the following key
mechanical properties:

e Shear Strength: The shear strength of coarse-grained soils increases with the proportion of gravel,
particularly when the gravel is uniform in size. The internal friction angle also increases with coarse grain
content (Ardouz et al. 2022), plotted in Figure 2.11. This means that in drained conditions the soil has higher
shear strength and is thus able to build up more shaft friction than undrained soils.

* Dilatancy: Coarse-grained soils exhibit significant dilatancy, which is the volume change tendency during
shear (Du et al. 2023). This positive dilatancy is plotted in Figure 2.12, as the volumetric strain increases
under loading. Well-graded soils show greater dilatancy compared to poorly-graded soils, leading to higher
peak friction angles in drained conditions (Ahmed et al. 2024).

* Particle Breakage: Under stress, coarse-grained soils undergo particle breakage through fracture. The rate
of particle breakage increases with larger differences in particle size distribution before and after testing
(Du et al. 2023). Particle breakage forms a risk in carbonated soils (CAPE Holland 2024).

¢ Influence of Gradation: Soils with a wider gradation exhibit greater dilatancy and shear strength. The
critical state lines in void ratio-mean effective stress space move downward as gradation widens, indicating
higher mechanical strength (Ahmed et al. 2024).
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Figure 2.11: Evolution of the internal friction angle ¢" as a function of the volume Figure 2.12: The volumetric strain €, versus axial strain € curves
proportion of gravel (Ardouz et al. 2022). under different effective stresses (Du et al. 2023).

2.3.6. Undrained conditions

In water-saturated soils, the pore water pressure (1) relieves the contact forces between the grains. The same way
that solids submerged in fluids weigh less. When loading is applied so rapidly, or the soil permeability is so low,
there is no movement of water and excess pore pressures (positive or negative) are able to develop (Wu et al. 2019).
Undrained conditions are most common in fine-grained soils as they have low permeability. In unsaturated soils,
volume change in undrained conditions is related to over consolidation ratios (OCRs) and pore air volume (D. Sun
et al. 2008). Atterberg limits, which include the liquid limit, plastic limit, and plasticity index, are determining the
undrained conditions of fine-grained soils. These limits, shown in Figure 2.13 are used to estimate the undrained
shear strength of soils. More importantly, they classify the soil type based on the plasticity limit. This is described
in section 4.1. The undrained shear strength at the plastic limit is significantly higher than at the liquid limit, often
30-35 times greater (Karakan 2022). The undrained shear strength of clay (s,) is not increasing, with increasing
axial shear, as this is taken by the pore water pressure. This is visualised in Figure 2.14.
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Figure 2.13: Definition of the Atterberg limits (Das 2006). Figure 2.14: Undrained shear strength s,, (Kementzetzidis 2024).

Than silty soils are left, which form the partially drained soil category. Silty soils often experience partial drainage
during testing and loading, which affects the interpretation of soil properties. This is particularly evident in Cone
Penetration Tests (CPT), where partial drainage can lead to inaccurate estimates of soil properties if not properly
accounted for. In undrained conditions the tip resistance, the pore pressure distribution and its dissipation
depend on the rigidity index I, = G/s,, where G is the elastic shear modulus and s, is the undrained shear
strength. The first may be expressed as:

_3(1-2v) (1+e)o’
T 201+v) o«

(2.4)

where v is the Poisson’s ratio, e is the void ratio, « is the permeability and ¢’ is the mean effective stress (Ceccato
and Simonini 2017). The consolidation behaviour of silty soils under partially drained conditions is influenced
by the soil’s permeability and the rate of loading. The coefficient of consolidation can be estimated through
dissipation tests, which are affected by the degree of drainage during penetration. The partially drained behaviour
of silty soils necessitates careful consideration in geotechnical design and analysis. Existing soil behaviour charts
and correlations may not accurately capture the behaviour of silty soils, requiring tailored approaches for site
characterization and engineering applications (Liu et al. 2022).

2.3.7. Normalised velocity

The normalized velocity is a dimensionless parameter that accounts for the effects of penetration rate on soil
response during testing. It is particularly significant in fine-grained soils, where penetration rate can influence
pore pressure generation and, consequently, the measured cone resistance (Garcia Martinez et al. 2016). The effect
of the above discussed soil drainage can be taken into account using as normalising parameter, the normalised
penetration velocity (Finnie and M. F. Randolph 1994):

V= — (2.5)

where v is the penetration velocity, D the cone diameter, and c the consolidation coefficient. For open-ended steel
piles, take wall thickness ¢ instead of the diameter. Indeed, the consolidation process close to the advancing cone
is not only affected by the permeability, but a significant role is also played by the compressibility of the soil, the
probe diameter, and penetration velocity. Accordingly, Equation 2.5 describes the relation between penetration
rate, pile size and consolidation coefficient, which is related to soil drainage state. These parameters are plotted
against each other in Figure 2.15, indicating that one soil type can have different drainage behaviour, based on
penetration speed (Finnie and M. F. Randolph 1994). Note that this thesis invests the initiation of a pile run, not
the behaviour during a pile run. This means that the velocity is (almost) zero, giving small relative velocity values.
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Figure 2.15: Field decision chart for 10 cm? cone presenting relation between consolidation, penetration rate and normalised velocity
(J.T. DeJong et al. 2013).

As by higher penetration rate (pile run) the soil behaviour turns more undrained, the total resistance drops (Finnie
and M. F. Randolph 1994). This drop is 55% for shaft friction (Carneiro et al. 2016) and 90% for tip resistance
(Finnie and M. F. Randolph 1994). Further research has been conducted on this topic, from which the results
are visible in Figure 2.16. For transitional soils are the changes in penetration resistance difficult to define, as
the drainage conditions are often unknown around the CPT and pile. Intermediate soils should therefore be
examined on a case-by-case basis, with particular attention to the soil’s coefficient of consolidation and the probe

diameter (Duffy et al. 2025).

2 8« Drained . Partially drained Undrained
; | P -
- | . ¢  Randolph & Hope (2004)
2.4 | O o A Schneider et al. (2007) -
| ., O  Mahmoodzadeh & Randolph (2014)
= = — This study
L 2.0F A - —
B AT [
L= o i
e |
o 1.6 | -
I [
1.2 | -
-
I | s 1 &f A 1
n 1 i 1 i L1l I | 1 1 L1 13 I 1 i 1 11 i I 1 i i | 4 813 i 1 i Ll
DB.EH 0.1 1 10 100

Figure 2.16: Resistance ratio over normalized velocity, comparison with experimental data on kaolin (Ceccato and Simonini 2017).
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2.3.8. Consolidation

Consolidation occurs as water is squeezed out of the soil’s pore spaces, leading to a reduction in volume and an
increase in soil density over time. This process continues until the excess pore water pressure, generated by an
increase in total stress, is fully dissipated. The consolidation coefficient is relevant for drainage behaviour, as it
describes the relation between the permeability and the compressibility (Verruijt 2001):

k
My Yw

(2.6)

¢ = Coefficient of consolidation

k = Coefficient of permeability

m, = Coefficient of volume compressibility
v = Water density, 10.25 [kN/m3] for salt water

2.4. Cone Penetration Test

This section provides an explanation of the Cone Penetration Test (CPT) test and the correlations that can be
calculated with the CPT results. The CPT, a Dutch invention from the 1950s that was called the Dutch Cone Test,
is a widely used method for soil investigation, providing rapid, continuous, and reliable measurements of soil
properties. The CPT is based on pushing a penetration cone of approximately 35 mm with constant velocity (20 -
25 mm/s) into the soil. During the penetration test the values of the cone resistance 4. and the local skin friction
fs, respectively are recorded. Sometimes pore pressure is also recorded (P. Robertson 2016). The friction ratio is
defined as the percentage of sleeve friction, f;, to cone resistance, g, at the same depth (Rocscience Inc. 2021).
The raw g, value is corrected for the pore pressure influence on the measurement to obtain the corrected cone
resistance g¢. The used correction described in Equation 2.7 is suggested by P. Robertson (2010).

gt = qc +uz(1 —a) (2.7)
Where:

* g;: corrected cone tip resistance
* g.: measured cone resistance
® 1u,: measured PWP at CPT shoulder

* g: cone area ratio. a = 0.75 commonly used for CPT tests offshore by Fugro

CPT is effective in determining the number and thickness of soil layers, providing a detailed profile of subsurface
conditions. The test data can be used to classify soils based on behaviour characteristics, which are more indicative
of in-situ conditions than traditional textural classifications. For soil identification, the CPT results may be
normalised to yield the normalised cone resistance, Q¢,, and the normalised shaft resistance, F,. When these
values are plotted on the SBT,, chart (see Figure 2.17), the soil behaviour type becomes apparent. The contours of
the state parameter, I, can be used to approximate the SBT,, boundaries. The generally circular shape of the I,
contours provides a reasonable fit to the SBT,, boundaries in the central region of the chart (P. Robertson 2016).
This SBTy, chart is presented below in Figure 2.17, with the classification table next to it to categorise the soil type.
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Figure 2.17: CPT Soil Behavior Type (SBT) chart
(P. Robertson 2010).

2.4.1. CPT correlations

A summary is presented of the interpretation methods for the CPT results. Identification of soil stratigraphy
in terms of general soil behaviour (and to a lesser degree soil type) is a more important feature of CPT than
other investigation techniques (Fugro 2021). Empirical research has correlated these measurements to other soil
parameters (P. Robertson 1990)(P. Robertson 2010)(P. Robertson 2016). This subsection offers a comprehensive
overview of the employed correlations and their respective references, in addition to a detailed list of the variables
utilised.

The soil properties saturated unit weight y, effective stress ¢, and total stress o,, calculated according to P.
Robertson (2010):

fs)

Rf=|=—]-100% 2.8

f (qt (2.8)

y = (027 10g(Ry) + 0.36 log(L) + 1.236) 1, 2.9)
o) = ZAZ (y = yw) (2.10)
Oy = 0p + ZVw + Og0 (2.11)

* Ry: friction ratio

e fs: local skin friction [Pa]

* y: estimated soil unit weight [kN /m?]

® p,: atmospheric (reference) pressure, 101 [kPa]

* ¢/ total vertical effective stress at depth z, obtained by summation of layer contributions [kN/m?]
* Az: thickness of the soil layer [m]

* 0,: total vertical stress at depth z [kN/m?]

e z: depth below the ground surface [m]

* 0y0: initial vertical stress at the seabed surface (initial surcharge) [kN/m?]

The normalised cone resistance and friction ratio parameters for soil classification are also calculated as following
by P. Robertson (2010):

o
Q =1 = 2.12)
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_ 9t 00 Pa
Qu = —- (G;) (2.13)
Eo= —L %00 (2.14)
4t — Oy
I = \/(3.4:7—10ng)2 + (logF, +1.22)° (2.15)

Q¢: normalised cone resistance
® (Q:,: normalised cone resistance with variable stress exponent

® n: stress exponent

F,: normalised friction ratio (%)
fs: sleeve (shaft) friction [MPa]

The stress exponent n is according to Zhang et al. (2002) calculated with Equation 2.16. Use a root cause finder
function to solve I, Q;, and n.

’

no= 03811 + 0.052 — 0.15 (2.16)

Pa

P. Robertson (2016) suggested to update the SBT,, chart with new soil behaviour types and the incorporation of a
contractive—dilative (CD) boundary. This updated chart is shown in Figure 2.19. A CPT-based boundary between
contractive and dilative soils depends on many variables (e.g., in situ stress state, soil plastic hardening), and
there is a transition between ideal soils that are predominately contractive to soils that are predominately dilative
at large shear strains. The CD boundary may be represented by Equation 2.17 and the modified soil behaviour
type index I, with Equation 2.18.

CD =70 = (Q¢n — 11)(1 + 0.06F,)" (2.17)
Iy = 100(Q¢n + 10)/(Qty Fr + 70) (2.18)
1000
Soil Behaviour Type
1: OCS Clay-like - Contractive - Sensitive
100 2: CC Clay-like - Contractive
3: CD Clay-hke - Dilative
4 TC Transitional - Contractive
a 5. TD Transitional - Dilative
- 6 SC Sand-lke - Contractive
=l 7. SD  Sand-like - Dilative
10
CD = (Q, - 11)(1 + 0.06F )"
I3 =100(Qy, + 10)/(70 + Q.F,)
1
0.1 1 10

F, (%)

Figure 2.19: Proposed updated SBT,, chart based on Q;,—F, (solid lines show soil behaviour type boundaries, and dashed lines show
boundaries), suggested by P. Robertson (2016)).
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2.4.2. State parameter
The state parameter W quantifies a soil’s relative density and its tendency to contract or dilate under undrained
shear. It is defined as:

W =¢—e.(0") (2.19)

where

e ¢: the current void ratio,

* e the void ratio at the critical state. This parameter is effective stress dependent.

There is spoken of the initial state parameter Wy when the soil is undisturbed. Jefferis and Been (2016) state that an
initial state of around Wy = —0.06 is necessary on average to ensure that net dilation occurs at peak ¢. According
to Ayala et al. (2023) occurs the shift in dilative—contractive behaviour at Wy = —0.064. This boundary is highly
case dependent and thus not directly applicable on different soils. The void ratios are measured with lab tests to
obtain the state parameter. These lab tests are not performed for this case study, so the CPT correlations from
Robertson (2022) are used to quantify the degree of contractive/dilative behaviour. The calculations performed
for this thesis are described in Equations 2.20 to 2.22. For CPT-based interpretation, a clean-sand equivalent
normalized cone resistance Qyy s is first defined by:

Qtn,es = Qi Ke (2.20)

14
Ke~15 - ——— forI. <3.0 .21)

11
(1+ 2.155)

where

® Q¢n,cs: the clean-sand equivalent normalized cone resistance, valid for (I, < 3.0)

e K.,: correction factor for fines content

The term K. is introduced by K. Been et al. (2012) to account for partially drainage of the CPT measurements.
P. Robertson (2010) then correlated the state parameter to Q¢ cs for sand-like soils (I, < 3.0). This means that no
state parameter is calculated for the clay layers in this thesis. Equation 2.22 provides the CPT correlation with the
state parameter, suggested by Robertson (2022).

¥ =056 — 0.33 log(Qtncs) (2.22)

The magnitude of W represents a potential shear strength loss: higher positive values signal greater potential
strength loss, while more negative values signal greater potential strength gain. Robertson (2022) suggests for
soils with a contractive state parameter (W > —0.05) to use the liquefied undrained shear strength for stability
calculations. This liquefied undrained shear strength ratio s, 4/ 07, is given in Equation 2.23 for sand-like and
transitional soils (I < 3.0). This ratio is not directly returning in the used SRD methods from section 3.3, but it
does provide a way of quantifying strength loss.

