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Abstract
Crane hardstands serve as crucial platforms for supporting heavy lifting equipment and ensuring
operational efficiency. However, crane hardstands are not infinitely stiff and will deform upon
loading. Uneven loading during wind turbine installation will result in differential deformation
of the crane hardstand, causing the crane to tilt. A small tilt of 0.3◦, which is equivalent to
around 30-60mm differential settlement depending on the crane, will create safety hazards, causing
construction to be discontinued. As a result accurate deformation predictions are required to design
a sufficient crane hardstand.

This research is conducted to investigate the influence factors of the deformation of a crane
hardstand, evaluate the current prediction method and to improve the accuracy of future deformation
predictions, so the hardstands can be designed more efficiently.

The research begins with a literature study on the above surface influences on the magnitude of
the load and the corresponding soil behaviour of the soil profile beneath the hardstand. Furthermore
the current prediction method is analyzed to dictate shortcomings. The expected influences found
in the literature study are examined with full scale monitoring and testing cases. Finally, a
sensitivity analysis is performed on the current prediction model to specify the parameters with
the biggest influence on deformation for different variants. These parameters are then assessed on
how a more accurate determination might influence the predicted deformations.

The numerical simulations are carried out using advanced finite element analysis software
Plaxis, specifically the HS(small strain) model. This model enables the investigation of various
factors affecting hardstand deformation, such as varying soil stiffness, load distribution, and
foundation characteristics.

The biggest shortcoming of the current prediction method is found to be the exclusion of
time dependent behaviour. And the most influential soil parameters of the HS(small strain)
model after the addition of a consolidation phase to the model are found to be the stiffness and
permeability parameters. The deformation prediction is done for the entire range of uncertainty of
these parameters (5-, 25-, 50-, 75-, 95- percentiles) to quantify prediction accuracy improvements
were these parameters determined witch precise. For both peat and clean clay the permeability
coefficient is found to, when determined more accurately, have a 50% chance to result in a predicted
deformation reduction of between 40 to 60 %, while a more accurate prediction of the stiffness
parameters Eref

oed , E
ref
50 , Eref

ur has a 50% chance to result in a predicted deformation reduction of
between 65 to 75%

The findings of the research can be used by engineers to test the effectiveness of their own
hardstand deformation prediction method and provide advise on the benefits extra soil investigation
might lead to.

Keywords: Crane hardstands, deformation analysis, differential settlement, cyclic loading,
Hardening soil small strain, FEM-modeling, sensitivity analyses.
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1 | Introduction
In order to meet the environmental requirements set by the European Union, the Netherlands
must invest heavily in green energy. To meet the growing demand, this energy would have to
come from varying sources. A combination of solar, hydro, nuclear and the most obvious in the
Dutch climate, wind energy, will be required. For wind energy, the Netherlands is looking at both
generation on land and generation in the North Sea. Due to the lower investment costs of onshore
wind turbines, this option is used where possible. The high loads involved in an onshore turbine
installation, in combination with the weak subsoil present in large parts of the country, make the
installation of the physical wind turbine a complicated task.

A wind turbine is installed with a crane. Due to the heavy weight of the turbine parts and the
great height at which they must be installed, heavy cranes (>700 tons dead weight) are usually
used. When these cranes are built on the soft soils typical for the Western part of the Netherlands
and perform lifting operations, the subsoil deforms, which can jeopardize the stability of the crane.
As a result, a crane hardstand, which is the foundation built for a crane to ensure stability, is
designed based on the specific requirements and characteristics of a project. This crane hardstand
is often tested for stability and deformations, among other things, to ensure that the hoisting
operations can be handled safely.

Because usage of the crane hardstand is limited during its lifetime and the hardstand composes
a significant part of the total project costs, it is beneficial to carry out their design as efficiently as
possible, while the requirements for stability and deformation remain guaranteed. However, due to
the unique combination of high forces and short installation time, there is still a lot of uncertainty
in the case of crane hardstands about the best way to design a crane hardstand efficiently yet sound.

A major part of the problem is the strict requirements that the crane hardstand must meet.
For example, the maximum rotation of the crane normally required by the crane company is 0.3°,
which equates to a difference in settlement between the supports of a common crane between 30-80
mm, depending on the type of crane used. This difference in deformation can be caused by load
cases where the forces on the support area’s of a crane differ. An important example of this is the
hoisting of the boom of the crane. When the boom is hoisted, the full dead weight of the crane,
with the center of gravity close to one side of crane’s support points, rests almost entirely on one
side of the crane. In that situation, a greater vertical deformation will be expected on this side
than on the other side of the crane, which will be subjected to less load.

The aim of this research is to provide a better picture of what exactly happens in practice
during a wind turbine installation and how this translates into deformations in the subsoil. In
addition, it is examined whether the current approach to the design of the crane hardstand can
be improved in order to arrive at a more efficient or certain design. The approach is divided into
3 parts.

The first part consists of a detailed literature research to describe what a wind turbine lifting
operation consists of and how this results in deformation of the subsoil, using soil mechanics theory.

Subsequently, the common current method for designing a crane hardstand M.P. Rooduijn
(2019) will be analyzed and compared on the basis of a full-scale deformation monitoring during
the installation of 2 wind turbines located along the A16 in North-Brabant, as well as 7 Full scale
tests.

While monitoring the deformations of the outrigger crane that installs the turbines, the
duration of the decisive lifting operations, the force changes between and during these operations
as well as the associated deformations under each outrigger will be documented. This will be done
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with the help of a total station that monitors the vertical deformation of the outriggers with beam
points, while cameras focused on the load situation and the position of the crane indicate under
which circumstances these deformations occur.

The purpose of monitoring is to clarify to what extent the loads actually differ between
certain lifting situations and to compare the duration of these lifting operations. As well as
to monitor whether the lifting operations result in time-dependent deformations. Both during
specific operations and during the total operation period of one wind turbine installation

With the full-scale tests, the same load case, which simulates the total weight on one crawler
track of a crane, in a load case that is normative for differential deformation, is tested on
deformation on different crane hardstands with different soil structures. The weight is first built
up, after which the full load remains for 6 hours and then reduced again. During the entire period,
the entire test setup is monitored every half hour. This shows which part of the deformation is
instantaneous and which part is time-dependent. The comparison is also made to how the different
soil profiles respond to the same load.

With the help of the tests and monitoring, the shortcomings of the current design method
are specified. This gives an indication of which deformation factors can be disregarded in certain
situations and which should be included in the model. Specifically time dependent behaviour

The 3rd and last part of the research, that has as a purpose to improve the current design
model, is sensitivity analysis. The analysis will be performed on the input parameters of the
current design model (HS small strain). The uncertainty of the current model is largely due to
the method of parameter determination from available soil data. The sensitivity analysis shows
which parameters result in the greatest uncertainty in the deformation prediction and for which
it might therefore be beneficial to determine ’more accurately’. An estimation will also be made
of how much more precise the prediction might become as a result. For specific soil types and
differing layer thicknesses/depths.

The research question to be answered in this thesis is.

What influences the deformation of a crane hardstand and how can this deformation be more
accurately predicted to improve the design method

The structure of this research is indicated in the form of a block diagram as shown in Figure 1.1.
The report contents are structured as follows aside from this introduction. Chapter 2 describes
the physical process that comprises wind turbine lifting operations. It briefly discusses how a
crane hardstand is designed to withstand the load cases accessory to turbine installations, what
soil survey is performed and how the crane hardstand reduces deformation. Chapter 3 covers the
phenomena that are expected to induce soil deformation under a load change. This is coupled to
the relevance of these phenomena to the situation of a wind turbine lifting operation as described
in chapter 1. The most important influences are designated. Chapter 4 presents the current
design method. On the basis of which model the deformations are currently predicted and how the
parameters for this model are determined. In addition, it discusses how the normative load cases for
which the crane hardstand is tested are specified. Chapter 5 discusses the setup and results of the
full scale monitoring performed in this research. Chapter 6 contains the setup and results of the full
scale tests performed in this research. Chapter 7 describes the structure of the sensitivity analysis
performed and presents the results on what parameters are the cause of the largest uncertainties
in the model. Chapter 8 discusses the impact a more precise determination of these parameters
might have on the predicted deformation. Chapter 9 discusses and combines the findings and
analysis of the research. Chapter 10 covers the conclusions. and provides recommendations for
further investigation.

2



Figure 1.1: Thesis setup
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2 | Physical process
Whenever a soil profile undergoes a pressure change a deformation follows. This deformation is
influenced by the geometry of the soil profile, the condition of the environment, parameters of the
soil and the nature of the load (time, proportion et cetera). The process of hoisting turbine parts
into place and the accessory soil deformations are discussed in this chapter.

2.1 Crane Hardstands

In this section the installation process of an on-shore wind turbine is discussed. An in depth
analysis concerning crane hardstands is summarized in the handbook: Crane Hardstands For
Installation Of Wind Turbines M.P. Rooduijn (2019).

2.1.1 Design
For the design of the crane hardstand it is important to take into account the type of turbine,
type of crane, supply routes, storage space and of course the subsurface.

Turbines come in varying sizes with hub heights of on-shore turbines ranging from 60-165m
accompanied by rotor diameters of the same magnitude. Since a larger rotor diameter increases
the area of influence to the power of two an increase in height of the wind turbine greatly improves
the power output. Because of this wind turbines are only expected to get larger.

This increase in length however, has as a result that larger cranes are needed for installation. This
crane needs a horizontal surface to preserve stability and guarantee safety during installation.
The cranes types that are primarily used for the installation of on shore wind turbines are crawler
cranes, as seen in Figure 5.1b, where the load is transferred to the surface by the crawler, and
outrigger cranes, as seen in Figure 5.1c, where the crane lifts itself by 4 outriggers through which
the load is carried to the surface. Both will be considered in this report.

(a) Outrigger Crane (b) Crawler Crane

Figure 2.1: Different crane types

The load exerted on the crane hardstand consists primarily of the weight of the crane, the
weight of the turbine part, the superlift and a wind load. During the installation process many
different load cases should be considered as discussed in Section 2.1.3. These loads might cause
the crane hardstand to deform or even fail. Due to the load not being uniform over the area
underneath the crane and because of heterogeneity in the soil profile the crane foundation may
undergo differential deformations. These deformations cause the crane to tilt. A small tilt can
already lead to a positional difference at the top of the crane of multiple meters, resulting in
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Figure 2.2: Max allowable deformation for 7m wide crane

very different load cases. Therefore only 0.3° tilt is allowed, which comes down to +- 30mm
differential settlement between crane boundaries, depending on the width of the crane used. For
this reason the crane hardstand needs to be checked for bearing capacity as well as maximum
tolerated settlement. An example for the differential deformation that results in a 0.3° is provided
in Figure 2.2.

2.1.2 Soil investigation
The intention of the crane hardstand is to provide a stable base for the crane during the installation
of the wind turbine. After the turbine is installed the crane hardstand might be used again for
maintenance or eventual disassembly. Due to the limited time the crane hardstand is being used
and the limited budget available, the emphasis of the design is to be cost effective.

Because of the small budget it is not always possible to execute extensive soil investigation. The
soil investigation on which the crane hardstand design is based, consists mostly of cone penetration
tests (CPT’s). A CPT is relatively easy to perform in-situ and cheap. It records the tip resistance,
sleeve friction and sometimes porewater pressure over a soil profile, as can be seen in Figure 2.3
Geoservices (2023). An extensive description of the use of a CPT in geotechnical engineering is
provided by (Lunne et al., 1997). With the output of the CPT specific soil layers can be classified
according to Robertson (2009).

Figure 2.3: CPT overview

To get an idea of the subsurface, the first step is to see which information is already available
through open source databases such as Dinoloket TNO (2022). Aside from this, a combination of
boreholes and CPT’s near the desired hardstand location are used to create a profile from where
the stability and deformation are assumed to be the largest. The crane hardstand design will be
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based upon this specific profile to make sure the deformations will stay within the requirements
of a specific project. This is elaborated on in Chapter 4

2.1.3 Installation Process
The installation process of an onshore wind turbine consists of multiple phases. During each
phase a different load is exerted on the pressure points of the crane. The lifting stages where the
difference of the load on different outriggers or crawler tracks is largest are the most critical for
differential settlement. This is not necessarily the stage where the highest load is occurring. In this
project the installation of 2 turbines and the corresponding deformations are closely monitored.
This will be discussed in more detail in Chapter 5. 2.4 gives an overview of the tower parts that
need to be lifted.

Figure 2.4: Wind turbine parts

Turbine construction Phase Description

1. Build up of the crane The base of the crane is driven onto the crane hardstand and the
boom is assembled laying down step by step

2. Adding the counter weight The counter weight used to keep the crane balance while rigging
the boom

3. Rigging of the boom

During boom rigging the moment on the pressures points of the
crane becomes large. To counteract this the counterweight is
lifted resulting to a large force on a specific crawler track / set
of outriggers

4. Installation of the tower elements
as the tower is to large to lift as a whole it is constructed in
different parts. The lower parts are the heaviest because they
need to carry the most weight

5. Installation of nacelle The nacalle is the box around the parts needed for the energy
conversion

6. Installation of the rotor blades the rotor blades are installed one by one.

7. Letting down the boom
After construction of the wind turbine the crane boom is let down.
This once again leads to the heaviest loads exerted on the pressure
points

Table 2.1: Wind turbine construction phases
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During installation, the load of the crane is continuously changing. This results in multiple
un/reloading cycles. The effect this can have on the soil is discussed in Section 3.2.

The time it takes to install a wind turbine is highly variable. This is partly due to logistical
issues and differences between turbines. However, the variability is caused for a large part by the
wind conditions. Hoisting operations are halted when the expected wind speed at the top of the
crane is higher then 10m/s and if the wind speeds get above 20 m/s the boom of the crane has
to be hoisted down. Therefor, construction time of a single turbine can vary between 2 days and
multiple weeks

2.2 Mitigation measures

To ensure stability for the crane during installation, different kinds of mitigation measures can be
taken to ensure the deformations stay within the requirements. Deformations in the subsoil below
the water-level occur primarily due to a change of soil pressure. The mitigation measures used
for a crane hardstand can be divided into two categories: mitigation measures that decrease the
magnitude of pressure change or mitigation measures that reduce the effect the pressure change
will have on the soil deformation.

The ’simplest’ way to reduce the pressure change in the subsoil is by decreasing the loads.
Different cranes have different weights. However, specific height and lifting strength requirements
combined with crane availability often don’t leave a choice on which crane can be used.

Another way to limit the pressure change in the deformable subsoil layers is by distributing
the load over a larger surface area. This can be done with wooden or steel beams, a stratum layer
(a geogrid filled with gravel) , an enviromat a soil spreading measure designed by HeavyLiftNews
(2021) or even constructing the crane hardstand on a piled foundation

Pre-loading is a commonly used technique in geotechnical engineering to minimize the deformation
of a foundation constructed on soft soils. The idea behind pre-loading is to apply a temporary load
to the foundation before the permanent load is applied. The purpose of this temporary load is to
cause the soil to undergo some deformation, which will help to consolidate the soil and improve
its strength and stiffness. This process can take several months, depending on the soil type. The
duration of the pre-loading will be determined by how much consolidation is required to achieve
the desired level of settlement.

Vertical drains are another technique that can be used to reduce the amount of deformation
that will occur in a crane hardstand. Vertical drains are typically installed in the soft soil layer,
and they allow water to flow out of the soil more quickly, which in turn reduces the amount of
time it takes for the soil to consolidate. This can significantly reduce the amount of time required
for pre-loading, as the soil will consolidate more quickly.

The combination of pre-loading and vertical drains can be an effective way to minimize the
deformation of a crane hardstand on soft soils. By using pre-loading to consolidate the soil and
vertical drains to accelerate the consolidation process, the amount of deformation that will occur
when the crane is placed on the foundation can be significantly reduced.
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3 | Soil behaviour
This chapter the discusses the behaviour of a soil when it is exposed to a pressure change. The
goal of the chapter is to summarize what influences the expected deformation as a result of the
crane activities during the hoisting of the turbine parts. This is used to evaluate the current
deformation prediction method used in practice.

3.1 Mechanical load influences

3.1.1 Flexibility of the foundation
The flexibility of the foundation has a big influence on how the load is transferred to the surface.
While the crawler tracks or outriggers of the crane are commonly perceived as rigid components,
the crane mats used to distribute the load can vary greatly. Where wooden beams are usually more
flexible then steel beams . The response of the soil on the footing depends on the characteristics
of the footing, the superstructure, connections, soil type and loads. Since it is not possible to
analytically determine the soil response, assumptions have to be made. The effect of footing
flexibility on structural response is researched by (Tabsh & Al-Shawa, n.d.). For rigid footings,
the soil pressure distribution can be assumed to be linear. For flexible footings, Bowles designed
a method to subdivide the footing into discrete elements on elastic supports where the soil
pressure distribution is governed by the modulus of sub-grade reaction Bowles (1996). A footing
is considered to be be rigid when the relative stiffness factor of the footing Kr ≥ 0.5. Tabsh &
Al-Shawa (n.d.) validated the relative stiffness factor to be Equation (3.1).

Kr =
Et3

k(1− µ2
z)(B − b)2(L− l)2

(3.1)

Where:

E = modulus of elasticity of the structure
t = uniform structure of the footing
k = relationship between the modulus of elasticity and the subgrade reaction Equation (3.2)
b = column dimension along footing dimension B
L = footing dimension perpendicular to B
l = column dimension along the footing dimension L
κ = Equation (3.2)

k =
Es

B(1− µ2)
(3.2)

Where Es = modules of elasticity of the soil.

Tabsh found that a stiffness factor Kr of 1.0 or higher can safely be assumed to be rigid while for
values of Kr lower than 1.0 assuming the foundation to be rigid is assumed to be conservative.

3.1.2 Load spreading
A pressure change on the surface does not result in the exact same pressure change throughout the
soil profile. Over depth the load is carried by an increasingly large area decreasing the pressure
change over depth. Many different methods to determine the propagation of the load through the
soil column have been. Most commonly used for calculation purposes are the Boussinesq method
Boussinesq (1883), the Westegaard equation (Westergaard, 1938) and the 2:1 method. Das (2017)
describes the Boussinesq method as ’a relationship for stress increase due to a point load Q acting
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Figure 3.1: Boussinesq’s problem

on the surface of a semi infinite mass’ Das (2017). The Boussinesq equations for the Cartesian
coordinate system are depicted in Equation (3.3)-Equation (3.5)

σz =
3Qz3

2πR5
(3.3)

σx =
3Qz

2π
[
x2z

R5
+

1− 2ν

3
[

1

R(R+ z)
− (2R+ z)x2

R3(R+ z)2
− z

R2
]] (3.4)

σy =
3Qz

2π
[
y2z

R5
+

1− 2ν

3
[

1

R(R+ z)
− (2R+ z)y2

R3(R+ z)2
− z

R2
]] (3.5)

Since a point load is not applicable in most loading cases, a lot of research is done to describe
the influence of a loaded area on the stress increase in the subsurface.

Ahlvin describes how the boussinesq equations can be translated to a rectangular surface
pressure Ahlvin & Ulery (1962)

The load distribution determines the magnitude of pressure change at a certain depth. A
larger distribution results in smaller pressure changes in a soil layer which in turn results in
smaller deformations

3.1.3 Load Magnitude
The load of the crane an turbine parts and therefore the pressure exerted on the soil surface is
highly variable. This un- and reloading can lead to deformations as described in 3.2.3
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3.2 Deformations

Deformations of the soil as result of a load change can either be elastic (reversible) or plastic
(irreversible). This section discusses both types of deformation.

