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Abstract

Since the exploitation of wind as a renewable energy resource, jack-up vessels equipped with more than three
independent legs are increasingly employed to transport and install the components of offshore wind tur-
bines. By lowering the movable legs the vessel is able to elevate the hull from sea water level. In elevated
position the vessel provides a stable platform to perform installation activities. The legs are equipped with
spudcans which serve as foundation of the vessel. The elevating process consists of a preload phase to ensure
sufficient capacity to withstand operational and possible storm conditions. The preloading of four-legged
jack-ups is performed by alternately applying vertical loads on diagonally opposite leg pairs, up to achieving
a stable condition in which nearly constant load levels can be held by each leg. The aim of this research is to
develop a 3D model to asses the preload duration of the jack-up vessel Aeolus in cohesive soil.

The viscous behaviour of cohesive soil, like clay, influence the acting leg load during preload of the jack-up
vessel. The shear strength of clay is a function of strain rate meaning that resistance increases due to viscous
effects with increasing penetration rate. During spudcan penetration the shearing resistance is high but will
reduce significantly when penetration is stopped as the viscoplastic resistance diminishes. Together with the
onset of isotach soil behaviour this causes the loads to redistribute between the legs occurs. In this study it is
assumed that sufficient preloading is achieved when the leg load reduction is limited to 400 ton / 15 min. To
satisfy this criterion multiple load cycles of each leg pair are performed.

Site specific geotechnical data and information on the structural stiffness of the Aeolus have been available
for this research and allowed for an accurate analysis of the processes during the preload procedure. The
Soft Soil Creep (SSC) model is used as constitutive model and accounts for viscous effects by formulating
irreversible strains by means of viscoplasticity. The soil at the project site is classified and the constitutive
model is calibrated based upon the available soil test results.
The structural behaviour of the vessel is captured via a simplified beam configuration representing the deck
structure and legs, the stiffness of the beams is verified using the results from a so-called predrive analysis.
The extension of the legs is established by means of negatively pre-stressed node-to-node anchors.

Simulations of a single spudcan penetrating at various depths and penetration rates are performed to identify
the extent of viscous strain rate effects from the results. With the developed 3D model Small Deformation Fi-
nite Element analyses of the preload procedure are performed. The leg loads and penetrations are monitored
and compared to jacking data from the actual project site. The processes in the soil and structure are analysed
and the influence on the preload procedure and preload duration is identified. For both type of simulations
six different case-calculations are performed addressing variation in the initial spudcan depth, the OCR, the
penetration rate, the permeability and the type of preload procedure.

The simulations indicated that the penetration of a spudcan influences the penetration of an adjacent spud-
can, this reciprocal influence of the spudcans emphasizes the importance of one model comprising all spud-
cans in the same 3D soil domain. The developed model slightly overestimates the spudcan penetration and
underestimates the total preload duration.
Simulations of the overshooting preload procedure and an alternative preload procedure are performed with
the FE model. For the soil conditions used in this research, both the overshooting and the alternative proce-
dure are effective in reducing the number of preload cycles to satisfy the preload criterion. Compared to the
normal preload procedure, it is expected the overshooting procedure improves the preload duration. For the
alternative procedure however, the duration of a preload cycle increases significantly and consequently the
procedure does not improve the preload duration. Using a lower spudcan penetration rate during the normal
preload procedure is also effective in reducing the number of preload cycles but significantly increases the
elapsed time to complete the preload procedure. The above conclusions have been made on the basis of the
model results, which is calibrated for the soil conditions at the specific project site.
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1
Introduction

1.1 Problem definition
Mobile jack-up platforms have been used in the offshore industry for a long time. A jack-up platform used
for offshore oil and gas drilling activities is typically equipped with three independent legs (Bienen and Cas-
sidy (2006), Dean (2010), Randolph and Gourvenec (2011)). Since the exploitation of wind as a renewable
energy resource, jack-up vessels equipped with more than three independent legs are increasingly employed
to transport and install the components of offshore wind turbines. By lowering the movable legs the vessel
is able to elevate the hull from sea water level. In elevated position the vessel provides a stable platform to
perform installation activities. The legs are equipped with spudcans, which serve as foundation of the vessel.
Globaldata (2012) reports the fast growth and the huge growth potential of the offshore wind industry and
specialised offshore vessels. The self-installing and elevating capacity of jack-up platforms make them ex-
plicitly useful for the installation of offshore wind turbines.
An offshore wind farm consists of many separate wind turbines, which makes the jack-up vessel to conduct
elevating and retrieving processes frequently. The elevating process consists of a preload phase to ensure
sufficient capacity to withstand operational and possible storm conditions. The preloading of four-legged
jack-ups is performed by alternately applying vertical loads on diagonally opposite leg pairs, up to achieving
a stable condition in which nearly constant load levels can be held by each leg.
A site-specific assessment of the vessel is performed for each location where the vessel will jack up. The
assessment addresses the site specific conditions, including geotechnical and environmental characteristics.
In an attempt to standardize the site-specific assessment for a jack-up platform the industry guideline and
standards SNAME (2008) and ISO (2016) have been published. The documents provide an assessment of the
installation, operation and extraction of the jack-up at a specific location. The study InSafeJIP (2011) indicates
the ongoing process of procedural improvements on geotechnical site assessment, ground treatment and
foundation performance prediction.
Potential problems during elevation, operation and extraction of the spudcan foundations are identified
based on the geotechnical conditions. The soil conditions can be roughly divided in cohesive and non-
cohesive. Non-cohesive soil conditions generally form a firm seabed with high bearing capacity where pen-
etration will be minimal. Cohesive soil shows lower bearing capacities leading to larger penetrations of the
spudcan and leg. In combination with several other processes this leads to long jacking times. Examples of
such processes are the viscous behaviour of the soil and the redistribution of loads between the different legs.
The combination of geotechnical and structural aspects affects the total response and preload procedure.
This proves the statement of Houlsby (2016), describing the importance of an effective means of communi-
cation between the geotechnical and structural engineer in problems of soil structure interaction.

(a) (b)

Figure 1.1: Van Oord’s offshore installation vessel Aeolus in operation (a) and in elevated position (b).

1



1.1 Problem definition 2

In this research the preload procedure of the offshore installation vessel of Van Oord, Aeolus, in cohesive soil
is investigated. Aeolus is purpose built to transport and install offshore wind turbines and their foundations.
The vessel is equipped with four legs with a length of 85 m and a diameter of 4.5 m. The spudcans have an
effective diameter of 13 m and should provide a foundation for a total elevated weight up to 28 000 ton.

Preload procedure
The preload procedure as generally adopted used for the installation of four legged jack-up vessels is based on
the principle of load distribution between diagonally opposite leg pairs. The two diagonally opposite leg pairs
are loaded alternately. The procedure is the so-called active preload procedure since the legs are preloaded
by consecutively extending the legs. As the legs are extended additional penetration is observed.
In figure 1.2 the preload procedure is schematically represented. Before actual preloading starts the four legs
are penetrated into the soil under the self weight of the vessel. The blue leg pair in figure 1.2 represents the so-
called active leg pair for the first part of the data shown, while in the second part it represents the passive leg
pair. The blue leg pair is preloaded first by extending both legs. To ensure stability and safe preload sufficient
load on the passive leg pair is maintained by extending the active leg pair in small increments. When the
extension of all four legs is kept constant, a decrease in leg load for the active leg pair is observed. This load
transfer is partly caused by the viscous behaviour of cohesive soil as described by Cathie et al. (2017) and
Fila (2018). The load redistribution between the four legs is occurring simultaneously. As the leg load for the
active leg pair decreases, the leg load for the passive leg pair increases. This complex mechanism is not yet
considered in the guideline (SNAME, 2008) and standard (ISO, 2016) for the industry. After preloading one
leg pair the other leg pair, red pair in figure 1.2, is preloaded according to the same procedure.
Actively increasing the load on the spudcan is required to suffice the preload value on each spudcan. In
cohesive soil this process is expected to lead to further settlements and multiple cycles are required. The
accumulated effect of these extension (or load) cycles results in a significant increase in total time for wind
farm installation.
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Figure 1.2: Schematic representation of the active preload procedure.

The viscous behaviour of cohesive soil, like clay, influence the acting leg load during preload of the jack-up
vessel. The shear strength of clay is a function of strain rate meaning that resistance increases due to viscous
effects with increasing penetration rate. The viscous effect is most evident for undrained conditions because
of the high strain rates in the soil (Lee and Randolph, 2011). During spudcan penetration the shearing resis-
tance is high but will reduce significantly when penetration is stopped, the viscoplastic resistance diminishes
and a load redistribution between the legs occurs. This reduction will result in a leg load well below the
preload value as determined in the site specific assessment. To suffice this preload value multiple load cycles
of the active leg pair are required.
A preload criterion to ensure safe leg load reduction is used in practice. In this study a maximum leg load re-
duction of 400 ton / 15 min is used as criterion. Papers only present indistinct guidelines rather than practical
criteria to account for the additional penetrations in which preload holding times to account for consolida-
tion are advised, based upon the permeability factor and stiffness modulus. However, only consolidation and
no viscous effect seems to be incorporated.
The load redistribution from the active leg pair to the passive leg pair during preload of the jack-up vessel is
a complex mechanism occurring simultaneous to the viscous effects. The load working on the active leg pair
fully mobilises the shear strength of clay since the spudcan proceeds to penetrate. Since relaxation and creep
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rate are dependent on the distance from the failure surface, a higher load results in a higher creep strain rate
(isotach behaviour). This phenomenon results in rapid relaxation for the active leg pair. On the contrary, the
passive leg pair is exposed to significant lower loads resulting in a lower relaxation rate. This establishes the
process of load redistribution and a load transfer from the active to the passive leg pair is observed.
Both mechanisms, viscous effects and load redistribution, substantially influence the final penetration and
total jacking time. A three-dimensional numerical model capable of capturing relevant soil processes and
soil-structure interaction allows to analyse the influence of both mechanisms on the preload procedure.
A comprehensive 3D model of the soil, the structure and the interaction of both is essential for an accurate
analysis. The constitutive model enables the inclusion of essential soil processes taking place during and
directly after preload. At the offshore wind site mainly soft clay material is found and is expected to govern
the soil behaviour. The numerical models on spudcan penetration and preloading as presented by Fila (2018)
showed to be capable of capturing viscous effects rather well, taking into account the influence of stress
relaxation on the observed leg load. Fila (2018) used the 2D FE software PLAXIS (Brinkgreve et al., 2018c)
in combination with the Soft Soil Creep (SSC) model, this model accounts for viscous effects by formulating
irreversible strains by means of viscoplasticity. In the same spirit a 3D finite element vessel model is intended
to be developed in this research. Inclusion of the structural configuration of the vessel enables to accurately
capture the complex load redistribution mechanism. The 3D FE model is created using the software package
PLAXIS 3D (Brinkgreve et al., 2018a).
With this type of software Small Deformation Finite Element (SDFE) analyses are performed. In the SDFE
analysis changes in geometry are assumed small after displacement or loading, consequently the geometry
is not updated. The penetration of the spudcan up till the moment preloading starts, is chosen to be an input
value.

Project site
The project site considered for this research is located in the Belgian sector of the North Sea. At this location
shallow clay of the Ursel formation, being a member of the Maldegem Formation, is found. The marine clay,
present up to a depth of 22.7 m, leads to relatively large penetrations and long preload time. Below the clay
layer a deep sand layer is found.
Data of the preload procedure of Aeolus is available, the data includes the effective leg loads and spudcan
penetrations for a time period of three hours. In figure 1.3 respectively the loads and leg penetrations into the
soil over time are illustrated. The total water depth at the site is 40 m on average and the leg loads represent
the force at the spudcan tip level.
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Figure 1.3: Part of the preload procedure of Aeolus at the project site indicating the leg loads and spudcan penetrations.

During the time interval 04:15:00 - 04:45:00 the PS fwd (port side forward) leg and the SB aft (starboard side
aft) leg are loaded by extending both legs. During extension of the active leg pair, the load on these two legs
increases and is considerably higher than the load on the two other legs. The active legs penetrate approxi-
mately 0.5 m further into the soil while the penetration of the passive legs remains constant. During the next
time interval (04:45:00 - 06:00:00) the SB fwd and PS aft leg are preloaded.
During the preload time intervals the legs are extended several times, indicated by the small and steep peaks
in the graphs in figure 1.3. After these peaks the leg extension is kept constant for all four legs, the legs however
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continue to penetrate and the loads of the active legs reduce. The decrease in load for the active legs is caused
by the viscous behaviour of the cohesive soil and the load redistribution between the two leg pairs.

1.2 Research objective
The offshore installation vessel of Van Oord is purpose-built to construct offshore wind parks. The vessel is
equipped with four movable legs including spudcan which allow the hull to be jacked up. When operating in
cohesive soil large penetration depths of the legs and spudcans are expected, caused by low bearing capacity
and viscous effects. The time to reach sufficient penetration depth is long and difficult to predict in cohesive
soil.
The spudcans are preloaded to ensure sufficient bearing capacity during operation. During the preload pro-
cedure leg load redistribution between the four legs occurs and is influenced by characteristics of the cohesive
soil and the structure connecting the legs. To accurately predict the time required for the preload procedure
a better understanding of the load redistribution between the four legs is of importance. An accurate predic-
tion of the preload duration of Aeolus enables Van Oord to identify the total project time and costs already at
the tender phase.

The main objective of this research is formulated as:

Develop a 3D model to assess the preload duration of the jack-up vessel Aeolus in cohesive soil.

This main objective is broken down in several sub-objectives:

• Represent the soil conditions and behaviour in a 3D FE model using the software PLAXIS 3D:

– Thorough classification of the (cohesive) soil at the project site;

– Selection of a soil constitutive model capable of representing the cohesive soil;

– Calibration of the constitutive soil model and its parameters to accurately represent the soil con-
ditions at site.

• Capture the structural behaviour of Aeolus in a 3D FE model:

– Implementation of the structural components of the jack-up vessel structure and verification of
the structural behaviour;

– Implementation of the constitutive soil model and investigation on the use of interfaces for accu-
rate representation of the soil-structure interaction.

• Simulate the preload procedure by combining the structural and soil components:

– Verification of the 3D FE model;

– Definition of the simulations to be performed;

– Execution of the simulations and comparison of the results to the measured jacking data.

• Analyse the leg load redistribution during the preload procedure:

– Analysis of the processes in the soil and the structure;

– Investigation on the influence of the structural and soil behaviour on the preload procedure and
total duration;

– Identification and simulation of different preload procedures and comparison of the results.
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Preload procedure

A vital part of the 3D finite element model is the constitutive soil model. In the following section the pro-
cesses in the soil and the structure during preloading are elaborated and based on this analysis the type of
constitutive model is chosen. The choice of the type of soil model determines how soil-structure interaction
and load redistribution between the legs are incorporated in the model.
In the final section the soil is classified and its characteristics are identified. The soil parameters are deter-
mined from the available soil tests to identify to which extent this soil type is sensitive to consolidation and
viscous effects. As described by Cathie et al. (2017) and Hossain and Randolph (2009b) viscous effects are
considered to influence the preload procedure to a large extent in, undrained, cohesive soils. Both processes
are not enclosed in the industry’s guidelines SNAME (2008) and Veritas (2015). The ISO standard (ISO, 2016)
recognises the viscous effects and potential soil consolidation, however none of the effects are taken into
account.

2.1 Spudcan preloading
During spudcan preloading in clay three processes are to be considered: the viscous drag of the leg and spud-
can, consolidation and the viscous behaviour. These processes affect the preload criterion, which defines the
requirements to ensure safe leg load during operation. This criterion determines the final spudcan depth and
preload duration, depending on the soil parameters.

Soil processes
Currently the spudcan penetration depth is generally assessed by determining the soil bearing capacity pro-
file. This profile is obtained from a series of ’wished in place’ spudcans at increasing depths. The industry’s
guideline (SNAME, 2008) and standard (ISO, 2016) advice on the type of bearing capacity calculations. The
required bearing capacity equals the desired preload reaction force. For penetration in clays the formula
proposed in ISO (2016) is used to calculate the gross ultimate vertical bearing capacity:

QV = (
su Nc sc dc +p ′

o

)
πB 2/4 (2.1)

The factor p ′
o is the effective overburden pressure at depth D and dc is the bearing capacity depth factor (dc =

1+0.2(D/B) ≤ 1.5). The undrained shear strength, su , should be based on the sampling method, laboratory
test type and field experience (ISO, 2016). B is the effective spudcan diameter and sc is the shape factor. Nc

is the bearing capacity factor and is determined by methods described by Skempton (1951), Houlsby and
Martin (2003) and Hossain et al. (2006). The method proposed by Skempton (1951) provides a reasonable
prediction of average penetrations. The methods proposed by Houlsby and Martin (2003) and Hossain et al.
(2006) provide a lower bound and upper bound load-penetration prediction respectively. The viscous effects
of clay are not taken into account.

Cohesive soil exhibits viscous strain rate dependency, which means that the shear strength of these soils is
affected by the magnitude of the shear strain rate. These viscous strain rate effects affect the leg settlements
during the preload holding. The viscous behaviour results in higher penetration resistance for larger spudcan
penetration rates.
Richardson and Whitman (1963) investigated the effect of strain-rate on the undrained shear resistance in
normally consolidated clay. At small strains the ratio σ′

1/σ′
3 increases and an increase in resistance to soil

distortion is observed. At large strains a different phenomenon is observed as the adjacent soil particles find
it more difficult to move and will tend to ride up over one another. It can be considered as an increased
resistance to compression or an increased tendency to dilate. Increasing the strain rate results in a decrease
in pore pressures and consequently larger effective stresses.

During spudcan penetration in cohesive soil the resistance increases due to the viscous drag of the leg and
spudcan. As penetration proceeds the soil is extensively disturbed around the spudcan and embedded leg
part. Zeevart (1948) divides the disturbed soil in three zones, varying in level of disturbance in the soil. Zone

5



2.1 Spudcan preloading 6

I represents soil subjected to excessive remoulding, the soil reaches a critical state leading to continuous
deformation. Zone II is surrounding Zone I and represents the soil only disturbed as the shaft tip of the shaft
is positioned adjacent to it. The soil in zone III is unaffected and remains undisturbed. Depending on the soil
characteristics, zone III starts approximately three times the shaft radius from the structure surface in case of
a straight shaft.
The viscous resistance component depends on the size of zone I, the viscosity of the soil and the velocity of
the shaft (Mahajan and Budhu, 2006). As the shaft proceeds to penetrate into the soil, soil is moving down-
wards in the near field of the shaft and moving upwards in the far field. The velocity gradient at the interface
of the soil fields is defined by the size of zone 1 and the penetration rate. The rate of change of velocity gra-
dient at the interface decreases for an increasing size of zone I and a decreasing penetration rate. Figure 2.1
depicts the experimentally derived backbone curve for of the normalized velocity and the normalized verti-
cal soil capacity. The normalized velocity is defined as the ratio of the time for a certain fraction of diameter
penetration to occur to the time for a certain fraction of consolidation to occur.
In (partially) drained conditions consolidation dominates over the viscous effects (Lehane et al., 2009). Load-
ing the spudcan results in a significant increase in vertical stress for the soil. Consolidation of the soil around
and below the spudcan occurs as the excess pore pressures continue to dissipate. The effective stresses start
to increase and an increment in the strength and stiffness of the soil is observed.
At fully undrained conditions, the right side in figure 2.1, the bearing capacity increases by the introduction
of viscous effects. Depending on the value for the coefficient of consolidation for the soil the extent of both
consolidation and viscous effects can be evaluated using this graph. As the project site for this specific re-
search comprises of a thick cohesive soil layer it is expected the normalized velocity is higher than 10. The
soil is allocated to the right side of this graph representing the domain where viscous effects dominate.

Figure 2.1: Change in vertical soil capacity as function of normalized velocity (Randolph and Gourvenec, 2011) .

Two other processes induced by the viscous behaviour of cohesive soils are creep and stress relaxation. Creep
is associated with the deformations occurring over time when the soil is subjected to a constant load. Stress
relaxation corresponds to a decrease in stress in response to a constant strain level. Together with the strain
rate the three processes lead to the isotach behaviour of cohesive soil. The isotach behaviour holds a relation
between ε, ε̇ and σ̇z as depicted in figure 2.2a.
Since relaxation and creep rate are dependent on the distance from the failure surface, a higher load results in
a higher creep strain rate (isotach behaviour). The soil shear strength at the active leg pair is fully mobilized
as the spudcans proceed to penetrate and rapid stress relaxation is observed. On the contrary, the passive leg
pair is exposed to significant lower loads resulting in a lower relaxation rate. This establishes the process of
load redistribution and a load transfer from the active to the passive leg pair is occurring.

(a) (b)

Figure 2.2: (a) Isotach behaviour for clay for creep and relaxation and (b) Stress relaxation for various strain rates (Augustesen et al.,
2004).
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During the preload procedure one-way cyclic loading is applied on the spudcans. As described by Cathie
et al. (2017) this cyclic loading may play a role in the soil behaviour by potentially degrading the soil strength.
Cyclic loading of clay, assuming undrained conditions, causes pore pressure build-up. The pore pressure
build-up obviously results in a decrease of the effective stress. The cyclic loading potentially causes stiffness
and strength degradation of the soil, resulting in hysteretic behaviour. It is expected that this process con-
tributes to the cyclic ratcheting behaviour (accumulating plastic deformations), however its effects may be
outweighed by the regain in soil strength due to remoulding of the soil (Cathie et al., 2017).