5
u(’hq) = 0.0007 exp (0.084 Qyy s ) + o

GUO Qtn,cs

(2.23)

Robertson his normalised Soil Behaviour Type (SBT,) chart can be used to plot the undrained liquefied shear
strength and visualise vulnerable soil types for this strength loss, displayed in Figure 2.20. If this quantification is
applicable to soil resistance to the driving of monopiles, this should be investigated. However, it states that the
fluidisation mechanism in contractive soils could lead to significant strength loss. In the Changhua case study
analysis, the state parameter is used to quantify the level of contractivity of the pile runs that occurred.
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Figure 2.20: CPT-based SBT chart showing contours of large strain s,(j;5)/ 07, and case history data of flow liquefaction failures (numbers
represent cases presented by P. Robertson (2010)). CC, clay-like — contractive; CCS, clay-like — contractive — sensitive; CD, clay-like — dilative;
SC, sand-like — contractive; SD, sand-like — dilative; TC, transitional — contractive; TD, transitional — dilative (Robertson 2022).

2.5. Pile-soil interaction transitional soils

In this section, two mechanisms are addressed. The first concerns the interaction between the soil skeleton
and the pile, which is split into two zones: the pile tip, which governs end-bearing capacity, and the pile shaft
governing the shaft friction. Soil-shaft interaction is analysed at the micro scale in the latter to explain the overall
soil response.

Once the influence on the soil skeleton has been defined, the second mechanism analyses how transitional soils
respond to pile driving in terms of changing bearing capacity. Changes in shaft friction or end-bearing resistance
can trigger a dropfall. This analysis focuses particularly on how soil permeability and compaction control the
response of silty layers to impact loading, which are the primary variables investigated in this section. Based
on these two mechanisms, a theoretical framework is developed to characterise the fundamental behaviour of
transitional soils under impact loading. chapter 4 applies this framework to the Changhua case study to test its
capacity to explain unexpected dropfalls during pile installation.

2.5.1. Influence impact hammering on soil skeleton

Firstly, it is important to establish how the hammer blow is absorbed by the soil in both the axial and lateral
directions. Initially, the impact of the hammer causes the pile toe to displace. As illustrated in Figure 2.21,
this induces compression in the soil layer beneath the pile tip. Even the slightest displacement causes the soil
skeleton to undergo plastic deformation: the soil particles are forced together, resulting in an increase in effective
stress. Consequently, a compression zone, a shearing zone and a crushing zone develop beneath the pile tip
(NGI 2024). Under undrained conditions, pore water is not able to escape. This leads to a rise in pore-water
pressure (PWP) such that u + Au > ¢’. According to cavity-expansion theory, the maximum bearing capacity
may then be determined (Randolph et al. 1994). The shear angle, ¢, and the dilation angle, 1, are directly related
to the relative density, D;, and to the effective stress, ¢’, at failure via Bolton (1986) stress—dilatancy theory . The
spherical cavity-expansion approach has given rise to several models linking pile-tip displacement to end-bearing
capacity (Thooft et al. 1997). When applied to transitional soils, this mechanism demonstrates that, if the soil is
less permeable than anticipated, pore-water pressures will increase in relation to the effective stress. As water is
essentially incompressible, this does not necessarily result in a reduction in end bearing forces. This behaviour
can be observed in a consolidated undrained triaxial test. This test simulates axial compression under undrained
conditions: total stress capacity increases while shear strength decreases.
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Figure 2.21: Pile toe loading zones as described by NGI Path (TSP) and Effective Stress Path (ESP) under axial loading conditions
(NGI 2024). (Kementzetzidis 2024).

2.5.2. Pile shaft-soil interaction

Shear resistance along the pile shaft is mobilised from the moment even a minute displacement occurs. In
terms of the soil-pile interaction, two zones must be distinguished: the interface layer and the far field. These
correspond to Zones B and A in Figure 2.23. These two zones exhibit different relevant mechanical properties.
The interface layer, approximately 104 of the particle diameter, is the stratum that experiences shear stress directly
from the foundation pile. The behaviour of this layer can be explained via a direct shear test. When shear stress is
applied by the pile, the particles slide over one another, resulting in the interface layer dilating. The relationship
between shear stress and effective stress is described by the Mohr—Coulomb criterion in Equation 2.24. Here, c is
a parameter that denotes the cohesion of the soil and takes a value of zero for sandy and silty strata.

T =c+ 0 tan(¢) (2.24)

The Mohr—Coulomb criterion operates in both directions. It ensures that the pile transmits shear forces to the
adjacent particles in the interface layer. Conversely, it also demonstrates how the soil skeleton exerts bearing
on the monopile. Having established that dilation occurs in the interface layer, consideration can be given to
how the far-field layer responds. Zone A can be modelled mechanically as a spring that reacts to the expansion
of the interface layer. At the microscale, Zone A undergoes continuous contraction and expansion, resulting
in fluctuating effective stresses and variations in pore-water pressure as the inter-particle spacing is constantly
changing. This leads to large strains in the soil formation.
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Figure 2.23: Kinematics of pile shaft-soil interaction close to the pile tip (White and Bolton 2004).
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On a larger scale, the influence of dilation becomes more pronounced. The behaviour of soils in shear prior to
failure can be classified into two main groups: soils that dilate at large strains and soils that contract at large
strains. Saturated soils that contract at large strains have a lower shear strength in undrained conditions than
in drained loading due to the consequent increase in PWP and reduction in effective stress (Robertson 2022).
This mechanism essentially arises from the dilation of the interface layer in relation to the far-field zone. As a
layer dilates, the pressure on the soil skeleton increases. This results in higher effective stress. In the case of a
contractive layer, the far-field zone contracts. This causes the soil particles in the interface layer to lose contact. It
thereby eliminates effective stress and the shear resistance mobilised on the pile. The pores in the interface layer
then fill with water, forming a fluid film layer that moves along the pile surface. This phenomenon is known as
fluidisation. Equation 2.1 demonstrates that the Excess Pore Water Pressure (EPWP) thus generated results in a
reduction of effective stress and, applying the Mohr—Coulomb criterion, a corresponding decrease in the shear
resistance on the pile.

2.5.3. Response transitional soils

In order to determine why inexplicable pile runs occur in transitional soil layers, a deeper investigation on
mechanical properties of transitional soil is required. Transitional soils are typically characterised by silty textures
and exhibit mechanical properties that are intermediate between those of sands and clays. Their behaviour
during loading depends strongly on drainage conditions, relative density and the plasticity limit explained in
subsection 2.3.3. Sands generally exhibit drained behaviour due to their high permeability. In contrast, clays
predominantly exhibit undrained behaviour under short-term loading due to their low permeability. Their
strength is mainly influenced by cohesive forces and the generation of EPWP. Transitional soils, such as silts, have
intermediate permeability and can behave in either a drained or undrained manner depending on the loading
rate. In the industry, an assumption often made for soil resistance calculations is that silty soils behave in the
same way as sands under loading. However, Figure 2.9 indicates that clay has a permeability between that of clay
and sand, which is why it is called a transitional soil. While it is not as bound to water as clay, the fine-grained
structure of the soil makes it low permeable, as explained in subsection 2.3.4.

The combination of semi-permeable soil and EPWP because of impact loading can result in a decrease of effective
pressure providing shaft friction. As mentioned above, the soil must be both contractive and permeable so that
the pores in the contractive far-field layer are expelled and the interface layer fluidises. This phenomenon can be
observed on a beach: when standing on saturated sand, one can see the water drain away and the sand dry. The
same process occurs in the interaction zone between soil and pile. The issue with silt compared to sand is that,
when pore-water pressures increase due to impact hammering, water in the silt layers cannot escape. This results
in excess pore-water pressure (EPWP). Rosati et al. (2025) has demonstrated this theory through centrifuge tests.
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Figure 2.24: Experimental setup in centrifuge basket with pile depths
resulting from blow 1 till blow 8 (Rosati et al. 2025).

Figure 2.25: EPWP measured by PPT2 over the blow sequence

(Rosati et al. 2025).
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The authors hypothesized that pile runs result primarily from the accumulation of EPWP due to inadequate
dissipation during repeated impact blows. Centrifuge tests simulated the installation of a monopile in stratified soil
consisting of normally consolidated Viterbo silt overlain by dense Geba sand. Experimental results demonstrated
a clear build-up of EPWP during consecutive blows, as measured by transducers embedded in the silt layer. This
positive EPWP build-up was directly caused by the silt’s low permeability and contractive behaviour, which
induced a partially drained response between consecutive blows. The decrease in driving force observed in two
consecutive blows performed in the silt suggests a reduction in unit shaft friction according to Rosati et al. (2025).
This raises an important question: How do hammer energy (amplitude) and blow rate (frequency) influence the
build-up of EPWP, and how can this influence be quantified?

2.5.4. Conclusions on pile-soil interaction transitional soils

During impact driving, the pile exerts a shear force on the soil, causing its particles to slide past one another.
This results in fluctuations in inter-particle stress and pore-water pressure. If the surrounding far-field layer
contracts, the particles in the interface layer lose contact and the effective stress decreases. In permeable soils, this
process forces water from the far-field layer into the interface layer, creating a thin film along the pile shaft. This
phenomenon is known as fluidisation. In partially drained conditions, pore-water pressure in the interface layer
does not dissipate between blows. This leads to EPWP and a consequent reduction in shear resistance according
to the Mohr-Coulomb criterium Equation 2.24.

This mechanism is triggered under two conditions:

1. The soil layers providing shaft friction are contractive.

2. The soil layers are partially permeable. It is essential that the EPWP is able to build up, but not quickly
dissipate again.

Silt satisfies these conditions as a transitional soil type. Clay is not considered because the water within it is
essentially bound and cannot therefore inhabit the far-field layer. The pertinent follow-on question is to what
extent increasing frequency and amplitude affect the susceptibility of additional fine graded sand types to
fluidisation. If pore-water pressure accumulates more rapidly than it dissipates, the soil will remain vulnerable to
the phenomenon. If required to precisely check the drainage response, dissipation tests and variable rate CPT’s
can be useful (J.T. DeJong et al. 2013);(Duffy et al. 2025).

2.6. Drivability

Drivability analysis calculates whether the selected hammer and pile can achieve the targeted penetration depth
without overstressing or causing structural damage to the pile, thus avoiding significant operational delays and
additional financial costs. This section introduces the Smith pile-hammer-soil model, which uses a spring-based
representation to simulate the dynamic interaction between the pile, hammer and soil. It also presents the
mechanical way of modelling the soil and finally a schematisation of the drivability analysis.

The Smith model conceptualises the pile-hammer-soil system through discrete springs and dashpots representing
pile segments, soil resistance and energy transfer from the hammer impact. The open-ended pile is modelled
as a linear homogeneous elastic rod (Tsetas et al. 2021). The fundamental equation of motion (EOM) for
one-dimensional wave propagation along the pile axis considering an elastic pile (Deeks and M. Randolph 1993),
is given by :

Pu 0%

3t2 C ﬁ =0 (225)

where:

u is the axial displacement of pile particles;

t is the time;

* x is the position along the pile axis;

* c is the wave propagation speed within the pile, expressed as c = \/g , with E as Young’s modulus and p as
the density of the pile material.
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Figure 2.26: Pile-Hammer-Soil system as described by Smith (1960).

The numerical solution of this partial differential equation (PDE) in Smith’s approach uses the finite difference
method, where the pile is discretised into segments and each segment interacts with the soil via elasto-plastic
springs representing soil resistance to driving (SRD) and dashpots simulating dynamic resistance. The mechanical
scheme is visualised in Figure 2.27. The Smith model solves this PDE by discretising both space and time. At
each time step, the transmitted and reflected stress waves at the nodes are calculated based on local equilibrium
and compatibility conditions (Patnaik et al. 1999). The soil resistance at each node is modelled as proposed by
Smith (1960) Zandwijk et al. (1983):

Riotal = Rstatic + ] - 0+ Rtatic (2-26)

where:
® Rgatic 18 the static resistance (SRD);
¢ | is a damping coefficient (sec/m);
* v is the pile velocity at the node (m/sec).

According to Byrne et al. (2018), pile drivability studies use wave equation analysis, typically implemented by
software such as GRLWEAP or AllWave, to evaluate hammer-pile-soil interactions and solve it numerically.
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Figure 2.28: Schematisation of the input and output of a drivability analysis presented by Byrne et al. (2018).
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Figure 2.28 the input and output parameters of the wave equation. These inputs are further analysed in this
chapter to gain a broader understanding of the underlying principles of a drivability analysis. Wave equation
analyses explicitly link input parameters (hammer, pile, soil conditions) to outputs (drivability predictions) by
iteratively solving the wave propagation PDE. The adjustment of the soil resistance parameters has a direct effect
on the impact predictions, allowing the hammer selection and driving strategy to be optimised. The relevant soil
parameters are further elaborated on in section 2.3 and subsection 2.3.3 explains how these parameters are used
for soil classification. Accurate drivability predictions are therefore dependent on static soil models, hammer
efficiency and pile dimensions. Prendergast (2018) provided a more in-depth flow-chart of the drivability analysis
shown in Figure 2.29.
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Figure 2.29: Flow-chart of driveability analysis procedure presented by Prendergast et al. (2020).

2.6.1. Impact hammers

In offshore foundation engineering, different types of hammers are used to install foundation piles. The two
main types of hammer used are impact hammers and vibratory hammers. In thesis only impact hammering
is considered. Traditionally, offshore foundations have been installed using impact hammers. These hammers
deliver a series of blows to drive piles into the seabed. They are known for their reliability and have been widely
used in the installation of monopiles, which are a common foundation type for offshore wind turbines(Meijers
et al. 2017). The impact hammer system displayed in Figure 2.30 are described in the equations below:

Fj = (2.27)

N =

Z = EpA,Cp (2.28)

Fh: Impact force (N)
v: Pile head velocity (m/s)

Z: Impedance of the pile (Ns/m)

E,: Young’s modulus of the pile material (Pa or N/m?)

e Ap: Cross-sectional area of the pile (m?)

C,: Axial wave speed of the pile (m/s)



2.6. Drivability 23

Figure 2.30: Three methods to model an impact hammer (Take et al. 1999).

2.6.2. Driveability framework

This thesis examines a static pile-hammer—soil system in which various parameters interact. In this study, the
focus is exclusively on the variables that influence static equilibrium, while dynamic parameters are excluded
from consideration. Although, they are provided in this theoretical framework to sketch the complete picture.
The following four distinct categories of variables are defined:

¢ Independent variables: Parameters that are prescribed or controlled externally (e.g. CPT data and hammer
efficiency).

* Dependent variables: Responses of the system that result from changes in the independent variables (e.g.
shaft resistance, tip resistance).