3.2.1 Elasticity
The reversible strains occurring as a result of a stress increment are described in the theory of
elasticity (Timoshenko & Goodier, 1951). Elastic deformations are expected when the pressure
increment stays within the elastic zone and does not exceed the pre-consolidation pressure. The
most important soil parameters to describe the elastic behaviour are the Poisson’s ratio µ and
the modulus of elasticity Es. The Poisson’s ratio describes how a strain in the vertical direction
translates to a strain in horizontal direction. The modulus of elasticity indicates the stiffness of a
soil.
Trautmann and Kulhawy (Trautmann & Kulhawy, 1987) proposed a relationship to determine
Poisson’s ratio based on the relative friction angle, which in turn can be determined from laboratory
tests. In an undrained situation the Poisson’s ratio of a saturated clay is 0.5. This is explained in
Section 3.2.2.
Empirical correlations between cone resistance qc and the modulus of elasticity were proposed
by (Schmertmann & Brown, 1978) (R. P. Terzaghi K. & Mesri, 1995). Whenever limited soil
information is available ballpark values for both parameters are suggested per soil type for an
initial calculation of the elastic deformation.
The elastic relations between stress and strain components in tension are described by Hookes law
(Timoshenko & Goodier, 1951) as shown in Equation (3.6)

ϵx =
1

E
[σx − ν(σy + σz)]

ϵy =
1

E
[σy − ν(σx + σz)]

ϵz =
1

E
[σz − ν(σx + σy)]

(3.6)

ϵ = strain
E = stiffness modulus
σ = soil pressure

This method to determine strain is only valid when deformations are small enough so that the
effect of the deformations on the external forces can be neglected.

To account for shear stresses on the element the shear modulus G is used to express the relation
of shear strain γ and shearing stress τ as shown in Equation (3.7)

γ =
τ

G
(3.7)

Where G = Shear modulus Equation (3.8), γ = shear strain and τ = shear stress

G =
E

2(1 + ν)
(3.8)

Furthermore, the bulk modulus K can be defined as the ratio of the mean stress increment
and the volumetric strain increment Equation (3.9). This bulk modulus is based on isotropic
compression.

K =
E

2(1− 2ν)
(3.9)
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Figure 3.2: Causes differential deformation

Elastic deformations are important concerning crane hardstand due to rebounding of the soil.
Whenever a load increase during a lifting operation is modeled compared to the load of the
dead-weight of the crane, it should be noted that the load on another pressure point might decrease
compared to the dead-weight. The rebound of the soil will add to the differential displacement of
the pressure points as shown by 3.2

3.2.2 Drained vs. Undrained behaviour
Whenever external loading is applied over a small time period and water cannot flow easily through
the pores the water will carry the isotropic part of the stress change. This results in excess pore
pressure. When considering the effective stress principle from Terzaghi K. Terzaghi et al. (1996)
this excess pore pressure causes a decrease in effective stress, which in turn lowers the strength of
the soil profile.
Whether a soil acts drained or undrained on external loading can be determined on the hydrodynamic
period of the soil. The Hydrodynamic period is determined as in Equation (3.10)

T =
kEoedt

γwL2
(3.10)

Where:

T = hydraudynamic period
k = permeability
Eoed = oedometer stiffness
t = consolidation period
γw = unit weight of water
L = drainage length.

Vermeer and Meier determined the behaviour to be undrained if T < 10−4 and drained if
T > 2. (Vermeer & Meier, 1998)
From this formulation it can be concluded that under the short term loading to which the crane
hardstands are exposed fine soil types with a low permeability are likely to behave undrained
(dependent of the layer thickness) while coarser soils will behave drained.

Due to the very low compressibility of water an undrained soil is assumed not to show any
volumetric shear. Resulting in a poisson ratio of ν = 0.5.

To implement undrained behaviour in Hooke’s law the elastic parameter E and ν become
undrained elastic parameters Eu and νu. Brinkgreve (2022) The bulk modulus of the water in the
pores is a combination of the bulk modulus of water Kw0, the bulk modulus of pore air Kair and
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the degree of saturation of the soil S as described by Equation (3.11)

Kw =
K0

wKair

SKair + (1− S)K0
w

(3.11)

From this equation can be concluded that a small change of degree of saturation has a large
influence on the bulk modulus of the pore water.

3.2.3 Virgin-, un- and reloading
Whenever a soil element has previously experienced a pressure higher than the current pressure
the soil is over consolidated. If the pressure in the soil is increased until the pre-consolidation
pressure (the maximum experienced pressure) the load increment is classified as ’reloading’. In
a perfect elastic model the reloading follows the same trend on the stress strain curve as the
unloading that occurred after the release of the pre-consolidation pressure. In reality plastic
deformations occur slightly changing the strain path as further discussed in Section 3.3. The
unloading-reloading is important concerning the crane loads due to the dynamic nature of the
turbine installation process, constantly un- and reloading the different pressure points. This cyclic
loading can results in plastic deformation as a result of hysteresis, energy dissipation, damping
Toyota & Takada (2021) or strain/pore pressure accumulation Sanin & Wijewickreme (2006).
Whenever the pressure increment is large enough such that the total pressure is higher than a
previously experienced pressure the load type is virgin loading.

3.3 Plasticity

Plastic deformations are irreversible. This means that upon unloading the soil stays deformed.
Although in an undrained situation the isotropic load is carried mostly by the ’in-compressible’

water the soil can still undergo plastic deformation without the excess pore pressure leaving the
pores.

This can occur for instance by means of a change in the micro-structure of the undrained layer.
Zang et al. performed loading and unloading tests combined with field emission scanning electron
microscope (FESEM) tests on undisturbed clays to study the influence the loading-unloading
process has on the pore evolution of the clay structure (Zhang et al., 2020). The paper distinguishes
pores between small pores < 0.2µm and large pores > 0.6µm. The small pores are shown to have
intrinsic characteristics and do not change significantly in the fragmentation fractal dimension.
The large pores, however, were influenced greatly by (un)loading. Therefor, the change in pore
size distribution can be contributed for the most parts to the changes of the larger pores. The
change in pore size distribution caused a change of the swelling index Cs (increased as the total
area of the large pores decreased) as well as a change in the compression index Cc. Cc is proved to
change non-linearly with the pore evolution under loading and unloading. The paper differentiates
3 stages of the evolution of pore fractal characteristics under the un(loading) process, namely: the
natural structural stage, the structural adjustment stage and the new equilibrium stage.

More research on un- and reloading oedometer test on natural stiff clays, namely Ypresian clays,
was performed by Cui et al. (Cui et al., 2013). When examining the un- and reloading curves
they found that the paths of these curves can be considered to be bi-linear. The curves can be
distinguished by a small and large slope separated by a threshold stress. This stress is identified as
’the swelling pressure corresponding to the void ratio just before the unloading or reloading’. Upon
unloading, if the stress is higher than this threshold swelling pressure the mechanical restructuring
effects dominate resulting only in small microstructure changes and therfore a small rebound of
the soil. Whenever the threshold pressure is surpassed the physico-chemical resulting in a larger
microstructure change and more swelling occurs. Upon reloading the physico-chemical repulsive
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force prevents the soil from deforming at first but when the pressure passes the threshold pressure
the mechanical effects dominate resulting in larger microstructure changes.

Another form of significant plastic deformations is by accumulation of smaller plastic strains under
unloading and reloading. Oedometer tests under repeated unloading-reloading on reconstituted
Ariake clay samples for the Saga Plain, Japan, were performed by Suddeepong et al. (Suddeepong
et al., 2015). The article states that even in the over-consolidated stress range un- and reloading
does not occur purely elastic. Repeated un- and reloading results in plastic strain accumulation.
The paper provides a modification of the elasto-plastic soil model proposed by Butterfield Butterfield
(2011) by not assuming the ’intermediate’ un- and reloading in the overconsolidated range to be
fully elastic.

On (un)loading situations with small frequency the aforementioned deformations will not induce
extreme deformations. Whenever the amount of cycles of the un- and reloading or the amplitude
of the cyclic load is high, as is the case with for example an earthquake or underneath a busy road,
the resulting plastic deformations might be significant. Lin Gua et al. Have researched the impact
of long term cyclic loading (50.000 cycles) on the deformation of undisturtjyrkbed soft clay from
Wenzhou, China Guo et al. (2013). They came to the conclusion that the stress-strain hysteric
loop, resilient modulus and permanent strain are significantly dependant on the cyclic stress ratio
and the confining pressure.

3.3.1 Consolidation
In a soil layer with limited permeability such that water can not flow freely, a change in pressure
conditions will result in excess pore pressures. Over time, if the load is kept constant, the excess
pore pressures will dissipate over time, resulting in a soil deformation. This process is called
consolidation.

Whether a soil layer can be assumed to behave drained or undrained depends on the hydrodynamic
period of the soil as discussed in Section 3.2.2. This section discusses the dissipation of excess
pore pressure over time, resulting in deformations.

Whenever a fully or partially saturated soil is subjected to a partial pressure the deformation
is dependent mostly on the stiffness of the porous material as well as the characteristics of the
fluid in the pores. The deformation of the soil as well as the flow of the pore water is described by
the theory of consolidation. A publication by Verruijt covers the general consensus of the basic
equations considering the theory of consolidation Verruijt (2016). The consolidation theory was
at first developed by Terzaghi. The theory was only valid for the one-dimensional case. Therzaghi
considered the deformations to be caused primarily by reorganization of the soil particles and
assumed the pore volume to be in compressible. This assumption often simulates real soil behaviour
for compressible soils such as clay. Biot elaborated on the theory by expanding the theory to 3
dimensions and to by taking the compression of the pore fluid into account.

For the case of crane hardstands it is relevant to know the degree of consolidation after a, for
settlement cases, small time period of 2-6 hours. 3.3 . displays the degree of consolidation after a
specific time factor T.
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Figure 3.3: Degree of consolidation

cv = consolidation coefficient k
mvγw

t = time
H = soil layer thickness
k = permeability coefficient
mv = coefficient of volume change
γw = water weight

This indicates that the degree of consolidation is mostly dependent on the permeability and
layer thickness.

3.4 Creep

Creep is the development of time-dependent shear and/or volumetric strains at a state of constant
effective stress Khoshghalb (2013). Creep usually only results in significant deformations after
long time periods and is therefor not considered in this research.

3.5 Influence diagram

Figure 3.4 provides an overview of the expected influences of the deformation of the crane hardstand
based on literature and how they are connected. The parts that are the most relevant for this
research are highlighted in red:

Virgin, un- and reloading: The un/reloading nature of the turbine parts lifting and its possible
resulting deformations are researched in Chapter5
Distribution of the soil profile: The influence of the depth of a soil layer on the models accuracy
is researched in Chapter7
Primary compression strains: The rigging of the boom will likely exceed the pre-consolidation
pressure, resulting in primary compression strains
Consolidation: Whether consolidation should be included in the deformation prediction model is
assessed in Chapter6
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Figure 3.4: Influence Diagram
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4 | Current prediction method
This chapter discusses the current method used to predict the deformations of a crane hardstand
and analyzes the shortcomings of this method.

4.1 Soil investigation

The soil investigation is performed during multiple stages of the design process. At first during
the feasibility study of the project. A lot of information about the subsoil in the Netherlands
is collected on the open source website dinoloket TNO (2022) and other databases. Previously
documented CPT’s and boreholes are stored here. These can be used to give an indication of the
strength and deformation susceptibility of the subsoil and whether or not a location is suitable for
a specific project.

Whenever the project is past the feasibility stage more extensive soil investigation is performed
to determine the best possible locations of the wind turbines. This extra soil investigation mostly
consists of CPT’s as well as boreholes due to the relatively low costs of these methods, while still
providing sufficient information for the design stage. Other factors influencing the final locations
are the possibilities for access roads, possible harm to the environment and local residents and of
course yearly wind speed averages in the area.

After the locations are determined additional CPT’s and boreholes might be used to give an
more precise view of the subsoil at the locations of the Main Crane HardStand (MCHS) as well
as the Auxilary Crane HardStands (ACHS’s). The most critical CPT (the one that is expected to
result in the largest deformation) is then used to determine the model specific soil parameters.

4.2 Plaxis

PLAXIS is a finite element program that is commonly used in geotechnical engineering to analyze
the behavior of soil and rock structures. The finite element method is a numerical technique that
is used to solve complex engineering problems by dividing the structure into small and simpler
elements and then solving the mathematical equations considering forces and displacements for
each element and well as the effect it has on other elements. The method can be used to analyze
stress, strain, and deformation of the structure under various loading conditions.

In the case of PLAXIS, the finite element method is used to simulate and analyze the behavior
of soil and rock structures. The program allows the user to model the geometry of the structure,
define the material properties of the soil or rock, and apply various types of loading conditions. The
program has different built in soil behaviour models which can be used for problems of different
levels of complexity and expected behaviour. These models and how they simulate soil behaviour
are elaborated on in the Plaxis Material Models Manual Bentley (2023).

4.3 HSsmall model

The model currently used in practice to assess the deformation of a crane hardstand as a result of
hoisting activities is the HSsmall model. Extensive research is done on the correlations between
the HSsmall model parameters and the cone resistance that results from a CPT. Therefor, the
input parameters of the model are determined relatively easily and accurately with minimal soil
investigation. Limiting the need for additional laboratory tests.
the Hardening Soil Small Strain (HS) model is a constitutive model that is implemented in
PLAXIS to simulate the behavior of soil and it excels in assessing the behaviour under small
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strain conditions. The model makes distinction between primary loading and un- / reloading and
remembers pre-consolidation stress. Therefor, it includes compaction hardening. Another feature
of the model is that is includes friction hardening which decreases the stiffness in deviatoric loading.

Limitations of the model are that does not consider softening and it is not able to model
time-dependent behaviour. It is possible however, to add a consolidation phase to your model .
As creep is not expected to be significant for the crane hardstand case, the limitation is acceptable.

4.4 Soil model and parameter determination

The Hardstands are often designed based on the most representative CPT or of a combination of
multiple CPT’s and boreholes. The representative CPT(’s) is/are used to divide the subsoil in
specific layers. This is done based on changes of the cone resistance qc[Mpa] as well as friction ratio
Rf [%]. A specific soil type is described to each layer based on Robertson Robertson (2009). Table
2b of NEN9997-1+C2 Normcommissie"Geotechniek" (2017) uses the layer type in combination
with the normalized cone resistance to assign the strength and stiffness parameters to each layer.

The deformation of the MCHS as a result of the installation process is determined with the
FEM program Plaxis. Current practices uses the Hardening Soil Small Strain as described in
Section 7.2. Since the parameter’s used in this model are not directly obtainable from a CPT
empirical correlations are used to arrive to a sufficient model.

The layer description, thickness and type are derived directly from the CPT according to
Robertson Robertson (2009) as previously described.

Once a layer is distinguished and classified parameters are assigned to this layer. Some of these
parameters are determined solely by the type of soil and other are also influenced by state and
pressure at the location. For the hardening soil small strain model the parameters are determined
based on CPT’s as follows.

Strengh parameters The volumetric weight, saturated and unsaturated, the internal friction
angle and the cohesion are determined with table 2b as discussed above Normcommissie"Geotechniek"
(2017).

Stiffness parameters The oedometer stiffness is determined from the CPT with the correlation
as shown in Equation (4.1).

Eoed = α ∗ q (4.1)

α = Emperical cone factor
q = Cone resitstance from CPT

The Empirical cone factor is dependent on the soil type classification as presented by Sanglerat
(1972)

With the volumetric weight of the soil and additional information on the thickness of the soil
layers and the water level., the average effective stress of a layer can be predicted. This stress is
used to transform the Eoed to Eref

oed , which would be the oedometer stiffness of the same soil layer
at a reference pressure (often taken as 100kPa). The correlation between Eoed to Eref

oed is given by
4.2

Eoed = Eref
oed (σ/p

ref )m (4.2)

σ = average effective stress
pref = reference pressure [100kPa]
m = stress dependency parameter
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The Eref
50 and Eref

ur are determined as factors of the Eoed based on soil type as presented in
table 4.1 CUR2003-7.

Soil type E50 Eur

Sand 1xEoed 4xEoed
Silt 1xEoed 5xEoed
Clay, very sandy 1xEoed 5xEoed
Clay 2xEoed 10xEoed
Clay, organic 2xEoed 12xEoed
Peat 2xEoed 12xEoed

Table 4.1: Relation between Eoed, E50 and Eur

The small strain parameters Gref
0 and γ0,7 are determined by 4.3 and 4.4

Gref
0 = (2.5× 104)Gref

ur ≈ 4× Eref
ur

2(1 + νur)
(4.3)

γ0,7 ≈ 1

9G0

[
2c′(1 + cos(2ϕ′))− σ

′

1(1 +K0) sin(2ϕ
′)
]

(4.4)

4.5 Mechanical input

The loads that need to be taken into account when designing the Main and Auxiliary Crane Hard
Stands are dependent on the type of crane to be used. During the preliminary design stage certain
starting points/boundary conditions are defined. What safety class is appropriate, whether or not
the water level will be lowered under the hardstand level during operation etc. These will vary for
each situation and should be accounted for appropriately.

The critical load cases that the hardstand will be exposed to will be provided by the company
delivering the crane. These loads depend on the self weight of the crane and the foundation, the
weight of the turbine parts to be lifted and the distance of the weight from the center of mass.
The total load consists of a permanent and a variable load, which when designing the hardstand
for the ultimate limit state (ULS) results in different partial factor used in calculations. Often a
rate of 50/50% is used to divide the load in a permanent and variable part.

Aside from the vertical load as described above a horizontal load caused by wind and acceleration
of the crane is exerted on the hardstand. For simplicity the maximum horizontal load a hardstand
should be able to width-stand is taken to be 10% of the total vertical load.

Since the type of crane that will be used for the project is often only known weeks before start
of the project due to availability of the cranes, the hardstand should be designed for different type
of cranes. A mobile crane transfers the load as a point load through 4 outriggers. The outriggers
have a sufficiently stiff foundation such that the load can be assumed to be distributed evenly
over the area of the foundation. A crawler crane transfers the load through it’s crawler tracks.
The load on the crawler tracks depends on the positioning of the crane. As mentioned different
the different load situations are provided by the crane companyhe An example for both a crawler
and an outrigger crane is shown in Figure 4.1. These critical loading situations are used to design
the crane hardstand. They can however differ based on the type of calculation that is to be done.
For bearing capacity checks for example the highest excerted load is often most critical while for
differential deformations the loading situation with the biggest difference of loads between two
outriggers/crawler tracks might be critical. The choice of the right load case to be used in the
design calculations is made with engineering judgement.
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Figure 4.1: Lifting Plans from

4.6 Drainage type

In the current prediction method coarse layers (Gravel, Sand, Silt) are modeled to show drained
behaviour while the finer layers (Clay, Peat) are modeled to behave undrained in the deformation
analysis. Furthermore, due to the small time assumed needed for lifting specific lifting operations
time dependent behaviour (consolidation and creep) are not taken into consideration. The load
caused by the self-weight of the crane inbetween lifting operations is distributed evenly over the
pressure points. Therfore, it is not expected to result in differential settlement.

This approach however, is very questionable. As the full scale tests, discussed in chapter
Chapter 6 , indicate, time dependent behaviour might indeed result in significant deformation for
specific soft soil layers with a significantly large permeability.

4.7 Analysis

The current prediction method is simplified due to cost considerations. This simplification results
in large possible ranges of model parameters. To ensure the design is safe the eurocode prescribes
the parameter used for calculation to be the 5-percentile of this range. This causes the deformations
to be overestimated in the design. While this overestimation is safe, a more accurate determination
of the soil properties might result in a more favorable deformation resulting in a more cost efficient
crane hardstand design to stay within the deformation requirements. The influence of smaller
parameter ranges on the deformation is investigated further in this research Chapter 7.

Furthermore, the assumption to not include time dependent behaviour such as consolidation
and creep is questionable. This research also investigates the time needed for specific lifting
operation, chapter 5,and the part of that is instantaneous and which part occurs over time, chapter
6.
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5 | Full Scale Monitoring
To provide an overview of the deformation phenomena occurring during the installation of

a wind turbine and the accessory deformations a full scale monitoring project was conducted.
The deformations of each outrigger of an outrigger crane are monitored carefully during critical
operation moments with the use of a total station. The total station measures the deformation of
a predetermined point manually during the lifting operations.

The goal of the monitoring is to document the deformations occurring during the most critical
hoisting operations of a wind turbine installations. To register the position of the crane, the lifting
stage, the corresponding loads and the deformation of the outriggers. With this information the
aim is to justify or refute certain choices made in the design stage of the hardstand . Such as
whether time dependent behaviour influences the deformation and for what time periods load
cases are occurring.

