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Abstract

To support offshore wind turbines (OWT), monopiles are currently the most frequently used foundation
method. These monopiles are open-ended steel tubes with a diameter of 5 - 12 m, which are most often
installed in the seabed by means of hydraulic impact hammering usually mounted on a specialised ship.
This method is produces high noise levels and releases shockwaves into the water, which can damage the
sea life’s hearing or even outright kill them. Additional measures can be taken to reduce noise emissions
and adhere to strict environmental regulations written for marine biology protection, but they are costly
and slow down projects significantly. There are other installation methods which have the potential to be
more silent but are not well understood yet from a noise generation, driveability, and lateral behaviour
point of view. These are aspects that will be investigated within the SIMOX Joint Industry Project (JIP).
One of these methods is vibratory installation.

A monopile used as a foundation for an OWT will experience a multitude of loads during its service life,
the most important of which are the lateral loads. While the behaviour of impact hammered piles under
lateral loading has been researched extensively, the behaviour of vibratory driven piles is still relatively
unknown. The influence of different parameters used during installation (frequency, penetration speed)
and other conditions (wall thickness and soil conditions) on that behaviour must be understood to be able
to accurately predict how a vibrated monopile will react to both cyclic and monotonic loading.

The present research explores the behaviour of monopiles under lateral loading and the impact different
installation parameters have on it. To achieve this, a laboratory testing campaign was carried out with
model piles. The purpose of these tests is to produce qualitative results to be used in following field-
testing campaigns within SIMOX. Piles were installed with differing installation parameters in sand beds
with different density. These piles were then subjected to initial monotonic loading, followed by cyclic
loading, and then monotonic loading again. The data obtained during the experiments was then
interpreted and analysed. By comparing the results as well as measurements taken during and after
installation, conclusions are made concerning installation parameters and other factors that may play a
role on the lateral behaviour of monopiles.

The interpretation focused mainly on pile head displacement during initial lateral loading depending on
penetration speed and frequency. The loading tests have shown that impact hammered piles underwent
lower displacements than vibrated piles after being loaded laterally. When solely considering vibrated
piles, piles with a larger wall thickness showed lower displacements in general than thin-walled piles.

Frequency and penetration speed were found to play a role in the lateral behaviour of monopiles. In the
experiments considered for this thesis, it seemed in dense sand crane-controlled piles showed lower
displacements than free-hanging piles. In medium dense sand, lower penetration speed led to lower
displacement during loading, but more research is needed on this topic to be able to formulate clear
conclusions on the exact role of each installation parameters. The experiments also show an interesting
phenomenon regarding measured soil elevation that might link compaction around the monopile to lower
lateral displacements. The difference in elevation before and after installation seemed to correlate with



lateral displacements. In general, piles with larger compaction around the pile displaced less during initial
loading.

In conclusion, this paper provides a range of observations regarding the impact of installation parameters
and other conditions such as wall thickness and sand density on the behaviour of monopiles under lateral
loading, as well as offering a comparison with impact hammered piles. Recommendations and suggestions
are given for further research and for the field testing experiments, so that the analysis made here may
be used to predict the lateral behaviour of vibrated monopiles more accurately.
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1. Introduction

As demand for renewable energy increases, the amount of wind farms is set to rise in the near future.
However, space on land in Europe is becoming increasingly limited, and projects often face strong
resistance from the local population. A solution to this is constructing offshore wind farms.

Most offshore wind farms are currently installed in shallow and moderate water depths, up to 35 m. For
these depths, monopiles are considered to be the most suitable foundation method for offshore wind
turbine generators (WTG) and represented 75% of all installed foundations in Europe in 2018 (Wind
Europe 2018). To install these monopiles, one commonly makes use of a hydraulic hammer driving the
pile into the soil by means of several thousand hammer blows. The main problem with this method is the
noise emission, which is high enough to kill or permanently injure marine life. To protect the wildlife, many
countries have drafted restrictive legislation that regulates the maximum noise level measured at several
points away from the installation location.

In order to comply with legislation and keep noise levels low, several noise mitigation measures must be
taken during installation. These additional measures complicate the projects significantly with cost
increases as a result. Despite all the efforts and measures taken during installation of monopiles, it is still
difficult to comply with the prescribed noise emission limits.

As an alternative to the more standard impact hammering installation, monopiles may also be installed
by vibratory driving. This driving method makes use of a hydraulic hammer vibrating the monopile in the
vertical direction while lowering the pile into the sand. This process has considerable advantages when it
comes to noise emission, as levels are considerably reduces compared to impact driving (Koschinksi &
Lidemann, 2013). However, before this method can be applied to projects in practice, the lateral
behaviour of piles installed with a vibratory hammer must be understood in more detail as it governs the
design and behaviour of monopiles in offshore wind applications (Byrne et al., 2020a). While offshore
impact hammering is well-researched and understood, insight and experience are lacking with respect to
the effect vibratory installation has on lateral behaviour of the monopile and the consequences of varying
certain installation parameters. Only a handful of studies have been made regarding this (Achmus et al.,
2020), (Labenski & Moormann, 2019), which will be discussed in chapter 2.

The Technical University of Delft and the Dutch research institute Deltares conceived an initiative involving
several large companies from the offshore wind industry, i.e. the SIMOX project (Sustainable Installation
of XXL Monopiles), to further investigate the behaviour of alternative installation methods, including
vibratory-driven piles. As part of the SIMOX project, the Dutch research institute Deltares is performing a
set of laboratory experiments in their Water-Soil Flume. The main goal of these experiments is to generate
insights into the behaviour of vibratory driven (scaled) monopiles into sand compared to impact
hammered piles. These laboratory experiments are a stepping stone towards large scale tests on
monopiles in the field within the SIMOX project. The data generated by the laboratory experiments forms
the basis for this thesis. This thesis report presents the generated data and the insights gained on the
behaviour of vibrated piles compared to impact hammered ones, and what role certain installation
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parameters play in the lateral behaviour of vibrated monopiles as well as what the influence of the initial
soil state is (dense and medium dense sand).

This thesis has been divided into eight chapters. The outline of the document is as follows. After this
introductory chapter, the main question and problem statement will be presented. Thirdly, an overview
of relevant works on the topic of vibratory installation of monopiles will be given. After that, the
experiments carried out in the framework of this thesis will be explained and the followed programme
will be detailed. Next, corrections applied to the data and a comparative finite element model are
outlined. Following this, the results of the experiments will be presented in three sub-sections, each
focusing on a different part of the experiments. In the next chapter, those results will be discussed and
interpreted. Finally, the eight chapter summarises the conclusions made from the experiment results and
gives recommendations for follow-up research.
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2. Objective

This chapter contains the problem statement, the main research question as well as the sub-questions.
Additionally, the objective of the thesis and the associated approach will also be explained.

2.1 Problem statement

Vibratory installation is a promising alternative to impact hammering for the installation of offshore
monopiles, but the knowledge about the method and the effect of its installation on the lateral behaviour
during the operational lifetime are not yet developed enough to be used in practice. There are very few
comparisons with the more conventional impact hammering installation method, which is the standard
installation method. The knowledge gaps which this thesis will aim to fill cover the lateral behaviour of
monopiles in sand.

2.2 Research question and sub-questions

The main research question as well as the corresponding sub-questions for the thesis are as follows:

What is the influence of initial soil state and of installation parameters for vibratory installation on the
lateral behaviour of monopiles in sand?

The main research question can be divided in the following sub-questions.

=  What is the influence of installation parameters frequency, penetration speed and crane load on
lateral stiffness and bearing capacity?

=  What is the influence of initial soil density on lateral stiffness and bearing capacity?
=  What is the relation between soil measurements, such as CPT and horizontal stress

measurements, with lateral stiffness and bearing capacity?

=  Which combination of installation parameters should be chosen to obtain the highest lateral
bearing capacity?

=  What kind of further research is needed to get a better understanding of the relation between
installation parameters and lateral bearing capacity?

2.3 Objective and approach

This thesis aims to answer the research questions by analysing the data gathered during a series of scaled
laboratory experiments within the context of the SIMOX project. To reach the objective, the following
approach is taken:

1. Literature review.
Description of the scaled experiments.
Explanation of the necessary corrections applied to the data by the means of a finite element
model.

4. Presentation of the corrected experiment results and associated measurements.
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5. Interpretation and analysis of the results.
6. Main findings, conclusions, and recommendations for future research.

17



3. Literature study

This chapter will discuss the existing literature relevant to the thesis and the benefits the latter brings
compared to existing research. Existing literature with different type of tests will be presented, namely
large-scale field tests, reduced scale field tests as well as laboratory tests, and numerical studies. A
selection of existing models will be explained, followed by the main observations and the difference
between existing literature and the current research.

Section 3.1 describes relevant laboratory tests conducted on this topic in recent years. Section 3.2
showcases several field tests as well as their findings. After that, section 3.3 explains existing models and
numerical studies. Section 3.4 sums up the main observations from all previously mentioned papers along
different topics. Finally, section 3.5 highlights the difference between existing literature and the current
research.

3.1 Laboratory tests

3.1.1 Labenski & Moormann (2019)

In the research of Labenski & Moormann (2019), a scaled model test is conducted with vibratory driven
monopiles in dense sand. After installation, the lateral loading behaviour is investigated with a lateral load
test and interpreted through a load-displacement curve. This experimental approach is then compared
with the load-displacement curve obtained through an analytical model. They then propose a modified
numerical approach to predict the lateral loading behaviour of vibratory driven monopiles. The main
target of this research was to investigate the influence of installation parameters on the lateral load
bearing capacity of vibrated monopiles. The detailed report of the experiments is in a document written
in German (Labenski & Moormann, 2020).

A glass fibre reinforced pile was used to simulate the flexural rigidity of real piles. It had a diameter of
0.208m, a wall thickness of 3.2 mm and a length of 2 m. Its L/D ratio (ratio of embedded length to
diameter) was 4.2 which is a typical figure for monopiles used in practice (Labenski & Moormann, 2019).
The pile was installed in a concrete container with a diameter of 2 m. A sketch of the test setup is provided
in Figure 3.1.
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Figure 3.1: Model setup for pile installation (a) and for load test (b) (Labenski & Moormann, 2019)

During the scale model tests, multiple installation parameters were varied. The frequency, the static
moment of the vibro-hammer and the sand density were all varied. The piles were first vibrated to their
embedment depth with a frequency of up to 25 Hz, after which they were laterally loaded with a tension
force. During the scale model tests, 33 vibratory driven piles were studied and 2 jacked piles for
comparison.

According to Rodger (1980), there are two vibration modes that can occur during vibratory installation of
monopiles: cavitational and non-cavitational. Figure 3.2 shows a simplification of the vibration process
during both modes.

Two representative test results are presented, one where cavitational vibration occurred and one where

non-cavitational vibration happened.
3-4 4 1 1-2 2-1

Figure 3.2: Schematisation of cavitational (left) and non-cavitational (right) vibration modes (Hoffmann et al., 2020)
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The variation of installation parameters on the pile installation reveals that the pile installed in cavitational
mode had a longer installation time than the non-cavitational one. The piles differed in their vertical
displacements during vibrating, and Labenski & Moormann (2019) conclude that the difference in upward
movement defines whether cavitational or non-cavitational mode occurs.

The results of the lateral load test showed that the pile installed in the cavitational vibration mode has a
much larger lateral stiffness than the one installed with a non-cavitational vibration mode.

Labenski & Moormann conclude that load bearing behaviour is dependent on the vibration mode during
installation. They also refer another paper and conclude that the standard method to calculate the load
displacement curves does not fit the experimental data (Labenski & Moormann, 2018).

3.1.2 Hoffmann et al. (2020)

The conference paper by Hoffmann, Moormann, et al. (2020) describes an experimental study on the
behaviour of vibrated monopiles in dense sand under cyclic lateral loading. The piles are vibrated in two
different vibration modes, cavitational and non-cavitational. The results are also compared with an impact
hammered pile to be able to relate them to a common monopile installation.

The same pile of diameter 0.208 m and 2 m length was used for all the tests. This gives a L/D ratio of 4.2
which is a representative number for monopiles. Its wall thickness was 3.2 mm. Fifty tests have been
carried out with vibratory installation and two tests with impact driving.

Pore water pressure and total soil stress were measured during driving. During the lateral load tests, strain
gauges measured the bending moment of the pile. Additionally, the pile head displacement was also
measured. Load displacement curves and horizontal stresses are shown in Figure 3.3.
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Figure 3.3: Load displacement curves for three installation modes (left) and horizontal stress ration over pile penetration depth
(right) (Hoffmann et al., 2020)
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Cyclic behaviour is also measured and shown in Figure 3.4. Interesting to note is that displacements as a
result of cyclic loading converge after 100 cycles and are virtually similar at 1000 cycles, irrespective of
the installation method.

log Ay(N) /7y, [-]
10' v v—

10°

102

102

Cyclic 1

10 ; ;
10° 10’ 10? 10°
Cycles log(N) [-]

Vibratory driven (non-cavitational mode):
$,=0.252,(_.=-0.36

— Vibratory driven (cavitational mode):
5p=0.268,[,=-0.34

— impact driven:
£p=0.271,(,=-0.32

Figure 3.4: Accumulated lateral displacements under cyclic loading (Hoffmann et al., 2020)

As far as the observed horizontal stresses are concerned, the highest stresses were measured for piles
installed with impact driving, then in cavitational mode, and then in non-cavitational vibration mode. The
results of the lateral load tests show that the lateral stiffness exhibits the same classification order: highest
is the impact pile, then the cavitational one, followed by the non-cavitational pile. This observation might
be an indication that the lateral bearing behaviour of piles is related to the horizontal stresses in the soil
around the pile after installation.

It is concluded that the installation method and differences in the same vibration method (cavitational or
non-cavitational) influence the lateral capacity of the monopiles (Hoffmann et al., 2020).

3.1.3 Wang, Wang et al. (2021)

Wang, Wang, et al. (2021) carried out centrifuge experiments on slender large diameter piles, to compare
the cyclic and monotonic lateral loading behaviour with slender small diameter piles. The lateral
behaviours of the different piles can be compared, and the effect of diameter is assessed.

Two piles with different length to diameter ratios (L/D) are experimented upon. Both piles have a length
of 60 m and diameters of 4 m and 6 m as well as wall thickness of 0.2 m in prototype scale. As this test is
in a centrifuge, scaling laws are applied, and the actual pile dimensions are smaller. The centrifuge was
subjected to an acceleration of 100 g. As a result, the model dimensions were 100 times smaller than the
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prototype. This means the piles had a length of 600 mm, diameters of 40 and 60 mm and wall thickness
of 2 mm.

The piles were pre-fixed to the centrifuge boxed, after which it was filled with medium-dense sand. The
piles were subjected to a loading eccentricity of 10 m above the surface. The monotonic loading was
performed first, after which the piles were replaced with an identical set of piles. These were then
subjected to cyclic loading.

200r D=4m D=6 m

4m ® 4m
8§m ® 8m
16F 12m o 12m
16 m A 16m

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
wD

Figure 3.5: Initial stiffness for piles of 4 and 6 m diameter (Wang, Wang et al, 2021)

With the results from these experiments, Wang, Wang, et al. (2021) conclude that the effect of diameter
on monotonic lateral load bearing is minimal as long as the relative pile-soil stiffness is the same, i.e. the
lateral behaviour and failure mechanism of the pile is the same for rigid piles. The effect of diameter on
cyclic behaviour seems limited as well.

3.1.4 Fan et al. (2021)

A centrifuge study is described in one paper by Fan et al. (2021a) which compares the lateral loading
behaviour of monopiles installed with different methods, without stopping the centrifuge between
installation and loading. This indicates that the installation induced effects in the centrifuge are not lost
upon stopping the apparatus, and thus their effect on the stiffness of monopiles can be compared. This
was then done with a numerical analysis in two companion papers (Fan et al., 2021c, 2021b).

Three tests were carried out with a single pile, two jacking tests and one impact hammering test. The
model pile used in this test has a diameter of 50 mm, a thickness of 1 mm and a length of 500 mm giving
it a L/D ratio of 10. The centrifuge tests are carried out at 100 g, which represents a prototype monopile
with a diameter of 5 m and a wall thickness of 0.1 m (100 times larger than the model).
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Figure 3.6: Initial stiffness and load displacement of installed piles (Fan et al., 2021a)

Results show that the stiffness of a monopile under monotonic lateral loading is significantly influenced
by installation, and the impact of that on soil density is particularly noteworthy. The results of the
centrifuge test are discussed, and a numerical model is built and addressed in the companion papers (Fan
et al., 2021b, 2021c), which will be addressed on page 38.

3.1.5 Remspecher et al. (2019)

In an investigation by Remspecher et al. (2019), the changes in soil density around a monopile and the
installation effects of vibrated piles were studied using an experimental model and image recording. The
test is a symmetrical half-model. A halved pile was installed inside a frictionless glass wall container in
such a way that the cut sections are against the glass. Zones with a density change during pile installation
were then identified using particle image velocimetry (PIV).

One steel pile was installed, with an outer diameter of 20 cm, a wall thickness of 4 mm and achieving a
penetration depth of 0.87 m. The pile was vibrated at a constant frequency of 23 Hz. During penetration,
the sand movement was recorded from the other side of the glass panel.

The results of the PIV analysis are shown in Figure 3.7.
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Figure 3.7: Plot showing the change in relative soil density around the pile wall with regards to the density at -0.2 m
(Remspecher et al., 2019)

These results show that during vibration installation of piles, there are clear loosening and compaction
zones. Outside of the pile and nearest to the pile wall, there is a thin strip of loosening. Moving further
away, we encounter a wider compaction zone. Inside of the pile. The soil becomes looser in general with
the zone closes to the pile wall more strongly affected.