* Moderating variables: Hammer and geometric factors that influence the relationship between independent
and dependent variables (e.g. pile dimensions, hammer type).

® Variables to investigate: Specific parameters under study to validate the theoretical framework (e.g. state
parameter, SRD).

The interrelations among these categories are summarised in Figure 2.31. This thesis investigates soil parameters
that determine the soil behaviour. Note that the soil model is in this context a certain chosen SRD calculation
method to link soil data in the form of a CPT to bearing capacities, usable for the wave equation analysis.
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Figure 2.31: Schematisation of the relationship between the pile-hammer-soil system variables.
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2.7. Pile run

A "pile run" (also termed pile free-fall (Erbrich and M. F. Randolph 2025)) refers to the sudden and uncontrolled
descent of a offshore foundation pile during installation (CAPE Holland 2024). In case the total weight of the
"pile driving system" (i.e. the combination of pile, upending tool and hammer) exceeds the Soil Resistance to
Driving (SRD), pile run might occur. Usually, at this point in wave equation analysis software, no hammer blow
count is predicted until a depth is found where the SRD increases sufficiently to support the weight of the pile
driving system again (Thijssen and Roelen 2024). All the forces acting on a foundation pile during installation are
displayed in Figure 2.32.
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Figure 2.32: Forces acting on a pile during driving (L. Sun et al. 2022).

For the rest of the research, the pile run is divided into two types, known as ‘dropfall” and ‘punch through’. These
definitions and the differences in their systems are explained below. Note that these definitions are used by
Heerema and therefore in this thesis, but these terms are not used throughout the industry.

Punch Through refers to a scenario during monopile installation where the monopile suddenly penetrates a
strong soil layer or scour protection while being partially suspended by the lifting equipment or monopile lifting
tool. The main characteristic of pile run is that it occurs during the initial stabbing or placement phase of monopile
installation, before active pile driving begins. Thus, pile run involves primarily a static or semi-static system, with
the monopile partly hanging in the lifting gear.

Conversely, Dropfall occurs during active pile driving, where the monopile unexpectedly breaks through a strong
layer or scour protection. This event happens during pile driving. Due to its dynamic nature, dropfall includes
interactions related to the hammer-pile-soil system, as represented in Figure 2.32. Analytical static predictions for
drop fall utilise methods based on Newton’s second law (L. Sun et al. 2022). The problem is dynamically solved
by a drivability model based on the wave equation (Meijers et al. 2017).

2.7.1. Analytical model

The most used analytical approach by researchers for assessing pile run is based on energy conservation equating
the kinetic energy of the moving pile to the potential energy across a depth increment i, considering the different
forces acting on the pile during penetration, presented in Figure 2.32 (Sun et al. 2016);(L. Sun et al. 2022);(Thijssen
and Roelen 2024);(Duffy et al. 2025);(Kashichenula et al. 2025).
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where

* myis the mass of the pile,

* my is the mass of the hammer,

* v is the velocity of the pile,

* W, is the weight of the pile,

* W), is the weight of the hammer,

e F, is the shaft resistance,

e [}, is the base resistance,

® Fiyqg is the inertial drag force,

* Fpuoy is the buoyant weight of displaced soil (and that acting on the pile and hammer if submerged),

* zj is the elevation of the pile base.

Buoyant effects are particularly relevant for integrated structures where the foundations are integrated directly
into the superstructure, like in skirted jackets or monopile towers (Duffy et al. 2025). Inertial drag force is generally
considered negligible in sand (Dayal and Allen 1975) and is out of scope for this research. Viscous forces describe
the frictional forces between pile and water. Chow et al. (2018) suggests to consider viscous forces when the pile
penetrates through clay with a high normalised velocity. Duffy et al. (2025) suggests to neglect viscous forces for
the analytical forcing model. This thesis investigates dropfall initiation in transitional soils, so vicous effects are
neglected. The shaft friction F; is the integral of the distributed load provided by the soil over the pile shaft,
described by Equation 2.30. In the case of unplugged piles, also inner shaft friction is considered by adding the
inner diameter to the outer diameter. The base resistance is the integral over the tip surface at pile tip depth,
described by Equation 2.31 for unplugged piles.

L
Fs = T[D/ fsdz (2.30)
0

_n(D},-D})

Py = — 9 (2.31)
Figure 2.33 gives an example of total resistance, pile velocity and blow counts based on a certain soil profile. The
first observation is that according to API calculation method the total resistance drops in clay or silty clay layers.
This soil resistance becomes even lower than the pile weight, which means that the soil fails and is not able to
burry the pile any more, resulting in uncontrolled velocity increase and thus a pile run. The pile velocity and
blow count graph demonstrates that every blow gives a certain velocity to the pile, lowering it into the ground.
When velocity is observed without any hammer blows, there can be spoken of a dropfall.
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Figure 2.33: Example case pile run with profiles of total resistance, pile velocity and recorded blow counts (L. Sun et al. 2022).

2.7.2. Risks

Pile run itself is not a new phenomenon in pile driving. In fact, a controlled drop fall or punch through helps to
reach the target depth, saving energy and time. The problem is that the larger foundation piles require heavier
hammer, meaning that if the monopile drops and the hammer falls on the monopile, a huge impact force hits
the monopile flanges and the hammer itself. Unexpected pile run during monopile driving can break the steel
wires connected to the heavy hammer or cause the hammer to fall into the sea (Sun et al. 2016). Due to a sudden
monopile through a strong layer or scour protection during pile driving of the monopile, there is a risk that the
hammer, the hammer lift rigging and/or installation vessel crane is damaged as a result of shock loads. It can also
damage the monopile (flange) or the monopile cannot be installed within the required tolerances (Tomic 2020).

Additionally, when a pile run occurs and the rigging sling is short, the pile hangs on the crane again, creating a
huge momentum for the ship, destabilising it. This results in problems for the project execution as not to much
pitch and roll are excepted during installation. The inherent risks associated with pile run lead to down time and
thus high costs, as the ship and equipment are very expensive. Another problem is that these larger and heavier
piles carry more inertia when set in motion, making it more challenging to halt their self-penetration process once
initiated.



Methodology

This chapter outlines the two-stage methodological approaches adopted to investigate pilerun initiation in
transitional soils. The theoretical framework from subsection 2.5.4 is tested on a case study to investigate whether
the observed dropfalls can be explained by the proposed mechanism based on the literature review. This chapter
describes the approach of this thesis to proof the two conditions that can trigger a dropfall:

1. The soil layers providing shaft friction are contractive.

2. The soil layers are partially permeable. It is essential that the EPWP is able to build up, but not quickly
dissipate again.

The aim is to improve our understanding of the boundary conditions of this theoretical framework so that risks
can be assessed more accurately in future projects. To this end, it is necessary to verify that both theoretical
criteria are met at the point of dropfall initiation. This is done with the help of a case study. An explanation of the
Changhua offshore wind project in the Taiwan Strait is provided in section 3.1 to provide the boundary conditions
of the case study. Six monopile locations that exhibited unexplained dropfalls were selected for investigation.
The pile run investigation comprises soil investigations and strength calculations.

The explanation for the applied soil investigation methods is provided in section 3.2. The methods used to assess
soil are explained, and the implementation process is given step-by-step. The soil investigation methods involve
classifying the soil stratigraphy using Robertson’s SBT,, chart and computing the state parameter from CPT data.
The aim is to identify transitional, contractive and semi-permeable soil layers. Borehole descriptions are then
used to validate the CPT interpretations, providing a more reliable method of soil identification.

The soil investigation is followed by explanation of the implemented SRD methods in section 3.3. These methods
are used to quantify soil strength in Newton. Three complementary CPT-based models are presented: the Alm
& Hamre method, the Maynard method, and the Unified Method. These methods have been selected for this
thesis as the state-of-the-art for assessing soil resistance to driving in transitional soils. The motivation and
explanation of these methods is provided in subsection 3.3.1 to subsection 3.3.3. Other SRD methods are provided
in Appendix C to provide background. The implementation and validation of the methods in a Python model is
described in subsection 3.3.4

27
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3.1. Case study description

This section provides a brief overview of the project details from the chosen case study in Changhua, Taiwan. A
part is removed because of confidential reasons from this upload.

All Pin Piles have an outer diameter of 3099 mm and a wall thickness of 50 mm. Each jacket requires four pin
piles, with lengths and weights defined in Table 3.1. Within each set of 4 pin piles, piles are identical and therefore
interchangeable. The pile driving operations utilised an impact hammer from the company Menck, specifically
identified as MHU-2100. This hammer has a in air weight of 3326 kN and rated energy of 2100 kJ, with a blow
rate at maximum energy of 32 blows/minute, which comes down to 0.53 Herz.

Table 3.1: Overview of lengths and weights from investigated piles at six locations.

Pile location / WTG No. | Length [m] | Target penetration [m] | Weight [kN]
A2 74.5 73.00 2770
A3 75.5 73.75 2808
A5 69.5 68.25 2586
A6 77.5 75.75 2881
C4 66.5 64.75 2475
Coé 76.5 74.75 2844

For this case study, only locations where pile runs occurred are considered. These locations comprise six of the
twenty-one sites. The most pronounced pile runs were predominantly observed at the initial installation locations.
The reduced incidence at later sites is attributed to more cautious pile driving following revised soil strength
analyses. Additionally, the soil profile varies between sites due to the minimum spacing of 500 metres between
turbines. Table 3.2 provides an overview of the dropfall events per pile at each location. The number of blows
delivered prior to each event are also presented. The spacing between piles is sufficient to prevent interference
with driveability. The energy per blow at the dropfall is approximately 10% of the maximum energy, i.e. around
210 kJ.

Table 3.2: Dropfall events during pile driving

Location | Pile | Dropfall depth [m] | Blows before dropfall
Al 10.5-48.3 0
A2 A2 16.9 - 26.0 0
Bl 21.5-234 77
B2 16.4-55.1 25
Al 7.0-59.0 0
A3 A2 22.6-24.1 N/A
Bl 21.8-62.0 39
Al 18.7 - 36.5 48
A5 Bl 25.0-41.6 234
B2 26.4-41.6 236
A6 Al 19.6 - 20.8 82
C4 Al 19.9-23.9 48
Coé Bl 245-26.8 128

3.1.1. Driveability data

The driving-monitor .pen file is the primary raw record of pile installation The hammer data exports contain
a series of measured quantities such as absolute depth, hammer stroke count, blows per penetration, average
energy per blow and total energy per penetration. The processing objective is to convert the blow events into
engineering summaries over depth intervals (here 25 cm), plot the average energy per depth interval, and present
both the discrete blow counts and a continuous energy curve aligned with depth for direct comparison with CPT
and SRD data.

The plot explains the following topics:

* Blows/25cm is a direct empirical measure of short-term resistance: large values indicate high soil resistance
(slow penetration) whereas small values indicate low resistance (fast penetration). Sudden decreases to zero
blows/25 cm may indicate a pile run event. Sudden increases often mark transition into stiffer strata.
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* Energy (k]) per interval reveals how much energy on average was delivered to the pile at each depth.
Comparing delivered energy to resulting penetration also indicates the stiffness of the soil layers.

A simple Python script is used to parse the .pen file. For a number of locations, this data processing has already
been carried out, with the relevant data being stored in an Excel file. The driveability values should be lower in
transitional contractive layers according to the presented theory of section 2.5. Time stamps are not available
for this project making it impossible to analyse the penetration rate. The resulting plot of this data processing
provides a central tool to link in-situ geotechnical predictions with the actual driving performance and to identify
depth intervals where pile runs or unexpected reductions in resistance occurred.

3.2. Soil investigation

This section elucidates the methodologies employed to ascertain the pertinent soil parameters from the Changhua
case study. The soil assessment is performed using data from CPT tests and borehole logs. It is evident that both
methods are extensively utilised within the industrial sector for the purpose of conducting driveability analysis,
a process which involves the collection of continuous data regarding soil profiles. The investigation methods
employed are designed to ascertain whether the soil in question fulfils the two established criteria:

¢ The soil layers providing shaft friction are contractive.

* The soil layers are partially permeable. Water must be able to flow into the interface layer but not quickly
dissipate again.

By plotting the state parameter with depth and representing the soil layers on Robertson’s chart, the influence of
the degree of contractivity is examined. The borehole log and the soil behaviour type index, I, should indicate
the presence of semi-permeable soils. It is important to note that I, does not denote permeability, but merely
classifies soil types based on CPT data (P. Robertson 2016). In this context, the category of transitional soils is
regarded as partially drained and therefore satisfies the second criterion.

3.2.1. Borehole log

A borehole is a narrow-diameter vertical or horizontal shaft constructed for various purposes, including the
extraction of liquids and /or gases, groundwater, or for geotechnical investigations prior to construction. Boreholes
are constructed using a drill rig capable of drilling through both unconsolidated sediment and consolidated rock
(Singh 2021). The borehole test provides crucial information on the soil stratification over the complete depth
profile. The extraction of soil samples facilitates the assessment of distinct layers in terms of their specific soil
properties, thereby enabling the acquisition of more precise information than that afforded by calculated CPT
correlations. Borehole data is available at each location where piles are installed. However, only one borehole and
one CPT are conducted at the centre of the jacket structure housing four piles. These piles are placed 18 metres
away of each other. It can be deduced from the limited spatial coverage and the pile distances that soil variability
between the piles and the borehole location is plausible. The distance from an individual pile to the location of
the borehole and CPT is around 13 meters.

The boreholes were undertaken by the MV Mariner. A four-point mooring system was utilised to maintain
position throughout drilling operations at all locations. The drilling operations were conducted using a motion-
compensated offshore drilling rig mounted on the vessel’s derrick, which was equipped with a hydraulic top-drive
system. The soil drilling method employed a straight flush rotary system with an 8.5-inch outer diameter (OD)
drag bit, in accordance with the standards set forth by the American Petroleum Institute (API). The implementation
of 5.0-inch OD drill pipes was also in alignment with API specifications. The sampling procedure was conducted
through the open-centre bit. The borehole was cleaned and stabilised by means of seawater in cohesive layers,
while a mixture of Xanthan gum and seawater was utilised to prevent collapse of the borehole in cohesionless
layers (Fugro 2018).