5.1 Monitoring setup

The entire monitoring plan is attached in Appendix A.1 Full scale monitoring plan. The setup of
the monitoring consisted of tree different parts:

1. The total station: The total station is used to measure the deformation of specific points in
time. The specific measuring locations will be discussed in detail in Section 5.2.1. At a specific
point in time the total station will measure the position of the measurement point compared to a
checkpoint at a fixed location. Whenever the crane will perform a movement the time stamp is
documented in combination with the description of the movement. At this time the total station
will start to measure the locations of the measurement points. This way the lifting actions can be
assigned to its corresponding deformations.

2. The timelapse camera: During the entire monitoring phase a timelapse camera was positioned
to film the crane during lifting operations. This can be used as additional information of the
position of the crane at a certain time stamp.

3. The GoPro: The GoPro is fixated on a monitor located at the base of the crane. This monitor
shows the pressures exerted through each outrigger at that moment.

All parts of the setup are displayed in Figure 5.1
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(a) Total Station (b) Crane load distribution

(c) Timelapse camera

Figure 5.1: Monitoring setup

5.2 Measuring locations

5.2.1 WT2
For the monitoring of the differential settlements 4 measurement points are considered, 1 in the
middle of each outrigger. A depiction of the 4 measurement points for WT2 is given in Figure 4.2:
Number 1=A, 2=B, 3=C and 4=B.

Aside from the differential settlement measurements the corners of the wooden dragline mats
underneath the most critical outrigger C are also measured ( 5, 6, 7 en 8) to give an indication of
the spreading of the mats on the Tensar geogrid surface. Whenever time implication is a factor
(during a loading phase or rigging of the boom) the measurement points in the middle of the
outriggers (1-4) have priority. They should be measured before points (5-8). For WTG-4 the same
points are measured as indicated in Figure 4.3. The most critical outrigger is outrigger C so for
that outrigger again the corners of the wooden dragline mats are measured with priority for points
1-4.

The main crane hardstand consisted of a 1m thick stratum layer for both cases. As described
in the Appendix A1.

21



Figure 5.2: Measuring points WT2

5.2.2 WT4

Figure 5.3: Measuring points WT4

5.3 Results

The results of the full scale monitoring are shown in this section. The two measurement opportunities
of WT2 are described in detail. While the measurements of WT4 are analyzed as a whole. The
extended results are attached in Appendix A.1 Full scale monitoring results.

5.3.1 WT2
At the location of WT2, two lifting phases were monitored, namely the rigging of the boom and
the lifting of tower element Mid 2. The intention was to keep the measurement checkpoints in
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the same place so the deformation between these loading phases could be assessed. However, the
measuring points where moved in between the phases and therefore these stages are only analysed
as separate measurement phases.

Boom Rigging The first wind turbine selected for monitoring is wind turbine location 2. The
first measurement performed was during the rigging of the boom. The camera providing the
pressures on each outrigger was not situated correctly and therefore the loads are not documented
during this loading stage. The measured deformations are depicted in 5.4 and the description and
time stamps of the measurements are documented in 5.1
From the measurements it becomes evident that the load is increased on all four outriggers at the
start of the boom rigging. The weight of the boom is lifted of the extra support points it was
resting on, increasing the load exerted on the outriggers. After initial liftoff the loads stay more
ore less the same for a time. During this time no significant deformation occurs. As the boom
moves up the loads on the outriggers decrease and the deformation decreases, the surface bounces
back up. The maximum differential settlement occurring during the lifting of the boom is 8 mm
between outrigger 2 and 4. Once the boom rigging is complete the crane settles in a stable position
in where the pressure on each outrigger is more or less the same. The deformations at the final
measurement are positive. This is probably due to the load during the zero measurement was
larger than the load caused by the dead weight of the crane. However due to the missing pressure
data of the outriggers this cannot be verified.
The data shows an unexpected deformation during measuring moment 10. At this moment the
super lift was lifted again, increasing the total weight and thus the load, and the crane was lifted
back down slightly. This was due to a stray plank still lying on top of the boom that needed to be
brought down safely. After the plank was retrieved safely the super lift was touched back down
and the hoisting continued.
The rebounding of the soil surface, suggests the deformations are largely elastic. However, because
the data of the exact pressures is not available during this stage it is difficult to draw conclusions
on the plastic part of the deformations as the load between the start and end of the measurements
could differ. The total active time of the boom rigging phase is 63 minutes and they largest loads
are occurring for 36 minutes (measuring moment 2-6).

Figure 5.4: Vertical displacement during boom rigging WT2
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Nr. Description Time

0 Zero measurement before boom rigging 8:30:00
1 Start boom rigging 8:40:00
2 Boom rigging 2m high superlift is floating 8:44:50
3 Boom rigging 10m high superlift is floating 8:47:40
4 Boom rigging 20m high 8:49:40
5 Boom rigging 30m high 8:51:50
6 Boom rigging 40m high 8:53:50
7 Boom rigging 50m high superlift is touched down 8:55:50
8 Boom rigging 70m high superlift is picked back up 8:57:50
9 Boom rigging 80m high superlift is touched down 9:00:00
10 Boom is lifted back down a little and superlift is lifted again 9:03:00
11 Boom is lifted back to 80 m and superlift is touched back down 9:06:00
12 Boom rigging 90 m and the effect of the superlift is gradually decreased 9:10:00
13 Boom rigging 100m 9:13:00
14 Boom rigging ready 9:16:00
15 Ballast weight above point 1 during turning 9:25:00
16 Ballast weight between point 1 and 4 9:26:00
17 End turning weight between 1 and 4 9:28:00
18 Weight above point 4 9:40:00
19 Weight between point 1 and 3 9:41:00
20 Last measurement, weight between 1 and 2 9:43:00

Table 5.1: Measuring moments boom rigging WT2

Lifting tower mid 2 The other action measured at this turbine location is the lift of the
heaviest tower element, namely mid 2. The results are depicted in 5.5 and the outrigger pressures
and measuring moment descriptions are presented in 5.2 . During measuring moment 8 the line
of sight with measuring point 2 was disturbed and therefor no result was available.
During this stage the tower element was placed carefully next to the crane. The crane, with the
superlifted hoisted makes a 360◦ turn fluctuating the loads exerted on the outriggers causing them
to deform. These types of movements and load fluctuations (-un and reloading) might result in
plastic deformations as discussed in the chapter Virgin-, un- and reloading. After the test run the
tower part was slowly lifted. Once lifted the crane rotated placing the tower element above the
already placed turbine base. The tower part was carefully fitted on top of the base and secured
with bolts.
By comparing the deformations between points in time where the outrigger pressure on the same
outrigger is the same, such as measuring moment 4 and 15 for outrigger 1, it becomes evident
that the deformation in both cases is 4mm. The time between these measuring moments is 28
minutes. During this specific loading stage the deformations as a results of un-/ reloading and
time dependent behaviour appears to be insignificant.
The largest measured differential deformation during the lifting of tower mid 2 is 10mm and the
total allotted time of this stage is 3:06 hours.
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Figure 5.5: Vertical displacement during lifting of tower mid 2 WT2

Outrigger pressureNr Description Time 1 2 3 4
0 Zero measurement 07:16 225 235 148 154
1 Only own weight of crane and superlift 07:34 223 251 154 142
2 Superlift between 3 and 4, no extra load 07:43 158 141 223 252
3 Superlift above 1, no extra load 08:49 251 208 127 186
4 Start with tension on the tower 09:26 222 206 181 205
5 The tower is lifted 09:36 218 208 186 206
6 The load is fully above 3 09:38 227 207 178 208
7 Aux crane is not under tension 09:39 241 209 168 208
8 Aux crane is loose 09:41 190 205 238 228
9 Tower above 3 09:47 186 204 245 230
10 Tower between 3 and 2 09:48 186 199 245 236
11 Tower above 2 09:49 185 220 247 221
12 Tower above 2 09:50 192 237 237 208
13 Tower between 1 and 2 09:51 213 241 213 205
14 Tower next to the foundation between 1 and 2 09:52 212 244 214 201
15 Tower right above foundation 09:54 221 244 207 201
16 Tower is partially carried by the foundation 10:02 227 246 202 201
17 Tower is fully loose 10:22 163 164 186 198

Table 5.2: Measuring moments and outrigger pressure mid 2

5.3.2 WT4
For the second wind turbine it was not possible to locate the total station safely at a location from
where all 4 outriggers where visible. For this reason only 3 outriggers were measured. During
the installment of this turbine the deformations were measured at 4 separate occasions. Namely:
Lifting of the boom, the installment of the bottom tower, the installment of the drive train and
hub and lastly during the boom letdown. Because the measurement locations remained in place
in-between these measurements it was possible to add the measurements in one single graph
analyze the displacements occurring over time.

Rigging of the boom During the crane build-up it was discovered that the location the super-lift
would rest on was unstable if the full load of the super-lift resting on the platform. To prevent
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the platform from failing it was decided to have the load of the super lift partially carried by the
crane overnight. This caused the pressures of the crane to be unevenly distributed during the
zero measurement. For convenience of the assessment of the differential deformations the resting
position of the crane after the boom lifting was complete was set as 0 mm displacement. Aside
from this the deformations follow a similar trajectory as the deformations of WT2 during boom
rigging. With the pressures and deformations increasing as the boom is lifted and decreasing.
The maximum load exerted on the outrigger pressure during the boom hoisting is 307 Ton. This is
51 Ton higher than the max expected load of 256 Ton where the hardstand was designed for. The
maximum differential settlement occuring was 8mm between point 2 and 3. The load difference
at this time was 57 Ton. The total hoisting time was 1:10 hour between measuring point 2-23.

Figure 5.6: Vertical deformation WT4

5.4 Analysis

The results of the full scale monitoring indicate that due to movements of the crane un- and
reloading does happen on the soil surface as seen in Section 5.3.1. This is however not directly
linked to plastic deformations as the soil rebounds after the soil profile us unloaded again. It is
assumed the soil profile behaves elastically during these load increments due to the initial stress
falling in the elastic area and the loads not exceeding previously experienced stress as described
in Section 3.2.

Time dependent behaviour such as consolidation and creep can be assessed by comparing
two moments spread over time where the outrigger pressure is equal. ’With this method it is not
possible to distinguish between consolidation and creep. However because of the short elapsed time
period, the deformations are assumed to be primarily due to consolidation. For these monitoring
results a distinction is made between deformations over time during a single monitoring session
as well as the time dependent deformations over the time period the crane is located at a single
location Figure 5.6 no specific deformations caused by un- and reloading

The deformation during a single monitoring session can be analyzed by comparing for example
measuring moment 0 and 16 of the hoisting of tower mid 2 WT2 Section 5.3.1. The elapsed
time between these measuring moments is 2:46 hour and the outrigger weights are 225 and 227
Ton respectively. The vertical displacement is both 0mm indication no significant time dependent
deformations.

When assessing the boom rigging of WT4 however plastic deformations are observed 5.6.
Comparing the vertical displacement of outrigger 3 at measuring moment 2 and 22 indicates
a 198 and 196 Ton respectively while the measured vertical displacement is +3mm and -1mm
compared to the 0 measurement. This indicates a plastic deformation of 4mm over a 1:03 hour
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time period. This deformation however, cannot be directly classified as time dependent behavior
as the measurements are during the rigging of the boom. This means the soil pressure likely
exceeded the pre-consolidation pressure causing the soil to deform.

Comparing outrigger 3 during boom letdown of WT4 5.6 between measuring moment 67 and
81 the outrigger weights are 243 and 234 Tons respectively. The vertical displacements compared
to the zero measurement are -6 and -7mm indicating 1 mm of displacement on 7 Ton less weight
over a 0:36 hour time period. As the pressures in between these measurements do not exceed the
pre-consolidation pressure this deformation is assumed to be caused by time dependent behaviour.

Due to high wind speeds, the crane could not be operated over periods of time. The time
past between the hoisting of the bottom tower and drivetrain/hub of WT4 is 6 days. Time
dependent deformation is apparent between these phases. However, because the crane, when in
resting position, distributes the load equally over the outriggers these deformations are equal on
all outriggers. For this reason these deformations are irrelevant for differential deformations and
tilting of the crane

Notable events during the monitoring were the surface load spreading measures underneath
outrigger 3 and 4 of WT4 were changed from wooden planks to larger steel beams because they
were available at the time. As well as the maximum occuring weight on the outrigger being 313
Ton during the boom letdown of WT4 while the maximum load described by the liftplan was 256
Ton. These events highlight the importance of sufficient safety margings being included in the
design
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6 | Full Scale Testing
At 2 locations of a large wind farm project next to the highway A16 in the Netherlands the
contractor suggested to use a new mitigation measure to distribute the load at the crane hardstands.
The new enviromat from Mammoet was suggested HeavyLiftNews (2021). This mat should
be a quick, more cost effective and sustainable alternative to other mitigation measures such
as a stratum layer. In addition the weight of the enviromat is quite low, decreasing expected
deformations.

However, from B.T. Geoconsult B.V. there were questions about the strength of the enviromat
and the load distribution effect of the mat. Because of these question it was agreed upon with
the contractor to carry out 2 full scale test on the crane hardstand for which the deformation
requirements where critical. The full scale tests would simulate the maximum expected load
during lifting operations. If deformations of the hardstand would stay below the required 30 mm,
the enviromat would be deemed sufficient.

Due to the first test failing it was decided to perform the full scale test at additional locations
as shown in 6.2.

The goal of the full scale testing for this research is to compare how different soil profiles behave
under the same loading conditions. To assess the significance of time dependent behaviour during
a 6 hour time period and to evaluate the effectively of different load spreading measures

6.1 The test design

The test is the same at every location: the draglines, gantry beams and measurement stickers
are placed on the first day, after which a zero measurement is performed. Then road plates are
stacked until a weight of 43% of the total load (330,3 tons) is applied. This weight is a simulation
of the crane’s own weight in rest position. After this, a settlement measurement of the measuring
points is performed. This load remains overnight.

On day 2, the settlement of each measuring point is measured first. Then the remaining 57%
of the total load, 437.8 tons, is added in 4 steps, as shown in Figure 1. After completing each step,
the settlements are measured again. After step 5 has been carried out and the full load is present,
the test set-up remains in place for another 6 hours and is measured every half hour. After 6
hours, the load is removed again and the settlement is measured for the last time the following
day. The test setup is displayed in 6.1
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Figure 6.1: Test Setup

6.2 Test locations

The different testing locations are described in 6.1.

Test nr. Location Foundation Subsoil Surface spreading
1 B-6 0,55 m Enviromat 3,0 à 3,5 m clay/peat 6x9 m2 wooden beams
2 E-3 0,55 m Enviromat ca. 1,5 m clay, medium 6x9 m2 steel beams
3 D-1 0,25 m granulate Zand 6x9 m2 wooden beams
4 B-3 1,0 m Stratum 3,0 à 3,5 m clay/peat 6x9 m2 steel beams
5 B-1 1,3 m Stratum ca. 1,0 m clay/peat 8x9 m2 steel beams
6 B-3 1,0 m Stratum 3,0 à 3,5 m clay/peat 10x13,6 m2 steel beams
7 B-6 1,0 m Stratum 3,0 à 3,5 m clay/peat 10x13,6 m2 steel beams

Table 6.1: Test locations overview

6.3 Results

The Full Scale Tests as described in Chapter 6 were performed 7 times. The results are depicted
in this section. The results are shown in 3 ways.

Firstly an overview of the measurements points of the location is presented in a deformation
figure. This figure also shows the vertical deformation of these measurement locations where the
area between the points is interpolated. The deformations are shown for the test day only, so from
the start of step 2 as described in Chapter 6 until after the 6 hour waiting period. The figure
presents the deformation during loading step 2-5, the deformations during the 6 hours and the
total deformation.
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Secondly the deformation averages of the two measurement points at the same location over
the width of the gantry at each outrigger are depicted in a table indicating the deformation over
time. The points used are specified for each location but they are always located on the gantry.

The third way is the deformation of these same points are depicted in a graph to provide an
visual overview of the deformation over time.

6.3.1 Deformation E3
The foundation used for location E3 was an Enviromat with a thickness of 0.55m. The deform-able
layer in the subsoil was ca. 1.5 m clay, medium. An overview of the measurements points of the
location is presented in Figure 6.11. The maximum deformation during the test was 16mm of
which 5mm was during the 6 hour resting period. The soil rebounds up to 14 mm upon unloading.

Figure 6.2: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.
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Figure 6.3: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.

Time Measurement points
[hh:mm] 7005/7010 7006/7011 7007/7012 7008/7013 Description

17:30 -0.009 -0.011 -0.012 -0.011 Deformation day 1
6:30 0.000 0.000 0.001 -0.001 Deformation over night
12:30 -0.008 -0.010 -0.011 -0.011 Deformation during loading
18:30 -0.004 -0.004 -0.004 -0.005 Deformation 6 hours
Totaal -0.021 -0.024 -0.025 -0.027 Total Deformation
08:40 0.011 0.013 0.014 0.013 Rebound

6.3.2 Deformation D1
The foundation used for location D1 was 0.25 m of granulate. The subsoil consists mostly of sand
and therfore the expected deformations were low. An overview of the measurements points of the
location is presented in Figure 6.4. The maximum deformation during the test was 15mm of which
2 mm was during the 6 hour test. The soil rebounds up to 8 mm upon unloading.
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Figure 6.4: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.

Figure 6.5: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.
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Time Measurement points
[hh:mm] 7013-7008 7012-7007 7011-7006 7005-7007 Description

16:30 -0.010 -0.012 -0.011 -0.011 Deformation day 1
5:30 0.000 -0.001 0.000 0.001 Deformation over night
10:30 -0.012 -0.012 -0.012 -0.011 Deformation during loading
16:30 -0.002 -0.002 -0.002 -0.002 Deformation 6 hours
Totaal -0.023 -0.025 -0.024 -0.024 Total Deformation
14:00 0.007 0.008 0.007 0.007 Rebound

6.3.3 Deformation B3

04/08/22

The foundation used for location B3 at first was 1m sftratum. The subsoil consists 3.5 m highly
deformable layers of 3.5m clay and peat. An overview of the measurements points of the location
is presented in Figure 6.10. It should be noted however that during loading the gantry was hanging
to much over the wooden planks. Therfor the deformation at locations 8003 and 8005 is higher
then expected. The maximum deformation during the test was 96mm of which 25 mm was during
the 6 hour test. The soil rebounds up to 5 mm upon unloading.

Figure 6.6: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.
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Time Measurement points
[hh:mm] 8002/8011 8001/8012 8003/8005 Description

16:00 -0.025 -0.026 -0.028 Deformation day 1
06:00 -0.011 -0.012 -0.010 Deformation over night
10:15 -0.017 -0.035 -0.073 Deformation during loading
16:15 -0.025 -0.024 -0.023 Deformation 6 hours
Total -0.077 -0.096 -0.133 Total Deformation
07:30 -0.001 0.005 0.019 Rebound

Figure 6.7: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.

25/08/22

For the second measurement at location B3 the foundation was upgraded to steel with a larger
area. The foundation used for location B3 at first was 1m stratum. The subsoil consists 3.5 m
highly deformable layers of 3.5m clay and peat. An overview of the measurements points of the
location is presented in Figure 6.10. It should be noted however that during loading the gantry
was hanging to much over the wooden planks. Therfor the deformation at locations 8003 and 8005
is higher then expected. The maximum deformation during the test was 96mm of which 25 mm
was during the 6 hour test. The soil rebounds up to 5 mm upon unloading.
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Figure 6.8: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.

Figure 6.9: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.
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Time Measurement points
[hh:mm] 8/14 7/13 6/12 11/15 Description

15:00 N.B. N.B. N.B. N.B. Deformation day 1
6:30 -0.017 -0.029 -0.029 -0.013 Deformation over night
10:30 -0.014 -0.013 -0.025 -0.010 Deformation during loading
16:30 -0.006 -0.041 -0.014 -0.010 Deformation 6 hours
Totaal -0.036 -0.070 -0.068 -0.033 Total Deformation
7:30 0.002 0.010 0.010 0.005 Rebound 42% load
9:30 0.010 0.025 0.024 0.012 Rebound 0% load

6.3.4 Deformation B1

Figure 6.10: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.
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Time Measurement points
[hh:mm] 9004-9012 9003-9011 9002-9010 Description

15:30 -0.008 -0.011 -0.013 Deformation day 1
6:00 -0.003 -0.004 -0.004 Deformation over night
10:30 -0.010 -0.010 -0.010 Deformation during loading
16:30 -0.002 -0.003 -0.004 Deformation 6 hours
Total -0.023 -0.027 -0.030 Total Deformation

6:30 0.004 0.004 0.004 Rebound

Figure 6.11: From left to right: deformation during increasing the weight, deformation during the
6-hour test and the total deformation.

