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Summary

Suction bucket jackets are an alternative foundation type for offshore wind turbines in deeper water which
can be silently installed. Geotechnical installation design is key for the feasibility of this concept. Risks during
geotechnical installation should be well understood before parties are willing to invest in the installation of
suction bucket jackets for offshore wind. This leads to the following research question:

What is the impact of geotechnical uncertainties on installation design of suction
bucket jacket foundations for offshore wind turbines?

Reliability-based design methods can be used to quantify the variability of geotechnical design parame-
ters and their impact on the installation design results. Previous studies and applications of reliability-based
design were used to set up a framework for the analysis performed in this research:

Penetration of suction bucket jackets is possible due to the reduction in soil resistance by the under-
pressure applied inside the buckets. The difference between limit and required suction determines installa-
tion feasibility. Two methods, based on the principles of open-ended pile design, exist for computation of
the required suction: the Houlsby & Byrne and the CPT-based method. The Houlsby & Byrne method uses
(un)drained soil parameters while the CPT-based method correlates penetration resistance with the cone
resistance obtained in a cone penetration test. The original methods are only valid for application in ho-
mogenous subsoils.

Subsoils of uniform permeability seldom occur in practice. Therefore an axisymmetric finite element
seepage model was integrated in both design methods. This model computes non-linear underpressure de-
velopment in layered subsoils. Additionally the fixed values available for the empirical end-bearing factor in
CPT-based design (kp ) are replaced by a method in which it is estimated based on site specific information.
A formulation relating estimated in-situ relative density to the end-bearing coefficient in dense sands was
developed based on the self-weight penetration data of large diameter monopiles.

The variability of design soil parameters in a case study wind farm was determined. First proper iden-
tification of the soil layers at each installation location is required. Four techniques were used: geological
history and soil type, Robertson classification, the statistical moving window method and Bartlett profiling.
Probability density functions, describing the likelihood of a certain value of a soil parameter, were used to
quantify the variability of the soil unit weight (γs ), the angle of internal friction (φ) and the permeability (k)
per soil type. Goodness of fit tests were used to assess the fit of the functions. Random field modelling was
used to simulate probable variation of the filtered cone resistance value along a vertical trendline.

The parametric uncertainties were implemented in the design methods during the quantitative reliability
analysis. This allows for assessment of their impact, feasibility of installation as well as the accuracy of the
models applied. Regular Monte Carlo simulation (MCS) was applied first. Afterwards attempts were made to
improve the speed by implementing a Markov Chain Monte Carlo method (MCMC). Self-weight and suction-
assisted penetration was examined in combination with possible contingency measures like ballasting and
backfilling with grout. Not all physical phenomena which can occur during suction bucket (jacket) installa-
tion can be accurately described by existing design methods. Contingencies like jetting and two-way cycling
or failure mechanisms like excessive loosening and soil plug heave are difficult to quantify. Large model un-
certainty therefore hinders the computation of an exact and accurate failure probability.
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vi Summary

Results of the direct reliability analysis show underperformance of the Houlsby & Byrne method. This can
be attributed to several causes. Estimation of the parameters is often more difficult since less (test) data is
available. Often the data is not retrieved from the exact installation locations as well. However, the main rea-
son for the underperformance is the sensitivity to the ratio of horizontal over vertical stresses (K). Estimating
the stress ratio in non-cohesive soils is infeasible. Additionally high stress ratio estimates can have unrealistic
design outputs due to inaccurate stress enhancement estimates as a consequence.

Integration of the seepage analysis made the CPT-based method feasible for application in subsoils with
varying permeability. Correlation of the empirical factors with site specific data resulted in improved design
results. It is recommended to extend and examine this formulation for all soil types. The CPT-based design
approach is recommended if a cone penetration test is performed at the installation location.

Working with a realistic survey dataset gave more insight in the practical application of reliability-based
design methods. No flawless layer identification method was found. Methods which use statistics of a moving
window require adaptation of the window width per location to identify thinner layers. Geophysical survey
data, borehole logs and Robertson classification are essential for successful profiling too. A combination of
methods is advised.

Vertical random field modelling of the cone resistance is feasible based on several closely spaced cone
penetration tests provided that extensive matching criteria are applied. Applying horizontal random field
modelling to the cone resistance is infeasible based on data from geotechnical surveys of offshore wind farms.
As a consequence installation design needs to be performed for each individual bucket. A system reliability
approach on feasibility of installation of the entire jacket configuration is not possible due to the continuous
process of installation.

A full reliability analysis might not be feasible or required each individual time a foundation is installed.
However, using elements of the analysis performed in this research can already increase understanding of the
impact of uncertainties, both in practice and in research.
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1
Research introduction

The main objective of this research is quantifying uncertainties in geotechnical installation design of suction
bucket jackets for offshore wind. First some background information regarding developments leading to this
research is presented. Afterwards the research topic, structure and limitations are described.

1.1. Background
Offshore wind farms are moving to deeper water, suction foundation technology is getting more mature and
reliability-based design is expected to become more important for geotechnical engineers. These three de-
velopments lead to the research topic described in Section 1.2.

1. Offshore wind farms moving to deeper water
In recent years more commitment is shown to the development of renewable energy alternatives (UNFCC,
2015; European Commision, 2014). Offshore wind has become a realistic renewable energy source and the in-
dustry grows rapidly (Rodrigues et al., 2015). Nowadays wind farms are built in ever increasing water depths.
These locations have larger and more constant wind speeds and are often positioned further offshore. There-
fore they cause less visual pollution as well (Bilgili et al., 2011). Constructing wind farms in deeper water
provides challenges considering support structure design (Breton and Moe, 2009). Formerly used monopiles
are not feasible support structures for most deep water sites (Lozano-Minguez et al., 2011). Industry and re-
search have developed many different concepts to deal with these increased water depths. In general four
options are considered feasible for deep water sites: XL monopiles, floating foundations, lattice structures
(e.g. jackets and tripods) and gravity based structures (Leanwind, 2017). These support structures transfer
loads to a foundation consisting of either driven piles, a gravity based interface or suction installed skirted
foundations (Randolph et al., 2005).

(a) XL Monopile (b) Floating concept (c) Lattice structure (d) Gravity-based

Figure 1.1: Foundation concepts for offshore windmills in deeper water (based on: European Wind Energy Association, 2013)
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2 1. Research introduction

2. Suction foundation technology
Suction foundation technology provides a silent and easy alternative for driven piles and has the potential
for easy decommissioning (Wang et al., 2018; Topham and McMillan, 2017). A typical foundation represents
an upside down bucket which is penetrated into the seabed by applying underpressure in the enclosed area
under the lid (Foglia and Ibsen, 2014). Soil conditions are of critical importance for the design and installation
of this type of foundation (Zaaijer, 2003).

Many suction founded structures for oil and gas purposes were installed in the past (Tjelta, 2015). How-
ever, both experience and guidelines on the application in offshore wind is scarce (Tjelta, 2014). While fab-
rication of suction bucket jackets is more comprehensive, gains can be achieved during installation. This is
expected to be faster and require less resources with respect to other foundation types. The combination of
a lattice structure and suction foundation technology has been applied for several meteorological masts and
as a demonstrator project in the wind farm Borkum Riffgrund I (Tjelta, 2014). In 2018 installation of suction
bucket jackets started at the farm locations Aberdeen Bay and Borkum Riffgrund II. Noise regulations become
stricter due to the known impact offshore pile installation on marine life (Bailey et al., 2010). Considering this
development suction bucket (jacket) based solutions could provide a silent alternative in the future.

(a) Monopod at HornsRev [110] (b) Suction bucket jacket at Borkum Riffgrund I [118]

Figure 1.2: Suction founded concepts installed for offshore wind purposes

3. Reliability-based design in geotechnical engineering
Geotechnical engineers typically design on the bases of in-situ and laboratory tests in combination with an-
alytic and numerical models (Lacasse and Nadim, 2007). Geotechnical engineers can use four strategies for
dealing with uncertainties. One can choose to ignore it, be conservative or use observations and correct af-
terwards. The final strategy is quantifying the uncertainty using reliability-based design methods (Christian,
2004). While the first three methods give an impression of certainty, they do not provide explicit uncertain-
ties (Lacasse and Nadim, 2007). Reliability-based design methods are typical for modelling low probability
and/or high risk scenarios (e.g. nuclear power plants). Over the years reliability-based design methods have
been applied in many engineering fields (Vrijling, 2001).

Reliability-based design is still relatively uncommon in geotechnical engineering. The main reason for
this is that application requires realistic estimates of the variability of soil parameters (Phoon, 2008). Unfor-
tunately soil parameters have large inherent uncertainties and available data is always limited. Nevertheless,
reliability-based design has been applied in levee design, seismic hazard assessments and lately even in off-
shore pile capacity computations (Phoon and Kulhawy, 2005). Design codes have been made for general
reliability principles and certifiers start incorporating criteria for reliability-based design in their foundation
specific codes (DNVGL, 2017b; ISO, 2015). Reliability-based design quantifies uncertainty and therefore al-
lows for optimization. Using it can lead to more cost efficient design and operations (Fenton, 1999).
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1.2. Topic
The three background topics described in Section 1.1 form the backbone of the motivation and research
question of this research. This Section describes both and concludes with the restrictions of this research.

1. Motivation
Aberdeen Bay and Borkum Riffgrund II are the first projects in which multiple suction bucket jackets are in-
stalled. At this moment no similar projects are planned in the nearby future. However, noise regulations in
Western Europe become stricter and offshore wind is moving to ever deeper water. This could result in con-
sideration of suction bucket jackets as an alternative for future projects. Installing a foundation and support
structure for an offshore wind turbine is still a costly undertaking. It is also an exhaustive offshore operation.
All parties involved want to have as good an insight as possible in the risks during installation before they will
invest in the application of suction bucket jackets. Installation is critical for design and therefore feasibility
of suction bucket jackets. Soil conditions are the main cause of problems during installation and therefore
an obvious starting point for technically reducing the risks. Reliability-based design can be used for quanti-
fying geotechnical uncertainties and therefore contribute to a better understanding of the installation risks.
Concluding one can say that this research can cut both ways. Firstly it aims to increase understanding of
suction bucket jacket installation design and the feasibility of the concept. Secondly it can contribute to the
application of reliability-based design for offshore geotechnical engineering purposes.

2. Research questions
The main research question summarizes all of the above. It is formulated as follows:

What is the impact of geotechnical uncertainties on installation design of suction
bucket jacket foundations for offshore wind turbines?

Six objectives need to be achieved to find an answer to the research question. These objectives roughly
correspond to the elements of the reliability-based framework. This framework is described in Section 1.3.

1. Development of an overview of methods for geotechnical installation design of suction bucket (jackets).

2. Insight in the possible events and failure mechanisms which can occur during geotechnical installation.

3. Quantification of the variability of geotechnical parameters required for installation design.

4. Reduction and quantification of the model uncertainty of the geotechnical installation design methods.

5. Integration of the quantified parametric variability and/or model uncertainty into the geotechnical
installation methods to perform direct reliability analyses.

6. Assessment of the impact of uncertainties on the outcomes of geotechnical installation design.

3. Restrictions
Installation design of suction foundations is a multidisciplinary task which requires knowledge of both struc-
tural as well as geotechnical design. Failure of installation can be caused by three types of limitations: the
pumping system (e.g. cavitation), structural capacity (e.g. buckling) and the soil (e.g. piping) (Lesny and
Richwien, 2011). Setting suction limits is a research on its own. Therefore only a brief analysis on soil suction
limits is included in this research.

Installation design of suction foundations is an extensive procedure. Complex finite element (FE) studies
and lab tests are performed during detailed design. Only analytic and empirical models are used in this
research. This is a more logical approach for initial feasibility assessment. Furthermore the incorporation of
complex FE models in a direct reliability analyses requires too much computational resources.

Reliability based design requires realistic estimates of the variability of soil parameters (Phoon and Kul-
hawy, 1999). This requires sufficient geophysical and geotechnical survey data. In several ways this study is
limited to the data available. A case study dataset based on an actual offshore wind farm survey campaign is
used in this analysis. In Appendix A more information regarding the background of this data is presented.
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1.3. Structure
A reliability-based design framework is used to structure both the research as well as this report.

1. The reliability-based design framework
A proper framework is required to make a comprehensive reliability-based analysis which incorporates as
much uncertainties as possible. The assessment of reliability of flood defences in the Netherlands is used
as a basis for the framework (Jonkman et al., 2017; Vrijling, 2001). This method is used because it provides
an excellent example of the thorough application of a reliability-based design approach. Starting point of
this assessment is a collection of the design methods available. Afterwards a qualitative reliability analysis is
performed. In this step the system is analyzed for possible events and failure mechanisms which could occur.
In an ideal scenario the design methods available describe all possible events and failure mechanisms. The
third step is the quantification of variability due to uncertainties within both parameter estimates as well as
the design models. This variability is integrated in the design methods to perform a quantitative reliability
analysis. In this final step the effect of uncertainties on design and on the probability of occurrence of events
and failure mechanisms is examined.

The assessment of geotechnical uncertainties which is described by several leading authors regarding
soil variability is integrated into this research (Lacasse and Nadim, 2007; Uzielli et al., 2006; Christian, 2004;
Phoon and Kulhawy, 1999). Geotechnical uncertainties can originate from both parameter estimation as well
as model imperfections. Both of these have an effect on installation design and are considered separately in
this research. The used reliability-based design framework is presented in Figure 1.3.

Figure 1.3: Reliability-based design framework and corresponding research and report structure

2. Report outline
The report outline follows a similar structure as the framework presented in Figure 1.3. Each of the steps
in the framework corresponds to a different Chapter in the main body of the report. First elaboration is
given on the current geotechnical installation design methods used for penetration studies (Chapter 2). Then
the event- and fault trees are developed in the qualitative reliability analysis (Chapter 3). Parametric and
model uncertainties are quantified (Chapters 4 and 5). Finally all preceding steps will be used to perform a
quantitative reliability analysis in Chapter 6.

Each Chapter contains an introduction which introduces the step in the reliability-based design frame-
work and provides more context to the methods used. Likewise all Chapters leading to the quantitative re-
liability analysis end with an evaluation of the methods applied and notes on their integration in the total
framework.

In Chapter 7 the findings, discussion and recommendations are presented. Since the research cuts two
ways a subdivision is made between findings on suction bucket installation design methods and findings
regarding the application of reliability-based design in offshore geotechnical engineering. Recommendations
for future research as well as application in practice are discussed in this Chapter too.

Two Appendices are attached to this report. Appendix A provides background information on the case
study wind farm dataset used. Appendix B elaborates on the smaller modelling decisions and background of
methods applied throughout the research.



2
Geotechnical installation design

Determining the installation feasibility requires a set of solid design methods. In this Chapter the methods
which can be used for geotechnical installation design will be determined and evaluated.

2.1. Overview
The scope of this research is a small part of the overall suction bucket jacket design. In this Section the design
and installation processes are described after which the available design methods are discussed.

1. Suction bucket jacket design
Geotechnical installation design is only a small part of a larger design process for suction bucket jackets.
Design of suction based foundations for offshore wind turbines is a three phase process (Ibsen et al., 2005).
First a design basis is made in which the wind turbine structure, environmental loads, design standards and
geotechnical conditions are evaluated. Afterwards a conceptual design is made in which simple analytic
models are used to evaluate bucket dimensions. In this phase feasibility of installation of the buckets (from a
structural and geotechnical perspective) is checked as well. The final phase consists of detailed design studies
in which finite element models and dynamic analyses are used for optimization of design. Geotechnical
installation design is part of the conceptual design phase (Figure 2.1).

Figure 2.1: (Considered) design phases for suction founded support structures (based on: Ibsen et al., 2005)
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6 2. Geotechnical installation design

2. Geotechnical installation process
The penetration process of suction bucket foundations consists of two phases: self-weight and suction-
assisted penetration (Randolph and Gourvenec, 2011; Lesny and Richwien, 2011). During the phase of self-
weight penetration the bucket skirts penetrate into the soil with the buoyant weight of the structure as sole
driving force. The suction-assisted penetration phase is the penetration of the bucket skirts into the soil with
both buoyant weight and differential pressure as driving forces.

Figure 2.2: Installation procedure of a suction bucket jacket (Wittrup, 2016)

2.1 Self-weight penetration
The goal of this installation phase is to form a sufficient seal which allows for suction-assisted penetration
(Houlsby and Byrne, 2005b). If this is not the case, channels can be formed due to the high hydraulic gradi-
ent caused by the suction process. This could cause premature refusal (Lesny and Richwien, 2011). Suction
buckets penetrate to shallower depths compared to piles. Therefore scour is unnacceptable and a large risk
(Byrne and Houlsby, 2003). Scour protection is applied to mitigate this risk. The filter layer of the scour pro-
tection is installed before geotechnical installation starts. Therefore the first part of self-weight penetration
goes through the filter layer (Asgarpour, 2016). After penetration of the filter layer the buckets should pene-
trate into the subsoil under the buoyant weight of the jacket. The amount of self-weight penetration can be
increased when ballast weight is applied (Randolph and Gourvenec, 2011). This installation phase is com-
pleted when it is possible to generate stable underpressure and penetration of the bucket(s) can be achieved.

2.2 Suction-assisted penetration
In this installation phase underpressure is applied inside the bucket by pumping out water of the enclosed
area between the lid and subsoil (Foglia and Ibsen, 2014). Applying suction creates differential pressures and
seepage flow (Lesny and Richwien, 2011). While both induce further penetration, the dominant process dif-
fers between soil types. Suction creates a seepage flow through the soil plug in non-cohesive soils (Houlsby
and Byrne, 2005b). Seepage flow reduces effective stresses and therefore the soil resistance. This allows for
further penetration (Tjelta, 1994). In pure cohesive soils seepage flow can be ignored due to the absence of
sufficient permeability. Suction-assisted penetration in cohesive soils is mainly induced by the differential
pressure acting on the soil plug (Foglia and Ibsen, 2014; Houlsby and Byrne, 2005a). This increases the driv-
ing force and therefore induces further penetration. In layered soils the dominant process can differ over
penetration depth. Therefore installation is more challenging in these conditions (Panayides et al., 2017).
The suction-assisted penetration phase is completed when all buckets have penetrated until target penetra-
tion depth. If there is any empty space between the bucket lid and the seabed grout can be used to assure
structural integrity of the system.
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3. Design methods
There are no design codes which cover the full installation design process of suction bucket jackets to an ex-
tent which is required for this thesis (Tjelta, 2015). Several design codes provide guidelines on offshore soil
mechanics, geotechnical engineering and the application of suction anchors in clay (DNVGL, 2017a; 2017b).
Specific design frameworks for the installation of individual suction buckets are available (Malhotra, 2011;
Ibsen et al., 2005). All design frameworks are based on the installation of one suction bucket. Multiple buck-
ets on one jacket are not expected to be behave independently. Figure 2.3 gives an overview of the design
framework for one bucket.

Figure 2.3: A flowchart for the penetration study of one suction bucket (based on: Malhotra, 2011 and Ibsen et al., 2005)

At this moment two design formulations are available to perform a suction bucket penetration study.
The first is an analytical formulation based on principles borrowed from pile design and bearing capacity of
shallow foundations (Houlsby and Byrne, 2005b; 2005a). The second is a CPT-based empirical formulation
which is used to perform a penetration study on the bases of direct correlation with the results of a Cone
Penetration Test (CPT) (Senders and Randolph, 2009; Andersen et al., 2008). Both methods make a distinction
between the self-weight and suction-assisted penetration phase. The outputs of the design methods are an
expected self-weight penetration depth and a profile of the required suction over depth.

The resulting parameters from both design methods do not provide any explicit information regarding
installation feasibility. Several bounds on installation are imposed by the site conditions. Suction limits need
to be determined to assure that the applied suction does not induce any mechanism leading to installation
failure (Senders and Randolph, 2009). In addition to this it is required to check whether the planned suction
during installation does not exceed the feasible limits of pumping imposed by cavitation and buckling (Lesny
and Richwien, 2011). Finally the soil profile composition (in layered soils) creates bounds to the applicable
suction. A seepage analysis needs to be performed to check the influence of the soil profile on the achievable
suction.

The design methods described in the previous paragraphs do not cover all geotechnical aspects of suction
bucket jacket installation. However, at the time of writing these are the two most prominent and usable
methods available. After performing the qualitative reliability analysis (in Chapter 3) the applicability of the
design methods within the reliability-based design framework is discussed.
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2.2. Houlsby & Byrne method
The Houlsby & Byrne method is a design method with simplified equations which borrows techniques from
pile design (Houlsby and Byrne, 2005b). It is a reasonable approximation for individual suction bucket instal-
lation in relatively homogeneous deposits of sand or clay (Houlsby and Byrne, 2005b; 2005a). The approach
was developed by Houlsby and Byrne in 2005 and was verified with field data and lab tests. The method dis-
tinguishes between the self-weight and suction-assisted penetration phase and computes the soil resistance
as the sum of inner- and outer shaft friction combined with the end-bearing of the skirt (Figure 2.4a).

1. Self-weight penetration
Self-weight penetration is possible when the acting buoyant weight on the bucket is larger than the soil resis-
tance. The computation differs between cohesive and non-cohesive soils.

1.1 Non-cohesive soils
The effective stresses over depth need to be determined in order to estimate the shaft friction and end-bearing
capacity. First the in-situ vertical effective stress is determined using the volumetric weight of the soil (Ver-
ruijt, 2012). During installation in non-cohesive soils the vertical stress adjacent to the skirt of the bucket is
enhanced by frictional forces further up the skirt. This effect cannot be ignored because it would provide a
non-conservative estimate (Houlsby and Byrne, 2005b). Determining the enhanced stresses requires a nu-
merical solution to the differential equation following from stress equilibrium in a small slice of the soil plug
(Figure 2.4b). Equation 2.1 shows the calculation procedure for the outer enhanced stress. The parameter f0

refers to the load distribution of the friction and is often assumed to be equal to one. Reference is made to
Houlsby and Byrne (2005b) for a full overview of equations.

dσ′
v

d z
− σ′

v

Zo
= γ′ , Zo =

Do

{[
1+

(
2 f0z
Do

)2
]
−1

}
4(K tanδ)

(2.1)

(a) Outline of a suction bucket (b) Equilibrium of horizontal slice soil plug

Figure 2.4: Schematization of the models applied to determine self-weight penetration with the Houlsby & Byrne method (adapted of
Houlsby and Byrne, 2005b)

When the outer and inner enhanced vertical effective stresses are determined the shaft and end-bearing
resistance can be computed. The shaft friction is determined by multiplying the horizontal effective stresses
with the tangent of the interface friction angle (δ). To do this the stress ratio (K) between horizontal (σh) and
vertical effective stresses (σv ) is required. After the friction has been determined the shaft resistance can be
found by integrating the friction over the penetration depth and the circumference of the bucket. The tip
resistance is found using conventional practice. Bearing capacity factors (Nq and Nγ) are used to estimate
the bearing capacity of the subsoil after which this is multiplied with the steel tip area (Equation 2.2).

V =
∫ h

o

(
σvo(K tanδ)o +σvi (K tanδ)i

)
d z + (σv Nq +γ′ t

2
Nγ)(πDt ) (2.2)
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1.2 Cohesive soils
The undrained shear strength of the soil over depth is required to estimate the soil resistance in non-cohesive
soils. Adhesion forces inside and outside the skirt can be determined by multiplying the undrained shear
strength with an adhesion factor (Houlsby and Byrne, 2005a). Methods to determine the adhesion factor can
be retrieved from conventional undrained pile design methods (Doherty and Gavin, 2011). Again the shaft
resistance is found by integrating adhesion forces over the penetration depth. The end-bearing resistance is
found by combining bearing capacity factors (Nc and Nq ) with both the undrained shear strength, soil unit
weight and the steel tip area of the bucket.

V =
∫ h

0

(
αo su1(πDo)+αi su1(πDi )

)
d z + (γ′Nq + su2Nc )(πDt ) (2.3)

1.3 Layered soils
The Houlsby & Byrne method can be used to compute self-weight penetration in layered soils quite easily. In
profiles in which the layers are both cohesive as well as non-cohesive the design method is a linear combina-
tion of both formulations.

Stress enhancement is not a relevant phenomenon for cohesive subsoils due to the absence of frictional
effects along the skirt. However, continuity of vertical stresses still applies. This requires a changing boundary
condition for the differential equation describing stress enhancement over depth. This can be implemented
in the design method in a relatively straightforward manner.

The end-bearing capacity estimation of the Houlsby & Byrne method in layered soils does not reflect the
real soil behavior. This is because the original coefficients of end-bearing are based on homogeneous soils in
which the capacity is coupled to the assumption of an influence zone. In layered soils the conventional way
of determining these coefficients does not fully apply because the soil in the influence zone could be non-
homogeneous (Verruijt, 2012). Finite element models can be used for better estimates of the end-bearing but
fall outside the scope of this research.

2. Suction-assisted penetration
Suction-assisted penetration occurs when the driving force (buoyant weight and differential pressure) is
larger than the soil resistance affected by the suction effects. The effect of differential pressure is simply
computed by multiplying the plug area with the suction pressure applied. The resistance is again computed
as the sum of shaft and tip resistances. Computation differs for cohesive and non-cohesive soils.

2.1 Non-cohesive soils
Again the vertical effective stresses are required for the computation of resistance. However, when suction is
applied the effective stresses reduce. Houlsby and Byrne (2005b) propose the suction decreases linearly with
depth to a value of a·s at the skirt tip. The coefficient a represents the reduction of suction at the caisson tip
for different penetration depths. This coefficient can be determined using a formula derived from the results
of FE models from existing studies. It only holds for homogeneous sands. Therefore it is not generally appli-
cable. In layered sands with different permeabilities the stress reduction is not linear over depth. Elaboration
on the effects of a non-linear reduction in suction pressure is given in Section 2.4.

(a) Tip resistance (σi = σo ) (b) Tip resistance (σi 6=σo )

Figure 2.5: Effect of suction-assisted penetration on the stress profile at the tip (Houlsby and Byrne, 2005b)
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Applying suction decreases the soil resistance. Shaft resistances are computed similarly as in the self-
weight penetration phase but with an effective stress reduction taken into account. The computation of tip
resistances changes due to the fact that the suction pressure can affect the stress distribution at the tip of the
skirt (Figure 2.5a and 2.5b). Three scenarios are defined: inward-, outward- and intermediate flow of soil.
Because the inner effective stress is reduced significantly more than the outer effective stress outward flow
and intermediate conditions are only expected to occur at the start of suction-assisted penetration. Besides
the changing stress distribution at the skirt tip, the change in effective stresses affects the tip resistance as
well. Equation 2.4 shows the final vertical equilibrium for inward flow. Reference is made to Houlsby and
Byrne, 2005b for the entire set of equations.

V + s
(πD2

i

4

)
=

∫ h

o

(
(σvo −as)(K tanδ)o + (σvi − (1−a)s)(K tanδ)i

)
d z + (σv − (1−a)s)Nq +γ′t Nγ)(πDt ) (2.4)

2.2 Cohesive soils
The suction-assisted penetration design procedure for the Houlsby & Byrne method is more straightforward
for sole cohesive subsoils. The shaft resistance computation does not change with respect to the self-weight
penetration phase. The tip resistance is only affected by a reduction of the overburden term due to the applied
suction pressure (Equation 2.5). This reduction is based on the assumption of pure inward flow (Houlsby and
Byrne, 2005a).

V + s
(πD2

i

4

)
=

∫ h

0

(
αo su1(πDo)+αi su1(πDi )

)
d z + (γ′Nq + su2Nc − s)(πDt ) (2.5)

2.3 Layered soils
Based on the previous paragraphs one can state that the effect of suction on the effective stress distribution
over depth is the governing mechanism for non-cohesive soils while the differential pressure is the govern-
ing mechanism for cohesive soils. However, when the soil consists of layers with varying permeability the
dominant mechanism can vary. In these cases significant adjustments to the design method are required.

When non-permeable (cohesive) layers are present in the profile the suction effects over depth can change
significantly. In general one distinguishes sand over clay an clay over sand scenarios. During penetration
in a sand over clay subsoil the design method does not change for the top sand layer. However, when the
skirt penetrates into the cohesive soil, the suction below the top of the clay layer diminishes. From that
moment onwards the principles of installation in clay should be used with a slight correction for the shaft
friction in the non-cohesive top layer. If clay is positioned over sand it is hard to establish seepage flow during
penetration. Therefore the resistance of the subsoil increases significantly. Installation in these conditions
has been completed in the past (Panayides et al., 2017; Saue et al., 2017). It is expected that phenomena like
cracking of the clay plug occurs in some situations which allows seepage flow to develop through a clay layer
(Senders, 2008). However, current design methods lack approaches to take this into account.