The samples obtained from the borehole excavations are tested for multiple soil properties. The analysis of soil
samples is conducted and interpreted by Fugro. A number of significant parameters were determined for specific
depths at multiple locations, including the plasticity limits, plasticity index and percentage fines passing 75 y m
sieves. It is therefore concluded that the soil classification output derived from these soil samples is reliable. The
classification outcome is utilised to differentiate the soil layers for the SRD input. The allocation of all CPT depths
to soil types, namely sand, clay or silt, is conducted manually. The results of the soil classification with the by
borehole obtained soil samples are presented in section 4.1. The decision to present this in the results chapter is to
ensure that the classification plots are kept close to each other, thus facilitating easier comparison.
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3.2.2. Implementation CPT correlations

This subsection describes how the CPT data (ASCII .asc files) are processed and which empirical correlations are
applied to obtain the normalised CPT parameters, the state parameter W over depth, and the interactive SBTn plots
used in the results chapter. The resulting parameters are the input for the SRD methods described in section 3.3.
The workflow follows the correlations and procedures presented in subsection 2.4.1 and subsection 2.4.2 of this
thesis and is implemented in Python for reproducibility. Key references for the equations and charts used are
Robertson (2010, 2016) for the CPT correlations and K. Been et al. (2012) and Robertson (2022) for plotting the
state parameter. Their equations are used throughout the implementation.

The primary input is the CPT ASCII export (.asc). The provided parameters by this file are depth [m], time [s], 4,
[MPa], f; [MPa] and u; [MPa]. If a pore-pressure value is absent the correction of g, for pore-pressure influence
cannot be performed directly. In such cases use the uncorrected g. and results are annotated as having larger
uncertainty. In this thesis al PWP values are presented and plotted over depth in Appendix A. The CPT-based
workflow and equations used are the same as those described in the thesis.

Step-by-step processing and correlations The following stepwise procedure was executed for each CPT profile
(depth-by-depth) to obtain the plotted parameters and SBTn visualisations.

1. Data quality checks and smoothing. Remove obvious spikes and interpolate missing values. Checking the
values is important because one CPT file consists of multiple measurements. In this case a new CPT test is
performed for every three meters. It aslso reduces sensitivity of single-point CPT irregularities.

2. Correct cone resistance for pore-pressure influence with Equation 2.7.

3. Compute friction ratio Ry with Equation 2.8 and estimate unit weight y with Equation 2.9. Although the
test results of the borehole soil samples are also providing precise y values, their is chosen to use the CPT
correlation of P. Robertson (1990). This makes that a continuous profile over depth is obtained.

4. Compute vertical stresses for each depth with Equation 2.10 and Equation 2.11. The running sum uses the
estimated y per depth interval.

5. Calculate normalised cone resistance Q; with Equation 2.12 and friction ratio F, with Equation 2.14.

6. Solve for the normalised cone resistance with variable stress exponent Q;,, the soil behaviour index I, and
stress exponent 1. Equations (2.13) to (2.16) are solved with a small root-finder (iterate n until I and Q,
converge). In this thesis the brentq function from the SciPy package is used, as recommended by the Python
CPyT package from Duffy (2023).

7. Apply fines-correction to obtain a clean-sand equivalent Q;;, s with Equation 2.20 and Equation 2.21 for all
soil layers with (I, < 3.0). This correction accounts for partial drainage effects and fines content following
K. Been et al. (2012).

8. Compute the state parameter W from the CPT correlation with Equation 2.22 This correlation (Robertson,
2022) provides an estimate of W where laboratory void-ratio data are not available. Positive W indicates
contractive (looser than critical-state) soil; negative W indicates denser/dilative soil. A conservative critical
threshold used in the analysis is W ~ —0.05 (Robertson 2022).

9. Determine contractive/dilative and transitional zones. Using (Q¢y, Fr) and the updated SBT,, boundaries
from P. Robertson (2016), each depth point is assigned an SBTn zone (TC, TD, SC, SD, etc.). The CD
boundary and the modified index Ij are also evaluated to flag transitional contractive layers.

10. Post-processing and plotting:

¢ plot the soil layers on the SBT, with use of the Bokeh package to create interactive plots.
¢ produce W versus depth plots (with the chosen critical line W ~ —0.05 annotated).

e export a table with depth, g, fs, q¢, ¥, 0v, 05, Qtn, Fr, I and Qty s for SRD calculations. Add soil type
column based on lab test results of the soil samples.

11. Validation of the soil parameters. Upload the CPT file as a text file in the UWA calculation tool (Lehane
2025). Download the parameter export excel file after the analysis and compare the individual parameters.

In summary, the implementation reads CPT .asc files, applies the standard Robertson corrections and normalisa-
tions, computes the soil stresses and the state parameter W per depth, and visualises the results W over depth
plots and SBT;, charts to enable direct inspection and comparison with borehole logs and driving records. The
mathematical basis and the equations used are documented in Chapters 2 and 3 of the thesis.
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3.3. SRD Methods

This section reviews state-of-the-art SRD methods, explaining the reasoning behind their selection. It also
describes how these methods convert CPT data into soil strengths, specifying the data for which they are most
appropriate. The objective of all SRD methods is to convert CPT measurements into equivalent forces. These
calculation procedures are developed through parameter fitting to specific datasets. Consequently, while all
methods are grounded in physical principles, they are also empirical in origin. The used methods are the Alm
and Hamre method, Maynard method and Unified method. The first two are created by back-calculating a pile
database with assumed dynamic parameters. The Unified method is based on a large dataset where forcing is
determined by pile load tests.

3.3.1. Alm and Hamre method

The Alm and Hamre (2001) method is a CPT-based approach that incorporates a friction degradation mechanism
for the first time. The friction values were based on observed friction values from cone penetration tests (CPT),
together with basic soil properties such as undrained shear strength and friction angles. The model was established
based on back- from a number of offshore pile installations in typical North Sea soils, and the model generally
predicted well in most cases. In particular, driving records through deep deposits of normally consolidated soils
showed that the previous method over predicted the resistance to some extent. The method is directly correlated
to measured cone resistances, which reduces variability. However, the method has been primarily calibrated
for offshore piles in the range of 0.762 to 2.74 meters in diameter, making it less suitable for smaller-diameter
piles that may experience partial plugging effects (Alm and Hamre 2001). Unplugged open-ended steel piles are
assumed for the A&H method calculations.

Table 3.3: Summary of Alm and Hamre CPTu-based Model(Alm and Hamre 2001), as presented by Maynard et al. (2019).

SRD Component Formulation Empirical Fitting Parameters
Tip resistance gr;p Clay grip = C1- g4 Cl1=0.6
s2

Tip resistance qr;p Sand grip = S1-q; - (Z—L) §1=0.15,52=0.2
Side friction f; fs = fres + (fsi = fres) - X9 | -
Clay initial friction f;; fsi =C2- fepr Cc2=1
Clay residual friction fres | fres = C3-q; - (1 —C4- Z—) C3 = 0.004, C4 = 0.0025
Sand initial friction fsi=K-p) -tand -
Side residual friction fres = 53+ fi S3=0.2

0.5
K (applied on both sides) | K = 0.0125 (%) -

A summary of the equation and their empirical fitting parameters is provided in Table 3.3. As these parameters
are based on case studies that use smaller pile diameters, they are not directly applicable on larger diameter
foundation piles. An adjustment for the parameters is made by Maynard et al. (2019). The model is run in Python,
with the in-house code of Heerema MC.

3.3.2. Maynard method

The research was applied to a drivability assessment large amount of 202 monopiles for a wide variety of geologies
and pile geometries. Industry typically use research based on jacket piles, smaller test piles or in-house methods
derived from past project experience. This has led to inaccurate predictions thought to be associated with the
difference in size between pin piles and monopiles. The Maynard method does make adjustments on the Alm
and Hamre method, based on the back analysis of these 202 monopile installations. The research recommends
the empirical fitting parameters in Table 3.4. As for the A&H method unplugged piles are assumed, meaning that
the inner and outer shaft friction is taken.

The improved method contains two adjustments. An update is made for high- to extremely high-plasticity clays
with OCR 5-13. For these soils, coefficient C2 = 0.75 instead of 1. The other adjustment is made to the tip resistance
in sand. The term with exponent S2 is removed to make the equations more simple and lower valued. Coefficient
S1is lowered from 0.15 to 0.1. This leads to reduction of the tip resistance in sand compared with the Alm &
Hamre method. For the sands and clays, they concluded that a factor of 1.25 should be applied to the upper
bound if soil is from the same nature as the studied database. For dissimilar soils, an increased factor should
be considered (Maynard et al. 2019). The model is programmed in python and validated against the Alm and
Hamre model.
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Table 3.4: Summary of Alm and Hamre Model(Alm and Hamre 2001), with the proposed parameter adjustments by Maynard et al. (2019).
Use C2 = 0.75 for high- to extremely high-plasticity clays with OCR 5-13

SRD Component Formulation Empirical Fitting Parameters
Tip resistance qr;p Clay grip = C1- gy Cl=0.6
Tip resistance g7;p Sand grip = S1-q; S1=0.1
Side friction f; fs = fres + (fsi = fres) - X1 | -
Clay initial friction f;; fsi=C2- fcpr c2=1"
Clay residual friction fres | fres = C3-q; - (1 —C4- g) C3 = 0.004, C4 = 0.0025
Sand initial friction fsi = K-p) -tand -
Side residual friction fres = S3+ fii S3=0.2
05
K (applied on both sides) | K = 0.0125 (%) -

3.3.3. Unified method

The Unified Method is a CPT-based static axial capacity design method for driven piles in silica sand. This
design approach is included in the 2022 edition of ISO-19901-4 replacing the four CPT methods (ICP-05, Fugro-05,
NGI-05 and UWA-05) (K. Argyroulis 2022). Since SRD differs from pile axial capacity in terms of consolidation,
stress equalization, and time effects(Prendergast et al. 2020). This new method captures key characteristics of
driven pile. The method is shown to have higher reliability than existing approaches. the ‘Unified database” and
comprises 71 test piles in silica sand and 49 pile tests in clay. Full details of the ‘Unified database” and the steps
followed in its compilation are provided in B.M. Lehane et al. (2017). Bittar et al. (2022) advices to make a I, based
correction to gy sand, described in Equation 3.1. This is not applied in the implemented UM for this thesis. The
reason for it is that Equation 3.1 is made to assign higher strengths to g; of silt, which is not inline with the results.

g+ = [3.9312 — 14.781. + 14.78] gt sana (3.1)

An update is made by Argyroulis et al. (2024), to make an SRD model in Sand of the UM axial capacity model.
The UM was tested on 5 locations in the Netherlands, on which the following remark is made: "Although this
study is limited to pile diameters of 1.4 m (APM, RWG, SIF, HHTT terminals) and 0.76 m (EURIPIDES) it can
be seen that the Unified Method, when slightly modified is capable of reproducing the hammer blows during
installation.’(Argyroulis et al. 2024) The conclusion is that 70% of the shaft capacity is utilised during driving.
So, for this thesis, the equations of Bittar et al. (2022) are used, with a shaft capacity reduction of 30%. The
base resistance g1 is valid for displacements larger than 10% of the diameter. In the case of a large diameter,
unplugged open pile, this displacement is 10% of D4 (= D - A%?), which is the case with pile run initiation. The
calculation method is described in Table 3.5 for sands and silts and in Table 3.6 for clays.

The Unified method has an allowance for partially plugging, instead of assuming a unplugged open-ended steel
pile. This is done by providing a measure of the level of soil displacement in any given soil horizon in the form of
a relative area A,.. The equation is presented in Table 3.5. A, is normally based on the Increment Filling Ratio
(IFR), but in this thesis replaced by the Plug length Ratio (PLR). PLR is the average IFR during pile driving (Bittar
etal. 2022). A,, varies between 1 for close-end piles and 7 for open-ended piles. For this thesis, piles with a outer
diameter D = 3.099 meter and wall thickness ¢ = 0.05 meter are used. This comes down to an relative area of
A;e = 0.1.

Argyroulis et al. (2024) writes that the main difference in results between the Unified method and the other
two used SRD methods is the incorporation of the internal shaft resistance to the external shaft formulation of
open-ended piles, while the toe resistance is acting on the pile tip annular area. Contrary to these models, the UM
accounts for the internal shaft resistance to the toe resistance formulation. This comes down that can be expected
that the UM predicts lower shaft resistance and higher tip resistance compared to the other methods for large
diameter open-ended steel piles. This makes it interesting to compare the methods in terms of total SRD results.

For clays, g, is the average g, fiiter value in the zone between the pile tip and 1D below the pile tip for closed-
ended/plugged pile; or average g; to a 20t deep (where t is the pile wall thickness) below the pile tip for large
diameter, unplugged pile, which is the case for this case study (Lehane et al. 2020). For this thesis, the filter
method of Boulanger and ]J.T DeJong (2018) is utilised to convert g, into g fiter- g filter i Used to calculate gp
This method was developed to address scale effects, rather than specifically for piles, although its application
to pile foundations has been further tested by Chai et al. (2025). Furthermore, Bittar et al. (2022) recommend
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Table 3.5: Unified CPT method for determination of 75 and gp01 in sands and silts according to Bittar et al. (2022).

SRD formulation Remarks

Tf = 0.7(%) (07, + Ac’,) tan29° ft/ fe = 1.0 in compression, 0.75 in tension
Ore = % A%3 [max(1, h/D)] %4 A;e = 1 for closed-ended piles

Aoy, = f_(t) (%)_0'33 (dc%) dcpr = 35.7 mm

qoo1 = [0.12+0.38 Ar. | qp Qbase = 0.1 (D2/4)

Ao =1-PLR (%)?

PLR ~ tanh[0.3 (D;/dcpr)"|

Table 3.6: Unified CPT method for determination of 7 and gp,1 in clays (Bittar et al. 2022).

SRD formulation Remarks
75 = 0.07 Fst g (h/D")70® Fs; =1 for clays in zones 24 (I;1 > 0)
qro1 =[0.2+0.6 Ase] qp Fst = 0.5+ 0.2 for zone 1 clays (I;1 < 0)
L = Qi — 12exp[-14F,]
D' = (D~ DY)

this method for use in conjunction with the Unified Method.In comparison to the A&H model and the Maynard
model, the UM method provides more tip resistance than shaft friction to the total SRD, which becomes more
clear when plotting them in section 4.2 next to each other over depth. The model is programmed in python and
validated with the UWA pile capacity calculation tool from Lehane (2025). This calculation tool implemented the
UM sligthly different. The referencing of the UWA tool was followed for validation, after which adjustments
are made based on Bittar et al. (2022) and the UM SRD method of Argyroulis et al. (2024). Validation for these
methods is not possible as they provide driveability results instead of SRD values.

3.3.4. Implementation SRD methods

This subsection documents the practical implementation used to convert CPT-derived input data into SRD profiles,
self-weight penetration (SWP) estimates and the final output tables and figures. The implementation is based
on three SRD methods selected for this study (Alm & Hamre, Maynard, Unified) and follows the processing
implemented in the analysis Python script.

The processing pipeline is described in two parts: (A) required input and preprocessing, (B) step-by-step
transformations from the input DataFrame to the output DataFrame, SWP estimates and plots. All column names
and formulae below follow the variable names used in the python sheet.