6.4 Analysis

The full scale tests provide an overview of how different soil profiles behave under the maximum
crane load. Figure 6.12 gives an overview of the behaviour of the crane hardstands underneath
the simulated crane load. The figure makes distinction between deformation during the loading
phase of the test, and deformation as a result of the 6 hour waiting period. It should be noted that
buildup of the load took 2 hours, and thus the deformations over time are larger than measured
during the 6 hour period.
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Figure 6.12: Full scale test comparison

Test phase During loading
[mm]

During 6 hour test
[mm]

Percantage 6 hours
[%]

E3 11 5 31
D1 12 2 14
B3 35 18 34
B1 10 4 29
B3 28 12 30
B6 29 8 22

Table 6.2: Deformation distribution full scale tests

From the results in Table 6.2 it becomes evident as expected that the total deformations depend
heavily on the soil type and thickness of the deformable layers. The crane hardstands on top of
the soil profiles with the thickest deformable layers B3 and B6 show the most deformation.

The Full scale tests show the significance of time dependent behaviour on the total deformation.
Even at location D1, where the soil profile consisted of sand, 14% of the total deformation occured
during the 6 hour waiting part of the test. While at layers consisting of 3,5m clay and peat (B3)
the part of the deformation during the 6 hour tests was even 34% at 18mm. Which compared to
the maximum allowed deformatoin of 30 mm is a significant amount. Because of these results, the
sensitivity analysis performed in the final part of this thesis includes a consolidation phase.
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7 | Sensitivity analysis
To improve on the current design method it is important to evaluate the different influences on
the outcome of the used model. This is done by performing a sensitivity analysis on the used
model. Plaxis has a build in sensitivity analysis tool which can be used to assess the influence of
the parameters on the outcome of the prediction model. With this function in Plaxis however,
only 1 parameter at the time can be varied. This causes problems with the hardening soil small
strain model due to parameters that are dependent on one another. To assess for example the
sensitivity of the model to stiffness parameters the Eoed has to be varied, while the Eur would
stay the same. This will result in unrealistic ratio’s between the stiffness parameters making the
assessment invalid. By performing the analyse manually the Eur can be varied along with the
Eoed to assess the sensitivity of the model to the stiffness parameters.

7.1 Quantifying sensitivity with the influence factor

Prediction models always contain a certain degree of uncertainty. Soil models assign specific soil
parameters to soil layers. For simplicity of the calculation specific soil layers are determined and
classified. This classification is done by assigning parameters representing the strength of the soil,
the stiffness, permeability etc. Each soil model uses specific parameters.
For crane hardstands specifically as mentioned in Chapter 4 the soil is classified based on solely
a cone penetration test. The layer specific parameters are determined based on correlations
with high uncertainty. To ensure a safe design safety standards such as for example Eurocode
7 for geotechnical engineering in the EU are created. This specific standard mandates that a
characteristic value of a soil parameter used for deformation predictions should be used. The
characteristic value of a parameter is defined as the 95% certainty interval of the uncertainty
range. A larger uncertainty range due to limited soil investigation will result in a larger predicted
deformation. This results in more expensive mitigation measures. Extensive soil investigation in
the form of laboratory tests provides a more accurate estimation of the model parameters. This
will result in more accurate predictions.
A sensitivity analysis is a method to determine the sensitivity of a model to a change of a
specific parameter. When a relatively small parameter fluctuation results in a significant change
of deformation prediction, the model is sensitive to changes of that specific parameter. This
emphasizes the importance of the accuracy of the parameter. Whenever the model is sensitive to
a change of a parameter it might be beneficial to perform additional soil investigation and so get
a more accurate prediction of the parameters range.
The available soil investigation for the design of a crane hardstand often consists of only cone
penetration tests. When converting the CPT’s to soil parameters correlations are used which
result in large possible ranges. This project performs a sensitivity analysis for specific soil profile’s
as discussed in Table 7.6 to give an indication for which situations extended soil investigation
might be beneficial.
The sensitivity score of specific parameters is determined by first determining the range of the
parameters by using a minimum, reference and maximum value of each parameter. The Plaxis
calculation is then performed with each of these parameter values as an input. The rest of the
parameters is kept constant at the reference value. This results in a minimum and maximum
deformation at a specified node. The global sensitivity score for the parameter is the difference in
deformation between the maximum and minimum input. This is done for each model parameter
which is expected to have an influence.
The sensitivity of the parameters compared to one another is determined with the use of an
influence factor. The parameter score presents the difference in vertical deformation between
when the min and max values of a specific parameter is used in the calculation Equation (7.1).
The influence factor, xi , indicates the influence of a parameter on the calculated deformation
compared to other assessed parameters and provides an idea for which parameters it might be
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beneficial to be determined more accurately Equation (7.2).

ηSS,i = |f(xi,max − f(xi,min)| (7.1)

xi,score =
100ηSS,i∑n
j=1 ηSS,j

(7.2)

ηSS,i = Parameter score
f(xi,min), f(xi,max) = vertical deformation for max and min value of parameter x
xi,score = influence factor if n parameters are varied
n = amount of parameters used in analysis

7.2 The soil model choice

The model currently used in practice to assess the deformation of a crane hardstand as a result of
hoisting activities is the HSsmall model. Extensive research is done on the correlations between
the HSsmall model parameters and the cone resistance that results from a CPT. Therfor, the
input parameters of the model are possible to be determined relatively accurately with minimal
soil investigation. In some cases limiting the need for additional laboratory tests.
the Hardening Soil Small Strain (HS) model is a constitutive model that is implemented in
PLAXIS to simulate the behavior of soil and it excels in assessing the behaviour under small
strain conditions. The model makes distinction between primary loading and un- / reloading and
remembers pre-consolidation stress. Therfore it includes compaction hardening. Another feature
of the model is that is includes friction hardening which decreases the stiffness in deviatoric loading.

Limitations of the model are that does not consider softening and it is not able to model
time-dependent behaviour. It is possible however, to add a consolidation phase to your model .
As creep is not expected to be significant for the crane hardstand case, the limitation is acceptable.

Another constitutive model which might be able to accurately predict crane hardstand deformations
is the Soft Soil Creep model, which as the name suggest does take time dependent behaviour into
account. A limitation is however that it is not suitable for sand, which would create the need
for different constitutive models and parameter determination methods within one soil profile.
Another limitation is that the over consolidation ratio is not accounted for as detailed as with the
HS small model.

While different constitutive models might improve the accuracy of the crane hardstand deformation
prediction, it is not analyzed within the scope of this research due to time considerations. Rather
the focus lays on improving the accuracy of the current HSsmall model most often used in practice.

7.3 The model

The geometry and structures used to assess the deformation of the soil are depicted in figure 7.1.
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Figure 7.1: Model geometry

The width of the model is taken from 0 to 60 meters. This width is chosen such that the
load change effects do not reach the boundary of the model and the border does not influence the
results. Symmetry is not often used in practice for crane hardstands the modeled load exerted by
the crane is not always uniform. Therefore symmetry is not used in this model

The load case used for the sensitivity analysis is the same as the load used during the full scale
testing. This is a distributed load of 460 kN/m2 of 1.8m wide running from 25.1m to 26.9m in
the geometry. This load simulates a crawler track as used in Chapter 6. To analyze the influence
of load magnitude there are also variants where a load of 200 kN/m2 is used.

7 meter wide steal beams are used to spread the load along the surface to as would be the case
during wind turbine lifting operations. The beams are modelled as a linear elastic layer with a
stiffness of 210 MN/m2 and a Poisson ratio of 0.1.

For the sensitivity analysis the model always consists of 3 soil layers. Namely 2 layers of
stiff sand with high permeability enclosing a deform-able layer representing a soft soil present
in the Netherlands. The sand layer is modeled as a drained layer with properties as presented
in Table 7.1. This layer is used in each variant to allow free flow of water while ensuring equal
circumstances for each calculation.

Drainage type γsat γunsat Eoed E50 Eur ϕ c’ κ
Sand Drained 20 18 1.5E6 1.5E6 6.0E6 37.5 5 0.2624

Table 7.1: Sand layer properties

The model is constructed in 3 stages. At first the initial phase is activated. The initial phase
simulates the initial situation before any construction has taken place. The initial pressures are a
result of the soil weight and the water level, which is at surface level. After the initial stage the
max crane load is added in stage 2: Crane Load. This stage includes the crane load (which can be
460 kN/m2 or 200 kN/m2) as well as the previously described steel beam. A plastic calculation
is performed with a staged construction loading type. Lasty a consolidation stage is added to the
model with a time period between 2 and 6 hours, depending on the variant. The full calculation
stage settings are displayed in Figure A.1 and Figure A.2.
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7.4 Assessed soil types

The full scale tests at location D1 showed that a soil profile containing only sand does not show
significant deformations. For this reason the sensitivity analysis focuses on soft soils, clay and peat.

Table 2b. of NEN-9997 Normcommissie"Geotechniek" (2017) is composed by averaging the
characteristic properties of assesed soil profiles with a specific cone resistance and friction ratio of
different samples throughout the Netherlands. The properties assigned to the fictional soils types
used in this thesis are based on the table 2b.

The saturated volumetric weight and and friction angle for the soil types are derived from
previously mentioned table 2b. The cohesion is taken significantly larger then the advised value
from the same table. When the soft soil layer is modeled as Undrained (A) the strength is
underestimated for soil layers close to the surface where stresses as a result of soil weight are low.
To simulate the undrained shear strength of the clay and peat layers the cohesion is increased to
ensure the variant where the soft layer is 1m below the surface does not fail, making it unable to
create the calculation.

The Eref
oed is determined by multiplying the average stress in the specific layer with the proposed

empirical cone factor Sanglerat (1972). And determining the reference stiffness for a reference
pressure of 100kPa according to Equation (7.5). The small strain parameters are determined by
eq. 4.3 and 4.4, the K0 is taken as 1 − sinϕ and κ as taken from StructX (2023). The assessed
soil types with the corresponding soil parameters are displayed in Table 7.2

Parameter γsat ϕ c Eoed E50 Eur m G0 γ0,7
[kN/m3] [o] [kPa] [MPa] [MPa] [MPa] - [MPa] -

Clay, weak sandy 18 22.5 60 8.76 17.52 87.6 0.9 146 1.02E-04
Clay, very sandy 18 27.5 40 14.74 14.74 73.71 0.9 122 1.17E-04
Clay, clean 17 17.5 45.65 12.46 24.92 124.62 0.9 207 6.26E-05
Clay, organic 15 15 30 4.55 9.11 54.65 1 91 1.09E-04
Peat 12 15 40 0.67 1.35 8.09 0.9 13 7.99E-04

Parameter OCR POP K0 k
- [kN] - [m/day]

Clay, weak sandy 1 10 0.61 4.75E-01
Clay, very sandy 1 10 0.54 4.75E-01
Clay, clean 1 10 0.70 4.06E-04
Clay, organic 1 10 0.74 8.64E-03
Peat 1 10 0.74 8.64E-03

Table 7.2: Parameters per assessed soil type

7.5 Parameter range determination

The uncertainty range of the parameters is based on the correlations used to determine the soil
parameters from a cone penetration test. The parameters determined from table 2b of NEN9997-1
Normcommissie"Geotechniek" (2017) are characteristic values with a variation indicated in the
same table. This concerns the cohesion (c), the internal friction angle (ϕ) and the volumetric
weight (γ). With this variation the maximum and minimum value for the parameters can be
estimated as follows. Multiplication factor Zn;v is given as a function of the amount of samples
n and the variation coefficient v. And this factor can be used to back calculate the average and
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maximum value as shown in your rig Equation (7.3).

Xavg;c = Zn;v ∗Xavg (7.3)

Xavg;c = characteristic parameter value
Zn;v = multiplication factor
Xavg = the average (50- percentile) of the parameter uncertainty range

The characteristic value of table 2b. is determined by multiplying this factor with the mean
value. The characteristic value is defined as the value where there is 95 % probability that the
real value is equal or higher than the characteristic value. By backwards calculation the mean
and value where there is a 95% probability that the value is lower than the maximum value can
be determined. This is the case for the saturated and unsaturated volumetric weight (γunsat and
γsat), the cohesion (c), the internal friction angle (ϕ).

The small strain parameters specific to the Hardening Soil Small strain model are described in
Section 4.4. G0 is dependent on the Eur and µur as indicated by Equation (4.3). γ0.7 is depicted
inEquation (4.4). Their ranges are determined by using the minimum and maximum parameters
used to calculate the paramters.

Permeability parameters
The range of the permeability parameters is taken as the minimum and maximum as described
by StructX (2023). The values for peat are taken to be the same as organic clay.

Stiffness parameters
To determine the stiffness parameters from the CPT data the correlation suggested by Sanglerat
(1972) is used.

Eoed = αqc (7.4)

Where α is the emperical cone factor. Sanglerat proposed values of the cone factor based on
the type of soil as shown in table 7.3

The way to transform Eref
oed to Eoed and is provided in 7.5

Eoed = Eref
oed

(
c cos(ϕ)− σ′

3 sin(ϕ)

c cos(ϕ) + pref sin(ϕ)

)m

(7.5)

c = Cohesion
ϕ = Internal friction angle
σ′
3 = average effective soil pressure in corresponding soil layer

pref = reference pressure [100kPa]
m = power m

Table 7.3: Emperical cone factor

Sanglerat param α
min max

Clay, Medium sandy 2 5
Clay, Very Sandy 1 3
Clay, clean 2 6
Clay, organic 1.5 4
Peat 1 1.5
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The empirical cone factor proposed by Sanglerat is dependent on soil type, which is determined
by the cone resistance of the CPT, as well as moisture content. This factor ranges between a
maximum and minimum possible value per condition. These maximum and minimum values are
used to determine the range for Eoed

In turn E50 and Eur are determined based on a correlation with Eoed. This correlation is once
again dependent on the soil type. Since the stiffness parameters are heavily correlated with each
other they can not be evaluated separately in the sensitivity analysis.

The pre overburden pressure range difficult to assess based on literature and was taken to be
between 10 and 30 kPa. This is done to see the sensitivity of the model to the P.O.P.

The parameter ranges for each parameter and the sanglerat factor α for the stiffness parameters
for each soil type is shown in Table 7.4

Soil type γunsat γsat ϕ’ c′ α Eref
oed Er

50ef Eref
ur

[kN/m3] [kN/m3] [o] [kPa] [-] [MPa] [MPa] [MPa]

Clay, weak Sandy min 18.0 18.0 22.5 60.0 2.0 5.84 11.68 58.40

max 21.43 21.4 29.9 93.8 5.0 14.60 29.20 146.00

Clay, very Sandy min 18.0 18.0 27.5 40.0 1.0 7.37 7.37 36.85

max 21.4 21.4 35.8 62.5 3.0 22.11 22.11 110.57

Clay, clean min 17.0 17.0 17.5 45.6 2.0 5.53 11.08 55.38

max 20.2 20.2 23.6 71.3 6.0 16.61 33.23 166.16

Clay, organic min 15.0 15.0 15.0 30.0 1.5 3.41 6.83 40.98

max 17.8 17.8 20.4 46.8 5.0 9.10 18.21 109.29

Peat min 12.0 12.0 15.0 40.0 1.0 0.67 1.34 8.09

max 14.3 14.3 20.4 62.5 1.5 1.01 2.02 12.132

Table 7.4: Parameter ranges per soil type

Soil type G0ref OCR P.O.P. K0 κ

[MPa] [-] [-] [kN] [-]

Clay, weak Sandy min 97.33 1.0 10 0.62 4.75E-01

max 243.33 1.0 30 0.50 4.75E-04

Clay, very Sandy min 61.42 1.0 10 0.54 4.75E-01

max 184.28 1.0 30 0.41 4.75E-04

Clay, clean min 92.31 1.0 10 0.70 4.06E-04

max 276.93 1.0 30 0.60 8.64E-07

Clay, organic min 40.98 1.0 10 0.74 8.64E-03

max 109.29 1.0 30 0.65 4.32E-05

Peat min 8.09 1.0 10 0.74 8.64E-03

max 12.13 1.0 30 0.65 4.32E-05
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7.5.1 Variants
There are three variants used to describe the behaviour of specific soil types under the high
temporary loads. The soft soil layers are varied in thickness and in depth. This is done to
assess the effect layer thickness and depth have on the importance of accurate model parameter
determination.

To ensure the only layer influencing the difference in deformation the layer on top and bottom
of the deformable layer is always taken as the same stiff and permeable sand.

The variants are shown in Figure 7.2 and they are a layers with 1m thickness and 5m thickness.
The depth if differentiated with the top op the layer laying at 1 m below surface and 5m below
surface. The load simulates the load of a single crawler track as in Chapter 6. The load is varied
for different variants. The soil types used are described in Table 7.2. The colors of the layers
indicate the soil type, where the top at bottom layers are the same sand layer as indicated in
Table 7.1

(a) 1m thick, 1m depth

(b) 1m thick, 5m depth

(c) 5m thick, 5m depth

Figure 7.2: Variants used for the sensitivity analysis
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7.6 Python code

The sensitivity analysis is performed by repeating the same deformation calculation in Plaxis
while varying one parameter each time. This process is automated with python. The code uses a
predetermined plaxis model, with a set geometry, structures, mesh, loading phases etc. and only
changes 1 parameter of the middle layer as shown in Figure 7.2. After changing the parameter the
calculation of the new situation is performed and the resulting deformation of a specific node is
documented after each loading stage. These deformations are then used to perform the sensitivity
analysis. The code as well as the input files included in Appendix A.2

7.7 Results

The results of the sensitivity analysis indicate the range of the possible deformation of a specific
variant. For every variant the influence of each variable on this range is shown in a influence factor
graph Figure 7.3-7.7. The deformation ranges of each variant is displayed in 7.5.

1 2 3 4 5 6 7 8 9
Clay min -6.11 -14.26 -4.40 -0.96 -5.09 -0.77 -11.75 -13.31 -1.35
Weak Sandy max -2.18 -4.31 -0.81 -0.66 -1.60 -0.32 -1.55 -1.85 -0.45
Clay min -13.00 -11.29 -3.16 -1.66 -3.55 -0.62 -7.88 -7.56 -1.38
Very Sandy max -4.49 -3.44 -0.77 -0.90 -1.43 -0.36 -1.75 -1.95 -0.52
Clay min -5.36 -10.60 -2.28 -1.07 -4.21 -0.69 -2.64 -3.91 -0.67
Clean max -2.12 -1.24 -0.30 -0.63 -0.83 -0.28 -1.07 -1.07 -0.35
Clay min -4.29 -7.68 -2.26 -0.99 -2.86 -0.56 -5.00 -6.01 -1.17
Organic max -2.53 -3.34 -0.61 -0.70 -1.47 -0.33 -1.19 -1.44 -0.41
Peat min -35.21 0.00 -12.06 -3.15 -20.47 -2.23 -12.36 -21.70 -2.70

max -3.18 0.00 -0.88 -1.06 -2.13 0.00 -2.56 -2.74 -0.78

Table 7.5: Deformation with maximum and minimum parameters

The different load and geometry variants analyzed in this research are shown in Figure 7.2

Depth, thickness, load, consolidation time Variant number
1m deep, 1m thick, 460 kPa, 2 hour 1
1m deep, 1m thick, 460 kPa, 6 hour 2
1m deep, 1m thick, 200 kPa, 2 hour 3
5m deep, 1m thick, 460 kPa, 2 hour 4
5m deep, 1m thick, 460 kPa, 6 hour 5
5m deep, 1m thick, 200 kPa, 2 hour 6
5m deep, 5m thick, 460 kPa, 2 hour 7
5m deep, 5m thick, 460 kPa, 6 hour 8
5m deep, 5m thick, 200 kPa, 2 hour 9

Table 7.6: Sensitivity analysis variants

The influence factor is assessed for the different soil types, as discussed in Table 7.2 separately.
This is done to give an indication as to which parameters used in the prediction model can cause the
greatest variation in the results. These parameters are then later analyzed further to investigate
the impact of a more precise determination of these parameters could have on the accuracy of the
predicted deformation results.
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Figure 7.4: Influence factor Clay, very sandy

Weak sandy clay For the weak sandy clay, the stiffness parameters have the largest impact
on the uncertainty of the model of each variant. The second most influential parameter is the
P.O.P.. The permeability coefficient influence is larger for the variants with 2 hour consolidation
time then the variants with 6 hour consolidation time.