Soil layering can have a large effect on the seepage profile and therefore on the accuracy of the Houlsby
& Byrne design method. Especially when permeabilities differ, the effect of suction over depth can have non-
linear behaviour. The Houlsby & Byrne method for non-cohesive soils requires knowledge of the suction
profile over depth. The simplifying assumptions of Houlsby and Byrne (2005b) using coefficient a do not
hold in these cases. Another method should be used. Estimates of underpressure development over depth
can be determined using a seepage analysis. Because the seepage analysis is not part of the original design
method it is discussed separately in Section 2.4.
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2.3. CPT-based method
The CPT-based method is an empirical design formulation which correlates the cone resistance found in
a Cone Penetration Test (CPT) directly with the penetration resistance of the suction bucket (Senders and
Randolph, 2009; Andersen et al., 2008). Identically to the Houlsby & Byrne method the penetration resistance
in CPT-based design is determined as the sum of shaft resistances and the end-bearing capacity.

1. Self-weight penetration
The estimated self-weight penetration is found by comparing the resistance of the soil with the buoyant
weight on the bucket. The end-bearing capacity is correlated with the cone resistance data from a CPT-test
(Senders and Randolph, 2009; Andersen et al., 2008). Although sleeve friction measurements are available
the frictional forces on the skirt are correlated with the cone resistance from the CPT-test as well (Andersen
et al., 2008). This is due to the large variability possible in sleeve friction measurements (Lunne et al., 1997).
Empirical coefficients (kp , k f ) are used to correlate the measured cone resistance with end-bearing and shaft
friction or adhesion on the bucket. These coefficients differ for cohesive and non-cohesive soils.

V =πDi k f

∫ h

0
qc (z)d z +πDok f

∫ h

0
qc (z)d z + (πDt )kp qc (h) (2.6)

1.1 Non-cohesive soils
Several studies advise values for the empirical coefficients for estimating end-bearing capacity (kp ) and shaft
friction (k f ) in non-cohesive soils. In 1992 DNV suggested most probable values of 0.001 for k f and 0.3 for
kp and highest expected values of 0.003 for k f and 0.6 for kp . In 2008, Andersen et al. suggested a range of
0.01-0.55 for kp if k f is equal to 0.0015 and a range of 0.03-0.60 for kp if k f is equal to 0.001. The ranges
determined by Andersen et al. are based on prototypes and model tests in dense sands. It is expected that
these coefficients are not generally applicable. Senders (2008) used an empirical formulation for k f borrowed
from open-ended pile design Lehane et al. (2005). The resulting values are consistent with the DNV range and
overestimate the k f values of Andersen only slightly. All these studies apply to North Sea sand conditions.

1.2 Cohesive and layered soils
There are few studies on the coefficients k f and kp in cohesive soils. DNVGL (2017b) suggests most probable
values of 0.03 for k f and 0.4 for kp and highest expected values of 0.05 for k f and 0.6 for kp . Resistance in
layered soils can be obtained using a linear combination of the empirical coefficients (k f and kp ).

2. Suction-assisted penetration
Estimating the influence of suction on penetration resistance can be challenging (Tran et al., 2007). In the
empirical CPT-based design method several deliberate simplifications have been applied.

V + s
(πD2

i

4

)
=πDok f

∫ h

0
qc (z)d z +

(
πDi k f

∫ h

0
qc (z)d z + (πDt )kp qc (h)

)(
1− s

sc

)
(2.7)

2.1 Non-cohesive soils
Two conditions of suction-assisted penetration are taken into account: application of suction below and at
the critical limit. When suction below the critical limit is applied the driving force balances the soil resistance
affected by the underpressure. At critical suction the soil resistance almost diminishes because the hydraulic
gradient has become too large. It is assumed that the internal shaft friction and the end-bearing capacity
linearly reduce between the self-weight penetration resistance (at zero suction) and zero (at critical suction).
In the CPT-based design method the outer shaft friction is assumed to be unaffected by the underpressure
applied (Equation 2.7). An estimate of critical suction is required for application of this method (Section 2.5).

2.2 Cohesive and layered soils
Penetration resistance can be obtained using a linear combination of the empirical coefficients (k f and kp ).
Similar principles as in the Houlsby & Byrne method are applicable to suction-assisted penetration. In sand
over clay scenarios the design method does not change for the non-cohesive layer while suction diminishes
when penetration into the cohesive layer occurs. In clay (over sand) only the driving force increases due to
the effect of differential pressure. However, the linear reduction based on critical suction can result in errors.
This is because proper methods for the computation of soil suction limits in layered soils have not yet been
developed (Panayides et al., 2017).
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2.4. Seepage analysis
Reduction of effective stress is the governing phenomenon for suction bucket installation in non-cohesive
soils (Tjelta, 1994). Therefore knowledge of the development of suction pressures over depth is essential.
A seepage analysis provides valuable information on whether underpressure development (and therefore a
reduction of effective stress) is feasible in layered soils (Tjelta, 2015).

1. Theoretical background
Hydrostatic water pressure no longer applies when pore water flow is generated by suction under the lid of the
bucket. Darcy’s law is most commonly applied to describe steady state water flow in soils. It is a product of the
permeability and the hydraulic gradient in multiple directions (Verruijt, 2012). When Darcy’s law is integrated
into the continuity equation one finds a form of the Laplace equation (expressed in cylindrical coordinates in
Equation 2.8). This is a partial differential equation which can be solved if all boundary conditions, around
the domain considered, are defined (Biot, 1962). Solving this problem over the domain results in the variation
of pore pressure (u) over depth.

O2u = 1

r

δu

δr
+ δ2u

δr 2 + δ2u

δz2 + 1

r 2

δ2u

δφ2 (2.8)

2. Axisymmetric finite element model of normalized underpressure
Old analytic methods for solving 2D seepage problems (e.g. a flow-net) are not easy to implement in a direct
reliability analysis and lack accuracy (Verruijt, 2012). Therefore a 2D finite element analysis program was de-
veloped. The geometry is modelled as an axisymmetric element around the vertical centerline of the bucket.
Neumann (impermeable) boundaries are applied at all but the top boundaries of the domain. A constant
non-zero head (suction) is applied as a boundary condition inside the bucket while outside zero head is ap-
plied (Ibsen and Thilsted, 2010). When one applies axisymmetry it is assumed that the suction behavior of
each bucket is independent of other buckets. This can be different for suction bucket jackets because mul-
tiple buckets are positioned close to each other. However, integration of a 3D coupled analysis in a direct
reliability analysis will prove to be computationally infeasible. This model is therefore a practical solution.

After solving the steady-state analysis the variation of underpressure along the skirt wall can be deter-
mined (Ibsen and Thilsted, 2010). The suction is normalized with respect to the boundary condition inside
the bucket. The problem only has to be solved only once per penetration depth because of the linear be-
haviour of permeability in Darcy’s law. When the normalized underpressures over depth are known they can
be applied for different levels of applied suction using this linear relation (Figure 2.6a). The outcomes of the
seepage model were verified with earlier studies (Figure 2.6b). The possibility to vary the permeability of the
soil plug has been added based on recommendations in literature (Harireche et al., 2014 & Section 5.3).

(a) Normalized underpressure plot (b) Validation developed seepage model with Houlsby and Byrne (2005b)

Figure 2.6: Results and validation of seepage analysis required of variation underpressure over depth
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2.5. Critical suction
The Houlsby & Byrne and CPT-based design method are used to compute the required suction for penetra-
tion. The methods in this Section can be used to determine the maximum underpressure allowed.

1. Definition
Critical suction is defined as the maximum value of suction which can be applied inside the caisson at which
penetration can still be achieved. Suction levels exceeding critical suction can cause installation failure. Crit-
ical suction is governed by cavitation, structural (e.g. buckling) or soil limitations. In permeable soils high
suction levels can cause formation of piping channels which breaks the soil plug and can cause excessive soil
heave (Ibsen and Thilsted, 2010). In impermeable soils critical suction is often considered to be the suction
level at which the soil plug becomes unstable (Randolph and Gourvenec, 2011).

2. Cavitation limits
Cavitation occurs when the underpressure is equal to the atmospheric pressure (pa) added to the hydrostatic
water pressure minus the pressure at which cavitation occurs (pc ) (Equation 2.9). The cavitation pressure is
set equal to zero in this research (Senders, 2008). Suction bucket jackets for offshore wind are often located in
relatively shallow water (h < 30 m). This imposes relatively strict cavitation limits (Ibsen and Thilsted, 2010).

sc = pa +γw h −pc with: pa = 100 kPa and pc = 0 kPa (2.9)

3. Soil limits
While it is straight forward to estimate cavitation limits the critical suction levels causing failure mechanisms
in the subsoil are harder to estimate. They also differ for non-cohesive and cohesive soils.

3.1 Non-cohesive soils
The soil suction limit in permeable soils is defined as the suction which causes a critical hydraulic gradient
to occur adjacent to the lower part of the inner skirt wall. Feld (2001) used FE models (SEEP) to estimate the
effect of seepage on the effective stress reduction and proposed an empirical formula based on the ratio of
penetration depth over diameter and the effective soil unit weight. Houlsby and Byrne (2005b) incorporated
the influential parameter of soil permeability ratio (k f = ki /ko) and developed an empirical formula based
on earlier FE studies. Senders and Randolph (2009) did several numerical simulations and established an
empirical relation based on exit seepage length. Finally Ibsen and Thilsted (2010) used a finite difference
code (FLAC) to estimate soil suction limits in sands. Equation 2.10 presents the result of Ibsen and Thilsted
(2010) which shows similarities with the formulations in other studies.
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(2.10)

Research showed that critical gradients higher than predicted by these models could be applied in some
cases. Empirical formulas appear to be too conservative. Especially when soil arching, a pressure reduction
due to shear stresses of yielding soils, occurs these equations do not hold (Panagoulias et al., 2017). These
mechanisms are not considered in this research because there are no solid design methods available to de-
scribe them. In Section 5.3 the used computation of the soil suction limit is developed.

3.2 Cohesive soils
Critical suction in purely cohesive and impermeable soils is governed by the phenomenon of soil heave. This
occurs when the underpressure multiplied with the soil plug area (Ap ) becomes equal to the inner skirt resis-
tance (Ri ) and the buoyant soil weight (W’) (Randolph and Gourvenec, 2011; Randolph et al., 1998). Solving
this vertical equilibrium leads to the soil suction limit for these situations (Equation 2.11).

sc = Ri +W ′

Ap
(2.11)

3.3 Layered soils
The empirical formulas for soil suction limits do not apply for layered soils with different permeabilities.
Ibsen and Thilsted (2010) determined soil suction limits for a layered profile on the basis of a similar seepage
study described in Section 2.4. However, this did not result in an applicable design method in general.
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2.6. Evaluation
Proper design methods are a requirement for a reliability analysis. This Chapter elaborated on the meth-
ods which are most dominant in current research and practice. In this Section these methods will be eval-
uated and the consequences of using these methods within the reliability-based design framework will be
discussed.

1. Discussion on design methods
Several elements of the current design methods can be questioned on the basis of previous Sections and dis-
cussion and recommendations in existing literature. Before the specific shortcomings are discussed it should
be noted that existing methods only apply for individual suction bucket installation. Installing multiple suc-
tion buckets at the base of a jacket simultaneously is expected to cause slight differences. The difference in
seabed level as well as the variation in soil profiles between buckets become important. It is also plausible
that the seepage patterns of individual buckets could influence each other.

Both design methods (CPT-based and Houlsby & Byrne) have shortcomings when applied to layered soils
of varying permeability. First of all the seepage assumptions in both methods are developed for uniform sands
or impermeable clays. The results of the seepage analysis should be reflected in the penetration studies to
give more realistic predictions. The CPT-based method is only valid in dense sands according to Andersen
et al. (2008). Relatively little background is given regarding the estimation of the empirical parameters (k f

& kp ) based on site specific data. The original method of Houlsby & Byrne does not show how to compute
stress enhancement for layered soils (Houlsby and Byrne, 2005b; 2005a). This problem can easily be solved
by numerically solving the equations and checking on vertical stress continuity. Finally the accuracy of the
soil suction limit estimation methods can be questioned. All empirical correlations are only valid for uniform
sands while this is a situation which is rare in practice. Although soil suction limits for pure cohesive and
uniform sandy soils can be estimated, methods are absent for subsoils with varying permeability which are
often encountered in practice. Finally it is expected that that cavitation or buckling could impose even stricter
limits in shallow waters (Ibsen and Thilsted, 2010).

2. Integration in the reliability-based design framework
Two types of uncertainties are present when performing the installation design computations for suction
bucket jackets. The model uncertainties caused by empiricism or model shortcomings are discussed in Chap-
ter 5. Parametric uncertainties can cause significant variation in the model outcomes as well. Several param-
eters are required as input for the installation design computation. In this research it is assumed that the
geometric characteristics of a suction-bucket jacket are constant, while soil parameters are expected to vary.
Table 2.1 presents all parameters required as input for the installation design computation. The estimation
method and variability of these parameters will be discussed in Chapter 4.

Table 2.1: Environmental parameters required for design methods on suction bucket installation design

Parameter Sign Unit Required for:

Level mudline h m CPT-based- and Houlsby & Byrne method
Soil unit weight γ kN/m3 Houlsby & Byrne method, critical suction
Stress-ratio K - Houlsby & Byrne method (and critical suction)
Internal friction angle φ o Houlsby & Byrne method (and critical suction)
Interface friction angle δ o Houlsby & Byrne method (and critcial suction)
Undrained shear strength su kN/m2 Houlsby & Byrne method
Adhesion factor α - Houlsby & Byrne method
Permeability k m/s Critical suction (e.g. seepage analysis)
Cone resistance qc,t kPa CPT-based method

The results of the design methods presented in this Chapter do not give explicit information regarding
the feasibility of design. The outcomes of the design methods will be split up in a feasible and infeasible
domain later in this research (Chapter 6). The boundary between these domains is called a limit state. Limit
states define the scenarios for which installation failure occurs. Based on the failure mechanisms described
in Chapter 3 these limit states will be formulated at the start of the direct reliability analysis in Chapter 6.



3
Qualitative reliability analysis

Proper understanding of possible events and failure mechanisms which could occur during installation is
required for a good feasibility assessment. In this Chapter these elements are investigated after which they
are integrated into the reliability-based design framework.

3.1. Overview
The qualitative reliability analysis is an essential part within the reliability-based design framework. This
Section describes the function of this analysis and also elaborates on the four system elements which are
relevant for geotechnical installation of suction bucket jackets.

1. Introduction
Geotechnical installation design computations reflect a complex process of soil structure interaction while
installation in practice often consists of a set of simple actions. To make a proper reliability-based analysis
of the feasibility of installation it is required that there is good insight in both of these aspects (and their
interaction). It is therefore beneficial to create a fixed structure in which all scenarios are orderly presented.

Contractors which perform offshore installation often work with a base case scenario and possible contin-
gencies. The feasibility of installation is assessed based on the base case scenario while preparations are made
for the application of contingency measures. Flowcharts and decision trees are used to assess the need for
application of contingency measures during installation (Section 3.2). These flowcharts give a good overview
of installation sequences and provide a step by step analysis. However, they are not ideal to assess installation
feasibility within the reliability-based design framework.

It was decided to perform the qualitative reliability analysis of this research with two tools: event trees
and fault trees. Event trees represent the base case and contingencies available. They systematically evaluate
the possible (practical) scenarios possible during installation (Jonkman et al., 2017). Fault trees represent the
processes which underlie these events and could cause installation failure.

(a) Example event tree (Lacasse and Nadim, 2007) (b) Example fault tree (Christian, 2004)

Figure 3.1: Examples of qualitative reliability analysis tools used in this research
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2. System analysis
Four elements form the total system during geotechnical installation: the suction bucket jacket, the filter
layer of the scour protection, the seabed and the subsoil (Lesny and Richwien, 2011).

2.1 Suction bucket jacket
This component consists of either a three or four legged lattice structure and a suction bucket positioned
at the base of each leg. The suction buckets are rigidly connected to the jacket leg. The buckets have no
difference in vertical position. Each bucket consists of a cylindrical steel element (skirt) and a lid closing of
the top (Foglia and Ibsen, 2014). All buckets beneath the jacket have similar dimensions and are equipped
with a venting and pumping system.

During installation several parameters in and around the bucket are monitored. The governing param-
eters for installation success are clearance to the seabed, penetration depth and tilt of the jacket. However,
process parameters like differential pressures, pump flow and static pressures are monitored for installation
purposes as well.

2.2 Filter layer of the scour protection
A fully installed scour protection consists of multiple layers of coarse material (e.g. rocks). A filter layer is
installed on the seabed to prevent winnowing out of sand through the scour protection (Whitehouse et al.,
2011). Scour protection is often required because suction buckets rely heavily on soil close by (Zaaijer, 2003).
The filter layer is placed before geotechnical installation due to increased accessibility as well as for the pre-
vention of scour during installation. The filter layer of the scour protection is placed directly on the seabed,
consists of smaller rocks with specific grading and is often a few decimeters thick. During the entire geotech-
nical installation the suction buckets interact with the filter layer. The filter layer is governing installation
resistance when the skirts need to penetrate through this layer (Asgarpour, 2016).

2.3 Seabed level
The seabed forms the interface between the filter layer and the subsoil. Contrary to single suction anchors the
seabed is an important element for suction bucket jacket design. This is the case because seabed elevation
can differ per individual bucket of a jacket. The seabed level can differ due to sloping or seabed features like
ripples. Geohazards like seabed scour, man-made hazards and boulders could be encountered at the seabed.
These hazards can negatively interact with the foundation during installation. During geophysical surveys
the seabed is mapped and potential geohazards can be identified.

2.4 Subsoil
Together with the suction bucket jacket the subsoil is the most important element under consideration. It
consists of all the soil layers and other objects below the seabed. Often the subsoil consists of multiple lay-
ers of soil which show different behavior. These layers are often inhomogeneous, can be inclined and can
contain lenses (Sturm, 2017). Circumstances can differ per suction bucket of one jacket due to the large het-
erogeneity of the subsoil. The subsoil can contain geohazards like boulders and shallow gas deposits. These
can negatively interact with the foundation during installation (Houlsby and Byrne, 2005a). The elements
and characteristics of the subsoil are identified during geophysical and geotechnical surveys.

(a) Jacket [28] (b) Filter layer (c) Seabed (d) Subsoil [100]

Figure 3.2: Main elements in the process of geotechnical installation of suction bucket jackets
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3.2. Installation events
The installation procedure is a process of actions, events and contingency measures. In this Section the cur-
rent way of dealing with events during installation is described after which an event tree is made for geotech-
nical installation of suction bucket jackets.

1. Current practice
At the moment of writing decision trees are used to deal with possible events during installation. These trees
consist of tasks, assessment steps and contingency measures to apply. A decision tree for both the self-weight
as well as the suction-assisted penetration phase is used in design practice. Part of these decision trees are
displayed in Figure 3.3.

(a) Penetration filter layer (b) Part of suction-assisted penetration

Figure 3.3: Part of the decision trees used in practice during installation of suction bucket jackets

It can be identified that geotechnical installation of suction bucket jackets is a series system. When one
installation phase fails the entire installation procedure fails. Four phases are identified:

1.1 Penetration of the filter layer
The first phase is penetration through the filter layer. It starts after horizontal placement of the suction buck-
ets on top of the filter layer and ends when the skirts of all buckets have penetrated the entire layer. Risks
during this installation phase are refusal, punch-through of bucket(s) and excessive tilt. Ballast cannot be
applied in this phase due to the high end-bearing capacity of the filter layer and the corresponding risk of
buckling. The suction bucket jacket is still attached to the crane in this phase. This allows for corrections.

1.2 Self-weight penetration
The second phase is self-weight penetration into the subsoil. It starts when the skirts reach the seabed and
ends if the jacket tilt is stable when or after the required self-weight penetration has been reached. Ballast
can be applied when the buckets do not penetrate until the required self-weight penetration depth. This
increases the buoyant weight and therefore induces further penetration (Randolph and Gourvenec, 2011).

1.3 Start of suction-assisted penetration
The third phase is the start of suction-assisted penetration. It starts at the end of self-weight penetration and
ends when stable underpressure and penetration are achieved. When the suction bucket jacket is tilted at
the start of suction-assisted penetration, suction is applied first on the least penetrated bucket. If the under-
presssure is unstable or no penetration is achieved a survey has to be executed to check for the occurrence
of piping. If this is not the case pumping speed could be increased. Ballast should be applied to increase the
seal if piping does occur (Tjelta, 1994). As a last resort sandbags can be used to seal potential piping channels.

1.4 Suction-assisted penetration until target depth
The fourth and final phase of installation is the suction-assisted penetration until target depth. It starts when
underpressure and penetration is achieved at all buckets and ends at target depth. If even penetration cannot
be achieved the pumping speeds of buckets must be adjusted individually. This prevents excessive tilt. Jetting
or two way cycling of the seepage flow can be used to decrease soil resistance when premature refusal occurs
(Senpere and Auvergne, 1982). Often backfilling the empty spaces with grout occurs as a final step.
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2. Event tree definition
Event trees are an optimum way to quantify hazards and risks within the reliability-based design framework
(Lacasse and Nadim, 2007). Contrary to the decision trees used during installation, event trees are used to
describe risks at an early stage in design. They also allow for integration of possible results of direct reliability
analyses within reliability-based design framework (Jonkman et al., 2017). Each event tree starts with an
initiating event which can lead to a set of consequences. In this case the two possible consequences are
successful installation or failure. A sequence of sub-events takes place between the initiating event and each
possible outcome. The probability of each outcome is the product of the conditional probabilities of all sub-
events (Lacasse and Nadim, 2007; Christian, 2004).

To assure optimal functioning of the event tree several requirements need to be met. Firstly the events
incorporated in the event tree should be exhaustive. Secondly all known possible outcomes of the initiating
event should be included (Lacasse and Nadim, 2007). This assures that the sum of probabilities at each node
in the event tree is equal to one. Thirdly the subsequent events should be mutually exclusive, which means
they cannot occur at the same time (Jonkman et al., 2017). Fourthly the probabilities incorporated in the
event tree should be conditional. This implies that the probability of an event in the tree is not affected
by preceding events. The final requirement of the event tree is that they should lead to an outcome which
describes either success or failure (Christian, 2004).

Conditions that could lead to potential installation failure are often quite plentiful (Sturm, 2017). Ini-
tiating events with many possible consequences could lead to large and cluttered event trees. Several re-
quirements regarding application of the event tree are set for this analysis. Failure is indicated in the bottom
branches of the event tree. No excessive details are included to avoid a too large event tree. Finally sub-trees
are used to include all mechanisms within subsequent steps of suction bucket installation (Jonkman et al.,
2017). The next subsection describes the total event tree used in this research.

3. Event tree application
To avoid a complex and cluttered event tree a general event tree is used (Figure 3.4). The initiating event of
the event tree is the horizontal placement of the suction bucket jacket on the filter layer. All four installation
phases are implemented as branches in the tree. When all installation phases are completed successfully the
suction bucket jacket is properly installed. However, when one of the four phases cannot be completed the
installation fails.

Figure 3.4: General event tree for geotechnical installation suction bucket jackets

3.1 Sub-event tree 1: Penetration of the filter layer
Penetration through the filter layer is the first phase of geotechnical installation of suction bucket jackets.
The sub-event tree for this phase is presented in Figure 3.5. Ideally the skirts of the buckets penetrate through
the filter layer and touch the seabed without any tilt. However, refusal can occur due to the high bearing
capacity of the filter layer. Installation fails if all buckets refuse to penetrate through the filter layer. Ballast
cannot be applied at this stage due to the risk of buckling. An attempt can be made to reposition the suction
bucket jacket on a different location or at higher speed. Since this requires a new attempt of installation it
is considered as installation failure in this research. If only one or two buckets are refused by the filter layer
it can be tried to apply a moment on the crane (to which the suction bucket jacket is still attached). If the
top layers of the subsoil are relatively weak a risk of punch-through exists. When punch-through occurs the
consequences can be mitigated by holding back the crane. The consequences of all these sub-events are
either installation failure or crane intervention. Because crane intervention lies outside the scope of this
research further details will not be discussed.
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Figure 3.5: Sub-event tree of the penetration of a suction bucket jacket through a filter layer

3.2 Sub-event tree 2: Self-weight penetration
Self-weight penetration is the second phase of suction bucket jacket installation. The sub-event tree corre-
sponding to this phase is displayed in Figure 3.6. Ideally the skirts of the buckets penetrate the subsoil layers
in a stable manner until or below the required self-weight penetration depth. If excessive tilt or instability
occurs the venting gaps of (individual) buckets can be closed. This creates overpressure inside bucket(s) and
therefore hinders further penetration. This mitigation measure could potentially improve the verticality and
stability of the structure. Ballast can be applied if the self-weight penetration is below the set criteria. This
enlarges the buoyant weight on the buckets and therefore increases self-weight penetration (Randolph and
Gourvenec, 2011). Finally excessive scour can occur adjacent to the suction buckets during self-weight pene-
tration. This could decrease the seepage length drastically and contribute to installation failure (Sturm, 2017).
In this research it is expected that the filter layer will prevent excessive scour.

Figure 3.6: Sub-event tree of the self-weight penetration of a suction bucket jacket in the subsoil
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3.3 Sub-event tree 3: Start of suction-assisted penetration
This phase is the most critical and complex of all phases of suction bucket jacket installation. The sub-event
tree corresponding to the start of suction-assisted penetration is displayed in Figure 3.7. If the suction bucket
is tilted at the end of self-weight penetration the suction should be applied on the least penetrated bucket
first. This phase is successfully completed when the underpressure is stable for all buckets and penetration
of the skirts is achieved. If excessive leakage occurs one can attempt pumping at a higher speed (Sturm, 2017).
This is only allowed when there are no signs of piping. If there are signs of piping the seal can be improved by
applying more ballast. If piping still occurs after the application of ballast a last attempt can be made to start
suction-assisted penetration by sealing the piping channels with sand bags. If this does not stop piping the
bucket(s) will refuse further penetration and installation fails.

Figure 3.7: Sub-event tree for the start of suction-assisted penetration of a suction bucket jacket

3.4 Sub-event tree 4: Suction-assisted penetration until target depth
The fourth and final phase is the penetration until target depth while applying underpressure under the lid of
the bucket. The sub-event tree corresponding to this phase is displayed in Figure 3.8. This phase is successful
when penetration of all skirts reaches target depth and the structure stays within tilt limits. When excessive
tilt occurs during penetration the underpressure can be varied per bucket to level penetration speeds and
therefore improve verticality. Jetting or cyclic pumping can be applied when the suction limit of the pumps
or critical suction levels in the soil are reached (Senpere and Auvergne, 1982). Bucket penetration could be
prevented by excessive soil heave inside the plug. In this case two way cycling can be used to mitigate the
heave and induce further penetration. Finally it can occur that the bucket is penetrated until target depth
but the tilt requirements are not met. In this phase it can be attempted to jack up bucket(s) by applying
overpressure and so adjust the verticality of the jacket.

Figure 3.8: Sub-event tree for suction-assisted penetration of a suction bucket jacket until target depth

It is common in practice that free space is left between the lid of the buckets and the seabed after success-
ful installation. This can have two causes. Firstly it could be that seabed level differences cause free spaces in
individual buckets. Secondly it is possible that the target depth required by the client is lower than the bucket
skirt length. At this moment it is common in practice to fill any free space with grout.
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3.3. Installation failure
Failure occurs when the result of installation does not meet the requirements set in advance. Failure can be
caused by multiple mechanisms which are integrated into a fault tree in this Section.

1. Definition
Successful installation is achieved by reaching target penetration depth with all buckets while staying within
the tilt limits of the jacket. Installation failure is therefore caused by two mechanisms: premature refusal
and excessive tilt (Lesny and Richwien, 2011). Premature refusal of one or multiple buckets is defined as
prevention of further penetration before target depth is reached. Premature refusal is problematic because
insufficient penetration depth affects the structural integrity of the support structure over its lifetime. Exces-
sive tilt is defined as too much vertical offset during penetration or at target depth. During installation it can
cause peak stresses in the bucket skirts (Lesny and Richwien, 2011). If excessive tilt is present at target depth
the support structure does not satisfy the requirements for proper functioning of the wind turbine which will
be placed on top of the jacket (Ibsen et al., 2005).

2. Failure mechanisms
Installation failure can be caused by many different conditions and mechanisms. Over the years many have
been described in literature for individual suction buckets (Sturm, 2017; Foglia and Ibsen, 2014). The overview
presented in this research differs in two ways: it takes failure mechanisms considered in practice as well as
the jacket configuration into account.