A. Required input
* Required input columns: { 'qt’, 'fs’, ’Depth’, ’y’, '¢’, o,, 'Soil_Type’ }. Use the CPT corre-
lations if one of the input parameters is missing

* Soil_Type values: { "SAND’, ’SILT’, ’CLAY’ }. Siltis only for soil layer distinguishing, but in calcula-
tions the sand equations are used for all methods.

e Units assumed in the input: g; in MPa, f; in MPa, Depth in metres, y in kN/m?, ¢ in degrees and o/, in KPa.

B. From input DataFrame to results

1. Convert cone resistance and sleeve friction to kPa by multiplying them with a factor 1000.

2. Compute layer thickness / depth increment. Create a column Difference = Az as the difference between
adjacent depth rows. This Az is used to integrate distributed shaft friction over depth.

3. Method-specific parameter calculations. For each SRD method (AH, Maynard, Unified) the implementation
uses method-specific empirical coefficients:

* Calculate the method specific tip (4:ip or qp0.1) and shaft resistances (fs; or 1) for each depth interval
in kN/m3.



3.3. SRD Methods 34

10.

11.

¢ the Unified method uses filtered g4; (Boulanger & DeJong filter method) before applying the UM
correlations.

. friction-fatigue / depth dependent reduction factor calculations. A depth-dependent fatigue (or friction

degradation) multiplier is computed, for AH and Maynard:
friction_fatigue = @7

and for UM:

depth_layer)

friction_fatigue = (max(1, o0

. Compute distributed shaft resistance (per depth increment):

TfZAZ'(OC-f—IC)-Tf

where (OC +IC) are pile circumferences (outer and inner) and k is a method-and-soil dependent coefficient.
Note that for UM only the OD is used. The cumulative shaft resistance is obtained with:

Q=27

. Compute tip resistance (per depth point). Tip resistance is evaluated per depth using the cone-based tip

correlation:
Qb = qtip - Atip
Note that the UM method takes A;;, as if the pile is fully plugged.

. Computer total resistance (per depth point). Tip and shaft are summed to produce total method-specific

SRD:
Qtotal = Qb + st

. Determine SWP and SWPPH (Self Weight Penetration Pile plus Hammer) depths from cumulative SRD.

SWP is defined as the first depth where the computed total resistance exceeds the submerged weight of the
pile system. In code:
SWP = first depth where Q_total > Pile_weight

SWPPH (self-weight penetration with hammer) uses the pile + hammer weight threshold. If no depth meets
the criterion.

. Velocity and kinematic estimate (energy balance). An initial velocity vy is estimated from hammer energy

and system mass:

2T]](Erated
Vo = 4 /—
my +my

where 17 and f are efficiency/cushioning factors (both taken as 0.9) and m,, m), are pile and hammer masses.
For subsequent depth steps the script integrates accelerations from the net driving force:

Fret = Wp + Wy _Fhuoy _st,i - Qb,i

_ Fret Az;

i =
mp+mh

v; = \/max{O, v | +2a;}

The net force Fye: equals the available weight minus the resistance components (shaft and tip) and
buoyant/base contributions; the routine computes velocities for different assumptions (with and without
friction fatigue) and stores them in columns such as velocity, velocity_SWP_nff etc.

Post-processing of the data and creation of plots. The full annotated DataFrame is exported to an Excel file
per-method. Plots are generated showing: soil classification, q;, SRD profiles, shaft and tip components.

Validation of the three SRD methods:

¢ AH method: Compare resulting forces with the Heerema inhouse results.
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¢ Maynard method: Compare results with the AH results. Only differences should be present in sand
tip resistance and high plasticity clays.

¢ UM: Compare resulting forces with UWA calculation tool (Lehane 2025).
The description above should enable reproduction of the script’s behaviour and help integrate alternative SRD

methods. In the case of stratified soil layers are the calculations performed as if it is a sand layer. When the soil
has a silt-clay or silt-sand stratigraphy, the soil type is displayed as silt in the SRD and driveability plots.



Results

In this chapter, the results of the Changhua case study are presented and analysed in the context of the theoretical
framework that has been developed in section 2.5. Firstly, the subject of Section 4.1 is the analysis of the soil
stratigraphy with this being based on borehole logs and CPT data. The classification of soil behaviour types is
facilitated by Robertson’s SBT,, chart and the state parameter W, and are compared against the observed dropfall
depths. Next, Section 4.2 examines the SRD profiles computed via the AH, Maynard and Unified CPT methods.
These profiles, alongside the cone resistance g;, shaft and tip resistance components, are plotted as functions of
depth and overlaid with the pile SWP and actual dropfall levels. Finally, Section 4.3 provides the driveability
results of the case study. This allows for a comparison between predicted soil resistance and observed resistance
during impact driving in transitional soils. Collectively, these results provide both retrospective validation of the
proposed failure mechanism and practical insights for future drivability assessments.

4.1. Soil classification

The borehole logs at dropfall depths for all six locations are displayed below. Figure 4.1 to Figure 4.6 are not
results, but obtained from soil investigation by Fugro. The figures are presented in this chapter to make them
easily comparable with the other soil classification figures.

L '/’ZZ% 14.30 m to 16.70 m - Stratified layers and SCPT6[7 7 7/
Lrso seams of stiff dark grey lean CLAY and W17 I
wiest K2yl dark greyish brown fine SAND with silt, with K22
16.0 /_'/_'Zf traces of silt pockets, shell fragments, mica 160 77
WAT cPTE _/—/_Z/‘ specks and organic stains wissTl SCPTEZ/‘/:'D
' 16.70 m o 22.40 m - Dark grey SILT with L Al
Wi . sand, with traces of shell fragments and W19 LS
v mica specks 180 _/7_/“
18.0 i at 17.20 m - sandy silt ' SCPT7 17.90 m to 20,80 m - Dark gray SILT, with
w19 | W20 trace of shell fragments and mica specks
at 18.40 m - silt with sand
. from 18.80 m to 19.20 m - silty sand layer
w20 cPT? E w21 SCPT7| (inferred from CPT data)
200 : 200
W21sT| ] w2
v . i from 20.60 m - sandy silt with few coarse
I SCPTBU‘UDU”‘ \sand pockets
w22 i W23ST| T 20.80 m to 24.30 m - Stratified layers of
220 . 220 LTITI) dark grey fine SAND with silt and SILT, with
T traces of shell fragments, mica specks
. W24 L
Was ) eeTe R 22.40 m 1o 24.00 m - Medium dense dark SCPTe il
L grey silty fine to medium SAND, with traces P
w24 . of shell fragments and mica specks W25 U‘UM.UH
240 L Ce 240 SCPTQU‘UUUJH‘

Figure 4.1: Borehole soil classification from 15 to 24 meters depth at Figure 4.2: Borehole soil classification from 15 to 24 meters depth at
location A2 (Fugro 2018). location A3 (Fugro 2018).
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18.0 L4 cPTs 13.00 m to 16.00 m - Stratified layers and
18.00 m to 26.30 m - Dark grey SILT, with w14 H seams of stiff dark grey lean CLAY and silty
P19 traces of sand pockets, seams and layers, 14.0 I fine SAND, with traces of mica specks
shell fragments, and mica specks Wis e
P20 CPT7 L
20.0 ] g
W1BST| .
P21ST 16.0 o4
. 16.00 m to 17.40 m - Firm dark grey lean
P2 w17 CPT6 CLAY, with traces of sand and silt seams,
mica specks
22.0
e ||| cpro wis I 1740 m to 20.30 m - Stratified layers and
18.0 v [T seams of dark grey SILT with sand and fine
Wie D.'I\I:\IU" to medium SAND with silt, with traces of
P24 .l from 23.10 m to 23.80 m - silty fine to | clay pockets, shell fragments and mica
240 T medium sand, with silt seams and lenses D.I-[Um‘ specks
HHHH W20 cPT7 [T
P25 L from 24.40 m to 24.60 m - sand layer 20.0 D'I\MU"
W21sT] e at 20.30 m - sandy silt
P26ST ||| cpT9 CI 20.30 m to 22.70 m - Medium dense dark
26.0 W22 A " L g;erxiz!tigzcektso medium SAND, with traces
P27 26.30 m to 32.50 m - Stiff grey lean CLAY, 99 N at 21.30 m - fine sand with silt
with traces of sand, cemented silt and silt w23 L from 22.00 m with traces to few shell
1 pockets, organic stains CPT8 |* - fragments

Figure 4.3: Borehole soil classification from 18 to 27 meters depth at Figure 4.4: Borehole soil classification from 13 to 22 meters depth at
location A5 (Fugro 2018). location A6 (Fugro 2018).

: ifi 16.0 A
14.0 13.35 o 18.80 m - Stratifled layers, Fi7 it 16.90 m1o 21 70 m - Statified layers and
W15 seams, and Ienses of siift dark grey lean CPTe ? ) ; seams of dark grey sandy SILT and stiff
CLAY and silty fine SAND, with traces of s 7 QE lean CLAY, with few silt seams, lenses and
silt pockets, shell fragments, mica specks, e pockets, organic stains, shell fragments
W1BST! organic pockets and stal_ns ) : and mica specks
at 14.40 m - sand with silt 18.0 I1 9[
16.0 i INTE
W17 CPT6 17l {[
P20 )
T1 9[1
Wis - CPT7 9[‘
18.0 . P21ST i \/I\E
w19 ITITIIE
P22 /
18.80 m to 20.10 m - Stratified layers and I
W20 P17 seams of very stiff dark grey CLAY and silty [T _
0.0 fine SAND, with traces of silt pockets, shell ~ 22-0 J w23 : 21.70 m to 22.65 m - Medium dense dark
. fragments, mica specks, organic pockets I grey fine to coarse SAND with silt, with few
W21sT and stains shell f_ragm_ents, traces of clay pockets and ,
20.10 m to 21.20 m - Firm to stiff dark grey w24 organic stains .
/ lean CLAY, with traces of silt pockets ézljg n\}/:&zt;;gg;gf' :;:E‘T:;;E;eey lean
W22 \étpz_%?o m - silty sand seam (inferred from | 540 | |55 par‘tinés and pockets, silt pockets, mica
220 - specks
_ 21 %D r”_tth"t22-45 ”}'r??l‘l”f( grey S't'-T W('jth 24.40 m to 30.60 m - Medium dense dark
w23 cpTe (LU ﬁga stgleckgaces of shell iragments an W26ST| grey fine to medium SAND with silt, with
traces of shell fragments and mica specks
CPTO
W gt 22.40 m - sandy o to 25.20 m - with traces of clay laminae

Figure 4.5: Borehole soil classification from 14 to 23 meters depth at Figure 4.6: Borehole soil classification from 16 to 26 meters depth at
location C4 (Fugro 2018). location C6 (Fugro 2018).

Examining the borehole logs helps to determine whether transitional silt soils are present around the pile shaft at
the dropfall depths. The presence of silty soils indicates partially drained behaviour. Observing the figures, silt
layers are present at five of the six sites. Site C4 appears to be an exception, exhibiting stratified clay-sand layers
and raising questions regarding their permeability. The fact that silt is present at almost all dropfall locations does
indicate that silt is not providing enough bearing capacity, without even quantifying the resiting force. The soil
classification results do also show many stratified sand-clay, sand-silt and clay-silt soil strata. It is more difficult to
assign typical mechanical properties to these layers. It does indicate that mixed sand—clay strata may also be
susceptible to strength loss during impact driving. The mix of sand, silt and clay does effect the permeability. This
could make this layers susceptible to fluidisation of the interface layers as well. These soils are further analysed
with the plotted CPT correlations on the SBT,, chart. It should be noted that the boreholes were logged at a
distance of approximately 9.5 m from the individual piles, resulting in small deviations of the actual soil profile.

The soil layers from the borehole logs are plotted on the SBT}, chart from Figure 2.19 to determine whether
the layers corresponding to the pile runs indeed comprise transitional contractive soils. Additionally, the state
parameter is plotted against depth. The suggested critical state line at W = —0.05 of Robertson (2022) is drawn
with a red line. The results are based on empirical relationships with significant uncertainty.



4.1. Soil classification 38

State parameter over depth for location A2
T
. ! -=- W¥=-0.05
| —— Dropfall depth Al
o %0 ¢ ®
oo o By o0 %o — Dropfall depth A2

~.¢0+

Robertson SBT chart C ‘ -f KL i Dropfall depth B1
o
o 2'."" © oo, i® —— Dropfall depth B2

o |
10 1 - ;.“l" ."T" ‘-’:"f

40

Fl""‘n de
olpo *

15 A
--'.- o2 i“!:—".‘-'. <
o _§ °v

RN

20 A ...' ’gwo oo

1 - v £ B
20 1 5 - | é [T XY

Depth (m)

Normalized Cone Siress Qln

60

c'o .

B | oo, o , e oo ﬁ o
10° T T co 25 ‘.
1 2 3 4 5 &8 780910 oo oo it

Normalized Friction Ratio, Fr (%)

KX -.1;.
Figure 4.7: Soil layers plotted on SBT,, chart from 15 to 24 meters depth at . . .&.V;;K"

1
]
]
location A2. 30 v v } T :
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

v

Figure 4.8: State parameter W over depth for location A2.

The SBT, chart for Location A2 shows that, based on the CPT correlations, the soils fall within the transitional /sandy
contractive domain. This means that the strata fully satisfy the prerequisites for bearing-capacity loss. The state
parameter shows that contractive soil conditions have not yet been attained at the dropfalls for A2 and B2, even
though the pile runs occur immediately prior to a silt layer with higher state parameter values. The dropfall at a
depth of 23 m accords entirely with the theoretical framework. The dropfall of A2 occurs at hammer stabbing and
the dropfall of B2 after 25 blows. In contrast, the deeper dropfall of Bl required 77 blows.
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Atlocation A3, a clearly defined transitional contractive soil layer corresponding to the silt horizons of the borehole
log is observed. When the dropfall depths and the state parameter are considered together, it is observed that the
soils are around the proposed critical state line for dropfalls of A2 and B1. Only the blow count for B1 is known:
39 blows preceded the dropfall there.

State parameter over depth for location A5
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Figure 4.16: State parameter W over depth for location C4.

At location A5, the SBT, chart reveals a significant area of transitional soils, as well as weak clayey horizons. This
corresponds with the borehole log, which shows a thick layer of silt surrounded by clay. At A5, it is noteworthy
that the dropfalls occurred at the greatest depths and after the highest number of blows. As at location A3, the
layer immediately above the pile tip exhibits a state parameter predominantly around the -0.05 threshold. In this
instance, the larger amount of blows makes this location more vulnerable for EPWP because of dynamic driving

effects.