Figure 7.3: Influence factor Clay, weak sandy

Very sandy clay Once again the stiffness parameters have the largest influence of of the
uncertainty of the model. When compared to weak sandy clay the p.o.p. is less influential on the
result. The permeability coefficient also has less influence on the deformation range. The first
variant could not be assessed due to a mistake in the input parameters during calculation.

Clean clay For clean clay the permeability coëficcient becomes more influential for each
variant. The stiffness parameters , p.o.p. and permeability coefficient account vor nearly all
significant variance for clean clay.

Figure 7.5: Influence factor Clay, clean
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Clay, organic

Figure 7.6: Influence factor Clay, organic

Peat The results for variants 1, 2 and 7 contained failures and could thus not be analyzed.
From the remaining variants however it becomes evident that the P.O.P. and the permeability
parameter have the greatest influence on the uncertainty of the model. The stiffness parameters
are not as influential for the peat layer as for the other layers

Figure 7.7: Influence factor Peat

7.8 Analysis

The parameters that generally have the most influence on the on the deformation range of the
prediction model are the stiffness parameters, the permeability parameters and the P.O.P.. The
stiffness parameters are most dominant for the generally coarser soils while the permeability
coefficient becomes more influential as the average particle in the soil layer becomes smaller.
The more in depth analysis of the results is provided in Chapter 8 as that chapter goes deeper
into the influence of consolidation and layer thickness

The stiffness parameters are less influential for the peat layer due to the uncertainty range of
this parameter. This range was determined based on the Sanglerat alpha factor as discussed in
Section 7.5 which resulted in a small range for peat.

The high sensitivity of the model to the p.o.p. is expected to be a result of the large uncertainty
range assumed in this research. The assumed range of 10kPa to 30kPa was used to see the impact it
would have on the results. However, since these values were a broad estimate and not substantiated
by research, the choice is made to limit the investigation of the soil parameter improvements in
the following chapter to the stiffness and permeability parameters
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8 | Soil parameter improvements
The uncertainty ranges of the most influential prediction model parameters as discussed previously,
the permeability coefficient and stiffness, are tested on the impact this range has on the predicted
deformation.

As discussed in section Section 7.5 the stiffness parameter as assessed in the sensitivity analysis
is the combination of the Eref

oed , E
ref
50 and Eref

ur and its range is defined in this project by the α factor
as proposed by Sanglerat (1972). Eref

50 and Eref
ur are determined as a factor of Eref

oed dependent on
the soil type as described by Table 4.1. The range of the permeability coefficient κ is determined
from literature.

To determine the impact a more accurate assumption of these parameters would have on the
predicted deformation the uncertainty range is divided in different percentiles. These represent
specific values of the assessed parameters within the uncertainty range. The aim is to provide
an indication of the effect extra soil investigation could have on the deformation prediction. For
simplicity, the analysis is performed based on two assumptions. 1. The uncertainty range of the
parameter follows a normal distribution and 2. extra soil investigation would return a deterministic
value which could be used in the prediction model.

Based on these assumptions a new input file is created for to run with the Python script
described in Section 7.6. The input is shown in Appendix A.2. The deformation prediction is
performed for various percentiles of the parameter uncertainty range. Namely the 5, 25, 50, 75
and 95 percentiles. These percentiles are determined based on the previously determined 5% and
95% values.

8.1 Results

The results of the uncertainty range analysis are depicted here. These results show the deformation
result of each variant and soil type for the uncertainty range of the stiffness and permeability
parameters. Table 8.1 displays the ratio between the predicted deformation when the 5-percentile
and the 95-percentile value of the uncertainty range of the parameters are used in the prediction
model. This ratio stands for the maximum decrease in the predicted deformation possible when
extra soil investigation was performed. These ratio’s are used instead of the difference in deformation
so it is applicable to more situations then the ones used in this project. The Red values indicate
the cases where extra investigation might be beneficial while the Green values are cases where
extra investigation will not be necessary. The colors fade between these to extremes.

Clay, ws Clay, vs Clay, clean Clay, organic Peat
E k E k E k E k E k

2hour 0.49 0.57 0.49 0.71 0.67 0.32 0.53 0.41 0.90 0.141m deep 1m thick 6hour 0.49 0.81 0.49 0.93 0.60 0.24 0.53 0.53 0.85 0.11
2hour 0.59 0.69 0.63 0.89 0.73 0.39 0.66 0.66 0.95 0.161m thick 6hour 0.59 0.88 0.63 0.98 0.66 0.31 0.66 0.77 0.91 0.15
2hour 0.61 0.31 0.52 0.59 0.80 0.60 0.62 0.51 1.01 0.275m deep

5m thick 6hour 0.56 0.41 0.52 0.71 0.77 0.42 0.57 0.52 0.99 0.17

Table 8.1: 95 % interval improvement ratio

Table 8.2 displays the ratio between the predicted deformation when the 5-percentile and the
50-percentile value of the uncertainty range of the parameters.
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Clay, ws Clay, vs Clay, clean Clay, organic Peat
E k E k E k E k E k

2hour 0.65 1.00 0.63 1.01 0.77 0.45 0.67 0.79 0.95 0.421m deep 1m thick 6hour 0.65 1.00 0.63 1.01 0.74 0.43 0.67 0.97 0.92 0.42
2hour 0.73 0.99 0.74 1.00 0.82 0.51 0.76 0.93 0.98 0.481m thick 6hour 0.72 0.99 0.74 0.99 0.78 0.50 0.76 1.00 0.95 0.50
2hour 0.75 0.75 0.66 0.95 0.87 0.63 0.74 0.68 1.01 0.405m deep

5m thick 6hour 0.71 0.93 0.66 0.98 0.85 0.48 0.70 0.76 1.00 0.34

Table 8.2: 50 % interval improvement ratio

8.2 Analysis

It is important to note that the ratios depicted in Table 8.1 and Table 8.2 are by itself not an
indication of whether extra soil investigation is advisable. If the improvement ratio is 0.5 for the
50% interval and the expected deformation of the specific layer is 3mm a more precise parameter
determination would have a 50% chance to result in 1.5mm expected deformation. Thus a 1.5mm
positive change. However if the original expected deformation for the layer is larger, for example
20mm even an improvement ratio of 0.7 will have a 50 % chance result in a 6mm decrease of
deformation.

Based on the results it can be concluded that for clean clay, organic clay and peat it might be
beneficial for the crane hardstand design to determine the permeability parameter more accurately,
depending on the original expected deformation. For weak sandy and very sandy clay it might be
beneficial to investigate the permeability if it were to be very low and thus the layer would not
behave drained during the lifting stage. However, the odds of it being beneficial are quite low as
for the 50% interval improvement it would not change the result for any variant tested in this thesis.

The benefit a more accurate determination of the stiffness would have a 50% chance to decrease
the expected deformation ranging from 0.63 to 0.87 for each variant. Only for peat a more accurate
stiffness parameters will not result in a significantly more beneficial deformation as these values
for the 95% - interval improvement ratios range between 0.85 and 1.01.

8.2.1 Consolidation time influence
To analyze the influence of an increase in consolidation time the results of the 1m deep, 1m thick
2hour consolidation time variant is compared to the same layer with 6 hour consolidation time.
Thus the only variable between the models is the consolidation phase time. These results are
depicted in Figure 8.1.
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Figure 8.1: Consolidation phase time influence

The weak sandy and very sandy layers both have no decrease in deformation for a more
advantageous (from a deformation standpoint) until the 75-percentile uncertainty interval of
the permeability parameter. This indicates the layer to behave as a drained layer with those
permeability values. The increase in consolidation time causes the layer to behave drained for
a larger range of the permeability coefficient. The deformations for the stiffness interval are for
weak sandy, very sandy and organic clay exactly the same for the 2 hour and 6 hour variant as
the layer is fully drained after 2 hours already for the 5-th percentile permeability parameter used
for those calculations.

The concept of consolidation has been briefly discussed in Section 3.3.1. Figure 8.2 shows the
excess pore pressure in the clean clay layer as a result of the crane load before the calculation stage
of the model was calculated. Figure 8.3 shows the pore pressure after a consolidation stage of 2
hours. The excess pore pressure has begun to dissipate from the layer and decreasing quicker closer
to the sand layer. For the consolidation stage after 6 hours, Figure 8.4, it becomes clear that the
larger time factor T caused by a larger consolidation time results in a higher degree of consolidation.
A higher permeability coefficient would increase the consolidation rate resulting in a even larger
influence of a longer consolidation time. However when the excess pore pressures have significantly
decreased there will be no more significant deformation as a result of consolidation. The soil will
behave as a drained soil and a longer consolidation time or higher permeability coefficient will
not result in a larger vertical deformation. This is the case for the soils with high permeability in
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Figure 8.1. A thicker layer will also take longer to consolidate, so a higher permeability coefficient
as well as a longer consolidation phase will influence the deformation as a result of consolidation
for a longer time period. In conclusion, the permeability coefficient will influence the deformation
more, and is therfor more important to determine more accurately whenever a layer is thicker and
the consolidation time is longer, as is backed up by the results of Table 8.1 and Table 8.2. This is
true for all cases that do not behave fully drained.

The same trend holds up for the stiffness as a larger thickness and consolidation time lead to a
larger deformation due to consolidation, the influence of the stiffness parameters will also increase.

Figure 8.2: Clean clay pore pressure before consolidation stage

Figure 8.3: Clean clay pore pressure after 2hour consolidation stage
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Figure 8.4: Clean clay pore pressure after 6hour consolidation stage

Figure 8.5 and Figure 8.6 indicate that a larger consolidation phase will indeed result in a
larger deformation as long as the soil behaves (partially) undrained.

Figure 8.5: Clean clay deformation after 2hour consolidation phase

Figure 8.6: Clean clay deformation after 6hour consolidation phase

8.2.2 Layer thickness influence
To analyze the influence of layer thickness on the prediction results the variants of both thicknesses
on 5m depth and 2 hour consolidation time
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Figure 8.7: Layer thickness influence

Notable from these results is that for clean clay, the 5m thick layer is predicted to deform less
then the 1m thick layer. This is a result of the smaller time factor T as a result of the longer
drainage length displayed in Figure 3.3. This in combination with the the smaller pressure change
at the bottom of the layer due to the load spreading as discussed in sectionSection 3.1.2 results in
a total smaller deformation for the thicker layer.

These findings can be backed up by the pore pressure distribution before and after the consolidation
stage of the clean clay layer Figure 8.8 and Figure 8.9. The lower pore pressure at the bottom of
the clay layer is a result of the smaller soil pressure as a result of the load spreading throughout
the soil profile.
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Figure 8.8: Pore pressure clean clay before consolidation stage

Figure 8.9: Pore pressure clean clay after 2 hour consolidation

55



9 | Discussion
This chapter discusses the results of each part of this thesis as well as the coherence between these
parts.

This thesis originated as a result of a problem occurring during wind turbine lifting operations
during the turbine build-up. Differential deformations of the soil caused by varying pressures
applied on the crane-soil contact points lead to tipping of the crane. This problem can halt
operations leading to costly delays.

This project aims to improve the current prediction method used to assess deformations of the
crane hardstand, as a more accurate prediction will decrease the chance of unexpected differential
settlement

As mentioned in Chapter 1 the thesis is divided in three separate parts:
1. Theory: A background study creating a complete picture concerning crane hardstands used
for the lifting stage of a wind turbine installation. This in combination with the physical events
occurring during loading should provide an overview of the wind turbine lifting operation. A
literature study is furthermore used to investigate in what way the above ground physical events
are expected to result in soil deformations.
2. Practice: The current prediction method is tested on how well it considers the deformation
phenomena found in the literature study. As well as how this translates to the deformation
occurring during real time lifting operations and full scale tests
3. Analysis: The current prediction method is compared to the results of the full scale monitoring
and full scale tests. The current prediction model is also subdued to a sensitivity analysis to
investigate which parameters are most influential on the models result. The impact of extra soil
investigation to better estimate the prediction model parameters is examined.

From the theory could be concluded that 4 expected phenomena would primarily influence the
deformations of the crane hardstand during turbine lifting operations. Namely:
1. The un- and reloading nature of the crane operations could result in deformations in the form
of: plastic strain accumulation, hysteresis, damping and energy dissipation.
2. Distribution of the load through the soil profile could influence the magnitude of the pressure
change at a deform-able soil layer at a certain depth
3. Primary compression strains upon virgin loading
4. Consolidation that occurs during the relatively ’short’ time of a specific load case

The STOWA handbook on crane hardstands for installation of wind turbines provides an
extensive explanation on crane hardstands. What preliminary geotechnical soil investigation is
required, the design process and even the execution.

A closer look at the how the deformation prediction method as it is currently used however,
indicates a few possibilities for a more accurate deformation prediction. Mainly the correlations
used to determine model parameters from a CPT lead to a large range of uncertainty. Safety
standards regulate that a 95% parameter certainty interval is required for the prediction calculations.
Therfor, a large range of uncertainty results in an overestimation of the predicted deformations
as a smaller uncertainty range with the same mean value will result in a more advantageous 95%
certainty interval.

Aside from that, the soil layers with low permeability are modelled as undrained due to the
’short’ duration of the load cases, and no time dependent behaviour is accounted for, which is
deemed questionable.
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The full scale monitoring provides an overview of the real time phenomena occurring during
the lifting stage of the turbine installation. The re- and unloading of the load is observed but this
is concluded not to lead to significant plastic deformations. Therefor, the choice is made not to
investigate the cyclic loading further in this research.
For the monitoring cases considered in this project consolidation is not observed to have a
significant impact on the deformation during a lifting stage. This is the case for these specific
crane hardstand however, because with extensive pre- loading of half a year and a design of thick
stratum layer extensive mitigation measures where already in place to minimize the consolidation
part of the total deformation. However, over the entire duration of the crane operation the time
dependent deformations were significant. Albeit not differential deformations.
The full scale tests however, indicate that significant deformations do occur over the short time
period. For a crane hardstand with 3.5m of deform-able layers the 18mm of deformation over time
accounted for 34% of the total deformation. Therefor the choice is made to include a consolidation
phase in the further calculations performed in this research.

As became apparent by investigation of the current prediction method the parameter determination
lead to large uncertainties in the Hardening Soil Small Strain prediction model used in PLAXIS.
To suggest improvements on the current method and as an addition to the STOWA manual it is
investigated what effect a more precise parameter determination might have on the deformation
prediction. A sensitivity analysis is executed on specific variants as described in chapter Chapter 7
to indicate which parameters have the largest influence on the uncertainty of the model. The
range of each model parameter is approximated based on the CPT-correlation used to determine
the parameter in the current prediction method. The sensitivity analysis derived the stiffness
component E (which is a combination of Eref

oed , Eref
50 and Eref

ur ) and the permeability coefficient κ
to have the largest influence on the uncertainty of the model.

To provide an indication which benefit a more accurate parameter determination as a result of
more extensive soil investigation might have, the deformation is predicted for different percentiles
of the parameters range of uncertainty. This is done based on two assumptions: 1. The uncertainty
range of the parameter follows a normal distribution and 2. extra soil investigation would return
a deterministic value which could be used in the prediction model. The maximum difference
in deformation ratio extra soil investigation might have is depicted in Table 8.1. The impact
ratio extra soil investigation is 50% likely to return is depicted in Table 8.2. These results are the
ratio between the predicted deformation with and without more accurate parameter determination
method. Whether extensive soil investigation will beneficial depends on the improvement ratio
in combination with the original predicted deformation. When the original deformation of a
certain soil layer is large a less beneficial improvement ratio might already result in significant
less deformation. While for a small initial deformation extra investigation will not be beneficial.
Other factors such as whether the design is on the allowed deformation limit, if the same soil layer
is present at more project locations will influence the benefit of extra soil investigation as well.
This research is based on refinement of knowledge. The first phase is focused on gathering
information on crane hardstands, the lifting phase of wind turbine installations and all possible
deformation influences. Then the current deformation prediction method is analyzed and tested on
the basis of full scale monitoring and test results. That phase is then analyzed to find shortcomings
in the current method and make suggestions to improve the method. The resulting improvement
interval ratios can be used in addition to the STOWA manual to create more accurate and beneficial
crane hardstand designs to reduce the chance of differential settlement.
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10 | Conclusions
The goal of this thesis was to answer the following research question.

What influences the deformation of a crane hardstand and how can this deformation be more
accurately predicted to improve the design method?

This is done with the following structure. At first the hoisting process of the wind turbine
installation is analyzed to understand how the process can result in soil deformations during
lifting. Whether the soil profile is experiencing virgin or re-loading is indicated to have a large
influence on the deformation. Aside from the loading conditions, the distribution of the load on the
surface as well as throughout the soil profile together with time dependent behaviour (primarily
consolidation) are also highlighted as estimated deformation influences.

The current predictions method is analyzed and tested on the bases of monitoring and full scale
deformations tests. Possible shortcomings of the current method as proposed by M.P. Rooduijn
(2019) are noted to be the absence of time dependent behaviour and the limited recommended soil
investigation. The full scale monitoring analyses which deformation phenomena are visible during
lifting activities. The re-unloading cycles are not resulting in significant plastic deformations and
consolidation during a lifting stage. A small time dependent deformation of 1mm is observed
during the boom letdown of WT4. Unforeseen events such as a higher occurring pressures than
anticipated might result in larger deformations than estimated.

The full scale testing pointed out that displacements over time have a significant part in the
total deformations. It does vary depending on the soil type and layer thickness. Testing location
D1 had a soil profile consisting of primarily sand. For this location only 14% (2mm) of the total
deformation of 12mm occurred over the 6 hour time period. While for location B3, consisting of a
3m thick weak clay/peat layer, 34% (18mm) out of a total 35mm deformation appeared during the
6 hour waiting period. From this it is concluded that time dependent behaviour can be a significant
part of the total deformation depending on the soil profile. For this reason a consolidation phase
is included in the rest of the research.

The sensitivity analysis indicates that the biggest uncertainties from the deformation predictions
are caused by the ranges of the stiffness and permeability of the layers. The range as a result
of parameter determination has a large impact of the deformation range. The effect a more
accurate prediction might have on the expected deformation is researched at the soil parameter
improvements.

Further analysis of the uncertainty range of the stiffness and permeability parameters provides
an indication of the benefit more extensive soil investigation might provide for the deformation
prediction. An overview is provided for the maximum predicted deformation decrease a more
precise model parameter determination might result in, as well as the predicted deformation
decrease extensive soil investigation has a 50% chance of realizing. For a peat layer a more
accurate permeability parameter determination has a 50% chance to decrease the deformation
prediction by 50-60% for each variant. The need for extra soil investigation should be weighed
compared to the initial so
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11 | Evaluation and recommendations
The findings of this thesis are meant as an addition to the STOWA manual to be used by a
geo-technical engineer during the design phase of a crane-hardstand on soft soil. The results can
be used as advise to the engineer with whether the deformation prediction model should include a
consolidation phase. The thesis also provides an indication of the influence extra soil investigation
to more accurately predict the stiffness and permeability of the soil might have on the predicted
vertical deformation. This indication is presented tables that show the decrease in predicted
deformation as a result of the 50- and 95 percentile interval improvement ratio for the uncertainty
range of the stiffness and permeability parameters.

These are however, the results of the specific situation used in this research and should therfore
be used as advise rather than to be 1 on 1 translated to the design at hand. Important to note is
that the engineer should compare the ratio to the predicted deformation caused by a specific soil
layers, because when the expected deformation is low a decrease of expected deformation of 50%
might still be insignificant on the total expected deformation.
This research is applicable at the start of the design phase to determine the degree of mitigation
measures needed for a design to stay under prescribed deformations of a specific project.

A big setback of the research came during the monitoring of the deformations of hoisting
activities of the wind turbines. To document the outrigger pressures during hoisting a go pro
camera was used pointed at the display located on the crane base. This crane base only displayed
the outrigger pressures when running. However during most hoists the base was not required to be
active and with fuel considerations these where shut off and not displaying the outrigger pressures.
The gap in information during the monitoring made trying to fit the prediction model to reality
useless. For this reason the monitoring is only used to recognize expected deformation phenomena.