2.1 Uneven seabed (Figure 3.9a):
The seabed can be sloping or uneven (Section 3.1). These level differences can contribute to failure in several
ways. It can prevent buckets from reaching target penetration depth. It can prevent sufficient self-weight
penetration of individual buckets. Finally it can contribute to excessive tilt during penetration of the filter
layer, self-weight penetration and close to target depth.

2.2 Boulder encounter (Figure 3.9b):
Boulders can be present depending on the geological history of the area where the wind farm is planned
(Leblanc, 2009). They can be positioned at the seabed as well as in the subsoil. Similar to pile installation the
encounter of a boulder by the skirt tip during installation could have refusal or structural failure as a conse-
quence (Stuyts et al., 2017). Boulders can also contribute to piping in individual buckets due the disturbance
of the soil close to the skirt during installation (Sturm, 2017).

2.3 Refusal by filter layer (Figure 3.9c):
The filter layer is present during installation. It can contribute in multiple ways to installation failure. It can
cause refusal due to its large bearing resistance. This can happen for individual buckets and the total jacket
configuration. There is a risk of the filter layer stones contributing to piping effects during suction-assisted
penetration as well. They could disturb the soil in a similar way as boulders.

(a) Uneven seabed (b) Boulder encounter (c) Refusal by filter layer (d) Punch-through

Figure 3.9: Failure mechanisms of geotechnical installation of suction buckets (1/4) (based on: Sturm, 2017)
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2.4 Punch-through the filter layer (Figure 3.9d):
Punch-through can occur when a skirt reaches the bottom of the filter layer. This is especially relevant when
the top layer of the subsoil is very weak. This could cause structural damage as well as excessive tilt if it occurs
at individual buckets.

2.5 Insufficient self-weight penetration (Figure 3.10a):
When the top soil layer(s) provides high penetration resistance the self-weight penetration could stay below
the required depth. Sufficient self-weight penetration is required for the formation of a seal which allows the
start of starting suction-assisted penetration. Insufficient self-weight penetration could cause piping during
the start of suction-assisted penetration and could therefore contribute to premature refusal (Sturm, 2017).

2.6 Piping (Figure 3.10b):
High seepage gradients can cause inner erosion to continuously increase. This could causes channels to be
formed and the flow of excessive volumes of water through the soil plug (Tran et al., 2007). Piping channels
cause a large seepage flow and this makes further penetration impossible (Sturm, 2017).

2.7 Inner erosion (Figure 3.10c):
When the grading of the subsoil is wide (e.g. a gap in the particle size distribution curve), the smaller soil
particles could flow out of it when high suction pressures are applied. This could cause excessive leakage and
therefore hinder suction-assisted penetration (Sturm, 2017).

2.8 Excessive loosening (Figure 3.10d):
When the effective stress in coarse subsoils is reduced the soil can loosen and dilate. This could cause filling
of the inner part of the bucket which could cause premature refusal. Loosening could also stop installation
due to the fact that it contributes to excessive leakage (Sturm, 2017).

(a) Insufficient SWP (b) Piping (c) Inner erosion (d) Excessive loosening

Figure 3.10: Failure mechanisms of geotechnical installation of suction buckets (2/4) (based on: Sturm, 2017)

2.9 Seabed scour (Figure 3.11a):
Scour during installation could cause problems at the start of suction-assisted penetration. It is more difficult
to form a stable seal due to a decreased seepage length. This could cause premature refusal (Sturm, 2017).

2.10 Preferential flow (Figure 3.11b):
Preferential flow can occur when either high or low permeable lenses are present in part of the cross section
of the soil plug. Flow can be concentrated to part of the cross section due to the horizontal variability in
permeability. This could cause highly reduced effective stresses in this part which could lead to local failure
and can have premature refusal as a consequence.

2.11 Stucking in high permeable soils (Figure 3.11c):
Stucking can occur when insufficient underpressure is generated in permeable layers during penetration. The
drainage capacity is large due to the high permeability. This prevents achieving the required underpressure
and as a consequence the reduction of inner vertical effective stress (Houlsby and Byrne, 2005a). This could
cause premature refusal (Sturm, 2017).
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(a) Seabed scour (b) Preferential flow (c) Stucking (d) Soil plug lift

Figure 3.11: Failure mechanisms of geotechnical installation of suction buckets (3/4) (based on: Sturm, 2017)

2.12 Soil plug lift (Figure 3.11d):
Soil plug lift can occur when impermeable layers are present within the soil plug. The applied underpressure
could cause part of the soil plug to lift and allow for an empty space filled with water. This prevents further
penetration and weakens the in place resistance after installation (Sturm, 2017).

2.13 Seepage blocking (Figure 3.12a):
The seepage in a sand layer can be blocked due to the presence of a clay layer on top of it. Therefore an
effective stress reduction in the sand layer underneath the clay layer is impossible. This could cause refusal
due to a too high soil resistance (Sturm, 2017; Houlsby and Byrne, 2005a).

2.14 Soil plug heave & reverse end-bearing (Figure 3.12b):
Soil plug heave is caused by displacement of the soil by the caisson and excessive underpressure which causes
inward flow (Rusaas et al., 1995). In this research soil plug heave is considered together with the failure mech-
anism of reverse-end bearing (Houlsby and Byrne, 2005a). This is inward flow of soil due to the reduced
bearing capacity of the soil plug. The increased soil level inside the bucket can cause refusal or tilt.

2.15 Soil profile differences (Figure 3.12c):
Suction bucket jackets have buckets placed at different locations and therefore in different soil conditions
(Negro et al., 2014). During simultaneous penetration of the buckets local soil profile differences or circum-
stances could cause a difference in penetration speed. This can result in peak stresses due to tilt when pene-
tration speeds differ or failure of the entire installation due to refusal of an individual bucket.

2.16 Sliding (Figure 3.12d):
Sliding could occur when the suction bucket jacket reaches the seabed and is still attached to the lifting crane.
Due to movements of the crane the jacket could disturb the top soil layer. This could cause problems at the
start of suction-assisted penetration due to a disturbed or reduced soil plug (Sturm, 2017).

(a) Seepage blocking (b) Plug heave (c) Different profiles (d) Sliding

Figure 3.12: Failure mechanisms of geotechnical installation of suction buckets (4/4) (based on: Sturm, 2017)
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3. Fault tree definition
The fault tree is an ideal method to map possible problems during installation. Contrary to event trees fault
trees show the conditions which should be met before installation failure can occur (Christian, 2004). The tree
is developed top down by moving from condition to condition. Again several requirements are set regarding
the setup of the logic tree. Firstly all the conditions at each stage must be independent. Occurrence of one
condition should not affect the occurrence of the others. Secondly specific failure mechanisms require one
(series system) or more (parallel system) conditions to occur. This needs to be integrated by using gates
which describe the character of the failure mechanism and its conditions. The probability of installation
failure is computed bottom upwards by progressively taking into account all failure mechanisms (Jonkman
et al., 2017). The top of the fault tree is in this case defined as ’geotechnical installation failure’.

4. Fault tree application
Integrating all failure mechanisms in one fault tree can be a cumbersome job. A few practical decisions have
been made regarding the fault tree which was developed for this research. In the fault tree no distinction is
made in the manner of failure (e.g. excessive tilt or premature refusal). This is done because several failure
mechanisms can be responsible for both conditions of failure. This would create dependencies if they were
integrated separately. Two types of conditions were identified as the main cause of failure: obstacle encounter
and soil conditions. Only parallel failure mechanisms are present in the top layers of the fault tree. This means
that every failure mechanism is equal to the largest probability of its individual sub-mechanisms. Figure 3.13
presents the fault tree system.

Figure 3.13: Fault tree describing failure of geotechnical installation of suction bucket jackets

It can be noted that several failure mechanisms have been removed from the fault tree. Sliding has been
removed due to the fact that it falls outside the geotechnical installation scope. Seabed scour is deemed
irrelevant for this research due to the application of a filter layer. The design of the scour protection is also not
considered to be part of geotechnical installation design. Several failure mechanisms have been integrated
into larger subsections. One can see that inner erosion, excessive loosening and piping are all attributed to
the global failure mechanism excessive leakage. Reason for this is the fact that current methods describing
soil limits contain all of these phenomena. In Section 3.4 more elaboration is given on the trade-offs and
design decisions made during the process of developing the fault tree. Finally buckling and cavitation are
structural and pumping failure so not incorporated in this fault tree.
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3.4. Evaluation
The qualitative reliability analysis and geotechnical installation design form the foundation of the reliability-
based design framework. The qualitative reliability analysis was performed with this in mind. This Section
evaluates the integration of the qualitative reliability analysis in the reliability-based design framework.

1. Trade-offs in logic trees
There does not exist a single way of making both logic trees. In this research the event tree is based on installa-
tion decisions which should be made. The occurrence of all failure mechanisms is not specifically included.
Because the event tree is more directed towards installation decisions it contains events which are hard to
quantify. Effects of the application of crane actions, jetting, cyclic pumping and the interaction of the buckets
with the filter layer are not possible to quantify within the scope of this research and with the available design
methods. However, important contingencies like the application of ballast for increased self-weight penetra-
tion, application of grout and accounting for differences in soil conditions between buckets will be assessed.

The fault tree is ideal for examining whether a site is feasible for suction bucket jacket installation. Several
trade-offs were made which allow for integration of the geotechnical installation design methods. First of all
some of the failure mechanism consider a single suction bucket (e.g. excessive leakage, layers and lenses,
soil plug heave). This research considers jackets with multiple buckets. It is assumed that the occurrence
of a failure mechanism for a single bucket has failure of the entire installation as a consequence. Several
individual failure mechanisms are positioned as subsets for larger mechanisms like ’excessive leakage’ and
’layers and lenses’. This has been done deliberately in prospect of integration of the design methods into the
fault tree. This is described in the next paragraph.

2. Integration in the reliability-based design framework
Design methods are required to examine the probability of occurrence of elements in the fault and event tree.
Table 3.1 presents an overview of the applicability of design methods to the different mechanisms within the
fault tree. A direct reliability analysis can be performed if specific design methods which describe the phe-
nomena behind failure mechanisms or events are available. This allows for integration of quantified uncer-
tainties and making an estimate of the probability of occurrence. When no design methods are available but
the conditions in which failure mechanisms can be identified a probability analysis can be performed. In the
case of some mechanisms design methods are unavailable and a probability analysis is of no use. Therefore
it will be impossible to further investigate these phenomena in this research (e.g. filter layer interactions).

Table 3.1: Failure mechanisms and their integration within the reliability-based design framework

Failure mechanism Direct reliability analysis Probability analysis Not quantifiable

Uneven seabed H&B and CPT-based method
Filter layer refusal No methods
Punch-through filt. layer No methods
Boulder encounter Survey data analysis
Excessive leakage Soil suction limit
Soil plug heave Pure cohesive soils Non-cohesive soils
Insufficient SWP H&B and CPT-based method
Preferential flow Only 3D analyses
Stucking Seepage analysis + H&B and CPT
Soil plug lift No methods
Seepage blocking Seepage analysis + H&B and CPT





4
Parametric uncertainties

Quantified variation of design parameters is required to determine the probability of failure mechanisms
(Chapter 3) with the available geotechnical design methods (Chapter 2). This Chapter starts with a discussion
on determining the required soil parameters. Afterwards their variability is quantified.

4.1. Overview
Uncertainty of a parameter estimate can have many origins. After discussing parametric uncertainty in gen-
eral a short elaboration on site investigations for offshore wind farms will be given.

1. Uncertainty in soil parameters
Uncertainty in geotechnical properties can originate from two main sources: random errors (data-scatter)
and systematic errors (Uzielli et al., 2006). Data-scatter is often caused by random testing errors and spatial
variation of the soil parameters. Systematic errors can be caused by statistical errors in assumed trends or
biases in measurement procedures (Christian, 2004). Examples of random testing errors are spikes of the
cone resistance profile due to hitting small cobbles or disturbances of borehole samples during extraction.
Systematic errors could arise when wrongly calibrated or inconsistent measurement devices are used (Figure
4.1b) or incorrect sampling rates are applied (Christian et al., 1994).

(a) Conceptual framework of uncertainties in soil
property estimates (Christian et al., 1994)

(b) Example of systematic uncertainty due to the use of
two different CPT techniques (Randolph et al., 2005)

Figure 4.1: Visualizations of uncertainties in parameter estimates

Another distinction which can be made is between variation which can and cannot be reduced. Variation
which can be reduced is named epistemic uncertainty. Examples of this are measurement, statistical and
model uncertainty. This uncertainty can be reduced by collecting more data. Variation which cannot be
reduced is named aleatoric uncertainty. An obvious example is layering of soils (Nadim, 2015).

27
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2. Data available
Data required for soil parameter estimation is obtained during offshore site investigation campaigns. Such a
campaign is often a combination of field tests and testing borehole samples in a laboratory (Randolph et al.,
2005). This Section discusses the most relevant parts for suction bucket jacket installation.

2.1 Geophysical survey
Geophysical investigation is performed to gain information on bathymetric conditions, the stratigraphy of
the subsoil, geological information of the soil used for foundation of the support structures and detect possi-
ble geohazards like shipwrecks, cables or boulders.

The main goal of the bathymetric survey is the mapping of the seabed level at the wind turbine foundation
locations. The seabed often shows dynamic behavior in the form of sand ripples or even small or large sand
waves. Indicates of the location and size of these waves can be obtained by examining the geophysical survey
data as well. Magnetic and side scan sonar data can be used to identify cables, shipwrecks or other possible
obstructions during installation.

Besides mapping the seabed the subsurface layer boundaries require identification as well. Seismic sur-
veys are used to identify the layering below the seafloor. The soil units for the turbine locations can be deter-
mined when one combines this data with geotechnical surveys and the geological history. Soil units are often
characterized by a geological age as well as the type of deposit. This phase results in a total overview of the
subsurface of the wind farm (e.g. Figure 4.2).

Figure 4.2: Example of mapped subsurface in geological units and soil types during a geophysical survey

2.2 Geotechnical survey
A geotechnical survey aims to determine the soil strength parameters which can be used for (installation)
design of the wind turbine foundation. In general three different categories can be identified:

1. Cone penetration test (CPT):
A cone at the end of rods is pushed into the ground during a Cone Penetration Test (CPT). During
this process the resistance on the cone tip and sleeve is measured (Lunne et al., 1997). Pore pressure
measurements are made if a piezocone-CPTu is performed (Firouzianbandpey et al., 2014). These mea-
surements are taken by sensors just behind the cone and have to be corrected for depth (Figure 4.3a).
The main advantages of a CPT are the ability to do fast and continuous profiling as well as generating
reliable and reproducible data. They also provide a strong theoretical basis for design and interpreta-
tion. The main disadvantage is the inability to obtain soil samples (Robertson and Cabal, 2015). In a
typical offshore windfarm project a cone penetration test is performed at least at each turbine loca-
tion. Since suction bucket jackets are a relatively new concept a cone penetration tests at each bucket
location is currently common in practice.
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2. Borehole sampling:
Boreholes are drilled holes from which samples are retrieved to classify the soil types in the field. A
borehole log is used to document the findings. It consists of the geology over depth which is based on
observations of the samples. Soil types, color and grain size characteristics are noted and the soil layers
are attributed to a certain geological deposit (Look, 2007). Classification and other types of laboratory
tests can be performed on borehole samples. In some instances boreholes are made in combination
with a cone penetration test.

3. Laboratory tests:
Laboratory testing is an important method for both classification as well as the estimation of soil pa-
rameters. Two important classification tools are the particle size distribution (for coarse-grained soils)
and the Atterberg limits (for fine-grained soils). Important tests for determining soil parameters are the
triaxial test (e.g. for estimating the internal friction angle of sands), the oedometer tests (e.g. for esti-
mating the pre-consolidation pressure of clays) and direct shear tests (e.g. for estimating the undrained
shear strength of clays).

(a) CPT Cone [36] (b) Borehole sample (c) Particle size distributions for one geological unit

Figure 4.3: Typical data sources used during design of an offshore wind farm and in this research

3. Representation of uncertainty
The goal of this Chapter is to determine the variability of the soil parameter estimates used in installation
design. The accuracy of the variability description depends mostly on the amount of data which is gathered.
Unfortunately it is not as straightforward to determine a soil parameter as other environmental parameters
like wind speeds and wave heights.

The methods used for quantifying variability are all mentioned in design codes on reliability-based design
(ISO, 2015). Random field modelling will be used to model the spatial variability of the cone resistance (qc ,
qt ) used in CPT-based design (Section 4.4). The variability of the seabed level (h) will be assessed individually
based on the bathymetric survey data. Variability of all other parameters (e.g. γs , φ, k) will be quantified by
using continuous probability density functions fitted to measured or estimated data series (Section 4.5).

Besides applying the correct methodology for quantifying soil variability it is even more important that the
soil variability is quantified for comparable data series. If two soil units are not comparable, using both their
parameters will not give an accurate description of variability. This is a classical debate between designers,
geologists and geotechnical engineers. In this research it is aimed to prevent problems like this as much as
possible. Therefore extensive methods of soil unit identification are implemented in the approach (Section
4.3). This will aid the application of both random field modelling as well as the use of continuous probability
density functions.

Before any variability assessment can be performed the soil parameters need to be determined. Section
4.2 provides an overview of the methods used and the data series obtained. Geotechnical and geophysical
surveys from a case study wind farm are used in this analysis. Appendix A provides additional background
information to the data obtained.
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4.2. Parameter estimation
Nine soil parameters are required before the design methods can be applied. Field-, classification and labo-
ratory tests will be used to determine these parameters. Correlations with other parameters will be applied
if insufficient direct measurements are available. All parameters will be determined using data from the site
investigation reports of an example offshore wind farm site (Appendix A).

1. Cone resistance (qc , qt )
In the case study wind farm over 200 CPTu’s were executed. Maximum penetration depths range between
10 and 40 meters. Since only the top layers are relevant for installation of suction bucket jackets all can be
used for installation design. The cone resistance profile (qc ) is the main result of a cone penetration test. The
measured cone resistance is corrected for pore water pressures acting on the cone. This is essential for softer
clays, silts and in over water work (Robertson, 2010). Correction occurs with a coefficient (a) which represents
the net area ratio. This is obtained by laboratory calibration (a ≈ 0.8). The corrected cone resistance is ob-
tained by Equation 4.1. The sleeve friction is corrected as well. To simplify interpretation the cone resistance
and sleeve friction are often corrected for (effective) stresses (Qt , Fr ).

qt = qc +u2(1−a) , Qt = qt −σv0

σ′
v0

, Fr = fs

qt −σv0
(4.1)

The Robertson graph presented in Figure 4.4 is the most common soil type assessment in geotechnical
engineering. The dotted black line indicates a normally consolidated region while further up right the soil
tends to be more overconsolidated. The patches in the Robertson graph indicate the classified soil type. A
soil behavior type index (Ic ) can be computed with the normalized cone resistance (Qt ) and friction ratio (Fr )
(Equation 4.2). Subdivisions can be made between different sands, silts and clays based on the value of this
index (Robertson, 2016).

Ic =
[(

3.47− logQt
)2 + (

logFr +1.22
)2

]0.5
(4.2)

Figure 4.4: Robertson graph with scatter plots of Qt and Fr for each identified soil layer
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2. Soil unit weight (γs )
In the case study wind farm soil unit weights were determined onshore as part of advanced tests on the bore-
hole samples. The saturated soil unit weight is determined based on measurements of volume and mass of
the sample. Although measurements are available for the most significant soil types one parameter estima-
tion method was examined for possible expansion of the data series.

Verruijt (2012) indicates a correlation of soil unit weight with the void ratio (e0), specific gravity of the soil
grains (ds ) and the unit weight of water (γw ) (Equation 4.3). Since the unit weight of water (zero variation) and
the specific gravity (coefficient of variation below 0.01) are approximately constant only a void ratio estimate
is required for this method. During laboratory testing the void ratios were determined using dry unit weights
(γd ) and specific gravity of solid grains (ds = 2.67) for 129 samples. Water content measurements of borehole
samples (determined off- and onshore) can be used to estimate the void ratio as well (Equation 4.3). This
relation can be used due to the fact that the soil is fully saturated (Verruijt, 2012). Figure 4.5a shows that
the correlation coefficient between measured and estimated void ratio is 0.99. This correlation is deemed
sufficient for use in this research.

γs = γw
e0 +ds

1+e0
with: e0 = ds

wd

100
(4.3)

(a) Water content to void ratio (b) Water content to soil unit weight

Figure 4.5: Correlations water content, void ratio and soil unit weight

The saturated soil unit weight (γs ) can then be estimated based on the void ratio (e0) and specific par-
ticle density (ds ). The correlation coefficient between the estimated soil unit weight and corresponding lab
test measurements is 0.96 (Figure 4.5b). Full correlation has therefore not been achieved. When a direct
correlation between water content and soil unit weight is attempted the accuracy of the estimation does not
increase (Figure 4.5b). The correlation between void ratio (via water content) and soil unit weight is deemed
insufficient for use in this research. This is because the variability in soil unit weight is already expected to
be low and an additional error in the estimate could result in less accuracy in the variability estimate. Only
direct measurements will be used to quantify the variation of this parameter. Representative deterministic
estimates will be used for soil types with little data available.

3. Stress ratio (K)
The stress-ratio is hard to determine from laboratory tests. In practice values of 1 and 2 are used for dis-
placement piles (Gavin, 2018). Ranges of 0.8-1.85 were used in previous research by Andersen et al. (2008).
Equation 4.4 can be used to estimate the ratio of horizontal over vertical stresses at rest with the angle of in-
ternal friction and the overconsolidation ratio (Mayne and Kulhawy, 1982). If the overconsolidation ratio is
approximately equal to one the formulation reduces to the formulation proposed by Jaky in 1944.

K0 = (1− sinφ′)OCRsinφ′
(4.4)
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In the site investigation report the clay is assumed to be normally to overconsolidated. This corresponds
to an overconsolidation ratio of approximately one to four (Look, 2007). However, little tests were performed
on few clay samples. The locations of these tests are also positioned very close to each other. Estimating the
OCR based on site data in sand is very difficult (Lunne et al., 1997). Therefore it is advised to estimate the pre-
consolidation pressure (Pc ’) based on the net cone resistance data from neighboring clay layers (Look, 2007).
Using the pre-consolidation pressure (Pc ’) and in-situ stress (σv0’) the OCR can be determined according
to Equation 4.5. Figure 4.6 shows the estimates for all clay layers in the wind farm. Large transformation
uncertainty occurs between measured and estimated values. It is expected that this originates from the fact
that borehole sampling and CPT testing was not performed at similar locations.

OCR = P ′
c

σ′
v0

(4.5)

Figure 4.6: Overconsolidation ratio estimate based on qc values from clay layers

It was decided to use common values applied in practice of displacement piles between one and two.
There are several reasons for not using the correlation presented in Equations 4.4 or 4.5. Firstly there is the
inability of estimating a reliable overconsolidation ratio in sand. Secondly there is the uncertainty attributed
to the estimate of the internal friction angle as well as the state of the soil. Combining both in Equation 4.4
could lead to an accumulation of variability which can lead to unrealistic estimates.

4. Internal friction angle (φ)
The internal friction angle can be determined using the Mohr-Coulomb failure criterion and the results of
triaxial tests. In total over sixty triaxial tests on sandy specimens have been performed in the case study
wind farm. Determined peak internal friction angles were generally very high, ranging between 30 and 53o .
Parameter estimates are required due to the fact that little tests per soil type are available and the direct
measurements show a large variation.

Installation design often makes use of the peak internal friction angle (φp ). This is the highest friction
angle possible to occur in sandy soils. At the peak of the stress-strain curve the peak internal friction angle
(φp ) acts on the grains (Figure 4.7a). Afterwards the soil starts to dilate and the friction angle decreases to a
final value of the constant volume friction angle (φcv ) (Figure 4.7b). The peak friction angle increases with
relative density and decreases for higher effective consolidation stresses. It is expected that the internal fric-
tion angle differs along the skirt wall during penetration. However, the peak internal friction angle will be
used according to design practice.

A relationship between relative density (RD ) and the peak internal friction angle exists (Andersen and
Schjetne, 2013). However, insufficient relative density measurements are available. It is common to estimate
the relative density on the bases of cone resistance data (Jamiolkowski et al. 2003; Baldi, 1986) or void ra-
tio data (Lunne et al., 1997). The formulations presented by Bolton (1986) and expanded by Andersen and
Schjetne (2013) can be used to estimate the drained peak internal friction angle (φp ) with the determined
relative density (RD ).
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(a) Stress-strain diagram (b) Volumetric strain (c) Triaxial stresses

Figure 4.7: Behaviour and visualization of internal friction angle development in a drained triaxial test (Andersen and Schjetne, 2013)

The void ratio (e0) can be used to estimate the relative density (RD ) with Equation 4.6 (Lunne et al., 1997).
Normally tests should be performed to obtain the minimum and maximum void ratio. However in this case
they are not available. The minimum and maximum void ratios measured in the laboratory tests were ap-
proximately 0.4 and 0.8. These void ratio limits are typical values for (very) uniform (UC = D60/D10 = 1-2)
and rounded sands present in the dataset. Using the void ratio estimates the relative density was determined
at the same location as where direct measurements were performed. The relative density outcomes where
deemed unrealistic compared to measured data. Therefore this method is not used in this research.

e0 = e0 −emi n

emax −emi n
(4.6)

The relative density can be estimated based on field test data using Equation 4.8 (Jamiolkowski et al., 2003)
and Equation 4.9 (Baldi, 1986). Cone resistance (qt ) and mean triaxial effective stresses (p’) are used to esti-
mate the relative density (RD ). Since these relations overestimate the relative density for over-consolidated
sands (present in the wind farm) the cone resistance is corrected by multiplication with a factor of 2

3 . The
horizontal effective stress (σ′

h) is required to determine the mean triaxial effective stress (p’). A stress ratio of
soil at rest (K0) of one is used in Equation 4.7. One can see several wrong estimates above one in the lower
right part of Figure 4.8. These are occurring in locations with a low effective stress and high cone resistance.
The correction factor of 2

3 for aged and over-consolidated sands of the cone resistance does not prevent this.

p ′ = 1

3
σ′

v +
2

3
σ′

h , p ′ =σ′
v
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3
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3
K 0

)
(4.7)

RD = 1

2.93
ln

( qc

205p ′0.5

)
(Jamiolkowski) (4.8)

RD = 1

2.61
ln

( qc

181p ′0.55

)
(Baldi) (4.9)

Figure 4.8: Accuracy of relative density estimate based on cone resistance data
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When the relative density is obtained an estimate of the peak internal friction angle can be made using a
correlation proposed by Bolton (1986). First one computes the density index (Ir ) based on the relative density
(RD ) and mean triaxial stress (p’) after which the drained peak internal friction angle (φ′

p ) is obtained using
the density index (Ir ) and the angle of repose of the soil (φcv ) (Equation 4.10). The angle of repose of the soil
is assumed to be equal to 33o (corresponding to round well graded sands) (Mayne, 2014).

φ′
p =φ′

cv +3Ir with: Ir = RD (10− ln p ′)−1 (4.10)

One can see significant scatter between the estimated and measured peak friction angles (Figure 4.9).
Reason for this could be the horizontal distance between the cone penetration test and the boreholes from
which the test samples were extracted. The range of estimated values represents the range of measured fric-
tion angles. Since large variation is observed in measured friction angles this method is deemed sufficient.
Equation 4.8 and 4.10 will be used to determine the friction angles for each soil unit.

Figure 4.9: Accuracy of peak friction angle estimate based on relative density and cone resistance

5. Interface friction angle (δ)
The interface friction angle (δ) is used with the vertical stress (σ′

v ) and the stress ratio (K) to determine the
skirt friction in sand. It can be measured with a ring shear test. Only three of these tests were performed.
The interface friction angle resulting from these tests is approximately thirty degrees. Since no further data
is present the interface friction angle is determined as the peak internal friction angle minus five degrees
(Equation 4.11) (Lehane et al., 1993). Another option would be to make use of the rule of thumb that the
interface friction angle is equal to 90 percent of the peak friction angle (Andersen et al., 2008). Individual
variability assessment is skipped since a direct correlation with the internal friction angle is used.