Preload criterion
The procedure for jack-up preloading is correlated to (1) a minimum capacity load, (2) a maximum leg pene-
tration per time period and (3) a minimum required height during operation. Point (2) is related to the preload
criterion which is used in practice to ensure safe leg load. In this study a maximum leg load reduction of 400
ton / 15 min is used as criterion. This criterion is based upon practical experiences and not substantiated
in any guideline, standard or document. Only indistinct guidelines are provided in several documents, as
itemized below.

– le Tirant (1993) mainly associates the preload holding time with the degree of consolidation. A corre-
lation between the degree of consolidation and coefficient of permeability allowed to establish an ap-
proach for the holding time. A distinction is made between sand and clay layers and a table is presented
showing preload holding times for different values for the permeability factor and stiffness modulus. It
is noted this is just a first approximation and the times presented in this study could be significant
shorter and longer.

– Hedrick and Verret (2007) advice on the jacking procedure in the Gulf of Mexico based upon expe-
riences in the hurricane season. Stating that the consolidation should be fulfilled and the spudcan
penetration is ceased.

– Menzies and Roper (2008) compare measured spudcan penetration records. Recommendation result-
ing from the study is that spudcan penetration should be continuously monitored while holding the
maximum preload until additional penetrations become negligible.

– In the introduction paper of InSafeJIP (InSafeJIP, 2011) Osborne et al. (2009) advice on the following
items for jack-up preloading: (1) Length of preload holding time and (2) acceptable settlement rate
under full preload.
(1) In order to provide guidance on this aspect of the installation procedure, the purpose of holding the
preload has to be formulated. It is currently unclear whether the foundation is preloaded (a) to prove
the soil’s bearing capacity is sufficient to withstand the maximum loads anticipated in a storm event,
(b) to wait for additional settlement under this load magnitude to decrease to an acceptable level or (c)
to induce a degree of consolidation in the underlying soil. The required length of preload holding time
will vary significantly depending on its purpose as well as the soil strength.
(2) This item is closely linked to the previous as the acceptable rate will depend on the purpose of
preload holding. The cause for continued settlement under preload (consolidation, creep) will need to
be established before acceptable rates can be recommended.

– In InSafeJIP (2011) recommendations, which apply to all preloading strategies, are described. These
recommendations are that the preload should be held until leg settlements have ceased or have de-
creased to an acceptable rate and no further backflow is expected. No further specification is provided
for this ’acceptable rate’.

– Bienen and Cassidy (2013), Luking et al. (2014) and Stanier et al. (2014) state that an important factor
during preloading is the consolidation and investigate the effect on soil capacity by varying consolida-
tion time and penetration depth.

– Cathie et al. (2017) analyse the standard preloading procedure for a four legged jack-up structure. The
iterative preloading procedure leads to further penetration and long jacking times. As causes for this
phenomenon are mentioned the viscous and rate-dependent properties of the clay. A new jacking
procedure, the overshooting jacking procedure, is proposed in the paper.

– Fila (2018) states that the pore water pressure generation is crucial for determining the required preload
time, since the rate of pore pressure dissipation during consolidation is related to the preload require-
ment over time. Due to the short jack-up duration of maximum 1 day, in the offshore wind industry,
the effect of water dissipation and effective strength increase is negligible.
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2.2 FE model setup
The Finite Element Method (FEM) is used to analyse the preload procedure. The application, the benefits
and the limitations of the type of analysis are elaborated in the following section. The choice for the type of
constitutive soil model is made and mathematical information on the model is provided.

2.2.1 FE analysis
The interaction between soil and spudcan highly affects the response of the jack-up vessel during preloading.
Multiple researches have been conducted for soil-structure interaction of spudcans at final position after
installation and preloading (Cassidy et al. (2004a), Bienen and Cassidy (2006), Cassidy et al. (2004b), Cassidy
et al. (2002), Bienen and Cassidy (2006), Bienen and Cassidy (2009), Vlahos et al. (2011), Zhang et al. (2014),
Cassidy et al. (2010), Dean et al. (1997), Dean and Metters (2009), Cassidy (2011)). Modelling the interaction
during the preloading however is not considered accurately as in most of these researches the force-resultant
model is adopted. A macroelement of the spudcan and adjacent soil (Martin (1994), Thompson (1996)) is
incorporated into jack-up structural analyses and the soil body is not represented by continuum elements.

The jack-up is a flexible structure and spudcan penetrations are large. The soil behaviour during installa-
tion and preloading is best captured using large deformation finite element (LDFE) analyses in which the
changing geometry is updated. By the use of this type of analyses the large strains and displacements, associ-
ated with continuous penetration of the spudcan from the soil surface to final position, are captured. This is
shown by Pisanò et al. (2019) where a symmetrical lateral pushover analysis is performed. The LDFE is found
to be more accurate than the Small Deformation Finite Element (SDFE) prediction.
Two examples of large deformation FE methods are the Remeshing and Interpolation Technique by Small
Strain (RITSS) developed by the University of Western Australia (Hu and Randolph, 1998) and the Coupled
Eulerian-Lagrangian (CEL) available in some commercial software. Investigation of the penetration of spud-
can foundations is performed with the RITSS approach (Hossain et al. (2005), Hossain and Randolph (2010),
Yu et al. (2012)) and the CEL method (Qiu and Grabe (2012), Tho et al. (2012b), Tho et al. (2012a), Pucker et al.
(2013)).
Another example of a large deformation method is the Material Point Method (MPM) which is a mesh-less
method. The material is discretized into material points which are assigned with properties. A background
computational grid solves the equations of motions for gradient terms (for example displacement). The infor-
mation for each material point is updated using the solutions of the background grid. Since the information
on the state of calculation in the MPM is stored in particles, no re-meshing and re-mapping is required. This
prevents the introduction of additional errors during transformation of the distorted mesh to the updated
mesh. According Brinkgreve et al. (2017) the use of MPM analyses is particularly adequate for spudcan pene-
tration.
The large deformation numerical methods as LDFE and MPM are relatively complicated and computationally
expensive. A SDFE analysis is performed in this research to simulate the penetration and preloading process.
The Wished-In-Place (WIP) and the Press-Replace (PR) method are two methods to be considered to simulate
spudcan penetration.
The WIP method disregards any installation effects. In Hossain et al. (2006) a WIP method is used for the
small strain analyses where a vertical-walled cylindrical cavity was assumed from soil surface down to spud-
can depth. In Hossain and Randolph (2009a) a new approach for assessing spudcan penetration in clay is
proposed. Results from small strain (using WIP method) and large deformation analyses in homogeneous
clay are compared and show similar results up to deep penetrations. Hossain and Randolph (2009b) further
describe the rate dependency of clay using a LDFE approach.
The PR method stepwise updates the geometry. As presented by Andersen et al. (2004) the method consists
of a straining phase (Press) and a geometry update phase (Replace). Only the global stiffness matrix is up-
dated without updating the mesh, resulting in a relative fast process compared to LDFE analyses. The PR
method simulates the installation procedure and incorporates the installation effects. The method however
is complex and a WIP method is adopted for this research.

Interface elements can be applied in the FE model to properly describe the interaction between the soil and
the structure. The application of interface elements allows for potential slip planes and strength reduction
in the soil body. These potential slip planes solve plasticity problems of singular points with peak values for
stresses and displacements. Especially in the use of suction anchors the application of interface elements
plays a crucial role in the accurate prediction of the bearing capacity (Andresen et al., 2008). However, in-
clusion of the interface elements requires accurate implementation as it affects the results and could lead to
unreliable results. Evaluation of the need and complexity of including interface elements is further described
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in section 3.2.1.

2.2.2 Constitutive model
PLAXIS is a finite element program in which different soil models are defined to simulate soil behaviour. Com-
pressible soft soils like clay can be modelled using the Hardening Soil model (HS), Modified Cam Clay (MCC)
model, Soft Soil (SS) model and the Soft Soil Creep (SSC) model (Brinkgreve et al., 2018b). As the first three
models do not allow for time dependent behaviour like creep the SSC model is used in this research. Vermeer
and Neher (1999) succeeded in formulating the soft soil model capable to capture creep by incorporating
concepts of viscoplasticity and the MCC model, a critical state model describing stiffness stress dependency.
The predominantly undrained conditions of clay result in viscous effects which play an important role dur-
ing spudcan penetration while preloading. The model is not capable to account for hysteretic damping and
accumulation of pore pressure due to cyclic loading. Only elastic strains will be generated when stress cycles
are within the creep contour and plastic strains will be generated when the preconsolidation stress is further
increased.
As the SSC model is not capable to model stress paths beyond the critical state line, no softening behaviour is
captured by the model.

Soft Soil Creep model
In the SSC model the elastoplastic behaviour of soils is captured by elastic, creep and potential plastic failure
strains. The creep strains are related to the change in pre-consolidation stress and only occur when a non-
zero time interval is considered, the strains are obtained using a creep function. Figure 2.3a illustrates the
logarithmic stress versus the strain for one-dimensional compression during the straining process. The stress
is increased from the initial stress state up till the, arbitrary, σ’ stress state. The increase in stress is applied
for sufficient time which results in an increase of the pre-consolidation stress due to the creep effect.

(a)
(b)

Figure 2.3: (a) 1D compression with elastic and creep strain increment components (Vermeer and Neher, 1999). (b) peq ellipse in p-q
plane (Brinkgreve et al., 2018b).

This 1D situation serves as basis of the SSC model and the creep volumetric strain is determined using the
equation:

−ε̇c
v = µ∗

τ

(
peq

peq
p

) λ∗−κ∗
µ∗

(2.2)

µ∗, κ∗ and λ∗ are the modified creep, swelling and compression index respectively. τ has a value of 1 and
is the intrinsic time related to secular (creep) strain rate via ε̇S = c/τ, with c as the coefficient of rate of sec-
ular compression. The isotropic over-consolidation ratio (OCR) is defined as the inverse of the stress ratio
peq /peq

p . peq is the equivalent pressure based on the current stress state and is formulated as:

peq = p ′+ q2

M 2p ′ (2.3)

The equivalent pressure is constant along the path of the ellipse in the p-q plane. The equivalent pre-consolidation
pressure is defined as:

peq
p = peq

p0 ∗exp

(
εc

v

λ∗−κ∗
)

(2.4)
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The subscript 0 denotes the initial condition, at which the creep strains are zero. With peq being less than peq
p

the magnitude of the creep strain is negligible. Parameter M represents the slope of the critical state line as
illustrated in figure 2.3b. The critical state line represents the stress states at post peak failure.
To formulate the creep strain tensor, equation 2.2 is combined with the formulation of the plastic potential
function which is assumed to be the same as equation 2.3. The creep strain direction is perpendicular to the
ellipse for a certain stress state and is formulated as:

ε̇c =
(
∂peq

∂p

)
µ∗

τ

(
peq

peq
p

) λ∗−κ∗
µ∗ (

∂peq

∂σ′

)
(2.5)

The elastic strains are related to the change in effective stress and are obtained using Hooke’s law. The mag-
nitude of the change (rate) in elastic volumetric strains is:

ε̇e
v = κ∗∗ d p ′

p ′ (2.6)

Evaluation of equation 2.2 shows that a value of approximately 1.0 for OCR results in significant creep strain.
The pre-consolidation stress increases as the creep strains increase, however only for the condition of a non-
zero time domain. In the case of an OCR value larger than 1.0, the creep strain rate diminishes knowing that
the expression (λ∗ −κ∗)/µ∗ is in the order of 20. The SSC model requires input on parameters as listed in
table 2.1.

Table 2.1: Input parameters for the SSC model.

Description Symbol Unit
Effective cohesion c Pa
Friction angle φ deg
Dilatancy angle ψ deg
Modified swelling index κ∗ -
Modified compression index λ∗ -
Modified creep index µ∗ -
Poisson’s ratio for unloading/reloading νur -
σ′

xx /σ′
y y stress ratio in NC state K nc

0 -

K NC
0 -related parameter M -

Modified swelling, compression and creep indices (κ∗, λ∗, µ∗)
The modified swelling and compression indices can be obtained from the relation between volumetric strain
and mean stress during a loading/reloading test. In figure 2.4 the logarithm of the mean stress as function of
the volumetric strain for an isotropic compression and unloading test is shown. The modified compression
index λ∗ corresponds to the primary loading path (compression) and the modified swelling index κ∗ corre-
sponds to the unloading/reloading path. The modified creep index µ∗ is obtained from the inclination of the
volumetric strain as function of the logarithm of time, for a constant isotropic stress.

(a)
(b)

Figure 2.4: (a) Stress-strain behaviour for loading and unloading/reloading (Brinkgreve et al., 2018b). (b) Creep strain as function of
time to determine the modified creep index.

M parameter
The M parameter is a K NC

0 -related parameter. In the PLAXIS interface the value for K NC
0 , the lateral stress
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coefficient in normal consolidation, can be specified from which automatically the value for M is determined.
The relation between the two parameters is described as (Brinkgreve, 1994):

M = 3

√√√√ (
1−K nc

0

)2(
1+2K nc

0

)2 +
(
1−K nc

0

)
(1−2νur ) (λ∗/κ∗−1)(

1+2K nc
0

)
(1−2νur )λ∗/κ∗− (

1−K nc
0

)
(1+νur )

(2.7)

A higher value for M corresponds to a lower K NC
0 according to equation 2.7. A lower value for K NC

0 (or a higher
value for M) leads to less vertical settlements because the lateral deformations are increasingly constrained.
Less lateral deformations automatically leads to a decrease in vertical settlement of the soil.

Failure condition of SSC model
The Mohr-Coulomb type is adopted as the failure criterion in the SSC model. The Mohr-Coulomb failure yield
criterion is related to the cohesion, the friction angle and the dilatancy angle. Touching the Mohr-Coulomb
failure yield criterion plastic strains develop according to the flow rule:

ė
¯

p =λ ∂g

∂σ′ (2.8)

Due to the inclusion of this failure criterion the model is not capable of simulating material softening.

Poisson’s ratio
In the SSC model the Poisson’s ratio is for unloading and reloading and the value is within the range 0.1 - 0.3. A
small value for Poisson’s ratio results in an increase in the horizontal-vertical stress ratio because the decrease
in horizontal stress is higher than for vertical stress. This is an important phenomenon for over-consolidated
materials. The Poisson ratio is calculated by dividing the difference in horizontal stress by the difference in
vertical stress in oedometer unloading and reloading:

νur

1−νur
= ∆σxx

∆σy y
(2.9)

Over-consolidation ratio
The OCR of a soil depends on several factors, an essential factor is the elapsed time since deposition. For a
normally-consolidated clay an OCR value of 1.0 would be legitimate. However, this corresponds to an elapsed
time of one day since deposition in the SSC model. This would automatically lead to high values for creep
strain rates and finally large and unrealistic settlements. A value in the range of 1.2-1.4 or even higher is
advised (Brinkgreve et al., 2018b). In section 3.1.1 a thorough analysis is performed on the influence of the
OCR on the soil behaviour.

Visualisation of SSC model
When loading is applied the yield contour in the model expands due to hardening of the material. This hard-
ening process occurs on the right side of the critical state line where the material is compacting. This (plas-
tic) compaction is compensated by elastic expansion of the material as no volumetric strain can occur in
undrained conditions. The elastic expansion is associated with a reduction of the effective stress, this process
is visualized in figure 2.5.

Figure 2.5: Effective and total stress paths in the q −p diagram (left) and the q −εq diagram (right) for an undrained triaxial test
(Muir-Wood, 1991).

As presented by Vermeer and Neher (1999) the SSC model is well capable to describe the dependency of
the effective stress path and the undrained shear strength on the strain rate. These effects are visualized in
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Figure 2.6: Dependency of the effective stress path and the undrained shear strength on the strain rate (Vermeer and Neher, 1999).

figure 2.6, depicting the undrained shear strength increase for a higher strain rate and the dependency of the
effective stress path on the strain rate.
The SSC model describes a sharp distinction between the elastic and plastic strains. Due to this limitation no
plastic strains are generated for a stress state within the yield boundary, this is known to be inaccurate espe-
cially for over-consolidated clays (Banerjee and Stipho, 1978). This phenomenon is incorporated in the model
formulated by Shi et al. (2019), describing a bounding surface model incorporating time/rate effects based on
the elastoplastic and viscoplastic overstress approach. The model allows time dependent viscoplastic defor-
mations within the (bounding surface) elastic region. This model is not available for this research however.

FE load stepping
As non-linear equations are solved in the finite element calculations, the step size and the solution algorithm
affect the solution procedure. In this research the automatic load stepping procedure is adopted by the FE
software for the loading calculations by performing load advancement to the ultimate level. For the proce-
dure adopted during the consolidation calculations automatic time stepping is used.
In the automatic time step procedure the pre-defined final situation is compared to the initial situation. The
final situation is reached in the final or a prior load step of the specific calculation phase. Via trial calculations
and the pre-defined numerical control conditions the initial load step is determined. The final situation is
defined as the load level to be reached which in this research is represented by the value for the spudcan
preload target.
The arc-length control procedure is adopted to obtain the collapse loads during load-controlled calculations.
The procedure converges towards a solution when the collapse load is approached and is an efficient proce-
dure for problems with one or more critical points.

FE formulation on consolidation
In the FE software the consolidation calculation is performed to analyse the dissipation of the excess pore
pressures in the soil domain. The consolidation phase within the preload procedure is conducted after the
loading phase. No additional penetration is applied and the load redistribution between the legs is initiated.
The end of the consolidation calculation can be specified in three different ways. A minimum excess pore
pressure, a time period or the degree of consolidation can be specified. In this research the time period
criterion is adopted, the duration of each consolidation phase during the preload procedure is specified in
the model. In PLAXIS compressive stresses are negative, the same applies to pore pressures such that negative
excess pore pressures are used for compression.

2.3 Soil classification
The parameters of the cohesive soil determine the typical behaviour of the clay. During the site investigation,
geotechnical properties are identified for all soil layers. These properties are used to set the design parameters
of the constitutive soil model. The soil layers up to a depth of 35 m are considered and included in the FE
model.
During the site investigation different tests are performed, including: cone penetration test (CPT), oedome-
ter test, unconsolidated undrained (UU) triaxial test, consolidated undrained (CU) triaxial test and visual
inspection. The results from the tests identify several soil layers in the subsurface as listed in table 2.2.
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For convenience the CPT data is used to classify each of the layers according the classification chart by Robert-
son (2010), depicted in figure 2.7, using the normalized friction (R f ) ratio and normalized cone resistance
(Qt ):

R f =
fs

qt −σv
∗100% Qt =

(
qt −σv0

)
σ′

v0

(2.10)

Based on these results three independent soil layers are identified as the two sand layers are represented
by a single layer in the model. The data points for both clay layers indicate that the clay tends to be over-
consolidated over the whole depth. The two clay layers are considered separately however since the data in
figure 2.7 suggests the top layer to be more over-consolidated compared to the second layer.

Depth [m] Color Classification
0.0 - 17.5 o 3 + 4 + 9

17.5 - 22.7 o 3 + 4
22.7 - 23.7 o 5 + 6
23.7 - 40.0 o 5 + 6

Classification no. Soil type
1 Sensitive, fine grained
2 Organic soils
3 Clay
4 Silt mixtures
5 Sand mixtures
6 Sands
7 Gravelly to dense sand
8 Very stiff to clayey sand
9 Very stiff fine grained

Table 2.2: Classification of the different soil layers. Figure 2.7: Classification chart according Robertson (2010).

The design parameters of the three soil layers are divided in three groups, the index properties, strength
parameters and stiffness parameters. The parameter values are based on data retrieved from the CPT and
laboratory tests. The sand parameters are determined from the CPT profile as this is the only available in-
formation for the layer. The clay parameters are mainly determined from the laboratory test results. These
tests are performed on soil samples originating throughout the project site such that a reliable estimation for
each of the parameter values is made. In appendix A calculations on the parameters and the results of the site
investigation are presented in more detail.
In the final section the profile of the undrained shear strength over depth and the anisotropy of the soil is
identified. It appears the anisotropy significantly influences the soil behaviour.

2.3.1 Index properties
The index properties of the soil include the unit weight (γ), void ratio (e), Poisson ratio (ν) and relative density
(Dr ) of the soil. The unit weight of the soil is derived from the gravimetric water content (w) and dry density
(γd ) of the soil. The values for the unit weight are averaged over the depth range of the specific layer.
The void ratio is known at ten positions distributed over the project area and the depth, the values and posi-
tions are presented in figure A.1. In PLAXIS only one value for the void ratio can be specified for each layer,
this single value suffices as the void ratio is relatively constant over depth for all layers.
The undrained behaviour of the clay results that both layers are nearly incompressible. This type of behaviour
is associated with a Poisson ratio approaching a value of 0.5. This theoretical value represents the undrained
Poisson ratio and would lead to singularity in the stiffness matrix, a value smaller than 0.5 is required in the
model. The effective Poisson’s ratio varies within the range 0.15-0.30.
Based on the plasticity chart and the classification chart for the clay layers, depicted in figure A.2 and 2.7
respectively, the layers are classified as almost impervious. The permeability is estimated to be in the order
of 10−5 m/day, based on generally accepted values for clays.
A useful parameter for sandy soils is the relative density, Dr . This value serves as basis to estimate the required
constitutive model parameters. The relative density is determined from the CPT results according the relation
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proposed by Jamiolkowski et al. (2001):

Dr = 100∗ (
0.268∗ ln

(
qt1

)−0.675
)

qt1 = qt(
σ′

v0 ∗σatm
)0.5 qt = qc +u2 ∗ (1−α) (2.11)

qt is the corrected cone resistance with α as the net area ratio, a value of 0.5 is used for α. u2 is the measured
water pressure and for this sand layer a value of 0 is measured over the whole depth. The distribution of Dr

over depth is shown in figure A.3 and an average value of 65% suffices to represent the whole layer. The values
for the other sand parameters are based on generally accepted values for a dense sand.