3.1.6 Stein et al. (2020)

The study by Stein et al. (2020), carried out as a part of the German Zyklamp project, was a large-scale
model test in which the influence of installation method on the lateral bearing capacity of monopiles
under cyclic and monotonic loading was investigated. Piles installed with vibratory methods were
compared to impact hammered piles to understand whether they have a larger, smaller, or comparable

lateral bearing capacity.

A pile with a length of 3 m, a diameter of 610 mm and a wall thickness of 3 mm was installed up to a depth
of 2,4 m. This was done for two vibrated piles (slow and fast installation) as well as an impact hammered
pile. Afterwards, the piles were tested under a monotonic loading regime and under a cyclic loading
regime. During installation and loading, the radial stresses in the sand were measured. This resulted in
differences between the two installation methods.
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During installation, an increase in radial stresses around the pile toe was observed for the impact
hammering method. The same was observed for vibrated piles, if they were installed with a larger
frequency, although the measured stresses were quantitatively lower than for the impact hammered
piles. However, vibrated piles installed at a lower speed do not show this effect.

I.I(H };’U{Higeschlagen
Installationsvariante
H=1kN H=15kN

geschlagen 100 100 %

freireitend, hohes exzentrisches Moment, 'aggressive' Steusrung 85 104 %

freireitend, niedriges exzentrisches Moment 82 98 %
vibriert

krangefiihrt, hohes exzentrisches Moment 70 106 %

krangefiihrt, niedriges exzentrisches Moment 78 112 %

Figure 3.8: Pile head displacement under different load levels for hammered (geschlagen) and vibrated (vibriert) piles (Stein et al.,
2020)

For the behaviour under monotonic loading, impact hammered piles showed a much stiffer behaviour
with the smallest displacements. Both vibrated piles showed larger displacements, with a difference
depending on the driving speed. The fast pile showed behaviour that is closer to the impact hammered
pile, compared to the slow vibrated pile.

The cyclic behaviour was similar as well, with the same qualitative assessment. The stiffest pile was the
impact hammered pile, followed by the faster vibrated pile, then the slower vibrated pile. All piles showed
an increase in stiffness as the number of loading cycles increase.

3.1.7  Spill & Diihrkop (2020)

In a study by Spill & Dihrkop (2020), an experimental field test campaign was conducted to compare the
lateral load-displacement behaviour of monopiles installed under different installation methods and with
different diameters.

Piles with three different diameters were installed: 0.61 m, 0.914 m, and 1.22 m. The piles were installed
at different embedment depths depending on the test procedures. The latter was divided into two parts:
a first part where piles were installed by impact driving and the effect of diameter was studied, and a
second part where the two largest piles were installed with vibratory installation at a frequency of 33 Hz.
All the piles were laterally loaded with monotonic loading after installation and their behaviour was
measured.

Results showed that vibratory-driven piles had a less stiff lateral behaviour than impact hammered piles.
This paper also studies the accuracy of different models in predicting the behaviour under lateral loading.
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It seems that the method proposed by the API (2011) tends to underestimate the initial stiffness. This is
in accordance with Achmus et al. (2020).

3.1.8 Fischer & Stein (2022)

Fischer & Stein (2022) conducted a study on the difference in soil stresses due to the installation method
between impact and vibratory driven piles. Variants with different pile diameters, soil parameters and
installation methods were investigated by means of scale model tests.

A large-scale model testing facility was constructed to keep scaling effects as low as possible. The piles
were installed in cylindrical containers with a diameter of 4 m and a height of 5 m. Two different soil
densities were applied in two containers. One container had very loose sand and another dense sand.
Three different pile diameters (0.36 m, 0.51m, 0.61m) as well as three installation methods were used.
Those methods were impact driving, “free”, and “crane-guided” vibratory driving. The difference
between the last two was that during “crane-guided” driving, the installation assembly (including pile
and vibratory hammer) was attached to the crane and pile penetration speed was dictated by the
lowering speed of the crane. The pile was vibrated with a constant frequency high enough to drive it to
depth. During “free” driving, the penetration speed was driven by the self-weight of the assembly and
the frequency was increased manually to obtain a constant penetration speed. The combination of test
conditions in indicated in Figure 3.9.

installation pile soil water
method diameter density content
impact 0.36 m very loose fully

P 051 m dense saturated
impact —
vibro (free) 0.6l m dense fully

vibro (guided) saturated

Figure 3.9: Test conditions (Fischer & Stein, 2022)

During installation, total stress sensors and pore water pressure sensors were carrying out
measurements at various depths along the penetration path. The radial effective stress was found to
increase the most during impact driving, followed by free vibratory driving. Almost no increase in radial
effective stress was measured during crane-guided vibratory driving.

Fischer & Stein concluded that vibratory-driven piles may attain similar load-bearing properties as
impact-driven piles if the appropriate parameters are used (in this case, using installation parameters
resembling “free” installation).

3.2 Field tests

In this section, a number of field-testing studies will be presented. These tests have been carried out with
near-representative pile diameters in the field. The scale of the monopiles used in those tests is reduced
compared to the current industry standards but offers insight on the behaviour of monopiles.
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3.2.1 Achmus et al. (2020)

Achmus et al. (2020) conducted a field test with six piles in dense saturated soil to investigate the
differences between impact-driven and vibrated piles regarding lateral load bearing behaviour.
Load-displacement curves and CPTs were recorded and evaluated to gain insight on this. The piles had an
outer diameter of 4.3 m and a total length of 21 m. The embedded length varied between 18.2 and 18.7
m. Horizontal loads were applied between 0.85 and 1.05 m above the surface. Figure 3.10 below shows a
photograph of the test site.
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Figure 3.10: Photograph of the test site (Achmus et al., 2020)

The pile pairs were installed and then loaded against each other horizontally by applying a tensile force
(Achmus et al., 2020). CPTs were performed before and after the installation (prior to lateral loading) to
assess the effects on the soil.

The vibrated piles were installed with a frequency of 12.5 Hz for the first 9 m, followed by 22.5 Hz for the
rest of the embedment depth. One pile was the exception to this due to difficulties in the installation.
Instead, the target frequency could not be reached, and the pile was driven at 15 Hz. The installation time
for this pile was 16 minutes, compared to 4 and 3 minutes for the other vibrated piles.

Under primary loading, the vibrated piles showed a lower stiffness than the impact-driven pile. The
reduction is different under different load levels. For pairing P4-P5, the ratio vibrated stiffness/hammered
stiffness goes from 0.62 at 5SMN to 0.76 at 15 MN. Under un- and reloading, it is even higher at 0.87 and
0.86 for 5 and 10 MN respectively. Interestingly, the first vibro-driven pile which was installed with
deviating parameters showed a different behaviour than the other vibro-driven piles. The stiffness under
primary loading had the same increasing trend as other piles, but it was only slightly weaker than the
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impact-hammered piles at 15 MN (ratio of 0.95). Under un- and reloading, the stiffness of this pile pairing
was higher than that of the hammered pile at 1.13 and 1.04 for 5 and 10 MN respectively. The associated

graphs are shown in Figure 3.11.
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Figure 3.11: Comparison of the corrected load-displacement curves for the lateral load tests(Achmus et al., 2020)

Additionally, a comparison of CPT results from before and after the tests was done, resulting in generally
lower cone resistance after installation. However, cone resistance after installation was less affected by
impact driving than vibratory installation. The exception to this was again pile pairing P1-P2 where the
cone resistance stayed constant. A comparison of the cone resistances is shown in Figure 3.12 below.
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Figure 3.12: Comparison of pre- and post- installation trend functions of the cone resistance for impact hammered and vibrated
piles(Achmus et al., 2020)

Achmus draws the conclusion that if a vibro-driven pile is installed in a controlled way to minimize
loosening, it behaves similarly to an impact-driven pile.

3.2.2 El Kanfoudi (2016)

In the study by el Kanfoudi (2016), the field test results of 4 m outer diameter monopile driving were
numerically investigated. Monopiles were installed with vibratory installation on the Maasvlakte in
Rotterdam in dense to very dense sand to get insight on the effect of vibratory installation on soil
conditions.

The piles had a wall thickness of 55 to 60 mm and a length of 26 m. All the parameters used for the finite
element modelling of the pile behaviour are estimated based on CPT data. Pre and post installation logs
near the piles were taken at different distances from the pile centre. It was found that installation effects
are largest near the monopile and diminish with increasing distance from the pile. The most notable effect
was an increase in cone resistance.

The pile was then loaded in a finite element model (FEM) using data from the CPT and the resulting p-y
curve was compared to the API (2007) method. Results indicate showed discrepancies between both
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methods that increased with depth. The FEM showed a much lower stiffness which was attributed to
several flaws in the APl method. El Kanfoudi concluded that the discrepancies between current design
methods and the FEM were much larger than could be justified by installation effects alone, but that the
pile deflection results from the FEM were an accurate representation of reality.

3.2.3 Anusic et al. (2019)

Anusic et al. (2019) conducted field tests to determine the influence of installation method on the
response of the pile. This was done in Western Australia, in medium dense sand to compare vibratory
installation with two different impact hammering modes (air hammer and drop weight hammer)

Nine piles were installed, eight of which had a diameter of 0.165 m and one of them 0.127 m. The length
of the eight larger piles was 4 m while the length of the last one was 1.5 m. Two piles were installed with
a vibratory hammer, three with an air hammer and three with a drop weight hammer. The last pile was
jacked with a CPT truck.

Lateral loading was then done on the pile pairs. Both piles were pushed away from each other by way of
a hydraulic jack and displacements were measured to gain insight on the lateral loading capacity of the
monopiles.

The results showed that the piles installed with an air hammer and by the drop weight method show
similar load response. However, the vibrated piles show a much stiffer response than the impact
hammered piles, by about 25%. The results of the lateral load-displacement tests are shown in Figure
3.13.

60 Vibrated piles
Air-hammered piles

50 — Standard impact piles
= — & - Prediction Suryasentana & Lehane (2018) -~
ge -—-x-- Prediction APl (¢ = 38%) -
o 40 -
B 30
a
£
ge)
o 204
N =
&
= 10

0 T T | |
0 10 20 30 40

File-head lateral displacement: mm

Figure 3.13: Lateral load-displacement behaviour for different pile installation types(Anusic et al., 2019)

This is interesting, as this study shows the opposite of Achmus’ study described above. One point to note
however, is that the piles used here had a diameter and a L/D ratio that are not representative of offshore
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piles. The L/D ratio here is much larger, causing the pile itself to be less stiff and to lean towards a
predominantly bending behaviour whereas low L/D piles have a predominantly rotational behaviour.

Anusic relates the stiffer response and the lateral capacity to the installation frequency. It is concluded
that the stiffer response of the vibrated piles possibly reflects compaction effects, which were not there
during impact hammering (Anusic et al., 2019). Since this is the only study in medium-dense sand, this
might mean that the soil density influences the post-installation behaviour of vibrated piles.

3.2.4 PISA project

The Pile Soil Analysis (PISA) project was a large research project with the goal of proposing a new
framework for the design of large diameter monopiles by incorporating more parameters (Burd,
Beuckelaers, et al., 2020; Zdravkovic, Jardine, et al., 2020). This resulted in a different model from all the
existing ones, which was hoped to be more accurate for the use in offshore wind turbines (OWT) monopile
foundations. To this end, field testing as well as three-dimensional finite element modelling have been
used.

Two field tests have been conducted as part of the PISA project: one in stiff glacial clay till at Cowden, UK,
and one in a dense marine sand in Dunkirk (Byrne et al., 2020a), (Byrne et al., 2020b). Twelve piles were
installed, with three different diameters. 0.273 m, 0.762 m, and 2 m. The piles were divided in pairs with
each pair having a different length. This means the L/D ratio varied between 3 and 10.

The piles were installed in two stages. They were vibrated until a stable depth between 1 and 1.5 m,
followed by pile driving with a hydraulic hammer until reaching the target embedment. Piles were then
monotonically loaded under a horizontal load, and the load displacement curves were studied. Each pile
was loaded individually against a larger test pile.

The finite element modelling analysis was executed in two different papers (Taborda et al., 2020),
(zdravkovic, Taborda, et al., 2020).

The p-y model developed as a result of the PISA project and its application to marine sands are described
in detail in multiple papers (Burd, Abadie, et al., 2020; Burd, Beuckelaers, et al., 2020; Burd, Taborda, et
al., 2020; Byrne, Burd, Gavin, et al., 2019; Byrne, Burd, Martin, et al., 2019; Zdravkovic, Jardine, et al.,
2020). The findings of the PISA project have been summarized in Byrne et al. (2017).

The model details will be explained further in section 3.3.

3.2.5 Kementztzidis et al. (2023)

Kementzetzidis et al. (2023) describes a field-testing experiment performed with medium-scale pipes at
the Maasvlakte Il site in Rotterdam, Netherlands. In this experiment, piles were installed under different
installation methods. The goal of the paper was to investigate a different installation method using
torsional movement (named GDP), but piles were also installed with impact hammering and vibratory
hammering as in the SIMOX experiments of this thesis. Due to soil inhomogeneity, the results were
calibrated using a 1-D FEM.
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The piles used in that experiment had a length of 10 m (of which 8m were embedded), an outer diameter
of 0.762 m and a wall thickness of 15.9 mm. They were loaded with the help of a reaction pile and a
loading frame attached to said reaction pile. The piles underwent monontonic loading, followed by cyclic
loading.

After analysis, differences caused by installation effects were found during initial monotonic loading, but
also during cyclic loading. However, those differences seemed to gradually vanish with an increasing
number of cycles. This would mean that process occur under cyclic loading that gradually erase the
influence of installation parameters and methods.

3.3 Models and numerical studies

3.3.1 P-y methods

The p-y method is a way to model the behaviour of laterally loaded piles in soil. The “p” stands for the soil
pressure per unit length and the “y” stands for the lateral displacement. The concept was first developed
by (McClelland & Focht, 1956). Since then, it has been widely used by engineers for its simplicity. In a p-y
method, the pile is modelled coupled to a series of lateral springs which represent the soil
(Http://Www.Findapile.Com/p-y-Curves, n.d.). Figure 3.14 shows a diagram of the standard p-y method.
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Figure 3.14: Schematisation of the standard p-y model (FHWA Manual, 2010)

A large number of different p-y models have been proposed for laterally loaded piles, though there is no
single universally acknowledged p-y- model to date. The existing p-y model in the API code (API, 2007) has
been safely used in oil and gas industry. The API are the most used guidelines to determine the lateral
bearing capacity of offshore monopiles, but the model’s reliability and applicability to monopile
foundation for offshore wind turbines are questioned by researchers.

(1) Initial models

The first practical p-y model was proposed by Reese et al. (1974) is also the basis for the p-y model in the
API. It is based on full scale field tests and the parameters were chosen empirically. The model (shown in
Figure 3.15) consists of a straight line representing the initial elastic behaviour and a horizontal line
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representing the plastic behaviour. These two lines are connected by a parabola and an intermediate
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Figure 3.15: P-y model in Reese et al. (1974)

This model is developed upon by Bogard & Matlock (1980) and O’Neill & Murchinson (1983), the latter
being the one used in the API guidelines. The reliability of these models is discussed and a few specific
comments are presented below:

e The initial stiffness is purely empirical.

e This model was developed for a different type of piles, with a large L/D and flexible bending
behaviour. Its application to piles with a different profile and different behaviour under loading is
guestionable.

e The value of certain parameters was assumed for the specific test locations and its applicability
to other tests sites is questionable.

e The deflections and ultimate soil resistance are only for the tests by Reese et al. (1974) and their
applicability to other test sites is questionable.

e The overall shape of the p-y curve might not be applicable to other tests with different relative
densities and pile dimensions.

Except for models developed by Thieken et al. (2015) and Sorensen et al. (2010), these models are based
on a slender and flexible pile with a small diameter. A different diameter pile will result in a different
ultimate soil resistance.

(Il) CPT-based models

Another group of p-y methods are CPT- based methods, developed after the methods addressed in the
previous section. These can be subdivided into two groups. Papers by Novello (1999), Dyson & Randolph
(2001) and Li et al. (2014) use power functions while Suryasentana & Lehane (2014) and Suryasentana &
Lehane (2016) use the exponent function.
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The power function papers are mainly proposed from centrifuge tests or field tests where limited
deflection can be achieved. This is due to the limitations of the loading system or the yield strength of the
pile used for the model. The exponent function papers are proposed based on numerical simulations in
which a large deflection can be achieved. However, the deflection is still not enough to obtain the true
ultimate soil resistance.

A few specific comments on these models are presented below:

e All the models except for Suryasentana & Lehane (2016) have no explicit initial stiffness and
depend on the pile diameter.

e The power function has no limit, which is not realistic.

e The influence of a flexible or stiff failure mode is not reflected in these models.

To summarise, the p-y models all lack in one way or another and do not give a complete overview of
lateral bearing behaviour of monopiles, while representing the situation in a simpler way than finite
element models. While they improve on the basis of the API guidelines, researchers are still looking for
more accurate models.

(Ill) Limitations of APl method

The currently employed APl p-y methodology has the advantage of being able to model the non-linearity
of the soil with only a few input parameters and is fast to compute. However, it has shortcomings (Page
et al., 2016) which are discussed below. In general, the method is inaccurate due to its simplicity and tends
to underestimate the soil response.

The APl method was developed for use in the oil and gas industry, where long and slender piles mainly
designed to withstand vertical loads are used. The pile responds to applied loads mainly by bending. The
piles used for the foundation of OWT have a lower L/D ratio (Doherty et al., 2011) and are under high
horizontal load applied with an arm of 30 to 40 m which results in bending moments at the foundation.
Piles used for offshore wind also show a more rigid behaviour (with rotation instead of bending) which
means that ignoring some soil resistance components such as side and base shear can lead to inaccurate
predictions (Page et al., 2016).