δ=φ′−5 (4.11)

6. Permeability (k)
Permeability is a notoriously hard parameter to estimate. Besides that it is not measured specifically during a
site investigation campaign. Robertson (2010) proposed a relation with CPT results but this only can be used
as an initial estimate. Permeability has a relationship with the grain characteristics of the subsoil (Chapuis,
2004). Because many classification tests were performed the particle size distribution and fine content are
known for many samples. The Hazen formula is the most common formulation to estimate permeability
(at locations with a fine content below 20%). However, research suggests the Kozeny-Carman formulation
provides better estimates (Odong, 2007; Carrier III, 2003). This is mainly due to the absence of the widely
varying empirical coefficient present in the Hazen formulation (CH in Equation 4.12).

k =CH D2
10 (Hazen) (4.12)

k = 1.5D2
10e3

0
1+emax

emax (1+e0)
(Kozeny-Carman) (4.13)
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Figure 4.10: Permeability estimates by Kozeny-Carman

When both formulations are applied on the site data it can be seen that the empirical coefficient in
the Hazen formulation should be manually calibrated (significantly) per location to get anywhere near the
Kozeny-Carman estimates (Figure 4.10). Research suggests the Kozeny-Carman formulation is more appro-
priate (Carrier III, 2003). The maximum void ratio is determined based on typical values corresponding to
the coefficient of uniformity of the soil (UC = D60/D10). Values of maximum void ratios (emax ) corresponding
to rounded to well-rounded sands are used. The variability of permeability per soil type is relatively large
(Figure 4.11). This is deemed acceptable when one considers the large variation of permeability expected in
general (Robertson, 2010).

Figure 4.11: Cumulative density function of permeability estimates per soil type

Several notes regarding the permeability estimate have to be made. In sand the permeability is assumed
to be isotropic. This means that the horizontal permeability (kh) is equal to the vertical permeability (kv )
implemented in the seepage analysis. Little clay and gravel layers are present in the case study site. Seepage
or blocking by layers of these soil types can have significant impact on feasibility. Therefore it was decided to
select conservative (deterministic) values for both. Clay will have a permeability of 1·10−9 m/s while gravel
will have a permeability of 1·10−2 m/s (Robertson, 2009). The permeability of gravel will be isotropic while
the permeability of clay will be 10 times larger in horizontal direction (kh = 10 kv ).
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7. Undrained shear strength (su )
Since little clay layers are present in the area, little measurements of the undrained shear strength are avail-
able. It was measured with less than twenty consolidated triaxial undrained tests at only two locations. Mea-
surements range between 59 and 220 kPa. Empirical correlations used for determining the undrained shear
strength can be divided into three categories: cone resistance, effective cone resistance and excess pore pres-
sure (Lunne et al., 1997). Neither of these methods give proper results for the measured undrained shear
strengths. Equation 4.14 is used in combination with a cone factor (Nk ) of 12.3 which is representative for
normally to lightly overconsolidated offshore clays (Mayne and Peuchen, 2018).

su = qc −σv0

Nk
with: Nk = 12.3 (4.14)

8. Adhesion factor (α)
Due to the limited amount of clay data available the adhesion factor will be difficult to estimate. The formu-
lation by Randolph and Murphy (1985) will be used to estimate the adhesion factor based on effective vertical
stresses and the undrained shear strength (Equation 4.15 & 4.16). Other formulations for determining the
shaft resistance for undrained pile design are available (Doherty and Gavin, 2011). However, they are mostly
unsuitable for application in this research due to a lack of data or inability of incorporation in the Houlsby
and Byrne method (2005b).

α= 0.5
( su

σ′
v0

)−0.5
for

( su

σ′
v0

)
≤ 1 (4.15)

α= 0.5
( su

σ′
v0

)−0.25
for

( su

σ′
v0

)
> 1 (4.16)

9. Seabed level (h)
The final parameter considered is the level of the seabed. As stated in Chapter 3 seabed level differences can
cause problems during installation if they differ over the extent of one foundation. The seabed at the case
study wind farm is relatively smooth. There are ripples with sizes between 0.01 and 0.1 meter. Smaller sand
waves are present with an amplitude below 0.5 meter and a wave length of approximately 100 m. Larger sand
waves have an amplitude of below one meter but wave lengths of 500 m. It is therefore expected that the sand
waves do not negatively influence suction bucket jacket installation. During bathymetric surveys the seabed
was mapped. Where necessary different levels for the buckets will be incorporated in design.
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4.3. Statistical identification of soil layers
Layer identification of the subsoil at a turbine location is essential information for geotechnical installation
design. Three operations will be performed before parameter variability is quantified. First measurement
errors are removed from the cone penetration test data. After this several (statistical) identification methods
are used to identify comparable layers.

1. Filtering cone penetration test data
Random measurement errors need to be removed from CPT results to assure the implemented data reflects
the soil profile encountered in reality (Harder and von Bloh, 1988). Often significant data scatter can be
observed in CPT results. These are often spikes in the CPT profile which indicate that the cone hit a small
hard object. There are not many statistical methods which have been specifically examined for filtering of
CPT outliers. The median bandwidth method proposed by Wickremesinghe (1989) is applied in this research
because it is considered to be the most reliable. It subdivides the CPT in segments for which the median and
standard deviation is computed. Using the standard deviations of neighboring segments a representative
standard deviation (σr ) is computed with Equation 4.17.

σr (n) = min
( √

σ2(n −1)+σ2(n) ,
√
σ2(n)+σ2(n +1)

)
(4.17)

Figure 4.12: Median bandwidth filtering of one cone penetration test in the case study wind farm

A bandwidth of two times the representative standard deviation is applied around each median value
(Wong, 2004; Wickremesinghe, 1989). All data points outside this bandwidth are considered to be outliers by
the implemented algorithm and deleted. During implementation it was noticed that this method filters out
cone resistance values between segments with a large variation in median. This should not be the case and
therefore an extra criterion was implemented. Only local maxima and minima are to be eliminated.

Filtering without a manual check would be unwise because errors could be left out or finite layers could
be erased. Therefore each filtered profile is checked on correctness by hand. During correction of all cone
penetration tests performed in the case study wind farm no significant errors were spotted. The median
bandwidth algorithm successfully eliminated the outliers.
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2. Identification of physical homogeneous soil units
Faulty estimates are made when a variability analysis is performed on datasets which contain soil data which
cannot be properly compared. Both random field models and distribution fitting requires comparable soil
data. Therefore the identification of physically homogeneous soil units is of essential importance. A physical
homogeneous soil unit can be defined in a sense of composition and behavior (Uzielli et al., 2006). Both will
be used in this research to assure maximum accuracy.

The identification of physically homogeneous soil units can occur on a subjective or an objective basis
(Uzielli et al., 2006). Identification on a subjective basis is often sufficient if a dataset is small, measurements
are closely positioned and the profiles are relatively uniform (e.g. Prendergast et al., 2018; Firouzianbandpey
et al., 2014; Fenton, 1999). This is not the case for geotechnical surveys of offshore wind farms. Although
many cone penetration tests are performed, the distances between them vary between close (5-10 m) and
very far away (1-2 km). This requires more rigorous (statistical) procedures. Four will be used in this research:

2.1 Robertson classification
The most used method for classification of soil types is the Robertson graph. It was developed in the early
nineties and since then adapted several times (Robertson, 2016; 1989). The results can be plotted on a Robert-
son classification chart (Figure 4.4). This chart gives insight in which soil types are expected to be present at
the location of the cone penetration tests. Section 4.2 presented more information on the background of the
parameters.

Figure 4.13: Robertson visualization of cone penetration test data for one test in the case study wind farm

In 1993 it was identified that an index parameter (Ic ) can be used to represent the soil behaviour type of the
Robertson graph. Based on this soil behaviour type an initial stratigraphic profile can be composed (Robert-
son, 2016). This stratigraphic profile will be used as a reference throughout the process of identification of
physically homogeneous soil units (Figure 4.19). Another practical feature of the Robertson classification
chart is that it can be used to visualize the data of identified homogeneous soil units in a second moment
sense (Uzielli et al., 2005). In Figure 4.13 the mean values of each identified unit are plotted together with a
bandwidth of one standard deviation. If the bandwidth deviates significantly this could indicate inconsistent
behavior of the soil within the identified unit.
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2.2 Geophysical survey and borehole logs
The soil profile consists of different geological layers as well as different soil types. Geophysical survey data is
often used to map the geological history of the site. In the dataset of the case study wind farm it is noticeable
that the top layers almost exclusively consist of marine and tidal deposits from the same age. These are
followed by mixed layers which often lie outside the zone of influence for suction bucket jacket installation.
At some locations small clay from till deposits were found at the seabed. Most of this characterization is based
on borehole sample examination. Seismic surveys proved the absence of shallow gases and boulders in the
top layers. If soil data is from different geological units caution should be exercised while comparing it.

Figure 4.14: Percentage per and different soil types found in borehole logs in the case study wind farm

The samples from each borehole are visually examined and each of them is given a geologic description.
A program was written in which the geological description text per sample is interpreted automatically from
the borehole logs (Figure 4.15). First the geological layer is identified (e.g. Marine Postglacial). Then the soil
type is identified (e.g. sand, clay, silt). Because the site considered in this research consists mostly of sandy
soils the program interprets the grains size characteristics (e.g. fine, medium and coarse) as well. The output
of the program is a soil type profile over depth per borehole. The closest borehole log is used as a verification
tool for the identification of physically homogeneous soil units at each CPT location (Figure 4.19).

Figure 4.15: Example of borehole log and elements which are automatically identified (2 samples)

2.3 Statistical moving window method
The statistical moving window method was developed to identify layers with consistent properties using the
coefficient of variation (COV). A window with a pre-defined size is moved over the cone resistance profile. For
each location the coefficient of variation of the data within the window is determined. No objective method
is available to determine the threshold for which a soil unit can be identified. A high coefficient of variation
therefore indicates changing properties. Uzielli et al. (2006) advised a threshold of 0.1 and a window width
of 1.5 m. In Figure 4.16 these test parameters do not give satisfactory results. This has to do with the large
variation of the cone resistance profile (possibly due to the shallow depth).
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Figure 4.16: Comparison different window widths in the statistical moving window method applied on qt with a sampling length of 0.02

During application of the statistical moving window method it was experienced that its results strongly
depend on the sampling frequency/length of the cone resistance profile. Figure 4.16 shows the result for
different window widths when the cone resistance value is sampled each 0.02 meters. A window width of 0.25
m (≈ 12 values per window) gives the most distinct results. Please do note that this method can identify soil
units but is not designed to identify layer boundaries (Uzielli et al., 2008). When the profile varies quickly the
coefficient of variation shows too much variation for proper identification. This is visible at depths below 2
and between 8 and 11 meters in Figure 4.16.

2.4 Bartlett statistics
Identification using Bartlett statistics is based on the Bartlett test value which is computed for a moving win-
dow over the data series under consideration. Contrary to the statistical moving window technique the win-
dow is divided into two sections for which the standard deviations are computed (σb1 & σb2). With the a
amount of measurements (mb) inside the window the Bartlett statistic is computed (Equation 4.18).

Figure 4.17: Comparison different window widths for Bartlett profiling on qt with a sampling length of 0.02
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Identically to the statistical moving window method no critical values or proposed window widths are
presented in literature. Indications that a Bartlett value of 200 could be used to identify boundaries between
soil units were found (Phoon et al., 2003). Again a dependence on the sampling length was found. Figure
4.17 shows the difference in results for different sampling windows using a sampling length of 0.02 cm. It is
visible that the larger sampling windows result in more distinct peaks. However, smaller sampling windows
can identify boundaries of thin layers (e.g. at a depth of 3.5 meter).

Bst at = 2.30259(mb −1)

Cb

[
2log

(σ2
b1 +σ2

b2

2

)
−

(
log(σ2

b1)+ log(σ2
b2)

)]
with: Cb = 1+ 1

2(mb −1)
(4.18)

2.5 Results
None of the identification methods is able to automatically identify all layers required for design. As a con-
sequence the decision was made to complete the identification process using all of the methods described
above. The procedure is visible in Figure 4.19.

Discussion on each identification method is therefore possible. The borehole log could be off-set due to
the distance between it and the CPT. Since the layering of the soil units is not horizontal (see Figure 4.2) the
borehole log could differ from the layer profile at a CPT location. The classification index could be similar for
two units with a different trend through the cone resistance profile. This could cause problems during ran-
dom field modelling (Section 4.4). Bartlett profiling as well as the statistical moving window method are very
sensitive to the bandwidth applied. The bandwidth size should therefore be optimized each time profiling
occurs to prevent over- or undersensitive identification. Finally the soil type can be similar for layers within
different identified geological units. It is possible that the parameters derived from different geological layers
cannot be compared and the variation should be quantified for each geological unit.

2.6 Assessment of weak stationarity
In a strict non-stationary process two values only show a relation based on their separation distance (Rack-
witz, 2000). Strict non-stationary processes are very rare in geotechnical engineering due to the strong spatial
characteristic of the subsoil (Uzielli et al., 2006). Nevertheless, the data should at least be weakly stationary.
When this requirement is violated a trend could be incorporated in the variation simulation and this can re-
sult in over- or underestimation of the cone resistance. An indication of weak stationarity can be found by
checking whether the mean of the detrended variation is zero.

Figure 4.18: Assessment of detrended variation of cone resistance profile

The only truly objective manner of assessing whether the detrended cone resistance is weakly stationary
is proposed by Phoon et al. (2004; 2003). Again Bartlett statistical profiling is used (Section 4.3). However,
this time it is applied on the detrended variation profile. When the Bartlett profile of the detrended variation
profile exceeds a critical (5%) reliability interval the profile of the soil unit shows too much stationarity. During
application it was observed that this model is not valid in all cases and has problems with dealing with thin
soil layers (Appendix B). A trade-off should be made between both prerequisites and practicality.
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Figure 4.19: Example of application of identification methods to one cone resistance profile in the case study wind farm
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4.4. Random field model of cone resistance
Cone penetration tests are point measurements. They do not reflect the variation due to the stratified and
heterogeneous nature of the surrounding soil (Uzielli et al., 2006). Random field modelling is the leading
technique for quantifying spatial variation in the results of cone penetration tests (Phoon, 2008).

1. Introduction
The variation of soil properties is almost never spatially independent (e.g. due to soil layering) (Fenton, 1999).
A random field model can be constructed for soil properties which can be described by a (depth-dependent)
trend and a random variation with zero mean (Phoon and Kulhawy, 1999). The cone resistance profile of a
physically homogeneous soil unit often contains a depth-dependent trend and is therefore suitable for use
in a random field model (Lunne et al., 1997). Using a random field model provides a better and stochastic
approach compared to a conventional division of the CPT into classified sub-layers with characteristic values
(Prendergast et al., 2018). This technique will therefore be used to simulate corrected cone resistance (qt )
profiles in the direct reliability analysis (Figure 4.20).

Figure 4.20: Simulating a cone resistance (qt ) profile with a random field model for the case study wind farm

Random field modelling is possible with data which satisfies two requirements: physical homogeneity
and weak stationarity (Uzielli et al., 2006). Violating the requirement of physical homogeneity would result
in a result based on uncomparable datasets. Weak stationarity of the variation is required to assure that the
variation described by the fitted autocorrelation model only depends on separation distance (Phoon et al.,
2003). In Section 4.3 these requirements were extensively checked. Since the cone resistance is a process
which is highly location dependent it should be mentioned that practicing it will always be a trade-off be-
tween practicality and the prerequisites.
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Furthermore, as noted in Section 4.3 it is essential that one checks whether soil units are comparable if
used together in the analysis. Literature does not present any guidelines for this yet. Therefore the following
three criteria are used for matching soil units in this research:

1. The difference in the mean soil behavior type index (Ic ) of both units should be below 5%.

2. The vertical location of the units should overlap.

3. Both units should be part of the same geological unit.

Random field modelling is possible in both vertical and horizontal direction. In vertical direction many
measurement points are available since the cone resistance profile provides a more or less continuous stream
of measurements. This technique has been successfully applied in several studies over the past decades (e.g.
Prendergast et al., 2018; Doherty and Gavin, 2010 Fenton, 1999). In horizontal direction random field mod-
elling is more difficult. Due to a larger separation distance between the individual cone resistance profile it is
more difficult to determine the scale of fluctuation (Lloret-Cabot et al., 2014; Firouzianbandpey et al., 2014).
Nevertheless it will be attempted to determine the horizontal scale of fluctuation at the end of this Section.

2. Vertical random field modelling
A vertical random field model for a physically homogeneous soil unit consists of three components: a trend
function, theoretical autocorrelation model and a value for the scale of fluctuation (Rackwitz, 2000).

2.1 Detrending and normalizing
The spatial correlation structure describes the variation of a parameter along a trendline. After the cone re-
sistance profile of a physically homogeneous soil unit is extracted from the data a trendline is fitted through
the profile (Prendergast et al., 2018). In this research a linear trendline is obtained using a least-square poly-
nomial fit. The cone resistance profile is detrended by subtracting this trendline from the data. This should
result in a variation with zero mean. The detrended signal is normalized with its variance to obtain a zero
mean data series with a standard deviation of one (Fenton, 1999). Higher order detrending is mentioned in
literature but reduces variation significantly (Phoon et al., 2003). A linear trendline is used to avoid underes-
timation of variation.

Figure 4.21: Procedure of detrending and normalizing cone resistance values for one soil unit
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2.2 Autocorrelation model & vertical scale of fluctuation
The autocorrelation model and scale of fluctuation form the basis of the spatial correlation structure of the
variation of corrected cone resistance. For each unit in each cone penetration test the empirical autocorre-
lation function is determined using Equation 4.19 (Rackwitz, 2000). The empirical autocorrelation describes
the correlation of normalized variation of cone resistance values as a function of separation distance.

ρ(τ j ) = 1

σ2(n − j )

n− j∑
i=1

(Xi −µ)(Xi+ j −µ) (4.19)

Table 4.1: Theoretical autocorrelation models common in geotechnical data analysis (Phoon et al., 2003)

Autocorrelation model Equation Scale of fluctuation

Single exponential R(τ) = exp(-λ |τ|) δ = 2 / λ
Binary noise R(τ) = 1- c |τ| (if |τ| = 1 / c δ = 1 / c
Cosine exponential R(|τ|) = exp(-b |τ|) cos(b τ) δ = 1 / b
Second-order Markov R(|τ|) = (1 + d |τ|) exp(-d |τ|) δ = 4 / d
Squared exponential R(|τ|) = exp[ - (α τ)$^2] δ =

p
π / a

An empirical autocorrelation model is not a convenient function for simulation purposes. Therefore a
theoretical autocorrelation model should be selected (Rackwitz, 2000) (Table 4.1). All five models are fitted
through the mean empirical autocorrelation of all matching soil units using a non-linear least square pro-
cedure (applied on the scale of fluctuation). In existing literature it is often assumed that all CPT’s within
one dataset show similar behavior. For a dataset from practice this might not be the case. Therefore the
three matching criteria will be applied to determine whether the empirical autocorrelation models can be
compared:

Figure 4.22: Procedure of fitting a theoretical autocorrelation model and determining scale of fluctuation (δ)
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2.3 Simulation
The spatial variation can be simulated using the trendline, theoretical autocorrelation model and scale of
fluctuation (δ). First the scale of fluctuation and theoretical autocorrelation model selected are used to com-
pute a correlation matrix for the soil unit under consideration (Prendergast et al., 2018). When a cone resis-
tance profile consists of multiple soil units these matrices should be added to form a global correlation matrix.
This matrix is symmetric along its diagonal. Then the lower triangular form (using Cholesky decomposition)
of this global correlation matrix (L) is multiplied with a vector of random numbers with zero mean and unit
standard deviation (U). This results in a normally distributed (µ=0, σ= 1) but spatially correlated process (G)
(Prendergast et al., 2018). A normally distributed random field can be added to the trendline (µ) to simulate
a cone resistance profile. To do this the standard deviation of the original variation is used (Equation 4.20).

qt ,n =µn +Gσn ,with: G = LU (4.20)

Normally distributed variables can have tails in the negative domain. Since it is impossible to measure a
negative cone resistance in the field a transformation should occur (Fenton, 1999; 2003). A bounded-normal,
log-normal, or Beta distribution could be used (Prendergast et al., 2018). First the cone resistance is simulated
by adding the normally distributed correlated process to the trendline. Then the profile is transformed from
normally to log-normally distributed using Equation 4.21 and 4.22. If trendlines show (near) negative values
they should be correct to one (Appendix B).

σln =
√

ln

(
1+ σ2

n

µ2
n

)
(4.21)

µl n = ln
(
µn

)− 1

2
σ2

ln (4.22)

After transformation of the mean and standard deviation one can use Equation 4.23 to simulate a cone
resistance with on a log-normal random field. Figure 4.20 shows the process of the simulation of one cone
resistance profile simulation based on the spatial correlation structure. Figure 4.20 shows a good example of
such a simulation.

qt ,l n = exp
(
µln +Gσl n

)
(4.23)

2.4 Remarks
Even cone penetration tests closely positioned show large variation along similar trendlines. It is therefore
logical that simulation (as presented in Figure 4.20) shows peaks in the cone penetration test location. In the
next subsection one can see that the horizontal scale of fluctuation will be very small. This implies a large
variation over short distances. Random field modelling provides an opportunity to take part of this variance
into account. Furthermore it should be noted that a dataset from practice is used. The amount of cone
penetration tests positioned close to each other has a large effect on the accuracy of the model.

3. Horizontal random field modelling
Creating a horizontal random field allows to simulate spatial variation of the cone resistance profile in hori-
zontal direction (Lloret-Cabot et al., 2014). While the approach is similar there are some differences in appli-
cation with respect to vertical random field modelling (Firouzianbandpey et al., 2014).

3.1 Data available
Vertical random field models are based on the spatial correlation structure derived from data with a high
sample rate (≈ every 0.02 m). Horizontal variation should be quantified on the basis of values further away
from each other (Lloret-Cabot et al., 2014). This Section displays an attempt on horizontal random field
modelling for the location presented in Figure 4.23. This location is presented because it is representative for
other locations in the case study wind farm. Horizontal variation is quantified in radial direction. This means
that the cone resistance values are compared based on direct horizontal separation distance.
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(a) Distances between cone penetration tests (b) Cone resistance profiles

Figure 4.23: Visualization of test location of horizontal random field modelling

3.2 Horizontal scale of fluctuation
All profiles are detrended along a single trendline. The detrended profiles are then subdivided into bins with
an approximate width equal to the vertical scale of fluctuation (δv ≈ 0.3-0.5 m). The mean values in these
bins are used to determine the empirical autocorrelation structure per bin. Figure 4.24 shows the results
for all bins for one layer of one CPT. Two times the length of the horizontal scale of fluctuation should at
least be larger than the separation distance for proper application. This is never the case for this dataset.
In literature it can be observed that the horizontal scale of fluctuation is mostly dependent on the closest
measurements (Firouzianbandpey et al., 2014; Lloret-Cabot et al., 2014). In Figure 4.24 one can see that this
point has significant influence in this analysis as well.

Figure 4.24: Typical results for the scale of fluctuation in horizontal direction for the case study wind farm

Attempts at other locations were not successful as well. It is believed that a definitive judgement on the
horizontal scale of fluctuation is only possible when multiple cone penetration tests are performed at very
close distance from each other (<5 m). Otherwise the horizontal random field model will be conditioned
solely on a measurement close by which could result in physically unrealistic results. Since earlier literature
also shows varying degrees of success it was decided to not investigate this topic any further throughout this
research to not hamper the progress of the entire analysis.
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4.5. Continuous random variables
Continuous probability density functions are used to quantify the variation of all soil parameters except the
cone resistance (qt ). In this Section reasonable distributions for specific parameters are discussed and se-
lected based on goodness of fit procedures. Attempts will be made to identify a probability density function
for each individual soil type identified in the case study wind farm (Figure 4.14). If differences in geological
unit are observed a distinction will be made as well.

1. Probability density functions
Random variables can take different values for which each can have a different probability. The probability
of occurrence per value can be described by a continuous probability density function (Dekking et al., 2005).
Several steps are performed to find the distribution best matching the data available. First the discrete sample
series are displayed as a histogram. Afterwards several plausible continuous probability density functions are
fitted through the empirical data series using maximum likelihood of its shape and location factors. Then
the empirical and theoretical cumulative density functions are determined by integration of the histogram
and continuous probability density function. The estimated continuous probability density function which
scores best will be chosen as the descriptor of the parameters variability (Dekking et al., 2005).

If insufficient data is available for fitting two options remain. The first is using a deterministic and rep-
resentative value. The second is examining literature for variations which already have been quantified. The
latter option has two main disadvantages. First it can be the case that variations described in literature were
retrieved from soil with a different geological history. Second the standard variations advised by literature are
so large that implementing would not result in any valuable information.

2. Goodness of fit tests
Two goodness of tests are used to assess which of the fitted distributions is suitable for describing the vari-
ability of the soil parameter under consideration. Pearson’s χ2 test will be performed to check whether the
assumption of the continuous probability density function should be rejected. The Kolmogorov-Smirnov test
is applied on the cumulative density function to perform a similar check. Assumed distributions can be re-
jected when the test statistic corresponding to a level of significance (e.g. 1%, 5% or 10%) is exceeded. The
distributions which score best are used in the quantitative reliability analysis in Chapter 6.

2.1 Pearson’s χ2 test
In Pearson’s χ2 test the observations in the histogram are sorted into bins. Afterwards the empirical proba-
bility of each bin is computed. This is then checked again the outcome of the probability density function for
that bin. First the histogram is sorted into bins with at least five observations (ni ). In total all the bins add
up to the total number of observations (N). The expected amount of values for each bin can be estimated by
integrating the probability density function over the interval of each bin. Using the expected and observed
amount of data in each bin the test statistic (D) can be determined according to Equation 4.24. The maximum
value of the test statistic (D) for which the chosen distribution holds is obtained from the χ2 distribution with
a 5% reliability interval. The bin-choice can affect the outcome of the test. In this research all data series are
subdivided into bins with at least five observations (Vrijling and van Gelder, 2002).

D =
k∑

i=1

(ni −N pi )

N pi
with pi =

∫ xi+1

xi

fx (xi ) d x (4.24)

2.2 Kolmogorov-Smirnov test
The Kolmogorov-Smirnov test rejects the assumed distribution when the largest deviation between the em-
pirical and theoretical cumulative density functions exceeds a defined threshold (T) (Dekking et al., 2005;
Massey, 1951). The closer the largest deviation between the empirical and theoretical cumulative denstiy
function is to zero the better the distribution fits through the empirical data. The original Kolmogorov-
Smirnov test does not apply to distributions estimated based on a data series (Vrijling and van Gelder, 2002).
For these cases the threshold value should be narrower. A 5% threshold is given by Equation 4.25 (Lillifors,
1967). One can see that the threshold decreases for an increasing number of observations (N).

T = 0.886p
N

(Level of significance: 5%) (4.25)
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3. Fitted continuous probability density functions
A fixed procedure is used to fit a probability density function through the data series. Several feasible dis-
tributions are selected for each of the parameters. Normally data series below a size of 30-50 points are not
used for distribution fitting due to the inability to perform the χ2 test and the uncertainty caused by the low
sample size (Vrijling and van Gelder, 2002).

3.1 Soil unit weight (γs )
Soil unit weight is expected to be normally distributed. It cannot be negative, but bounded distributions are
not required because the value of the parameter is sufficiently high and has small variation. The data shows
no depth dependent trend and it is expected that variation within one soil unit does not vary significantly.
Unfortunately not sufficient soil unit weight measurements are available for most soil types. This is due to
the fact that during the process the correlation with the void ratio was determined as not usable. A normal
distribution was fitted through the data on fine sands (Figure 4.25). This is the one of the most common soil
types in the case study wind farm (Figure 4.14). Furthermore deterministic values were selected based on the
mean of the measurement data available or based on standard values (Verruijt, 2012, Table 4.2).

Table 4.2: Quantified variability for soil unit weight of different soil types

Soil type N Distribution Parameters (kN/m3) KS χ2

Gravel, Sand (C, C-M) 0 Deterministic - -
Sand (M) 8 Deterministic - -
Sand (M-F) 11 Deterministic - -
Sand (F) 143 Normal µ =... , σ = ... 0.13/0.07 37.32/171.91
Silt 19 Deterministic - -
(Organic) clay 4 Deterministic - -

Figure 4.25: Fitted distributions to permeability estimates for medium sized sand

3.2 Permeability (k)
Permeability is a parameter with large variation and therefore special caution should be exercised when esti-
mating its variability. In Figure 4.11 the empirical cumulative density functions of permeability for each soil
unit are presented. Similar behavior is observed. More information on the estimation method is given in
Section 4.2. Since permeabilities cannot be lower than zero log-normal and exponential distributions were
fitted. The log-normal distribution provided the best results for four of the most common soil types in the
case study wind farm (Table 4.3 & Figure 4.26).