Table 2.3: Index properties for each soil layer. ν∗ is the undrained and drained Poisson ratio for the clay and sand layers respectively.

Layer Description γ e0 ν∗ k Dr

[-] [-] [kN/m3] [-] [-] [m/day] [%]

1 Clay 18.5 0.90 0.5 10−5 -
2 Clay 20.5 0.67 0.5 10−5 -
3 Sand 19.5 0.50 0.3 0.1 65

2.3.2 Strength parameters
Three strength parameters are specified for each layer: the internal friction angle, cohesion and dilatancy
angle. The dilatancy angle is zero for the both clay layers and the cohesion is zero for the sand layer.
The friction angle and cohesion for both clay layers are determined from the Mohr circles at failure in an
isotropically CU triaxial compression test. Only a limited amount of Mohr circles are available from the
project soil data. Figure 2.8 depicts the Mohr circles and the failure envelope for both layers. Six Mohr circles
correspond to a depth within clay layer 1 and two Mohr circles to a depth within clay layer 2. Since the Mohr
circles vary in size a best fit for the failure envelope is estimated. The Mohr circle with the centre at 110 kPa
deviates from the other circles, the cause for this deviation is not known. This Mohr circle is neglected in de-
termining the failure envelope, this affects the strength parameters which is to be taken into account during
analysis of the model results. Based on the Mohr circles and the undrained shear strength profile in figure
2.9, similar strength parameters for both clay layers are assumed. The difference between the clay layers is
mainly visible in the stiffness parameters and unit weight. The cohesion, c, is set to 0 and the friction angle,
φ, is assumed to be 30o . Due to the limited information regarding the strength parameters both c and φ are
adjusted further during the soil model calibration to ensure the model results match the soil laboratory tests.
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Layer 1 - Mohr circle

Layer 2 - Mohr circle

Figure 2.8: Mohr circles at failure and failure envelope in an isotropically consolidated undrained triaxial compression test.

The friction angle and dilatancy angle for the sand layer are determined from the CPT results. Using the
formulas presented by Robertson and Campanella (1983) and Kulhawy and Mayne (1990) average values for
the two strength parameters are determined. The results are depicted in the figures A.4a and A.4b.

2.3.3 Stiffness parameters
The stiffness of the two clay layers are described by the dimensionless compression index, Cc , and swelling
index, Cs . Results from the oedometer tests are used to determine both indices. The compression index and
swelling index represent the slope of the primary loading and unloading/reloading curve respectively. The
results from the laboratory tests are depicted in figure A.5a and A.5b.
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Table 2.4: Strength parameters for each soil layer.

Layer Description φ c ψ

[-] [-] [deg] [kPa] [deg]

1 Clay 30 0 0
2 Clay 30 0 0
3 Sand 40 0 10

The stiffness for the sand layer is defined as the Young’s modulus, E . Robertson (2009) describes the proce-
dure to determine the Young’s modulus from the CPT data, this procedure is only valid for uncemented and
predominately coarse soils:

E =αE ∗ (
qt −σv

)
αE = 0.015∗ (

100.55∗Ic+1.68) (2.12)

αE is the modulus factor and Ic the soil behaviour type index. The latter is calculated using the normalized
friction ratio and normalized cone resistance (equation 2.10) respectively:

Ic =
(
3.47− log(Qt )

)2 +
((

1.22+ log
(
R f

))2
)0.5

(2.13)

The distribution of the Young’s modulus over depth for the sand layer is presented in figure A.6. The value
increases linearly with depth and is represented by the formula listed in table 2.5.

Table 2.5: Stiffness parameters for each soil layer.

Layer Description Cc Cs E

[-] [-] [-] [-] [kPa]

1 Clay 0.28 0.13 -
2 Clay 0.21 0.02 -
3 Sand - - 40 000+2150∗ (z −22.7)

2.3.4 Undrained shear strength profile
The profile of the undrained shear strength (su) over depth is determined from the CPT according:

su = qt −σv

Nkt
α= 0.75 Nkt = 26 (2.14)

The equation is a general formula based on several theoretical proposals as described by Lunne et al. (1997).
The value of 0.75 for α is provided with the CPT measurements. Nkt is the empirical cone factor. The value
for Nkt is determined by correlating the undrained shear strengths determined from the CU and UU triaxial
tests with the corresponding qt −σv values, from the CPT, at similar depths. A value of 26 is found to be
appropriate for both clay layers. The profile and values of su following from respectively the CPT and the CU
and UU triaxial tests are depicted in figure 2.9.
The undrained shear strength profile is compared to the empirical solution as suggested by Ladd and Foott
(1974) which is defined as function of the effective overburden stress. The method makes use of the OCR of
the soil to capture the influence of the stress history:

su

σ′
v0

=α∗OC Rm α=
(

su

σ′
v0

)
NC

(2.15)

Based on the findings of Ladd and Lee (1993) it is assumed m = 0.8 and
(
su/σ′

v0

)
NC = 0.22. The term

(
su/σ′

v0

)
in equation 2.15 represents the undrained strength ratio for a normally consolidated state. Schofield and
Wroth (1968) and Mayne (1980) however suggested the parameter α and m to depend on the friction angle
and stiffness indices:

α=
(

su

σ′
v0

)
NC

= 3∗ sin
(
φ′)∗e−λ

3− sin
(
φ′) m =λ= 1− Cs

Cc
(2.16)
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Table 2.6: Values for α and λ for both clay layers according functions suggested by Schofield and Wroth (1968) and Mayne (1980).

Layer α λ

1 0.35 0.54
2 0.24 0.90

For the two clay layers considered in this research the values are as listed in table 2.6.
The CPT and oedometer test data are used to determine the OCR distribution over depth, the profile is de-
picted in figure A.7. The OCR is determined from CPT data according to the formula suggested by Kulhawy
and Mayne (1990):

OC R = k ∗Qt k = 0.25 (2.17)

The Casagrande interpretation method is used to identify the OCR values for the soil samples with which
oedometer tests are performed, the procedure is depicted in figure A.7. The values within the upper 5 m,
following from the CPT, are extremely high and unreliable. The first clay layer is subdivided in three layers
with different OCR and for the second clay layer the OCR is assumed constant. Table 2.7 lists the OCR values
over depth.

Table 2.7: OCR over depth for both clay layers.

Layer Depth [m] OCR
1 0 - 8.0 7.0

8.0 - 12.0 6.0
12.0 - 17.5 5.0

2 17.5 - 22.7 4.0

The undrained shear strength profiles according Ladd and DeGroot (2003) and Mayne (1980) are illustrated
in figure 2.9, starting from a depth of 6 m and an initial su of 60 kPa. The top part of the clay layer shows a
high value for su , presumably caused by the presence of overburden pressure in the past.
The two clay layers are adjacent and as the value for su depends on the OCR the profile shows a jump at the
depths with abrupt changes in OCR. The profiles according the CPT, Mayne (1980) and Ladd and Lee (1993)
show similar trends for the first clay layer. For the second clay layer the su according the CPT and Ladd and
Lee (1993) is significantly lower than the profile proposed by Mayne (1980). The undrained shear strength
at the interface between clay layer 1 and 2 is approximately 100 kPa. The results indicate that the empirical
formulas and the CPT coincide for the soil adopted in this research.
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Figure 2.9: Undrained shear strength (su ) over depth for the clay layers between 0-22.7m, based on the CPT and CU triaxial test data
and the procedures according Ladd and Lee (1993) and Mayne (1980).
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2.3.5 Anisotropy
Isotropic linear elastic soil shows a perfectly straight stress path in a p ′-q plot for a CU triaxial test, indicating
a constant mean effective stress. Since the stress paths for the over-consolidated soil samples from both
layers are inclined, anisotropic elastic properties are expected. The stress path of the CU triaxial test for soil
at a depth of 16.05 m is depicted in figure 2.10. The initial inclination of the stress path is defined as dq/dp’.
Note that after the elastic phase non-linear contracting behaviour is initiated which causes inclination of the
effective stress path. The relation between the mean and deviatoric stress and the volumetric and distortional
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Figure 2.10: Triaxial test result at a soil depth of 14.35 m and the stress path for a perfect isotropic linear elastic soil.

strain for an anisotropic elastic material is shown in equation 2.18. The term J1 couples the mean effective
stress to the distortional strain and J2 couples the deviatoric stress to the volumetric strain. The matrix is
required to be symmetric considering thermodynamic considerations (Graham and Houlsby, 1983) such that
J1 = J2 = J . In the ideal case of an isotropic material both these terms are equal to zero. By analysing the
results of the oedometer and triaxial tests the high degree of anisotropy of the soil is proved. The dependency
of the soil behaviour on the parameter J is examined.[

d p ′
d q

]
=

[
K J1

J2 3G

][
dεvol

dεd

]
→

[
dεvol

dεd

]
= 1

∆

[
3G −J
−J K

][
d p ′
d q

]
∆= 1

K ∗3G − J 2 (2.18)

The parameters K, the unloading/reloading stiffness, and G, the shear modulus, are pressure dependent. For
the purpose of this research and for simplicity the pressure dependency is neglected and constant values for
both parameters are assumed. The value for K and E are determined from oedometer and triaxial test results
respectively.

K = ∆p ′

∆εv
G = E

2(1+ν)
(2.19)

In the undrained triaxial test the volumetric strain, εvol , is equal to zero and the following is true for an
anisotropic soil:

d q

d p ′ =
3G

J1
(2.20)

The inclination of the CU triaxial stress path, as depicted in figure 2.10, is related to the parameters G and J1. A
soil with higher stiffness in horizontal direction shows a negative inclined stress path while a soil with a higher
stiffness in vertical direction shows a positive inclined stress path (Graham and Houlsby (1983), Zwanenburg
and Barends (2005)). The inclination of the effective stress path thus provides information about the degree
of anisotropy. The results from figure 2.10 indicate an inclination of ≈−3G/4 for the stress path.
It is interesting to investigate if the oedometer stiffness is dependent on J . The relation of the parameter
to the oedometer stiffness is determined from equation 2.18. For the oedometer test the horizontal strain
and change in horizontal strain are zero, εh = 0 and dεh = 0. From the relation between the volumetric and
distortional strain and the vertical and horizontal stress the change in horizontal strain is formulated as:[

dεvol

dεd

]
=

[
2 1

−2/3 2/3

][
dεh

dεv

]
→

[
dεh

dεv

]
= 1

2

[
2/3 −1
2/3 2

][
dεvol

dεd

]
(2.21)
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dεh = 1

3
dεvol −

1

2
dεd = 0 (2.22)

Using equation 2.18 this is reformulated:

dεh = 1

3

1

∆

(
3G ∗d p ′− J ∗d q

)− 1

2

1

∆

(−J ∗d p ′+K ∗d q
)= 0 (2.23)

and the ratio d p ′/d q follows from this formula in the form:

d p ′
(
G + 1

2
J

)
= d q

(
1

3
J + 1

2
K

)
d q

d p ′ =
6G +3J

2J +3K
(2.24)

Using the relation between the mean effective and deviatoric stress and the vertical and horizontal stress, the
ratio dσ′

v /dσ′
h is calculated:

qmax =σ′
v,max −σ′

h,max p ′
max = 1

3
∗σ′

v,max +
2

3
∗σ′

h,max (2.25)

dσ′
v

dσ′
h

= 3K +4G +4J

3K −2G + J
= A

B
dσ′

h = dσ′
v ∗

B

A
(2.26)

With the relation between volumetric strain and vertical and horizontal stress in incremental form the oe-
dometer stiffness can be calculated. The influence of J1 and J2 on the oedometer test results are identified
and visualized. Implementation of equation 2.26 provides a relation between dεv and dσv , representing the
elastic oedometer stiffness.

dεv = dσv

E
− ν

E
2∗dσh

dσ′
v

dεv
= E ∗ A

A−2ν∗B
(2.27)

A = 3K +4G +4J B = 3K −2G + J (2.28)

The oedometer test at a depth of 14.35 m, subjected to a preconsolidation pressure of 500 kPa, is used as
example. The parameters are listed in table 2.8. Knowing the value for G , J is determined using the initial
inclination of the triaxial test result. Based on these values the oedometer stiffness, Eoed , is determined.

Table 2.8: Parameter values to determine the elastic oedometer stiffness for an isotropic and an anisotropic soil.

pc E ν Eoed G J K

[kPa] [kPa] [-] [kPa] [kPa] [kPa] [kPa]

500 16∗103 0.3 34∗103 5.6∗103 0 90∗103

500 16∗103 0.3 34∗103 5.6∗103 -4.2∗103 (≈−3G/4) 60∗103

The test results indicate an unloading/reloading stiffness, K, of approximately 50∗103 kPa. For the isotropic
case as shown in table 2.8 (J=0) a lower unloading/reloading stiffness is observed than for the anisotropic
case (J 6=0). The influence of changing value of J on K is visualized in figure 2.11. For negative values for J
the oedometer stiffness increases and the ratio λ∗/κ∗ decreases. For positive values the oedometer stiffness
decreases and the ratio λ∗/κ∗ increases.
The oedometer results for the soil samples from clay layer 1 indicate a low unloading/reloading stiffness
and a low λ∗/κ∗ ratio. This stiffness is similar to the primary loading stiffness, while for most soils the un-
loading/reloading stiffness is significantly higher. A possible explanation for this observation could be the
anisotropic behaviour of the clay.
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Figure 2.11: Oedometer test results for soil layer 1 at a depth of 14.35 m and influence of parameter J on the oedometer stiffness for G =
5.6∗103 kPa.

One should take into account that the value for Eoed , G and E are of influence on the unloading/reloading
stiffness value. The moduli are pressure dependent and differ for other types of soil, the solution as presented
here is only valid for this specific case. The feature anisotropy is not described by the SSC model and the
influence is therefore disregarded in the model simulations.



3
Model development

A 3D finite element model incorporating the three soil layers and the structural configuration of the vessel.
The clay layers and sand layer are represented by the Soft Soil Creep (SSC) model and the Hardening Soil
model with small-strain stiffness (HS-small) respectively (Brinkgreve et al., 2018b). To accurately consider
the load redistribution within the flexible structure, the geometrical/mechanical properties of the structural
members and the stiffness of the connection between the individual components are of importance. A leg
extension mechanism is incorporated to simulate leg extension during the preload FE calculations. Structural
data and models are provided by Van Oord and used to define the parameter values for the FE model.

3.1 Soil model
The soil model parameters are calibrated to accurately simulate the soil behaviour at the project site. Viscos-
ity is excluded in a first approach using the Soft Soil (SS) model. Viscosity is taken into account in the final
step by using the SSC model and calibrating the corresponding parameters. The calibration is performed by
comparing the results of the laboratory tests on soil samples to the tests in the Soil Test function in PLAXIS
(Brinkgreve et al., 2018a). The results of the laboratory tests and the different steps in the calibration proce-
dure are presented in appendix F.
The sand layer is modelled using the Hardening Soil model with small-strain stiffness (HS-small). The specific
model parameters for this layer are determined using the relative density, as presented in section 2.3.

3.1.1 Clay layers
Two consecutive steps are performed to assign the correct values to the parameters of the SSC model. In
the first step the soil parameters and undrained shear strength profile as presented in section 2.3 are used
to derive the parameters of the SS model. This constitutive model type is suitable to simulate behaviour of
compressible soft soils but excludes any creep influence. As the rate of strain applied in the triaxial tests is
0.21 %/hr the presence of strain-rate effects is assumed to be negligible. This assumption is proven to be valid
from the results depicted in figure 3.7a and 3.7b. In the second step creep is included by using the SSC model
and specifying the modified creep index, µ∗. Since both clay layers are over-consolidated a cohesion higher
than 0 kPa may be expected. Clay layer 1 is highly over-consolidated (OCR: 5-7) and a cohesion of 5 kPa is
adopted as first approach. Clay layer 2 is a slightly less over-consolidated (OCR: 4) and a cohesion of 1 kPa is
assumed. The set of model parameters is calibrated using the oedometer and triaxial test results available for
both clay layers. The updated failure envelopes are depicted in figure 3.1.
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Figure 3.1: The updated failure envelopes of clay layer 1 and 2.

The value for the modified swelling and modified compression index are determined from the stiffness pa-
rameters, as defined in table 2.5. PLAXIS does not allow the ratio λ∗/κ∗ to be smaller than or equal to 1, to

20
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suffice this condition the value for κ∗ of clay layer 1 is decreased to a value equal to 1
4λ

∗.

λ∗ = Cc

2.3(1+e)
κ∗ = 2Cs

2.3(1+e)
κ∗ ≤ λ∗

4
(3.1)

The parameter K NC
0 and M are determined according:

K NC
0 = 1− sin

(
φ

)
M = 3

√√√√ (
1−K nc

0

)2(
1+2K nc

0

)2 +
(
1−K nc

0

)
(1−2νur ) (λ∗/κ∗−1)(

1+2K nc
0

)
(1−2νur )λ∗/κ∗− (

1−K nc
0

)
(1+νur )

(3.2)

As the parameter values for the SS model are known soil tests are performed using the Soil Test function
in PLAXIS. The results of these tests coincide with the laboratory tests after calibration. In the following
paragraph the calibration procedure and results are elaborated. First the stiffness parameters and secondly
the strength parameters are calibrated.

Stiffness parameters
The oedometer test results are used to calibrate the stiffness parameters κ∗ and λ∗. The oedometer test and
Soil Test results are depicted in figure 3.2a and 3.2b. The initial parameter values of clay layer 2 result in an
accurate prediction of the loading-unloading profile, as depicted in figure 3.2b. The initial parameter values
for clay layer 1 however over-predict the vertical strain with approximately 100%. The oedometer test results
for clay layer 1 show a steep unloading curve close to the inclination of the loading curve, this indicated by
the initial ratio λ∗/κ∗ with a value close to 1. Adopting this ratio value in the model maximizes the inclination
of the unloading curve, a smaller ratio value results in a decrease in inclination.
To match the vertical strain from the laboratory tests the values of both κ∗ and λ∗ are decreased. This adjust-
ment also decreases the inclination of both the loading and unloading curve. In this case both the loading
and unloading/reloading curve deviate from the laboratory results, as depicted by the yellow graph in figure
3.2a. It is therefore chosen to not substantially change the value for λ∗ to ensure an accurate fit of the loading
curve. The value for κ∗ is decreased to predict the correct vertical strain, drawback is the deviation in the
unloading curve. The blue graph depicted in figure 3.2a shows the loading and unloading/reloading curve
following from the values of λ∗ and κ∗ adopted in the research. The steep unloading profile is not encoun-
tered in clay layer 2 and the initial parameter values suffice to match the loading-unloading profile. The final
set of parameter values for both clay layers is listed in table 3.1.
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Figure 3.2: Laboratory and model test results for clay layer 1 and 2. The blue graphs indicate the results following from the parameter
values adopted for the research.
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Strength parameters
The triaxial test results are used to calibrate the strength parametersφ and c. Both parameters affect the value
of K NC

0 and M . The parameters are adjusted to fit the CU triaxial results available in both soil layers. The SS
model calculates a straight vertical stress path in the elastic region and the maximum strength is reached
when the Mohr-Coulomb failure line is reached, as depicted in figure 3.2c. To match the actual strength
profile at the project site the undrained shear strength is used as reference in the calibration procedure. The
laboratory CU triaxial test results indicate deviation in the su profile over depth, the SS model is calibrated
such that an sufficient average profile is predicted.
The calibration of the model requires an accurate estimate of the preconsolidation pressure of the soil sam-
ples for the triaxial tests to achieve reliable results in terms of strength and pore pressure. The isotropic con-
solidation phase of the soil samples is expected to follow the path as shown in figure 3.3, with zero deviatoric
stress. Anisotropic soil however follows a more skewed stress path as the horizontal and vertical strain are not
equal.

p
c

p'

q

Anisotropic

Isotropic

Yield surface

Figure 3.3: Stress path for isotropic consolidation of isotropic and anisotropic soil.