Cyclic loading and its long-term effect is not taken into account while it can cause accumulated
displacements and a change in relative density of the soil around the pile. Cyclic loading is only addressed
in a simplistic way by using a reduction in lateral capacity instead of focusing on the actual effects of
cyclicity. This was done to obtain a conservative solution for the lateral capacity, which compromises
accuracy (Page et al., 2016).

Soil damping is also not inherently included in the original API p-y curve formulation (Page et al., 2016).
For soil damping, dynamic amplification was not a concern in oil and gas industry, hence the API not
addressing it in detail. Its contribution can be relevant for OWT structures though and should be
considered.
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In the APl method, the foundation stiffness cannot be accurately predicted under different loading
conditions. OWT are subject to not only cyclic loading, but also extreme events. Fatigue is often a driver
for the design of it and an inaccuracy in the stiffness can lead to differences in eigenfrequencies, which
may negatively impact fatigue life (Page et al., 2016).

Lastly, gapping and accumulated deformations can affect the dynamic response of the OWT and the
foundation stiffness (Page et al., 2016) and are also not taken into account in the p-y formulation from
the API. However, those accumulated displacements can end up exceeding the maximum allowed for the
serviceability limit state.

3.3.2 PISA model

The p-y model developed during the Pile Soil Analysis (PISA) project builds upon the APl model by using
lateral springs with a different mathematical formulation and adding three more springs, thus
incorporating more parameters. In addition to that, the design approach consists of p-y curves calibrated
with 3D FE analysis instead of standard values for the stiffness and the ultimate load as is the case in the
API. This makes this model more accurate for the use in OWT monopile foundations.

The p-y curve is only part of the model proposed by the PISA model, which also takes into account shaft
frictions, base shear force and base moment. To this end, three springs have been added on top of the
lateral load spring present in the standard p-y model. A simple schematisation of the PISA project model
is shown in Figure 3.16 below.
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Figure 3.16: PISA project model (Burd, Abadie, et al., 2020)

The model uses a four-parameter conic function to determine the relation between soil resistance and
deflection. The four parameters are the initial stiffness, the ultimate soil resistance, the deflection
required to mobilize the ultimate soil resistance and the parameter that controls the nonlinearity of the
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p-y curve between initial and ultimate limit state. These extra springs and parameters make the model
more flexible, more accurate and more adapted to OWT foundation monopiles, which are very stiff and
have a large diameter.

According to the PISA project, the standard p-y method used in the API guidelines is unsatisfactory for use
in the design of wind turbine monopile foundations, especially for the very stiff piles with a large diameter.
Stiffness and capacity appear underpredicted in certain soil types (Byrne et al., 2017). The medium scale
field testing campaign in the PISA project resulted in the development of an enhanced p-y approach. This
approach retains the simplicity (and thus fast computing times) of the traditional p-y approach while
reaching an accuracy close to the 3D finite element model. As a result, monopile designed with this model
will be less conservative and thus cheaper, improving the economic viability of OWT.

This model is tested in two papers (Taborda et al., 2020; Zdravkovic, Taborda, et al., 2020) where results
from a numerical analysis are compared to results predicted with the PISA model. The three-
dimensional finite element analyses were performed before the field tests addressed previously and
those show results that are in agreement with the measurements. The adequacy of the numerical model
is addressed in these papers and the FE analyses are used to calibrate said model.

3.3.3 Wang et al. (2022)

Wang et al. (2022) conducted a numerical analysis on previously described centrifuge tests (Wang et al.,
2021, see previous section 3.1.3). The centrifuge tests were modelled in a finite element software. In
these finite-element simulations, pile diameter and load eccentricity have been varied to investigate their
influence on the lateral capacity of piles.

Four different pile diameters (4 m, 6 m, 8 m, 10 m) and seven different load eccentricities (5, 10, 20, 40,
60, 80, 100 m) were studied, 28 different simulations in total. A typical finite element mesh for one of the
piles is shown in Figure 3.17 below. Installation effects were not accounted for, the piles were wished in
place.
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Figure 3.17: Typical finite element mesh for a pile of 10 m diameter (Wang et al., 2022)

The obtained p-y curves were normalized by diameter, and the results are presented in Figure 3.18. The
results showed that for different diameters, the p-y curves are very similar after normalization. In the
results comparing the p-y curves for piles under different loading eccentricity, the normalised curves also
show very small differences. Wang et al. (2022) conclude that the p-y curves at any given depth are
independent of the pile diameter and the loading eccentricity for a rigid pile.
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Figure 3.18: Soil reaction curves under different loading eccentricities of different diameter piles at 4.5 m below ground surface:
(a) D=4 m; (b) D=6 m; (c) D=8 m; (d) D=10 m (Wang et al., 2022)

3.3.4 Fan et al. (2021)

In Fan et al. (2021a), a centrifuge study is described. Then the results of this centrifuge test are used to
study the installation effects on lateral response during pile installation (Fan et al., 2021b) and during
lateral loading (Fan et al., 2021c).

In Fan et al. (2021b), the soil state is analysed numerically. The numerical model is first validated against
the earlier mentioned centrifuge tests, then used to quantify the installation effects. Three different initial
sand densities were analysed: 38%, 60%, and 88%.

Two methods of installing the monopile were compared: impact driving and jacking. Results showed that
there are differences in the effects of installation methods on void ratio, horizontal stress, plugging, and
settlement. Inside of the pile impact driving led to densification of the sand while pile jacking led to
loosening. Outside of the pile, the void ratio tended to reach the same value regardless of the installation
method. Regarding horizontal stress, both methods caused an increase inside and outside of the pile, with
the highest stress increasing as the initial relative density increases. Jacked piles had a higher tendency to
show plugging, while soil settlement was much larger for impact hammered piles due to densification.
This paper concludes that the impact of pile installation on the surrounding soil can be significant, with
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large densification occurring for impact driving and both methods leading to an increase in horizontal
stresses.
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Figure 3.19: Normalised load-displacement curves for piles in different soil densities (Fan et al., 2021c)

In Fan et al. (2021c), the stiffness and lateral capacity of the monopiles are investigated. Results showed
that piles installed with the impact driving method had a significantly higher lateral stiffness than jacked
piles, which is consistent with the centrifuge tests. Different factors were explored to get more clarity on
what influences and enhances the installation effects the most. Initial soil density, pile geometry, stress
level and load eccentricity were all found to influence the lateral bearing behaviour of the pile. The paper
stresses the importance of accounting for installation effects when modelling the lateral stiffness.

3.3.5 Gavin et al. (2020)

Gavin et al. (2020) explores the impact of installation method on load bearing behaviour of monopiles in
sand. This was done by comparing full scale field tests from previous studies with a three-dimensional
finite element model in PLAXIS. The model parameters were derived using CPT data from sand after
installation with vibratory and impact driving.

The full-scale experimental tests were taken from the Cuxhaven project, which is mentioned in Achmus
et al. (2020).
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Figure 3.20: (a) Field measurement of the lateral load-displacement response of a driven and vibrated pile, (b) summary of FE
analyses, (c) FE predictions for the driven pile, (d) FE predictions for the vibrated pile (Gavin et al., 2020)

The soil properties were determined by way of two different methods to evaluate the impact of
installation effects on the lateral stiffness of the monopile. In both cases, the FE analyses showed relatively
small effects of the different installation methods, whereas the field tests showed results that were not

visible in the simulation result.

Since the field tests suggested that installation effects do impact the lateral load response and these were
not visible in the model results, the authors concluded that using CPT data (as done in this study) may not
be the most appropriate way to measure installation effects on the lateral load bearing behaviour (Gavin

et al., 2020).
3.3.6 Staubach et al. (2022)

Staubach et al. (2022) explores the influence of vibratory or impact hammer installation of monopiles on
the response of subsequent lateral cyclic loading. This behaviour was analysed numerically by simulating
one million lateral load cycles using a so-called “high-cycle accumulation” (HCA) model. In addition to the
installation method, pile drainage conditions during loading were also varied and compared.
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This study gives insight on the effect on installation on the soil before and after loading. The analysis in
dense sand indicated that the soil state in the direct vicinity of the pile is changed considerably. Impact
hammered piles seemed to result in larger effective stress near the pile toe.
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Figure 3.21: Effective radial stress, excess pore water pressure and relative density at a pile penetration depth of 10 m (Staubach
etal., 2022)

During cyclic loading after installation, both vibratory and impact driven piles showed similar pile head
displacement in partially drained conditions. However, if the situation was considered as ideal fully
drained, the vibrated pile showed larger displacement. Staubach et al. (2022) conclude that better
drainage during driving results in less pile head rotation during the following cyclic loading sequence.

3.4 Main observations

In this part of the report, the main takeaways from the previous sections will be addressed.

3.4.1 Installation method

Impact hammering and vibratory installation result in different lateral loading behaviour for monopiles,
as it has been shown in many field and laboratory tests mentioned above. Piles installed via impact driving
in dense sand have generally had a higher lateral stiffness than piles installed with a vibration hammer.
However, studies have shown that there is some variety in the difference between the two installation
methods, and that these depend on installation settings as well as initial soil density. This will be
summarised in the following sections.

3.4.2 Vibration frequency

Vibration frequency is linked to penetration speed and impacts the soil state around the monopile. In
general, vibrating piles at a low frequency, results in a slow penetration and a higher bearing capacity than
a pile driven with a high frequency. The explanation given by Rainer Massarsch et al. (2022), in a paper
that gives an overview of the existing literature on the topic, is that the optimal pile capacity is obtained
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when the pile is vibrated close to the resonance frequency, which is generally lower than the usual
vibration frequencies that lead to an optimal penetration speed.

3.4.3 Penetration speed

In Achmus et al. (2020), the piles that were installed with a lower speed (which was a consequence of a
lower installation frequency) lead to a higher lateral capacity, closer to the value obtained with impact
driving. Results were similar in Hoffmann et al. (2020) and Labenski et al. (2019), where piles installed
with a slower speed under vibratory installation behaved stiffer than piles installed with a higher speed.

However, the study of Stein et al. (2020) was the only study that showed opposite behaviour, where a
vibrated pile with a high penetration speed had a lateral stiffness that was closest to the impact
hammered pile.

3.4.4 Cavitational and non-cavitational driving

Two different vibration modes can occur during installation, and those seem to impact lateral bearing
capacity differently. Depending on the interaction between the pile toe and the soil, one can have
cavitational or non-cavitational installation. In non-cavitational mode, the pile toe stays in contact with
the soil the entire time, which was shown to give a higher lateral bearing stiffness. This vibration mode is
usually associated with high vibration frequencies and high penetration speeds but having such
conditions does not necessarily produce a non-cavitational vibration mode, as this depends on a series
of additional factors, such as displacement amplitude and ratio of dynamic force to static weight
(Labenski et al., 2019). In cavitational mode, the pile toe loses contact with the soil, which results in a
lower lateral bearing stiffness. This vibration mode is usually associated with low vibration frequencies
and low penetration speeds but, once again, these conditions alone are not sufficient to produce a
cavitational vibration.

In the study of Fischer & Stein (2022), the pile vibrated under a constant frequency and held back by the
crane showed lower radial stresses due to installation than the pile which was installed under its own
self-weight. The first pile could be categorised as cavitational, as it was held back by the crane and its tip
was not in contact with the soil all the time. On the contrary, the pile installed under its own self-weight
will have been in contact with the soil at all times, meaning it may have been installed under non-
cavitational conditions. It was this latter pile that showed larger radial effective stresses due to
installation, leading to believe that it could have a bearing capacity close to the impact hammered pile.

Labenski & Moormann (2019) measured the displacement of the pile itself, as well as the cavitation
mode of the installation. This paper came to the opposite conclusion, where piles where a non-
cavitational process was identified displayed larger displacements than piles identified as cavitational.

3.4.5 Initial soil density

While all other field tests were conducted in predominantly dense sand profile, Anusic et al. (2019)
conducted field tests in medium sand. This study was also the only one that showed piles installed with
vibratory installation as having a higher lateral resistance than impact hammering. The experiments in this
paper were carried out in medium-dense sand and compared different methods of hammering (air-
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hammered and standard impact piles) and a vibrated pile. The different installation modes for hammered
piles did not seem to affect the lateral capacity. However, vibrated piles showed a larger lateral bearing
capacity and stiffness than impact hammered piles. This suggests that installation parameters are not the
only aspects to play a role in lateral capacity of monopiles and that initial soil density influences lateral
stiffness as well. One can derive from this paper that the lateral response of vibrated monopiles goes from
softer than hammered to stiffer than hammered when the sand varies from dense to medium dense.

3.4.6 Soil measurements

Two different types of soil measurements are done in the discussed studies, CPT measurements and
horizontal stress measurements.

Both El Kanfoudi (2016) as well as Achmus et al. (2020) did CPT testing on the soil before and after
installation. El Kanfoudi (2016) found that closest to the pile wall, there was an increase in cone resistance
after installation. In that study, only the installation effects after vibratory installation are considered.
Achmus et al. (2020) compares CPT data from before and after installation for both methods, and finds
that in almost in all cases, the cone resistance decreases after installation. In the paper by Gavin et al.
(2020), the effects of installation are reproduced in PLAXIS by taking post-installation CPT data for impact-
driven and vibrated piles and by deriving soil parameters from this CPT data using two interpretation
methods. The impact of the installation method on the stiffness of the piles was relatively small, and the
difference in stiffness between the method used to derive soil parameters has much more influence. This
could mean that CPT tests alone may not give a full picture of the effects of installation.

In Hoffmann et al. (2020), horizontal stress sensors are used to monitor the forces in the ground as a result
of different installation methods. The highest stresses were recorded for impact driving, then cavitational
vibration, followed by non-cavitational vibration. The lateral load displacement behaviour had the same
ranking with impact driving being the stiffest. This may suggest that horizontal stresses are positively
correlated to lateral load bearing capacity (higher horizontal stresses will lead to lower displacement
under loading) and are important to monitor during the testing campaign.

3.4.7 P-y methods

aw_n

The p-y method is a method used to model the behaviour of laterally loaded piles in soil, where “p” stands
for pressure per unit length and “y” for displacement. This concept was first developed by McClelland &
Focht (1956)and is widely used by engineers nowadays due to its simplicity. After its original formulation,
the p-y method has been the focus of many studies aiming to make it more accurate (Bogard & Matlock,
1980; O’Neill & Murchinson, 1983) or developed upon using CPTs as a base with a power or an exponential
function (Dyson & Randolph, 2001; Suryasentana & Lehane, 2016).

Even then, this method has flaws which makes it poorly adapted for use in OWT monopiles. The main
flaws are that the p-y method is not adapted for stiff and thick piles as used in OWT foundations as it was
originally developed for thin and slender piles), and that in its simplicity the model does not take into
account many other processes that happen when a monopile used for an OWT foundation is subjected to
lateral loading (such as cyclic behaviour or gapping).
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3.4.8 PISA project

The Pile Soil Analysis (PISA) project aimed to improve on the p-y method by incorporating more elements,
thus potentially making it more accurate and more suitable for thicker piles as used in the offshore wind
industry. Two field tests were done with piles installed and then monotonically loaded under a horizontal
load. The piles used in the field test were close to representative. According to Byrne et al. (2020a), the
configurations were chosen to obtain representative scaling of the key geometric aspects. The results
were upscaled in a FEM. The L/D ratio remains in the same range as is used in practice.

The model developed after these tests uses a different mathematical formulation for the lateral springs,
as well as adding three more springs. This incorporates more parameters in an effort to make the model
more accurate than the standard p-y method. It uses a four-parameter conic function to determine the
relation between soil resistance and deflection. The four parameters are the initial stiffness, the ultimate
soil resistance, the deflection required to mobilize the ultimate soil resistance and the parameter that
controls the nonlinearity of the p-y curve between initial and ultimate limit state. These parameters allow
the model to reach an accuracy close to at 3D FE analysis while retaining the simplicity of the p-y model.
This renders it fast to run and less conservative, resulting in cheaper monopiles and improving the
economic viability of OWT.

3.4.9 Scaling effects

Two aspects of scaling effects are discussed, the L/D (embedded length to diameter ratio) and the load
eccentricity. Wang et al. (2022) addresses both these effects in his research, where he compares the
normalized p-y curves of piles with a different diameter as well as varying load eccentricities for each
diameter. He concludes that the curves are extremely similar (Figure 3.18) and that the p-y curves at any
given depth are independent of the pile diameter (as long as the L/D ratio remains the same) and the
loading eccentricity for a rigid pile.

As discussed in the PISA project section, most of the tests in this literature study were scaled. Not all
parameters can be scaled (for example the bending stiffness ratio of the pile to the soil), but if the key
aspects of the problem can be accurately scaled, that is enough to give representative results. No attempt
has been made to provide a fully scaled problem as that would require too much work for the added
benefits.

3.5 Difference between existing literature and current
research

The following differences between the thesis and the existing literature have been highlighted. These
set this thesis apart from previous studies:

e |n the SIMOX experiments, one batch will be carried out in medium-dense sand and three
experiments will be carried out in dense sand. This will allow for a comparison of results and give
insight on the influence of the soil properties. Anusic et al. (2019) is the only study in medium-
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dense sand, and all other literature addressed here studied dense sand. But none compared both
sand densities. While Labenski & Moormann (2019) used different sand densities, the soil
instrumentation was not as detailed as it will be during this thesis.

In other studies with horizontal loading, soil conditions after the test were measured with CPT
only. Apart from Stein et al. (2020) and Hoffmann et al. (2020), none measured the horizontal
stresses in the soil. In the tests carried out during the thesis, horizontal stresses will be monitored
with dedicated sensors instead of CPT.

When horizontal stresses in the soil were being measured during installation (Fischer & Stein,
2022), this was not followed up by horizontal loading to verify assumptions about bearing
capacity. In this study, stresses in the soil will be measured during installation and compared to
load-displacement data to get a better picture of the influence of effective stress.