Results from location A6 are less convincing. After 82 blows, a minor dropfall was observed. The soil
appears predominantly dilative. Nevertheless, according to the plots, TC soil is still present around the pile
tip. The question remains as to whether this is sufficient to trigger the dropfall. Likewise, Location C4 presents
unconvincing results: here, the dropfall occurs within mixed sand—clay layers. This may be due to reduced tip
resistance when the pile enters a clay layer at the start of the pile run. By contrast, location C6 is of particular
interest, as contractive silt—clay layers are observed beyond the immediate pile tip. These layers continue to
influence the overall bearing capacity and could account for the dropfall after 128 blows.
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State parameter over depth for location C6
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Figure 4.18: State parameter W over depth for location Cé.

4.1.1. Conclusions soil investigation

The theoretical criteria established in section 2.5 were evaluated in a case study near Changhua in Taiwan. This
was achieved by classifying the soil layers at the depths of the dropfall to determine whether the proposed criteria
were met. The first criterion is that the soil must be contractive, as assessed using Robertson’s chart and the state
parameter. The second criterion states that the soil must be semi-permeable so that, with each hammer blow,
water is expelled from the far-field layer into the interface layer and cannot subsequently dissipate. This results in
excess pore-water pressure and a reduction in shaft shear resistance. This requirement was also examined using
Robertson’s SBT,, chart and the borehole log resulting from lab tests. It is ultimately asserted that, in transitional
(silty) soils, this mechanism can be the initiator of pile runs.

The primary observation is that the plots at five of the six sites indicate that both criteria are satisfied. Site C4
appears to be the sole exception, as the transitional strata were not present around the shaft at the time of dropfall
initiation. However, the clay layer or the mixed clay—-sand strata could explain the pile run in this case. Therefore,
it can be concluded that the majority of dropfalls can be explained by analysing the contractive-dilative behaviour
and permeability of the soils within the proposed framework. Examining the borehole logs and plotting the soil
layers on the Robertson chart would provide further insight into their properties. It should be noted that CPT
correlations inherently entail a degree of uncertainty. The plots of the state parameter, on the other hand, are less
convincing. The majority of the points are located on the dilative side of the suggested -0.05 boundary, or around
it. Interestingly, multiple locations have layers with a contractive tendency below the pile tip, which could be
related to dropfall initiation. This is not in line with the proposed theoretical framework.

Although explaining dropfalls retrospectively is one thing, the true objective of this thesis is to predict future pile
runs, or at least better assess the risks on pile runs. The theory articulates a novel failure mechanism and the case
study provides a framework for testing the theoretical criteria in practice. This can be done by analysing borehole
logs and by plotting CPT correlations on an SBT,, chart. The remaining question is how to determine the depth at
which the static soil equilibrium fails. In order to answer this question, soil strengths must be assigned to layers.
In the industry, this is achieved by converting the cone resistance g., and sleeve friction, f;, derived from CPT
tests into bearing capacity (in Newtons) using an SRD model. The next chapter will evaluate the extent to which
these SRD methods can predict dropfall depths.
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4.2. Changhua SRD results

This section plots the soil strengths over a depth of up to 30 metres for all six Changhua locations. Firstly, a plot of
the soil stratigraphy is provided. Then the raw g, data is displayed. Next, the SRD is plotted, followed by its
components, Ft;, and Fgp, ¢ The vertical lines represent the pile weight (red) and the pile plus hammer weight
(blue). The horizontal lines represent the dropfall depths, and the SWPs are shown in the same transparent colour.
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Figure 4.19: From left to right: soil classification, g, SRD, Ftp and Fgj, ¢4 over depth for location A2, Changhua.
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Figure 4.20: From left to right: soil classification, g, SRD, Ftjp and Fgj, s+ over depth for location A3, Changhua.

Considering the theory, the most interest is in dropfalls, not in punch throughs while stabbing the pile or hammer.
At location A2, dropfalls of piles A2 and B2 are explainable by the drop in g, just after the SWP is reached. That
means that the piles are still in a critical zone in terms of the static equilibrium. Dropfall of pile Bl is mostly
interesting, as a dropfall occurred at the moment the tip enters a strong sand layer, which should increase the tip
bearing capacity. This means that a reduction of the shaft friction could explain the stability loss. The theory that
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this silt layer from 16 to 22 meters loses its shaft resistance because of the impact hammering could be the answer
on this loss of bearing capacity.

When observing the dropfalls from piles A2 and B1 of location A3, it is observed that both the pile runs occur
in the silt layer. B1 happened just after a g, reduction, but this is not the case for location A2. Again,this could
indicate a loss of shaft friction, resulting in the dropfall. It is at least clear that all three SRD’s are over predicting
the soil strength around a depth of 22/23 metres.
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Figure 4.21: From left to right: soil classification, g, SRD, Ftp and Fgj, s+ over depth for location A5, Changhua.

A6
0 0 H 0 T 0 1
— qc b 1 1 1 — AH
—— SWP A1l H ——— Maynard
= Dropfall depth A1 — UM
—— SWP A2 === Pile
5 SWP B1 54 5 54 === Pile + Hammer
~ SWP B2
|
10 104 10 104

Depth [m]
Depth [m]
Depth [m]
Depth [m]
-
G

15 154 15 1
i %‘ i LV

N — s s [ s s s

25 25 254 25

30 30 30

0 5 o 15 20 25 0 5 10 15

w
=)

L T T 30 ! ; T
5 10 15 0 5 10 15

I sand qc [MPa] SRD[MN] FuplMN] FeparlMN]
Clay
M sit

Figure 4.22: From left to right: soil classification, q., SRD, Ftip and Fgj, ft over depth for location A2, Changhua.

At location A5, three dropfalls are observed in and around the silt layer. The dropfall of pile Al is correctly
predicted by the A&H and Maynard methods. The other two dropfalls occurred at the end of the silt layer,
without any indication of strength loss by the raw g, profile or the SRD calculation methods. At location A6,
a dropfall is observed at a unexpected depth. Again, the pile tip is almost in a stronger sand area resulting in
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higher tip resistance. Still the pile drops which could be explained by the transitional contractive soil theory. As
the SRD’s are close to the pile plus hammer weight, a slight reduction of shaft friction in only the silt layer could
already cause static instability.
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Figure 4.23: From left to right: soil classification, qc, SRD, Fyjp and Fsp, £t over depth for location C4, Changhua.
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Figure 4.24: From left to right: soil classification, g, SRD, Ftij and Fsjq ¢ over depth for location C6, Changhua.

Location C4 does not show indications of a dropfall due to a silt layer. Here the dropfall can be easily explained
by the entering of the weaker clay layer, resulting in a drop in tip resistance. This could somewhat be predicted
by the SRD models as well. In the contrary, Location C6 does have a dropfall that is not predicted by the SRD
models. Again tip resistance rises because of the strong sand layer. The silt layer from 14 to 22 meters could have
a major influence on the shaft resistance predictions, especially for the A&H and Maynard methods.
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4.3. Changhua driveability results

This section provides the driveability results and elaborates on the driving sequence to obtain insight on the
dynamic resistance during driving in the silt layers. The silt layers at deeper levels should have less resistance to
driving according to the proposed theory in this thesis. The blows per 25 cm and the average energy per 25 cm
penetration are plotted next to the SRDs to compare expected resistance and real resistance. Note that the SRDs
do not incorporated dynamic components. Blowrates for the Changhua case study are not available, so hammer
frequency is not provided in the results of this thesis.
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Figure 4.25: From left to right: soil classification, ., SRD and blow counts for all piles of location A2, Changhua. Driving order: B1, A1, B2, A2
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Figure 4.26: From left to right: soil classification, ., SRD and blow counts for all piles of location A3, Changhua. Driving order: B1, B2, A1, A2

The driveability results from 49 to 55 meters depth at location A2 are of interest as the piles encounter a major silt
layer. This layer is weaker than the surrounding sand layers based on the g, values, but still this layer should
provide increasing strength because of more length over which shaft friction is mobilised. Al shows a decreasing
trend in energy and blows. Pile A2 has an increasing blows / 25 cm trend before hitting the silt layer, after which
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the blow counts slightly decreases until the next strong sand layer. Increase in tip resistance because of the
increase in q.. Pile B1 on the other hand increases in energy, but decreases in the required amount of blows / 25
cm. The dropfall from pile B2 stopped arriving in the strong sand layer at 55 meters depth. Location A3 is not of

added value as there is no silt layer present deeper in the soil. The hammer data of pile A2 is corrupted so ignore
this results.
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Figure 4.27: From left to right: soil classification, 4., SRD and blow counts for all piles of location A5, Changhua. Driving order: B1, A1, B2, A2
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Figure 4.28: From left to right: soil classification, 4., SRD and blow counts for all piles of location A6, Changhua. Driving order: Bl, A1, B2, A2

Pile B2 from location A5 in Figure 4.27 shows a second dropfall from a depth of 38 meters to 43 meters based on
the hammer data. This is presented as one dropfall in the blow count sheets made by Heerema. This indicates
a strength loss in this layer. The silt layers have an overall tendency to have lo resistance to driving based on
the other piles from location A5 and A6. It should be added that this low resistance is also visible in the raw
CPT data. The SRD methods on the other hand predict an increase in static resistance, so an increase in driving
resistance is than expected as well.
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Figure 4.29: From left to right: soil classification, 4., SRD and blow counts for all piles of location C4, Changhua. Driving order: B1, A1, B2, A2
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Figure 4.30: From left to right: soil classification, 4., SRD and blow counts for all piles of location C6, Changhua. Driving order: B1, A1, B2, A2

Location C4 has a silt - clay - silt layer from 48 to 57 meters depth. The driveablitity is constant in this silt and clay
layers indicating that the silt layers with higher g, values contribute just as much to the resistance as the clay
layer. The blows and energy increase significantly when the pile tip enters the sand layer. Location C6 shows
that resistance is lower in the silt layers, which again can be explained following the CPT resistance. The CPT g,
values are mostly inline with the pile driving behaviour in the Changhua project. SRDs seem to overestimate the
silt resistance to driving.



Discussion

5.1. Soil characterisation

The objective of the soil characterisation is to determine whether semi-permeable and contractive conditions are
met at the dropfall levels in the case study. Locations A2, A3 and A5 have experienced the most dropfalls. Three
pile runs occurred at A3 and A5, and four at A2. The other three locations had one dropfall each. Comparing
these events with the SBT,, plots reveals that the majority of points at locations A2 and A3 are in the transitional
contractive area. A5 also has a substantial point cloud in the TC area, but it extends further into the contractive
clay area. These outcomes are supported by the results of lab tests on borehole samples. At locations A2, A3 and
A5, the soil consists of a thick layer of silt. In contrast, A6, C4 and C6 contain more stratified soil layers consisting
of mixtures of silt, sand and clay. This description of the boreholes at locations A6, C4 and C6 also explains why a
large proportion of the points are not classified as transitional soil according to the CPT correlations. The results
show that the greater the amount of transitional soil, the greater the probability of dropfall based on the case
study. This is in line with the criterion that the soil must be semi-permeable.

The CD behaviour is plotted on the SBT,, chart and compared with the state parameter plots in order to investigate
the contractive nature of the soil at dropfall depths. The first observation is that, for all locations, there are more
points on the contractive side of the SBT,, chart than to the right of the -0.05 boundary. This is interesting, given
that both methods are recommended by Robertson (2022). Again, the SBT, charts for A2, A3 and A5 have most of
their data points on the contractive side. The other three locations show a more dilative trend. This is different for
the state parameter plots. In terms of fundamental terminology, the contractive behaviour of soil occurs when
the current void ratio is greater than the critical state void ratio. The most accurate way to determine this state
parameter is to measure the initial state parameter using laboratory tests. This was not performed for this case
study. In this thesis, the normal state parameter is calculated from CPT data, which involves high uncertainty.
This means that the boundary of the state parameter at W = —0.05 is not thrust worthy, but still observations can
be made in relative changes in the state parameter. It is still possible to make observations of relative changes in
the state parameter. A total of 13 dropfalls were observed, of which six showed an increase in the state parameter
around the pile shaft. These are location A2, pile B1; location A3, pile A2 and B1; location 5 pile B1 and B2 and
less convincing location A6. The state parameter plots suggest that more contractive soil below the pile tip could
initiate a dropfall. A significant shift in the point clouds to the right is observed underneath the pile tip for 10 out
of 13 dropfalls. This indicates that, in this case study, contractive soils could cause a reduction in tip resistance,
initiating a dropfall. This suggests that the bearing capacity is tip resistance dominated. This is also more in
line with the theory of tip resistance reduction based on normalised velocity and drainage behaviour described
by Finnie and M. F. Randolph (1994), ].T. DeJong et al. (2013), Carneiro et al. (2016) and Duffy et al. (2025).
The concern with this theory is that a pile velocity must be present, while this is minimal at dropfall initiation.
Further explanation on this theory is given in subsection 2.3.7. An attempt was made for this thesis to model this
reduction, but the results where sensitive to assumptions in permeability and consolidation parameters. Duffy
et al. (2025) also suggested that intermediate soils should be examined on a case-by-case basis. The relevant soil
parameters where not available for this case study.

One of the difficulties encountered during the research was knowing how to describe the interbedded sand-clay
soil strata. They cannot be classified as transitional soil layers per se. The mixture of the two soil types also
influences the drainage properties of the soil layers. This has not been researched in depth in this thesis, but the
dropfalls at locations A6, C4 and C6 do indicate that these layers also create a dropfall risk. Another interesting
question is the extent to which contractive sands are susceptible to fluidisation through EPWP accumulation.
Consequently, the applicability of the proposed theoretical framework to other soil types remains limited.

48



5.2. SRD 49

In conclusion, this case study demonstrates that dropfall risks can be identified based on the transitional nature
of the soil layers. Based on the results, I would suggest a high dropfall risk if more than 50% of the data points
are in the transitional contractive soil area of the SBT, chart of Robertson (2022). For locations exhibiting a
substantial quantity of transitional soil (i.e. > 20%), a reduced risk of dropfall persists. The assessment of this
claim will be determined by the engineer’s estimation in a future project. The recommendation in both cases is to
support the classification with laboratory tests on the soil samples extracted from a borehole. The classification
of soil type should be undertaken with greater precision, incorporating the plasticity limit and particle size as
key factors in the analysis. The application of state parameter determination with CPT data offers no usable
insights for this particular case study. The prevailing recommendation is to derive the state parameter from void
ratios obtained through laboratory testing. This approach is more physics-based than CPT correlations. The
utilisation of alternative parameters, such as relative density, should be explored in order to ascertain the CD
nature of the soil. The findings of this research suggest that the state parameter is complex and necessitates
further investigation into the soil samples. The main interesting observation from the state parameter is that more
contractive layers seem to indicate a tip resistance loss. This provides a foundation for future research.