3.3 Stress ratio (K)
Common stress ratios applied in practice are between one and two. Since no parameter estimates can be
done it was chosen to select a uniform distribution to model this parameter. Literature did not provide any
other indications either.
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Figure 4.26: Fitted distributions to permeability estimates for medium sized sand

Table 4.3: Quantified variability for permeability of different soil types

Soil type N Distribution Parameters (m/day) KS χ2

Gravel 0 Deterministic - -
Sand (C) 0 Deterministic - -
Sand (C-M) 0 Deterministic - -
Sand (M) 35 Log-normal µ = ... , σ = ... 0.12/0.15 4.66/49.8
Sand (M-F) 51 Log-normal µ = ... , σ = ... 0.08/0.12 6.65/68.67
Sand (F) 168 Log-normal µ = ... , σ = ... 0.05/0.07 4.23/199.24
Silt 82 Log-normal µ = ... , σ = ... 0.10/0.10 54.26/104.14
(Organic) Clay 2 Deterministic - -

3.4 Internal friction angle (φ)
The peak internal friction angle is a defining parameter in the Houlsby & Byrne method since it is used to
determine the end-bearing capacity factors (Nq , Nγ) and the interface friction angle (δ). For each identi-
fied sand layer the friction angle variation will be determined based on the outcomes of the correlation with
CPT data. Weibull, Gamma, Normal and Log-normal distributions were fitted. The Weibull distribution per-
formed very well for scenarios in which the data had a clear upper bound while the (log-)normal distribution
performed best in other cases. Variation in distribution type is therefore allowed.

Figure 4.27: Friction angle distribution of one identified physically homogeneous sand layer



4.6. Evaluation 51

4.6. Evaluation
One of the main reasons for discussion of applying reliability-based design in geotechnical engineering is the
uncertainty in parameter estimates. In this Section the impact of specific assumptions is discussed as well as
the integration of the parametric uncertainties in the reliability-based design framework.

1. Impact of model decisions
Several modelling decisions which were made during the quantification of parametric uncertainties require
some remarks:

1.1 Trade-offs in assessment of weak stationarity
In Section 4.3 the objective assessment of weak stationarity is discussed. The only study which is available
to do this was performed by Phoon et al. in 2003. However, several disadvantages come with this approach.
Firstly critical values have not been determined for all autocorrelation models. Secondly it is only possible to
assess weak stationarity with respect to 5% reliability.

Another aspect which creates difficulties is the presence of relatively thin soil layers. Since the variation
profile of such a unit is small it is difficult to assess weak stationarity in an objective manner. Ignoring the
presence of these layers would result in unconservative design. Therefore a trade-off between weak station-
arity and practicality should always be made in these cases. Layer identification has been selected as the first
and foremost important aspect with respect to design in this research.

It was observed in the output data that in some cases the scale of fluctuation estimated is small. This
results in more fluctuations at closer distance. However, based on visual inspection this did not result in any
significant unrealistic soil profiles and simulation was deemed successful. Errors like these can always be
expected since the high dependency of the quality of the variation data after detrending.

1.2 Assessment for parameters with little data
There is not sufficient data available to quantify the variability of all soil parameters. There is literature avail-
able which provides standard variability values for soil parameters (e.g. Phoon and Kulhawy, 1999). However,
the ranges presented are so large that they would result in unrealistic design estimates. Therefore it was cho-
sen to determine representative deterministic values for the undrained shear strength (su), adhesion factor
(α) and for the soil unit weight (γs ) and permeability (k) of some soil types.

2. Integration in reliability-based design framework
Before an installation design computation (Chapter 2) is performed to assess whether installation is feasible
(Chapter 3) a design profile should be made which is representative for the location of installation. Figure
4.28 shows how all the elements discussed in this Chapter are used to define such a soil profile.

Figure 4.28: Flowchart on retrieving a design profile which is used in direct reliability analysis

In short the processed cone penetration test data and borehole data is used for identification of physically
homogeneous soil units. Afterwards a vertical random field model is constructed for simulation of the cone
resistance variation in these units. Continuous probability density functions were quantified for the other soil
parameters and attributed to each layer. The random field model for cone resistance (qt ) forms the design
profile together with the continuous probability density functions for soil unit weight (γs ), friction angle (φ)
and permeability (k). If a variability description proves to be infeasible a representative value is used.
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Model uncertainties

Uncertainty originates from parameter estimates as well as the mismatch between model outcomes and re-
ality. In this Chapter an attempt is made to decrease or quantify model uncertainties where possible.

5.1. Overview
Geotechnical models are often simple to use while they describe complex soil-structure interaction (Phoon
and Kulhawy, 2005). This applies to the design models discussed in Chapter 2 as well. Developing such simple
models implies the need of two types of simplifications. The first is the necessity of incorporating empiricism
(Phoon and Kulhawy, 2005). The second is the simplification of physical phenomena (Knut and Bjerager,
1992). Two paths are available for dealing with model uncertainty. The first is better representing physical
phenomena or in other words: improving the model. The second is quantifying model uncertainty itself.

1. Representation of physical phenomena
There are several model elements which require a better description of the physical phenomena they are rep-
resenting. First of all the incorporation of stress enhancement in layered soils is not discussed in the original
design method proposed by Houlsby and Byrne (2005b). Furthermore the underpressure patterns in both
the CPT-based design method and the Houlsby & Byrne method cannot cope with the presence of layers with
different permeabilities. In addition to that the (linear) underpressure profiles and their effect on resistances
do not represent realistic scenarios (Senders and Randolph, 2009). This is expected to cause problems during
application in subsoils with layers of different permeability. Additionally there are no guidelines for selecting
the value of the two empirical coefficients in the CPT-based design method (kp & k f ). Finally empirical critical
suction formulations are believed to mismatch with the actual suction which is possible to apply (Panagou-
lias et al., 2017). There is no clear understanding of the effects of physical phenomena like soil arching, plug
loosening and internal erosion on the maximum suction which can be applied. In Section 5.3 some of these
elements are discussed and design methods are adapted where possible.

2. Quantifying model uncertainty
It is important that we understand the reliability of the model when a design computation is made (Knut and
Bjerager, 1992). There are two methods to incorporate model uncertainty in a reliability analysis. One can
try to quantify the variation of empirical model parameters and treat them as random variables. Difficulty
with this is that these empirical model parameters are often correlated to soil parameters as well as each
other. It is more common to quantify uncertainty of the entire model in a stochastic manner (Knut and
Bjerager, 1992). In this approach a model factor is determined based on the results of a design computation
and corresponding tests. The model factor for each test is simply equal to the measured value divided by the
test value. This method has been used for several studies on soil-structure interaction (Tang and Phoon, 2017;
Burlon et al., 2014; Dithinde et al., 2011; Phoon and Kulhawy, 2005). A robust stochastic analysis on model
uncertainty requires three elements: large scale tests, representative databases and high-quality tests (Phoon
and Kulhawy, 2005). Insufficient installation data of suction bucket jackets is available. Therefore it will be
attempted to quantify the uncertainty of the predicted installation resistance based on monopile self-weight
penetration data (Section 5.2).

53
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5.2. Stochastic model uncertainty factor
The outcomes of a direct reliability analysis do not reflect actual failure probabilities if one does not con-
sider the impact of model uncertainty (Lacasse and Nadim, 1994). Stochastic assessments determine model
factors based on a limited amount of measurements (Burlon et al., 2014; Dithinde et al., 2011; Phoon and
Kulhawy, 2005). On average approximately thirty values are used while an absolute minimum of five has
been used in the past by Knut and Bjerager (1992). Unfortunately this number of comparable test cases is
not available for suction bucket (jacket) installation. Nevertheless, in this Section an attempt will be made
to estimate model uncertainty based on the self-weight penetration data of large diameter monopiles. There
are sufficient measurements of this process.

1. Monopile self-weight penetration
Apart from the start phase the installation process of monopiles and suction bucket jackets is fundamen-
tally different. Nevertheless the soil-structure interaction during self-weight penetration is (almost) identi-
cal. Both concepts consist of large circular steel profiles. While D/t ratios differ, they are relatively large for
the large diameter monopiles considered in this analysis (D/t > 90). Besides the similarities in geometry the
installation design methods of suction bucket jackets are based on open-ended pile design as well (Andersen
et al., 2008; Houlsby and Byrne, 2005b). A better estimate could be given by using suction bucket installation
data without a doubt. However, monopile self-weight penetration provides a proper alternative due to the
availability of over 120 measurements.

Two measurements are performed during self-weight penetration of a monopile: the submerged weight
of and on the pile and the penetration depth. During installation design of suction bucket jackets the self-
weight penetration depth is the primary interest. However, the model factor (I) will be determined for the
penetration resistance (R) at self-weight penetration depth (dsw p ). This makes it easier to integrate into the
design computation (Burlon et al., 2014). The model factor will be computed with Equation 5.1.

I = R(dsw p )

V
with: V = submerged weight, R = design resistance (5.1)

2. Model estimates
The soil parameters for each of the monopile locations has been determined identically to the procedure
stated in Chapter 4. Because this computation only considers model uncertainties the mean value of each soil
property is used (Knut and Bjerager, 1992). This means that the model factors computed present the range
of deviations from reality excluding parameter uncertainty. The CPT-based design computation is performed
with the most probable values for both the shaft and end-bearing factor (Section 2.3 and DNV, 1992). Figure
5.1 presents the measured and computed self-weight penetration for all cases using both models.

Figure 5.1: Computed versus measured self-weight penetration values of large diameter monopiles
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It is noticeable that the CPT-based design method largely overestimates the self-weight penetration at
many locations. This is attributed to the fact that the subsoil at these locations consists of clay or loose sand
layers. Senders and Randolph (2009) already expected that the CPT-based method does not perform well
in these conditions. Model uncertainty is best estimated for a consistent dataset. To avoid a bias in the
model factor only locations with relatively dense sands will be used in this research (Knut and Bjerager, 1992).
Two filter criteria were used: a soil behavior type index (Ic ) lower than 2.05 and a relative density index (RD )
above 0.65 (Robertson and Cabal, 2010; Look, 2007). This resulted in a data series consisting of only cases
where dense sand is present along the penetration depth. The predictions for these locations are significantly
better. In total twenty-five locations remain (Figure 5.1) which is considered to be a decent amount of input
for determining the model factor (Tang and Phoon, 2017; Dithinde et al., 2011; Phoon and Kulhawy, 2005).

3. Probability density function of the model factor
Model errors are commonly assumed to be log-normally distributed, while normal and Beta distributions
could be possible as well (Phoon and Kulhawy, 2005; Knut and Bjerager, 1992). Since there is no interest in
extreme tail probabilities (≈ 0.001) the fit can be performed with little data. Both goodness of fit tests are
successful for the fit through both model factor datasets (Table 5.1). Finally the empirical distribution of the
model factor is uni-modal. There is no gap between the model factors computed (Burlon et al., 2014). The
mean model factors of the CPT-based and Houlsby & Byrne model are respectively 0.88 and 0.8. This shows
that for these cases the model tends to slightly underestimate the resistance present in reality.

(a) Houlsby & Byrne method

(b) CPT-based method

Figure 5.2: Model factors for both installation design models applied on monopile self-weight penetration in dense sands
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4. Representative stochastic model uncertainty factor
A probability density function is a proven way of representing model uncertainties. Nevertheless it is often
practical to use representative stochastic model uncertainty factors (Burlon et al., 2014; Knut and Bjerager,
1992). In this case the 95 % reliability interval of the model factor is computed using Equation 5.2. Because
a log-normal distribution is used the mean and standard deviation need to be corrected (Equation 5.3). Tn−1

represents the use of including statistical model uncertainty by drawing a value from the Student-t distribu-
tion (Tn−1 = 2.402). Table 5.1 presents the 95 % confidence interval of model factors for both models.

I = exp

(
µI ,ln +Tn−1σI ,ln

√
1+ 1

n

)
(5.2)

µI ,ln = lnµI − 1

2
ln

[(σI

µI

)2 +1
]

, σI ,ln =
{

ln
[(σI

µI

)2 +1
]}0.5

(5.3)

Table 5.1: Results goodness of fit tests for fitting of log-normal distribution through model factors

Model µ σ N Distribution χ2 χ2
c KS KSc I0.025 I0.975

CPT-based 1.23 0.56 25 Log-normal 3.32 47.40 0.08 0.15 0.46 2.76
Houlsby & Byrne 0.87 0.89 25 Log-normal 0.20 46.19 0.10 0.15 0.15 5.00

Figure 5.3 presents the difference between the use of a 95 % reliability interval based on conventional
theory and using the stochastic model uncertainty factor for the CPT-based design method (Alm and Hamre,
2001). One can see that for all locations (except one) the measured resistance lies between the confidence
interval of the stochastic model uncertainty factor. Estimating the range of possibilities has become signifi-
cantly more realistic using Equation 5.2. In Section 5.3 an improved estimation method for the end-bearing
coefficient (kp ) is proposed which improves the accuracy of the model significantly while even reducing the
95% reliability interval up to 30%. The upper bound estimates by the stochastic model factor are significantly
higher. This has to do with the shape of the log-normal distribution which has a wide tail.

Figure 5.3: Difference in reliability interval between the stochastic model factor and conventional methods (CPT-based design)
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5.3. Model assessment
The installation design models were closely examined and in this Section adaptations are proposed to in-
crease the representation of physical phenomena. Where possible the impact of these adaptations on the
stochastic model uncertainty factor will be assessed.

1. Houlsby & Byrne method
Elements of the Houlsby & Byrne model which require assessment are the bearing capacity factors (Nc , Nq

and Nγ) and the incorporation of the seepage analysis into the design method.

1.1 Incorporating the seepage model
Figure 5.4 shows the influence of incorporating the results of the FE seepage model (Section 2.4) in the
Houlsby & Byrne method. The original linear suction profile based on factor a is an oversimplification for
layered soils as presented in Figure 5.4. By directly incorporating the results of the seepage analysis the rep-
resentation of physical phenomena in the Houlsby & Byrne method is improved. Both underpressures and
effective stresses are now able to vary non-linearly over depth. If the underpressure exceeds the effective
stress level, zero effective stress will be applied (Figure 5.4).

Figure 5.4: Influence of incorporation seepage analysis in the vertical effective stress assessment Houlsby & Byrne method
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1.2 Bearing capacity factors
The Houlsby & Byrne method is based on the original strip bearing capacity method developed by Prandtl.
Terzaghi adapted it to the now commonly used Equation 5.4. Later the bearing capacity factors (Nq , Nc and
Nγ) were determined for shallow and deep foundations by Meyerhof (1951) (Verruijt, 2012).

q = cNc +σ′
v Nq +γs

B

2
Nγ (5.4)

The bearing capacity factor (Nq ), which determines the influence of the overburden pressure, correlates
with the internal friction angle (φ). Equation 5.5 presents the commonly used expression for shallow founda-
tions in non-cohesive soils (Meyerhof, 1951). Nq is used to determine the last bearing capacity factor (Nγ) as
well (Equation 5.6). The internal friction angle in (pure) cohesive soils is zero. Therefore the bearing capac-
ity factors Nq and Nγ reduce to respectively one and zero in cohesive soils. The bearing capacity factor for
cohesion (Nc ) is only used in cohesive soils and set equal to nine (Houlsby and Byrne, 2005a).

Nq = tan2
(π

4
+ φ

2

)
expπ tan(φ) (non-cohesive soils) , Nq = 1 (cohesive soils) (5.5)

Nγ = 1.5(Nq −1)cot(φ) (non-cohesive soils) , Nγ = 0 (cohesive soils) (5.6)

Nc = 0 (non-cohesive soils) , Nc = 9 (cohesive soils) (5.7)

It is probable that significant model uncertainty is caused by the estimates of the bearing capacity fac-
tors presented above. Finite element models should be used to provide better estimates. This is not possible
within the scope of this study. Therefore the model factor presented in Section 5.2 incorporates the uncer-
tainties caused by the incorporation of the bearing capacity factors.

2. CPT-based method
Model uncertainty in CPT-based design is believed to originate from the determination of the empirical co-
efficients and the simplified underpressure profile in the prediction of the inner- and outer shaft resistance.

2.1 Empirical coefficients
Ranges for both empirical coefficients in the CPT-based design formulation are given by several authors (Sec-
tion 2.3). Most named are the values proposed by DNV (1992). Andersen et al. (2008) found ranges of tip
resistances widely ranging for dense sands (kp = 0.05-0.6). The values for the empirical factor on shaft resis-
tance (k f ) proposed by Senders and Randolph (2009) originate from a formulation of Lehane et al. (2007).
However, the empirical coefficient in the formulation was modified in such a way that it (again) corresponds
to the values proposed by DNV (1992). Concluding one might say that current literature presents little guide-
lines for selecting the empirical coefficient based on site specific data. This is not desirable since only using
the most probable values is likely to result in large model uncertainty (Figure 5.2a & Section 6.4).

An improved estimate of the end-bearing coefficient (kp ) would be very valuable. A calibrated coefficient
(kp ) was determined for all twenty-five filtered locations presented in Figure 5.1. This calibration was per-
formed with a constant (and most probable) empirical shaft resistance coefficient (k f ) of 0.001 (DNV, 1992).
This is because large variations of kp due to changes in k f are not expected during self-weight penetration
(Andersen et al., 2008). Calibration resulted in a series which correlates well with high relative densities (RD

> 0.65) (Look, 2007). The formulation proposed by Jamiolkowski et al. (2003) is used to estimate relative den-
sities at the tip of the bucket. This is not ideal since the relative density estimates are expected to contain
inaccuracies (Section 4.2).

Figure 5.5 shows the proposed relations between the empirical end-bearing coefficient (kp ) and the esti-
mated relative density (RD ) for three different values of the empirical shaft friction coefficient (k f ). It is ob-
servable the range of values possible for kp are very similar to the range proposed by Andersen et al. (2008).
However, with these adaptations it is possible to estimate the variation of the end-bearing coefficient over
depth. The error of estimate of kp is normally distributed with a zero mean and standard deviation of 0.1.

kp = 1.27−0.86RD (5.8)
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Figure 5.5: Fitted relation end-bearing coefficient with corresponding standard deviation of error

The model uncertainty decreases when Equation 5.8 is implemented in the design method. Similar to
Section 5.2 the model factors are computed and a distribution is fitted (Figure 5.6). The probability density
function of the model factor shifts from a log-normal to a normal distribution. The mean value of the model
factor is equal to 1.01. Also the 95% reliability interval of the stochastic model uncertainty factor reduces
by approximately 30 %. It must be mentioned that this analysis is based on the assumption that self-weight
penetration of monopiles and suction-bucket jackets is comparable. The range in end-bearing factors (kp )
seems to suggest that this assumption is correct, but of course caution should be exercised.

Figure 5.6: Model factor distribution after implementing relationship between relative density (RD ) and end-bearing coefficient (kp )

2.2 Influence of underpressure
The assumptions regarding the influence of suction proposed in the original paper by Senders and Randolph
(2009) comply with the installation data considered in that paper. Nevertheless, the incorporation of two
physical phenomena lacks similarities with the processes occurring during installation. The first simplifica-
tion is the assumption that the influence of the suction on the water pressures near the outside of the skirt is
equal to zero. Viewing the results of the seepage analyses presented in Section 2.4 it can be stated that this as-
sumption does not hold. Furthermore it is assumed that the inner total inner skirt resistance reduces linearly
between zero and critical suction (Figure 5.7). This is not only physically incorrect but also not applicable in
layered soils since the formulation of the suction limit is not yet possible in an accurate way.
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Figure 5.7: Example of influence of underpressure on the skirt friction in the original CPT-based model

One can see that the wall friction is reduced by an equal factor over the entire depth in the current com-
putational model and that the outer skirt friction is not affected by suction. However, when one compares
this profile to the resulting effective stresses from the seepage analysis some peculiarities are spotted (Figure
5.4). First one can see that the effective stress in the top of the inner soil plug becomes zero. This would result
in (approximately) zero frictional forces. This is not the case in the current CPT-based method. Furthermore
the resistance reduction should not be equal over depth and suction affects the outer resistance.

The seepage analysis results in the normalized seepage profile in- and outside the bucket skirt (ai & ao).
Considering the above implementation of the seepage analysis in the CPT-based analysis is required. The re-
duction in local skirt friction is determined to be proportional to the reduction in effective stresses (Equation
5.9). In Figure 5.8 the result of the adaptation is presented for a case scenario.

Ri ,s (d) =
∫ d

0
fi (z)

(
σ′

vi (z)−ai (z)s

σ′
vi (z)

)
d z , Ro,s (d) =

∫ d

0
fo(z)

(
σ′

vo(z)−ao(z)s

σ′
vo(z)

)
d z (5.9)

Figure 5.8: Example of incorporation of underpressures in the adapted CPT-based model
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2.3 Representative tip resistance
The cone resistance profile is highly variable over depth. In current design methods no remarks are given
and therefore the instantaneous cone resistance is applied (Senders, 2008; Andersen et al., 2008). This does
not create any problems in the computation of inner- and outer skirt resistance because they consist of the
contribution of small frictional forces over the length of the skirt. However, using the instantaneous cone
resistance for the end-bearing capacity computation is not realistic. This is for two reasons:

1. Suction profiles are generated which show similar variation to the cone resistance. Varying underpres-
sure at this speed is both unrealistic and not feasible and common in practice.

2. Narrow peaks of high cone resistance can result in high computed required suction values which give
the perception of failure while the actual end-bearing capacity is expected to be lower.

Originally averaging of the cone resistance has been applied to compensate for the difference between
size of the cone in the cone penetration test and the (closed-ended) pile installed (Xu et al., 2008). Later
open-ended pile formulations were developed when (especially the offshore) market for these piles grew.
Three methods were developed: Fugro-05 (Kolk et al., 2005), ICP-05 (Jardine et al., Jardine et al.) and NGI-05
(Clausen et al., 2005). In these methods two averaging methods were used for computing a representative
average cone resistance value:

1. Use the average cone resistance between 1.5 times the diameter above and below the pile tip.

2. Use the Dutch method which is an weighted value of arithmetic averages (of which some are computed
with a minimum path rule) between eight times the diameter above the pile tip and four times below.

Suction buckets have small length over diameter ratios (L/D <1). Therefore making use of the diameter
is not possible. The diameter of the cone used in a cone penetration test does not differ much from the wall
thickness. The Dutch method was originally developed for closed ended longer piles. Since suction buckets
beneath jackets are relatively shallow the averaging would occur over a too large extent. It was decided to use
the normal averaging method in this research. In Figure 5.9 it is visible that the averaging technique elimi-
nates the very small fluctuations in the suction profile while still allowing for fluctuations in total resistance.
This is a slight improvement with respect to using the instantaneous resistance.

Figure 5.9: Influence of cone resistance averaging on design output of the CPT-based model
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3. Critical suction
The critical suction is a much debated topic in research on suction buckets (Panagoulias et al., 2017). Three
limitations (soil, pumps and structural) will be combined to develop a critical suction profile in this research.

3.1 Soil plug heave
Soil plug heave can be caused by displacement of the soil by the skirt as well as excessive applied suction. Soil
heave due to displacements is taken into account by accounting for a so called free space during design. Tran
et al. (2007) recommended approximately 5-6 percent which is implemented in practice as well. Soil heave
due to displacements decreases when the diameter of the bucket increases. Predicting the exact value of soil
heave in non-cohesive soils is not possible at this moment (Section 2.5).

Heave of an entire cohesive and impermeable soil plug can occur when the applied underpressure on the
soil plug area (Ap ) is larger than the submerged weight (W’) and inner skirt resistance combined (Equation
5.10) (Randolph and Gourvenec, 2011).

Ap sc > Ri +W (5.10)

3.2 Reverse-end bearing
When the difference between outside and inside vertical effective stresses becomes too large local plastic
failure can occur (Houlsby and Byrne, 2005b). This is plausible for suction-bucket foundations because the
inner effective stresses will be reduced at deeper penetration depths. Local penetration failure causes soil
flow into the caisson without any further penetration. The limit suction can be computed by equalizing the
outer (σv,o) to the inner effective stress (σv,i ) while adding a factor accounting for bearing capacity against
uplift (reference is made to Houlsby and Byrne, 2005b; 2005a). In the original paper it was mentioned that
this value is approximately equal to the critical gradient limit. This will be more governing than reverse end-
bearing since permeability fluctuations have a large influence. Elaboration is given in Paragraph 3.5.

3.3 Liquefaction
Increased pore pressures can result in reduced effective stresses (up to zero). Local suction limits are reached
when the soil close to the tip of the inner soil plug liquefies (Senders and Randolph, 2009). Estimating the
suction level at which liquefaction occurs is relatively easy. The calculation requires two inputs: the effec-
tive stress (σv,i ) and the normalized suction effect (ai ). The normalized suction effect is the result from the
seepage study described in Section 2.4. The local underpressure required for liquefaction is equal to the local
effective stress. The critical amount of suction under the lid is then simply found with Equation 5.11. During
model tests it was found that the soil at the skirt tip is constrained by the soil around it. In these tests it was
observed that the soil limit can be better approached by the exit gradient at the seabed inside the bucket skirt.
This phenomenon is discussed in Paragraph 3.5 of this Section.

sc =
σv,i (h)

ai (h)
(5.11)

3.4 Soil plug loosening
The Houlsby and Byrne method (2005b) already allows for incorporation of larger plug permeability during
suction-assisted installation. Experiments performed by Tran et al. (2007) not only suggest this phenomenon
but also show that the increase permeability of the plug is larger at higher penetration depths (Harireche et al.,
2014). The main cause of these changes in permeability is attributed to the occurrence of soil heave. Due to
soil heave the volume of the soil increases and therefore more voids are created. This causes the permeability
of a sandy inner soil plug to increase by approximately 3 to 3.5 times (Erbrich and Tjelta, 1999). Harireche
et al. (2014) proposed Equation 5.12 to account for varying soil plug permeabilities over penetration depth.
Values of 1.3 for initial permeability (kr,0) and 3.0 for the increase of plug permeability per meter of relative
penetration depth (H/D) (αk ). Little extra research has been performed on the variation of these parame-
ters. However, for caissons with a depth to diameter ratio of approximately 0.5 the results of Equation 5.12
correspond to earlier studies (Houlsby and Byrne, 2005b; Erbrich and Tjelta, 1999).

kr =αk
H

D
+kr,0 (5.12)
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3.5 Exit gradient
In earlier model tests it was observed that liquefaction at the pile tip does not necessarily govern suction
failure in the soil. This is due to the fact that the soil at the pile is constrained by the material around it
(Senders and Randolph, 2009). The exit gradient at the seabed inside the caisson was used for developing the
current empirical formulas for suction limits in homogeneous sandy soils. Both the exit gradient and critical
exit gradient can be determined. As a result the critical suction limit is determined according to Equation 5.13.
Figure 5.10 shows that the estimate based on the axisymmetric model described in Section 2.4 corresponds
to the empirical result of Feld (2001). This phenomena will be used to determine the soil suction limit since
it provides stricter limits than the liquefaction criterion.

i = p

γw s
, ic =

γ′s
γw

, sc = sγ′s (5.13)

Figure 5.10: Calibration of axisymmetric finite element model output to empirical critical suction formulations based on the exit gradient

In reality subsoils consisting of layers with varying parameters will be present. This makes the current
method inaccurate for two main reasons:

• Soil plug loosening will cause an increase of the permeability inside the plug. As a consequence pres-
sure gradients change and therefore the soil suction limit will change.

• Permeability varies between layers. This will have an effect on the pressure gradients throughout pen-
etration. As a consequence the critical suction computed by Equation 5.13 changes.

Figure 5.11 shows the effect of incorporating the inner plug loosening formula of Harireche et al. (2014)
on the suction limit based on the exit gradient. It is visible that the limit suction increases significantly. This
is deemed plausible since previous research already showed that the original empirical formulations are ex-
pected to be too conservative.

Incorporating the effect of varying permeability and soil weights results in a wide range of limit profiles
(Figure 5.11). It must be remembered that the exit gradient is not a failure mechanism in itself (Chapter
3). However, it can contribute to the failure mechanisms of piping, inner erosion, plug heave and excessive
loosening. To which extent which failure mechanism occurs is unknown at this point. A start is probably
made at inner erosion, loosening and plug heave. If the critical gradient is exceeded over a long length of
the skirt piping is expected to occur. Regardless of the failure mechanism the exit gradient is a conservative
choice.
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Figure 5.11: Effect of inner plug loosening and permeability variation on the exit gradient soil suction limit outcome

This method of computing critical suction limits is deemed the most appropriate. The liquefaction limit
will overestimate the critical suction limit and ignore failure mechanisms as heave and piping. Furthermore
it depends very much on the (enhanced) vertical stress. In Chapter 6 it will be discussed that the computation
of this stress is very sensitive to the parameter estimates done in Chapter 4. Since the method based on the
exit gradient is independent of stress enhancement it provides a more objective criterion and will be used in
this research.

3.6 Cavitation and buckling limits
It is expected that cavitation and buckling criteria could provide strict limits to the applicable suction at lo-
cations with shallow water depths (Ibsen and Thilsted, 2010). Section 2.5 discussed the computation of cavi-
tation limits. Buckling limits (over depth) need to be retrieved from a separate study on this structural failure
mechanism. It falls outside the scope of this research to develop a separate formulation for buckling.