In the tests carried out during the thesis, piles with two different wall thickness will be used. The
impact of wall thickness on vibration installation has not been tested yet in previous studies.

El Kanfoudi (2016) studies the impact that the vibratory installation process has on the cone
resistance of CPT. Unlike this thesis, there is no comparison between this driving method and
impact hammered piles.

The differences in soil elevation in and around the pile will be compared during the experiments
to gain a better understanding of what happens to the sand. Settlement after installation can be
measured by doing that. This has not been done yet in other literature.
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4. Experiments

In this chapter, the experiments conducted during the thesis will be explained. The experiments consist
of four different batches where multiple piles are installed and subsequently loaded laterally. The details
of each batch will be discussed in the corresponding sub-chapters. First, the timeline will be laid out.
Secondly, the setup of the experiments will be shown. Then, the steps taken to preparation the tests will
be discussed. After that, all four batches will be touched upon as well as their parameters and
expectations.

4.1 Timeline

As the experiments carried out during this thesis were extensive and required thorough planning, the
timeline for the experimental work will be explained below. Four different batches of experiments were
conducted. Each batch was comprised of four different phases: filling, installing, loading, and emptying.
These phases will be explained in detail in section 3.3. All in all, each batch required approximately three
weeks to complete. The schedule of all the experiments is shown in Figure 4.1 below.

25ul] o01-Aug| o0s-Aug] 15-Aug] 22-Aug] 29-Aug] o05-sep| 12-Sep| 19-sep| 26-Sep| o3-0ct| 10-0ct
30) 31 32 33 34 35 35, 37, 38 39 20 41

Actions o4ul] 11l 18-ul
week 27 28| 29

Batch 1
Batch 2
Batch 3
Batch 4

Figure 4.1: Test regime schedule

No work was carried out during weeks 30 to 33.

4.2 Setup

A general schematisation of the setup is given in Figure 4.2. This shows the pile positions in batches 2, 3
and 4 as well as the loading directions. The top figure shows an overhead view of the testing facility, with
the locations of the piles marked as a circle and the distances between the pile centres and nearby
walls/other piles indicated in centimetres. The loading direction in which the piles will be laterally loaded
is indicated by two large arrows. The bottom right figure shows a front view, while the bottom left figure
shows a side view. The nominal outer pile diameter for all piles was 32.29 cm.

Batch 1 differed from the other batches as it included installation only, i.e. the piles were not subjected
to lateral loading. Hence, its results will not be covered in detail in this thesis. The different elements of
the experiments will be discussed in this section, while the specific batches and their characteristics will
be explained individually in section 4.3. All equipment specifications are presented in Appendix A.
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Figure 4.2: Schematisation of the experiment setup for batches 2, 3 and 4 (dimensions reported in cm)

4.2.1 Pile properties

Two different types of piles were used in the tests, with a total of eight piles. All the piles had a length of
2000 mm and a diameter of 323.9 mm (L/D = 6). The piles differed in their wall thickness. Six piles had a
wall thickness of 4 mm, and 2 piles (piles 3 and 8) had a wall thickness of 10 mm. The piles have all been
measured to verify their dimensions. The measured pile dimensions are reported in Table 4-1.

Pile Average diameter (mm) | Average thickness (mm) | Length (mm)
1 324 4.03 2030
2 324 3.65 2020
3 324 9.59 2031
4 324 3.72 2023
5 324 4.08 2026
6 324 3.60 2030
7 324 4.04 2028
8 324 9.61 2030

Table 4-1: Measured pile dimensions
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On one end of the piles, a flange of 2 mm thickness has been welded to the pile to serve as an attachment
point for the installation and loading devices. This flange is wider than the pile, with a diameter of 420
mm. This results in a pile geometry as shown in Figure 4.3.

F i
N4

2

Figure 4.3: Pile geometry with flange

This flange was used to attach the vibratory hammer, a guidance system for impact hammering, as well
as a plate through which lateral loading is carried out. These systems will be detailed in their respective
sections below.

4.2.2 Testing facility

The tests have been carried out in the Deltares Water-Soil Flume (WSF) at its Delft location. The length of
the testing pit was 9.03 m and its 5.50 m. The depth of the testing pit was 2.5 m. For this experiment, the
testing pit was filled with sand up to a height of 2.4 m. A rolling wagon on rails above the testing pit was
used for attaching the soil densification needles, CPT measurements, attachment point for the laser during
driving and as attachment point for the loading device during lateral load testing. Pictures of the testing
facility are shown below.
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Figure 4.5: Testing pit after being filled with sand and water

The sand used for the experiment was Sibelco S90 sand. This is a medium fine sand with a dsg of
approximately 0.147 mm and a coefficient of uniformity c,=1.6. The sand properties are indicated in
Appendix B: Sand specifications. To produce medium dense testing conditions, the target relative density
was between 40% and 60% and between 70% and 90% for dense sand conditions.

To construct the sand bed, the tank was first filled with water, after which the sand was deposited in
layers. The layers were then vibrated with needles for densification. After skimming the tank with the
needles, water was added, and another layer of sand deposited and densified. This process was repeated
until the tank was filled. The preparations were different for each batch and will be explained in detail in
section 4.3.

The WSF is equipped with a crane system spanning the entire length and width of the building. A crane
on rails is situated overhead and enabled the transport of test elements such as wooden beams, a
guidance frame, and the piles. This crane system was also used for vibratory driving, with the hammer

49



being attached to the crane. Further details on the driving equipment and setup are discussed in 4.2.3.
The crane has two possible lowering speeds: 110 mm/s and 10 mm/s. Both speeds were used during the
experiments. Figure 4.6 showcases the lower part of the crane connected to the vibration hammer.

Figure 4.6: Crane with hammer and attached pile

4.2.3 Driving equipment
4.2.3.1  Vibratory driving

Vibratory driving was done with the help of an APE-23 hammer by CAPE Holland. The hydraulicly powered
hammer has an eccentric moment of 1.3 kg*m. This figure was chosen after a driveability study conducted
by CAPE. It was concluded that the standard eccentric moment of this hammer (2.3 kg*m) would be too
strong for this pile and the expected soil profile. As a result, the hammer was modified to reach the figure
of 1.3 kg*m.

The hammer was connected to the pile via an interface plate mounted on the flange. A picture of the
mounting arrangement is shown below.
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Figure 4.7: Close-up of hammer on the pile

As previously mentioned, the hammer was mounted on the overhead crane and had two possible
lowering speeds: 110 mm/s and 10 mm/s. In addition to the flange on the pile, a steel guiding frame had
been purpose-built for this experiment. The vibratory hammer was guided by sliding through the frame
to prevent translation in one direction, as well as rotation.

Additionally, another guiding frame with wheels was placed between wooden beams. The hammer inside
both guiding frames is shown in Figure 4.8 below. Figure 4.9 shows an overhead view of the guiding device
placed between wooden beams.
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Figure 4.8: Hammer inside guiding frame

Figure 4.9: Overhead view of second (wooden) guiding device
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4.2.3.2 Impact hammering

Impact hammering was done with a HL750 from VDB Funderingstechniek. The amount of falling weights,
their weight and the falling height varied depending on the pile installation and are specified in section
4.3 for every batch. The hammer was rolled above the WSF onto wooden planks that cover it. A guiding
tube for the falling weight was mounted above the pile to ensure it hit the pile centre and drove it straight
into the ground. A simplified sketch of the hammering installation is shown in Figure 4.10.
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Figure 4.10: Impact hammer setup (dimensions reported in cm)

Figure 4.11: Impact hammer during installation
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4.2.4 Loading equipment

After installation, the piles were loaded laterally with the use of a lateral loading device. The loading device
was attached to the wagon, in a configuration schematized in Figure 4.12 below. Equipment specifications
are provided in appendix A.

For loading, a MAC800 electric motor was combined with a gearbox and a spindle of 18 mm diameter.
The theoretical maximum load of this combination was 316.2 kN and the theoretical maximum speed was
5 mm/s. However, the actual maximum applied load was 20 kN due to the chosen measuring equipment
and its calibration range.

T —

1

10.50m B 56

1.50m
240 250

0.90m

Figure 4.12: Configuration during loading

The loading device pulled the piles inwards, one pile at a time. The pile head was approximately 0.5m
above ground level, with the exact height having been measured individually for all piles. The load
application height was slightly above the pile head, see Figure 4.13. The exact load application point was
0.53m above the ground level. This load was transferred to the pile through a loading plate attached to
the flange on top of it. The displacement was then measured through a ring on this same loading plate.
This was done with a Temposonic magnetostrictive linear position sensor. Photos as well as a sketch of
the loading plate and loading device are shown below.
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Figure 4.13: Sketch of the connection between pile and loading device

Figure 4.14: Loading device on wagon
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Figure 4.15: Connection between pile, loading device and sensor
4.2.5 Measuring equipment

Multiple sensors were used during the test. An overview of the various sensors, their positions, and their
measuring windows is given in Table 4-2. Figure 4.16 presents a sketch of the different sensors and their
locations in the experiment’s setup. The specifications for all the equipment are presented in appendix A.

Laser
(penetration

”Speed)
Video

Acceleration

Load cell

Vibro hammer
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frequency)

Measure
displacements

Load cell

Acceleration +
strains +
inclination

/ Load device

Geo-

Aphone

Strains
(1 pie) |

Hydraulic power
pack

Water pore pressure Water pore pressure
Soil stress Soil stress

Figure 4.16: Sketch of the different sensors

The exact specifications of all the sensors are indicated in Appendix A.
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Sensor

Position

Measuring during

Pore water pressure

In the soil, on the pile

Installation and loading

Total stress

In the soil, on the pile

Installation and loading

Frequency On the vibro-hammer Installation

Load cell On the crane Installation

Laser On the pile Installation

Strain gauge On the pile Installation and loading
Horizontal displacement Attached to the wagon Loading

Horizontal force In the loading device Loading

Table 4-2: Overview of used sensors

Based on this table, the sensors can be divided into three categories. The soil sensors, the pile and hammer
sensors, and the loading sensors. These will be addressed separately below.

In addition to those sensors, an extensive cone penetration testing (CPT) campaign has been carried out
during the entirety of the experiments. The details vary on a batch basis and will be explained in section
4.3.

4.2.5.1 Soil sensors

Two types of sensors were installed in the soil: pore water pressure sensors and total stress sensors. The
pore water pressure sensors were mounted on the wall, to observe possible pore pressure build-up which
could indicate liquefaction.

The total stress sensors were mounted onto a rod construction in the WSF before filling, at two positions
near the piles on the East and West of the test basin. This rod was attached to the bottom of the tank. It
consisted of a plate at a height of 1 m with a horizontal stress sensor as well as a pore water pressure
sensor attached to it. The sensors were attached to a plate to ensure that there was no movement after
filling the tank with sand. A PVC band was cut and placed around the edges of the total stress sensor to
ensure a smooth stress distribution along the entire surface of the sensor. Without it, stress would
accumulate on the edges of the total stress sensor. Photos of the sensor assembly are shown below.
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Figure 4.17: Sensor rod assembly

Total stress sensor

Figure 4.18: Close-up of the sensors on the plate

Together with the horizontal stress sensors, pore water pressure sensors with a capacity of 5 bar were
also mounted to the construction, both at a height of 1 m above the bottom of the WSF. Two other pore
water pressure sensors were attached to opposing walls the location of the sensors as shown from above

is demonstrated in Figure 4.19.
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Figure 4.19: Location of soil sensors seen from above (distances in cm)
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The total stress sensors used in the soil were Kulite LQ-080U stress sensors. The pore pressure sensors

attached to the tank wall were ATM/N submersible transducers manufactured by STS.
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4.2.5.2  Pile and hammer sensors

On the pile and the vibro-hammer, multiple sensors were installed and used during installation. The total
pressure sensors attached to the pile wall were manufactured by Kyowa and were the PS-2KC and PS-
10KC models with a capacity of 200 kPA and 1 MPa respectively. A close-up photograph is shown below.
These sensors recorded the stress during installation only

Figure 4.20: Pore pressure sensor on pile wall

An accelerometer was placed on the vibratory hammer to measure the frequency. A load cell was placed
on the crane to measure the weight of the system on the crane and detect when the pile is “standing” on
the soil or if its weight is (partially) carried by the overhead crane. Mounted next to the pile, a laser
measured the vertical displacement in order to compute the penetration speed and monitor the vertical
movements of the pile during installation.

The load cell on the crane is a U9 load cell by Hottinger with a capacity of 20 kN. The laser was a Demetix
DPE-30-500 Laser Distance Sensor.

These sensors measured data during installation of the pile to determine the installation parameters.
4.2.5.3 Loading sensors

During lateral loading of the pile, a magnetostrictive linear position sensor mounted on the wagon (see
Figure 4.15) measured the displacement of the pile head. At the same time, the loading device was
equipped with a load cell (the same model of load cell as on the crane during installation) measuring the
force applied on the pile. A close-up picture of the sensors on the pile is shown in Figure 4.21.
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Figure 4.21: Top-down view of the loading sensor on the pile

Additionally, the ground sensors and some of the strain gauges on the piles were active during loading of
certain piles to provide data if it was deemed interesting or useful.

4.2.5.4 CPT

In addition to the above sensors, the soil properties were measured at multiple moments throughout the
experiments with a CPT rig mounted on the wagon. A photo of the CPT rig is shown in Figure 4.22. The
details of the CPT, their locations and moment of measurement will be discussed per batch in section 4.3.
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Figure 4.22: CPT rig mounted on wagon

4.2.5.5 Soil settlement measurements

In addition to all the above measurements, elevation measurements were carried out before and after

installation with the help of a levelling instrument, shown in Figure 4.23. The measurement points were
inside and outside of the pile.
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Figure 4.23: Height measurement equipment

The measurements were read on a pole through the lens of the equipment in Figure 4.23. To interpret
the readings, a reference reading was first taken on the corner of the tank (see Figure 4.24). This reference
reading then allows a comparison with every subsequent reading, knowing the height of the corner of the
tank compared to the sand surface. In the sketch below, a measurement taken before installation gave a
reading of 1200 and a measurement taken after installation a reading of 1139.

Reference

Before
Measurements

Sand

Figure 4.24: Sketch of the measuring equipment setup
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4.3 Testing programme

The testing programme will be detailed for every batch. This included how many piles were installed, what
installation parameters were used and what the loading regime was. The first batch was mainly used to
test the equipment and determine which settings to use on the hammer and the loading device. All
batches have been divided into preparation, installation, and loading. The logbook used for the duration
of all experiments is presented in Appendix E: Experiment logbook.

4.3.1 Batch 1

4.3.1.1 Preparation

The sand in batch 1 was dense sand, with the aim of obtaining a relative density of 70% to 90%. CPT carried
out after installation revealed a relative density of around 80%. The relative density calculations can be
found in section 4.3.2.1. The tank was initially filled with 60 cm of water, after which a layer of 50 cm of
sand was laid out with an excavator. The wagon with vibrated needles drove over the entire tank one way
to densify the sand. This entire process was then repeated by adding 10 or 15 cm of water, 10 or 15 cm
of sand and vibrating with the needles in the opposite way until reaching the full height of 2.4 m. The
layering sequence is detailed in Figure 4.25, and the layer height in Table 4-3.

Filled with
water
/ ™~

Sand vibrated
other way

Layer of sand
added

Sand vibrated
one way

Layer of sand
added

Uit}
-

Filled with
water

Figure 4.25: Layering sequence

Layer bottom [cm] | Layer top [cm] | Layer height [cm]
0 50 50
50 60 10
60 75 15
75 85 10
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85 100 15
100 110 10
110 120 10
120 130 10
130 140 10
140 150 10
150 160 10
160 170 10
170 180 10
180 190 10
190 200 10
200 210 10
210 225 15
225 240 15

Table 4-3: Detailed layering sequence for batch 1

As shown in Figure 4.26, six needles were present on the wagon. The needles had a centre-to-centre
distance of 78 cm, and 68 cm to the wall. Subsequent vibration drives were done in one direction, followed
by the opposite direction to minimize the impact of driving in a single direction. The first layer was
densified by needles moving from East to West, the next layer from West to East, etc.
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Figure 4.26: Densification of the sand in progress

The result can be seen in Figure 4.5. The final sand depth was 2.4 m with a water table 5 cm higher than
the sand surface.

4.3.1.2 Installation

As batch 1 was mostly used for testing of the equipment and the pile, more installations were planned
during it than the other batches. In total, 14 installations were carried out with one instrumented pile (pile
1, see Figure 4.20) and one installation was carried out with a non-instrumented thick-walled pile. All piles
were installed using the vibratory hammer. The piles in the last two positions were left in place to set up
the loading device. The installation plan is shown below in Figure 4.27.
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Figure 4.27: Installation plan of batch 1

The piles were installed to an embedded depth of 1.5 m. Figure 4.28 below shows a simple schematization
of the cross-section of the WSF after installing the piles. This figure also shows the wooden beams going
across the tank. These beams are used to provide support for the guiding frame and for the impact
hammer.

' 20 cm
47 cm I jt 17 em
1.50m 250
240 cm em
0.90m

Figure 4.28: Schematisation of installed piles
4.3.1.3 Lateral loading

One pile was loaded at the end of batch 1 in order to test the loading device and tune the loading rate as
well as generated feedback loops appropriately. This also allowed for identification of possible issues
before the second batch. Both monotonic and cyclic loading tests were carried out.
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After loading, the piles were extracted from the tank by attaching the vibratory hammer and operating it
while pulling the piles out with the crane.