The anisotropic soil crosses the yield surface for a value of q higher than zero and the corresponding mean
effective stress is lower than the preconsolidation pressure. The point where the yield surface crosses the p ′
axis corresponds to the value of the preconsolidation pressure, pc , as depicted in figure 3.3. For anisotropic
soil the value for pc is determined with the initial effective vertical stress (σ′

v,0,σ′
h,0), OCR and the earth pres-

sure coefficient (K0). The initial effective stress is equal to the effective cell pressure and by using the OCR
profile from figure A.7 the maximum effective horizontal stress is calculated:

σ′
v,max =OC R ∗σ′

v,0 σ′
h,max = K0 ∗σ′

v,max K0 =
(
1− sin

(
φ

))∗OC Rsin(φ) (3.3)

The deviatoric and effective mean stress are calculated using these parameters according equation 2.25. The
preconsolidation pressure, pc , is calculated using the yield function describing the yield surface as depicted
in figure 3.3:

p ′ = q2

M 2
(
p ′+ c ∗ cot

(
φ

)) (3.4)

K0 and pc are both calculated for each triaxial test and used as model input parameters. The calibrated
SS model parameter values for both layers are listed in table 3.1. Important to note is that clay layer 1 is
subdivided in three layers adopting different values for the OCR (table 2.7).

Table 3.1: Calibrated Soft Soil parameters for clay layer 1 and 2.

Layer γ e0 ν k φ c ψ λ∗ κ∗ K NC
0 M

[-] [kN/m3] [-] [-] [m/day] [deg] [kPa] [deg] [-] [-] [-] [-]

1 18.5 0.90 0.3 10−5 30 5 0 0.055 0.010 0.5 1.65
2 20.5 0.65 0.3 10−5 30 1 0 0.056 0.011 0.5 1.65

Calibration results
The undrained shear strength profile following from the laboratory tests and the model are depicted in figure
3.4. The su profile at 0-9 m depth calculated by the model is significantly lower than the CPT results. The high
values for su in the top layer are presumably caused by the presence of overburden pressure in the past. For
depths higher than 9 m the deviation is less and a similar profile is observed. Since the initial spudcan depth
is ≥10 m the su values below this depth are more relevant than the top 10 m. For the purpose of the FE model
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a satisfying, conservative, su profile is calculated by the constitutive model.

su,SS = 10+5.1∗ z f or z ≤ 17.5 (3.5)

su,SS = 91+5.2∗ (z −17.5) f or 17.5 ≤ z ≤ 22.7 (3.6)
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Figure 3.4: Undrained shear strength (su ) profile over depth for the clay layers between 0-22.7 m as calculated by the Soft Soil model.

Figure 3.5a and 3.5b show the undrained shear strength and excess pore pressure for continuous shearing of
the soil sample from a depth of 16.05m. The stiffness following from the model is similar to the actual soil
stiffness as the inclination of the elastic straining for both graphs coincide, figure 3.5a. Also the generation of
the negative pore pressures, due to the dilative behaviour of the heavily over-consolidated clay, is calculated
by the model. The maximum value for the strength as calculated by the model matches the value from the
laboratory tests and the model slightly underestimates the maximum value of the excess pore pressure.
The laboratory tests results show the undrained shear strength and excess pore pressures tend to decrease
after the peak value for continuous shearing is reached. This is caused by softening of the soil and typical for
heavily over-consolidated clay. Since softening is not included in the SS and SSC model no peak strength is
visible in the model results.
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Figure 3.5: Results of the laboratory and Soft Soil model CU triaxial tests for clay layer 1.

Creep inclusion
Switching from the SS model to the SSC model the modified creep index, µ∗, is the only additional parameter.
The parameterµ∗ can be obtained by measuring the volumetric strain on the long term and plotting it against
the logarithm of time (Vermeer and Neher, 1999). In general the relation λ∗/µ∗ is in the range 15-25 and this
ratio can be used as rough estimate for µ∗ Brinkgreve et al. (2018b). Increasing the value for µ∗ results in an
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increase of the undrained shear strength and a higher stress path in the q−p ′ plane, as visualised in the figures
F.6a - F.7b. As first estimate a value for µ∗ equal to λ∗/20 is adopted. The effect of the choice for the value of
µ∗ for a normally consolidated situation is visualised in figures F.6a - F.7b. For both clay layers increasing the
parameter value results in an increase of the undrained shear strength.

Table 3.2: Values for the modified creep index, µ∗, for both clay layers.

Layer µ∗

[-] [-]

1 2.75∗10−3

2 2.75∗10−3

As stated in section 2.2.2 the value for the OCR parameter in the SSC model should be chosen with care. The
yield surface in the SSC model is time dependent, a value of 1.0 for the OCR parameter corresponds to an
elapsed time of 1 day since deposition. This would automatically lead to high values for creep strain rates
and consequently large and unrealistic settlements, even without any external loading. The history of the soil
should be represented by a proper OCR value and it is advised to set the OCR value in the order of 1.2-1.4
(Brinkgreve et al., 2018b) for a normally consolidated soil. Varying the OCR value in the model automati-
cally changes the pre-consolidation pressure. To determine the exact value for the OCR model parameter to
represent a NC soil with OCR equal to 1.0, the creep strain rate equation is used:

−ε̇c
v = µ∗

τ

(
peq

peq
p

) λ∗−κ∗
µ∗

(3.7)

In this expression the ratio peq /peq
p is the inverse of the OCR. By combining equation 3.7 with the creep strain

rate as function of time, ε̇= µ∗
t , an expression for OCR depending on the time is found:

OC R =
(

t

τ

) µ∗
λ∗−κ∗

(3.8)

Both the OCR and shear strain rate as a function of time are depicted in figure 3.6. As the values for λ∗, κ∗
and µ∗ are similar for both clay layers the corrected OCR value is valid for both layers. It is seen that for an
OCR close to 1.0 the creep strain rate is extremely high. These unrealistic high rates are eliminated by using a
higher OCR, for this specific problem an OCR of 1.4 is adopted.
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Figure 3.6: OCR and creep strain rate as function of time (equation 3.7 and 3.8).

Strain rate effect
The effect of the strain rate differs for each soil type. Zhou and Randolph (2007) propose an empirical relation
between the undrained shear strength and strain rate:

su =
(
1+µ log

(
ε̇a

ε̇r e f

))
∗ su,r e f (3.9)
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ε̇r e f is the reference shear strain rate at a strain rate varying from 1− 4 %/h for triaxial tests (Hossain and
Randolph, 2009b) and µ is the rate of the strength increase per decade of strain rate with a range of 0.05 to
0.2. With this formula the increase in undrained shear strength for a given strength profile is calculated for a
given strain rate. Below the reference shear strain rate, the undrained shear strength is rate independent. The
choice of the rate parameter, µ, depends on the preconsolidation pressure and the soil parameters.
The influence of the strain rate and the preconsolidation pressure on the strain rate for both clay layers from
this research, is investigated by simulating CU triaxial tests with the SSC model and adopting the parameters
as listed in table 3.1. The rate independent SS model is used to determine the reference strain rate, which is
defined as the strain rate for which the undrained shear strength in the SSC model coincides with the shear
strength from the SS model. The results of this analysis are summarized in figures F.8a - F.10f.
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Figure 3.7: Relation between the undrained shear strength ratio and the strain rate for different preconsolidation pressures and initial
confinement using a semi-log scale.

Based on this analysis the relation between the undrained shear strength ratio (su/su,r e f ) and the strain rate
for different preconsolidation pressures and initial confinement is determined for each layer. These relations
are illustrated on a semi-log scale for the strain rate in figures 3.7a and 3.7b. The range for µ as proposed by
Zhou and Randolph (2007) is added to the figures.
The model indicates that the influence of the strain rate is significant for an OCR ≤ 1.5 for clay layer 1 and
2. The undrained strength ratio is also affected by the initial confinement pressure, p ′

0. By comparing two
different values for the initial confinement (20 and 200) it is seen that a lower confinement results in higher
influence of the creep strains. At lower initial confinement the relative influence of the cohesion on the soil
strength is higher than for higher initial confinement. This is valid for both clay layers, the influence of the
initial confinement however is larger for clay layer 1. This is caused by the difference in cohesion and OCR
for both layers, the cohesion is 5 and 1 kPa for clay layer 1 and 2 respectively. A higher cohesion increases the
relative difference in soil strength for different initial confinement. The results further indicate that the model
calculates that for higher OCR values the relative difference in soil strength at different initial confinement
increases. This is only valid for OCR≤1.5, for the soils investigated in this research.
Zhu and Yin (2000), Sorenson et al. (2007) and Lehane et al. (2009) indicate that the over-consolidation ratio
does not seem to affect the general strain-rate dependent behaviour. Test results are presented in these re-
searches which however indicate that the magnitude of strain-rate influence is slightly more significant for
lower OCR (≤ 2) than for higher OCR.
Both clay layers have an initial OCR of 4-7, indicating the creep influence calculated by the model is negli-
gible. However, when the spudcan penetrates the vertical stress increases considerably and the OCR tends
to decrease depending on the drainage conditions. In the case OCR≤ 1.5 significant creep will occur. The
decrease in OCR is further analysed in section 4.1.3.

3.1.2 Sand layer
The present sand layer will be modelled with the constitutive Hardening Soil model with small-strain stiff-
ness. To approximate the soil properties with only limited data Brinkgreve et al. (2010) related the HS model
parameters to the relative density, Dr . Due to the absence of laboratory tests on the sand layer no calibration
of the model parameters is performed.
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Table 3.3: Parameters for the sand layer determined from the CPT.

γsat νur c φ ψ Dr

[kN/m3] [-] [kPa] [deg] [deg] [%]

19.5 0.3 0 40 10 65

The relations to quantify the model parameters E r e f
50 , E r e f

oed , E r e f
ur , m, R f , Gr e f

0 and γ0.7 based on Dr are:

E r e f
50 = 6∗105 ∗ Dr

100
E r e f

oed = 6∗105 ∗ Dr

100
E r e f

ur = 18∗105 ∗ Dr

100
(3.10)

m = 0.7− Dr

320
R f = 1− Dr

800
(3.11)

Gr e f
0 = 60000+68000∗ Dr

100
γ0.7 =

(
2− Dr

100

)
∗10−4 (3.12)

Brinkgreve et al. (2010) also suggested a relation for the friction angle and dilatancy angle both depending on
Dr . These relations lead to similar values as the relations proposed by Robertson and Campanella (1983) and
Kulhawy and Mayne (1990) and are presented in section 2.3.2. The parameter values for the sand layer are
listed in table 3.4.

Table 3.4: HS-small parameters for the sand layer based on the formulations suggested by Brinkgreve et al. (2010).

E
r e f
50 E

r e f
oed E

r e f
ur m pr e f R f G

r e f
0 γ0.7

[kPa] [kPa] [kPa] [-] [kPa] [-] [kPa] [-]

39000 39000 117000 0.5 100 0.92 104200 1.35∗10−4

The HS-small model allows for the inclusion of the following four features, the theory of plasticity, soil di-

latancy, a yield cap and the very small-strain stiffness and its non-linear dependency. E r e f
50 , E r e f

oed and E r e f
ur

respectively represent the triaxial stiffness at 50% of the maximum deviatoric stress for a certain reference
cell pressure, the oedometer stiffness for a certain vertical pressure and the triaxial unloading/reloading stiff-
ness for a certain cell reference pressure. Each of the reference stiffness moduli are used in combination with
the parameter m to determine the stress dependent stiffness moduli E50, Eoed and Eur .
The shear modulus depends on the level of shear strain since decay of the stiffness is caused by the loss of
intermolecular and surface forces in the soil. In the HS-small model the parameters G0 and γ0.7 are used to
describe the shear stiffness dependency. The normalized elastic shear modulus of soil shows an S shaped
profile when plotted as function of the shear strain. The actual shear modulus is normalized to the initial (or
maximum) shear modulus G0. γ0.7 defines the secant shear modulus which is 72.2% of the initial value. In
the HS-small model the unloading curve for the shear modulus is similar to the initial loading curve while the
unloading/reloading curves are twice the value for the loading curve.
A yield surface for the shear and volumetric hardening enable the model to simulate hardening behaviour.
The failure ratio, R f , defines the ratio between the ultimate deviatoric stress and the shear strength.

3.2 Structural model
The industry guideline (SNAME, 2008) and standard (ISO, 2016) comprises three levels of foundation stabil-
ity assessment with increasing order of complexity. In the so-called Displacement Check (Step 3) the load
redistribution resulting from the overload and displacement of spudcans are accounted for. The jacking and
preloading processes addressed in this report thus correspond to the Step 3 assessment from the guideline
and standard. The techniques for modelling the different structural members including various levels of
modelling, applicable to specific type of assessments, include:

1. Fully detailed leg model
2. Equivalent leg (Stick model)
3. Combined equivalent/detailed leg and hull model
4. Detailed single leg and leg-to-hull connection model
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Each level consists of advices on the implementation of each of the structural members in the model. The
results of the first three level models can be used to examine the preload requirements. In this research a
model corresponding ’Equivalent leg (Stick model)’ level is used.

General geometrical/mechanical properties of the Aeolus are summarized in table 3.5. Based on these prop-
erties the structural model is constructed, further specifications of the structural members are provided in
the sections below.

Table 3.5: Geometrical and mechanical properties of Aeolus.

Description Value Unit
Length hull 139.4 m
Width hull 38.0 m
Depth hull 9.1 m
Leg length 89.3 m
Longitudinal leg spacing 69.3 m
Transverse leg spacing 29.0 m
Leg diameter 4.5 m
Maximum spudcan diameter 13.0 m
Maximum elevated weight 28000 t

Normalization of confidential data is applied throughout the report. Confidential data includes the leg loads,
the spudcan penetration and the penetration rate:

Fleg−nor m. =
Fleg

Fl eg−max.
uspud−nor m. =

uspud

uspud−max
vspud−nor m. =

vspud

vspud−max
(3.13)

The parameter Fleg−max defines the maximum measured leg load during the preload procedure at the project
site, uspud−max defines the maximum spudcan penetration measured at the project site and vspud−max de-
fines the maximum penetration rate applied during the preload procedure at the project site. In appendix K
the normalization is further described and the values for each of the parameters are provided.

3.2.1 Spudcan
The deformations of the spudcans are negligible. The spudcan and the part of the leg below the seabed are
modelled as rigid bodies and the axial and bending stiffness are neglected for this part of the structure. The
geometry and corresponding dimensions of the spudcan are visualized in figure 3.8a.
The connection between the spudcan and the leg is assumed to be rigid as a finite stiffness of this connec-
tion would lead to insufficient structural integrity. As stated by Pisanò et al. (2019) a rigid connection is in
agreement with reality and is in accordance with previous research (Bienen and Cassidy (2006), Bienen and
Cassidy (2009), Dean and Metters (2009), Vlahos et al. (2011), Zhang et al. (2014), Cassidy et al. (2010), Cassidy
(2011)).
The soil structure interaction is modelled using interface elements. The application of interface elements al-
lows for potential slip planes in the soil body. The elements could be used to introduce soil strength reduction
for a certain width and solve plasticity problems of singular points with peak values for stresses and displace-
ments. Especially around the corners of the spudcan geometry, unrealistic high peaks in stresses and strains
are obtained. By allowing for slip planes flexibility of the finite element mesh is tolerated and unrealistic stress
results are prevented. The interfaces are applied along the outside surfaces of the spudcan.
The structure below the seabed includes the spudcan and a part of the leg, the geometry comprises of sev-
eral corners and introduces sharp angles within the soil domain. Calculations using the exact spudcan shape
show non-physical stress results at these corners. These results are only present in a relatively small volume
of the soil, extending 0.5 m from the corners, and the impact on the bearing capacity is limited. However, the
unrealistic high stresses and pore pressures do not allow for a consolidation calculation phase as severe di-
vergence of the results is observed. The application of and variation in the interface elements in combination
with the complex geometry does not improve the results.
To limit the number of sharp corners the shape of the structure within the soil domain is simplified as de-
picted in figure 3.8b. The spudcan is equipped with a perfectly horizontal bottom boundary. Interfaces are
applied along the outside surfaces of the structure to exclude singularities. The interfaces are extended 1 m
into the soil domain to avoid the corners of the spudcan to be fixed to the soil. For the SSC model the strength
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reduction factor, Ri nter , is used to define the strength and stiffness of the soil surrounding the structure. No
strength reduction is applied as Ri nter = 0 is adopted in the model, meaning the interface and soil properties
are exactly similar.

4.5

13.0

7.0

(a) Spudcan geometry and dimensions.

Rinter = 1.0

13.0

1.0

1.0

(b) Simplified spudcan geometry as adopted in the FE model.

Figure 3.8: Actual and simplified spudcan shape. All dimensions are in m.

The influence of simplifying the spudcan structure on the bearing capacity and penetration is negligible.
Appendix B presents an analysis of the influence of different spudcan shapes and interface configurations on
the capacity and penetration.
During spudcan penetration a cavity can develop on top of the spudcan. The depth at which the cavity wall
fails depends on the soil characteristics. In this research complete backfill into the cavity is assumed. The
weight of the soil volume filling the cavity is subtracted from the observed bearing capacity to determine the
actual leg load.
The volume of the simplified spudcan-cylinder is a summation of the volume of the spudcan and the volume
of the surrounding soil extending to a distance of 6.5 m from the mid-leg axis. The total volume of the cylinder
is 13.7 m2 multiplied with the reference spudcan depth. This soil volume within the cylinder is equal to 95.7
m2 multiplied with the reference spudcan depth and holds an effective unit weight weight of 8.1 kN/m3. It
should be noted that the leg load from the jacking data and the soil weight as elaborated above represent the
effective loads. The uplift force for the total cylinder is equal to 137 multiplied with the reference leg load.

3.2.2 Extension mechanism
During the preloading procedure the leg pairs are alternately lowered and loaded up to predefined loads.
To simulate the gradual extension of the legs during the calculations the use of node-to-node anchors is
adopted in this research. Another possibility is the application of surface contraction on a plate, this method
is explained in appendix C.

x axis

y axis

z axis

Anchor

Infinite stiff beam

Horizontal fixed node

Extension with negative prestress

Leg

Figure 3.9: Schematisation of the node-to-node anchor as leg extension mechanism.

The node-to-node anchor is a separate structural member representing a spring connection. The anchor re-
quires specification of the axial stiffness and an infinite bending stiffness is assumed. The node-to-node an-
chor can be extended or contracted during each calculation phase by assigning a pre-stress value. Pre-stress
tension force is positive and leads to contraction, compression force is negative and leads to extension. At the
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final step of the calculation phase the specified pre-stress force is applied. In the following calculation phases
the length of the anchor is constant, offering the possibility to extend/contract anchors independently.
The connection between the node-to-node anchor and the leg (represented as a beam element in the FE
model) is hinged meaning that no moments are transferred through the connection. To overcome an unsta-
ble equilibrium the nodes connected via the node-to-node anchor should be fixed in horizontal direction (x,
y), the mechanism is visualized in figure 3.9. A stable equilibrium is established but the horizontal fixation
influences the behaviour of the leg itself. Positioning the extension mechanism at the top of the leg, below
the leg-hull connection, prevents the corner points of the structure to translate in horizontal direction which
influences the overall structural behaviour. To limit this influence the mechanism and corresponding hori-
zontal fixations are positioned just above the seabed. This ensures the actual stiffness behaviour of the hull
structure and the leg above the extension mechanism is maintained. The part of the leg below the extension
mechanism is assumed to be infinite stiff and will not be able to rotate and move in horizontal direction.
To simulate a rigid connection between the extension mechanism and the leg, an infinite stiff beam with a
length of 0.1 m and horizontally fixed outer-end nodes are added on both sides of the mechanism.

3.2.3 Leg
The legs of the Aeolus are hollow cylinders and the geometrical and mechanical properties are listed in table
3.6. The part of the leg below the seabed is modelled as a rigid body, for the part of the leg above the seabed
the actual leg stiffness is adopted.

Table 3.6: Geometrical and mechanical properties of the legs.

D t E fy ν Wx,y Ix,y

[m] [m] [kPa] [kPa] [-] [m3/m] [m4]

4.5 0.1 210*106 690*103 0.3 1.488 3.347

The part of the leg above the seabed can be modelled using 3-node line elements or 6-node triangular ele-
ments. In the case of line elements the pile is represented as a thin line in the FE model and does not occupy
any volume. In the case of triangular elements the pile is represented as a cylindrical hollow plate and the
true volume of the pile is occupied.
Both type of elements allow for six degrees of freedom per node (ux , uy , uz , φx , φy , φz ) and are based on
Mindlin’s theory for plates (Bathe, 1982) and Timoshenko’s theory for beams (Timoshenko, 1921), allowing for
deformations due to shearing as well as bending. The axial bending stiffness for the leg represented by beam
or plate elements are exactly the same, generating the same results in axial loaded and bending problems.
For the same accuracy in results the number of nodes and elements for the structure represented by beam
elements is approximately one order of magnitude lower than the structure represented by plate elements.
Considering the computation time and costs it is chosen to represent the legs by beam elements.

3.2.4 Leg-hull connection
The connection between the legs and the hull consist of different components, these include guides, fixation
systems and jacking systems. The configuration of the leg-hull interface as applied at Aeolus leads to specific
stiffness values. Based on earlier research and jack-up FE modelling, the leg-hull connections can be divided
in rigid or spring-stiffness connections. It is expected a realistic finite value for the rotational, horizontal and
vertical stiffness of the connection would behave similar to a rigid connection. For this research no finite
stiffness is considered for the leg/hull connection.
Assuming a rigid connection in vertical, horizontal and rotational direction is in agreement with comparable
researches (Cassidy et al. (2004a), Bienen and Cassidy (2006), Cassidy et al. (2004b), Cassidy et al. (2002),
Bienen and Cassidy (2006), Bienen and Cassidy (2009), Vlahos et al. (2011), Zhang et al. (2014), Cassidy et al.
(2010), Dean et al. (1997), Dean and Metters (2009), Cassidy (2011), Dimitriou (2014), Koole (2015) and Pisanò
et al. (2019)).