5.2. SRD

The results of section 4.2 are used to answer the question: To what extend can SRD models predict a dropfall.
Except for the dropfall at location C4, the SRDs do overpredict the soil strength at dropfall depth, independent of
the method used. The performance is measured by comparing the observed SWP of the pile and the pile plus
hammer with the predicted SWP of the methods. Table 5.1 provides a brief overview of the mean errors and
standard deviations for the AH, Maynard and Unified SRD method. The implementation of friction fatigue is
distinguished in the results. Plots Figure B.1 to Figure B.12 visualise the error and deviation of the methods.

Table 5.1: Mean error and standard deviation of predicted SWP and SWPPH

Method Maynard Maynard FF AH AHFF UM UMFF

Pile Pen
Mean 12.0 5.1 14.1 6.5 18.2 15.5
Std. 4.73 4.56 4.21 3.43 4.50 7.02
Pile + Hammer
Mean 8.7 15.3 12.2 14.3 10.0 6.0
Std. 9.68 6.26 1056  5.90 9.53 9.25

The trend indicates that models which do not incorporate friction fatigue underestimate the self-weight penetration
depth. From a physical standpoint, incorporating friction fatigue in the calculation of self weight penetration is
not a valid procedure. This is due to the fact that the soil is not exerted, and thus no reduction factor should
be applied. The primary conclusion derived from the error calculations is that the SRD models employed are
significantly deviating from the observed self weight penetrations. The discrepancy is so substantial that it calls
into question the necessity of conducting a sensitivity analysis, or whether the models are simply not sufficiently
accurate to justify their continued utilisation.

Moreover, a comparison of the methods can be made with regard to shaft friction and tip resistance. It is evident
from the plots that the shaft friction of AH and Maynard is equivalent, given that the equations diverge exclusively
in the context of high plasticity clays. When a comparison is made between the shaft frictions and the UM
method, the former are shown to predict friction forces that are twice as large as those of the latter. This outcome
is anticipated, given the shaft-focused nature of the AH and Maynard method. This is compensated in the tip
resistance forces, resulting in almost equal (same order of magnitude) total resistance forces for all three methods.
In more profound layers, the UM predicts reduced strengths due to diminished shaft friction. Incorporating
friction fatigue into the analysis yields a different outcome. The AH en Maynard methods demonstrate a greater
tendency for degradation due to friction fatigue.

This difference in tip or shaft resistance-based approach is of interest, as both resistances are the result of different
mechanisms that create the force. Shaft friction is governed by the Mohr-Coulomb criterion and, consequently,
the effective stress. The end bearing capacity of a pile is determined exclusively by the displacement of the
soil beneath it. The governing mechanism is dependent on the soil type, a subject which is further elaborated
upon in subsection 2.5.1. The increase in EPWP has been demonstrated to affect the effective stress and thus the
shaft friction. This suggests that the AH and Maynard method are more susceptible to the previously described
mechanism for shaft friction reduction. It is hypothesised that the tip resistance will increase in semi-permeable
soils, since water is assumed to be incompressible in soil mechanics. Conversely, the presence of contractive soils
within the pile can lead to a substantial reduction in bearing capacity.
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It is recommended that further research be conducted on the failure mechanisms of silt at the pile tip during the
impact pile driving process. This recommendation is based on the potential incorrectness of the assumption
regarding the incompressibility water, as indicated by the results obtained. If the conclusion is to continue
working with this SRD models, they should be updated for silty soil layers. Perform a sensitivity analysis on the
shaft friction of the SRD methods to obtain a reduction factor for silty layers. This continues in the empirical
nature of the SRD methods. Research the tip resistance in silt as the UM is tip resistance dominated and a physics
based reduction of this end bearing capacity is preferable. The theoretical mechanism of this thesis suggests a
reduction of the effective stress because of EPWP. This can be implemented in the AH and Maynard method
by reducing ¢, with 90% and in case of the UM reduce the radial effective stress o;, with the same 90%. This
calculation is performed for location A2 and A5 and the results are displayed in Figure 5.1 and Figure 5.2. The
results of AH and Maynard are almost the same, so only Maynard is plotted.
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Figure 5.1: From left to right: soil classification, qc, SRD, Ftip and Fgp, £+ over depth for location A2 with 90% reduced effective stress.
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Figure 5.2: From left to right: soil classification, qc, SRD, Ftip and Fgp, 5+ over depth for location A5 with 90% reduced effective stress.
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The discrepancy between the original SRD values and the reduced effective stress values is marginal for both SRD
methods. It is evident that implementing the proposed theory into existing calculation methods fails to provide a
satisfactory explanation for the observed dropfalls, even when employing an extreme reduction factor of 90% for
the effective stress in silt. This provides the insight that the SRD calculation methods do not support the proposed
reduction of shaft friction because of EPWP. The state parameter plots exhibited a tendency of more contractive
soil beneath the pile tip at dropfall depths. This finding may indicate that the SRD is predominantly governed
by base resistance, as the effective stress reduction is inadequate to sufficiently mitigate shaft friction loss. It is
evident that the UM is the most accurate method, as it employs base resistance as the governing mechanism. A
reduction of this base reduction in contractive soils with the UM could lead to the desired results.

Consequently, SRDs are unable to accurately predict dropfalls in transitional soils based on the mean error and
standard deviation of the outcomes of this case study. It is evident that the resistance predictions and the pile +
hammer weight do indeed indicate a certain risk area. The findings of the study indicate that the identification of
areas where the SRDs are proximate to the static equilibrium is advisable. This area is designated as a critical
driving zone. In this case the UM seems to describe the governing mechanism the most accurate, so the advise is
to reduce the base resistance of this SRD method for contractive soils. Subsequent to this, the soil properties
should be thoroughly researched when there is a probability of transitional contractive soil being present in
the critical driving zone. The utilisation of CPT correlations, in conjunction with borehole logs when available,
is advised. In instances where this soil identification indicates contractive transitional soil, it is essential to
implement mitigation measures.

5.3. Time-related effects

The primary observation is that resistance increases in accordance with the SRDs in the silt layers. However,
the driving force does not appear to be increasing. The measurement of driving force is achieved through
analysing the blows required to penetrate 25 cm and the average energy per blow for that depth increment. This
finding suggests that the SRD methods may overestimate soil resistance in silt. The calculation methods may not
accurately capture the true SRD, yet the CPT does evidently provide low g; values in the silt layers. Despite the
fact that the CPT is pressed into the soil rather than being hammered, the penetration mechanism is essentially
analogous in both cases. The cone of a CPT is approximately 36 mm, and the wall thickness of the foundation
piles is 50 mm. The driveability resistance appears to be in alignment with the g; resistance, suggesting the
potential for a CPT-based calculation method to be applicable. This low g; in silt is again a hint towards tip
resistance reduction because of undrained soil penetration. The CPT data also contains the measured PWP u,
value of the test. Plotting this PWP can tell more about undrained penetration of the CPT, indicating that the soil
is vulnerable to EPWP during impact pile driving. Locations A2, A3 and A5 are plotted in Figure 5.3 to Figure 5.5.
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The observation in general is that the silt layers have higher PWP values than the sand layers. There is also a
difference in PWP insight the silt layers, visible in Figure A.4. This phenomenon can be attributed to the distinct
permeability characteristics of silt in comparison to sand and clay. As a transitional soil, this permeability is a
challenging parameter to assess. While no direct correlation is observed between the PWP and the dropfalls,
it is evident that silt is susceptible to undrained behaviour. This phenomenon exemplifies the capacity for the
accumulation of EPWP. This satisfies the semi-permeable criterion. All the locations are plotted in Appendix A.

The order of driving is presented in the caption of the driveability plots. The order of pile driving is B1, A1, B2,
A2 for all locations except A3. A3 was executed first and the piles where driven in the order B1, B2, A1, A2. After
location A3, A2 was executed, then A5, A6, C4 and then C6. Interesting is that at the first locations more dropfalls
where observed. The reason could be the soil type and the lack of experience with dropfall mitigation. These
locations are at the west side of the field and the soil analysis shows more transitional contractive soils at these
locations. The locations in question are situated on the western side of the field, and analysis of the soil reveals
the presence of transitional contractive soils in these areas. Furthermore, the impact of pile driving on the soil
surrounding the other piles at the same location could be a subject of investigation. An overview of the dropfalls
and punch throughs in driving order is provided in Table 5.2. This highlights two aspects. The more locations
installed, less dropfalls occurred. The installation of additional locations was found to be inversely proportional
to the occurrence of dropfalls. It is also to be noted that the locations designated A2 to A6 are the initial sites to be
equipped with the project’s complete range of installations. In addition, the occurrence of dropfalls was most
evident during the driving of the first pile at each location. The dropfall probability reduces per pile driven. This
finding may be indicative of soil compaction resulting from impact hammering, leading to reduced contractility.

Pile | A3 | A2 | A5 | A6 | C4 | Ce

1 Dropfall Dropfall 2x Dropfall - - Dropfall
2 - Punch through | Dropfall | Dropfall | Dropfall -

3 Punch through Dropfall Dropfall - - -

4 Dropfall Punch through - - - -

Table 5.2: Overview of the dropfalls and punch troughs. Locations are in executive order.

5.4. Limitations

The principal limitation of this thesis is the absence of precise tests with which to quantify permeability and state
parameter. The parameters under discussion were proposed as indicators for meeting the theoretical criteria
for EPWP build-up. The precise permeability is a critical factor in determining the scale of undrained/drained
behaviour, while the state parameter forms a scale in terms of CD behaviour. Whether this thesis constitutes
the prevailing failure mechanism for bearing-capacity reduction is not a settled matter. An alternative theory
concerning undrained penetration due to high relative velocity challenges the present thesis and is equally
plausible, as demonstrated in subsection 2.3.7. This theory posits that increased penetration velocity induces
undrained behaviour. The effects of this are evident in CPT tests conducted at varying rates. As shown in
Equation 2.5, the soil property governing the quantification of normalised velocity is the consolidation coefficient.
This parameter is of interest because it depends linearly on permeability and shear modulus, G. These variables
are functions of the inter-particle pore structure, as is the degree of contractivity. Therefore, in terms of soil
characteristics, this method of strength reduction also depends on the same intrinsic soil properties, although
the precise micro-scale mechanism governing normalised-velocity-induced strength loss remains unclear. The
establishment of precise parameters in future research is of critical importance for both theories.

The main limitation of SRD research is that the calculations are inherently empirical, meaning the analytical
methods are always specific to the conditions and cannot be applied directly to new situations. In practice,
this can result in assumptions being made about soil strengths that are not warranted, as they are based on
correlations derived under different boundary conditions. This makes them theoretically inapplicable to new
situations. However, it must be acknowledged that SRD methods are the only tool available to the industry for
quantifying soil strength based on CPT profiles, making in situ measurements possible. Choosing an SRD model,
averaging technique, and filter method makes a lot of assumptions that have a big effect on the result of the static
analysis. But these assumptions have not been checked carefully. Although state-of-the-art methodologies were
chosen that employed the most applicable variants, this does not necessarily imply that they represent the optimal
qualitative approaches for this investigation.

The still unanswered question from regarding the time-related effects is: How do hammer energy (amplitude) and
blow rate (frequency) influence the build-up of EPWP, and how can this influence be quantified? Despite the fact
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that cyclic loading tests have indeed been performed on silty soil samples, it is not yet possible to directly translate
these results into actual reductions in bearing capacity due to pile driving. However, the case study demonstrates
that both frequency and amplitude can significantly affect dropfalls, and quantifying these effects is essential
for understanding when a dropfall will or will not be initiated. This missing link provides a framework for
understanding how driving procedures must be adapted to avoid potential hazards. A correlation is established
through the plotting of hammer energy and blow count data. In order to provide meaningful insight into the
hammer frequency, it is necessary to incorporate blow rates into the analysis, as the current driveability results do
not include a time factor. The blow rates provided herein indicate the penetration speed per 25 mm. A comparison
can then be drawn between these rates and the blow counts. The issue arises from the absence of this information
within the hammer files for the case study in question. The availability of stroke data files has been limited to half
of the locations, with the files in question recording both the number of strokes and the timestamp for each stroke.
The subsequent issue is that the total number of blows in the stroke data sheet was not corresponding to the blow
count sheet, which resulted in the timestamps being unable to be matched with the blow counts.

5.5. Recommendations

To refine SRD predictions and mitigate pile run risk in transitional soils, the following recommendations are
made to mitigate the dropfalls and for follow-up studies:

* Perform a new study on a location with dropfalls in transitional contractive soils. Make sure that permeability
and the state parameter is measured correctly with lab tests. Test the dropfalls on failure because of shaft
friction, failure based on end bearing capacity loss and test the influence of penetration velocity on bearing
capacity reduction. Create feasibility of real-time blow count,blow rate and PWP monitoring to detect
EPWP accumulation should be investigated, enabling adaptive driving strategies (driving stop or crane
master). By making the PWP measured, conclusions can be made on blow count influence. This provide
real time insight on fluidisation risks and helps determining the correct failure mechanism together with
the accurate soil parameters.

* With the provided theory by this thesis, define new SRD models for silty and stratified soil layers. As
discussed in the limitations sector, the state-of-the-art methods are not calibrated on transitional soil layers.
Perform parameter sensitivity analysis to fit the SRDs better to driving logs in transitional soils. Focus
on the implementation of the contractivity in the base resistance and implement a reduction factor based
on permeability of the soil along the shaft. In addition, take pile dimensions into account. Determine for
multiple dimensions if the system is dominated by base or shaft resistance. This would help the industry
make preciser soil resistance to driving predictions.

* Loading conditions because of impact hammering should be tested in a hollow cylinder apparatus. This is
required to obtain a more direct link between soil deformation and impact hammering, with a focus on
frequency and amplitude to simulate the the blow rate and hammer energy. More knowledge on this topic
could also be useful for vibro hammering and gently pile driving. Interesting is that this understanding can
help with easier reaching target penetration depth. This is also the case for the fluidisation principle. As
fluidisation is presented in this thesis as a initiator of pile run and thus a risk, it could be used to reach
target penetration. The objective of offshore pile installation is to reach target depth as quickly as possible in
a safe and stable way.

¢ To create a new structural modal with a coupled PWP analysis, for example with a FEM that couples
shear force to the soil profile and permeability, to simulate EPWP build-up and dissipation between blows.
One of the observations in soil-structure interaction is that soil models make rough assumptions on the
structural side and vice versa. Coupled soil structure models take a lot of computational effort and are
difficult to define as the pile shaft interacts in a elasto-plastic manner. This combined model could link
multiple pile-soil interaction questions and could also be useful to determine underwater noise pollution,
as well as the interaction with the hammer.