4.3.2 Batch 2

4.3.2.1 Preparation
The preparation of batch 2 was performed in a similar fashion as for batch 1.

As part of the preparation, CPT were carried out across the tank, as indicated in Figure 4.29. CPT were
executed before, | between and after pile installations. After all pile installations, CPT were carried out
right next to the pile flange, and others approximately 0.5D away from the pile wall. The results of those
CPT are shown in Figure 4.30. During testing, the maximum cone penetration depth was 2.35 m (50 mm
above the bottom of the tank).

® CPTs after filling, prior to pile
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installation (18 CPTs)
I ©  CPTs after impact pile installation (3
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Figure 4.29: Cone penetration testing locations during batch 2

All CPT have an x and y location on the grid above. The grid has a spacing of 30 cm in the x direction and
30 cm in the y direction. The large circles indicate the pile positions.
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Figure 4.30: CPT results before installation

With the results from the CPT, it possible to estimate the actual relative density of the sand. For this, a
study in shallow depth CPT was used (Krogh et al., 2022) as the depth of the sand bed in the experiments
was 2.5 m. The following correlations for shallow depth CPT are used.
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According to these equations, the CPT results above correspond to a relative density approximated to be
between 80 and 85 %. The discrepancy in the top 1 m is due to a tendency of this method to obtain a
curve that overestimates that layer, but it becomes accurate after that point. The last 0.2-0.5 m has an
artificially high gc value due to the concrete bottom of the tank creating a hard boundary.
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4.3.2.2 Installation

During the second batch, eight piles have been installed at the same depth as during batch 1. Two thick-
walled piles with a lower D/t, and six thin-walled piles. Three piles were installed using an impact hammer,
and five with a vibratory hammer. Figure 4.31 shows the locations of the installed piles and Table 4-4 the
installation methods and parameters for each pile. Green piles are impact hammered piles, and red piles
are vibratory driven piles. The thick circles denote a thick pile (wall thickness of 10mm) while the thin
circles denote a thin pile (wall thickness of 4mm).
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Figure 4.31: Pile locations for batch 2

Pile number D/t Impact Set1 | Impact Set2 | Speed | Frequency
1v High - - Low Low
2i Low Low/High - - -
3i High - High/Low - -
4v High - - High High
Sv High - - High Low
6v High - - Low High
7i High - High/Low - -
8v Low - - Low High
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Table 4-4: Installation parameters in batch 2

Piles installed at low frequency were vibrated around 20 Hz, while high frequencies corresponded to 35
Hz. Two different settings were used for the impact hammer. Set 1 used one falling weight of 285 kg with
a falling height of 0.4 m. Set 2 used two falling weights of 285 kg with a falling height of 0.8 m. This was
done to verify that the choice of setting did not have any influence on the lateral bearing capacity for
impact hammered piles, as expected from the literature.

As indicated in Figure 4.29, CPT have also been carried out after installation to study the possible effects
of installation on the soil density. The CPT after installation were carried 8 cm and 16 cm away from the
pile wall. The results are shown in Appendix D: CPT results.

The CPT show an overall higher g after installation compared to before installation, although there is
some scatter due to different installation methods and tests being taken at different distances from the
piles. These results will be discussed in depth in chapter 5.

4.3.2.3 Lateral loading

All piles are first loaded monotonically until 4 kN, then subjected to a cyclic load between 0 and 4kN, and
finally loaded monotonically up to 20 kN. The choice for 4 kN was made as that value is equal to 25% of
the initially estimated lateral bearing capacity, the latter being the value at which the displacement is
equal to 10% of the diameter, as obtained from a Plaxis 3D numerical model. The methodology for building
this FEM model and its parameters is discussed in section 5.2.

Since this was the first batch with real loading, some adjustments still needed to be done to the loading
device. Due to time constraints, some piles were subjected to only 100 cycles while others to 1000 cycles.
After cyclic loading, all piles were subjected to a final monotonic loading phase. The magnitude of the load
varied per pile, but the loading frequency was 0.1 Hz for all piles. As there were initially worries about
excessive wear of the loading device, the choice was made to test with up to 12 kN at the first tests. The
loading conditions for all piles are specified in Table 4-5.

Pile Initial monotonic Cycles Second monotonic
load (kN) load (kN)
1v 4 1000 20
2i 4 100 12
3i 4 100 12
4v 4 1000 12
Sv 4 1000 12
6v 4 100 20
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7i 4 1000 18

8v 4 100 20

Table 4-5: Loading conditions for all piles in batch 2

After loading, the piles were extracted from the tank by mechanical pull-out using the overhead crane.
The extraction force was measured as well as the height of the sand present in the pile once extracted.

4.3.3 Batch 3
4.3.3.1 Preparation

For batch 3, the preparation was similar to that of batches 1 and 2. However, one densifying needle broke
down, so the preparation process was slightly different in this regard. The remaining needles were spaced
so that the centre-to-centre distance would be equal between all needles, and the distance to the wall
remained the same.

The tank was initially filled with 60 cm of water, after which a layer of 50 cm of sand was placed with a

crane. The wagon with vibrated needles drove over the entire tank one way to densify the sand. This
process was then repeated by adding 10 or 15 cm of water, 10 or 15 cm of sand and vibrating with the
needles in the opposite way until reaching the full height of 2.4 m. The layering sequence is detailed in
Figure 4.32 and the layer height in Table 4-6.

Filled with
/ water
Sand vibrated
other way

Layer of sand
added

Sand vibrated
one way

Filled with
water

Figure 4.32: Layering sequence

Layer bottom [cm] | Layer top [cm] | Layer height [cm]

0 50 50

50 60 10
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60 75 15
75 85 10
85 100 15
100 110 10
110 120 10
120 130 10
130 140 10
140 150 10
150 160 10
160 170 10
170 180 10
180 190 10
190 200 10
200 210 10
210 225 15
225 240 15

Table 4-6: Detailed layering sequence for batch 3

For this batch, five needles were present on the wagon due to a mechanical defect prior to the sand bed
preparation. The needles had a centre-to-centre distance of 104 cm, and 68 cm to the wall. Subsequent
vibration drives were done one way, then the other, to minimize the impact of driving in a single direction.
The first height would for example be from East to West, then at the next height from West to East, etc.

As part of the preparation, CPT were carried out across the tank, as indicated in Figure 4.33. This figure
also shows the locations of all other CPT that were carried out during the rest of the batch. The results of
those CPT are presented in Figure 4.34. During testing, the cone penetration depth was 2.35 m (50 mm
above the bottom of the tank).
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@ CPTs after filling, prior to pile
installation (18 CPTs)

O CPTs after impact pile installation (8
CPTs) but before vibro installation

@ CPTs after all pile installations (20
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@ CPTs after lateral loading (12 CPTs)
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Figure 4.33: Cone penetration testing locations during batch 3

12

42

82

12.52

17 2

212

24 2

23 6.5

16 6.5

96.5

26.5

112

412

812
12512
1712
2112
2412
Dr=75.0%
Dr = 80.0 %

0.0 A

-0.5 A

-1.0 4

Depth (m)

-15 4

—2.0 A

-2.5 A

o 5 10 15 20 5 30 35
Cone resistance (MPa)

Figure 4.34: CPT results before installation

With the results from the CPT, it possible to estimate the actual relative density of the sand. For this, a
study in shallow depth CPT was used (Krogh et al., 2022) as the depth of the sand bed in the experiments
was 2.5 m. The same correlations are used as in batch 2.
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According to these equations, the CPT results above correspond to a relative density approximated to be
between 75 and 80 %. Overall, the sand in batch 3 was slightly looser than in batch 2. The discrepancy in
the top 1 m is due to a tendency of this method to obtain a curve that overestimates that layer, but it
becomes accurate after that point. The last 0.2-0.5 m has an artificially high q. value due to the concrete
bottom of the tank creating a hard boundary.

4.3.3.2 Installation

During the third batch, eight piles have been installed at the same depth as during batch 1 and 2. Two
thick-walled piles with a lower D/t, and six thin-walled piles. Two piles were installed using an impact
hammer, and five with a vibratory hammer. Figure 4.35 shows the locations of the installed piles and Table
4-7 the installation methods and parameters for each pile. Green piles are impact hammered piles, and
red piles are vibratory driven piles. The thick circles denote a thick pile (wall thickness of 10mm) while the
thin circles denote a thin pile (wall thickness of 4mm).
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Figure 4.35: Pile locations for batch 3

Pile number D/t Impact Set1 | Impact Set2 | Speed | Frequency
1v High - - High High
2v Low - - High Low
3i High - High/Low - -
4v High - - Free Low
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Sv High - - Low Low

6v High - - Low High
7i High - High/Low - -
8v Low - - Free Low

Table 4-7: Installation parameters for batch 3

Piles installed at low frequency were vibrated around 20 Hz, while high frequencies corresponded to 35
Hz. Only one setting was used for the impact hammer. Set 1 used one falling weight of 285 kg with a falling
height of 0.4 m. After having confirmed from batch 2 that installation settings for impact driving had no
significant influence on the lateral stiffness, the choice was made for this more conventional method. Piles
4 and 8 were installed free hanging. This entails giving the belt between the pile and the vibratory hammer
some slack before turning it on so that the driving speed is not influenced by technical restrictions of the
crane’s lowering speed.

As indicated in Figure 4.33, CPT have also been carried out after installation to study the possible effects
of installation on the soil density. The CPT after installation were carried out 8 cm and 16 cm away from
the pile wall. The results are shown in Appendix D: CPT results. These results will be presented in more
detail in chapter 5.

4.3.3.3 Lateral loading

All piles are first loaded monotonically until 4 kN, then subjected to a cyclic load (1000 cycles) between o
and 4kN, and finally loaded monotonically up to 20 kN. The choice for 4 kN was made as that value is
equal to 25% of the lateral bearing capacity, the latter being the value at which the displacement is equal
to 10% of the diameter, as obtained from a Plaxis 3D numerical model. The methodology for building this
FEM model and its parameters is discussed in section 5.2.

Most pile were subjected to 1000 cycles, only pile 2v was subjected to 500 cycles due to time constraints.
After cyclic loading, all piles were subjected to a final monotonic loading phase. The loading frequency for
cyclic loading was 0.1 Hz.

Some CPT were also carried out after lateral loading to investigate the influence of loading on soil
properties.

After loading, the piles were extracted from the tank by mechanical pull-out using the overhead crane.
The extraction force was measured as well as the height of the sand present in the pile once extracted.

4.3.4 Batch 4
4.3.4.1 Preparation

For batch 4, the preparation was different from the previous batches to achieve a different sand density.
The sand density was medium dense.
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The desired sand density for this batch was dense. The tank was initially filled with 80 cm of water, after
which a layer of 70 cm of sand was placed with a crane. The wagon with vibrated needles drove over the
entire tank one way to densify the sand. For this batch, as the target density was lower than the previous
batches, the needles only skimmed the surface. this can be seen in Figure 4.36. This entire process was
then repeated, but less frequently than in previous batches. It was done at the following heights: 130 cm,
205 cm, 240 cm.

One of the needles still being defect, 5 needles were present on the wagon just as in batch 3. The needles
had a center-to-center distance of 104 cm, and 68 cm to the wall. Subsequent vibration drives were done
one way, then the other, to minimize the impact of driving in a single direction. The first height would for
example be from East to West, then at the next height from West to East, etc.

AELLEN BV
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Figure 4.36: Vibrating needles during installation of batch 4

As part of the preparation, CPT were carried out across the tank, as indicated in Figure 4.37. This figure
also shows the locations of all other CPT that were carried out during the rest of the batch. The results of
those CPT are shown in Figure 4.38. During testing, the cone penetration depth was 2.35 m (50 mm above
the bottom of the tank).
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Figure 4.38: CPT results before installation for batch 4

With the results from the CPT, it possible to estimate the actual relative density of the sand. For this, a
study in shallow depth CPT was used (Krogh et al., 2022) as the depth of the sand bed in the experiments
was 2.5 m. The same correlations as in batches 2 and 3 are used. However, this method is less accurate in
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low consolidation sands. Using methods for more normally consolidated sands, the results might be
slightly higher.

According to these equations, the CPT results above correspond to a relative density approximated to be
between 30 and 40 %. The last 0.2-0.5 m has an artificially high q. value due to the concrete bottom of
the tank creating a hard boundary.

4.3.4.2 Installation

During the fourth batch, eight piles have been installed at the same depth as during batch 1 and 2. Two
thick-walled piles with a lower D/t, and 6 thin-walled piles. Three piles were installed using an impact
hammer, and five with a vibratory hammer. Figure 4.39 shows the locations of the installed piles and Table
4-8 the installation methods and parameters for each pile. Green piles are impact hammered piles, and
red piles are vibratory driven piles. The thick circles denote a thick pile (wall thickness of 10mm) while the
thin circles denote a thin pile (wall thickness of 4mm).
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Figure 4.39: Pile locations for batch 4

Pile number D/t Impact Set1 | Impact Set2 | Speed | Frequency

1v High - - Low 23 Hz
2v Low - - High 23 Hz
3i High - High/Low - -
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4v High - - High 23 Hz
5v High - - Low 23 Hz
6i High - High/Low - -
7i High - High/Low - -
8v Low - - Low 23 Hz

Table 4-8: Installation parameters for batch 4

All piles were vibrated at 23 Hz for this batch because the hammer was expected to be too powerful
with a higher frequency. The experience of the previous batches combined with the different sand
density led to this conclusion. The chosen frequency of 23 Hz was the practical minimum frequency, as
any lower frequency could lead to resonance in the crane and hammer system used for the SIMOX
experiments. Additionally, since there was only one batch in medium-dense sand, it was deemed better
to vary a single parameter in order to have more duplicates Only one setting was used for the impact
hammer. Set 1 used one falling weight of 285 kg with a falling height of 0.1 m.

As indicated in Figure 4.37, CPT have also been carried out after installation to study the possible effects
of installation on the soil density. The CPT after installation were carried out 8 cm and 16 cm away from
the pile wall. The results are shown in Appendix D: CPT results.

4.3.4.3 Lateral loading

All piles were first loaded monotonically until 3 kN, then subjected to a cyclic load (1000 cycles) between
0 and 3 kN, and finally loaded monotonically up to 14 kN. The choice for 3 kN was made as that value is
equal to 25% of the lateral bearing capacity, the latter being the value at which the displacement is equal
to 10% of the diameter, as obtained from a Plaxis 3D numerical model. The methodology for building this
FEM model and its parameters is discussed in section 5.2.

Most piles were subjected to 1000 cycles, only pile 3i was subjected to 500 cycles due to time constraints.
After cyclic loading, all piles were subjected to a final monotonic loading phase. The loading frequency for
all piles was 0.1 Hz. The loading conditions for all piles are specified in Table 4-9.

Pile Initial monotonic Cycles Second monotonic
load (kN) load (kN)
1v 3 1000 14
2v 3 1000 14
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3i 3 500 14
4v 3 1000 12
5v 3 1000 14
6i 3 1000 14
7i 3 1000 14
8v 3 1000 14

Table 4-9: Loading conditions for all piles in batch 4

Some CPT were also carried out after lateral loading to investigate the influence of loading on soil
properties.

After loading, the piles were extracted from the tank by mechanical pull-out using the overhead crane.
The extraction force was measured as well as the height of the sand present in the pile once extracted.

Just as in any experimental process, some parts of the programme deviated from the aimed values
inadvertently. Namely, there were variations in embedment depth and sand density. This is why, to ensure
the experiment results are as accurate as possible and that the comparison is done under the same
conditions for all piles, they must be corrected for some of these inaccuracies first. The following chapter
will explain these corrections and discuss the effect of them.
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5. Corrections and FE model

In this chapter, the methods and tools used for data interpretation will be explained. The finite element
model will be addressed first, followed by an explanation of the applied corrections. The data
interpretation computational work has been done with python.

5.1 Corrections

While the experiments happened in a controlled environment with very few varying conditions, there are
some differences between piles that need to be accounted for and corrected to ensure that the
comparison of results is done under the same conditions. The results have been corrected for three
varying parameters: the cone resistance g. of CPTs before pile installation, the pile embedment length,
and the pile wall thickness. The procedure followed is similar to that in the work of Achmus et al. (2020).

Possible variations in cone resistance could be due to an uneven preparation of the sand bed. Pile
embedment length varied in the order of centimetres throughout the experiments due to the difficulty of
stopping the equipment at the exact final penetration when driving. The maximum difference in average
gc over the length of the pile in one batch was around 6.8 MPa (16.7 and 9.5 MPa).

Although an embedment length close to the desired length was achieved in most cases, there were some
imprecisions when turning off the vibrating hammer that would result in differences of a few centimetres,
especially for the piles driven at a high penetration speed. The largest difference between two piles in a
single batch was found to be 8.9 cm (approximately 4.5% of the total pile length).

Finally, the pile wall thickness was measured before the experiment on the piles and was found to deviate
slightly from the nominal thickness (in the order of tenths of millimetre). The largest deviation from the
nominal value was 0.35 mm. This was on a pile (pile 2) with a nominal thickness of 4 mm, meaning this is
a deviation of almost 9%. The actual pile wall thickness is presented in Table 4-1. To account for the effect
such a difference could have, a correction was investigated by means of a 3D FE model.

5.1.1 CPT

To eliminate any possible effect of soil heterogeneity across the tank, data from CPT has been used to
apply a correcting factor to the pile displacement. This factor was calculated individually for every pile in
each batch.

To do this, the average q. over the depth of the CPT (2.5 m) was calculated in three layers for every pile
location prior to installation. A top layer from 0 to 1 m depth, a middle layer from 1 to 1.5 m depth, and a
bottom layer from 1.5 to 2.5 m depth. Then, the finite element model (which consisted of applying lateral
loading up to 3 or 4 kN, depending on the soil density) was run with input soil parameters of the HS Small
model derived from correlations with the highest average q., as well as the lowest average q.. The
parameters were determined with correlations suggested by Brinkgreve et al. (2010). Details about this
are described in section 5.2.2. Batches 2 and 3 had a negligible difference between both corrected
displacements for extreme qc values under a 4kN lateral point load (0.3% and 0.8% respectively). However,
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for batch 4 in medium dense sand, the difference in lateral displacement between two extreme average
values of g. was 5%. Hence, a CPT correction was only applied to the results from batch 4.