3.2.5 Hull
The flexibility of the hull plays a dominant role in the force redistribution during the preload procedure. To
accurately represent the flexibility and to include any asymmetry, the hull is represented by several connected
beams. The beam configuration as adopted in the research is depicted in figure 3.10.



3.2 Structural model 30

y axis

x axis
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37.132.2
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Type 1
Type 2

Figure 3.10: Schematic top view of the beam configuration to represent the vessel structure. All dimensions are in m.

The results of the predrive analysis, performed with a detailed FE model of the vessel, are used to assign the
stiffness to each beam. In the predrive analysis stress distribution in the hull structure is analysed during
extension of one of the two aft legs. This leg is extended up to the level such that the maximum leg load
is applied. The maximum leg load is specified as 47.5% of the maximum elevated weight. The influence of
environmental loads is not taken into account during the analysis. The predrive analysis consists of three
consecutive steps:

1. Standing on 4 legs
2. Preloading port side aft leg with 47.5% of the elevated weight
3. Preloading starboard side aft leg with 47.5% of the elevated weight

When extending the PS or SB aft leg the other legs are supported in vertical direction only. All supports are
equipped with rotational springs in x and y direction with a spring stiffness of 2.9∗106 kNm/rad. A schematic
overview of step 2 and 3 of the predrive analysis are depicted in figure 3.11a and 3.11b. In total four governing
load cases (ELLC01-04) of the vessel in elevated condition are analysed, each load case considers a different
deck lay out. The COG for all of the load-cases is situated aft of the center of the four legs at x = 32.2m. The
hull is loaded by a single point load at the COG and the self-weight of the beams is equal to zero.

x axis

z axis

y axis

PS Aft

SB Aft SB Fore

PS ForeKr,x

Kr,y

Kr,x

Kr,y

Kr,x

Kr,y
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55.0

Ftotal
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(a) Step 2 of the predrive analysis.

PS Aft
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SB Fore

PS Fore

Kr,x
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Kr,y Kr,x
Kr,y
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(b) Step 3 of the predrive analysis

Figure 3.11: Schematisation of two steps of the predrive analysis to determine stiffness of the beams. The beams and legs are rigidly
connected and the stiffness of the rotational springs in x and y direction at the supports is 2.9∗106 kNm/rad.

The results of the predrive analysis indicate the leg loads and displacements at the end of each step. These
numbers are used to determine the stiffness of the beams for the model used in this research. The stiffness of
the beams is adjusted such that the leg loads and displacements in the model coincide with the results from
the predrive analysis. This is a simple but effective method to accurately represent the structural behaviour
of the hull. The results of the analyses are presented in appendix D and the final stiffness values for the beams
are presented in table 3.7.
In the predrive analysis the SB aft leg is displaced more than the PS aft leg to reach a preload value of 47.5%
of the total weight. To simulate this asymmetric hull stiffness a lower value for the moment of inertia, an thus
stiffness, is specified for the two diagonal beams connecting the SB aft and PS fore leg. A possible cause for
the difference in stiffness is the crane structure present near the PS aft leg, resulting in a higher stiffness of the
hull in this corner.
The results in appendix D indicate the loads for the active leg pair (PS aft and SB fore in step 2, SB aft and PS
fore in step 3) as calculated by the model are similar to the predrive analysis results, the difference is ≤ 2.73%.
The difference between the loads for the passive leg pair are larger, with an average difference of ≈ 15% and
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Table 3.7: Geometrical and mechanical properties of the legs and beams in the model used in this research.

Beam type Material type E γ I2 I3

[-] [-] [kPa] [kN/m3] [m4] [m4]

Leg Elastic 210*106 0 3.35 3.35
Type 1 Elastic 210*106 0 18 18
Type 2 Elastic 210*106 0 15 15

some outliers up to ≈ 50%. Since the loads for the passive leg pair are approximately one order of magnitude
lower than the loads for the active leg pair, the deviations are of relatively low impact on the overall force
distribution in the structure.

3.3 FE discretization
The FE discretization is of particular importance in the soil volume as large permanent deformations and
displacements occur. The 10-node tetrahedral element type is used for to represent the soil in the 3D analysis.
This element provides second order interpolation of displacements and a 4 Gauss integration points. For
structural components the 3-node line element, compatible with the 3-noded side of the soil element, and 6
node plate element are used to represent the behaviour of beams and plates respectively.
Local mesh refinement is applied in order to ensure an effective mesh in terms of computational time and
costs.

3.3.1 Soil volume
The discretization of the soil volume is based on the calculation of the bearing capacity of the spudcan at 10
m depth. The Mohr-Coulomb soil model is used to exclude interference of pore pressures and serves as a
reliable and sufficient basis to start the discretization. The 'Drainage type' Undrained B enables simulation
of undrained behaviour and the strength is modelled by using the undrained shear strength as input, making
it a Tresca theory based soil model. The adopted values for each layer are presented in table 3.8. By using a
one-phase model the results of the mesh refinement are comparable to the bearing capacity calculated from
the ISO (2016). Note that the OCR value is no input parameter in the Mohr-Coulomb model and clay layer 1
is not subdivided as suggested in section 3.1.1.
The results of the 2D analysis and the ISO analysis are supposed to be similar. The mesh discretization how-
ever, is based on the convergence of the solution as predicted by the finite element model in 2D and 3D.

Table 3.8: Calibrated Mohr-Coulomb parameters as used for the FE discretization.

Layer γunsat E ei ni t ν c φ ψ Drainage

[-] [kN/m3] [kPa] [-] [-] [kN/m3] [deg] [deg] [-]

Clay 1 16 25∗104 0.9 0.3 9+5.1*z 0 0 Undr. B
Clay 2 17 25∗104 0.65 0.3 91+5.2*(z −17.5) 0 0 Undr. B
Sand 16 4∗105 +2150∗ (z −22.7) 0.5 0.3 0 40 10 Drained

A 2D axisymmetric analysis is performed using PLAXIS 2D (Brinkgreve et al., 2018d). Since 15-node triangle
elements are used in the 2D analysis the results are more accurate for the same amount of elements compared
to the 3D analysis. The 15-node triangle element provides fourth order interpolation for displacements and
the numerical integration involves twelve Gauss points. Compared to the 10-node tetrahedral element the
difference in order of interpolation is two. One 15-node triangle element requires four 10-node tetrahedral
elements to achieve similar accuracy. The results for the 2D analysis are presented in appendix E. The solution
converges to a value of 0.97, as determined using the finest mesh (mesh 4). Mesh number 1 is the coarsest
mesh and deviates most from the converged solution, a finer mesh leads to more accurate results.
To reduce computation time and costs in the process of mesh refinement, axisymmetry is used for the FE
discretization of the soil volume. Only a quarter of the spudcan and corresponding soil volume is modelled.
The soil domain is extending 30 m in both horizontal directions and 40 m in the vertical direction, this size
is sufficient to exclude boundary interference. After discretization the domain size is optimized by analysing
possible boundary effects. The boundary conditions applied to the model ensure fixity in horizontal direc-
tion at the vertical boundaries and fixity in vertical and horizontal direction at the bottom boundary. No
groundwater flow boundary conditions are assigned since pore water pressures are not considered by the
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Mohr-Coulomb model.

Zone B

Zone C

Zone D

Zone E

Zone A

(a) Refinement zones A - E. (b) Side view of connectivity plot. (c) Top view of connectivity plot.

Figure 3.12: Overview of the soil domain used for mesh discretization and mesh refinement.

The domain is divided in five zones as depicted in figure 3.12a. Each zone is represented by an imaginary box
within the model and the mesh is refined differently in each zone/box. In total four meshes are generated
with the specifications as listed in table 3.9. The mesh is refined at and around the corners of the spudcan
and directly below the spudcan, at these positions the largest displacements are expected. During the FE dis-
cretization procedure this distribution of refinement is found to be the most effective. A finer mesh extending
further below the spudcan generates no improvement on the results. An overview of the mesh is shown in
figure 3.12b and 3.12c, the spudcan and leg are shown in grey and the interfaces in green.

Table 3.9: The 3D meshes and specification on the number of elements and nodes and element size.

Mesh no. No. of elements No. of nodes Average element size [m] Norm. leg load
Zone A Zone B Zone C Zone D Zone E

1 14499 21267 0.5 0.7 1.9 3.1 3.7 1.23
2 69228 79413 0.3 0.5 1.0 2.9 3.7 1.15
3 134672 185367 0.2 0.5 0.5 2.9 3.7 1.12
4 369350 503035 0.15 0.35 0.5 2.9 3.7 1.09

The results of the analysis are depicted in figure 3.13a and 3.13b. The same trend from the 2D analysis is
observed in the 3D analysis as a finer mesh converges to a lower bearing capacity. The bearing capacity cal-
culated using 3D mesh number 4 approaches the solution of 2D mesh number 1. The accuracy achieved in
the 2D analysis requires the 3D second order elements to be one-fourth of the size of the 2D fourth order
elements. The size of the elements in zones B, C, D and E are larger than one-fourth of the higher order 2D
elements. It is expected that smaller elements in all zones in the 3D analysis would lead to a result approach-
ing the, more accurate, 2D meshes. The computation time for mesh 3 and 4 is significant, despite the fact
that only a quarter of the domain is modelled. A finer mesh increases the computation time and costs. The
optimal combination of the computation time and accuracy for the purpose of this research is achieved via
mesh number 3.
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Figure 3.13: Visualization of the results of the 3D mesh discretization.
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The rough estimate for the bearing capacity at 10 m depth determined from the ISO (2016) is 0.9 on the scale
of the normalized leg load. This value is lower than the converged solution in 2D and 3D. The ISO adopts an
ultimate bearing capacity based on undrained failure, φ= 0o , since the spudcan represents a circular footing
the product Nc ∗ sc is taken as 6.0. The Skempton bearing capacity factors are used and the soil properties
are specified in table 3.8. The deviation between the ISO based solution and the 2D finite element solution is
approximately 7%, the ISO based solution could serve as a lower capacity limit for this specific case.

3.3.2 Structural components
The discretization of the structural components requires no investigation. The legs above seabed and hull
structure are discretized using 3-node beam elements. This element allows for six degrees of freedom per
node and is based on Mindlin’s theory for beams (Bathe, 1982) allowing for deflection due to shearing as well
as bending. Elements with a size of 3.6 m for the legs and hull structure are used, being the coarsest mesh
applicable to this type of element in PLAXIS. This elements size leads to the same results for deformations
and forces as for an element size of 0.2 m.
The spudcans and legs below seabed are modelled as rigid bodies. The rigid bodies do not deform and only
translate or rotate related to the so-called rigid body reference point.

3.4 Total model
The total model after FE discretization is depicted in figure 3.14. The optimal mesh for the soil domain for
a single spudcan is determined in the discretization analysis, this mesh is adopted for each spudcan in the
total model. The soil domain consists of three different soil layers. The first soil layer consists of clay and is
subdivided in three sub-layers adopting a different value for the OCR. The second layer also consists of clay
and at the bottom of the domain is a dense sand layer.
The optimal domain dimensions, ensuring no interference of the boundaries, are determined after applica-
tion of the two-phases SSC and HS-small model in the discretized mesh. The influence of the presence and
height of the sand layer is examined by assigning different heights to the layer and evaluating the maximum
bearing capacity. The bottom of the sand layer is fully fixed, which implies that the bottom does not deform or
displace. The influence of the side boundary is examined with the same approach as the width of the domain
is decreased and the capacity is evaluated accordingly. The results indicate a limited influence of the sand
layer on the capacity as the differences are small (<2%) varying the layer height between 0 and 20 m. Taking
into account the OCR decreases as the spudcan proceeds to penetrate, as described in section 3.1.1, the sand
layer is incorporated extending from a depth of 22.7 m to 35 m. The side boundaries do not influence the
results using a width ≥ 25 m from the leg mid-axis.
The soil volume is fixed in horizontal direction at the vertical boundaries and fixed in horizontal and ver-
tical direction at the bottom boundary. The top boundary is free to translate and rotate in any direction.
Groundwater flow boundary conditions are assigned to each of the boundaries, seepage is allowed for the
top, bottom and side boundaries. The position of the COG of the structure is positioned 1.5 m aft of the mid-
axis of the hull. The diagonal beams, representing part of the hull structure, are connected at this point. The
total number of elements and nodes for the total FE model are 391391 and 546692 respectively.
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Figure 3.14: 3D FE mesh of the jack-up vessel and soil domain dimensions.



4
Simulations

Simulations are performed of the spudcan penetration and the preload procedure. By comparing the results
of both type of simulations the influence of the viscous effects and isotach behaviour on the leg load redistri-
bution is analysed. The jacking data is used to verify the results of the FE model created in this research.
The application of the alternative preload procedures is investigated and the results are compared to the
results of the normal preload procedure.The results are evaluated and argumentation on the choice for the
type of procedure is formulated.

4.1 Method
To correctly simulate the spudcan installation and preload procedure the development of the OCR distri-
bution over depth and the different phases of the preload procedure are to be identified. Information on the
procedure followed during preloading is retrieved from the jacking data from the project site. The data reveals
information on the preload target and the possible variation in leg extension rate. But, more importantly, in-
dicates the extent of the influence of viscous effects on the leg load redistribution and the applied preload
procedure.
As the spudcan is loaded during the preload procedure, the total vertical stress on the soil increases sig-
nificantly and, depending on the drainage conditions, the OCR tends to decrease. To what extent the OCR
decreases over the depth determines the magnitude of creep strains calculated and incorporated by the con-
stitutive model.
The analyses of the jacking data, the OCR development and the application of the FE procedure are elabo-
rated in the next section. Before conducting simulations of the spudcan penetration and the preload proce-
dure an overview of the different simulation-cases is provided.

4.1.1 Jacking data
The jacking data of the preload procedure at the project site is depicted appendix I. The first figure in the
appendix depicts the leg load as function of time and the second figure depicts the spudcan penetration as
function of time. The data is used to identify the variation in penetration depth and leg load, the preload
target and the number of leg pair load cycles.
Based on the COG positions, specified in appendix D, the highest loads and penetration depths are expected
for the SB aft and PS aft. The jacking data indicates a similar trend as the aft spudcans are within a normalized
depth range of 1.05 - 1.15 and the forwards spudcans within a depth range of 0.95 - 1.0. A slightly higher target
leg preload value for the aft legs than for the forward legs is applied, being respectively 0.88 and 0.95 of the
maximum leg load observed in the jacking data.
First the PS aft and SB forward leg are preloaded after which the SB aft and PS forward leg are preloaded. The
number of preload cycles can not be determined from the jacking data as the legs are extended several times
and the consolidation phases are shorter than 15 minutes. The time covered for each leg pair to be preloaded
is approximately 60 minutes, which corresponds to three to four preload cycles.
The grey areas in both figures each comprise a time domain of 25 minutes in which the final preload cycle
for one of the leg pairs is executed. The data covered by the grey area is depicted in more detail in the third
figure. In these time domains the spudcan penetrations are constant while the loads vary.

4.1.2 FE preload procedure
In this research only the preload procedure of the complete installation procedure is considered. As this is
the final part of the total installation procedure only relatively small strains (≤ 1.0 m) may be expected. A
small deformation finite element (SDFE) analysis is performed and a wished-in-place (WIP) method is used
to conduct the preload stage. The FE preload procedure is subdivided in three phases:

– Phase I - Geostatic stress state
– Phase II - Self-weight installation
– Phase III - Preload cycle of one leg pair (PS aft and SB fwd, SB aft and PS fwd) followed by consolidation

of the soil domain.

34
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During the first phase the geostatic stress state within the soil domain, in absence of any structural com-
ponents and external loads, is calculated. During the installation phase the spudcans are positioned at the
predetermined depth, as a WIP method is used the installation effects are neglected. The predetermined
depth corresponds to the bearing capacity equal to the leg load reached just before the preload phase starts.
This depth and corresponding leg load differs for each individual leg due to the position of the COG, the deck
stiffness and interference of the other spudcans. By assuring similar additional penetrations for each leg a
flat operating vessel-deck and a similar and comparable soil state below each spudcan is ensured. The final
calculation is the preload phase and additional penetration is expected. By alternately extending the two di-
agonal opposite leg pairs the legs are preloaded up to the preload target. This calculation phase is followed by
a consolidation calculation during which the leg extension is stopped. The FE software allows for a consol-
idation phase during which excess pore pressures dissipate and consolidation and potential viscous effects
could result in load redistribution between the leg pairs. The change in permeability during the consolidation
calculation is negligible, as shown by the analysis presented in appendix G.
The predetermined depth for each spudcan is based on the expected leg load and the bearing capacity of the
soil. The total weight of the vessel is 28*103 ton, by applying a point load at the COG position of the vessel
structure the leg load distribution is determined. The leg load redistribution is based on the predrive analysis
results. The loads in the aft legs are higher and similar to the jacking data, consequently the aft spudcans are
positioned at larger depth than the forward spudcans.
The load at the spudcan tip level indicated by the jacking data represents the effective weight of the vessel
taken by the specific leg. In the model the leg loads are specified and monitored in the node-to-node anchors,
positioned just above the seabed level. As in the actual situation a certain soil volume is present on top of the
spudcan, assuming complete backfill (section 3.2.1), this load portion is to be added in the model. The total
load at the spudcan tip level is the sum of the effective leg load, the soil backfill effective weight, and the
uplift force of the cylinder (representing the spudcan and soil volume). Figure 4.1 depicts a schematisation of
these loads. The values correspond to a normalized spudcan depth of 1.2 and 1.1 for the aft and forward legs
respectively. The target preload values, 0.95 for the aft legs and 0.88 for the forwards legs, correspond to the
effective normalized leg load.

x axis

z axis
y axis

Fsum

Feff-vessel-weight = Fleg-load

Feff-soil-weight + Fuplift-cylinder

Figure 4.1: Visualisation of the loads.

4.1.3 OCR development
The OCR distribution for the initial situation and the situation where the spudcan is loaded are depicted in
figure 4.2. Consolidation is allowed for a specific amount of days and the OCR distribution develops corre-
spondingly. In the FE model a different OCR is assigned to each layer causing a layered distribution, in reality
the OCR distribution over depth is more gradual. The initial OCR at a depth of 8-12 m is 6 and directly below
the spudcan decreases to a value of 3.5 after 1 day of consolidation, for the depth range 12-17.5 m the OCR
decreases from 5 to a value of 2.5. For clay layer 2 the initial OCR is 4 and likewise decreases to a value of
2.5. As the jack-up vessel is jacked for a maximum duration of one day, corresponding the installation cycle
time per wind turbine, the OCR distribution for this consolidation period reflects the most accurate stress
situation within the soil domain. For a longer consolidation duration the OCR decreases further as the excess
pore pressures continue to dissipate and the effective vertical stresses increase. The potential change of the
OCR due to remoulding of the soil below the spudcan, during penetration, is neglected.
The distribution of the OCR in the top layer is relatively inhomogeneous close to the spudcan cylinder. This
is probably caused by the soil flowing around the corner and along the vertical cylinder boundary. The brown
area in the figure depicting the OCR distribution after 100 days indicates an OCR value higher than 7.0.
The minimum value for the OCR after one day of consolidation is 2.5. The figures illustrating the influence
of the strain rate on the soil strength, figure 3.7a and 3.7b, indicate that the model does not show any viscous
effects for an OCR > 2.
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Initial situation 1 day consolidation 10 days consolidation 100 days consolidation

Figure 4.2: OCR profile within the soil domain before and after loading, after 1, 10 and 100 days of consolidation.

4.1.4 Simulations specification
Two types of simulations are performed, the single spudcan penetration and the total model preload proce-
dure. For each type of simulation six case-calculations are performed, allowing to investigate the influence of
different parameters and procedures on the extent of the viscous effects and leg load redistribution. In case
1 the OCR values following from the analysis from section 4.1.3 are used and the initial spudcan depths are
varied. In case 2 the distribution of the OCR is varied, case 3 considers a lower spudcan penetration rate and
in case 4 a smaller permeability of the clay layers is adopted. In case 5 and 6 the type of preload procedure is
varied.
In table 4.1 the value range or variation for each parameter are specified for the six independent cases.

Table 4.1: The six simulation cases, each addressing a different model parameter.