Due to time considerations this research only investigates the soil model currently used in
practice, Hardening Soil Small Strain, but does not research in what way other soil models
might improve the deformation prediction accuracy. Therefor a recommendation for further
research would be to analyze the influence on the prediction accuracy of for example the Soft
Soil Creep model, as this model includes time dependent behaviour and is known to predict soft
soil deformation accurately.

In the current prediction model only the normative crane pressure point (outrigger or crawler)
is considered for the crane tilting assessment. This is because the influence between the pressure
point will only decrease differential deformation. The normative pressure point (with the highest
load) will influence the deformation under the other pressure points more than visa versa, causing
the differential settlement to decrease. It would be interesting however, for further research to
investigate how this thesis would translate to Plaxis 3D, and in what way Plaxis 3D might influence
the deformation prediction accuracy.
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1 Introduction 

Vattenfall Wind Development is realizing a windfarm with 6 new wind turbines near Moerdijk 

and Lage-Zwaluwe. During installation of a wind turbine the subsoil on which the crane is 

founded may settle, causing the surface to subside locally (vertical deformation). When this 

subsiding does not occur uniformly over the total area underneath the crane, it is possible 

that the crane will start to tilt. For safety reasons the maximum allowable tilt of a crane is 

set to be 0.3° with a signal value of 0.2°. During installation each outrigger will be subjected 

to different loads causing the soil deformation underneath each one to be differential. In the 

design op de crane hardstand this requirement is taken into account. To ensure that the 

bearing capacity is sufficient and therefore decrease settlement Tensar geogrids were 

installed as the foundation of the crane. The design is validated with several design 

calculations carried out by the BoP contractor Heijmans. Furthermore in the crane there are 

built in systems which give warning signs when the maximum value or alarm value is 

exceeded.  

Despite this and due to a long design period and lots of discussions during the design period 

Vattenfall decided to perform monitoring activities since the differential deformations can 

lead to complications. The actual behaviour of the crane outriggers during installation will be 

monitored as a measure to mitigate any unsafe situation on the basis of real-time monitoring 

data. 

 

BT Geoconsult BV is one of the members of the committee that has issued the guidelines for 

crane hardstands in 2019/2020 in the Netherlands. There are several topics which need 

further research. Namely, the effect of the un-/reloading nature of the turbine installation 

has on the deformation. What part of the deformations is elastic and what part is plastic. 

Whether the relatively short period the crane is installed causes the compressible layers to 

solely behave undrained or whether drained behaviour impacts the deformation. How load 

spreading measures influence differential settlement 

 

BT Geoconsult BV would like to make use of this opportunity to collect data in such a way 

that it can be further processed for research purposes as mentioned above. Results and 

conclusions form this research will give the engineering community more insight in the actual 

behaviour of the soil underneath the crane hardstands which is also beneficial for the 

developers of wind farms. A better understanding of the soil behaviour underneath crane 

hardstands will make future differential settlement predictions more accurate. This will 

decrease the chance of unexpected exceedance of the tilt limit that can lead to project 

delays, Therefor this plan of action is issued. This plan is based in the wind farm A16 at 

Klaverspoor.  
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2 Project information  

2.1 Project information 

The following project information is used for the design: 

[A] Drawing “Rigging Main crane” with reference 21HP _WT2 revision 3.0, dated May 4th 

2022; 

[B] Report “Final design roads & crane hardstands” by with reference MEM-2217, dated 

18 November 2021; 

[C] Report “Plaxisberekening draagvermogen WTG7”,with reference MEM-2753, revision 

5, dated November 4rd 2021; 

[D] Report" Onderbouwing Cu"  by Heijmans, with reference MEM-2688 revision 3.0, 

dated 29 October 2021; 

[E] Document “Work method statement drainage MCHS during lifting”  

 

Furthermore, information from verbal and digital communication with the client has been 

used. 

2.2 Monitoring location 

This monitoring plan is issued for 2 locations: WT2 and WT4. WT2 because it is the first 

turbine installed and WT4 because it has the most critical soil stratification (see Chapter 3) 

regarding settlements. The turbines will be installed by a LIEBHERR LG1750 cane which is 

supported by 4 outriggers. The crane layout is given in Figure 1.1 [A]. The outrigger is 

placed on top wooden or steel dragline mats to further spread the load over the soil surface. 

 

 

Figure 2.1 Dimensions and lay out crane. [A] 
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2.3 MCHS Design information 

To meet the required bearing capacity of the platform stay within the requirements for 

differential settlement, the MCHS was built of a Tensar geogrid cell structure called stratum. 

On some location there was a top layer built up from mechanically stabilized layer (MSL) with 

horizontal geogrids, see Figure 2.1. The design is given in report [B] and additionally 

checked in [C]. Related to the design in report [D] substantiation of the soil parameter cu is 

given after additional soil investigation and in [E] an important measure: draining before 

lifting is presented.  A schematic depiction of how the load propagates through these layers 

is shown in Figure 2.1. 

 

 

Figure 2.1 Load spreading through the MCHS stratum [B] 

At the locations were the monitoring will take place WT2 and 4 the MCHS consists 2000 mm 

Tensar Stratum as shown in Figure 2.2 and 2.3. 

 

 

Figure 2.2 MCHS stratum WT2 [B] 
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Figure 2.3 MCHS stratum WT4 [B] 

As mentioned in Figure 2.3 the requirement was not met in this report. The designer 

mentioned that these calculations have a conservative approach. Additional FEM based 

calculations were carried out as presented in [C] to demonstrate the safety of the MCHS.  
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3 Soil stratification and geohydrology 

3.1 Available geotechnical investigation 

An overview of the provided and used geotechnical investigation for WTG-3 and WTG-4 is 

shown in Table 3.1 and Table 3.2. The geotechnical investigation is included in [C]. 

Table 3.1: Overview of available geotechnical investigation WTG-3 

Source Relevant 
investigation 

Distance to project location Depth 

[-] [-] [m] [m NAP] 

Document "WPA16, 
Klaverspoor – 

Onderbouwing Cu"   

12 CPT’s 

2 boreholes 
0 to 100 

CPT’s: - 30,0 

Boreholes: - 21,0 

Table 3.2: Overview of available geotechnical investigation WTG-4 

Source Relevant 
investigation 

Distance to project location Depth 

[-] [-] [m] [m NAP] 

Document "WPA16, 
Klaverspoor – 

Onderbouwing Cu"   

12 CPT’s 

2 boreholes 
0 to 100 

CPT’s: - 22,0 

Boreholes: - 21,0 

3.2 Surface level 

The surface levels at WT2 and WT4 are 1.21 m and 1.24 m respectively. 

3.3 Soil stratification 

From interpretation of the available geotechnical investigation a general soil stratification at 

the project location is determined. For the intermediate locations, an interpolation is made 

using surrounding soil investigation. The global soil stratification is shown in Table 3.3 and 

Table 3.4.  

Table 3.3: Indicative soil stratification WT2 

Grondlaag nr. Niveau grondlaag Grondsoort 

[-] [-] [-] 

1 from NAP – 1,2 m (=Surface level)  

to NAP – 1,5 m à NAP – 2,1m 

Top layer: Clay, slightly organic, 
silty 

2 From NAP – 1,5 m à NAP – 2,1 m  

to NAP – 5,5  m à NAP – 6,1 m 

Peat 

3 From NAP – 5,5 m à NAP – 6,1 m  

to NAP – 10,0 m à NAP – 12,5 m 

Sand, slightly silty 

4 From NAP – 10,0 m à NAP – 12,5 m  

to NAP – 20,0 m à NAP – 22,0 m 

Sand, layered clay 

5 From NAP – NAP – 20,0 m à NAP – 22,0 m 

To maximum obtained depth (NAP – 29,0 m) 

Clay, silty 
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Table 3.4 Indicative soil stratification WT4 

Grondlaag nr. Niveau grondlaag Grondsoort 

[-] [-] [-] 

1 from NAP – 1,2 m (= Surface level)  

to NAP – 2,0 m à NAP – 3,0 m  

Top layer: Clay, slightly organic, 
silty 

2 From NAP – 2,0  m à NAP – 3,0 m  

to NAP – 5,5 m à NAP – 6,0  m 

Peat 

3 From NAP – 5,8 m à NAP – 6,8 m  

to NAP – 12,0 m à NAP – 13,5 m 

Sand, silty 

4 From NAP – 12,0 m à NAP – 13,5 m  

to NAP – 18,0 m à NAP – 18,5 m 

Clay, sandy 

5 From NAP – 15,0 m à NAP – 16,5 m  

to NAP – 18,0 m à NAP – 18,5 m 

Clay, sandy 

6 From NAP – 18,0 m à NAP – 18,5 m  

To maximum obtained depth (NAP – 22 m) 

Sand, slightly silty 

3.4 Geohydrology 

The geohydrological conditions at the project location were determined in [B] and depicted in 

Table 3.5. 

Table 3.5 Geohydrological conditions project 

Turbine Summer level Winter GWL including bulge 

 [NAP - m] [NAP - m] [NAP - m] 

WTG-3 -1.8 -2.2 -1.7 

WTG-4 -1.8 -2.2 -2.7 

 

The head in the sand aquifer between NAP – 6.0 m and NAP – 16.0 m is determined 

according to [B] and set to NAP – 2.5 m. 

 

Due to the large depth of the MCHS, part of the stratum is projected to be below ground 

level. To ensure strength during lifting, the ground water in the hardening package is drained 

with groundwater pumps as discussed in [E]. The drain water courses surrounding the MCHS 

locations ensure the drainage water does not cause problems for the water system.  
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4 Monitoring deformations 

Due to the tight restrictions on tilting of the crane during operation it is important to have a 

good understanding of the deformation of the crane outriggers at different loading levels. To 

ensure safety during lifting operations and for research purposes the deformations of the 

crane outriggers are monitored during different phases of the lifting operations. It is 

important to register the deformation and the actual load at the same time. The deformation 

will be recorded by means of a Robotic Total Station. The measurements and the time 

representative load situation must be documented accurately.  

 

Elaboration on the approach is presented in subchapter 4.5. Documentation. 

4.1 Monitoring points 

An overview of each outrigger with corresponding letter (A-D) is depicted in figure 4.1 

 

Figure 4.1 Dimensions and lay out crane WT2 with outrigger letters. 

For the monitoring of the differential settlements 4 measurement points are considered, 1 in 

the middle of each outrigger. A depiction of the 4 measurement points for WT2 is given in 

Figure 4.2: Number 1, 2, 3 and 4. 

 

Aside from the differential settlement measurements the corners of the wooden dragline 

mats underneath the most critical outrigger C are also measured ( 5, 6, 7 en 8) to give an 

indication of the spreading of the mats on the Tensar geogrid surface. Whenever time 
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implication is a factor (during a loading phase or rigging of the boom) the measurement 

points in the middle of the outriggers (1-4) have priority. They should be measured before 

points (5-8). For WTG-4 the same points are measured as indicated in Figure 4.3. The most 

critical outrigger is outrigger C so for that outrigger again the corners of the wooden dragline 

mats are measured with priority for points 1-4. 

 

Figure 4.2 Measurement points for WT2  

 

Figure 4.3 Measurement points for WT4 



 Windfarm XX - Monitoring plan deformations MCHS WT2 and WT4 

 

 

2019-1865/045 revision 1.b  9  

 

 

4.2 Monitoring Protocol 

The most critical load situations are right after the boom erection (269 degrees), whenever 

the boom with highest load (tower installation) is directly over 1 outrigger(3) . It is important 

to get the measurements before, during and after the critical load states to get an 

understanding of both the elastic and plastic deformations. The moments of measurement 

are shown in Table 4.1. In case it is not possible to measure all moments then the focus will 

be on the highlighted measuring moments. 

Tabel 4.1: Measurement moments during lifting operations 

Measuring 
moment 

Description 

[-] [-] 

1 Baseline measurement before crane build up (on mats, no outrigger pressure) 

2 Measurement after build up, excluding ballast  

3 Measurement when full ballast is applied  

4 Measurement right before boom rigging  

5 Measurement at the most critical situation during the boom rigging 

6 Measurement when the rigging is complete 

7 Measurement during 360 test turn (when over 1 outrigger (example. B for WT2) 

8 Measurements in-between loading phases for drained behaviour every 15 min  

9 Measurement before the most critical tower element lift (Bottom) 

10 Measurement during the most critical tower element lift (Bottom) 

11 Measurement after the most critical tower element lift (Bottom) 

12 Measurements in-between loading phases for drained behaviour every 15 min  

13 Measurement before the nacelle or drivetrain lift 

14 Measurement during the nacelle or drivetrain lift 

15 Measurement after the nacelle or drive train lift 

16 Measurements in-between loading phases for drained behaviour every 15 min  

17 Measurement before boom laydown  

18 Measurement during boom laydown, most critical moment 

19 Final measurement after boom laydown 

4.3 Measurement accuracy 

The measurements should be done with equipment capable of measuring with an accuracy of 

+/- 0.5 mm. The accuracy should be demonstrated by performing a double baseline 

measurement.   
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4.4 Allowable deformations 

The distance between each outrigger and the resulting maximum allowable settlement is 

depicted in table 4.3. 

 

Outriggers C.t.c. distance Signal value 
settlement 0.2° 

Max. allowable differential 
settlement 0.3° 

[-] [m] [mm] [mm] 

A-D 12.10 42 63 

A-C 17.25 60 90 

A-B 12.30 43 64 

B-C 12.10 42 63 

B-D 17.25 60 90 

C-D 12.30 43 64 

4.5 Documentation 

For the monitoring it is especially important to know the exact load situation at the time of 

the measurements. The loads are displayed on a screen in the operation chamber of the 

crane. A camera is aimed at this screen from within the operation chamber while filming a 

timelapse. The start time of the timelapse is documented carefully. At the same time a 

timelapse camera is setup aiming at the crane filming the lifting operations over time. The 

starting time of this timelapse should also be documented carefully.  

 

After every measuring moment the following needs to be documented: 

• Location with the letters and numbers of the measuring points (Robotic Total Station) 

• Date and time of the measurements (Robotic Total Station) 

• Results of the x, y and z-coordinates (Robotic Total Station)  

• Load situation at the time of the measurements (Timelapse camera) 

• Lifting position crane (GoPro camera); 

 

If everything is documented correctly it becomes possible to combine every measurement 

over time with the corresponding lifting phase and loads.  

4.6 Arrangements  

To ensure proper documentation of the results agreements have to be made between the 

researchers and the constructers. The surveyor has to be notified on the measuring 

moments where time is important (During lifting operations). During this time measuring 

points 1-4 have priority over points 5-8 and need to be measured as continuously as 

possible. Furthermore an agreement has to be made with the crane machinist to get 

permission to film within the crane cabin to document the load cases. The differential 

settlements have to be assessed real time to give an indication of the tilting angle. 
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Multiple wind turbine projects in West Brabant are being realised to increase the renewable energy 

production of this area. This specific project, Windfarm A16  concerns six of these 

turbines realized by . Whenever an excess load is exerted on a soil 

surface the soil starts to deform. Whenever the change in load and therefore the deformation is larger 

underneath 1 side of the crane the crane starts to tilt. For safety reasons the maximum allowable tilt 

of a crane is set at 0.3° with a signal value of 0.2°. During lifting the tilt is carefully monitored in the 

crane cabin. To minimize the deformation / tilt, crane hardstands are designed for each specific 

location turbine. The hardstands considered during this monitoring are WT2 and WT4. After soil 

investigations these locations were deemed most susceptible to deformations. The hardstands are 

designed with a 2 meter Tensar Stratum layer to increase the bearing capacity as further discussed in 

the monitoring plan: 2022-1865/46 monitoring plan. During operations the water level was kept below 

the hardstands by pumps to ensure sufficient bearing capacity. The least critical outriggers were 

supported on wooden dragline mats and the most critical by larger steel mats, to increase the load 

spreading. Figure 1 gives an overview of how the outriggers are attached to the surface.  

 

Eventhough the MCHS’s are not expected to exceed the maximum allowable differential settlement 

limits, monitoring is done to check the effectiveness of the mitigation measures as well as to gather 

data which will be used in further research to help further understand the soil behaviour as a result of 

the high temporal loads characteristic to on-shore turbine installations.   
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Figure 1: Load spreading mitigation measures  

Monitoring protocol  

The monitoring protocol is described in detail in the monitoring plan 2022-1865/46. The deformation 

of each outrigger will be monitored during specific phases of the installation process. A timelapse 

camera is installed documenting the position of the crane and a go pro camera is attached to the 

crane to document the outrigger pressure at a specific time. An example of this is shown in Figure 2. 

With this extra information the deformations can be explained by the real time pressures occurring.  

 

        

Figure 2: Pictures of the crane position as well as the outrigger pressures corresponding to measuring moment 15 
of the boom rigging of WT4 

Monitoring results 

The monitoring was applied at two locations within the project. Namely at WT2 and at WT4. The soil 

profile as well as the MCHS structure of these locations are described in the monitoring plan. For extra 

load spreading and therefor to decrease deformation metal mats instead of wooden draglines were 

applied underneath the most critical outriggers (The outriggers from measurement point 1 and 2 from 

figure 3).  

 

The measurement points monitored for WT2 are shown in Figure 3. Because it was not possible to 

locate the total station used for the monitoring at a location from where all 4 outriggers would be 

visible at WT4. It was opted for a location where only 3 outriggers would be monitored. The measuring 

points at WT4 would differ from the monitoring plan and they are depicted in Figure 4. 
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Figure 3: Measuring points WT2         Figure 4: Measuring points WT4 

  

The raw monitoring data is included in the appendices of this memo. To make the results easier to 

interpret they are presented in Figure 5-6 for WT2 and Figure 7-11 for WT4. These graphs plot the 

settlement (in mm) staring from a baseline measurement (0 settlement) for each measured outrigger 

over time. The time and description of the different measuring moments for each monitoring stage 

together with the outrigger pressures at this time are depicted in Table 1-2 for WT2 and Table 3-7 for 

WT4. The position of the crane during the measuring moments is established with a time-lapse 

camera. These results are also included in the appendices.  

 

It is considered a safe operation when the tilt of the crane is not exceeding the signal value of 0.2° or 

the limit value of 0.3°. The signal value can be interpreted to a differential settlement of 42 mm based 

on a centre to centre outlined distance of the outriggers of 12.1 m, or 60 mm based on the diagonal 

centre to centre distance of 17.3 m of the outriggers. As can be seen from the graphs these values 

were not exceeded and no such incidents were reported by the crane operator. 

Assessments WT2:  

Between the two monitoring stages done at WT2 the mirror’s used to determine the deformation by 

the total station were moved. Therefore, the total deformations could not be compared between the 

boom rigging and the lifting of tower mid-3.  

 

• Boom Rigging: 

The largest differential settlement occurs at measuring moment 2 between outrigger 1 and 4 

and is 8mm. This is only 19% of the allowable differential settlement before the signal value of 

42mm. 

Remarks Boom rigging: The pictures of the outrigger pressures during the boom rigging stage 

were too vague to determine the outrigger pressures during this phase. Therefor they could 

not be included in the results  

 

• Lifting tower Mid 3: 

The largest differential settlement occurs at measuring moment 2 between outrigger 1 and 4 
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and is 11mm. This is 26% of the allowable differential settlement before the signal value of 

42mm. 

Remarks lifting tower Mid 3: During measuring moment 8 the superlift was blocking the line of 

sight between the total station and measuring point 2. It is therefor not depicted in the 

results.  

Assessments WT4:  

 

• Boom rigging 

The largest differential settlement occurs at measuring moment 2 between outrigger 1 and 3 

and is 8mm. This is 19% of the allowable differential settlement before the signal value of 

42mm. 

Remark boom rigging: Before the first measurement the crane was already under tension 

because the superlift was attached over the entire weekend. Because of this the ‘zero 

measurement was taken at measuring moment 23, when the pressures on all outriggers were 

equal and the only load was the deadweight of the crane. All the deformations are determined 

from this moment as 0 

 

• Lifting bottom tower 

The largest differential settlement occurs at measuring moment 2 between outrigger 2 and 3 

and is 13mm. This is 22% of the allowable differential settlement before the signal value of 

60mm. 