To calculate the value of the correction factor, the difference of each pile location with the highest g. was
calculated, which was then compared to the largest difference. The pile location with the lowest average
gc value has a correction factor of 5%, and every other pile is somewhere between 0 and 5%. This means
that the following calculations were applied:

d= 9e;max — en

x 0.05

a =
dmax
For example, a pile location with a gc exactly in the middle of the two extremes will have a correction
factor a of 2.5%.

The pile displacement at the top of the pile during all loading phases was then multiplied by said factor
during interpretation.

Yeor =Y X (1+a)
5.1.2 Pile embedment length

Ideally, each installed pile would have an embedment length of 1.5m, and the length above ground equals
0.5m. In practice, the measurements that have been carried out during the experiments show that most
piles deviate slightly from this value, some of them having a shorter embedment length, others having a
larger one with individual differences of up to 60 mm. This may lead to misinterpretation of the results,
as piles with a larger embedment depth will mobilise a larger soil resistance than piles with a lower
embedment. Because of this, results might be skewed in the favour of piles with a larger embedment
length. To make sure that piles are not misinterpreted as stiffer simply because they are deeper into the
sand, a correction factor must be applied to all piles. Additionally, this also affects the height of the load
application point (load eccentricity).

Similarly to section 5.1.1 for the CPT correction, the pile embedment length correction was done by means
of the finite element model. The model was run with two different embedment lengths: 1.50m and 1.55m.
The displacement under a lateral load of 4 kN is compared for both cases, which gives a difference of 22%
in batch 2 and 19% in batch 3. In the medium dense sand with a lateral load of 3 kN, this difference grew
to 31%. Once this value is obtained, a correction factor is calculated following the same method as
indicated in the previous section for the CPT correction.

The pile displacement during all loading phases was then multiplied by said factor during interpretation.

5.1.3 Wall thickness

As seen in 4.2.1, some piles deviate from the nominal wall thickness of 4 mm. The largest difference
between two piles is between piles 5 and 6, where the difference is 0.5 mm. To ensure that differences in
pile wall thickness do not affect the presented results, a verification was done similar to what was done
in section 5.1.1 for the CPT data.
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The finite element model was run with a pile thickness of 3.6 mm, followed by a computation for a wall
thickness of 4.1 mm. Under a lateral point load of 4kN, the displacement for the thinnest pile is 1.2% larger
than the displacement for the thinnest pile. For a wall thickness of 4.1 mm, the displacement was 1.598
mm while it was 1.629 mm for a thickness of 3.6 mm. In the medium dense sand and under a lateral load
of 3 kN, this percentage was 2%. Since this is the largest difference and all others will be smaller, wall
thickness variations are concluded to have no significant influence on the results of the lateral loading
tests. As a result, no correction factor will be applied to the results for this.

5.1.4 Overview

The results presented later in the thesis will always be corrected, with an uncorrected figure in each batch
to give insight on the magnitude of the corrections. In dense sand, the results will be corrected for
embedment length only, while a CPT correction will be applied in the medium dense sand as well. The
correction can make for large differences, which are almost entirely due to embedment length (5 - 30%).
CPT based corrections are much smaller (0 — 2%) and only applied in batch 4. In some cases, piles that
appeared to have a large displacement before correction were in fact not installed up to the entire desired
embedment depth. This led to larger displacements which were corrected to compare them as if they
were installed with a load application point.

There are points to remember about the corrections which have been applied to the results, and how
they will be interpreted. Firstly, there was also a margin of error of 0.5 cm when carrying out the height
and CPT measurements. Such a margin of error will be carried through the corrections and into the final
corrected results. Secondly, the correction carried out during this thesis is a way to ensure more fairness
when making comparisons between piles. There are inherent limitations to the corrections such as the
accuracy of the input and limitations of the numerical model and the correlations used to obtain the soil
parameters. As a result, the corrected values might still deviate from ideal values.

This needs to be considered when observing the results and making conclusions. Plots that are close to
each other both before and after would still be considered within the margin of error of the corrections.
Definitive conclusions about curves that are close together cannot be drawn. It can only be inferred that
they are similar as they are within the margin of error of the corrections.

5.2 Finite element model

The finite element model (FEM) served as a reference calculation for applying a correction to the results
obtained from the experiments. This model serves as an estimation of the behaviour of a wished-in-place
pile with no installation effects. The finite element calculations were done in Plaxis 3D using the HSS
(Hardening Soil Small) soil model. The choice for this soil model was made due to the sandy soil and the
fact that the focus of the model was mostly to look at the behaviour of the pile under very small strains.
The finite element model will be explained in this section, including model geometry, soil properties, and
pile and load properties. Three different models were created, one for each batch. The geometry of the
model did not change between batches, only the soil properties.
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5.2.1 Model geometry

The model geometry was the same for all batches, and consisted of three elements: the soil, the pile, and
the pile-soil interface. In this model, half of the situation was modelled to optimize computation time.
This was possible due to the symmetry of the loading condition and material. Plaxis using x and y as
horizontal coordinates and z as vertical coordinates, the model dimensions can be described as having a
length in x direction of 5 m, a depth in y direction of 2.5 m, and a height in z direction of 2.4 m.

X

Figure 5.1: (right) Plaxis model geometry and (left) monopile plate elements and interface

Figure 5.1 depicts a general view of the model as well as the pile (blue) and interface (brown) elements.
The soil was divided in three layers: a top layer of 1 m thickness, a middle layer of 0.5 m thickness, and a
bottom layer of 0.9 m thickness. The soil properties will be adressed in section 5.2.2. The pile was
modelled as a half-cyllinder with a length of 2 m, of which 1.5 m is embedded into the soil. The pile had a
closed top part which represents the top plate used in the experiments for load application. The load
application point was in the centre of the plate.

The model was designed in a way that allows the comparison of two piles: one with the desired
embedment length, and another with a larger embedment. To achieve this, the pile was cut into surfaces
and interfaces that can be activated depending on the desired scenario. One phase of the model had the
pile embedded 1.5 m into the sand, another phase had the pile embedded 1.55 m into the sand. This will
be explained in further detail in section 5.2.3.

5.2.2 Soil properties

The soil properties in the model were calculated with the method of Brinkgreve et al. (2010) as done in
Gavin et al. (2020). This method takes as input the relative density RD and outputs parameters used by
the HSS soil model in Plaxis. The correlations used are shown below, where RD is expressed as a
percentage and the reference pressure is pres = 100 kN/m?.
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Yunsat = 15 + 4.0RD /100 [kN /m3]
Ysat = 19+ 1.6RD /100 [kN/m?]

ELS = 60RD/100 [MN/m?|
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The relative density was calculated with the help of relations suitable for shallow CPT (Krogh et al., 2022).
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Where ¢',, is the lateral effective stress, ¢’ is the critical state friction angle, and p, is the atmospheric
pressure (100 kPa) For these relations, the average g. within a layer was used. The sand was divided into
three layers (bottom layer between z = 0 and z = 0.9, middle layer between z=0.9 and z = 1.5, top layer
between z = 1.5 and z = 2.5) all having a different qc and thus different soil parameters. The soil parameter
values changed per batch as well and are shown in Table 5-1. For batches 2 and 3, all layers had a saturated
unit weight of yst = 20 kN/m? and an unsaturated unit weight of yunsat = 18 kN/m3. For batch 4, the
unsaturated unit weight was Yunsat = 17 kN/m3.

RD 0.45)
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Eso (MPa) Eced (MPa) | Ewr(MPa) | m(-) [ @' () | P(°) |Re(-) | emi(-)
Batch 2, top 48 48 144 0.45 | 38.84 8 0.9 0.5
Batch 2, middle 48 47 144 0.45 | 42.07 8 0.9 0.5
Batch 2, bottom 48 45 144 0.45 | 43.25 8 0.9 0.5
Batch 3, top 48 48 144 0.45 | 40.20 8 0.9 0.5
Batch 3, middle 48 47 144 0.45 | 41.96 8 0.9 0.5
Batch 3, bottom 48 45 144 0.45 | 43.72 8 0.9 0.5
Batch 4, top 24 24 72 0.58 | 28.67 3 0.9 0.5
Batch 4, middle 24 24 72 0.58 | 34.21 3 0.9 0.5
Batch 4, bottom 24 24 72 0.58 | 38.45 3 0.9 0.5

Table 5-1: Parameters for the HS Small model

5.2.3 Pile and load properties

The pile was modelled as a half-cylinder with a diameter of 324 mm and a length of 2 m. The pile

embedment depth and location in the model differed depending on the phase of the model. The

comparison between both cases is shown in Figure 5.3. Building the model this way allowed for a

comparison of two scenarios without having to run the model twice. This was achieved with the phases

indicated below.

() Initial phase [InitialPhase]
. Install pile 0.5 m [Phase_1]

Load 4 kM [Phase_2]

L Install pile 0,45 m [Phase_3]

Load 4 kM [Phase_4]

Figure 5.2: Phases used for the FEM
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Figure 5.3: (left) Pile embedded 1.55m into the sand and (right) pile embedded 1.5 m into the sand

The plate elements used for the pile walls were made of an isotropic and linear material with the
properties of steel. The plate on top of the pile was assumed to be rigid and was modelled as such. This
allowed the horizontal forces to be distributed evenly on the pile, which is close to reality where the plate
was bolted to the pile flange. The material properties of both plates are shown in Table 5-2. The interface
properties were taken from the adjacent soil, which is discussed in the previous section.

Plate v (kN/m3) E (kN/m?) v d (mm) G (kN/m?)
Pile wall 78.50 210 x 10° 0.2 4 87.50 x 108
Pile head 0 210 x 10° 0 4 105 x 108

Table 5-2: Plate properties

The load was modelled as a point load in the x direction in the FEM. The load application point on the pile
was the centre of the top plate, at the y = 0 coordinate. The z coordinate of this point load changed
depending on the pile embedment length, as can be seen in Figure 5.3. Since the pile was modelled as a
half-cylinder here, the value of the load applied in the model must be equal to half the actual load. This
means that in the batches where the initial monotonic load was 4 kN, the value of the load in the model
must be 2 kN. In batch 4, where the load during the experiments was 3 kN, the load in the model was 1.5
kN.
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6. Results

In this chapter, the experiment results will be presented and discussed. When presenting results, pile
names will often be indicated as “Pile n x” where n is a number from 1 to 8, and x is either “v” or “i”. The
number denotes the number that was painted on the pile, used for organisation purposes and to keep
track of the piles. The letter following that gives information on how each pile was installed. A “v” signifies

wsn
|

a vibratory installation, whereas a

6.1 Installation

Installation data consists of data from the total stress sensors in the soil, the pore water pressure sensors

means an impact hammer installation.

in the soil, the strain gauges near the tip of the piles, the load on the crane, and the frequency measured
on the vibro-hammer. These were measured as a function of time and pile penetration, the latter provided
by the laser present near the pile. For all the batches, the figures showing pile penetration as a function
of time are presented in appendix B.

6.1.1 Batch 2

Table 6-1 presents the installation parameters for all piles in batch 2. As a reminder, set 1 used one falling
weight of 285 kg with a falling height of 0.4 m. Set 2 used two falling weights of 285 kg with a falling height
of 0.8 m. High speed corresponded to a crane lowering speed of 110 mm/s whereas low speed
corresponded to a crane lowering speed of 10 mm/s. High frequency was roughly equal to 35 Hz and low
frequency was roughly equal to 20 Hz.

Pile number D/t Impact Set1 | ImpactSet2 | Speed | Frequency
1v High - - Low Low
2i High - X - -
3i Low X - - -
4v High - - High High
Sv High - - High Low
6v High - - Low High
7i High X - - -
8v Low - - Low High

Table 6-1: Installation parameters for batch 2
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6.1.1.1 Total stress sensors

Two total stress sensors were installed into the ground, and piles 1v and 7i were installed right next to
those sensors. As such, these two piles were the most relevant when looking at total stress sensor data.
The data from those sensors collected during the installation of both piles is shown in Figure 6.1.

Horizontal stress against penetration

— Pile 7i
Pile 1w

0.0

-0.6

-0.8

Penetration {m)

-1.0

-1.2

-14

-1.6

220 30 4 S 6 70 80
Tetal harizontal stress (kPa)

Figure 6.1: Total horizontal stress as a function of penetration for batch 2

During the installation of pile 1v, the total horizontal stress in the soil decreased slightly, while it increased
during the installation of pile 7i (going from a base of 25 kPa to 750 kPa the moment the pile toe passes
the location of the sensor).

Additionally, stress sensors were placed on the pile wall and recorded the horizontal stress during
installation. The results shown in Figure 6.2 present the total stress on the exterior pile wall for the same
two piles as previously. The sensors with a denomination code beginning by B1 are the sensors on the
vibrated pile (1v) and the ones starting by B2 were placed on the impact hammered pile (7i).
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Figure 6.2: Total stress sensors on the pile wall during installation in batch 1

This figure shows that the stress on the pile wall is very similar for both methods. This confirms that the
stress increase seen in figure 6.1 is present at the toe of the pile, but not directly adjacent to the pile
wall. The installation method does not seem to influence total stress on the outer pile wall.
Unfortunately, almost all sensors situated on the pile wall failed after batch 2, resulting in a lack of
results to compare figure 6.2 with.

6.1.1.2 Pore water pressure sensors

During installation, the pore water pressure sensors next to the wall did not register any significant
increase in pore water pressure. These sensors were used to monitor possible liquefaction of the sand
bed. Liquefaction did not happen during batch 2. While some oscillations were present in the readings
from the sensors near the pile when driving the pile, no increase of the mean pore water pressure was
recorded. This was the case for all installed piles in batch 2. All pore water pressure plots are present in
Appendix C: Installation results. In the figures, the pore pressure sensors are referred to with their position
on the four cardinal coordinates. Figure 4.19 shows the position of all the sensors in the soil as well as
which sensor corresponds to which direction.

6.1.1.3  Strain gauges

Strain gauges were installed on pile 1v. The two strain gauges near the toe are referred to as C1 and C2
and are placed diametrically opposite of each other on the outside of the pile wall. The measurements
taken during installation are shown in Figure 6.3.
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Figure 6.3: Strains on pile 1v during installation

From this figure, it can be seen that the strain on the pile wall increased during installation of pile 1v. This
is expected as the pile is penetrating deeper into the soil and encountering stiffer soil.

6.1.1.4 Load cell

Due to technical difficulties with the frequency sensors and the measured data, frequency could not be
plotted in the figures for this batch. Although information regarding the actual frequency was not
available during installation, the input parameters of the vibratory hammer give a reasonable estimation
for the actual frequency. As such, a differentiation between high and low frequency will be sufficient for
analysis purposes in following chapters.

During the vibratory installations, a load cell on the crane measured the load of the pile + hammer system.
Two results are presented below: pile 1v and pile 4v. All other crane load plots are shown in Appendix C:
Installation results. Pile 1v was installed at a low frequency and a low speed, while pile 4v at a high
frequency and a high speed. Both piles had opposite installation parameters and yield different results.
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Figure 6.4: Crane load during installation of pile 1v (left) and pile 4v (right)

During installation of pile 1, the load on the crane remained constant and equal to the starting value. This
means that the crane supported the entire system. During the installation of pile 4, the load on the crane
diminished during the installation, from 500 kg to 200 kg. This means that the soil supported part of the
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system weight during installation of pile 4. All piles in batch 2 have been divided in the two categories

presented in the figure below.

Fully crane-controlled
installation

Partially crane-
controlled installation

1,6

4,5,8

6.1.1.5 Soil settlement measurements

Table 6-2: Overview of load cell data from batch 2

Height measurements were taken before and after installation. These were taken with the help of the

levelling instrument shown in Figure 4.23. The measurement process is explained in section 4.2.5.5. The
reference level (situated on the wall of the tank) of the measurements was 1139 mm. The measurements
taken outside of the pile were taken on the side of the pile subjected to passive loading, meaning in the
loading direction. The values of the measurements themselves matter less than the difference found
between the two measurements. Table 6-3 shows the height measurements taken before and after
installation. The measurements were done outside of the pile (average of two measurements) and inside

the pile. A negative value in the “Difference” column indicates a decrease in soil elevation, a positive value

signifies an increase.

Pile number Before After Difference Before After Difference
(outside) (outside) (inside) (inside)
1 1196 1206 -10 1196 1140 56
2 1203 1234 -31 1208 1274 -66
3 1219 1250 -40 1216 1263 -56
4 1210 1219 -9 1207 1173 34
5 1214 1228 -14 1214 1253 -39
6 1210 1216 -6 1210 1160 50
7 1222 1245 -23 1219 1244 -25
8 1199 1200 -1 1197 1083 14

Table 6-3: Height measurements in batch 2 (measurements in mm)
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Pile number (increasing Pile number (increasing Pile number (increasing
difference outside the pile) difference inside the pile) displacement)
3 2 8
2 3 3
7 5 2
5 7 7
1 8 4
4 4 6
6 6 5
8 1 1

Table 6-4: Overview of soil elevation difference and pile displacement order in batch 2

Table 6-4 shows an overview of the order of piles when ranking them from smallest to largest
displacement, and when ranking them from smallest to largest difference in soil elevation measurement
difference. Although the order is not the exact same (as expected since there are other factors that
influence the displacement), the general order of the piles shows a lot of similarities. For example, piles
2v and 3iare in the top 3 for all columns. Similarly, the placement of piles 4v and 6v is noted. Pile 8v seems
to be an exception. This table seems to show that differences in soil elevation measurements might be
correlated to pile lateral stiffness, but a conclusion can only be made after observing the results from the
other batches.