The actual critical suction profile will consist of a combination of the three limitations. The minimal value
of the buckling, cavitation and soil limit for each penetration depth is the actual governing mechanism.
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5.4. Evaluation
The geotechnical installation design methods presented in Chapter 2 form a good basis but require adapta-
tion. This is especially the case for layered soils. The adaptations as well as the incorporation of the remaining
model uncertainty in the reliability-based design framework are discussed in this Section.

1. Model adaptations
The following adaptations to the installation model will be implemented based on the preceding analysis:

1.1 Houlsby & Byrne method
The only adaptation made to the Houlsby & Byrne method is the integration of the normalized underpressure
FE model (Section 2.4) into the effective stress profile. This results in more realistic estimates of the effect of
underpressure on the effective stresses in subsoils with layers of varying permeability.

1.2 CPT-based method
The empirical parameter estimation for the CPT-based design method is changed for this research. Instead
of using the most probable values for both coefficients in sand the end-bearing coefficient (kp ) is determined
using Equation 5.8. The influence of suction on inner- and outer skirt resistance is taken into account ac-
cording to Equation 5.9.

1.3 Critical suction
Critical suction will not be formulated according to the empirical equations discussed in Section 2.5 anymore.
Instead of this different estimates of critical suction over depth will be combined. For non-cohesive soils this
will be the minimum of three elements over depth: the exit gradient, cavitation and buckling limit.

1.4 Computational implications
Both the CPT-based model and Houlsby & Byrne model described in Chapter 2 could be solved in one go
for homogeneous soils. This is because both the profile of underpressure and stress enhancement can be
solved analytically. Directly solving the problem for the suction profile has become impossible. This is due to
the implementation of the coupling with the seepage model. This has to do with the fact that the resistance
(reduction) is coupled with the amount of suction applied. The suction required has to be solved iteratively
(Figure 5.12).

Figure 5.12: Iterative procedure required for solving adapted CPT-based and Houlsby & Byrne penetration study models

2. Integration in reliability-based design framework
It is tempting to simulate both model and parametric uncertainty at the same time to get a full assessment
of installation reliability. Unfortunately this could lead to a wrong perception of the feasibility level. The
stochastic model uncertainty factors are based on design computations for which the mean value of each
parameter is used. As a consequence the model uncertainty factor is only valid for this scenario.

Due to the coupling of model and parametric uncertainty it is unwise to integrate model uncertainties
simultaneous with parametric uncertainties. The mean design case should be used to simulate the effects
of model uncertainty while the original model can be used to simulate the effects of parametric uncertainty.
Although this might sound like an accuracy loss it has benefits as well. It allows for examination of the influ-
ence of single elements (e.g. model factors, parameter estimates) on overall uncertainty (Chapter 6). Lastly it
should be mentioned that it is possible to incorporate the uncertainty of the end-bearing empirical factor as
a random variable.





6
Quantitative reliability analysis

The climax of the reliability based design process is the quantitative (or direct) reliability analysis. Quantified
uncertainties are integrated in the design computations to analyze the feasibility of installation, probability
of events and model sensitivity.

6.1. Overview
In this Section the principles of a direct reliability analysis will be introduced and applied to suction bucket
jacket installation design.

1. Introduction
Design problems can often be simplified to a comparison between a possible load (S) and possible resistance
(R). Failure occurs when the load on a system exceeds the resistance of the system. In reliability analyses
this principle is represented by a limit state function (Equation 6.1). If the limit state value (Z) is below zero
the system fails for the implemented design conditions. If the limit state value is above zero the design is
considered feasible for those conditions (Jonkman et al., 2017). Application of this principle on suction bucket
jacket design is relatively straightforward. For example one could see the required suction (sr ) as a load (S)
and the critical suction (sc ) as a resistance (R). If the required suction exceeds the critical suction the limit
state is below zero and installation is expected to fail (Panagoulias et al., 2017).

Z = R −S (6.1)

Conventional design calculations use (conservative) parameter estimates which lead to an analysis of the
limit state with two deterministic elements. A direct reliability analysis takes uncertainties into account. For
a simple problem one can express the load (S) and resistance (R) as distributed values in similar units. When
one plots the probability density function of these values the distributions can overlap. Failure occurs where
the load overlaps the resistance. The probability of failure is then computed as the surface underneath the
overlapping area (Figure 6.1). This is can be done by direct integration (Lacasse and Nadim, 2007).

Figure 6.1: Visualization of the failure domain for a one-dimensional distributed load and resistance

67



68 6. Quantitative reliability analysis

A target probability value is required to assess the feasibility of installation. Its value is often based on the
amount and type of damage if failure occurs. No permanent damage or life loss due to failed geotechnical
installation of suction bucket jackets is expected. The target failure probability is set to 10−2 (ISO, 2015).
Quantifying a target failure probability is also possible based on economic impacts but this falls outside the
scope of this research (Vrijling, 2001).

2. Simulation methods
Suction bucket jacket design can be considered a multi-dimensional problem. It has many different para-
metric uncertainties. Therefore more complex simulation methods than depicted in Figure 6.1 are required.

A level III analysis is the most extensive option. Parameters are randomly generated according to their
previously determined variability (Chapter 4). The most common method is the Monte-Carlo analysis. Possi-
ble design conditions are generated in thousands of simulations (Nt ). For each of these simulations the limit
state value (Z) is assessed. The probability of failure is then simply computed as the sum of simulations with
a failed limit state (N f , Z<0) divided by the total amount of simulations (Nt ). This method provides the most
accurate description of the failure probability if sufficient simulations are performed. It can handle multi-
dimensional problems well due to the simple simulation of parametric uncertainties. The drawback is the
computational time due to the amount of simulations required (Phoon, 2008; Lacasse and Nadim, 2007).

A level II method tries to approach the failure domain of a level III analysis. The most common method
is the First Order Reliability Method (FORM). Methods like these are very fast in approaching the solution of
the reliability analysis due to the linearization of the limit state (Jonkman et al., 2017). Drawbacks are the
inability to cope with problems which have many dimensions (e.g. different parameters). Application of
these methods in geotechnical engineering seldom occur (Christian, 2004). Finally, level I methods provide a
semi-deterministic alternative. Safety factors from existing design standards are applied on either individual
parameters or on total design outcomes of a deterministic computation. The limit state is simply checked by
comparing the two single values corresponding to the load and resistance. This is by far the fastest method
but does not provide any information on the origins of failure.

3. Suction bucket jacket installation
In Chapter 3 it was already discussed that specific failure probabilities for each possible event or failure mech-
anism will be hard to examine. This is due to the inability of the current geotechnical installation design
methods to capture the physical behavior of mechanisms like soil plug heave, excessive loosening or inner
erosion. Nevertheless two important design computations are performed: self-weight and suction-assisted
penetration. Also the application of the contingency measures ballasting and backfilling is examined.

Two assessments require two limit states. The limit state for self-weight penetration requires a minimum
penetration depth (dsw p,r ). This threshold is set to 0.5 meter. If the computed self-weight penetration is below
0.5 meters, ballast needs to be applied. The amount of ballast required is therefore conditional to whether
insufficient self-weight penetration occurs. The limit state is presented in Equation 6.2.

Z = dsw p −dsw p,r with: dsw p,r = 0.5m (6.2)

Formulation of the limit state for suction-assisted penetration is more complicated. At first sight one
would use the required suction (sr ) minus the critical suction (sc ). However, these absolute values give no
insight in the proximity of failure of the entire system but only at each individual depth. Hence, instead
of using suction values in (kN/m2) the suction pressures are normalized with respect to the critical suction
(Equation 6.3). A higher required suction than critical suction still has a limit state function value below zero
as a consequence. This change does not affect the functioning of the limit state in the quantitative reliability
analysis.

Z = 1− sr

sc
(6.3)

Suction bucket jacket installation design is multi-dimensional and contains numerical procedures. The
multi-dimensionality of the problem requires a level III approach. Due to the application of the finite element
seepage model one installation design computation takes several seconds. An attempt will be made to reduce
the amount of simulations. A Markov Chain Monte Carlo analysis with subset simulation is implemented and
elaboration is given in Section 6.2.
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6.2. (Markov Chain) Monte Carlo simulation
This Section presents background in both methods used to perform the direct reliability analyses in this re-
search. It starts with a short elaboration on the regular Monte Carlo analysis after which optimization using
Markov Chains and subsets is discussed.

1. Monte Carlo simulation (MCS)
It is difficult to compute the failure probability for a multi-dimensional problem with fast simulation meth-
ods or direct integration (Jonkman et al., 2017). The only practical solution is performing a level III analysis.
Monte Carlo simulation has been applied on different problems in geotechnical engineering in the past (e.g.
Stuyts et al., 2017; Griffiths et al., 2009; Fenton and Griffiths, 2005). A Monte Carlo simulation is based on
many simulations (Nt ). Each parameter is randomly sampled from its variability descriptor for each simula-
tion. The installation design computation is performed with each parameter set. The limit state values are
determined and stored. The amount of simulations for which the limit state is below zero is counted (N f ).
The failure probability and expected coefficient of variation can then be computed using Equation 6.4.

P f =
N f

Nt
with: COV =

√
1−P f

N P f
(6.4)

Figure 6.2: Results of simulations during a regular Monte Carlo simulation on one location with the Houlsby & Byrne method

It is expected that suction bucket jacket installation (in the case study wind farm) has a small probability
of failure. Using little simulations in a Monte Carlo simulation can therefore lead to a wrong estimate of the
probability of failure. Based on several trial runs it was examined that at least 10000 simulations are required
for a probability of failure with a coefficient of variation of approximately one percent (Figure 6.3). Compu-
tational time will be extensive since numerical methods (the seepage analyses) are used in each simulation.
Conventional methods of optimization (e.g. importance sampling) are only applicable for problems with
limited dimensions and simple failure regions (Au and Beck, 2001). This research attempts to use the Markov
Chain Monte Carlo method with subset simulation. This is recommended as an ideal method for estimating
small failure probabilities in multi-dimensional problems (Phoon, 2008).

Figure 6.3: Influence of the amount of simulations on the reliability of the Monte Carlo analysis on one suction bucket installation
computation
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2. Subset simulation
Subset simulation has first been introduced by Au and Beck in 2001. In this method the failure probability is
computed as the product of conditional probabilities of intermediate failure events (Au and Beck, 2001).

The entire procedure starts with an initial Monte Carlo analysis with Ns simulations (Figure 6.4). The em-
pirical cumulative density function of the limit state values (Z) of all simulations is computed. The limit state
value corresponding to a cutoff probability (p0) is determined. This limit state value is the first intermediate
limit state (Zt ,1) (Figure 6.4). The probability of obtaining a limit state value below Zt ,1 is therefore p0. All
parameters sets (θ1) from simulations which resulted in limit states lower than this intermediate limit state
(Z <Zt ,1) are saved as seeds for future simulation in so called Markov Chains. The amount of seeds (Nc ) is
equal to the product of the cutoff probability (p0) and the amount of simulations (Ns ).

Figure 6.4: Initial Monte Carlo analysis (left) and selection of first intermediate limit state (right)

At this point the first subset simulation can start at each seed parameter set (θ1). Each of these seeds serves
as the first link in the Markov Chain. New links (e.g. parameter sets) in the chain will be simulated from the
previous link using the Modified Metropolis algorithm. This algorithm provides a method of sampling from
the previous state. This increases the probability of generating a state which is below the intermediate limit
state. In paragraph 3 the Modified Metropolis algorithm is explained and optimized. A similar amount of
simulations (Ns ) is performed evenly distributed over all the Markov Chains. A new intermediate state (Zt ,2)
can be selected using the empirical cumulative density function of Ns limit state values (Z) and the cut-off
probability (p0). Figure 6.5 shows the output given by two subsequent subset simulations. It is possible to see
the intermediate limit states (Zt ,n) progressing towards zero.

Figure 6.5: Subset simulations (left) and selection of intermediate limit states (right)

The last subset simulation is completed if the resulting intermediate threshold (Zt ,n) is below zero. This
last subset has a limit state value of zero and the last conditional failure probability is determined similar as
in a Monte Carlo simulation (P f ,n = N f ,n/Ns ). Knowing the amount of subsets (n) and the last conditional
failure probability (P f ,n) the total failure probability can be computed using Equation 6.5.
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Figure 6.6: Final subset simulation (left) with the definitive limit state (Zt ,n =0) (right)

P f = P (Zt ,1)
n−1∏
i=1

P (Zt ,i+1|Pi ) (6.5)

The accuracy of the subset simulation depends on the ability of the algorithm to generate a representative
set of scenarios within the parameter space. The choices of three different model elements determine the
accuracy of the Markov Chain Monte Carlo analysis:

1. The cutoff probability value (p0):
The larger the cutoff probabilityis, the more Markov Chains are generated. As a consequence the prob-
ability that part of the parameter space is missed becomes lower. Selecting a high cutoff probability
causes slower convergence. This is due to the fact that there will be fewer links in the Markov Chains.

2. The amount of simulations (per subset) (Ns ):
The larger the amount of simulations per subset the more scenarios will be generated during the initial
Monte Carlo analysis. Therefore more of the parameter space will be populated. A disadvantage of a
high number of simulations is the increased computational time.

3. The type and shape of the sampling distribution in the Modified Metropolis algorithm:
The Modified Metropolis algorithm requires a proposal distribution as an input. The choice of type and
shape of this distribution determines the efficiency of the sampling. If chosen wrong the parameter sets
within a Markov Chains can be too correlated. This causes less of the parameter space to be populated
and could lead to an offset in the computed failure probability. Elaboration on this topic is presented
in Paragraph 3.

Phoon (2008) presents a small sensitivity analysis on selecting the proper cutoff probability (p0) and
amount of simulations per subset (Ns ) for a simple problem. Generally speaking the more simulations and
the higher the cutoff probability is, the more accurate the failure probability is. In Section 6.3 the accuracy
and efficiency of the application of the MCMC algorithm on suction bucket jacket installation is discussed.

3. Modified Metropolis algorithm (MMH)
During simulation of the subsets new parameters are generated using the Modified Metropolis algorithm.
The parameter set corresponding to the most recent link in the Markov Chain (θi−1) serves as a starting point.
Then the original distribution and a sampling distribution are used to set-up a new (candidate) state of pa-
rameters (θi ). If the candidate state (θi ) results in a limit state value lower than the intermediate limit state
(Zt ,i ) the candidate state parameter set is accepted as the next link in the Markov Chain (Au and Beck, 2003).
Below an example is given for the application of the MMH algorithm on sampling a new friction angle (φ):

1. The parameter set corresponding to the last link in the Markov Chain (θi−1) is selected.

2. For each parameter a candidate parameter is generated based on the original value and the addition of
a random sample (ζi ) (e.g. for the friction angle in Equation 6.6).

φi =φi−1 +ζi (6.6)

The random sample (ζi ) is retrieved by randomly picking a number from a proposal probability density
function (p∗

j ) positioned on the original value (φi−1). The proposal distribution is often normally dis-

tributed (original Metropolis algorithm) but can be asymetric as well (Modified Metropolis Algorithm).
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3. The proposed value for the candidate state (θi ) is accepted based on the outcome of the calculation of
the acceptance ratio (Equation 6.7). The first term of the acceptance ratio represents the ratio of prob-
abilities from the original probability density function (P ). The second term represents the conditional
probabilities for the proposal distributions (p∗

j ) located around each state.

ra = P (φi )

P (φi−1)
·

p∗
j (φi−1|φi )

p∗
j (φi |φi−1)

(6.7)

4. A random number (z) is simulated from a uniform distribution between 0 and 1.

5. If the random number (z) is lower than the acceptance ratio the candidate state (θi ) is accepted. Oth-
erwise the original state value (θi−1) is used (Equation 6.8 & 6.9).

if: z < ra : θi = θi (6.8)

if: z > ra : θi = θi−1 (6.9)

4. Optimizing the proposal distribution for MMH sampling
As stated in paragraph 2 the selection of the proposal distribution (p∗

j ) is essential for proper functioning of

the MCMC simulation. Selecting the type and shape of the proposal distribution can be a tedious job. If the
spread of the proposal distribution is too low the values generated by the MMH algorithm will be too corre-
lated. Vice versa the percentage of accepted candidate states becomes too low if the sampling distribution is
too wide. An ideal sampling distribution shows little correlation and a decent percentage of accepted values.

The effectiveness of sampling by different types and shapes of proposal distributions are evaluated in this
research. This is done by performing 10000 MMH simulations for each probability density function used in
the analysis. After the simulation two methods are used to assess the effectiveness of each proposal distribu-
tion. Firstly the acceptance rate is computed for the simulated series. Secondly the empirical autocorrelation
model is plotted. The corresponding scale of fluctuation (δ) for a fit of the single exponential function is de-
termined too (Table 4.1). The proposal distributions are then optimized for an acceptance ratio of 50 % and a
low scale of fluctuation (δ). Figure 6.7 shows the selection of a normal distribution with a standard deviation
of five as proposal distribution for sampling of the internal friction angle in one layer.

Figure 6.7: Example of optimization of the proposal distribution for the friction angle distribution in one layer
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6.3. Case study example
This Section is dedicated to showing a full quantitative reliability analysis for an example suction bucket
jacket location by incorporating all earlier work. This analysis contains all aspects required for understanding
the findings during this research.

1. Case study
The example wind farm dataset described in Chapter 4 is used to develop a case study for this research. The
case study will be performed at one anonymous location but its characteristics reflect reality.

1.1 Location and geometric parameters
The design will be made for a suction bucket jacket with three buckets and a self-weight of over XXX tons.
Although the bucket skirt length (L) is equal to X meters the target penetration depth is limited to X.X meters.
This is mainly due to the application of a filter layer with a thickness of X meter (+/- X m).

(a) Overview of example location
(b) Bathymetric survey

Figure 6.8: Example location top view with site investigation campaign elements and bathymetry

Four downhole seabed cone penetration tests were performed at the example location. Two are located in
the vicinity of the same bucket (Figure 6.8a). Samples were made using a borehole close to the centerline of
the jacket. Samples were retrieved up to a depth of approximately 6 meters. No triaxial tests were performed
at this location. Hardly any difference in seabed level is present. The maximum observed difference is ap-
proximately X centimeters. The suction bucket jackets will be placed in a water depth of approximately XX
meters with respect to low astronomical tide (LAT). This water depth will be governing for cavitation.

1.2 Design soil profile
The borehole log shows similarities to the soil behavior type index. The soil mainly consists of fine to medium
sized dense sands over the skirt length of the buckets. At lower depths these sands become very silty. At
depths of around 3 meters small silt layers/lenses are identified. Even a small clay layer (0.1 to 0.2 meters) is
identified at the location of Leg 1. This clay layer is not expected to provide a full seal around the bucket.

The entire procedure described in Chapter 4 has been applied to develop the design soil profiles of all four
CPT locations. Soil units where identified, matched and a vertical random field model was created for each
location. Probability density functions for permeability, friction angle and soil unit weight are attributed to
each identified layer. The clay layer which should be present at leg 1 (according to the geophysical survey) is
not observed in the data at hand and therefore not present in this analysis.
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1.3 Reduced qualitative reliability analysis
It is not possible to use the full fault and event tree for the quantitative reliability analysis because of two
reasons. First of all some of the events cannot occur due to the site conditions. Second of all some design
methods lack the accuracy for implementation in a direct reliability analysis.

Several observations can still be made regarding the example location. Boulders were not observed during
geophysical survey campaigns. Besides that no gravel or organic soils are present near the bucket locations.
Therefore preferential flow is not expected. Seabed scour is not likely to occur since a filter layer is applied
before the start of installation. The presence of only one very small clay layer eliminates the probability of
occurrence of soil plug lift as well. Although there could be a risk of punch through after penetration of the
filter layer the jacket needs to stay attached to the installation vessel during the first meters of installation.

The determination of the soil suction limit is performed according to the simplified procedure based
on the exit gradient described in Section 5.3. As mentioned in Chapter 5 it is expected that cavitation and
buckling will possibly provide stricter limits than the soil conditions (Ibsen and Thilsted, 2010). It is therefore
essential to incorporate both phenomena in the analysis if a realistic failure probability needs to be obtained.
All of the above leads to the reduced fault tree displayed in Figure 6.9.

Figure 6.9: Reduced fault tree for reliability analysis at the example location

Most of the events in the event tree consider lifting operations. These fall outside of the scope of this
research. Some other effects (e.g cyclic pumping, jetting and jacking) do not have proper design methods
which can describe them. Only two elements of the event tree will be considered in this analysis. The first is
the application of ballast at insufficient self-weight penetration. The second is the application of back-filling
after refusal below target depth. When either of them occurs the size of the contingency measure can be
quantified. This can provide insight on the required material on board during installation.

2. Deterministic computation
A deterministic computation will be performed before starting any direct reliability analysis. The original
cone resistance profiles are used in this analysis. Expected values with a probability of exceedance of 0.5 are
used for each of the other parameters.

2.1 Applied and critical suction
Limit suction is computed according to the methods described in Section 2.5. The exit gradient provides the
strictest limit for all three legs. Structural limitations are the second ones governing. Cavitation does not
seem to play a dominant role at this location. It is believed that current formulations for the soil suction limit
are too conservative since several phenomena are not included (Section 2.5 & 5.3).

Applied suction profiles are available for all three buckets. The applied suction never exceeds the limit
suction in the deterministic analysis. In the coming two sections the theoretical minimal required suction is
computed. Caution must be exercised while comparing the minimum required suction to the applied suction
in practice. Since installation was completed without any problems it is expected that higher underpressures
were applied than strictly necessary.
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2.2 Houlsby & Byrne method
Figure 6.10 shows the result of the output computation using only expected values. Computed required suc-
tion is systematically below the applied suction. This is especially the case for leg 2. The profiles for leg 1 and
leg 3 tend to move towards the line of measured suction for larger penetration depths. The self-weight pen-
etration is almost half a meter off with respect to the measured data. This is significant when one considers
the target depth of X.X meter. An overestimate of self-weight penetration is unconservative.

Figure 6.10: Results of deterministic installation design computation at the example location using the Houlsby & Byrne method

2.3 CPT-based design
Figure 6.11 shows the deterministic result of the CPT-based method. It is visible that the self-weight penetra-
tion estimates show little error. Furthermore one can see that the required suction profile varies significantly
over depth. This is due to the direct influence of the cone resistance profile (qt ) on the end-bearing capacity.
Although variation is present the average required suction seems to correspond to the applied one.

Figure 6.11: Results of deterministic installation design computation at the example location using the CPT-based method



76 6. Quantitative reliability analysis

3. Direct reliability analysis
Initially a Monte-Carlo analysis (N = 10000) is performed for all locations. These results are used to perform
three analyses. First the possible variation in required suction profiles is assessed. Secondly the probability
of different failure mechanisms is assessed and the fault tree is evaluated. Finally it is investigated whether it
is possible to apply contingency measures in some of the failure scenarios.

3.1 Required underpressure
For each penetration depth an empirical cumulative density function was made of all underpressure values
simulated. The 95% reliability interval can be extracted from this distribution. Several peculiarities can be
spotted when one examines the outcome of this analysis for the Houlsby & Byrne method. First one can see
that the method does not perform well at shallow depths. The measured self-weight penetration cannot be
estimated by the Houlsby & Byrne method. Furthermore it is visible that the measured underpressure only
starts to fall inside the reliability interval after penetration depths of approximately three meter.

Figure 6.12: Median suction profiles including their 95% reliability interval computed with the Houlsby & Byrne method

The CPT-based method provides better reliability intervals than the Houlsby & Byrne method. It is visible
that the applied suction falls inside this reliability interval throughout the entire installation. It accurately
estimates self-weight penetration although it has a very low lower bound. Figure 6.13 also presents a suc-
tion correction applied to the reliability interval. The suction correction is applied to make sure that under-
pressure is never reduced when below the critical suction. It is also gives a more reliable image since fast
fluctuations corresponding to a cone resistance profile are not feasible and expected in practice.
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Figure 6.13: Median suction profiles including their 95% reliability interval computed with the CPT-based method

It is visible that both the required suction profiles for all four legs correspond to each other for both of the
models used. This implies that large influences due to soil profile differences are not expected. It also shows
that exceeding tilt requirements during installation or at target penetration depth is not plausible. Since no
coupled installation analysis of all buckets is performed this requirement is not further investigated.

3.2 Insufficient self-weight penetration
Table 6.1 shows that the Houlsby & Byrne method never fails for self-weight penetration. The outcome con-
firms the observation based on the 95% reliability intervals (Figure 6.12). The reason for this overestimation
lies in the formulation of the end-bearing resistance. The vertical effective stress (σ′

v ) plays a major role in the
estimate of the end-bearing value (Rb). As a consequence of the small vertical effective stress at lower depths
this resistance component will be small too.

Rb = (σv Nq +γ′ t

2
Nγ)πDt (6.10)

While deterministic estimates of self-weight penetration performed with CPT-based design were accu-
rate the probability of occurrence of insufficient penetration depths is high. The reason that the CPT-based
method simulates more instances of insufficient self-weight penetration can be attributed to high cone re-
sistances at lower depths.Random field modelling intensifies this effect since high cone resistances can be
simulated at zero penetration. This is caused by two aspects:
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1. The trendline of the first layer does not necessarily start at zero cone resistance.

2. The variation simulated is not dependent on location since using autocorrelation models eliminates
this. This allows for simulating a high cone resistance value directly at the start of penetration.

Table 6.1: Probability of occurrence of insufficient self-weight penetration for both methods and all legs

Location Leg 1 Leg 1a Leg 2 Leg 3

Houlsby & Byrne 0 0 0 0
CPT-based 0.3063 0.7649 0.7184 0.5674

Later the possibility of applying ballast weights to enlarge the self-weight penetration depth will be assessed.
This will greatly reduce the failure probabilities in CPT-based design. To improve the estimate of CPT-based
design one can attempt random field modelling with a fixed trendline through the intersection of the axes.

3.3 Soil failure
Limitations due to the maximum exit gradient criterion are governing the installation feasibility assessment.
Failure probabilities for both the CPT-based and the Houlsby & Byrne method are high. Especially the CPT-
based design method computes many failure scenarios. This is due to the fact that peaks can be present in
the required suction profile due to the generation of high end-bearing resistance based on peaks in the cone
resistance profile. In research it is doubted that soil limitations provide such strict limits and it is believed
that these are too conservative. In design practice these limitations are not even taken into account.

Table 6.2: Probability of occurrence of soil failure for both methods and all legs

Location Leg 1 Leg 1a Leg 2 Leg 3

Houlsby & Byrne 0.2434 0.2882 0.2748 0.1636
CPT-based 0.3952 0.5414 0.4940 0.542

3.4 Buckling
Buckling is one of the most dominant failure mechanisms. In practice two buckling scenarios are defined: a
flow and partial flow scenario. Partial flow scenarios are only present when a low permeable layer is present
above a high permeable layer. Section 6.4 will show that these scenarios will be governing for high required
underpressures. Since detailed structural studies are not part of the scope of this research it was infeasible to
make a distinction between both scenarios for this analysis.

Table 6.3: Probability of occurrence of buckling for both methods and all legs

Location Scenario Leg 1 Leg 1a Leg 2 Leg 3

Houlsby & Byrne Flow 0.2046 0.1574 0.3466 0.1028
Partial flow 0.0100 0.0030 0.0538 0.0004

CPT-based Flow 0.0854 0.3670 0.3144 0.3758
Partial flow 0.0 0.0002 0.0 0.0

3.5 Cavitation
Cavitation limits never govern installation. Table 6.4 presents the failure probability due to the mechanism of
cavitation. These scenarios will always be preceded by buckling failure and are therefore non existent.

Table 6.4: Probability of occurrence of cavitation for both methods and all legs

Location Leg 1 Leg 1a Leg 2 Leg 3

Houlsby & Byrne 0.0034 0.0006 0.0330 0
CPT-based 0 0.0001 0 0
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3.6 Application of ballast
Ballast weights can be applied in blocks of 200 tons up to 600 tons. All simulations of the direct reliability
analysis are checked on whether their self-weight penetration is insufficient (dsw p <0.5 m). If this is the case
the amount of ballast required to penetrate the suction bucket jacket up to the minimum depth is checked.
If the ballast required exceeds 600 tons the installation is deemed unsuccessful. Figure 6.14 shows the output
of the computation for one bucket location. In practice it will be attempted to start pumping first. If a stable
underpressure is reached successfully there is no need to apply ballast.

Figure 6.14: Ballast application for leg 1 of the case study example when applying the CPT-based design method

3.7 Application of backfill material
Backfill material can be used to fill empty spaces left. These empty spaces can occur due to two reasons. The
first is seabed differences which cause empty spaces at some of the buckets. The second is refusal between
target but before final penetration depth. All scenarios were analyzed to check whether backfilling could be a
succesfull contingency. Figure 6.15 shows the result of this analysis. The volume of backfill material required
does not include the amount which can be required to fill the empty spaces inside the filter layer.