Case Norm. initial depth OCR Permeability Preload procedure Norm. penetration rate
[-] [-] [-] [m/day] [-] [-]
1 0.9 - 1.2 2.5 - 4.0 10−5 Normal 0.80
2 1.1 - 1.2 1.4 10−5 Normal 0.80
3 1.1 - 1.2 1.4 10−5 Normal 0.13
4 1.1 - 1.2 1.4 10−3 Normal 0.80
5 1.1 - 1.2 1.4 10−5 Overshooting 0.80
6 1.1 - 1.2 1.4 10−5 Alternative 0.80

4.2 Results
The results for the six cases for both types of simulations are presented in the following section. In the single
spudcan penetration simulation interference of the structure and other spudcans is excluded. Figure 4.6a
depicts a schematic overview of the single spudcan penetration. A fixed-end anchor is attached to the mid-
axis of the spudcan. The anchor is pre-stressed up to the preload target value, during the simulation the
anchor extends and the spudcan is pushed into the soil. The simulation provides insight in the pore pressure
distribution and the deformations in the soil domain and the extent of the influence of viscous effects without
the mechanism of leg load redistribution.
The complete preload procedure is performed with the total FE model, including all spudcans and the con-
necting structure. The simulation of the preload procedure provides insight in the quantitative effects of the
soil processes and the applied preload procedure. In the figures depicting the results of the preload procedure
additional dashed lines are presented, these additional lines are also depicted in figure 4.3. The normalized
preload target for the aft and forward legs, being 0.95 and 0.88, are depicted as two horizontal dashed black
lines. The preload criterion as adopted in this research is a leg load reduction of 400 ton / 15 min and in the
graphs indicated as a horizontal dashed red line.
Further, the preload procedure is divided in different stages. The vertical dashed lines indicate the start of the
next stage in the procedure and the stage-number is indicated at the top of the graph. A stage indicates either
a preload cycle or the initial loading of the active leg pair up till the preload target. During the final stage the
initial leg load distribution is re-established. The total number of stages differs for each case and depends on
the number of preload cycles performed.
In appendix J additional results of the simulations are presented, including the ship corner displacements,
the absolute leg extension and the displacement and deformations of the complete hull structure.
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Figure 4.3: Clarification on additional lines in results of the preload procedure.

4.2.1 Case 1
Figure 4.4 depicts the total penetration as function of the leg load. The normalized initial depth of the spud-
can is varied in the range 0.9 - 1.2 . For a larger initial spudcan depth the total settlement, after applying the
preload target, is smaller. The settlement at the normalized preload value of 0.95 for the spudcan at a nor-
malized depth of 0.9 is 250% higher than for a normalized depth of 1.2. The results for different penetration
rates are identical and the influence of viscous effects is negligible.
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Figure 4.4: Single spudcan penetration, case 1.

The spudcan penetration and leg load as function of time, for a normalized initial spudcan depth of 1.1, are
depicted in figure 4.5b and 4.5a respectively. The additional penetration during consolidation is limited to
only 0.2% of the total penetration and the leg load reduces with 1.4%. The initial OCR values of the different
layers are within the range 2.5 - 4.0. Based on the results of the model indicating the effect of the OCR on the
creep rate and total amount of creep, as presented in section 3.1.1, the viscous effects are negligible in this
range of the OCR. Consequently, in case 1 the additional spudcan penetration and leg load reduction during
the consolidation calculation phase are solely caused by consolidation.

0 5 10 15 20

Time: min

0

0.5

1

N
o
rm

. 
le

g
 l
o
a
d

Case 1

(a) Leg load as function of time.

0 5 10 15 20

Time: min

1.1

1.12

1.14

1.16

N
o

rm
. 

p
e

n
e

tr
a

ti
o

n

(b) Spudcan penetration as function of time.

Figure 4.5: Single spudcan penetration with a normalized initial depth of 1.1.

Figure 4.6b and 4.6d respectively depict the total displacements and excess pore pressures within the soil
domain after spudcan penetration. The width of the soil domain from the mid-axis of the spudcan is 25 m.
The total displacements are high directly below and around the spudcan and decrease with an increasing
distance from the spudcan. The results indicate soil displacements and deformations within the soil domain
up to 15 m from the spudcan mid-axis. The excess pore pressures show a similar profile; the highest pressures
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are observed directly below the spudcan. The excess pore pressures decrease to zero at approximately 20 m
from the mid-axis of the spudcan.
The distribution of the plastic points is depicted in figure 4.6b and provides insight in the plastic state of the
different soil layers. A failure point indicates that the stresses are located on the failure surface, a hardening
point represents a point on the shear hardening envelope and a cap+hardening point indicates a point that is
on the shear hardening and cap hardening envelope. The latter two type of plastic points are only possible to
occur in the soil represented by the HS-small in this model. As indicated by the plastic points the soil below
and around the spudcans fails, the failure zone extends to the depth of the sand layer. Within the sand layer
both hardening and cap+hardening points are present, hardening occurs for the complete sand layer.

Fanchor = Fleg-load

Δuspudcan

(a) Schematic overview of spudcan penetration. (b) Total displacements in the soil domain.

(c) Distribution of plastic points in the soil domain. (d) Pore pressure distribution in the soil domain.

Figure 4.6: Visualization of the results of a single spudcan penetration in a cross section of the soil domain.

Based on the results of the single spudcan simulations it is expected the additional penetration for the legs
at a normalized initial depth within the range 0.9-1.2 is limited to 4% of the total penetration. Figure 4.7a
depicts the leg spudcan settlements as a function of leg load during the preload procedure with a normalized
spudcan depth of 0.9 and 1.0 for the forward and aft legs respectively.
The settlement of the spudcans of the active leg pair is more than 15% of the total penetration and yet the
preload target is not reached. The red signs in the figure indicate failure of the soil. Apparently penetration of
a spudcan does influence the penetration of an adjacent spudcan. Figure 4.7b depicts the spudcan settlement
as function of the leg load with a normalized initial spudcan depth of 1.1 and 1.2 for the forward and aft
spudcans respectively. The preload target is reached at a normalized penetration depth of 1.14 for the forward
legs and 1.25 for the aft legs.
The influence of the two aft spudcans, with a normalized initial depth of 1.2, is visualized in figure 4.8. The
figures depict a cross section of the soil domain with the total soil displacements and plastic points before
and after the first preload cycle. The distribution of the total soil displacements and plastic points within
the soil domain both are not symmetric, indicating interference of the adjacent spudcan. The plastic points
in figure 4.8d indicate the stresses in the soil are on the failure surface and are extending to two times the
spudcan diameter from the leg mid-axis. The distribution of failure points within the soil domain during
single spudcan penetration, as depicted in figure 4.6b, is limited to only one time the spudcan diameter from
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(a) Normalized initial spudcan depth aft legs: 1.0 and forward legs: 0.9.
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(b) Normalized initial spudcan depth aft legs: 1.2 and forward legs: 1.1.

Figure 4.7: Preloading procedure with different initial spudcan depths.

the leg mid-axis. The reciprocal influence of the forward spudcans and of the aft spudcans emphasizes the
importance of one model comprising all spudcans in the same 3D soil domain.

(a) Total displacements before preloading. (b) Total displacements after first preload cycle.

(c) Plastic points distribution before preloading. (d) Plastic points distribution after first preload cycle.

Figure 4.8: Visualization of the influence of the two forward or aft adjacent spudcans.

Figure 4.9a and 4.9b respectively depict the leg load and spudcan penetration as function of time. The black
and red dashed lines in the figure 4.9a represent the preload target and the preload criterion respectively. The
leg load reduction during the consolidation phase is limited to 1.3% for both the aft and forward legs. This leg
load reduction is similar to the value calculated for the single spudcan and is solely caused by consolidation
of the soil. The leg load reduction is well below the preload criterion of 400 ton / 15 min and one preload cycle
per leg pair suffices to meet the preload criterion.
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(a) Leg load as function of time.
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(b) Spudcan penetration as function of time.

Figure 4.9: Preload procedure, case 1. The normalized initial spudcan depth is 1.1 and 1.2 for the forward and aft spudcans respectively.

The displacements of the ship corners during the procedure vary in a very limited range. The ship corner dis-
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placement is calculated by subtracting the leg penetration distance from the total leg extension. At the end of
the procedure the ship is slightly tilted aft as the forward corners are displaced slightly more upwards relative
to the aft corners, as depicted in figure J.3e. This is a consequence of the choice for the initial spudcan depth,
as the penetration during installation and preloading changes by varying the initial depth of the spudcans.

4.2.2 Case 2
In case 2 the OCR is decreased to a value of 1.4 for all clay layers. The results for the single spudcan pene-
tration, depicted in figure 4.10b, indicate a larger spudcan penetration in case 2 compared to case 1. During
the consolidation phase the additional penetration in case 2 is 0.6% of the total spudcan penetration, which
is equal to three times the penetration as calculated in case 1. The leg load as function of time is depicted in
figure 4.10a, the load reduces with 3.6% which is considerably more than in case 1. The difference between
both cases is induced by the viscous effects of the soil as introduced in case 2 by adopting lower values for the
OCR. The additional viscous resistance, present during penetration, diminishes when penetration is stopped
and causes the leg load to reduce. To incorporate viscous effects in the model, the OCR distribution adopted
in case 2 is also adopted in cases 3, 4, 5 and 6.
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(b) Spudcan penetration as function of time.

Figure 4.10: Single spudcan penetration, case 1 and 2.

The additional spudcan penetration during the preload procedure in case 2 is 6% and 7% of the total pen-
etration for the forward and aft legs respectively, as depicted in figure 4.11b. The additional penetration for
all legs is approximately 30% larger than in case 1. The leg load reduces with approximately 6% during the
first preload cycle as depicted in figure 4.11a. This reduction is considerably more than the reduction of 3.6%
calculated in the simulation with a single spudcan. The difference between both values is initiated by the
isotach behaviour of the clay which is induced by the viscous effects.
The isotach behaviour of the clay results in a higher stress relaxation and creep rate for the active leg pair
compared to the passive leg pair. The strength of the soil surrounding the active leg pair is fully mobilized as
the spudcans proceed to penetrate. Since the relaxation and creep rate are dependent on the distance from
the failure surface, rapid stress relaxation is observed for the active leg pair relative to the passive leg pair. The
mechanisms initiates a load redistribution from the active leg pair to the passive leg pair.
To suffice the preload criterion multiple preload cycles for each leg pair are required. The leg load reduction
during the second preload cycle is 5%, this is 17% less compared to the first cycle. However, the preload
criterion is not met and multiple preload cycles are required. The difference between the load reduction of
the two leg pairs is negligible.
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(a) Leg load as function of time.
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(b) Spudcan penetration as function of time.
Figure 4.11: Preload procedure, case 2.
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4.2.3 Case 3
In case 3 the normalized spudcan penetration rate is decreased from 0.8 to 0.13. Since the leg extension
mechanism is force-controlled the penetration rate during the simulation is not perfectly constant. The exact
penetration rate can be determined from the tangent line to the graph indicating the penetration as function
of time. Figure 4.12a and 4.12b respectively depict the leg load and spudcan penetration depth as function
of time for the single spudcan simulation. The spudcan penetration is larger in case 3 compared to case 2.
However, the additional penetration and leg load reduction during the consolidation phase are lower. The
resistance of the soil increases as the penetration rate is higher, caused by the additional viscous resistance.
Consequently, the spudcan penetration during the initial loading phase is larger when adopting a lower pene-
tration rate. During the consolidation phase however, the additional viscous resistance diminishes and larger
settlements are observed for the case adopting a higher penetration rate. The total penetration after the con-
solidation phase is similar for both cases.
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(b) Spudcan penetration as function of time.

Figure 4.12: Single pudcan penetration, case 2 and 3.

Also for the simulation of the preload procedure the lower penetration rate results in a larger spudcan pen-
etration. After the first preload phase the spudcan penetration is approximately 10% larger in case 3 than
in case 2. The leg load reduction during the first preload cycle however, is 4.4%and significantly lower than
the load reduction of 6% in case 2. The leg load reduction decreases with approximately 25% compared to a
normalized penetration rate of 0.8, though a second preload cycle is required to meet the preload criterion.
During the consolidation phase of the second preload cycle the leg load reduces with 3% and the preload
criterion is met.
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(a) Leg load as function of time.
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(b) Spudcan penetration as function of time.

Figure 4.13: Preload procedure, case 3.
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4.2.4 Case 4
The permeability of the clay layer is increased from 10−5 to 10−3 m/day in case 4. During the loading phase
of the single spudcan simulation the leg load and penetration are similar to case 2, as depicted in figure
4.14a and 4.14b. The results indicate that during the consolidation phase the additional penetration and
the leg load reduction are larger in case 4. As the permeability is significantly increased a higher degree of
consolidation is reached within a similar period of time. Consequently, the rate of soil settlement and leg
load reduction is larger. For the simulation of the single spudcan penetration in case 4 the leg load reduction
is 8% and the additional spudcan penetration is 1% of the total spudcan penetration, this is respectively 120%
and 70% more than in case 2.
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(b) Spudcan penetration as function of time.

Figure 4.14: Single spudcan penetration case 2 and 4.

Also for the simulation of the preload procedure the additional penetration and leg load reduction during
consolidation are larger. The load reduction in the first preload cycle is approximately 8.4% and in the second
preload cycle 7%. The preload criterion is not met after two preload cycles and multiple cycles are required.
The increase in spudcan penetration over time during the preload cycles in case 4 follows a more gradual path
relative to case 2. The penetration continues during the consolidation phase and a smaller step of increase
of the penetration at the start of the second preload cycle is observed. Further, at the end of the preload
procedure in case 4 the penetration of the SB forward and PS aft leg are higher compared to the adjacent
forward or aft leg. In case 2 this difference in penetration at the end of the procedure is negligible.
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(a) Leg load as function of time.
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(b) Spudcan penetration as function of time.

Figure 4.15: Preload procedure, case 4.
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4.2.5 Case 5
The overshooting procedure, proposed by Cathie et al. (2017), is developed in an attempt to improve the
preload duration. During the procedure the preload target is overshot to bring the spudcan to the depth,
which would have been reached by the creep-like additional penetration under the normal preload proce-
dure. Once the overshoot preload target is reached the leg load is actively reduced to the normal preload
target before starting the consolidation phase. With this procedure it is likely that the preload can be sus-
tained without additional penetration.
The procedure adopted in this research is slightly different: the leg load is not actively reduced to the normal
preload target before starting the consolidation phase. The consolidation phase is started and from the mo-
ment the leg load reduces from the overshoot preload target to the normal preload target, consolidation is
continued for 15 minutes.
The value of the normalized preload target in case 5 is increased to a value of 1.0 and 0.95 for the aft and for-
ward legs respectively, 5% larger than the initial preload target. As a larger load is applied the spudcan pen-
etrates further, as depicted in figure 4.16b, and causing the absolute spudcan penetration rate to be slightly
higher than in case 2. The additional spudcan penetration during the consolidation phase for case 5 shows a
linear increase. The leg load reduction is similar for both cases, as depicted in figure 4.16a.
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(b) Spudcan penetration as function of time.

Figure 4.16: Single spudcan penetration, case 2 and 5.

The results of the preload procedure are depicted in figure 4.17a and 4.17b. The preload criterion is met
during the first preload cycle as the leg load reduces with only 8.4% during the complete consolidation phase.
As the preload target is overshoot with 5%, the leg load reduction relative to the normal preload target is only
3.4%. Compared to the normal procedure, the overshooting procedure is effective in reducing the preload
cycles to meet the preload criterion.
As the leg penetrations are larger during the overshooting procedure compared to the normal procedure,
slightly more time is required to reach this additional penetration depth. In combination with the extended
consolidation phase, one preload cycle takes considerably more time during the overshooting procedure as
adopted and executed in this research.
When adopting the exact same overshooting procedure proposed by Cathie et al. (2017), the duration of one
preload cycle is similar to the duration of one preload cycle of the normal preload procedure. This procedure
is expected to be effective in reducing both the required number of preload cycles and the preload duration.

00:00:00 00:45:00 01:30:00 02:15:00 03:00:00

Time

0

0.2

0.4

0.6

0.8

1

N
o

rm
. 

le
g

 l
o

a
d

 1  2  3  4  5  6  7

SB fwd PS fwd SB aft PS aft

(a) Leg load as function of time.

00:00:00 00:45:00 01:30:00 02:15:00 03:00:00

Time

1.05

1.1

1.15

1.2

1.25

1.3

1.35

N
o

rm
. 

p
e

n
e

tr
a

ti
o

n

 1  2  3  4  5  6  7

(b) Spudcan penetration as function of time.

Figure 4.17: Preload procedure, case 5.
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4.2.6 Case 6
The preload procedure consists of a consolidation phase during which the leg load development, leg load
reduction, and additional penetration are monitored. A possible variation, which is regularly performed in
practice, is maintaining the leg load at the preload target during the 'first' consolidation phase. The legs are
continuously extended to effectuate a constant leg load. During the 'second' consolidation phase the legs are
not extended and leg load redistribution is allowed to occur.
The leg load and spudcan penetration over time are depicted in figure 4.18a and 4.18b respectively. As the
preload target is kept constant during the consolidation phase in all cases for the single spudcan simulation,
the spudcan penetration is similar for case 2 and 6. The spudcan penetration for case 6 continues for the
'second' consolidation phase, the results indicate a decreasing rate of spudcan penetration as the graph tends
to flatten out.
The total leg load reduction in case 6 is slightly smaller than in case 2. During the first 15 minutes the preload
target is maintained after which the leg load reduction starts. During the 'second' consolidation phase in case
6 the leg load reduction is smaller than the leg load reduction during the 'first' consolidation phase in case 2.
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Figure 4.18: Single spudcan penetration, case 1 and 6.

Figure 4.19a and 4.19b depict the leg load and penetration over time during the preload procedure. The
results indicate that the penetration of the active leg pair gradually increases and the preload target is main-
tained.
The leg load shows a linear decrease during the 'second' consolidation phase, the total load reduction at
the end of this phase is 4.6%. This reduction is slightly lower compared to the reduction reached during the
second preload cycle in case 2. Although the improvement is small and a second preload cycle is required,
the procedure adopted in this case appears to be an effective method to decrease the leg load reduction
compared to the normal preload procedure.
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(a) Leg load as function of time.
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Figure 4.19: Preload procedure, case 6.
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4.2.7 Comparison jacking data
Figure 4.20 and 4.21 respectively depict the leg load and spudcan penetration as a function of time from the
jacking data and FE model. The dashed coloured lines represent the jacking data and the solid lines the model
results. The aft and forward legs are depicted in separate figures.
According to the jacking data the total preload procedure takes approximately two hours, the duration of
preloading one leg pair is one hour. The number of preload cycles can not be determined from the jacking
data as the legs are continuously extended. One consolidation phase is performed at the end of preload-
ing each leg pair and this phase is ended after approximately 25 minutes. This specific preload strategy is
simulated with the FE model, one preload cycle per leg pair is performed and this cycle is followed by a con-
solidation phase of 25 minutes.
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Figure 4.20: Leg load as function of time; jacking data and FE model results.

By continuously extending the legs, the load on the active leg pair is maintained at the target preload. The
total leg load reduction during the only consolidation phase is equal to 6% for both the forward and aft legs.
During the first 5 minutes of the consolidation phase (stage 3 and 6) the leg load reduces with 50% of the total
load reduction. The load reduction flattens out in the final part of the consolidation phase; the load reduction
in the final 10 minutes is limited to 10% only.
In the FE model calculations the leg load reduction during the total consolidation phase is equal to 3.2% of
the total leg load. The preload criterion is met as the leg load reduces with only 2% in the first 15 minutes.
The leg load reduction during the consolidation phase for the 'second' (stage 6) leg pair is 2.6% and slightly
lower than the load reduction for the 'first' leg pair (stage 3).
The model calculates a linear reduction in leg load during the consolidation phase. The jacking data indicates
rapid load reduction in the first part of the consolidation phase. In the FE model the time-steps for the fully
implicit scheme of integration, used for the consolidation phase, are relatively large and an average of four
time-steps is adopted to complete the consolidation phase. The large time-steps cause the leg load reduction
to deviate from the leg load reduction of the jacking data.
The load reduction for the active leg pair causes a load increase for the passive leg pair. The leg load for the
passive leg pair in the jacking data however, is relatively constant and the load increase is smaller than the
decrease for the active leg pair. This deviation is also seen in the total load which is equal to the sum of all
four leg loads. The total load is expected to be constant over time, however the profile follows a similar path
as the load advancement of the active leg pair. This disparity is presumably caused by measurement errors
or inaccuracy. The leg load reduction and increase of respectively the active leg pair and passive leg pair
calculated by the model are identical.
According to the jacking data the normalized spudcan penetration after the preload procedure is approxi-
mately 1.0 and 1.1 for the forward and aft legs respectively. During preloading the active leg pair is continu-
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ously extended to maintain the leg load at the preload target. The penetration of the passive leg pair remains
constant. At the moment preloading is switched to the other leg pair (stage 4), the penetration of the 'new'
passive leg pair decreases and the penetration of the 'new' active leg pair increases.
The FE model calculates that the normalized total penetration at the end of the preload procedure is ap-
proximately 1.15 and 1.25 for the forward and aft legs respectively, being 15% larger than observed from the
jacking data. The spudcan penetration profile calculated by the model during the complete procedure how-
ever, matches with the profile of the jacking data. The trend of spudcan penetration increase and decrease at
the moment preloading is switched to the other leg pair, is captured rather well by the model.
The additional penetration is continuous throughout the time domain according to the jacking data. The ad-
ditional spudcan penetration calculated by the FE model indicates most of the additional penetration occurs
during the second half of stage 2.
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Figure 4.21: Spudcan penetration as function of time, jacking data and FE model results plotted in one graph.