Remark Bottom tower: Because the auxiliary crane blocked the line of sight to measuring point 

2 the mirror was moved. This movement is adjusted for in the results by equalling the 

deformation of point 2 after the last phase to the deformation of point 1 as these should be 

approximately the same. 

 

• Lifting the drivetrain and Hub 

The largest differential settlement occurs at measuring moment 2 between outrigger 1 and 3 

and is 6mm. This is 14% of the allowable differential settlement before the signal value of 

42mm. 

Remark drivetrain and hub: Because the drivetrain and hub were not expected to result in 

large deformations the undercarriage of the crane would not be running. Therefor it was not 

possible to monitor the outrigger pressures 

 

• Lowering of the boom 

The largest differential settlement occurs at measuring moment 2 between outrigger 1 and 3 

and is 7 mm. This is 12% of the allowable differential settlement before the signal value of 

60mm. 

 

• Total process 

The largest differential settlement during the entire instalment of WT4  is 13 mm.  
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Results WT2 

Measuring day 1: Boom Rigging 

 

 

 Figure 5: Monitoring results boom rigging WT2 

Table 1: Measuring moments boom rigging WT2 

Measuring moment Description Time 

[-] [-] [-] 

0 Zero measurement before boom rigging  8:30:00 

1 Start boom rigging  8:40:00 

2 Boom rigging 2m high superlift is floating 8:44:50 

3 Boom rigging 10m high superlift is floating 8:47:40 

4 Boom rigging 20m high 8:49:40 

5 Boom rigging 30m high 8:51:50 

6 Boom rigging 40m high  8:53:50 

7 Boom rigging 50m high superlift is touched down 8:55:50 

8 Boom rigging 70m high superlift is picked back up 8:57:50 

9 Boom rigging 80m high superlift is touched down 9:00:00 

10 Boom is lifted back down a little and superlift is lifted again  9:03:00 

11 Boom is lifted back to 80 m and superlift is touched back down 9:06:00 

12 Boom rigging 90 m and the effect of the superlift is gradually decreased 9:10:00 

13 Boom rigging 100m 9:13:00 

14 Boom rigging ready 9:16:00 

15 Ballast weight above point 1 during turning 9:25:00 

16 Ballast weight between point 1 and 4 9:26:00 

17 End turning weight between 1 and 4 9:28:00 

18 Weight above point 4 9:40:00 

19 Weight between point 1 and 3 9:41:00 

20 Last measurement, weight between 1 and 2 9:43:00 
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Measuring day 2: Lifting of Tower Mid 3 

 

 

Figure 6: Monitoring results lifting of tower mid 3 WT2 

Table 2: Measuring moments lifting of tower mid 3 WT2  

Nr Description Time 

Outrigger pressure 

1 2 3 4 

0 Zero measurement  07:16 225 235 148 154 

1 Only own weight of crane and superlift 07:34 223 251 154 142 

2 Superlift between 3 and 4, no extra load 07:43 158 141 223 252 

3 Superlift above 1, no extra load 08:49 251 208 127 186 

4 Start with tension on the tower  09:26 222 206 181 205 

5 The tower is lifted 09:36 218 208 186 206 

6 The load is fully above 3 09:38 227 207 178 208 

7 Aux crane is not under tension 09:39 241 209 168 208 

8 Aux crane is loose  09:41 190 205 238 228 

9 Tower above 3 09:47 186 204 245 230 

10 Tower between 3 and 2 09:48 186 199 245 236 

11 Tower above 2 09:49 185 220 247 221 

12 Tower above 2 09:50 192 237 237 208 

13 Tower between 1 and 2 09:51 213 241 213 205 

14 
Tower next to the foundation between 1 and 

2  09:52 212 244 214 201 

15 Tower right above foundation 09:54 221 244 207 201 

16 Tower is partially carried by the foundation 10:02 227 246 202 201 

17 Tower is fully loose 10:22 163 164 186 198 
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Results WT4 

Measuring day 1: Boom rigging WT4 

 

   

Figure 7: Monitoring results boom rigging WT4 

Table 3: Measuring moments boom rigging WT4 

Nr. Description Time Outrigger pressure 

      1 2 3 4 

0 Zero measurement  08:08:00 236 249 195 189 

1 First measurement  08:10:00 236 249 195 189 

2 Second measurement 08:16:30 236 249 198 190 

3 Start lift without lifting block  08:25:20 228 240 270 260 

4 2m lift without liftifting block 08:26:50 246 257 270 261 

5 2m lift Superlift is lifted  08:29:20 244 255 277 266 

6 Back down superlift is still lifted 08:33:00 243 255 279 268 

7 2m high lifting block is under tension 08:42:00 272 283 261 254 

8 5m high lifting block is under tension 08:43:20 272 283 261 254 

9 15m high lifting block is under tension 08:45:00 273 284 260 254 

10 20m high lifting block is lifted in the air 08:47:00 294 306 243 238 

11 30m high 08:49:00 295 307 242 238 

12 40m high 08:50:00 294 306 242 238 

13 60m high 08:53:40 291 304 244 240 

14 lifted back down to 50m  08:57:00 292 304 244 240 

15 60m high 09:04:00 283 299 251 245 

16 80m high 09:06:40 273 290 260 254 

17 90m high superlift is back down 09:09:30 252 268 275 267 

18 100m high 09:11:30 252 270 256 253 

19 110m high 09:14:30 222 239 249 245 

20 120m high 09:16:20 203 221 229 225 
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Measuring Day 1: Bottom Tower  

 

 
Figure 8: Monitoring results lifting bottom tower WT4 

 
Table 3: Measuring moments lifting bottom tower WT4 

nr Description Time Outrigger pressure 
  

   
1 2 3 4 

0 Zero measurement during boom rigging 15:01:10 236 249 195 189 

1 Measurment before lifting 15:34:00 133 152 200 184 

2 Superlift is above 3 before attaching tower 16:08:40 151 124 259 217 

3 Start lifting bottom 16:20:30 187 207 206 214 

4 
Weight of the bottom is for 50% on main crane 

(horizontal) 16:22:00 188 209 204 213 

5 Bottom tower is vertical 16:33:00 183 202 222 230 

6 
Auxilary crane is loose, weight is fully supported 

by the crane above point 2 16:34:30 196 266 174 229 

7 Tower above point 2 16:36:40 206 274 167 221 

8 Tower above point 1 16:37:50 248 236 194 185 

9 Tower above the foundation (between 1 and 3) 16:40:00 243 191 240 188 

10 Tower 1 meter above the ground level  16:43:00 150 180 251 182 

11 Tower is down superlift is still in the air  16:51:20 182 227 185 223 

12 
Tension is of the cables, ground is fully carying 

bottom 16:53:30 135 233 128 221 

13 Final measurement superlift still in the air 17:19:00 135 233 126 221 

 

21 130m high 09:18:00 170 187 220 218 

22 140m high 09:19:30 153 167 196 194 

23 End hoist superlift is loose 09:25:40 161 174 169 167 

24 Ballast between 1 and 3 09:28:40 161 172 168 169 

25 Final position 09:31:30 159 171 164 169 
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Measuring day 2: Lifting of the drivetrain and the hub 

 
 

Figure 9: Monitoring results lifting drivetrain and hub WT4 

Table 4: Measuring moments lifting drivetrain and hub WT4 

Nr. Description Time 

0 Zero measurement superlift is lifted 06:43:40 

1 Installment of the installment cables 06:51:20 

2 Crane is above drivetrain, superlift is down 06:56:50 

3 Drivetrain and superlift are lifted 06:26:00 

4 Drivetrain put back down superlift still lifted 07:30:10 

5 Drivetrain is lifted again 07:32:30 

6 Drivetrain is above point 1, 15m 07:39:00 

7 Drivetrain is above point 1, 50m 07:45:30 

8 Drivetrain is above point 1, top of the turbine 07:50:50 

9 Drivetrain is straight above the turbine 07:55:30 

10 Drivetrain still above the turbine  08:04:40 

11 Drivetrain is beiing installed still under tension 08:12:40 

12 Drivetrain is loose, crane is between point 1 and 2 09:29:30 

13 Repositioning of the hub 09:48:30 

14 Full weight of the hub is on the crane 09:49:40 

15 Hub is touched back down for preparations 09:58:00 

16 Part of the nacelle roof is lifted 10:04:00 

17 Crane is above hub 10:46:30 

18 Hub is lifted from the ground 11:17:50 

19 Hub is lifted 20 m high 11:20:00 

20 Hub is lifted 80 m high right next to the turbine 11:24:50 

21 Hub is at the height of the nacelle  11:28:20 

22 Hub is being installed  11:47:00 

23 Kables are no longer under tension, hub is installed 12:11:00 



 A16 Klaverspoor: Summary monitoring results WT2 and WT4   
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Measuring day 3: Lowering of the boom 

 

 

Figure 10: Monitoring results lowering of the boom WT4 

Table 5: Measuring moments lowering of the boom WT4 

Nr. Description Time 
Outrigger 
pressure     

      1 2 3 4 

0 Zero measurement 19:57:50 0 0 0 0 

1 Superlift is attached  20:24:20 0 0 0 0 

2 Superlift is lifted and crane has gone down 10m 20:28:00 138 151 219 205 

3 Crane has gone down 20m 20:29:20 160 170 221 207 

4 Crane has gone down 30m 20:30:30 174 188 243 230 

5 Crane has gone down 40m 20:32:00 191 203 247 234 

6 Crane has gone down 50m 20:33:40 206 220 261 247 

7 Crane has gone down 60m  20:35:40 223 238 269 257 

8 Crane has gone down 70m  20:37:20 241 255 269 257 

9 
Crane has gone down 80m, superlift is lifted from the 

ground 20:38:45 258 273 267 255 

10 Crane has gone down 90m 20:40:30 269 285 264 251 

11 Crane has gone down 100m  20:42:30 279 296 254 243 

12 Crane has gone down 110m 20:43:40 285 302 248 238 

13 Lifting block is just above the ground  20:45:20 291 308 243 234 

14 Lifting block is touched down 20:52:40 295 313 238 229 

15 Crane is hanging right above the hanging standard 20:53:40 280 301 249 238 

16 Crane is resting upon wooden draglinies 20:59:50 246 265 269 259 

17 
Crane is lifted again for 1 meter above wooden 

draglines  21:02:30 249 262 282 269 

18 Full weight is down  21:06:10 251 269 234 220 
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Measuring day 1-3: Total installation process 

 

 

Figure 11: Monitoring results of the installation of WT4 
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 Nr. Description Real time  1 2 3 4 

0 Zero measurement  08:08:00 236 249 195 189 

1 First measurement  08:10:00 236 249 195 189 

2 Second measurement 08:16:30 236 249 198 190 

3 Start lift without lifting block  08:25:20 228 240 270 260 

4 2m lift without liftifting block 08:26:50 246 257 270 261 

5 2m lift Superlift is lifted  08:29:20 244 255 277 266 

6 Back down superlift is still lifted 08:33:00 243 255 279 268 

7 2m high lifting block is under tension 08:42:00 272 283 261 254 

8 5m high lifting block is under tension 08:43:20 272 283 261 254 

9 15m high lifting block is under tension 08:45:00 273 284 260 254 

10 20m high lifting block is lifted in the air 08:47:00 294 306 243 238 

11 30m high 08:49:00 295 307 242 238 

12 40m high 08:50:00 294 306 242 238 

13 60m high 08:53:40 291 304 244 240 

14 lifted back down to 50m  08:57:00 292 304 244 240 

15 60m high 09:04:00 283 299 251 245 

16 80m high 09:06:40 273 290 260 254 

17 90m high superlift is back down 09:09:30 252 268 275 267 

18 100m high 09:11:30 252 270 256 253 

19 110m high 09:14:30 222 239 249 245 

20 120m high 09:16:20 203 221 229 225 

21 130m high 09:18:00 170 187 220 218 

22 140m high 09:19:30 153 167 196 194 

23 End hoist superlift is loose 09:25:40 161 174 169 167 

24 Ballast between 1 and 3 09:28:40 161 172 168 169 

25 Final position all outrigger pressures are equal (baseline measurement)  09:31:30 159 171 16 169 

26 Measurment before lifting 15:34:00 133 152 200 184 

27 Superlift is above 3 before attatching tower 16:08:40 151 124 259 217 

28 Start lifting bottom 16:20:30 187 207 206 214 

29 Weight of the bottom is for 50% on main crane (horizontal) 16:22:00 188 209 204 213 

30 Bottom tower is vertical 16:33:00 183 202 222 230 

31 
Auxilary crane is loose, weight is fully supported by the crane above 

point 2 16:34:30 196 266 174 229 

32 Tower above point 2 16:36:40 206 274 167 221 

33 Tower above point 1 16:37:50 248 236 194 185 

34 Tower above the foundation (between 1 and 3) 16:40:00 243 191 240 188 

35 Tower 1 meter above the ground level  16:43:00 150 180 251 182 

36 Tower is down superlift is still in the air  16:51:20 182 227 185 223 

37 Tension is of the cables, ground is fully carying bottom 16:53:30 135 233 128 221 

38 Final measurement superlift still in the air 17:19:00 135 233 126 221 

39 Zero measurement superlift is lifted 08:08:00 0 0 0 0 
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40 Installment of the installment cables 08:10:00 0 0 0 0 

41 Crane is above drivetrain, superlift is down 08:16:30 0 0 0 0 

42 Drivetrain and superlift are lifted 08:25:20 0 0 0 0 

43 Drivetrain put back down superlift still lifted 08:26:50 0 0 0 0 

44 Drivetrain is lifted again 08:29:20 0 0 0 0 

45 Drivetrain is above point 1, 15m 08:33:00 0 0 0 0 

46 Drivetrain is above point 1, 50m 08:42:00 0 0 0 0 

47 Drivetrain is above point 1, top of the turbine 08:43:20 0 0 0 0 

48 Drivetrain is straight above the turbine 08:45:00 0 0 0 0 

49 Drivetrain still above the turbine  08:47:00 0 0 0 0 

50 Drivetrain is beiing installed still under tension 08:49:00 0 0 0 0 

51 Drivetrain is loose, crane is between point 1 and 2 08:50:00 0 0 0 0 

52 Repositioning of the hub 08:53:40 0 0 0 0 

53 Full weight of the hub is on the crane 08:57:00 0 0 0 0 

54 Hub is touched back down for preparations 09:04:00 0 0 0 0 

55 Part of the nacelle roof is lifted 09:06:40 0 0 0 0 

56 Crane is above hub 09:09:30 0 0 0 0 

57 Hub is lifted from the ground 09:11:30 0 0 0 0 

58 Hub is lifted 20 m high 09:14:30 0 0 0 0 

59 Hub is lifted 80 m high right next to the turbine 09:16:20 0 0 0 0 

60 Hub is at the height of the nacelle  09:18:00 0 0 0 0 

61 Hub is being installed  09:19:30 0 0 0 0 

62 Kables are no longer under tension, hub is installed 09:25:40 0 0 0 0 

63 Zero measurement 19:57:50 0 0 0 0 

64 Superlift is attached  20:24:20 0 0 0 0 

65 Crane has gone down 10m 20:28:00 138 151 219 205 

66 Crane has gone down 20m 20:29:20 160 170 221 207 

67 Crane has gone down 30m 20:30:30 174 188 243 230 

68 Crane has gone down 40m 20:32:00 191 203 247 234 

69 Crane has gone down 50m 20:33:40 206 220 261 247 

70 Crane has gone down 60m  20:35:40 223 238 269 257 

71 Crane has gone down 70m  20:37:20 241 255 269 257 

72 Crane has gone down 80m , superlift is lifted from the ground 20:38:45 258 273 267 255 

73 Crane has gone down 90m 20:40:30 269 285 264 251 

74 Crane has gone down 100m  20:42:30 279 296 254 243 

75 Crane has gone down 110m 20:43:40 285 302 248 238 

76 Lifting block is just above the ground  20:45:20 291 308 243 234 

77 Lifting block is touched down 20:52:40 295 313 238 229 

78 Crane is hanging right above the hanging standard 20:53:40 280 301 249 238 

79 Crane is resting upon wooden draglinies 20:59:50 246 265 269 259 

80 Crane is lifted again for 1 meter above wooden draglines  21:02:30 249 262 282 269 

81 Full weight is down  21:06:10 251 269 234 220 
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Conclusion 

Based on the measured settlements the following conclusion is drawn. All measured differential 

settlements were within the tolerances and did not exceed the signal values corresponding to 0.2⁰ tilt 

position of the crane. Therefore, the limit value was also not reached. The maximum differential 

settlement that was measured is 13 mm which is lower than the applicable signal value of 42 mm. 

Based on these results it is confirmed with measurements that the crane hardstands fulfil the 

requirements. 

 

 



A.2 Python code and sensitivity analysis input

90



Parameter Volumiek gewicht droogVolumiek gewicht natHoek van inwendige wrijvingCohesie ConusfactorStijfheidsparameters

Name γ_unsat γ_unsat φ' c a Eoed'ref E'50ref

[kN/m3] [kN/m3] [o] [kPa] [-] [kPa] [kPa]