Conclusion

The aim of this research was to understand the governing mechanisms that describe pile-soil interaction during
impact hammering, and to provide a methodology for predicting dropfalls in transitional soil for future projects.
Transitional soils demonstrate mechanical properties that are neither wholly consistent with that of sands nor that
of clays, exhibiting characteristics that are intermediate between these two categories. The main characteristics of
interest are the permeability and particle sizes. This objective was addressed by answering the main research
question:

What is the primary mechanism that initiates a dropfall of an offshore monopile during pile driving in transitional soils?

The main question already emphasises that the focus is on the initiation of a dropfall rather than on behaviour
during a dropfall. In order to define what happens in the pile-soil interaction during the initiation of a dropfall,
the governing mechanisms must first be described from a fundamental perspective in order to create a theoretical
framework that can be used to assess real dropfall cases. Research into pile-soil interaction shows that dynamic
impact hammering can cause rearrangement of the soil skeleton, resulting in excess pore water pressure along
the shaft and thus loss of shaft friction. To elaborate further, impact driving displaces the pile, exerting a shear
force on the soil skeleton along the pile shaft. This causes the particles in the interface layer next to the pile to
slide over one another, resulting in dilation of the interface layer. Combined with a contractive far-field layer, this
leads to a loss of contact between the particles in the interface layer, creating a mechanical reaction resulting in
local PWP changes. If the soil is semi-permeable, water cannot dissipate from the interface layer. This results
in fluidisation and loss of shaft friction. This mechanism is triggered under two conditions that govern the
theoretical framework:

1. The soil layers providing shaft friction are contractive.

2. The soil layers are partially permeable. It is essential that the EPWP is able to build up, but not quickly
dissipate again.

The soil type that suits to this theory is categorised as transitional contractive soil, according to Robertson his
SBT, chart. Examples include silts and clayey sands. This raises the question: How can dropfalls be evaluated
against the theoretical criteria for the proposed framework? This study identified three methods of determining
whether soil is susceptible to the shaft friction reduction framework, based on CPT correlations and borehole log:

¢ Plot the CPT data with their correlations on the SBT,, chart. The soil type is obtained based on normalised
shaft friction and tip resistance. Please note that significant uncertainty is involved, so further research is
necessary.

* Plotting the state parameter over depth can help to identify contractive soil layers. This can again be done
using CPT correlations. The findings of this thesis propose that the initial state parameter, denoted by Wy,
should be obtained through laboratory tests, as opposed to the CPT-correlated W. The model incorporates
an excessive degree of uncertainty and presents significant challenges with regard to scalability.

¢ In the event of the presence of silty soils being indicated, the laboratory results of the borehole log should
be consulted in order to eliminate any uncertainty surrounding the soil type characterisation. The plasticity
limit and the particle sizes must be determined through the use of laboratory tests in order to define the soil

type.
Based on this methodology, the soil at six pile run locations was assessed for its properties. Five out of six
locations met the conditions for shaft friction reduction based on the investigation of soil properties. While this

does not prove the theory, the advantage of the presented approach is that the fundamental principals behind the
mechanisms are considered, making it generally applicable for risk assessment. The succeeding discussion on the
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quantification of shaft friction reduction revealed that the reduction of effective stress does not necessarily result
in substantial shaft friction loss, as indicated by the SRD calculation methods. It is also possible that a reduction
in the end bearing capacity is due to contractive soil at the pile tip or undrained penetration. It is hypothesised
that all three mechanisms could contribute to the total bearing capacity loss. The conclusion of this research is
that impact pile driving in transitional soils results in build-up of EPWP, which in turn causes a reduction in shaft
friction. It is not yet possible to state with any degree of certainty that this is also the governing mechanism. The
proposal of this thesis is that a high dropfall risk is indicated if a greater proportion of the data points are situated
within the transitional contractive soil area of the SBTn chart, specifically if more than 50% of the data points
fall within this area. For locations exhibiting a substantial quantity of transitional soil (i.e. > 20%), a reduced
risk of dropfall persists. In addition, the presence of a high risk of dropfall has been identified in contractive
soils. However, further research is required to establish the boundaries of this risk based on for example state
parameter values.

The remaining question is: To what extent can static soil resistance to driving be used to predict dropfalls in
future projects? In short, the conclusion to this question is that SRD methods cannot accurately predict dropfalls.
They describe empirical relationships between CPT data and soil strengths in clay or sand for piles of different
dimensions. The boundary conditions on which these methods are based make them unsuitable for predicting
dropfalls in silty soils. To apply an SRD method to silty soils, a sensitivity analysis should be performed to obtain
more precise calculation coefficients. To specify this more SRD method dependent: The AH and Maynard method
are based on primarily shaft friction. The advice is to implement a reduction factor on the shaft resistance in
transitional soils for these methods. The UM is base resistance dominated and thus is the advice to reduce the tip
resistance for this method based on the contractivity of the soil.

On the contrary, the SRD methods are the easiest implementable tools to quantify soil strength for the industry.
The results of the case study demonstrated that certain SRDs are able to come close to predicting the real static
equilibrium location, for example the dropfall location or the SWP depth. The results showed that based on
SRD predictions, a critical risk zone can be identified for which a soil analysis should be made. If the soil layers
in this critical zone meet the theoretical conditions, their is a significant risk on pile run, for which now the
right mitigation measures can be taken. The utilisation of CPT correlations, in conjunction with borehole logs
when available, is advised. The incorporation of a measure of contractivity and permeability improves the SRD
prediction.

To answer the main question, the initiator of pile run in transitional soil can be the built-up of EPWP because of
impact driving, resulting in shaft friction reduction. This is based on the level of permeability and contractivity of
the soil. In the absence of conclusive evidence from the case study, the hypothesis is considered to be plausible.
Further research is needed to explore different failure mechanisms and adjustments to SRDs should be made to
pinpoint exact dropfall locations. This thesis establishes a foundational framework that enables early identification
of pile run risks, turning uncertainty into actionable insight for future offshore projects.
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Pore Water Pressures CPT

Figures A.1 to A.6 display the measured PWP for all six locations. The colours orange, gray and green in the

background represent the soil layers clay, sand and silt, resulting from lab tests.
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SRD Performance

This appendix contains the performance of the in this thesis used SRD methods. It supports the outcomes
presented in Table 5.1. Plots B.1 to B12 visualise the error and deviation of the methods. The diagonal line in the
figures represents a perfect prediction by the models. The greater the distance between this line and the points,
the greater the error and standard deviation.
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Figure B.3: Observed versus predicted self weight penetration pile = Figure B.4: Observed versus predicted self weight penetration pile
plus hammer following the Alm and Hamre SRD method forall ~ plus hammer following the Alm and Hamre SRD method (friction
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Figure B.5: Observed versus predicted self weight penetration

following the Maynard SRD method for multiple Changhua locations.
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Figure B.6: Observed versus predicted self weight penetration
following the Maynard SRD method (friction fatigue included) for

multiple Changhua locations.
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Figure B.7: Observed versus predicted self weight penetration pile
plus hammer following the Maynard SRD method for multiple

Changhua locations.
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Figure B.9: Observed versus predicted self weight penetration
following the Unified SRD method for multiple Changhua locations.
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Figure B.8: Observed versus predicted self weight penetration pile
plus hammer following the Maynard SRD method (friction fatigue
included) for multiple Changhua locations.
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Figure B.10: Observed versus predicted self weight penetration
following the Unified SRD method (friction fatigue included) for

multiple Changhua locations.
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Figure B.11: Observed versus predicted self weight penetration pile Figure B.12: Observed versus predicted self weight penetration pile
plus hammer following the Unified SRD method for multiple plus hammer following the Unified SRD method (friction fatigue
Changhua locations. included) for multiple Changhua locations.



Other SRD and axial capacity methods

The axial strength, or capacity, of a pile Vy; represents the ultimate bearing capacity of a foundation pile. When the
weight of the pile and hammer system exceed the bearing capacity, so giving a negative Vy, the pile will accelerate
downwards uncontrolled, called pile run. As described in Offshore geotechnical engineering (Mark Randolph
and Gourvenec 2011), from vertical equilibrium, it is equal to the sum of the total ultimate shaft resistance Q¢
and ultimate base resistance Qps minus the submerged weight of the pile WI;ﬂe (which must also be supported by

the soil resistance) giving:

Ve = Qs + Qo = Wiye (C.1)
L
Qsf = 1D / fsdz (C.2)
0
nD?
Quf = Rl (C.3)

The rest of this section highlights the DNV method, widely used by the industry. It also explains the ICP and
UWA method, as the used Unified Method is build on those older methods. The state-of-the-art methods used
in this thesis are described in section 3.3. Methods like Toolan and Fox (1977) and Stevens et al. (1982) are not
considered.

C.1. DNV Skirt Foundation Method (1992)

The DNV Skirt Foundation Method (1992) is a partly CPT-based SRD model that improves upon previous methods
by incorporating soil displacement effects. The design of offshore piles in cohesive soils is based largely on
the experience with onshore piles. The methods developed are empirical and subject to the limitations and
uncertainties in the database. (DNV CN-304 Foundations 2016). To conclude, DNV is an old method which uses
the general not CPT based API input (American Petroleum Institute 2000). Only tested CPT method on North Sea
sand for small piles. The DNV standard does have a method for skirted foundations and suction caissons.

Cohesive soils

Cohesive soils do not depend on CPT data, but are calculated according to Stevens et al. (1982). The unit end
resistance, gy, of piles in mainly cohesive soils may as an average be taken equal to 9 times the undrained shear
strength of the soil at the level of the pile tip, provided that the installation process has not reduced the shear
strength. Experience indicates that size effects may be of importance also in cohesive soils, i.e. that large diameter
piles develop a smaller unit end resistance than do small diameter piles in the same soil. The displacement
required to mobilize the unit end resistance will be an order of magnitude greater than that required to mobilize
the skin resistance, which should be considered in the pile capacity predictions, especially where the pile end
resistance represents a substantial part of the total axial pile resistance. An upper limit of 200 kPa is recommended
for the unit skin friction on the basis of previous North Sea experience. End bearing is not CPT based for cohesive
soils.

Unit skin friction:
fs=0('C_u'Pc'FL (1)
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Unit end resistance:
gp =95y (C4)
Where:
* f; = Shaft friction

« = Adhesion factor

¢y = Average undrained shear strength over the embedded pile length

F. = Soil strength correction factor

F; = Pile penetration correction factor

gp» = End bearing

sy = Undrained shear strength of the soil

Cohesionless soils

Prediction of the axial capacity of driven offshore piles in cohesionless soils often requires extrapolations beyond
the boundaries of the database with respect to pile size, pile penetration, pile load and soil conditions. This is
especially the case with piles designed for many North Sea locations, where the soils may be dense to very dense
and often overconsolidated. Interesting for this research is that silt is considered as cohesionless. Due to the
uncertainties in the database, the pile design parameters should be conservatively assessed. Limiting values are
normally defined for the unit skin friction and the unit end resistance.

Unit skin friction: Minimum of:

fs1 =120 kPa (a)
fs2 = CPT sleeve friction (b)
Unit end resistance:
qp =0.7q. (OCR =2 -4), q, <15MPa (d)
qp = 0.59. (OCR = 6 - 10), q, < 15MPa (e)

Where:

fs1 = Minimum unit skin friction, given as 120 kPa
fs2 = CPT sleeve friction

* gp = Bearing end resistance

* g, = Cone tip resistance

OCR = Overconsolidation ratio, with different formulas for different OCR ranges

C.2. UWA-05 Method

The SRD methods from Alm and Hamre (2001) and earlier on are considered as the traditional SRD methods(Byrne
et al. 2018). In 2005 was the UWA method developed based on North Sea sand and was assessed against the
API-00 (not CPT based), Fugro-04, ICP-05 and NGI-04, which are also sand based methods. These methods are
relevant because they where later on combined to the Unified Method, used in this thesis. The UWA-05:

* is a significant improvement on existing API recommendations.

* provides better predictions for a new extended database of load tests than the ICP-05, Fugro-04 and NGI-04
CPT based design approaches.

¢ provided new insights into the mechanisms controlling the development of shaft friction for open-ended
displacement piles in sand.

The UWA-05 method simplifies to the following form for full scale offshore piles, as IFR=1 and the dilation term
Ag; can be ignored.

End Bearing Capacity:

gy = qc X (0.15 + 0.45A,) (C.5)

Where:
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* g, = End bearing capacity
* g, = Cone resistance from CPT
e A, = Area ratio

Radial Shear Stress: o5
f; =0.03- g, - A%3 [max (% - 2)} tan 6

Where:
* f; = Shaft friction

® g. = Cone resistance from CPT

e A, = Area ratio

h = Pile penetration depth
D = Pile diameter

¢ 6 = Friction angle
Effective Area Ratio:
(C.6)

C.3. ICP approach

The Imperial College Pile (ICP) consists of multiple methods based on hundred of driven large steel tubular piles
in the North and Baltic sea and is an improvement of the ICP-05 method. The ICP field tests confirmed that the
Coulomb criterion Tjpcal = 0 IS tan(6) governs local shaft shear failure in both sands and clays. The governing

effective angle of interface shearing resistance 6 can be found reliably from ring-shear interface tests (Jardine et al.
2015). The shaft radial effective stress at failure o’ , is the sum of o7, the local radial effective stress set up by

installation, and Aa; y the dilatant increase in o, that develops during loading. In sands, Aa; i is given by:

GAR

= (C.7)

Aoy, =
Where:
® G = Local shear stiffness (related to the CPT resistances 4.)
* AR = The pile’s surface roughness
* R =The pile radius

As the pile radius is in the numerator, this term is neglected for large diameter monopiles. The local radial
effective stresses set up by installation are strongly affected by the soils” local in-situ state, and in sands, the ICP
makes direct use of the CPT tip resistance g, profiles to predict design profiles of both o7, and Aoy ;. This gives
the following equation for the radial effective stress o;. in sands:

7 013 0.38

()

ol =0.029 - g, (PLO) ( 1?) (C.8)
a

Where:

* 07, = Radial effective stress set up by installation
* g, = Cone tip resistance

* 0, , = Initial vertical effective stress

* P, = Atmospheric pressure

h = Pile embedment depth

* R* = Effective pile radius
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The shaft radial effective stress at failure in clays can be defined as:

o)y = (Kf ) e 9

where the loading factor <. K is constant and may be assumed equal to 0.8. The field research in clays showed that
pile installation and equahzatlon leads to local radial effective stress profiles that can be expressed as:

oy, = Keol, (C.10)

where:
* 0 F= Shaft radial effective stress at failure in clays

* Ky = Loading factor for shaft friction

* K. = Constant coefficient for radial effective stress in clays

Note that K is not constant, but depends on the clay’s local Yield Stress Ratio (YSR) and sensitivity.
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