By performing the exact same preload procedure in the model as the jacking data, the preload criterion is
met. The leg load reduction during the consolidation phase is smaller than indicated by the jacking data.
The model results indicate a shorter preload duration would suffice to satisfy the preload criterion. An itera-
tive process is required to identify when the preload criterion is satisfied and to asses the minimum preload
duration according to the model.
In appendix J.3 an alternative simulation of the preload procedure with the model is presented. The preload
criterion is met during the fourth preload cycle for the 'first' leg pair and the third preload cycle for the 'sec-
ond' leg pair. The total duration of this preload procedure is larger than for the procedure as depicted in figure
4.20 and 4.21.
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4.3 Discussion
Two types of simulations are performed in this research; (1) the simulation of the penetration of a single
spudcan into the soil domain and (2) the simulation of the complete preload procedure for the jack-up vessel
Aeolus. During the simulation of the single spudcan penetration any interference of adjacent spudcans on
the soil behaviour is excluded and leg load redistribution can not occur. By performing six case-specific calcu-
lations the soil behaviour is analysed and the significance of possible mechanisms on the leg load reduction
and the spudcan penetration are examined. The simulation of the complete preload procedure, including
all four legs and the vessel structure, incorporates the mechanism of leg load redistribution. Leg load redis-
tribution is initiated by the isotach behaviour of the clay and affects the leg load reduction and the spudcan
penetration.
Note that in this research a Small Deformation Finite Element (SDFE) analysis is performed and the Wished-
In-Place (WIP) method is adopted. The mesh of the soil domain is discretized to identify the optimal mesh in
terms of accuracy and computation time. These choices affect the model calculations and results.

Soil characteristics
The spudcan penetrations in the simulation of the preload procedure are larger than in the simulation of the
single spudcan. The total spudcan penetration for the forward legs in case 2, adopting a reduced OCR for all
clay layers, is 50% larger than in the simulation of the single spudcan. The adjacent forward and adjacent
aft spudcans reciprocally influence the spudcan penetration into the soil. This influence emphasizes the
importance of one model comprising all spudcans to accurately predict the total spudcan penetration.

During the preload procedure the spudcans are loaded and the total vertical stress in the soil increases. The
OCR tends to decrease during the spudcan loading, depending on the drainage conditions. The reduction in
OCR for one day of consolidation is adopted for case 1 of both simulations, an OCR in the range 2.5 - 4.0 is
calculated by the model. The potential change of the OCR due to remoulding of the soil below the spudcan,
during penetration, is neglected in this research. The leg load reduction for the first preload cycle in case 1
is solely caused by consolidation. The viscous effects calculated by the model are negligible, which is caused
by the application of high OCR values. The model calculates a negligible amount of creep when adopting
an OCR value higher than 2. This is substantiated by the results of the analysis relating the undrained shear
strength ratio to the strain rate, as presented in section 3.1.1 and depicted in figure 3.7. In case 2, adopting
reduced OCR values of 1.4, the viscous effects are more significant. The OCR determines to a large extent the
occurrence of the viscous effects in the model. Consequently, the leg load reduction and the time required
for sufficient preloading calculated by the model are significantly affected by the adopted values for the OCR
of the soil layers.
Zhu and Yin (2000), Sorenson et al. (2007) and Lehane et al. (2009) indicate that the over-consolidation ratio
does not seem to affect the general strain-rate dependent behaviour. Test results are presented in these re-
searches which however indicate that the magnitude of strain-rate influence is slightly more significant for
lower OCR (≤ 2) than for higher OCR.
For high OCR values (> 2) the Soft Soil Creep model calculates a very limited amount of creep during spudcan
penetration, such that the influence of viscous effects can be neglected. To calculate the amount and rate of
creep for over-consolidated soils with the SSC model the OCR input should be decreased. The calculation of
the amount and rate of creep by the model is highly dependent on the OCR input, the sensitivity of the creep
output to the OCR input is unrealistic. The model does not capture viscous soil behaviour during the preload
procedure for OCR input ≥2. Consequently, to simulate the preload procedure in (highly) over-consolidated
clays the SSC model requires a significant lower OCR input than the actual OCR. Further research on varies
over-consolidated soils is advised to identify what the effect of the OCR is on the extent of viscous behaviour
of clay.

In this research the permeability of the clay layers is assumed to be equal to 10−5 m/day. The effect of the
permeability is examined in case 4 by increasing the permeability to 10−3 m/day. The excess pore pressures
dissipate faster in the soil with larger permeability and a higher degree of consolidation is reached in the
consolidation phase of 15 minutes. The total spudcan penetration and leg load reduction are larger and the
soil settlement rate and leg load reduction rate increase. These effects influence the total duration of the
preload procedure and an accurate estimation of the soil permeability is required to accurately predict this
duration.

The Soft Soil Creep model is capable to model the viscous effects and isotach behaviour of the clay. The sim-
ulation results of case 1 - 6 indicate the influence of consolidation, viscous and isotach behaviour of clay on
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the spudcan penetration and the preload procedure.
In case 1 the leg load reduction is solely caused by the consolidation of the soil. As described in the previous
paragraph viscous effects are excluded in case 1, yet a decrease in leg load is calculated for both type of sim-
ulations. The consolidation of the soil induces only a small leg load reduction.
The viscous effects are identified by analysing the results from case 2 and 3. The leg load reduction and
leg penetration of the active leg pair are larger for a higher penetration rate. At the moment penetration is
stopped the viscous resistance diminishes and the spudcan continues to penetrate to create equilibrium. The
viscous resistance is larger for a higher penetration rate, causing a larger leg load reduction.
Together with creep and stress relaxation the viscous effects induce the isotach behaviour of clay. The rate of
creep and stress relaxation increase for higher strain rates and for a stress state closer to the failure surface.
This establishes the process of load redistribution between the active and passive leg pair. During the normal
preload procedure the normalized load on the active forward and aft leg is 0.88 and 0.95 respectively, the nor-
malized load on the passive forward and aft leg is 0.40 and 0.52. The stress state of the soil surrounding the
active legs is closer to the failure surface which initiates a higher stress relaxation rate of the soil compared
to the soil surrounding the passive legs. Consequently, the leg load redistribution is initiated and the load
transfers from the active leg pair to the passive leg pair.
The model developed in this research is well capable to incorporate the mechanism of leg load redistribution
between the four legs of the jack-up vessel Aeolus.

The soil behaviour, including the extent of the viscous effects, is determined by the soil parameters adopted
in the model. Based on the laboratory and in-situ soil tests, the soil is classified and soil parameters are de-
termined and translated to model parameters. Inhomogeneous soil conditions may be expected throughout
the project site. As the tests are performed on soil samples originating from different locations at the project
site, the test results vary and an approximation of the parameter values is made. The model parameters are
calibrated using the results from the oedometer and the triaxial tests. The determination of the values for the
modified creep index (µ∗) and the permeability (k) of the clay are roughly estimated and based on general
observations. Further site specific laboratory and scale model testing are required for a more accurate esti-
mation of the model parameters. The outcomes of this analysis are needed to confirm the soil behaviour, as
calculated by the adopted model, corresponds to reality.

The laboratory and in-situ test results indicate elastic anisotropic soil behaviour. The stress paths in a p ′−q
plot for the CU triaxial tests on the over-consolidated clay at the project site are inclined within the elastic
region of the test. For isotropic linear elastic soil a perfectly straight path is expected, the observed inclination
could indicate anisotropic elastic soil properties. The Soft Soil Creep model is not capable to describe the
feature of anisotropy and the influence is therefore disregarded in the model simulations. Note that after
the elastic phase non-linear contracting behaviour is initiated which causes inclination of the effective stress
path in the test results.
One of the possible consequences of the anisotropy of the soil is the steep inclination of both the loading and
unloading/reloading curve in the oedometer test results for clay layer 1. The model is not capable to accu-
rately describe the steep inclination of both curves and only the loading curve can be matched. Consequently,
the unloading/reloading stiffness of clay layer 1 is overestimated and during unloading the soil expansion is
underestimated and potentially affects the leg load redistribution during the preload duration.
Further research is required to identify the consequences of the anisotropy of the soil and the steep loading
and unloading/reloading curves on the spudcan penetration and leg load reduction.

Spudcan penetration and preload duration
The preload procedure adopted at the project site does not consist of separate consecutive preload cycles.
After reaching the preload target the leg load is kept constant by continuously extending the legs and one
consolidation phase of 25 minutes for each leg pair is executed. The same procedure is simulated with the FE
model.
The normalized spudcan penetration depth at the end of the preload procedure, as calculated by the model, is
1.15 and 1.25 for the forward and aft spudcans respectively. The FE model slightly overestimates the spudcan
penetration as the penetration depth following from the jacking data is 15% smaller. According to the jacking
data the duration of the total preload procedure is approximately two hours. When adopting the same proce-
dure in the model the leg load reduction satisfies the preload criterion. The model results indicate a shorter
preload duration would suffice to satisfy the preload criterion. An iterative process is required to identify the
minimum preload duration according to the model. The FE model however underestimates the total preload
duration.
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Preloading procedure
The type of preload procedure is varied in an attempt to improve the duration of the total procedure. Two
variations of the normal procedure are examined, the overshooting procedure and the alternative procedure.
During the procedure the preload target is overshot to bring the spudcan to the depth, which would have been
reached by the creep-like additional penetration under the normal preload procedure. Once the overshoot
preload target is reached the leg load is actively reduced to the normal preload target before starting the
consolidation phase. The procedure adopted in this research is slightly different: the leg load is not actively
reduced to the normal preload target before starting the consolidation phase. The consolidation phase is
started and from the moment the leg load reduces from the overshoot preload target to the normal preload
target, consolidation is continued for 15 minutes.
During the alternative procedure the leg load is maintained at the preload target for a longer period of time
before starting the consolidation phase.

Both procedures are effective in reducing the number of preload cycles to satisfy the preload criterion. How-
ever, compared to the normal preload procedure the duration of one preload cycle increases for both meth-
ods. The duration of the preload cycle for the overshooting procedure, as adopted and executed in this re-
search, is longer as the penetration depth is larger and the consolidation phase is extended. For the soil
conditions in this research, approximately 45 minutes are required for one preload cycle. The duration of one
preload cycle of the alternative procedure depends on the length of the period of time during which the leg
load is maintained at the preload target. This phase is followed by the consolidation phase of 15 minutes.
One preload cycle of the normal procedure takes significantly less time, being 15 to 20 minutes.
The normal preload procedure requires three preload cycles per leg pair to satisfy the preload criterion. The
overshooting and alternative procedure require only one preload cycle. For the given soil conditions, the time
to complete the procedure is similar for all methods and approximately equal to 90 minutes. For this specific
case the overshooting and alternative method do not improve the time to complete the preload procedure.
When adopting the exact same overshooting procedure proposed by Cathie et al. (2017), the duration of one
preload cycle is similar to the duration of one preload cycle of the normal preload procedure. This procedure
is expected to be effective in reducing both the required number of preload cycles and the preload duration.

Another possible variation is changing the penetration rate for the normal preload procedure. Reducing the
penetration rate results in a lower leg load reduction and is effective in reducing the number of preload cycles.
However, due to the lower spudcan penetration rate the duration of a preload cycle increases. For the given
soil conditions the time to complete the preload procedure is approximately equal to 120 minutes, adopting
a lower penetration rate increases the time to complete the preload procedure.



5
Conclusion and recommendations

5.1 Conclusion
The aim of this research is to assess the preload duration of the jack-up vessel Aeolus in cohesive soil. In the
paragraphs below conclusions on the research sub-objectives and finally the main objective are formulated.

Represent the soil conditions and behaviour in a 3D FE model.

A comprehensive 3D finite element model of the soil, the structure and the interaction of both is created using
the Finite Element (FE) software package PLAXIS 3D. Small Deformation Finite Element (SDFE) analyses are
conducted and the spudcan penetration is simulated via the Wished-In-Place (WIP) method. Jacking data,
including the leg load and penetration as function of time during the preload procedure at the project site, is
available and used for the verification of the 3D model.
The characteristics and parameters of the soil at the project site are identified by analysing available labo-
ratory and in-situ test results. Two clay layers extending to a depth of 22.7 m and a sand layer beneath are
identified and characterised. The clay layers are highly over-consolidated with an OCR in the range of 4 to
7. The results from the laboratory test results indicate elastic anisotropic behaviour of the over-consolidated
top clay layer. A possible consequence of the anisotropy of the clay is the relatively high unloading/reloading
stiffness for the top clay layer, which is indicated by the oedometer test results showing a steep inclined un-
loading/reloading curve.
The Soft Soil Creep (SSC) model is used as constitutive model and accounts for viscous effects by formulating
irreversible strains by means of viscoplasticity. The feature anisotropy is not described by the SSC model
and the influence is therefore disregarded in the model simulations. The influence of the preconsolidation
pressure and the strain rate on the undrained shear strength of the clay layer is investigated by simulating
consolidated undrained triaxial tests. The Soft Soil Creep calculates that the influence of the strain rate on
the undrained strength is negligible for OCR ≥ 2.

Capture the structural behaviour of Aeolus in a 3D FE model.

The vessel structure is included in the 3D model to accurately consider the load redistribution between the
legs. A simple beam configuration is designed to represent the flexible hull structure. The stiffness of the
beams are calibrated based on the results of the predrive analysis of a detailed FE model of the vessel.
A node-to-node anchor element is applied within each leg to establish leg extension and to penetrate the
spudcans during the FE simulations. The elements are force-controlled and appear to be effective to sim-
ulate the lowering of the legs during the preload procedure. Each leg is equipped with a spudcan which is
represented by a rigid body. Interface elements are applied around the spudcan to allow for potential slip
planes in the soil domain and to exclude potential singularities.

Simulate the preload procedure by combining the structural and soil components.

The complete 3D FE model consists of the soil domain and the simplified vessel structure. The model is
capable to simulate the complete preload procedure. The viscous effects and isotach behaviour are captured
well by the model and allow for the simulation of load redistribution between the legs.
Two types of simulations are performed: (1) the single spudcan penetration and (2) the complete preload
procedure including all four legs and the connecting structure. Comparison of the results of the two simu-
lations indicates that the penetration of a spudcan influences the penetration of an adjacent spudcan. The
reciprocal influence of the forward spudcan and of the aft spudcans emphasizes the importance of one model
comprising all spudcans in the same 3D soil domain.
Based on the comparison of the jacking data and the model results it is concluded that the model slightly
overestimates the spudcan penetration and underestimates the total preload duration.

50
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Analyse the leg load redistribution during the preload procedure.

As a result of the sensitivity of the creep output to the OCR input and in an attempt to incorporate the viscous
soil behaviour, the OCR input is significantly reduced compared the actual OCR of the soil. During spudcan
penetration the OCR is expected to vary in the range 2.5 - 4 while an OCR model input of 1.4 is adopted to
capture the viscous effects, as observed in the jacking data. The viscous behaviour of the clay is proportional
to the load redistribution between the legs of the vessel and affects the total preload duration. The potential
change of the OCR and soil strength due to remoulding of the soil below the spudcan, during penetration, is
neglected in this research.
The overshooting and alternative procedure are variations on the normal preload procedure. The proce-
dures are simulated to examine possible improvements of the preload duration. The overshooting procedure
adopted in this research differs from the procedure proposed by Cathie et al. (2017): in this research the leg
load is not actively reduced to the normal preload target before starting the consolidation phase.
Both the overshooting and alternative preload procedure are effective in reducing the number of preload
cycles to satisfy the preload criterion. For both procedures the duration of a preload cycle however, increases
compared to the normal procedure. For the soil conditions adopted in this research both procedure types
do not improve the elapsed time to complete the total preload procedure. It is expected that the preload
duration of the overshooting procedure is improved by actively reducing the leg load to the normal preload
target, before starting the consolidation phase.
Using a lower spudcan penetration rate during the normal preload procedure is also effective in reducing the
number of preload cycles but significantly increases the elapsed time to complete the preload procedure.

Develop a 3D model to assess the preload duration of the jack-up vessel Aeolus in cohesive soil.

A 3D model is developed to conduct a SDFE analysis of the preload procedure of the jack-up vessel Aeolus.
The Soft Soil Creep (SSC) model is used as constitutive model and accounts for viscous effects by formulating
irreversible strains by means of viscoplasticity. The vessel structure is represented by a simple beam config-
uration which is capable to accurately consider the load redistribution between the legs during preloading.
Given the limitations of the model and the consequences of the assumptions made, this model is capable to
assess the preload duration. The above conclusions have been made on the basis of site specific soil condi-
tions.

5.2 Limitations
In this research some important assumptions were made. The main assumptions and corresponding sup-
posed consequences are:

– Idealised and perfect homogeneous soil conditions are assumed as the SSC model input. The soil
model is calibrated for the best fit with the laboratory and in-situ soil tests. It is however unlikely that
similar soil conditions are found at all four legs and throughout the project site.
As the structural components and corresponding geometrical and mechanical characteristics are based
on the specifications of Aeolus and the soil conditions are site specific, the results from this research
tend to be location specific. Further site specific laboratory and scale model testing are required to
confirm observations drawn from this research.

– In the FE simulation of the preload procedure the effects of horizontal environmental and operational
loading are neglected. This type of loading could influence the observed leg loads, spudcan penetra-
tions and overall behaviour. However, as vessel preloading is only conducted during, though subjective,
calm weather circumstances, predominantly vertical loads are deemed to influence the loads. There-
fore it is expected that disregarding any influence of horizontal loading on the preload procedure has a
small effect on the results.

– Complete backfill mechanism is assumed during spudcan penetration. The weight of the soil volume
flowing on top of the spudcan affects the final penetration of the spudcan. The use of complete backfill
is a conservative approach, as the total spudcan load increases when more soil is to be carried. Backfill
is a complex mechanism and to identify at which depth the process starts, further research is required.

The main limitations of this research due to the choice of the FE software in combination with the constitutive
soil model are:

– The calculation of the amount and rate of creep by the Soft Soil Creep model is highly dependent on
the OCR input. The model does not capture viscous soil behaviour during the preload procedure for
an OCR input ≥2. Consequently, for the application of simulating the preload procedure in (highly)
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over-consolidated clays, the SSC model requires a significant lower OCR input than the actual OCR at
the project site.

– Oedometer tests, performed with soil samples from the project site, show that the value for the unload-
ing/reloading stiffness for clay layer 1 is similar to the value of the primary loading stiffness. This is a
possible consequence of the anisotropy of the results as described in section 2.3.5. The SSC model does
not allow to simultaneously represent high values for both stiffness parameters. For the purpose of this
research it is chosen to match the primary loading stiffness from the laboratory tests and allow for devi-
ation from the actual unloading/reloading stiffness. The model overpredicts the unloading/reloading
stiffness causing the soil rebound effect to be underestimated. The test and model results and calibra-
tion of the model parameters are presented in section 3.1.1.

– In this research Small Deformation Finite Element (SDFE) analyses are conducted. A simplified ap-
proach is used where spudcan penetration is simulated via Wished-In-Place (WIP) method. Complete
spudcan penetration, starting at the soil surface, is associated with large deformations. To accurately
capture the corresponding large strains and displacements and installation effects a Large Deforma-
tion Finite Element (LDFE) or a Material Point Method (MPM) analysis is required. Both methods are
relatively complicated and computationally expensive.

– The results from the consolidated undrained triaxial tests, performed on different soil samples from
both clay layers (layer 1 and 2), indicate anisotropic elastic properties for both clay layers. The SSC
model does not incorporate soil anisotropy and the phenomenon is disregarded in the model simula-
tions.

– Both clay layers are identified to be over-consolidated with an OCR varying within the range 4 - 7 prior
to spudcan loading. For over-consolidated clays the plastic strains already start to generate at a stress
state within the yield boundary (Banerjee and Stipho, 1978). This phenomenon is not captured by the
SSC model as it describes a sharp distinction between the elastic and plastic strains.

– The leg extension mechanism within the 3D FE model requires horizontal fixation of the corresponding
nodes to ensure stable equilibrium. Due to the fixation the spudcan is prevented to move horizontally.
Application of the 3D FE model in simulations where horizontal loads (uneven seabed) are to be con-
sidered, results in unreliable leg loads, spudcan penetrations and overall behaviour.

5.3 Recommendations
Based on the outcomes of the research recommendations for further research are proposed. The recommen-
dations are:

– The preload procedure simulation in the 3D FE software is relatively expensive in terms of time and
memory usage. For a 2D PLAXIS axisymmetric analysis 15-node triangle elements are used and for
a 3D PLAXIS analysis 10-node tetrahedral elements are used, the difference in order of interpolation
between the elements is two. Compared to 2D, modelling the complete soil domain in 3D requires a
significant amount of elements to achieve the same accuracy which slackens the computation time
and increases the required memory usage. Spudcan penetration can be modelled making use of a
2D axisymmetric model. By connecting the individual spudcan models via a 3D model incorporating
the vessel structure, the load redistribution can be simulated. Adopting an approach combining 2D
axisymmetric and 3D modelling in future research optimizes the number of elements and memory
usage. Note, this method is only allowed on the condition that the reciprocal influence of the spudcans
within the soil domain is negligible.

– The leg load reduction over time is affected by several processes, including: consolidation, viscous
effects and leg load redistribution. The effect of this criterion on the total duration of the procedure
can be examined by accurately determining the loads on the vessel and the leg load over time, which
is feasible with the model as developed in this research. However, the justification of the formulation
of the preload criterion in relation to the vessel structure, the soil characteristics and the interaction of
both could be subject of further research. This research could provide a more thorough insight in this
criterion value in relation to the system and could have a positive impact on the preload duration.