6.1.2 Batch 3

Table 6-5 presents the installation parameters for all piles in batch 3. As a reminder, set 1 used one falling
weight of 285 kg with a falling height of 0.4 m. Set 2 used two falling weights of 285 kg with a falling height
of 0.8 m. High speed corresponded to a crane lowering speed of 110 mm/s whereas low speed
corresponded to a crane lowering speed of 10 mm/s. High frequency was roughly equal to 35 Hz and low
frequency was roughly equal to 20 Hz.

Pile number D/t Impact Set1 | Impact Set2 | Speed | Frequency
1v High - - High High
2v High - - High Low
3i Low X - - -
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4v High - - Free Low
5v High - - Low Low
6v High - - Low High
7i High X - - -

8v Low - - Free Low

Table 6-5: Installation parameters for batch 3

6.1.2.1 Total stress sensors

Two total stress sensors were installed into the ground, and piles 1v and 7i were installed right next to
those sensors. As such, these two piles are the most relevant when looking at total stress sensor data. The
data from those sensors collected during the installation of both piles is shown in Figure 6.5.
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Figure 6.5: Total horizontal stress as a function of penetration for batch 3

During the installation of both piles, the total stress recorded by the sensors increased and peaked when
the pile toe passed the sensor depth. This increase was larger for pile 7, which is the impact hammered
pile. Compared to batch 2, the increase for the impact hammered pile is the same, but the stress around
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the vibratory driven pile increases instead of decreasing. The two piles had different installation
parameters: high frequency and high speed for batch 2, low frequency and low speed for batch 3.

The stress sensors on the pile wall broke during batch 2, so no results are available regarding that data.

6.1.2.2 Pore water pressure sensors

During installation, the pore water pressure sensors next to the wall did not register any significant
increase in pore water pressure. These sensors were used to monitor possible liquefaction of the sand
bed. Liquefaction did not happen during batch 3. The largest pore water pressure increase recorded near
the pile during installation was for pile 1. This pile was installed in the East corner of the tank nearest to
the sensor, which explains the observed reaction. All pore water pressure plots are present in Appendix
C: Installation results. In the figures, the pore pressure sensors are referred to with their position on the
four cardinal coordinates. Figure 4.19 shows the position of all the sensors in the soil as well as which
sensor corresponds to which direction.

6.1.2.3 Strain gauges

Strain gauges were installed on pile 1v. The two strain gauges near the tip are referred to as C1 and C2
and are placed diametrically opposite of each other on the outside of the pile wall. The measurements
taken during installation are shown in Figure 6.6.
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Figure 6.6: Strains on pile 1v during installation

From this figure, it can be seen that the strain on the pile wall increased during installation of pile 1v. This
is expected as the pile was penetrating deeper into the soil and encountering stiffer soil.

6.1.2.4 Load cell and frequency

During the vibratory installations, a load cell on the crane measured the load of the pile and hammer
system. All results are shown in Appendix C: Installation results. Two results are plotted below: pile 4v and
pile 6v.
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Figure 6.7: Crane load and frequency during installation of pile 4v (left) and pile 6v (right)

Figure 6.7 shows two different behaviours, which can be found in all the other pile installation plots. On
the left, the load on the crane decreased and was supported by the soil. For most of the installation, there
was no load on the crane at all indicating that the pile rested fully on the sand (this is referred to as a free
hanging pile). This was the case for piles 1, 4 and 8. All these piles were installed with a high lowering
speed.

On the other side, piles 5 and 6 showed a behaviour similar to the right plot, where the load on the crane
did not decrease during installation and stayed constant during the entire installation (this is referred to
as a crane-controlled pile). Both piles were installed at low speed. All piles in batch 3 have been divided
in the two categories in the figure below.

Fully crane-controlled Partially crane- Fully free-hanging
installation controlled installation
5,6 1,2 4,8

Table 6-6: Overview of load cell data from batch 3

Comparing these two responses, piles installed with a high installation speed seem to show a behaviour
where the soil supports the pile. This did not seem to happen at low speed. This indicates that installation
speed could play a role in whether the pile installation was free-hanging or crane-controlled.

6.1.2.5 Soil settlement measurements

Height measurements were taken before and after installation. These were taken with the help of the
levelling instrument shown in Figure 4.23. The measurement process is explained in section 4.2.5.5. The
reference level (situated on the wall of the tank) of the measurements was 1139 mm. The measurements
taken outside of the pile were taken on the side of the pile subjected to passive loading, meaning in the
loading direction. The values of the measurements themselves matter less than the difference found
between the two measurements. Table 6-7 shows the height measurements taken before and after
installation. The measurements were taken outside of the pile (average of two measurements) and inside
the pile. A negative value in the “Difference” column indicates a decrease in soil elevation, a positive value
signifies an increase.
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Pile number Before After Difference Before After Difference
(outside) (outside) (inside) (inside)
1 1178 1178 0 1171 1093 78
2 1217 1229 -12 1226 1203 23
3 1180 1197 -17 1189 1237 -48
4 1231 1235 -4 1232 1266 -34
5 1214 1217 -3 1222 1172 50
6 1213 1218 -5 1222 1203 19
7 1181 1212 -31 1184 1204 -20
8 1197 1196 1 1197 1105 92

Table 6-7: Height measurements in batch 3 (measurements in mm)

Pile number (increasing Pile number (increasing Pile number (increasing
difference outside the pile) difference inside the pile) displacement)
7 3 3
3 4 2
2 7 7
6 6 6
4 2 5
5 5 4
1 1 1
8 8 8

Table 6-8: Overview of soil elevation difference and pile displacement order in batch 3

Table 6-8 shows an overview of the order of piles when ranking them from smallest to largest
displacement, and when ranking them from smallest to largest difference in soil elevation measurement
difference. Although the order is not the exact same (as expected since there are other factors that
influence the displacement), the general order of the piles shows a lot of similarities. The similarities have
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been reported in batch 2 (section 6.1.1.5) as well but are more striking here. The difference in soil
elevation measurements outside of the pile shows the almost exact same order as the pile displacement.
Additionally, piles 1v and 8v make up the bottom 2 in all cases. This seems to show that piles where a
decrease in soil elevation (compaction) happened are the piles that also show the least displacement
under monotonic loading. With the results of batch 2 and 3, this phenomenon is consistent across dense
sand. To verify whether this is also the case in medium dense sand, results from batch 4 will be verified.

6.1.3 Batch 4

Table 6-10 presents the installation parameters for all piles in batch 4. As a reminder, set 1 used one falling
weight of 285 kg with a falling height of 0.4 m. Set 2 used two falling weights of 285 kg with a falling height
of 0.8 m. High speed corresponded to a crane lowering speed of 110 mm/s whereas low speed
corresponded to a crane lowering speed of 10 mm/s.

Pile number D/t Impact Set1 | ImpactSet2 | Speed | Frequency
1v High - - Low 23 Hz
2v High - - High 23 Hz
3i Low X - - -
4v High - - High 23 Hz
Sv High - - Low 23 Hz
6i High X - - -
7i High X - ; ]
8v Low - - Low 23 Hz

Table 6-9: Installation parameters for batch 4

6.1.3.1 Total stress sensors

Two total stress sensors were installed into the ground, and piles 1v and 7i were installed right next to
those sensors. As such, these two piles are the most relevant when looking at total stress sensor data. The
data from those sensors collected during the installation of both piles is shown in Figure 6.8.
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Figure 6.8: Total horizontal stress as a function of penetration for batch 4

The total stress recorded during installation increased for both piles, but the increase was much larger for
pile 7i. Similar to previous batches, the increase occurred when the pile toe passed the sensor depth. The
increase was approximately 5 kPa for the vibrated pile, 30 kPa for the impact hammered pile.

The stress sensors on the pile wall broke during batch 2, so no results are available regarding that data.

6.1.3.2 Pore water pressure sensors

During installation, the pore water pressure sensors next to the wall did not register any significant
increase in pore water pressure. These sensors were used to monitor possible liquefaction of the sand
bed. Liquefaction did not happen during batch 4. While some oscillations were present in the readings
from the sensors near the pile when driving the pile, no increase of the mean pore water pressure was
recorded except for pile 1v, situated near the pore pressure sensor. All pore water pressure plots are
present in Appendix C: Installation results. In the figures, the pore pressure sensors are referred to with
their position on the four cardinal coordinates. Figure 4.19 shows the position of all the sensors in the soil
as well as which sensor corresponds to which direction.

6.1.3.3  Strain gauges

Strain gauges were installed on pile 1v. The two strain gauges near the tip are referred to as C1 and C2
and are placed diametrically opposite of each other on the outside of the pile wall. The measurements
taken during installation are shown in Figure 6.9.
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Figure 6.9: Strains on pile 1v during installation

Though the strains seem to increase during installation as in the previous batches, the rate of increase is
lower than in batch 2 and 3.

6.1.3.4 Load cell and frequency

During the vibratory installations, a load cell on the crane measured the load of the pile + hammer system.
In this batch, the sampling frequency was accidentally changed to 1 Hz. This caused the oscillations in the
crane load to not be fully captured. All results are shown in Appendix C: Installation results. In this batch,
all crane load plots showed the same behaviour. Pile 1v is shown below as representative of all piles in

this batch.
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Figure 6.10: Crane load and frequency during installation of pile 5v

All the piles showed a load on the crane that did not decrease during installation and remained equal to
the starting value. This indicates that during batch 4, all vibratory installations were crane controlled.
6.1.3.5 Soil settlement measurements

Height measurements were taken before and after installation. These were taken with the help of the
levelling instrument shown in Figure 4.23. The measurement process is explained in section 4.2.5.5. The
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reference level (situated on the wall of the tank) of the measurements is 1139 mm. The measurements

taken outside of the pile were taken on the side of the pile subjected to passive loading, meaning in the

loading direction. The values of the measurements themselves matter less than the difference found

between the two measurements. Table 6-10 shows the height measurements taken before and after

installation. The measurements were done outside of the pile (average of two measurements) and inside

the pile. A negative value in the “Difference” column indicates a decrease in soil elevation, a positive value

signifies an increase.

Pile number Before After Difference Before After Difference
(outside) (outside) (inside) (inside)

1 1202 1224 -22 1202 1292 -90
2 1235 1246 -11 1240 1248 -8

3 1211 1246 -35 1212 1333 -121
4 1233 1248 -15 1242 1252 -10
5 1218 1235 -17 1227 1294 -67
6 1255 1290 -35 1254 1370 -16
7 1220 1259 -39 1220 1317 -97
8 1208 1225 -17 1216 1258 -42

Table 6-10: Height measurements in batch 4 (measurements in mm)

Pile number (increasing
difference outside the pile)

Pile number (increasing
difference inside the pile)

Pile number (increasing
displacement)

7 7 7
6 1 5
1 5 1
5 8 8
8 6 6
4 4 4
2 2 2
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Table 6-11: Overview of soil elevation difference and pile displacement order in batch 4

Table 6-11 shows an overview of the order of piles when ranking them from smallest to largest
displacement, and when ranking them from smallest to largest difference in soil elevation measurement
difference. Although the order is not the identical, since other factors also influence the displacement,
the general order of the piles shows a lot of similarities. Pile 3i was removed from this table due to its
displacement during initial monotonic loading not being measured. Just as in batches 2 and 3 and as
discussed in section 6.1.2.5, the difference in soil elevation measurements shows almost the same order
as the pile displacement, showing that this phenomenon is not limited to dense sand. Pile 7i is the pile
where the most compaction happens, and it is also the pile with the least displacement. Conversely, piles
4v and 2v are the piles with the least compaction in and around the pile, and the piles with the highest
displacement.

6.2 CPT data

In this section, CPT data from before and after installation will be presented for each pile. This will give an
overview of the effect installation had on the soil near the pile. With the data, a possible correlation
between post-installation CPT results and initial stiffness of the load-displacement curve can be
investigated. The CPT coordinates are given according to the grid in section 4.3 (Figure 4.29, Figure 4.33
and Figure 4.37) in the form of “x/y”.

6.2.1 Batch 2

The coordinates of the CPT before and after installation for batch 2 are presented in Table 7-1. Figure 4.29
shows the locations of all CPT taken during batch 2. The post-installation CPT were taken approximately
10 cm away from the pile wall.

Pile Installation speed | Frequency | Before After
1v Low Low 24/1 23.5/2
2i - - 24/12 | 23.5/11
3i - - 8/12 8.5/11
4v High High 17/12 | 16.5/11
Sv High Low 1/12 1.5/11
6v Low High 8/1 8.5/2
7i - - 1/1 1.5/2
8v Low High 17/1 16.5/2

Table 6-12: CPT locations before and after installation for batch 2
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For all piles except pile 1, the CPT yielded higher q. after installation than before installation. In general,
this increase was larger for impact hammered piles (such as 2i and 7i). Figure 6.11 shows an example
result, for pile 6 where an increase of approximately 20% is seen. The figures for all the piles are present

in Appendix D: CPT results.

Depth (m)
i

Figure 6.11: CPT results before and after installation at the location of pile 6 in batch 2

CPT before and after installation for pile 6

—— CPT before installation
CPT after installation

6.2.2 Batch 3

The coordinates of the CPT before and after installation for batch 2 are presented in Table 6-13. Figure
4.33 shows the locations of all CPT taken during batch 2.

15 20
Cone resistance (MPa)

Pile | Installation speed | Frequency | Before After
1v High High 1/2 2.5/2
2v High Low 17/2 15.5/2
3i - - 1/12 1.5/11
Ly} Free Low 17/12 16.5/11
Sv Low Low 8/12 8.5/11
6v Low High 8/2 9.5/2
7i - - 24/2 22.5/2
8v High Low 24/12 23.5/11

Table 6-13: CPT locations before and after installation for batch 3
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Overall, the CPT yielded higher or similar q. after installation compared to before the pile was installed.

Impact hammered piles showed a clear increase, while all the vibrated piles showed curves that were

similar to prior installation. Figure 6.12 shows an example result, for pile 6. The figures for all the piles are

present in Appendix D: CPT results.

CPT before and after installation for pile 6
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Figure 6.12: CPT results before and after installation at the location of pile 6 in batch 3

5 0

6.2.3 Batch 4

The coordinates of the CPT before and after installation for batch 2 are presented in Table 6-14. Figure
4.37 shows the locations of all CPT taken during batch 2.

13 20
Cone resistance (MPa)

Pile | Installation speed | Frequency | Before After
1v Low 23 24/1 23.5/2
2v High 23 17/1 16.5/2
3i - 23 24/12 23.5/11
4v High 23 17/12 16.5/11
Sv Low 23 8/1 8.5/2
6i - 23 8/12 8.5/11
7i - 23 1/1 1.5/2
8v Low 23 1/12 1.5/11

Table 6-14: CPT locations before and after installation for batch 4
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For all piles, the CPT yielded higher g. after installation than before installation. This increase was large
for the impact hammered piles (3i, 6i and 7i) than for the vibrated piles. Figure 6.13 shows an example
result, for pile 6 where an increase of approximately 100% over most of the depth can be seen. The figures
for all the piles are present in Appendix D: CPT results.
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Figure 6.13: CPT results before and after installation at the location of pile 6 in batch 4

6.3 Loading

The results from the loading tests are presented in three subdivisions: the initial monotonic loading (3 or
4 kN), the subsequent cyclic loading (up to 1000 cycles of the same load, with a frequency of 0.1 Hz), and
the second monotonic loading (14, 18 or 20 kN). All the values have been corrected according to the
process described in 5.1.

6.3.1 Batch 2

6.3.1.1 Initial monotonic loading

In batch 2, five piles were installed using a vibratory hammer, and three piles using an impact hammer.
The installation parameters of the vibrated pile are indicated in Table 6-15. A thin-walled pile had a wall
thickness of 4 mm, while a thick-walled pile had a diameter of 10 mm. Low speed corresponded to a crane
lowering speed of 10 mm/s, while high speed corresponded to 110 mm/s. Piles installed at low frequency
were vibrated around 20 Hz, while high frequencies corresponded to 35 Hz. The exact values can be found
in appendix C.

Pile | Thick/thin walled | Speed | Frequency

1v Thin Low Low

2i Thin - -
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3i Thick - -
4y Thin High High
Sv Thin High Low
6v Thin Low High
7i Thin - -
8v Thick Low High

Table 6-15: Pile installation characteristics for batch 2

Below, the effect of all applied corrections is visible when comparing two figures in the same batch. Figure
6.14 shows the uncorrected curves for initial monotonic loading and Figure 6.15 shows the corrected
curves.

Uncorrected force displacement after cyclic loading
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Figure 6.14: Uncorrected displacement during initial monotonic loading for all piles in batch 2

106



<000 Corrected force displacement before cyclic loading
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Figure 6.15: Corrected displacement during initial monotonic loading for all piles in batch 2

According to Figure 6.15, the piles showing the lowest displacements were the thick-walled pile and the
impact hammered piles. The stiffest thin-walled vibratory driven pile was pile 4v, which was driven under
high speed and with a high frequency. A human mistake occurred before loading pile 1v during the loading
equipment set-up, the pile was accidentally loaded up to 2.5 kN in the opposite direction and then brought
back to zero. This means the result for pile 1 in the figure above is not representative.