Figure 6.15: Application of the analysis on backfill material at failure between target and maximum penetration depth
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4. Conclusion
All probabilities need to be combined to quantitatively assess feasibility of suction bucket (jacket) installation:

4.1 Individual buckets
Table 6.5 shows all computed failure probabilities including the effect of mitigation measures. If one exam-
ines these outcomes closely it can be seen that the sum of probabilities is unequal to the total probability. The
reason for this is the fact that the failure region of some mechanisms overlap. For example, buckling limits
are already exceeded if cavitation occurs. Therefore the probabilities do not simply add up.

Table 6.5: Combination of all probabilities for all design methods, legs, failure mechanisms and contingency measures

Houlsby & Byrne CPT-based method
Leg 1 Leg 1a Leg 2 Leg 3 Leg 1 Leg 1a Leg 2 Leg 3

Self-weight penetration 0 0 0 0 0.3063 0.7649 0.7184 0.5674
Ballast 0 0 0 0 -0.2642 -0.5503 -0.5478 -0.4665
Soil failure 0.2434 0.2882 0.2748 0.1636 0.3952 0.3670 0.4940 0.5420
Buckling 0.2046 0.1574 0.3466 0.1028 0.0854 0.5414 0.3144 0.3758
Cavitation 0.0034 0.0006 0.0330 0 0 0.0002 0 0
Backfilling -0.0064 -0.0018 -0.0022 0 -0.0032 -0.0044 -0.006 -0.0002

P f ,sw p : 0 0 0 0 0.0421 0.2146 0.1706 0.1009
P f ,suc : 0.3674 0.3822 0.4676 0.2436 0.4294 0.6596 0.5898 0.6634

Two aspects influence the outcome of the quantitative reliability analysis and as a consequence the com-
puted failure probability is not exact. Firstly it is expected that there is much model uncertainty embedded in
both the penetration study methods and critical suction computation. Secondly not all failure mechanisms
and contingencies can be quantified using existing design methods. These aspects have a large impact on the
outcome failure probability (Section 3.4).

4.2 Jacket configuration
Individual bucket installation has been assessed in this research due to insufficient knowledge on horizontal
variability. This computation gives insight in the failure mechanisms of individual buckets. However, it is
insufficient for an objective quantitative assessment of feasibility of installation of the jacket configuration.

A system reliability analysis is normally suitable for combining multiple individual limit states. Proba-
bilities of failure can easily be computed if the elements are mutually exclusive or completely dependent
(Jonkman et al., 2017). In these cases the elementary bounds of the failure probability lie between the maxi-
mum individual probability of failure and the sum of all failure probabilities. Unfortunately neither of these
scenarios is the case for suction bucket jacket installation. The probability of failure of the jacket will lie be-
tween the elementary bounds. Methods are available which can compute narrower bounds of the failure
probability of systems based on individual normally distributed limit states (Ditlevsen and Madsen, 1996).

Such a system reliability approach is problematic for suction bucket jacket installation. In each simulation
during the quantitative reliability analysis the limit state value is analyzed over the entire depth. As a result
the value is selected at a depth where the limit state is the closest to failure. The limit state equation was
normalized with the critical suction values to perform this analysis (Section 6.1). As a consequence the limit
state values from different simulations can be generated at different depths and cannot simply be compared.

If one wants to use a system reliability approach the total installation therefore needs to be abandoned for
an assessment of a single failure mechanism at a single penetration depth. Figure 6.16 shows the normally
distributed (non normalized) limit state values for buckling computed with the CPT-based method close to
target penetration depth. Between each set of limit states the correlation coefficient can be determined. In
the case of Figure 6.16 the correlation coefficients are: ρ1,2 = 0.0016, ρ1,3 = 0.0173 and ρ2,3 = 0.0015. Besides
the correlation coefficient the reliability index (β), a measure for proximity to failure, is required.

ρi , j =
COV(Zi , Z j )

σ(Zi )σ(Z j )
, βi = 0−µ(Zi )

σ(Zi )
(6.11)
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Figure 6.16: Distribution of limit state values simulated near target penetration depth for all buckets with failure mechanism of buckling

Figure 6.17 shows Venn diagrams displaying the principles of Ditlevsen bounds. It starts with the failure
probability of one bucket (P f ,1). Afterwards the limit state domain of a second bucket is added (P f ,2). Using
the correlation coefficient (ρ1,2) the overlap between both failure domains can be computed (P f ,1∩2). This
is subtracted from the sum to obtain the total failure probability. If another bucket is added (P f ,3) overlap
can occur between its domain and that of bucket one, two or even both. By subtracting the largest individ-
ual overlapping area (in this case: P f ,2∩3) the error of ignoring the overlapping area of all three domains is
minimized. The minmium and maximum values can be found if all three combinations of this analysis are
performed (Jonkman et al., 2017).

(a) Failure probability leg 1 (b) Combination of leg 1 and 2 (c) Ditlevsen bound for leg 1, 2 and 3

Figure 6.17: Venn diagram of system reliability principles used for the development of the Ditlevsen bounds

Computing the overlapping areas between each of the failure domains can be done with Equation 6.12
and 6.13. The elementary bounds of the failure probability due to buckling at a depth of ≈ 5.5 meters lie
between 0.1226 and 0.2828. By application of the Ditlevsen bounds method these are narrowed down to
0.2319 and 0.2637. This is a significant decrease of uncertainty although the upper bound hardly decreases.

max(Φ(−β1)Φ(−β∗
2 ),Φ(−β∗

1 )Φ(−β2)) ≤ P (F1 ∩F2) ≤Φ(−β1)Φ(−β∗
2 )+Φ(−β∗

1 )Φ(−β2) (6.12)

β1∗= β1 −ρ1,2β2√
1−ρ1,2

2)
, β2∗= β2 −ρ1,2β1√

1−ρ1,2
2)

(6.13)

It is plausible that probability bounds of individual failure mechanisms at separate depths can be com-
puted for the entire jacket configuration. Unfortunately this does not give proper insight in installation feasi-
bility as a whole. Since failure can occur at any depth it does not make sense to perform this computation for
separate depths.



82 6. Quantitative reliability analysis

6.4. Sensitivity studies
A quantitative reliability analysis can provide more insights than just the failure probability and reliability
intervals of the design output. In this Section the origin of uncertainties are examined via several sensitivity
analyses. These analyses can lead to findings regarding model applicability as well as insight in the governing
parameters of installation design. Three aspects are analyzed:

1. Background of failure scenarios computed in the direct reliability analysis.

2. Sensitivity of the design output to parameter estimation and variability.

3. Efficiency and application of the Markov Chain Monte Carlo simulation method.

1. Background failure scenarios
For each location all the design profiles at failure scenarios (Z<0) were plotted in a histogram with respect to
the probability density function they are sampled from. Again the Houlsby & Byrne as well as the CPT-based
method are examined.

1.1 Houlsby & Byrne method
Figure 6.18 shows the results of one of these analyses for the Houlsby & Byrne method. It is visible that failure
is likely to be caused by low permeability layers. This failure mechanism is called seepage blocking (Chapter
3). If this is combined with high friction angles and higher permeabilities in lower layers the soil resistance is
increased even further and failure is more likely. These phenomena are visible in Figure 6.18.

Figure 6.18: Parameter values observed in different layers during failure scenarios of the Houlsby & Byrne method

The soil unit weight variation is of little importance for the output of the Houlsby & Byrne computation.
Contrary to the soil unit weight a proper estimate of the stress ratio is essential in non-cohesive soils. Many
failure scenarios are located between stress ratios of 1.5 to 2.

These results can be used to improve the setup of future site investigations. Failure is most likely to occur
at higher penetration depths. Therefore knowledge of permeability as well as the friction angle at intermedi-
ate depths is important. The stress ratio (K) seems to be the most important parameter to estimate correctly.
This is very difficult in sandy soils (Section 4.2). This makes the impact of the uncertainty on installation
design with the Houlsby & Byrne method large.
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1.2 CPT-based method
Figure 6.19 shows the sensitivity of the CPT-based method to the variation of the internal friction angle and
the permeability of different layers. Again low permeability layers over layers with a high friction angle are
governing the failure domain. The friction angle remains important when enhanced stresses are used to com-
pute the resistance reduction due to applied underpressures. If stress enhancement is ignored both the stress
ratio as well as the friction angle become unnecessary for application of the CPT-based method. However, it
was noticed that this leads to lesser correspondence to measured underpressures.

Figure 6.19: Parameter values observed in different layers during failure scenarios of the CPT-based method

1.3 Soil suction limit
The results of the quantitative reliability analysis show relatively large failure probabilities of exceeding the
soil suction limit. Especially the application of the CPT-based method results in high failure probabilities
(Table 6.5). A sensitivity analysis was performed on the background of all soil failure scenarios to investigate
the origin of these high failure probabilities. Figure 6.20 shows all failures scenarios of the CPT-based method
for leg 1 of the case study example. It is visible that some parameter combinations cause very low soil suction
limits over depth. Two reasons are believed to contribute to this:

1. Failure always occurs for low permeabilities simulated in the top layer. This is logical when one exam-
ines the background of the soil suction limit in Equation 6.14. If higher pumping speeds need to be
applied to create sufficient underpressure while the permeability of a layer is low, the change of head
increases. The change of hydraulic head in the top layer is the criterion used for the suction limit profile.
Therefore these situations cause low soil suction limits.

q = k
dh

d s
, if q ↑ and k ↓ then

dh

d s
↑ (6.14)

2. The cone resistance values simulated in the top layers can be high due to a large mean cone resistance
in layer two and three. As a result the end-bearing resistance significantly increases. As a consequence
the required suction and therefore the failure probability increases.
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In practice soil suction limits are not incorporated in the design assessment. Only buckling and cavitation
limits are included. It is expected that this has to do with the unreliability of the soil suction limit formulation.
In Section 5.3 it was adressed that incorporating plug loosening should improve the current approach. How-
ever, due to the wide range of profiles after applying permeability variation the method still seems unusable.

Figure 6.20: Critical suction failure scenarios, points of failure and histograms if soil limitations are governing for CPT-based design

It is believed that the profiles with low soil suction limits in Figure 6.20 are unrealistic for multiple rea-
sons. Firstly there is the fact that the exit gradient is not a failure mechanism on its own. Before the failure
mechanism of excessive leakage occurs either piping, much inner erosion or excessive loosening has to occur.
Theoretically the exceedance of the exit gradient only indicates the start of inner erosion. Therefore it is be-
lieved that much resilience is left and the current approach is much too conservative for proper application.
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2. Sensitivity of design output to parameter variability
The influence of variability on the design output was examined for four parameters: permeability (k), internal
friction angle (φ), stress ratio (K) and the end-bearing empirical coefficient (kp ). Please note that the soil
suction limit can differ between the liquefaction and exit gradient limit throughout these analyses.

2.1 Influence of permeability variation (k)
Incorporation of a seepage analysis is required for proper functioning of the models in layered soils. In current
practice the seepage analysis is performed only once, with fixed permeabilities. In this analysis the effect of
varying permeability is examined. If this is proves to be negligible it would have two consequences. First
the elimination of variability estimates can be achieved. Secondly the finite element model only has to be
executed once per direct reliability analysis. This would drastically reduce runtime.

Figure 6.21: Influence of permeability variation on the output of the Houlsby & Byrne method applied on leg 1 of the example location

Large influence on the Houlsby & Byrne method can be observed in Figure 6.21. This is mainly due to
the effect of suction on the inner skirt resistance. Paragraph 1 already showed the high influence of the stress
ratio and friction angle. If these are combined with low permabilities required suction becomes high. These
scenarios cannot occur when fixed permeabilities are applied. Hence failure mechanisms like stucking or
seepage blocking will never be simulated and can therefore not be taken into account.

Figure 6.22: Influence of permeability variation on output of the CPT-based design method applied on leg 1 of the example location
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The CPT-based profiles are not affected that much by permeability variation (Figure 6.22). This is due to
the fact that the contribution of skirt friction to the total resistance is relatively low with respect to that of
the end-bearing capacity. Nevertheless permeability variation remains essential for estimating failure sce-
narios like stucking and seepage blocking. Especially when different soil types are present (e.g. gravel or clay)
incorporating possible permeability variation can provide essential information on installation feasibility.

Figure 6.21 and 6.22 show the influence of permeability variation on the liquefaction limit as well. Es-
pecially the lower limit increases due to the fact that the influence of underpressure does not vary anymore.
Permeability variation has a significant influence on the suction limit when one computes this based on the
exit gradient (Figure 6.20). This is expected since permeability and unit weight serve as the only input for this
computation. Elaboration on these effects was presented in Paragraph 1 of this Section.

2.2 Influence of internal friction angle variability (φ)
Figure 6.23 shows the median and 95 % reliability interval of the required suction for a direct reliability anal-
ysis with expected friction angles and quantified distributions described in Section 4.5. It is noticeable that
the influence on the outcome of the Houlsby & Byrne method is small. Effects on critical suction are minimal
too. This implies that most of the variation in the Houlsby & Byrne method can be attributed to the estimate
of the stress ratio (K). This is discussed in the paragraph 2.3.

Figure 6.23: Sensitivity of the Houlsby & Byrne method to the variability of the internal friction angle (φ)

The influence of variability of the internal friction angle on the CPT-based method is minimal. When en-
hanced stresses are used to estimate the skirt friction and end-bearing resistance reduction they do serve as
an input. However, variability of the stress ratio (K) is even more important in these cases. If stress enhance-
ment is not incorporated the internal friction angle is irrelevant in the CPT-based method.

The friction angles are estimated based on the correlation with the cone resistance profiles and estimated
relative density in this research. It is expected that triaxial tests nearby the installation location could improve
the accuracy of the esimate. These type of site investigations are unrealistic for each and every location since
associated costs will be high. The CPT-based method requires less parameters which seems beneficial for
cost efficient design.
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2.3 Effect of stress ratio (K) estimate and variability
The stress ratio estimate is of major influence on the output of the Houlsby & Byrne method. Almost all failure
scenarios are caused by a high stress ratio estimate. Approximately 1000 scenarios with low (K < 1.1) and high
(K > 1.9) stress ratios can be extracted from the output of one Monte-Carlo analysis. Figure 6.24 shows the
median suction profiles for these groups. The exit gradient suction limit is not affected by the stress ratio.
Therefore the liquefaction limit is incorporated as the soil suction limit in this analysis.

Figure 6.24: Sensitivity of the Houlsby & Byrne method to the stress ratio (K); median profiles for low and high estimates

Figure 6.24 shows that both the liquefaction suction limit as well as the required suction profile signif-
icantly increases for a higher stress ratio. The origin of this phenomenon lies in the formulation of stress
enhancement. A higher stress ratio results in large enhanced inner stresses. This has two consequences.
Firstly the liquefaction limit increases. Secondly the inner friction greatly increases. As a consequence the
contribution of the inner skirt resistance becomes unrealistically high. This is especially the case for high
stress ratios (K>1.5) and at deeper penetration depths.

A solution for unrealistic design outputs could be to use a different estimate for the computation of en-
hanced stresses and skirt friction. If a lower value is used for stress enhancement and a higher value is used for
skirt friction compuation the problem is partially solved. However, for the case study locations this method
results in insuffcient resistance and therefore an underestimation of the required suction (Figure 6.25).

Figure 6.25: Problem with stress ratio estimate on the output of the Houlsby & Byrne method

The impact of the stress ratio estimate on the Houlsby & Byrne method (and especially on stress enhance-
ment) is very large. When one also considers the fact that estimating this parameter in non-cohesive soils is
hardly feasible the Houlsby & Byrne method seems not sufficient for application.
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2.4 Effect of site specific estimate of the end-bearing empirical coefficient
The site specific estimate of the end-bearing empirical coefficient (kp ) used in CPT-based design seemed to
improve the results. Previously only highest expected and most probable values were used to compute the
best estimate and upper bound of the resistance profile. Figure 6.26 shows a comparison between the use of
the conventional recommended values (kp = 0.3 & 0.6) and the adapted estimate based on estimated relative
density (RD ).

Figure 6.26: Improvement in accuracy by implementing the estimation formula for the end-bearing coefficient based on relative density

Figure 6.26 shows that the estimate of the required suction using the most probable value of the end-
bearing empirical coefficient (kp = 0.3) is inaccurate. The computed resistance is very low compared to the
resistance encountered in reality. As a consequence the required suction profile is low as well. The profile
corresponding to the highest expected value (kp = 0.6) performs significantly better. However, at higher pen-
etration depths (d>4.8) the upper bound of the reliability interval becomes very high. As a consequence the
failure probability increases significantly. The results after application of the new estimation method perform
best. The reliability interval corresponds well to the applied underpressures.

Using the Jamiolkowski estimation method of relative density introduces transformation uncertainties
(Section 4.2). Furthermore, there seems no physical basis for application of similar empirical coefficients
during self-weight and suction-assisted penetration. Therefore discussion regarding the estimation formula
for the end-bearing coefficient remains (Chapter 7). Nevertheless, a consequent application of a site specific
estimation approach of the empirical parameters can result in improved design accuracy (Figure 6.26).



6.4. Sensitivity studies 89

3. Application of MCMC simulation
The application of Markov Chain Monte Carlo did not result in a significant improvement with respect to the
Monte Carlo method. In this Section elaboration on this verdict is presented.

3.1 Simulations performed
The accuracy of Markov Chain Monte Carlo simulation was examined for leg 1 of the case study location.
Sampling distributions were optimized for all soil parameters in all layers according to the procedure de-
scribed in Section 6.2. Previously the required installation profiles could be compared to all components of
the critical suction profile to determine the individual probability of each failure mechanism (e.g. buckling,
cavitation, soil). However, since the limit state determines the behavior of the convergence of the MCMC
method only one failure mechanism can be analyzed per simulation. Due to the unknown behavior of each
limit state and the multi-dimensionality of the problem a cut-off probability of 0.5 is used. Simulations were
performed for both penetration study method with respectively 1000, 500 and 200 computations per subset.

3.2 Integration of random fields
No examples of integrated random field models in MCMC simulations were found in existing literature. The
input of a random field simulation is a vector of random numbers from a standard Gaussian distribution
(µ=0, σ=1). The Modified Metropolis Hastings algorithm was simply applied on each of these random num-
bers. Figure 6.27 shows the result of one analysis of convergence towards high resistances while using this
methodology. One can see that the resistance increased to over 2.4 times with respect to the original resis-
tance over 25 simulations. Therefore integration of the random fields seems successful.

Figure 6.27: Assessment of convergence of the random field model in a Markov Chain Monte Carlo simulation for increasing resistance

3.3 Conclusion
Unfortunately the Markov Chain Monte Carlo method with subset simulation did not result in similar results
as the Monte Carlo analysis. Three disadvantages were observed which lead to the conclusion that Markov
Chain Monte Carlo simulation might not be an optimization with respect to a regular Monte Carlo analysis.

• Integration of the random field model remains difficult due to the many random numbers required as
an input. This has slow convergence as a consequence.

• The method is not accurate when subsets of 1000 simulations are used. More simulations per subset
could be a solution. However, using more would render the use of this method useless since it hardly
decreases simulations with respect to regular Monte Carlo simulation in this case.

• Since the failure state differs per failure mechanisms and influences the behavior of the analysis the
Markov Chain Monte Carlo should be executed once for each failure mechanism. This increases the
amount of simulations with respect to regular Monte Carlo simulation.





7
Findings, discussion & recommendations

This research aimed to contribute to two different developments: the installation design methods of suction
bucket jackets and the application of reliability-based design methods in offshore geotechnical engineering.
Findings, discussion and recommendations regarding both topics are presented in this Chapter.

7.1. Research conclusion
A full reliability-based analysis was performed to determine the impact of geotechnical uncertainties on in-
stallation design of suction bucket jackets for offshore wind.

Two geotechnical installation design methods are suitable for application in this study: the Houlsby &
Byrne and the CPT-based method. Both original methods cannot cope well with layered soils of varying per-
meability. Two improvements are required to eliminate this model error. An axisymmetric finite element
model which computes non-linear underpressure development needs to be integrated into both methods
to allow for permeability variation. Secondly a relation between the layer characteristics and the empirical
coefficients in CPT-based design is required. In this research one estimation method for the end-bearing co-
efficient in denser sands was developed based on monopile installation data. These two adaptations improve
the representation of physical phenomena and therefore reduce the impact of model uncertainty.

An objective description of parameter variability is required before the impact of parametric uncertainties
can be assessed. A survey dataset from practice results in challenges which are seldom addressed by current
literature. Four tools are available for layer identification: Robertson classification, the statistical moving win-
dow method, Bartlett profiling and borehole logs. A combination is required for an optimal result. Vertical
random field modelling of the cone resistance variability is possible provided that a trade-off is made be-
tween prerequisites and practicality. Probability density functions verified with goodness of fit tests provide
an objective description of parameter variability, provided that sufficient data is available.

A quantitative reliability analysis on a case study in non-cohesive soils provided insight in model sensi-
tivity to different parameters. Reliability intervals of simulated required suction profiles can be used to set an
objective lower and upper bound during design. The Houlsby & Byrne method proved to be very sensitive to
the estimate of the ratio of horizontal over vertical stresses (K). This estimate has a contradictory influence on
the accuracy of computation of the skirt friction and enhanced vertical effective stresses. Furthermore, it is
very hard to estimate in non-cohesive soils. The adapted CPT-based method performed significantly better.

Quantifying the probability of failure of an entire jacket configuration remains infeasible. The survey
data and methods available do not allow for proper modelling of horizontal soil variability. Furthermore,
application of a system reliability approach is infeasible due to the continuous installation process. As a
consequence only feasibility of individual buckets on the jacket can be assessed. Even in these outcomes
much epistemic uncertainty remains. This is due to the fact that not all failure mechanisms and effects of
contingency measures can be quantified accurately by the current design methods.

The impact of geotechnical uncertainties on installation design of suction bucket jackets is significant.
Application of reliability-based design methods leads to improved understanding of model sensitivity to dif-
ferent parameter estimates and the dominant failure mechanisms during installation.
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7.2. Findings and discussion on suction bucket jacket installation design
Different suction bucket jacket installation design methods were evaluated, adapted and applied in this re-
search. Findings regarding penetration study and critical suction methods are discussed in this Section.

1. Houlsby & Byrne method
The performance of the Houlsby & Byrne method is unsatisfactory. It fails to properly quantify an installation
profile as a consequence of model behavior and parameter estimates.

1.1 Overestimation self-weight penetration depth
Self-weight penetration is overestimated by the Houlsby & Byrne method. Accuracy was assesssed by com-
paring the installation design results to the self-weight penetration data of suction bucket jackets and large
diameter monopiles. Even the lowest values observed in the output of the quantitative reliability analysis
are below the measured self-weight penetration depths. The underestimation of the end-bearing resistance
by the current formulation is believed to be the cause. In Equation 7.1 it is visible that the vertical effective
stress (σ′

v ) has a large influence on the end-bearing resistance (Rb). At small depths (so during self-weight
penetration) the effective stress value will be small. As a consequence the estimated self-weight penetration
will be high.

Rb = (σ′
v Nq +γ′ t

2
Nγ)(πDt ) (7.1)

1.2 Contradictory influence of the stress ratio estimate
The results of the Houlsby & Byrne method are sensitive to the ratio of horizontal over vertical stresses. Be-
sides being a major component in the computation of skirt friction it serves as an input parameter for com-
puting the inner and outer enhanced stresses by frictional forces further up the skirt. A large stress ratio is
required for a sufficient estimate of the skirt friction and a low ratio is required for proper stress enhance-
ment. Additionally a proper parameter estimation method for the stress ratio in sandy soils is absent. As a
result the uncertainty of the model is enhanced by the uncertainty of the parameter estimate itself.

Figure 7.1: Contradictory behavior of the Houlsby & Byrne method for different stress ratio (K) estimates

1.3 Parameter sensitivity of the stress enhancement formulation
The stress enhancement formulation proposed by Houlsby and Byrne (2005b) shows varying accuracy for
different parameter combinations. Especially at high angles of internal friction (φ) and stress ratios (K) the
estimate of inner enhanced stress is too high. As a result the inner skirt friction becomes the dominant re-
sistance force in these cases. This is counterintuitive since inner friction should be mostly reduced by the
applied underpressure. Caution is required while selecting the parameters used for stress enhancement.

Using inner enhanced stresses to assess suction limits based on liquefaction can be unrealistic for soil
profiles with a high stress ratio. Overestimation of stress enhancement can result in unconservative liquefac-
tion limits. Estimating a reliable liquefaction limit based on enhanced stresses is therefore difficult too.

1.4 Using the peak angle of internal friction
When the bucket progresses into the soil it is expected that large strains are generated in sandy soils next to
the skirt. The current method uses the peak friction angle which is the maximum friction angle on the stress
strain curve. If the strain exceeds the value corresponding to the peak friction angle the value of the friction
angle decreases in denser sands. As a result it is expected that the peak friction angles used as input are too
conservative. Effects like these are important for open-ended pile design in sands and could therefore be
relevant for suction bucket installation. Since the Houlsby & Byrne method underperformed the progression
of the peak friction angle during penetration was not further investigated.
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2. CPT-based method
Two adaptations to the original CPT-based method are proposed in this research. These make the method
applicable in layered soils of varying permeability. However, discussion regarding empirical parameter esti-
mation and the influence of fluctuations in the cone resistance profile is possible.

2.1 Improved incorporation underpressure in subsoils with layers of varying permeability
Implementation of the axisymmetric finite element seepage model guarantees application of the CPT-based
method in soils of layered permeability. The original method assumed the effect of underpressure on the
outside of the skirt as non-existent. This is incorrect. Furthermore, the in-place resistance was reduced with
a factor based on the empirical soil suction limit. This is not advisable since large model uncertainty is present
in the formulations of this limit.

The adaptation proposed in this research eliminates both drawbacks of the original method. The end-
bearing resistance and skirt friction (both inside and outside) are reduced at a similar rate as the reduction
of effective stresses near the skirt. If one makes use of enhanced stresses the internal friction angle (φ) and
stress ratio (K) need to be estimated. This is not the case for in-situ stresses. The CPT-based method be-
comes applicable in subsoils of varying permeability and the dependence on the empirical soil suction limit
is eliminated as a consequence of these adaptations.

2.2 Specific estimate of the end-bearing empirical coefficient (kp ) in dense sands
Only most probable and upper bound values for the empirical coefficients are available at this moment. This
has a large effect on the accuracy of CPT-based design. An empirical estimation formula for determining the
end-bearing coefficient was determined based on large diameter monopile installation data (Equation 7.2).
Using the relation between the end-bearing coefficient and the relative density estimate leads to improved
results of installation design in (dense) sands (RD >0.65). Although design methods of monopile and suction
bucket (jacket) self-weight penetration are based on similar principles the difference in their geometry might
affect the accuracy of this relation.

kp = 1.27−0.86RD (7.2)

Equation 7.2 was developed with relative density estimates computed with a relation developed by Jami-
olkowski et al. (2003). Some of the relative density estimates are above one which is physically impossible
(Equation 7.3). It is known that the Jamiolkowski formula can provide overestimates in some conditions.
Although Equation 7.2 results in improved design results caution should be exercised while applying it in dif-
ferent conditions or with different relative density estimation methods. Additionally it can be stated that the
Jamiolkowksi equation requires the cone resistance as an input. Therefore direct integration in the design
method should be possible as well.

RD = emax −e

emax −emi n
(7.3)

A final remark should be made regarding the value of the empirical coefficients during self-weight and
suction-assisted penetration. In the current method the coefficients are similar throughout both phases.
Main reason for this is the fact that the in-place resistance is reduced by the effect of applied underpressures.
However, the similarity remains peculiar due to the fact that the physical processes occurring in both phases
are fundamentally different.

2.3 Influence of fluctuations in the cone resistance profile
The value of the cone resistance has a high impact on the total resistance via the computation of the end-
bearing capacity. The required suction profile can vary significantly if the cone resistance shows large varia-
tion. Application of the required suction profile computed with CPT-based design is not feasible in practice.
This is due to the inabillity to instantly vary the applied underpressures with the pumps available. A more
continuous profile is expected.

The conventional CPT-based method uses instantaneous cone resistance values for computing the end-
bearing capacity. This can result in the computation of unrealistic failure scenarios in the case of presence of
small peaks in the cone resistance profile. Applying a cone resistance averaging technique similar to the ones
in pile design results in a slightly smoothened profile. As a result some design errors can be eliminated. How-
ever, the effect and accuracy of replacing the pile diameter from existing cone resistance averaging methods
for pile design by the wall thickness of a suction bucket is unknown.
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3. Critical suction
Soil limitations are the most uncertain aspect of the three phenomena which form a combined critical suction
profile. Existing empirical formulations cannot be used in soils of varying permeability.