– The calculation of the amount and rate of creep by the Soft Soil Creep (SSC) model is highly dependent
on the OCR input. Further research on the viscous behaviour of over-consolidated (OC) soils may lead
to a better understanding of the extent of viscous effects in OC clays during preloading. Further, this
research could contribute to the development of a procedure on how to accurately represent viscous
behaviour of OC soils by the SSC model or any other constitutive model.
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– In the absence of test results to accurately determine the modified creep index, µ∗, the value can be
roughly estimated and based on general observations. In preparation of the site specific assessment of
the preload procedure it is advisable to conduct undrained creep tests to obtain a more accurate value
for µ∗.

– Remoulding of the soil below the spudcan, during penetration, is neglected in this research. However,
remoulding potentially affects the strength and the over-consolidation ratio (OCR) of the soil surround-
ing the spudcan. Further research on strength degradation and reduction of the OCR during spudcan
penetration could lead to more insight in the extent of the effect of remoulding.
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A
Soil parameters

Void ratio (e0)
The void ratio is known at 10 depths, eight in clay layer 1 and two in clay layer 2. The void ratio over depth is
relatively constant for both layers, an average value representing the void ratio for each layer suffices.
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Figure A.1: The (initial) void ratio over depth.

Depth [m] e0 [-]
5.25 1.031
6.00 0.947
6.24 0.973
9.32 1.009
11.48 0.940
14.35 0.794
15.21 0.741
16.05 0.903
16.20 0.92
19.50 0.633
20.25 0.704

Permeability (k)
The plasticity chart, figure A.2, and the soil classification chart from chapter 2.3, figure 2.7, indicate a clay
with low permeability. An estimated value of 10 m/day is assumed for the permeability of the clay in both
layers.

Figure A.2: Plasticity chart for the two clay layers, represented by both the black and red circles.
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Relative Density (Dr )
Based on the relations as proposed by Jamiolkowski et al. (2001) the relative density, Dr , is determined from
the CPT results. The relation between the corrected cone resistance, qt , and Dr is given next to figure A.3
below. An average value of 65% is assumed for the whole sand layer. The relations proposed by Brinkgreve
et al. (2010) link the Dr to the Hardening Soil (HS) model parameters.
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Figure A.3: Relative density, Dr , profile over depth, the average
value for the sand layer is 65%.

Dr = 100∗ (
0.268∗ ln

(
qt1

)−0.675
)

qt1 = qt(
σ′

v0∗σatm
)0.5

qt = qc +u2 ∗ (1−α)

Friction angle (φ) and dilatancy angle (ψ)
The friction and dilatancy angle, φ andψ respectively, for the sand layer are determined from the CPT results
using the relations as proposed by Robertson and Campanella (1983) and Kulhawy and Mayne (1990). An
average value for each parameters is used to represent the sand layer, φ = 40o and ψ = 10o .
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Figure A.4: (a) Friction angle and (b) dilatancy angle over depth for the sand layer between 22.7-40.0 m, based on the CPT data. The two
profiles are determined according the formulas presented by Robertson and Campanella (1983) and Kulhawy and Mayne (1990). Based

on these results an average value for both parameters are chosen: φ= 40 amd ψ= 10.

Robertson and Campanella (1983):

tan
(
φ

)= 1

2.68

(
log

(
qc

σ′
v0

)
+0.29

)
(A.1)

Kulhawy and Mayne (1990):

φ= 17.6+11∗ log(Qt ) (A.2)
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Compression and swelling index (Cc , Cs )
Both stiffness indices follow from the oedometer results. The compression index is determined from the
tangent of the loading curve and the swelling index from the tangent of the unloading curve. The procedure is
shown in figure A.5a, the results following from the eight oedometer tests are depicted in figure A.5b. Average
values for both parameters in both layers are selected.

(a) Example to determine the stiffness parameters using the oedometer
test results.

0 0.1 0.2 0.3 0.4

C
c

0

0.05

0.1

0.15

0.2

C
s

Clay layer 1

Average value layer 1

Clay layer 2

Average value layer 2

(b) Calculated and average compression and swelling indices for both clay
layers.

Young’s Modulus (E)
A relation between Young’s Modulus and the corrected cone resistance is proposed by Robertson (2009). The
modulus factor, as used in this relation, is determined from the soil behaviour type index. The relations are
listed next to figure A.6.
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Figure A.6: Young’s modulus (E) over depth for the sand layer
between 22.7-40.0 m, based on the CPT data.

E =αE ∗ (
qt −σv

)
αE = 0.015∗ (

100.55∗Ic+1.68)
Ic = (

3.47− log(Qt )
)2 +

((
1.22+ log

(
R f

))2
)0.5

R f = fs
qt−σv

∗100%
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Over-consolidation ratio (OCR)
The over-consolidation ratio (OCR) is related to the CPT results via the normalized cone resistance, as sug-

gested by Kulhawy and Mayne (1990). Using the Casagrande interpretation method also from the oedometer
test results the OCR is determined. The results following from both methods are depicted in figure A.7. The
values for the OCR following from the CPT results within the upper 5 m are extremely high and might be un-
reliable. Clay layer 1 is subdivided in three layers each with a different OCR, clay layer 2 is represented by just
one OCR. The chosen values for these layers are added to the figure.
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Figure A.7: Over-consolidation ratio (OCR) over depth for the clay
layers between 0-22.7 m, based on the CPT data and oedometer

test data.

OC R = k ∗Qt

k = 0.25

Qt = (qt−σv0)
σ′

v0

Depth [m] OCR [-]
5.3 6.0
6.0 9.7
14.4 4.2
16.3 3.7
20.3 4.0

Figure A.8: Example of the Casagrande method applied at oedometer test results.



B
FE spudcan shape

Using the exact spudcan shape to penetrate into the soil results in unrealistic high peaks in stresses and
strains. Application of interface elements in combination with the exact spudcan shape does not improve the
results. To limit the number of sharp corners the shape of the structure within the soil domain is simplified.
Three different designs are used for a penetration simulation, the exact spudcan shape, the simplified spud-
can shape including tip and the simplified spudcan shape excluding tip. These designs are depicted in figure
B.1a, B.1b and B.1c respectively. The exact spudcan shape does not include interfaces and the two simplified
designs are used both with and without interfaces.

(a) (b) (c)

Figure B.1: Three spudcan designs used for the bearing capacity analysis. (a) Exact spudcan shape, (b) simplified spudcan shape
including the tip and (c) simplified spudcan shape excluding the tip. The green lines in the latter two figures represent the interface

configuration.

The results for the bearing capacity analyses are depicted in figure B.2. The changes in spudcan have limited
effect on the bearing capacity and penetration. The normalized leg load at a penetration of 0.35 m (relative to
the normalized initial depth of 1.0) varies between 0.92 and 0.9 for all variants. It is concluded adapting the
spudcan shape has negligible impact on the calculation.
It should be noted that for the variant with the exact spudcan shape the weight of the soil volume on top of
the spudcan is added to the observed bearing capacity, assuming complete backfill.
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Figure B.2: Leg load as function of additional penetration for different spudcan designs, the normalized initial spudcan depth in this
analysis is 1.0.
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C
Extension mechanism

Surface contraction can be applied to a plate component to simulate contraction or extension of the compo-
nent. By specifying a constant contraction in percentage the plate component contracts for a positive value
and extends for a negative value. Since the surface contraction only can be applied on a flat plate, two plates
positioned in an angle of 90o can be used to approach the behaviour of the circular leg. Further, the plate is
rigidly connected to the leg-beams which establishes a representative continuous leg.
Since only contraction and extension of the component can be specified, this analysis is displacement con-
trolled. PLAXIS does not enable the user to limit the displacement when a certain load is reached, while this is
essential to control and regulate the applied leg load during the preloading stage. The extension mechanism
using the surface contraction option is illustrated in figure C.1.

x axis

y axis

z axis

Connected plates

Extension

Leg

Figure C.1: Surface contraction as leg extension mechanism.
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E
2D mesh discretization

Mesh discretization is performed in 2D using axisymmetry. With PLAXIS 2D a 'slice' of the spudcan and
the soil volume is modelled in a 2D plane. This analysis is performed using the Mohr-Coulomb constitutive
model with parameter values as described in table 3.8. 15-node triangle elements are used, the element
provides second order interpolation of displacements and four Gauss integration points. Five different mesh
discretizations are used, the specifications are shown in table E.1. The mesh discretization is based on the
calculation of the bearing capacity for the spudcan at a depth of 10 meter.
Since in the axisymmetric analysis only one radian of the circular spudcan is modelled, the result from the
2D PLAXIS model should be multiplied by 2∗π to determine the total leg load.
In figure E.1a the result for each of the meshes is shown. Applying smaller elements results in a higher ac-
curacy, closer to the actual solution. The five meshes result in similar bearing capacity values, the difference
between the most fine and most coarse mesh is only 3%. The result of the finest 2D mesh, mesh 4, is used as
reference for the 3D discretization.

Table E.1: The 2D meshes with specification on the number of elements and nodes.

Mesh No. of elements No. of nodes Smallest element size [m] Calc. leg load [MN]
Mesh 1 199 1655 1.0 1.03
Mesh 2 663 5427 0.6 1.00
Mesh 3 1426 11589 0.4 0.97
Mesh 4 2574 20837 0.3 0.97
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Figure E.1: Mesh discretization results for the 2D analysis.
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F
Calibration soil model

This appendix depicts the results of the calibration of the Soft Soil Creep model. The model parameters are
calibrated using the laboratory test results, oedometer and consolidated undrained triaxial test. Creep is
excluded when the other parameters are calibrated using the Soft Soil model. The modified creep index is the
final parameter to be calibrated using the SSC model. The following information is presented in the appendix:

• Soil parameters

• Soft Soil model calibration

• Laboratory and PLAXIS test results

• Soft Soil Creep model calibration

Soil parameters
In table F.1 the soil parameters are shown as determined from the in-situ and laboratory tests.

Table F.1: Soil parameters for both clay layers.

Layer γ e0 ν k φ c ψ Cc Cs su

[-] [kN/m3] [-] [-] [m/day] [deg] [kPa] [deg] [-] [-] [kPa]

1 18.5 0.90 0.5 10−5 30 0 0 0.28 0.13 70+4.16∗ z
2 20.5 0.65 0.5 10−5 30 0 0 0.21 0.02 146+4.62∗ (z −17.5)

Soft Soil model calibration
Based on the soil parameters in table F.1 the parameters for the Soft Soil model are determined, using formu-
las 3.1 and 3.2. The values following from these formulas are listed in table F.2.

Table F.2: Initial converted Soft Soil model parameters.

Layer γ e0 ν k φ c ψ λ∗ κ∗ K NC
0 M

[-] [kN/m3] [-] [-] [m/day] [deg] [kPa] [deg] [-] [-] [-] [-]

1 18.5 0.90 0.3 10−5 30 0 0 0.065 0.016 0.5 1.65
2 20.5 0.65 0.3 10−5 30 0 0 0.056 0.014 0.5 1.65

The initially calculated value for κ∗ of clay layer 1 is too high and the value is recalculated using the thumb
rule: κ∗ =λ∗/4.
The oedometer test results are used to calibrate the stiffness parameters,λ∗ andκ∗. The consolidated undrained
triaxial test results are used to calibrate the strength parameters, φ, c and ψ. The calibrated Soft Soil model
parameters are shown in table F.3.

Table F.3: Calibrated Soft Soil model parameters.

Layer γ e0 ν k φ c ψ λ∗ κ∗ K NC
0 M

[-] [kN/m3] [-] [-] [m/day] [deg] [kPa] [deg] [-] [-] [-] [-]

1 18.5 0.90 0.3 10−5 30 5 0 0.055 0.010 0.5 1.65
2 20.5 0.65 0.3 10−5 30 1 0 0.056 0.011 0.5 1.65
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Laboratory and PLAXIS test results
The results of the laboratory and PLAXIS test results (oedometer, CU triaxial) are shown presented in this
section. In PLAXIS the Soil Test feature is used to simulate the tests. Note that these results follow from the
Soft Soil model using the values for the model parameters as listed in table F.3.

1. Oedometer test results

Table F.4: Laboratory and Soft Soil model oedometer test results.

Depth pc OCR εy y,max Figure

Lab test SS model
[m] [kPa] [-] [%]

Layer 1 4.1 500 14.5 13.1 15.5 F.1b
5.25 200 6 19.5 18.1 F.1a
14.35 500 4.2 14 15.5 F.1b
16.3 500 3.7 14 15.5 F.1b

Layer 2 10.15 1200 5.9 15.8 16.3 F.2a
20.25 700 4.1 16.7 16.3 F.2b
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Figure F.1: Laboratory and Soft Soil model oedometer results for three different values of the preconsolidation stress for clay layer 1.
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Figure F.2: Laboratory and Soft Soil model oedometer results for three different values of the preconsolidation stress for clay layer 2.
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2. CU triaxial test results
The preconsolidation pressure for each of the triaxial test results is listed in table F.5. The preconsolidation
pressure is used to simulate the CU triaxial test results in the Soil Test feature in PLAXIS.

Table F.5: Characteristics of the CU triaxial tests.

Depth σ′
v,0, σ′

h,0 OCR σ′
v,max K0 σ′

h,max qmax p ′
max pc

[m] [kPa] [-] [kPa] [-] [kPa] [kPa] [kPa] [kPa]
Layer 1 6.24 66 6.0 396 1.23 488 92 457 473

9.32 90 5.0 450 1.13 510 60 490 496
11.48 116 5.0 580 1.13 658 78 632 640
15.21 134 4.5 603 1.08 652 49 635 639
16.05 151 4.5 678 1.08 734 55 716 720

Layer 2 9.22 106 9.8 1039 1.41 1464 425 1322 1441
19.5 172 4.0 688 1.09 751 63 730 735

Table F.6: Laboratory and Soft Soil model CU triaxial test results.

Depth Cel pressure su pexcess,max Figure

Lab test SS model Lab test SS model
[m] [kPa] [kPa] [kPa]

Layer 1 6.24 66 83 43 47 30 F.4a
9.32 90 47 50.6 58 38 F.4b
11.48 116 83 64 71 47 F.4c
15.21 134 64 76 85 53 F.4d
16.05 151 84 84 95 59 F.4e

Layer 2 9.22 106 159 59 53 49 F.5a
19.5 172 164 102 70 72 F.5b
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Soft Soil Creep model calibration
The modified creep index, µ∗, is the final calibrated parameter. The influence of the modified creep index on
the stress path and the undrained shear strength is presented for both clay layers. The influence of the OCR
and strain rate are visualized by performing CU triaxial tests in the Soil Test feature in PLAXIS.
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2. Influence OCR and strain rate

A. Clay layer 1
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Figure F.8: Undrained shear strength for clay layer 1 for different strain rates, OCR and confinement. The value for µ∗ is set to 0.0028

(= λ∗
20 ) and the CU triaxial test conditions are εy y,max = 1%, t = variable and pc = variable.
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Figure F.9: The undrained shear strength profile for clay layer 1 with increasing shear strain rate for different OCR values and initial
confinement. The range of the empirical relation, equation 3.9, is added to the figures.
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B. Clay layer 2
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Figure F.10: Undrained shear strength for clay layer 2 for different strain rates, OCR and confinement. The value for µ∗ is set to 0.0028

(= λ∗
20 ) and the CU triaxial test conditions are εy y,max = 1%, t = variable and pc = variable.
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Figure F.11: The undrained shear strength profile for clay layer 2 with increasing shear strain rate for different OCR values and initial
confinement. The range of the empirical relation, equation 3.9, is added to the figures.
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Change of permeability

During consolidation the excess pore pressures dissipate and the effective soil stresses increase, settlements
are seen and the soil volume shrinks. The permeability of the soil determines to a large extent the time re-
quired to reach a certain degree of consolidation. During consolidation the permeability changes as the soil
settles and the permeability decreases. The change in permeability is accounted for by the parameter ck in
the SSC model, formulated as:

log

(
k

k0

)
= ∆e

ck
(G.1)

∆e is the change in void ratio, k is the permeability and k0 is the input value of the permeability. According to
Brinkgreve et al. (2018a) the value of ck is generally in the order of the compression index, Cc . The results for
a consolidation calculation adopting different values for ck are depicted in figure G.1. The effect of variation
in the value for ck on the settlements during consolidation is negligible. A small difference is seen only after
6 days and longer. The graph corresponding the model accounting for a changing permeability shows lower
settlements after 6 days and longer. The effect of a change in permeability during consolidation is not taken
into account as the jack-up vessel, considering the offshore wind industry, is operational for a maximum of 1
day at one location.
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Figure G.1: Visualization of the effect of the change in permeability during consolidation.
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H
Alternative FE model

In an attempt to decrease the calculation time of the FE simulation of the preload procedure, each spud-
can penetrating into the soil is replaced by fixed-end anchors. The fixed-end anchors serve as springs and a
certain stiffness is assigned to each anchor to simulate the spudcan penetration during the different phases
in the preload procedure. The spudcan penetration is simulated in PLAXIS 2D, compared to 3D these sim-
ulations allow for a sufficient decrease in computation costs (in terms of time and memory usage). This
alternative method can only be executed under the condition that the spudcans do not interfere with each
other.
As the fixed-end anchor is limited to a single, constant, stiffness the stiffness value is updated accordingly for
each calculation phase. The stress dependent stiffness of the fixed-end anchor is determined by performing
spudcan penetrations in 2D. As only one stiffness values can be assigned to a fixed-end anchor per calculation
phase, the stress dependent stiffness is approached by a linear graph.
The alternative FE model does not allow for accurate consolidation calculations. The extent of the influence
of consolidation during spudcan penetration is determined for a constant load for the alternative method.
During the consolidation the spudcans proceed to penetrate at a different rate, the leg loads develop ac-
cordingly. Via the structure connecting the legs the loads are constantly redistributed, this is an essential
mechanism influencing the consolidation phase and is not captured by the alternative FE model.
Figure H.2 depicts a schematisation of the alternative model, table H.1 lists the stress dependent stiffness for
normalized spudcan penetration at 1.1 and 1.2 respectively.

Table H.1: Stiffness values for the fixed-end anchor for a normalized initial spudcan depth of 1.1 and 1.2.

Normalized spudan depth Normalized stiffness
0 - 0.6 0 - 0.7 0 - 0.8 0 - 0.9 0 - 0.1 Unloading

1.1 10.0*103 5.6*103 3.5*103 2.3*103 - 7.15*103

1.2 12.8*103 8.4*103 5.3*103 3.3*103 2.2*103 7.8*103
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Figure H.2: Leg loads and spudcan penetrations for the preload procedure simulation conducted with the alternative FE model.
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J
FE results

J.1 Case results
The results for each case of the two type of simulations, the single spudcan penetration and the complete
preload procedure, are presented in this section.

J.1.1 Single spudcan penetration
Figures J.1a - J.1b depict the spudcan penetration as a function of the leg load and time for the six cases of the
simulation of the single spudcan penetration.
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Figure J.1: Single spudcan penetration simulation results.

J.1.2 Preload procedure
This section presents the FE results of the preload procedure with the complete 3D FE model. The displace-
ment of the ship corners and the extension of the node-to-node anchors the spudcan settlement as function
of leg load are presented.
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J.1 Case results 78

Spudcan settlement - leg load
Figures J.2a - J.2e depict the spudcan settlement as a function of the leg load for the five cases of the simulation
of the preload procedure.
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(a) Leg load as function of spudcan settlement for case 1.
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(b) Leg load as function of spudcan settlement for case 2.
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(c) Leg load as function of spudcan settlement for case 3.
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(d) Leg load as function of spudcan settlement for case 4.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Norm. leg load

0

3

6

9

12

15

S
e

tt
le

m
e

n
t:

 %
 u

s
p

u
d

-m
a

x

(e) Leg load as function of spudcan settlement for case 5.
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(f) Leg load as function of spudcan settlement for case 6.

Figure J.2: Preload procedure simulation results.
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J.2 Vessel structure
The deformed vessel structure during the different stages of the preloading procedure is presented in the fig-
ures J.3a - J.3e. The red lines indicate the initial position of the beam configuration. The distance between
the red lines and the beams of the structure indicates the relative displacement and deformation. The black
beams at the bottom of each leg indicate the node-to-node anchors, which extend during the different calcu-
lation phases. During extension of the mechanism the spudcans are pushed into the soil.
The weight of the complete structure is considered as a point load and applied at the intersection point of the
diagonal beams, which is positioned slightly aft of the middle of the structure.
Figure J.3e indicates the ship is slightly tilted aft at the end of the preloading procedure. This is a consequence
of the choice for the initial spudcan depth.
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z y

(a) Initial situation, scale factor for deformations = 0.
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z y

(b) Initial situation, scale factor for deformations = 20.
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(c) After preloading first leg pair, scale factor for deformations = 20.
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z y

(d) After preloading second leg pair, scale factor for deformations = 20.
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(e) After preloading both leg pairs, scale factor for deformations = 20.

Figure J.3: Deformed vessel structure during different stages of the preloading procedure.
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J.3 Comparison jacking data
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Figure J.4: Leg load as function of time, jacking data and FE model results plotted in one graph.
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Figure J.5: Spudcan penetration as function of time, jacking data and FE model results plotted in one graph.
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