1 Total min 18,00 18,00 22,50 60,00 2,00 5840,00 11680,00

2 Clay, weak Sandy 18,00 18,00 22,50 60,00 3,00 8760,00 17520,00

3 y_unsat_min 21,43 21,43 22,50 60,00 3,00 8760,00 17520,00

4 phi_max 18,00 18,00 29,91 60,00 3,00 8760,00 17520,00

5 c_max 18,00 18,00 22,50 93,75 3,00 8760,00 17520,00

6 E_min 18,00 18,00 22,50 60,00 2,00 5840,00 11680,00

7 E_max 18,00 18,00 22,50 60,00 5,00 14600,00 29200,00

8 g0,7_min 18,00 18,00 22,50 60,00 3,00 8760,00 17520,00

9 g0,7_max 18,00 18,00 22,50 60,00 3,00 8760,00 17520,00

10 OCR_max 18,00 18,00 22,50 60,00 3,00 8760,00 17520,00

11 k_max 18,00 18,00 22,50 60,00 3,00 8760,00 17520,00

12 Total max 21,43 21,43 29,91 93,75 5,00 14600,00 29200,00

13 Total min 18,00 18,00 27,50 40,00 1,00 7371,50 7371,50

14 Clay, very sandy 18,00 18,00 27,50 40,00 2,00 14743,00 14743,00

15 y_unsat_min 21,43 21,43 27,50 40,00 2,00 14743,00 14743,00

16 phi_min 18,00 18,00 35,87 40,00 2,00 14743,00 14743,00

17 c_min 18,00 18,00 27,50 62,50 2,00 14743,00 14743,00

18 E_min 18,00 18,00 27,50 40,00 1,00 7371,50 7371,50

19 E_max 18,00 18,00 27,50 40,00 3,00 22114,50 22114,50

20 g0,7_min 18,00 18,00 27,50 40,00 2,00 14743,00 14743,00

21 g0,7_max 18,00 18,00 27,50 40,00 2,00 14743,00 14743,00

22 OCR_max 18,00 18,00 27,50 40,00 2,00 14743,00 14743,00

23 k_max 18,00 18,00 27,50 40,00 2,00 14743,00 14743,00

24 Totaal max 21,43 21,43 35,87 62,50 3,00 22114,50 22114,50

25 Totaal min 17,00 17,00 17,50 45,65 4,50 5538,67 11077,33

26 Klei, schoon 17,00 17,00 17,50 45,65 4,50 12462,00 24924,00

27 y_unsat_min 20,24 20,24 17,50 45,65 4,50 12462,00 24924,00

28 phi_min 17,00 17,00 23,65 45,65 4,50 12462,00 24924,00

29 c_min 17,00 17,00 17,50 71,33 4,50 12462,00 24924,00

30 E_min 17,00 17,00 17,50 45,65 4,50 5538,67 11077,33

31 E_max 17,00 17,00 17,50 45,65 4,50 16616,00 33232,00

32 g0,7_min 17,00 17,00 17,50 45,65 4,50 12462,00 24924,00

33 g0,7_max 17,00 17,00 17,50 45,65 4,50 12462,00 24924,00

34 OCR_max 17,00 17,00 17,50 45,65 4,50 12462,00 24924,00

35 k_max 17,00 17,00 17,50 45,65 4,50 12462,00 24924,00

36 Totaal max 20,24 20,24 23,65 71,33 4,50 16616,00 33232,00

37 Totaal min 15,00 15,00 15,00 30,00 2,00 3415,50 6831,00

38 Klei,  humeus 15,00 15,00 15,00 30,00 2,00 4554,00 9108,00

39 y_unsat_min 17,86 17,86 15,00 30,00 2,00 4554,00 9108,00

40 phi_min 15,00 15,00 20,41 30,00 2,00 4554,00 9108,00

41 c_min 15,00 15,00 15,00 46,88 2,00 4554,00 9108,00

42 E_min 15,00 15,00 15,00 30,00 2,00 3415,50 6831,00

43 E_max 15,00 15,00 15,00 30,00 2,00 9108,00 18216,00

44 g0,7_min 15,00 15,00 15,00 30,00 2,00 4554,00 9108,00

45 g0,7_max 15,00 15,00 15,00 30,00 2,00 4554,00 9108,00

46 OCR_max 15,00 15,00 15,00 30,00 2,00 4554,00 9108,00

47 k_max 15,00 15,00 15,00 30,00 2,00 4554,00 9108,00

48 Totaal max 17,86 17,86 20,41 46,88 2,00 9108,00 18216,00

49 Totaal min 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

50 Veen 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

51 y_unsat_min 14,29 14,29 15,00 40,00 1,00 674,00 1348,00

52 phi_min 12,00 12,00 20,41 40,00 1,00 674,00 1348,00

53 c_min 12,00 12,00 15,00 62,50 1,00 674,00 1348,00

54 E_min 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

55 E_max 12,00 12,00 15,00 40,00 1,00 1011,00 2022,00

56 g0,7_min 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

57 g0,7_max 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

58 OCR_max 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

59 k_max 12,00 12,00 15,00 40,00 1,00 674,00 1348,00

60 Totaal max 14,29 14,29 20,41 62,50 1,00 1011,00 2022,00



Parameter Macht Initial shear strain modulusShear strainOCR POP K0 k

Name Eurref m G0_ref g_0,7 OCR POP K0 k

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

Total min 58400,00 0,90 97333,33 0,00 1,00 10,00 0,62 4,75E-01

Clay, weak Sandy 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-01

y_unsat_min 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-01

phi_max 87600,00 0,90 146000,00 0,00 1,00 10,00 0,50 4,75E-01

c_max 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-01

E_min 58400,00 0,90 97333,33 0,00 1,00 10,00 0,62 4,75E-01

E_max 146000,00 0,90 243333,33 0,00 1,00 10,00 0,62 4,75E-01

g0,7_min 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-01

g0,7_max 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-01

OCR_max 87600,00 0,90 146000,00 0,00 1,00 30,00 0,62 4,75E-01

k_max 87600,00 0,90 146000,00 0,00 1,00 10,00 0,62 4,75E-04

Total max 146000,00 0,90 243333,33 0,00 1,00 30,00 0,50 4,75E-04

Total min 36857,50 0,90 61429,17 0,00 1,00 10,00 0,54 4,75E-01

Clay, very sandy 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-01

y_unsat_min 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-01

phi_min 73715,00 0,90 122858,33 0,00 1,00 10,00 0,41 4,75E-01

c_min 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-01

E_min 36857,50 0,90 61429,17 0,00 1,00 10,00 0,54 4,75E-01

E_max 110572,50 0,90 184287,50 0,00 1,00 10,00 0,54 4,75E-01

g0,7_min 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-01

g0,7_max 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-01

OCR_max 73715,00 0,90 122858,33 0,00 1,00 30,00 0,54 4,75E-01

k_max 73715,00 0,90 122858,33 0,00 1,00 10,00 0,54 4,75E-04

Totaal max 110572,50 0,90 184287,50 0,00 1,00 30,00 0,41 4,75E-04

Totaal min 55386,67 0,90 92311,11 0,00 1,00 10,00 0,70 4,06E-04

Klei, schoon 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 4,06E-04

y_unsat_min 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 4,06E-04

phi_min 124620,00 0,90 207700,00 0,00 1,00 10,00 0,60 4,06E-04

c_min 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 4,06E-04

E_min 55386,67 0,90 92311,11 0,00 1,00 10,00 0,70 4,06E-04

E_max 166160,00 0,90 276933,33 0,00 1,00 10,00 0,70 4,06E-04

g0,7_min 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 4,06E-04

g0,7_max 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 4,06E-04

OCR_max 124620,00 0,90 207700,00 0,00 1,00 30,00 0,70 4,06E-04

k_max 124620,00 0,90 207700,00 0,00 1,00 10,00 0,70 8,64E-07

Totaal max 166160,00 0,90 276933,33 0,00 1,00 30,00 0,60 8,64E-07

Totaal min 40986,00 1,00 68310,00 0,00 1,00 10,00 0,74 8,64E-03

Klei,  humeus 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 8,64E-03

y_unsat_min 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 8,64E-03

phi_min 54648,00 1,00 91080,00 0,00 1,00 10,00 0,65 8,64E-03

c_min 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 8,64E-03

E_min 40986,00 1,00 68310,00 0,00 1,00 10,00 0,74 8,64E-03

E_max 109296,00 1,00 182160,00 0,00 1,00 10,00 0,74 8,64E-03

g0,7_min 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 8,64E-03

g0,7_max 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 8,64E-03

OCR_max 54648,00 1,00 91080,00 0,00 1,00 30,00 0,74 8,64E-03

k_max 54648,00 1,00 91080,00 0,00 1,00 10,00 0,74 4,32E-05

Totaal max 109296,00 1,00 182160,00 0,00 1,00 30,00 0,65 4,32E-05

Totaal min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

Veen 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

y_unsat_min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

phi_min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,65 8,64E-03

c_min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

E_min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

E_max 12132,00 0,90 20220,00 0,00 1,00 10,00 0,74 8,64E-03

g0,7_min 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

g0,7_max 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 8,64E-03

OCR_max 8088,00 0,90 13480,00 0,00 1,00 30,00 0,74 8,64E-03

k_max 8088,00 0,90 13480,00 0,00 1,00 10,00 0,74 4,32E-05

Totaal max 12132,00 0,90 20220,00 0,00 1,00 30,00 0,65 4,32E-05



γunsat γsat phi c Eoed'ref E'50ref Eurref m G0ref g0,7 OCR POP K0 k

[kN/m3] [kN/m3] [o] [kPa] [kPa] [kPa] [kPa] [-] [kPa] [-]

Clay, weak sandy E25 18 18 22,5 60 8030 16060 80300 0,9 133833,3 0,000186988 1 10 0,617317 0,4752

E50 18 18 22,5 60 10220 20440 102200 0,9 170333,3 0,000146919 1 10 0,617317 0,4752

E75 18 18 22,5 60 12410 24820 124100 0,9 206833,3 0,000120992 1 10 0,617317 4,75E-01

K25 18 18 22,5 60 8760 17520 87600 0,9 146000 0,000171406 1 10 0,617317 0,084468272

K50 18 18 22,5 60 8760 17520 87600 0,9 146000 0,000171406 1 10 0,617317 0,015020819

K75 18 18 22,5 60 8760 17520 87600 0,9 146000 0,000171406 1 10 0,617317 0,002671121

Clay, very sandy E25 18 18 22,5 60 11057,25 11057,25 55286,25 0,9 92143,75 0,000271589 1 10 0,617317 0,4752

E50 18 18 22,5 60 14743 14743 73715 0,9 122858,3 0,000203692 1 10 0,617317 0,4752

E75 18 18 22,5 60 18428,75 18428,75 92143,75 0,9 153572,9 0,000162953 1 10 0,617317 0,4752

K25 18 18 27,5 40 14743 14743 73715 0,9 122858,3 0,000178134 1 10 0,538251 0,084468272

K50 18 18 27,5 40 14743 14743 73715 0,9 122858,3 0,000178134 1 10 0,538251 0,015020819

K75 18 18 27,5 40 14743 14743 73715 0,9 122858,3 0,000178134 1 10 0,538251 0,002671121

Clay, clean E25 17 17 17,5 45,65 8308 16616 83080 0,9 138466,7 0,000148084 1 10 0,699294 0,00040608

E50 17 17 17,5 45,65 11077,33 22154,67 110773,3 0,9 184622,2 0,000111063 1 10 0,699294 0,00040608

E75 17 17 17,5 45,65 13846,67 27693,33 138466,7 0,9 230777,8 8,88502E-05 1 10 0,699294 0,00040608

K25 17 17 17,5 45,65 12462 24924 124620 0,9 207700 9,87224E-05 1 10 0,699294 8,73024E-05

K50 17 17 17,5 45,65 12462 24924 124620 0,9 207700 9,87224E-05 1 10 0,699294 1,87727E-05

K75 17 17 17,5 45,65 12462 24924 124620 0,9 207700 9,87224E-05 1 10 0,699294 0,00000406

Clay, organic E25 15 15 15 30 4838,625 9677,25 58063,5 1 96772,5 0,000166501 1 10 0,741181 0,00864

E50 15 15 15 30 6261,75 12523,5 75141 1 125235 0,00012866 1 10 0,741181 0,00864

E75 15 15 15 30 7684,875 15369,75 92218,5 1 153697,5 0,000104834 1 10 0,741181 0,00864

K25 15 15 15 30 4554 9108 54648 1 91080 0,000176907 1 10 0,741181 0,002298866

K50 15 15 15 30 4554 9108 54648 1 91080 0,000176907 1 10 0,741181 0,000611665

K75 15 15 15 30 4554 9108 54648 1 91080 0,000176907 1 10 0,741181 0,000162747

Peat E25 12 12 15 30 758,25 1516,5 9099 0,9 13480 7,99E-04 1 10 0,741181 8,64E-03

E50 12 12 15 30 842,5 1685 10110 0,9 13480 0,000798621 1 10 0,741181 8,64E-03

E75 12 12 15 30 926,75 1853,5 11121 0,9 13480 0,000798621 1 10 0,741181 8,64E-03

K25 12 12 15 30 674 1348 8088 0,9 13480 0,001195307 1 10 0,741181 2,30E-03

K50 12 12 15 30 674 1348 8088 0,9 13480 0,001195307 1 10 0,741181 6,12E-04

K75 12 12 15 30 674 1348 8088 0,9 13480 0,001195307 1 10 0,741181 1,63E-04



from plxscripting.easy import * 
import time 
import pandas as pd  
import numpy as np  
from pandas import read_csv 
import os 
 
password = 'FAG3Rwn!=x4?zVh?' 
 
s_i, g_i = new_server('localhost', 10000, password=password) 
 
s_i.open(r"E:\1m_5mdiep_greaterload\1m_5mdiep_greaterload.p2dx") 
 
param = read_csv(r'E:\1m_5mdiep_greaterload\1m_5mdiep_greaterload.csv', skiprows = 2, 
index_col=0, sep = ';') 
Soil_params = [] 
Deformation1 = np.zeros(len(param)) 
Deformation2 = np.zeros(len(param)) 
 
for i, row in enumerate(param.index): 
    s_i.open(r'E:\1m_5mdiep_greaterload\1m_5mdiep_greaterload.p2dx') 
    Soil_params.append([("MaterialName", param.iloc[i,0]), 
                       ("SoilModel", 4), 
                       ("POP", param.iloc[i,18]), 
                       ("OCR", param.iloc[i,17]), 
                       ("gammaUnsat", param.iloc[i,1]), 
                       ("gammaSat", param.iloc[i,2]), 
                       ("cref", param.iloc[i,6]), 
                       ("E50ref", param.iloc[i,11]), 
                       ("Eoedref", param.iloc[i,10]), 
                       ("Eurref", param.iloc[i,12]),                                                      
                       ("gamma07", param.iloc[i,16]), 
                       ("G0ref", param.iloc[i,15]), 
                       ("phi", param.iloc[i,4]), 
                       ("Rinter", param.iloc[i,14]), 
                       ('DrainageType', 'Undrained(A)'), 
                       ("powerm", param.iloc[i,13]), 
                       ("K0NC", param.iloc[i,22]), 
                       ("perm_primary_horizontal_axis", param.iloc[i,23]), 
                       ("perm_vertical_axis", param.iloc[i,23])]) 
                        
 
 
 
 
 
 
 
 
 
 



    try: 
        g_i.setmaterial(g_i.Soillayer_2.Soil, g_i.soilmat(*Soil_params[i])) 
 
        g_i.gotostages() 
        phase0_s = g_i.Phases[1] 
        phase1 = g_i.Phases[2] 
             
 
         
        output_port = g_i.selectmeshpoints() 
        s_o, g_o = new_server('localhost', output_port, password=password) 
        g_o.addcurvepoint("node", (26, -0.25)) 
           
        g_o.update() 
        s_o.close() 
 
 
        g_i.calculate() 
        g_i.save(r"E:\1m_5mdiep_greaterload\string{}.p2dx".format(i)) 
        output_port = g_i.view(phase0_s) 
        s_o, g_o = new_server('localhost', output_port, password=password) 
 
        curvepoint_o = g_o.CurvePoints.Nodes[-1] 
        value_o = g_o.getsingleresult(phase0_s, g_o.ResultTypes.Soil.Uy, curvepoint_o) 
        value_1 = g_o.getsingleresult(phase1, g_o.ResultTypes.Soil.Uy, curvepoint_o)  
        Deformation1[i] = value_o 
        Deformation2[i] = value_1 
        print(Deformation1) 
        print(Deformation2) 
    except: 
        break 
     
     
param['Deformation'] = Deformation1 
param['Consolidation'] = Deformation2 
print(param) 
param.to_csv(r'E:\1m_5mdiep_greaterload\Deformationresult.csv', sep = ';') 



Figure A.1: Calculation stage 2 settings
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Figure A.2: Calculation stage 3 settings
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A.3 Uncertainty range results
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1 2 3 4 5 6 7 8 9
E k E k E k E k E k E k E k E k E k

5 -11.07 -8.04 -11.08 -8.05 -3.63 -2.72 -4.21 -3.32 -4.23 -3.33 -0.60 -0.50 -8.84 -7.19 -9.58 -7.44 -1.18 -0.93
25 -8.57 -8.02 -8.60 -8.03 -2.88 -2.72 -3.50 -3.32 -3.50 -3.33 -0.52 -0.50 -7.53 -6.78 -7.86 -7.42 -0.98 -0.93
50 -7.14 -8.01 -7.15 -8.05 -2.45 -2.71 -3.05 -3.30 -3.06 -3.30 -0.47 -0.50 -6.61 -5.38 -6.76 -6.90 -0.86 -0.92
75 -6.16 -7.26 -6.18 -8.01 -2.15 -2.48 -2.74 -3.11 -2.74 -3.27 -0.44 -0.50 -5.91 -3.58 -5.98 -4.92 -0.77 -0.78
95 -5.46 -4.62 -5.47 -6.55 -1.94 -1.66 -2.49 -2.30 -2.50 -2.94 -0.42 -0.48 -5.35 -2.22 -5.40 -3.04 -0.71 -0.59

Table A.1: Clay, weak sandy

Figure A.3: Clay, weak sandy improvements
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1 2 3 4 5 6 7 8 9
E k E k E k E k E k E k E k E k E k

5 -6.88 -4.94 -6.88 -4.95 -1.48 -1.41 -2.12 -1.82 -2.14 -1.82 -0.53 -0.43 -4.46 -3.40 -4.47 -3.41 -1.20 -0.85
25 -5.19 -4.93 -5.23 -4.94 -1.19 -1.40 -1.78 -1.82 -1.77 -1.82 -0.45 -0.43 -3.49 -3.38 -3.49 -3.38 -0.93 -0.85
50 -4.32 -4.97 -4.33 -4.98 -1.02 -1.40 -1.57 -1.82 -1.57 -1.81 -0.41 -0.43 -2.94 -3.24 -2.93 -3.34 -0.78 -0.85
75 -3.75 -4.86 -3.76 -4.98 -0.91 -1.38 -1.45 -1.81 -1.44 -1.81 -0.38 -0.43 -2.59 -2.66 -2.58 -3.13 -0.69 -0.77
95 -3.36 -3.51 -3.37 -4.62 -0.84 -1.12 -1.34 -1.62 -1.35 -1.79 -0.36 -0.43 -2.33 -2.01 -2.33 -2.40 -0.63 -0.61

Table A.2: Clay, very sandy

Figure A.4: Clay, very sandy improvements
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1 2 3 4 5 6 7 8 9
E k E k E k E k E k E k E k E k E k

5 -5.83 -4.31 -8.54 -5.94 -2.14 -1.64 -2.87 -2.26 -3.90 -2.89 -0.60 -0.48 -2.53 -2.14 -3.65 -3.02 -0.66 -0.54
25 -5.00 -2.88 -7.17 -3.86 -1.87 -1.06 -2.55 -1.61 -3.38 -2.08 -0.54 -0.40 -2.33 -1.54 -3.33 -1.91 -0.60 -0.44
50 -4.50 -1.94 -6.29 -2.57 -1.70 -0.66 -2.34 -1.15 -3.03 -1.46 -0.49 -0.33 -2.19 -1.34 -3.11 -1.45 -0.55 -0.40
75 -4.14 -1.51 -5.63 -1.78 -1.58 -0.47 -2.20 -0.94 -2.77 -1.06 -0.47 -0.30 -2.10 -1.30 -2.95 -1.31 -0.52 -0.38
95 -3.89 -1.38 -5.13 -1.45 -1.50 -0.41 -2.09 -0.88 -2.57 -0.91 -0.44 -0.28 -2.01 -1.28 -2.82 -1.28 -0.50 -0.38

Table A.3: Clay, clean

Figure A.5: Clay, clean
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1 2 3 4 5 6 7 8 9
E k E k E k E k E k E k E k E k E k

5 -5.44 -4.46 -5.46 -4.48 -1.49 -1.25 -2.07 -1.81 -2.07 -1.81 -0.52 -0.46 -3.80 -3.31 -4.16 -3.51 -1.11 -0.95
25 -4.29 -4.37 -4.30 -4.50 -1.20 -1.23 -1.76 -1.80 -1.77 -1.81 -0.45 -0.46 -3.21 -2.75 -3.39 -3.27 -0.91 -0.83
50 -3.63 -3.50 -3.64 -4.34 -1.03 -1.09 -1.58 -1.69 -1.57 -1.80 -0.41 -0.46 -2.82 -2.24 -2.93 -2.66 -0.79 -0.68
75 -3.20 -2.51 -3.20 -3.35 -0.92 -0.85 -1.46 -1.44 -1.45 -1.65 -0.38 -0.43 -2.55 -1.89 -2.61 -2.17 -0.70 -0.57
95 -2.88 -1.81 -2.89 -2.39 -0.84 -0.64 -1.36 -1.20 -1.36 -1.39 -0.36 -0.38 -2.35 -1.69 -2.38 -1.84 -0.64 -0.51

Table A.4: Clay, organic

Figure A.6: Clay, organic improvements
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1 2 3 4 5 6 7 8 9
E k E k E k E k E k E k E k E k E k

5 -34.12 -33.64 -64.35 -63.38 -12.02 -11.52 -12.22 -11.67 -20.34 -19.10 -2.21 -2.03 -11.93 -11.53 -21.53 -20.38 -2.69 -2.66
25 -33.14 -23.73 -61.53 -42.43 -11.81 -8.02 -12.09 -8.86 -19.87 -14.27 -2.24 -1.68 -12.02 -7.27 -21.58 -12.28 -2.71 -1.88
50 -32.24 -14.24 -58.89 -26.37 -11.63 -4.63 -11.95 -5.60 -19.39 -9.62 -2.27 -1.24 -12.03 -4.63 -21.51 -6.96 -2.72 -1.32
75 -31.42 -7.62 -56.56 -14.02 -11.41 -2.37 -11.80 -3.20 -18.92 -5.46 -2.29 -0.84 -12.04 -3.51 -21.38 -4.36 -2.73 -1.03
95 -30.69 -4.66 -54.39 -7.07 -11.25 -1.29 -11.66 -1.92 -18.44 -2.95 -2.30 -0.57 -12.01 -3.13 -21.27 -3.39 -2.73 -0.93

Table A.5: Peat

Figure A.7: Peat improvements
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