3.1 Liquefaction at the inner skirt tip
An attempt was made to estimate the limit suction based on the criterion provided by liquefaction at the inner
skirt tip. While this is an easy and fast way to compute soil suction limits it is heavily dependent on parameter
estimates. If enhanced stresses are used the stress ratio estimate is of high importance for the output of the
computation. If in-situ stresses are used this soil suction limit is believed to be too conservative. Furthermore,
research already showed that surrounding soils might prevent failure during local liquefaction and that the
exit gradient is governing.

3.2 Critical exit gradient at the inner seabed level
Computing soil suction limits based on exit gradients of the underpressure close to the inside of the skirt
forms the basis of all empirical formulations at the moment of writing. In this research a similar method
is used. However, it is extended with the incorporation of varying permeability in the subsoil and the phe-
nomenon of soil plug loosening. The new approach leads to increased failure probabilities when compared
to the liquefaction limit. A large advantage of this method is that it only requires a permeability and soil unit
weight estimate.

The critical exit gradient is no failure mechanism in itself. If it occurs at the top of the soil plug inner
erosion and deposition under the lid is believed to take place. This will not cause immediate failure since
limited loosening and soil heave is taken into account during design. Installation becomes problematic if
piping, soil heave or excessive erosion occurs. It is expected that failure does not occur immediately after
exceeding the critical gradient. Therefore the current design method is expected to be too conservative.

3.3 Impact of model uncertainty on feasibility assessment
The values for the suction limit and therefore the uncertainty of its computational results have a significant
influence on the failure probability of installation. They define the resistance component of the limit state
equation. A proper feasibility assessment is hindered by the current methods of quantifying critical suction.
The model uncertainty is high and the current methodology does not incorporate all phenomena.

4. Shortcomings of the design methods
There are not sufficient accurate design methods available to quantify the probability of occurrence of all
events and failure mechanisms. As a consequence there are missing links in the entire analysis.

3.1 Failure mechanisms
A reduced fault tree was used since there are no proper design methods for some phenomena. Interactions
with the filter layer are not well understood. Basic formulas exist for computation of reverse end-bearing,
soil plug heave and lift. However, practical application in layered soils and verification lacks. Quantifying the
probability of preferential flow or the interaction of seepage patterns is difficult. This is due to the fact that
horizontal variability cannot be modelled accurately. Uncertainty of the failure probability outcome increases
by not taking into account these phenomena.

3.2 Events and contingency measures
Although the need and extent of ballasting and backfilling can be quantified the absolute effect of many
contingency measures remains unknown. The reduction of resistance by contingencies like cyclic pumping
and jetting cannot be quantified with current design methods. This makes the effect of these measures hard
to determine. As a consequence the outcome failure probability is expected to be too conservative.

3.3 Suction bucket jacket configuration
Current research hardly considers installation of a suction bucket jacket configuration. An extra installation
requirement in addition to target penetration depth is introduced: excessive tilt. After installation design the
profiles of required suction should be compared to examine whether pumping speeds should be individually
adjusted. Since individual pumps are used in practice the pumping speeds can be varied quite easily.

Failure caused by an uneven seabed as well as due to subsoil differences is introduced. If one bucket fails
to install the entire installation fails. Interaction of developed seepage patterns can occur when buckets are
closely positioned to each other.
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7.3. Findings and discussion on reliability-based design methods
Applying statistical methods on an actual survey dataset of an offshore wind farm resulted in findings and dis-
cussion regarding their applicability. In this Section these are presented in chronological order of application
in the reliability-based design framework throughout this research.

1. Median bandwidth filtering
Outliers need to be filtered from the cone resistance profile to avoid negative influences on the required
suction profile. The median bandwidth filtering method can be applied on the cone resistance and shaft
friction profile. It is required that the original method is adapted to only filter out local minima and maxima.
Otherwise it can result in errors between layers which show a large natural variation in cone resistance or
shaft friction. Successful automatic filtering on 203 cone penetration tests was achieved with this method.

2. Layer identification
A combination of multiple identification methods is advised for thorough layer identification at a cone pen-
etration test location. It was observed that neither of the methods used in this research is flawless.

The Robertson soil behavior type index (Ic ) provides a method to identify thin soil layers and can differ-
entiate best in the top layers. A disadvantage is that differences in trendlines cannot be detected. Methods
using a statistical moving window can provide an objective assessment of soil units before a vertical random
field model is constructed. Individual assessment of the sampling window width per soil profile is required to
achieve optimal accuracy. Unfortunately no objective identification thresholds are available for these tech-
niques. Finally the geological history and soil type based on a borehole log can serve as a verification method,
provided that the borehole log is positioned close to the cone penetration test location.

In all cases these identification methods provide point estimates of the layer thicknesses. Lateral variation
of layer thickness can be observed from geophysical data. An accurate assessment of this variation is required
for quantifying mechanisms like preferential flow which require 3D modelling. This is impossible with the
current one-dimensional identification methods.

3. Vertical random field modelling
Random field modelling of the cone resistance profile is applied on (ideal) datasets in academic studies on
reliability-based design in geotechnical engineering. Using a survey dataset of an offshore wind farm gave
insight in several aspects worth mentioning.

3.1 Combining empirical autocorrelation models
Several empirical autocorrelation functions from the same soil unit and corresponding cone resistance sec-
tions can be used to fit a theoretical autocorrelation model. Literature did not provide any guidelines for this
process in situations where layer geometry differs or tests are positioned further away from each other.

Several matching criteria were introduced to assess whether the empirical autocorrelation function of
different cone resistance sections can be combined. The criteria used in this research are the result of sev-
eral different attempts. The units should have a similar soil behavior type index (∆Ic <5%) and belong to the
same geological deposit. Furthermore, it is required that the depth ranges of both units overlap and their
trendline shows similar behavior. Opportunities for further narrowing or optimization of these criteria exist.
Nevertheless, these criteria result in an applicable model for the data used in this research.

3.2 Trade-off between statistical criteria and applicability technique
A trade-off between the strict prerequisites (physical homogeneity and weak stationarity) and applicability
in practice is required. Current research hardly examines both criteria. Discussion on applicability of this
technique is avoided by not addressing the statistical background.

Difficulties occur when random field modelling is used for installation design purposes. Fitting an auto-
correlation model describing variation with separation distance is, for instance, hard for thinner soil layers.
This is due to the fact that the extracted variation profile is short. The assessment of weak stationarity in-
creases in difficulty for thinner soil units as well. It was observed that using the strict prerequisites prevents
application of random field modelling for installation design purposes. Trade-offs should be made by the
modeller while constructing a vertical random field model of the cone resistance.



96 7. Findings, discussion & recommendations

3.3 Unrealistic simulated values in top layers
Conventional application of this technique can simulate unrealistic cone resistance values in the top layers
of the subsoil. This influences the accuracy of self-weight penetration in CPT-based design. Two reasons are
believed to be the cause:

Firstly there is the fact that simulated variation profiles do not depend on location. As a consequence
high end-bearing capacities can be generated at zero depth. This seems unrealistic and is an aspect which
is advised to take into account. One could condition the model to provide a zero cone resistance at the top.
Another option is to not use a random field model for the design of self-weight penetration depth at all.

Secondly there is an implementation aspect if the values of the trendline are low. To avoid the generation
of negative cone resistances the simulated Gaussian process is transformed to a log-normal process. Prob-
lems arise when the mean value of the trendline becomes low or even negative. It is advised to condition the
trendline to one if this occurs. This avoids transformation problems.

4. Impact of the jacket configuration
Both the continuous process of installation as well as the jacket configuration of the foundation provides
challenges regarding the application of reliability-based design methods.

4.1 Horizontal random field modelling
Modelling of horizontal variability is required if the probability of failure mechanisms like preferential flow
needs to be quantified. If coupled installation of all buckets needs to be analyzed it is beneficial too. Horizon-
tal random field modelling of the cone resistance was attempted with the survey data available. Literature
shows the scale of fluctuation is largely influenced by cone resistance values at little separation distance.
Values of the cone resistance variation at similar depths but at different locations were hardly correlated in
the survey data used in this research. As a result the scale of fluctuation was too small to properly simulate
horizontal variability of the cone resistance.

While it is evident that there was correspondence between the profiles a credible scale of fluctuation
could not be obtained. Similar results were observed during a literature study on horizontal random field
modelling. While the one study finds large horizontal scale of fluctuations the other finds very small ones.
Values can even show large differences inside one dataset of one study. Of course differences in horizontal
variability per site could be possible. Considering the above, suspicion rises that successful application of
horizontal random field modelling could be a coincidence in some cases. This method is therefore assessed
as unsuitable for application in practice.

4.2 System reliability for installation of a jacket configuration
Horizontal variability cannot be quantified based on the survey dataset available. Therefore installation fea-
sibility was assessed per individual bucket. A system reliability approach can be used to analyze the reliability
of a system consisting of multiple elements. However, one aspect of suction bucket installation design pre-
vents application of this approach. Normally a system reliability approach compares elements with a single
limit state. However, the limit state resulting from individual bucket installation is the governing value of
many limit state values over the penetration depth.

The limit state approach described above hinders application of system reliability principles. Combined
probabilities of failure due to one failure mechanism at one specific penetration depth can be computed
using a method called Ditlevsen bounds. Although this method takes correlation between locations into
account it does not give any insight in the overall feasibility of successful installation of the entire jacket
configuration.
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7.4. Recommendations for future research
The previous conclusions, findings and discussion result in several recommendations for future academic
research on both suction bucket jacket installation design as well as reliability-based design methods.

1. Suction bucket jacket geotechnical installation design
The three main topics of advised future research are the empirical coefficients in CPT-based design, quanti-
fying other installation design phenomena and investigation of interactions with the filter layer.

1.1 Further investigation on estimation methods for empirical coefficients in CPT-based design
This research showed that improving the estimation of empirical parameters used in CPT-based design is
possible and can lead to more accurate results. Nevertheless research on two aspects is required:

Empirical parameter estimation methods need to be further developed based on existing data. In this
research an estimation method for the empirical end-bearing coefficient in denser sands was developed. This
equation depends on the relative density estimate by Jamiolkowski et al. (2003). Since some of the estimates
are unrealistic this design method requires improvement. Self-weight penetration of both monopiles and
suction bucket jackets is continuously measured in the field. This is valuable data which can be used to
analyze potential parameter estimation methods.

The fundamental principles behind suction bucket installation need to be examined to define consis-
tent and physically representative empirical parameter estimation methods. Similar shaft friction (ks ) and
end-bearing (kp ) coefficients are used during self-weight and suction-assisted penetration. This is peculiar
because the processes around the penetrating skirt tip are fundamentally different. Furthermore it should be
investigated whether it is feasible using relative density for the estimation of layer specific empirical param-
eters. Directly estimating the end-bearing and shaft friction should be possible too since the cone resistance
depends on density characteristics. Research on physical processes occuring during installation can help
understanding these phenomena.

1.2 Quantify installation design phenomena
Estimating required suction can be performed reasonably well with the current method. However, a proper
feasibility assessment requires good estimates of the limitations. While buckling and cavitation studies can
be performed the limits for the subsoil can hardly be described. Research is required regarding phenomena
governing the soil installation limits. Future research should try to aim to develop a reasonable method which
is generally applicable throughout different soil conditions. Developing such a method would increase the
possibility of a more accurate failure probability assessment. As a consequence the application of suction
bucket (jacket) technology in non-standard conditions becomes more feasible.

1.3 Investigate interactions with the filter layer
Before penetration in the subsoil occurs the suction bucket (jacket) needs to penetrate through the filter layer
of the scour protection. This is one of the four system components in installation design but hardly incorpo-
rated in current design methods. Interaction of the bucket skirts with the filter layer throughout installation
is not properly understood. Observations in the field and previous or future laboratory tests could result in a
simplified method to take these interactions into account. A start can be made by quantifying the contribu-
tion of the rocks in the filter layer to resistance elements like skirt friction or end-bearing capacity.

2. Reliability-based design in offshore geotechnical engineering
Reliability-based design is underdeveloped in offshore geotechnical engineering. Size of datasets forces re-
searchers and engineers to be creative and develop usable methods. The following is recommended:

2.1 Increase fundamental research on soil parameter estimation and variability
In this research proper variability of all parameters in all soil types could not be quantified based on the survey
data available. Standard variability descriptors of parameters can be obtained. However, literature presents
such a wide range that the output of the direct reliability analysis would render useless. The soil parameter
estimate is fundamental for successful evolution as well as application of design methods. Proper research
on parameter estimation and its variability is essential for future applications of reliability-based design in
offshore geotechnical engineering.
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2.2 Assess the applicability of (horizontal) random field modelling
This research examined the application of random field modelling of the cone resistance variation using a
survey dataset from practice. Vertical random field modelling was possible after the application of several
criteria. However, constructing a model in horizontal direction proved to be impossible.

Large differences in horizontal scales of fluctuation were observed in both literature as well as in the
dataset used in this research. In the discussion it was already seriously doubted whether a theoretical au-
tocorrelation can be fitted reliably through little and widely scattered data points. An objective assessment
of the physical background of the cone penetration test in combination with the purpose of horizontal ran-
dom field modelling is required. This should lead to an advice on whether modelling soil parameters using a
horizontal random field model results in a realistic output.

7.5. Recommendations for practice
This research was performed in collaboration with a major contractor and concerns offshore geotechnical
installation. As a consequence the findings and discussion result in several recommendations for practice.

1. Suction bucket jacket geotechnical installation design
Outcomes of this research can be used to steer towards a more efficient suction bucket jacket installation
design process. Three main recommendations are presented in here:

1.1 Use the output of the quantitative reliability analysis to improve site investigation
The analysis of output of the quantitative reliability analysis showed that CPT-based design is preferential
over the Houlsby & Byrne method. It was also found that permeability estimates are an essential parameter to
compute suction profiles over depth. Potential failure mechanisms can be overlooked when single values of
permeability are used. Knowledge on governing parameters on installation design can aid setting the scope
of site investigation campaigns. Based on this study it is advised to perform the bulk of the particle size
distribution tests in the upper soil layers. This can give insight in permeability of these layers and therefore
insight in the probability of occurrence of the dominant failure mechanism: seepage blocking.

1.2 Steer towards CPT-based design approach
In general an offshore cone penetration test is cheaper and faster to perform than extensive laboratory tests.
It also provides more site-specific data which is essential for accurate installation design of suction bucket
jackets. In recent years the cone penetration test played an ever more important role during site investigation
campaigns. It is advised to steer towards application of the CPT-based design method since it provides a
more accurate and location specific design results than the Houlsby & Byrne method. Investing in data and
research which can aid the estimation of the empirical parameters (Section 7.4) is therefore also a relevant
recommendation for practice.

1.3 Invest in gathering more relevant data on geotechnical installation
This research showed that simple installation data of offshore support structures can have a large impact.
Gathering the self-weight penetration data of large diameter monopiles helped in developing a site-specific
assessment approach of an empirical coefficient in CPT-based design. It is advised to continue or even ex-
pand these measurements. Measuring phenomena like soil heave inside suction buckets and pumping vol-
umes during installation can result in valuable data. This could aid the development of practical design meth-
ods for soil heave, filter layer interactions and phenomena contributing to excessive leakage (e.g. loosening,
piping). All of this helps reducing the uncertainty embedded in current installation design methods.
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2. Reliability-based design in offshore geotechnical engineering
Many challenges remain regarding the research on reliability-based design methods in offshore geotechni-
cal engineering, let alone regarding application in practice. Several initial steps can be taken to cope with
geotechnical uncertainties in an objective manner in practice.

2.1 Improve data storage and automation throughout execution of a project
Current methods of storing and processing soil data are unpractical and do not aid in dealing with uncer-
tainties in an objective manner. This has to be improved if (on the long term) reliability analyses are to be
performed on a more regular basis. Consistent raw data files of site investigation and survey campaigns
greatly help the efficiency of data processing and therefore the analysis of parametric uncertainties. More
insight can be gained in parameter variability in certain regions/geological deposits when data is stored in a
consistent manner. This could provide a basis for a more general assessment of feasibility of installation of
support structures in nearby areas.

2.2 Gradually introduce methods and tools to realize maximum efficiency
Applying a full reliability-based design analysis each time an offshore foundation is installed will not be fea-
sible in the nearby future. Nevertheless, the analysis performed in this research contains many individual
components which can already make a difference in understanding and dealing with uncertainties. If one
wants to work towards a more objective and reliability-based design approach it is advised to gradually intro-
duce elements into existing projects.

Ideas of starting points can be small or large in the amount of effort they take. Small steps like expanding
the layer identification method with the methods presented in this research or visualizing the output of the
Robertson graph in a second order sense can already help. One could also work on fitting probability density
functions to soil parameter estimates within individual projects (e.g. friction angle, permeability). These
can than be used to select the characteristic design parameters on a statistical basis (e.g. a 95% reliability
interval). Another option is to perform a quantitative reliability analysis on the location which is expected to
be governing for a project. This can aid in defining the feasibility of the entire project.

2.3 Investigate possible application on other topics
Application of reliability-based design is of course not limited to suction bucket jacket installation. Actually,
suction bucket penetration is a relatively complex geotechnical process which requires uncommon param-
eter estimates like permeability and design methods with a large model uncertainty. Furthermore, as men-
tioned in Section 7.3 it is difficult to estimate overall failure probabilities for installation of a multi-footed
structure. A concept with more available installation data or a lower model uncertainty is by definition more
suitable for an assessment with reliability-based techniques. In such cases more accurate failure probability
estimates can be expected.
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A
Case study wind farm

This Appendix gives a brief overview of the site conditions and location of the case study wind farm. It is only
published in the report presented to GeoSea (DEME group) since some data given is confidential.
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B
Background on applied methods

A full reliability-based analysis requires the application of many individual methods regarding filtering, iden-
tification and simulation. As a consequence many small individual decisions and considerations were made
of which not all could be described extensive in the main body of this report. This Appendix is intended to
provide insight in the following topics:

1. Median bandwidth filtering of the cone penetration test results, page 112:
The original method had differences in dealing with boundaries between soil units. Therefore adapta-
tions were required which are described here.

2. Optimize window width for statistical layer identification, page 113:
The sensitivity of both statistical layer identification methods depends heavily on the width of the sam-
pling window. Background is given in this Appendix.

3. Objective assessment of weak stationarity of soil units, page 114:
The only method available for objective assessment of weak stationarity was applied. Difficulties were
observed for several cases and therefore this approach has not been used. Here it is stated why.

4. Sharp fluctuations of simulated cone resistance profiles, page 115:
The simulated cone resistance profiles show sharper fluctuations than the original ones. The cause of
this phenomenon is explained in this Section.

5. Transformation cone resistance from normally to lognormally distributed, page 116:
Performing a transformation of the cone resistance distribution requires adaptations to the trendline.
The procedure applied in this research is described here.

6. High upper bounds in lognormal model factor distributions, page 117:
It was observed that the upper bound of the stochastic model uncertainty reliability interval was very
high. This is due to the distribution chosen. More elaborate information is given in this Appendix.
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112 B. Additional background on applied methods

1. Median bandwidth filtering of CPT results
The median bandwidth computes the median of subsequent segments in the cone resistance profiles. After

the median has been computed it computes a representative standard deviation based on the standard devi-
ation of its own (σ(n)) and either the preceding or following segment (σ(n-1) or σ(n+1)). Equation B.1 is used
for this procedure. Bandwidths of approximately 20 centimeters with 25 measurement points are used since
they functioned best on the dataset under consideration in this research.

σr (n) = min
( √

σ2(n −1)+σ2(n) ,
√
σ2(n)+σ2(n +1)

)
(B.1)

The upper and lower bound of the bandwidth of each segment is found by adding or subtracting two times
the representative standard deviation. The value of two is present in current literature and worked best (for
both shaft and cone resistance) in the 203 cone penetration test results obtained (Wickremesinghe, 1989).

However, application of this method is not without filtering errors. This has a simple reason. Bandwidths
of neighboring segments need to overlap significantly to be able to capture large variations in the cone resis-
tance profile. If a median value of a band changes significantly the profile shifts. If this occurs it could be that
it falls outside the bandwidths of both segments. This is not a measurement error and should therefore not
be filtered out. Figure B.1 shows examples of such errors.

The decision was made to apply another filtering rule. Only local minima and maxima of the profiles
should be allowed to be filtered out of the profile. As a result the shifting profile between two segments will
not be touched by the algorithm. Figure B.1 shows a good example of the proper functionality of this addition
to the median bandwidth filtering method.

Figure B.1: Example of necessity of adaptation of the median bandwidth filtering approach

This approach successfully filtered out all measurement errors from all 203 cone resistance profiles. Of
course these could have been spotted by hand. However, this procedure optimizes the process based on
objective criteria.
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2. Optimizing the statistical layer identification methods
Two methods make use of a moving window over the cone resistance profile to identify layer bounds based

on changes of statistical properties: the statistical moving window method and Bartlett profiling. There are
two difficulties regarding the application of both methods:

1. The profile values cannot be compared to thresholds to objectively apply the methods and identify
layer boundaries. Proposed thresholds based on specific test data are presented in literature but no
generic method can be applied.

2. The bandwidth of the moving window differs per study in which the methods are applied. No fixed and
recommended window width is available.

A bandwidth of 1.5 meter is applied in one study on the statistical moving window method (Uzielli et al.,
2006). This is combined with an identification threshold of a coefficient of variation of 0.1. Figure B.2 shows
that this set up results in a profile which is not distinct. This is due to the fact that the coefficient of variation
of the profile is relatively large in general. Using a window width of only 10% of the original does result in rel-
atively distinct peaks which roughly correspond to the Robertson identification bounds. Please do note that
the original method was intended to identify physically homogeneous soil units and not layer boundaries.
Although this sounds similar there is a slight difference between the two.

Figure B.2: Difference between proposed and indivdiually adjusted window width for the statistical moving window method

The same behaviour can be observed when applying the Bartlett profiling method of layer identification.
In literature window widths of approximately one meter are advised in combination with an identification
threshold of a Bartlett value of 200. Figure B.3 shows that these parameters do not deliver proper results.
Slightly reducing the bandwidth does allow for identification of bounds similar to the soil behaviour type
index (for example at d = 3 and 4.5 m). Decreasing the moving window width results not only in more distinc-
tive peaks, but more peaks in general. Not all distinct peaks can be attributed to a layer bound. Therefore this
method cannot be applied independently. Apart from this aspect a proper identification threshold was not
found during application.

Statistical identification of layers based on characteristics of a moving window over the cone resistance is
not a method which can be applied individually. Nevertheless, it can help assisting the identification based
on the soil behavior type index. They could be relevant in a scenario in which the soil type stays similar but
the cone resistance profile shifts in trend line. Identification of two layers could be required for random field
modelling in such cases.
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Figure B.3: Differences between proposed and individually adjusted window width for Bartlett profiling

3. Objective assessment of weak stationarity of soil units
The only objective manner of assessing whether the detrended cone resistance is weakly stationary is pro-

posed by Phoon et al. (2004; 2003). Again Bartlett statistical profiling is used (Section 4.3). However, this time
it is applied on the detrended variation profile. Critical values for which the hypothesis of weak stationarity
could be rejected can be computed. First of all the empirical autocorrelation structure of the data assessed
should be computed. Secondly one needs to compute the scale of fluctuation (δ) corresponding to the best
fitting theoretical autocorrelation model. Reference is made to Section 4.4 for more information on this topic.

(a) Detrended cone resistance profile for one unit (b) Exceeding critical Bartlett values

Figure B.4: Soil unit which does not pass the Bartlett test on weak stationarity

Using the scale of fluctuation (δ) the sampling distance of the data series can be determined. There are
several criteria regarding the sampling distance. The number of sampling points (N) within one scale of fluc-
tuation (δ) should be between 5 and 50. The sampling length (total length divided by scale of fluctuation, 1/δ)
must be between the same bounds. Finally the bandwidth of the moving window must be either 1 (for N<50)
or 2 (for N>50) times the scale of fluctuation (δ). Phoon et al. (2003) proposes critical values per theoretical
autocorrelation model based on these sampling parameters (Table B.1).
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Table B.1: Critical Bartlett values for theoretical autocorrelation models and normalized sampling lengths (I2) (Phoon et al., 2003)

Theoretical autocorrelation model Norm. sampl. length (I2) Rejection level of test value (Bcr i t )

Single exponential 1 (0.23k+0.71) ln(I1) +0.91k+0.23
2 (0.36k+0.66)ln(I1)+1.31k-1.77

Binary noise 1 (0.30k+0.29) ln(I1) +1.15k-0.52
Cosine exponential 1 (0.28k+0.43) ln(I1) +1.29k-0.40
Second-order Markov 1 (0.42k-0.07) ln(I1) +2.04k-3.32
Squared exponential 1 (0.73k-0.98) ln(I1) +2.35k-2.45

Subsequently these were used to assess stationarity. When the Bartlett test value stays below these critical
values the hypothesis does not have to be rejected. This test is based on a 5% reliability. This means the layer
can be assumed to be weakly stationary. If the Bartlett test value exceeds the critical value the layer should be
subdivided into two sub-layers for which the stationarity should be checked again. Exceedance of the critical
value could occur (e.g. when small silt or gravel layers are present, Figure B.5). Individual judgement should
be applied every time the data is assessed to avoid splitting the soil unit in too much layers.

(a) Detrended cone resistance profile for sub-divided unit (b) Improved Bartlett profile for sub-divided unit

Figure B.5: Result of division of soil unit to improve stationarity of the soil units

4. Sharper fluctuations of the simulated cone resistance profile
Figure 4.20 in Section 4.4 shows a simulated profile and original profile of the vertical fluctuation in the cone
resistance. In some instances it was observed that lower frequency fluctuations are generated by the random
field model. This can be caused by two aspects:

1. A smaller scale of fluctuation than for the original cone resistance profile can be the consequence of the
averaging of empirical auto-correlation models. As a consequence the correlation based on separation
distance is lower and smaller fluctuations are generated. Thinner soil units are expected to enhance
this phenomenon.

2. High simulation frequency over depth causes high frequency noise. In this study the original sampling
frequency of the cone resistance profile is used for simulation. This implies that approximately 125
random numbers per meter are required for simulation. In essence this increases the probability of
small fluctuations.

First of all the small scale fluctuations do not pose problems for application of the CPT-based design
method. Especially when cone resistance averaging is applied the small scale fluctuations will average out
and be non-existent in the resistance computation. Higher scale of fluctuations and less small scale fluctua-
tions were observed when a lower sampling frequency is used on the cone penetration test results. However,
it was decided not to pursue this approach because retrieved data would be ignored.
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5. Transformation of the cone resistance from normal to log-normally distributed
Figure B.6 shows the importance of transformation from a Gaussian process to a log-normal one. When the

cone resistance at low depths is taken as normally distributed non-realistic negative cone resistances can be
simulated. This is physically impossible and should be prevented at all times. Therefore the data should be
transformed to a non-negative bounded-normal, log-normal or Beta distribution. Since the transformation
to log-normal distributed cone resistances is the easiest this was selected.

Figure B.6: Visualization of transformation from normal to lognormally distributed cone resistances in the top layer of one profile

While this transformation looks easy on the basis of Figure B.6 and the procedure described in Section
4.4 there is one catch. The trendline (and therefore the mean value) of the process is not constant. When the
trend of the cone resistance is upwards low (or even negative) values can be observed for a fitted trendline.
This creates errors in the transformation to a non-negative distribution (Figure B.7a). It was decided to set
the trendline to one whenever it is below one. This allows for generation of a random field at all times (Figure
B.7b).

(a) Distances between cone penetration tests (b) Cone resistance profiles

Figure B.7: Differences observed when correction for trendline values below one is applied
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6. High upper bounds in lognormal model factor distributions
A model factor can be fitted through all installation design results as well. For an in-depth description of the

model factor reference is made to Section 5.2. Figure B.8 shows the resulting bandwidths when a normal 95%
stochastic model uncertainty factor is applied. It is visible that the lower bound is sufficient in only half of the
situations. This is no basis for design.

Figure B.8: Model factors fitted through all monopile self-weight penetration data

It is obvious that the accuracy of the bandwidths can be improved when the model itself is improved.
Figure B.9 shows how the effectiveness of the model factor estimates improves when one adapts one of the
end-bearing empirical coefficients for CPT-based design. It also shows that if one does not take the reliability
interval but applies a reliability threshold for the lower bound the accuracy of the estimate can be improved.
Defining the lower bound stochastic model factor at a probability of exceedance of 0.99 results in a correct
lower bound for self-weight penetration in 96% of the times.

Figure B.9: Improve empirical coefficients and effect of using lower threshold instead of reliability interval
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