Figure 6.16 below shows the horizontal stresses recorded by the total stress sensors near piles 1 and 7
(see section 4.2.5). The sensors were place in the sand, half a diameter away from the pile wall in the
loading direction. In the figure, the stresses are plotted on the y-axis, as a function of the load applied on
the pile. One can see that the stresses increase as the lateral load increases, decreasing again during
unloading. The values for pile 1v are below those of pile 7i at all times, as the stress level before loading
is larger for the impact driven pile. This reflects the observations of Figure 6.1 and the fact that the
displacement of pile 1v was larger than pile 7i during this loading step.
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Horizontal stresses in the soil during initial loading

60 N
— Pile 1lv
I IR
Pile 7i [ ";T:‘?
e -
e n //
____/—"’"’_'Hﬂ J./-'""
50 J"”‘""A ,_Hf”’//
o — ’_,_,—/‘"
.—4—"""/
,.«—Hf'nﬂ
_,-w—"”
B
....vu—-”""_'""'_ﬂ‘ﬂ_

)
=40
P
&
i
¢
7
=
=
"
=
5
T

30

0

0 1000 2000 3000 4000
Lateral load (kN)

Figure 6.16: Horizontal stresses measured in the soil during initial loading, batch 2
6.3.1.2  Cyclic loading

Displacement maxima for every cycle during cyclic loading have been plotted in Figure 6.17 below. Most
piles were subjected to 1000 cycles, but some were only loaded 100 cycles due to time constraints. Pile 2i
was not subjected to cyclic loading due to software issues.

Displacement maxima during cyclic loading
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Figure 6.17: Peak displacement according to the number of cycles in batch 2
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The order of the piles remained the same as during initial monotonic loading, with very few differences.

The rotation during cyclic loading has also been calculated. This was done according to the method of
LeBlanc et al. (2010). This paper studies the response of stiff piles to cyclic loading in sand. This method
consists of first calculating the stiffness with the use of pile rotation. The rotation is equal to:

AB(N) _ 6y — 6,
6 6

Where 6, is the rotation for the initial monotonic test, 8, is the initial rotation (rotation after the first
cycle) and 8y is the rotation at cycle N. To calculate the rotation at any moment one must use:
x
6 = arctan ()
Lg
Where x is the horizontal displacement and Ly, is the length of the rotation arm. This length was chosen

as the sum of 0.76 times the embedment length (1.5 m) according to Wang et al. (2022) and the height of
the load application point above the ground level (0.53 m). This gives:

Lr =076 x15+053=167m

The result of the rotation calculations is shown in Figure 6.18. The first few cycles show some oscillations
due to inaccuracies with the loading device, especially for pile 2 which was the first cyclic load test of the
experiments. However, later pile tests show much clearer trends. Compared to the figures in LeBlanc et
al. (2010), the curves also show a constant slope, albeit less steep that in that paper. This difference may
be caused by the sand density, as the sand used by LeBlanc et al. was very loose, compared to medium
dense here.

- Rotation during cyclic loading
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Figure 6.18: Rotation during cyclic loading in batch 2
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The secant stiffness of the piles was calculated by dividing the peak load (4 kN) by the amplitude of the
displacement during one cycle. The results are shown in the figure below.

Stiffness as a function of the number of cycles
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Figure 6.19: Stiffness under cyclic loading in batch 2

When looking at the stiffness of the piles under cyclic loading, the same order as in Figure 6.15 is observed
where pile 1v which had the highest displacements shows the lowest stiffness, and piles 3i and 8v showed
the highest stiffness and had the lowest displacement. The stiffness tended to increase with the number
of cycles.

6.3.1.3 Second monotonic loading

After the initial monotonic load and the cyclic loading period, the pile was loaded monotonically again.
Batch 2 being the first batch where the loading device was used, this was first done to 12.5 kN, then 20
kN as the loading device needed to be set up properly. Figure 6.20 shows the force-displacement curves
for the piles under this load. Figure 6.21 is on the same scale as in Figure 6.15 to give a better comparison.
In this figure, the effect the first two loading phases have had on the piles is visible, as the differences in
displacement between piles were negligible up to the load level of 4kN. After that point, the piles undergo
virgin loading so the differences become more pronounced and the order of strength of the piles changed.
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Figure 6.20: Displacement during secondary monotonic loading in batch 2

10 15
Horizontal displacement (mm})

Force displacement after cyclic loading

— Pile 1v
— Pile 2i
— Pile 3i
—— Pile 4v
— Pile 5v
—— Pile 6v
— Pile 7i
Pile 8v
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Horizontal stresses in the soil during secondary loading
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Figure 6.22: Horizontal stresses measured in the soil during secondary loading, batch 2

The stresses in the soil near the pile were also measured during secondary loading, just as during initial
monotonic loading. Comparing Figure 6.22 to Figure 6.16, one can see that the initial stress values are
higher during this loading step than during the initial loading step, and that both piles are proportionally
closer. The stress level in the soil increased during the cyclic loading test. Just like during initial
monotonic loading, larger stresses are recorded around pile 7i than around pile 1v. This correlates with
the displacement here as well, as a larger displacement was observed for pile 1v in this phase in Figure
6.20.

6.3.2 Batch 3

6.3.2.1 Initial monotonic loading

In batch 3, six piles were installed using a vibratory hammer, and two piles using an impact hammer. The
installation parameters of the vibrated pile are indicated in Table 6-16. A thin-walled pile had a wall
thickness of 4 mm, while a thick-walled pile had a diameter of 10 mm. Low speed corresponded to a crane
lowering speed of 10 mm/s, while high speed corresponded to 110 mm/s. Piles installed at low frequency
were vibrated around 20 Hz, while high frequencies corresponded to 35 Hz. The exact values can be found
in appendix C. Piles 4 and 8 were installed free hanging. This entailed giving the rope some slack before
turning on the vibratory hammer so that the driving speed was not influenced by technical restrictions of
the crane speed. For these piles, the lowering speed was faster than 110 mm/s.
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Pile | Thick/thin walled Speed Frequency
1v Thin Free High

2v Thin High Low

3i Thick - ,

4v Thin Free Low

Sv Thin Low Low

6v Thin Low High

7i Thin - ,

8v Thick Free Low

Table 6-16: Pile installation characteristics for batch 3

Below, the effect of all the applied corrections is visible when comparing two figures in the same batch.
Figure 6.23 shows the uncorrected curves for initial monotonic loading and Figure 6.24 shows the

corrected curves.
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Figure 6.23: Uncorrected displacement during initial monotonic loading for all piles in batch 3
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Figure 6.24: Displacement during initial monotonic loading for all piles in batch 3
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According to Figure 6.21, the lowest displacement piles were the impact hammered piles, as well as one
vibrated pile (2v) which was driven under high speed and low frequency. The two thin-walled piles 1v and
4v showed similar behaviour despite being installed with different frequencies. This indicates that
frequency alone does not indicate their lateral behaviour. This is confirmed by piles 5v and 6v also showing
similar behaviour despite being installed at different frequencies.

Additionally, piles 1v, 4v, and 8v were installed free-hanging and were also the piles with the largest
displacements. This could indicate that lack of crane control results in larger displacement than for crane-
controlled piles.

Pile 8v showed behaviour much different from other vibratory piles, which could be due to pile 8v being
a thick-walled pile. This might mean it was heavier and sank into the sand much faster. The effects of free-
hanging installation such as lack of stability would then have been amplified.

Figure 6.25 shows the horizontal stresses recorded in the soil near piles 1v and 7i. The sensors were place
in the sand, half a diameter away from the pile wall in the loading direction. In the figure, the stresses are
plotted on the y-axis, as a function of the load applied on the pile. Pile 1 sees an increase in stress as the
load increases, whereas this increase is lower for pile 7. The horizontal stresses around pile 7 were higher
than around pile 1 during the entire loading phase. The results here are similar to those of batch 2, where
the stresses around the impact hammered pile (which has a lower lateral displacement) are higher than
those around the vibrated pile.

Horizontal stresses in the soil during initial loading
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Figure 6.25: Horizontal stresses measured in the soil during initial loading, batch 3

6.3.2.2 Cyclic loading

Displacement maxima for every cycle during cyclic loading were plotted in Figure 6.26 below. All piles
were subjected to 1000 cycles with a load of 4 kN each, except for pile 2v due to time constraints.
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Displacement maxima during cyclic loading
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Figure 6.26: Peak displacement according to the number of cycles in batch 3
The order of the piles remained the same as during initial monotonic loading, with very few differences.

The rotation during cyclic loading was also calculated. This was done according to the method of LeBlanc
et al. (2010). This paper studies the response of stiff piles to cyclic loading in sand. The steps taken to
calculate the rotation have been explained in section 6.3.1.2. The result of the rotation calculations is
shown in Figure 6.27. Compared to the figures in LeBlanc et al. (2010), the curves also show a constant
slope, albeit less steep that in that paper. This difference may be caused by the sand density, as the sand
used by LeBlanc et al. was very loose, compared to medium dense here.
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Rotation during cylic loading
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Figure 6.27: Rotation during cyclic loading in batch 3
The secant stiffness of the piles was calculated by dividing the peak load (4 kN) by the amplitude of the

displacement during one cycle. The results are shown in the figure below. The curves for all piles except
3i and 8v were parallel to each other. These two exceptions are the two thick-walled piles.

Displacement maxima during cyclic loading
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Figure 6.28: Stiffness under cyclic loading in batch 3
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When looking at the stiffness of the piles under cyclic loading, the stiffness of pile 3i is markedly higher
than the other piles, reflecting the difference in displacement observed in Figure 6.24 and Figure 6.26.
Pile 8v, which was installed free-hanging and displayed large displacements during initial monotonic
loading, also started with a stiffness much lower than other piles, only to get close to other vibratory piles
halfway through cyclic loading.

6.3.2.3  Second monotonic loading

After the initial monotonic load and the cyclic loading period, the pile was loaded monotonically again. All
piles were loaded to 20 kN. Figure 6.29 shows the force-displacement curves for the piles under this load.
Figure 6.30 is on the same scale as in Figure 6.24 to give a better comparison. In this figure, the effect the
first two loading phases had on the piles is visible, as the differences between piles were much smaller up
to the load level of 4 kN. After that point, the piles undergo virgin loading so the differences become more
pronounced. However, the piles were still divided in the same two groups as during initial loading, which
means the qualitative assessment remains the same.
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Figure 6.29: Displacement during secondary monotonic loading in batch 3
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Figure 6.30: Displacement during secondary monotonic loading in batch 3, at the same scale as Figure 6.24
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Figure 6.31: Horizontal stresses measured in the soil during secondary loading, batch 3
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The stresses in the soil near the pile were also measured during secondary loading, just as during initial
monotonic loading. Comparing Figure 6.31 to Figure 6.25, one can see that the initial stress values are
higher during this loading step than during the initial loading step, and that the stress levels around both
piles are proportionally closer to each other. The stresses around pile 7i barely increased, while those
around 1v did. While the vibrated pile initially has lower stresses, it surpasses the impact hammered pile
around a lateral load of 7 kN and peaks at 250 kPa, compared to the 175 kPa of the impact hammered
pile. Just as in batch 2, the pile where the higher lateral stresses were measured showed lower
displacement under loading.

6.3.3 Batch 4

6.3.3.1 Initial monotonic loading

In batch 4, five piles were installed using a vibratory hammer, and three piles using an impact hammer.
The installation parameters of the vibrated pile are indicated in Table 6-17. A thin-walled pile had a wall
thickness of 4 mm, while a thick-walled pile had a diameter of 10 mm. Low speed corresponded to a crane
lowering speed of 10 mm/s, while high speed corresponded to 110 mm/s.

Pile | Thick/thin walled Speed Frequency
1v Thin Low 23 Hz
2v Thin High 23 Hz

3i Thick - ,

4v Thin High 23 Hz
5v Thin Low 23 Hz
6i Thin - .

7i Thin - -

8v Thick Low 23 Hz

Table 6-17: Pile installation characteristics for batch 4

Below, the effect of all the applied corrections is visible when comparing two figures in the same batch.
Figure 6.32 shows the uncorrected curves for initial monotonic loading and Figure 6.33 shows the
corrected curves.
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Figure 6.32: Uncorrected displacement during initial monotonic loading for all piles in batch 4
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Figure 6.33: Displacement during initial monotonic loading for all piles in batch 4
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As can be seenin Figure 6.33, the lowest displacement pile was the impact hammered pile 6i. Interestingly,
pile 5v (low speed) showed displacement close to the value of the impact hammered pile 7i. The
displacement of pile 3i was not measured during the initial loading phase due to technical issues with the
recording equipment. However, other loading phases may give an indication as to how it compares to
other piles. The next lowest displacement among the thin-walled vibrated piles is 1v, also a low-speed
pile. The two weakest piles, 2v and 4v, were both installed with a high penetration speed.

Horizontal stresses in the soil during initial loading
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Figure 6.34: Horizontal stresses measured in the soil during initial loading, batch 4

Figure 6.34 shows the horizontal stresses recorded in the soil near piles 1v and 7i. The sensors were place
in the sand, half a diameter away from the pile wall in the loading direction. In the figure, the stresses are
plotted on the y-axis, as a function of the load applied on the pile. The sensors near both piles recorded
an increase in horizontal stress as load is applied to the pile, and the horizontal stresses around pile 7
were higher than around pile 1 during the entire loading phase. This is similar to the previous two batches,
where the stresses for the pile with the lowest displacement (7i) were higher than the stresses around
the pile with the highest displacement of the two.

6.3.3.2  Cyclic loading

Displacement maxima for every cycle during cyclic loading were plotted in Figure 6.35 below. All piles
were subjected to 1000 cycles with a load of 3 kN each, except for the thick-walled pile 3i due to time
constraints.
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Displacement maxima during cyclic loading
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Figure 6.35: Peak displacement according to the number of cycles in batch 4

The order of the piles remains the same as during initial monotonic loading, with very few differences.
Pile 3i seems to show the lowest accumulated displacements.

The rotation during cyclic loading was also calculated. This was done according to the method of LeBlanc
et al. (2010). This paper studies the response of stiff piles to cyclic loading in sand. The steps taken to
calculate the rotation have been explained in section 6.3.1.2. The result of the rotation calculations is
shown in Figure 6.36. Compared to the figures in LeBlanc et al. (2010), the curves also show a constant
slope, albeit less steep that in that paper. This difference may be caused by the sand density, as the sand
used by LeBlanc et al. was very loose, compared to medium dense here.
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Rotation during cylic loading
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Figure 6.36: Rotation during cyclic loading in batch 4

The secant stiffness of the piles was calculated by dividing the peak load (3 kN) by the amplitude of the
displacement during one cycle. The results are shown in the figure below.
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Figure 6.37: Stiffness under cyclic loading in batch 4

When looking at the stiffness of the piles under cyclic loading, pile 6i showed a large stiffness compared
to other piles. This difference was not as marked during initial loading. In general, the order of stiffness is
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not the same. For example, piles 1v and 7i have the lowest stiffness during cyclic loading, but have high
or medium initial stiffness during monotonic loading. Similarly, pile 5v which had largest displacement
during initial loading and average stiffness compared to other piles.

6.3.3.3  Second monotonic loading

After the initial monotonic load and the cyclic loading period, the pile was loaded monotonically again. All
piles were loaded to 12 or 14 kN. Figure 6.38 shows the force-displacement curves for the piles under this
load. Figure 6.39 is on the same scale as in Figure 6.33 to give a better comparison. In this figure, the effect
the first two loading phases had on the piles is visible, as the differences between piles were almost non-
existent up to the load level of 3 kN. After that point, the piles undergo virgin loading, so the differences
become more pronounced and the order of strength of the piles changes.
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Figure 6.38: Displacement during secondary monotonic loading in batch 4
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Force displacement after cyclic loading
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Figure 6.39: Displacement during secondary monotonic loading in batch 4, at the same scale as Figure 6.33

Following cyclic loading where 6i was stiffer than other piles, the pile also shows less displacement in this
load phase when looking at both figures above. This shows that the behaviour recorded in Figure 6.37 is
in line with observations from the cyclic loading phase and reinforces the indication that the initial
monotonic response was likely due to local effects. During cyclic and post-cyclic loading, this pile behaved
stiffer. The results during the latter two phases may be more representative as a larger portion of the soil
is mobilized compared to during initial monotonic loading.
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Figure 6.40: Horizontal stresses measured in the soil during secondary loading, batch 4
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The stresses in the soil near the pile were also measured during secondary loading, just as during initial
monotonic loading. Comparing Figure 6.40 to Figure 6.34, one can see that the initial stress values are
higher during this loading step than during the initial loading step. Just as during initial monotonic loading,
larger stresses were recorded around pile 7 than pile 1. The same phenomenon is observed here as for

batches 2 and 3, where the pile with the lowest displacement during loading also has the highest lateral
stresses.
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7. Interpretation

In this chapter, the experiment results will be interpreted and some possible explanations for the pile
behaviour will be given. This will be done by analysing the results of the loading experiments across both
monotonic phases and the cyclic phase, and the data collected during installation. The observed results
will be compared to existing literature. For reference, batches 2 and 3 were carried out with dense sand.
Batch 4 was carried out with medium dense sand. First, the behaviour of the piles across all loading stages
will be analysed, followed by the influence of several installation parameters. After that, other possible
factors affecting the lateral behaviour will be mentioned. Next, the use of CPT to predict this behaviour
will be discussed. Finally, the soil settlement measurements carried out during the testing campaign will
be addressed.

7.1 Behaviour across all loading stages

The experiments in this thesis conclude that the influence of the installation process is not visible anymore
after cyclic loading up to the load level the piles had been subjected to in previous phases (4 kN and 3 kN).
The load displacement curves of the second monotonic loading phase are very similar for all piles up to
that point. This could be due to an accumulation of the strains on the soil. Once the load level exceeds
that point and the soil is subjected to virgin loading, differences emerge again. The order of stiffness of
the piles is inverted compared to the first two loading phases.

Additionally, the influence of installation effects is reduced as the number of cycles increases. One can
infer that from the figures presenting rotation and stiffness. After approximately 100 cycles, the lines
almost all piles run parallel to each other meaning the piles experience a similar increase in
stiffness/rotation. This has been observed in literature by LeBlanc et al. (2010) or Kementzetzidis et al,
(2023). The horizontal stresses measured near an impact hammered and vibrated piles during both
monotonic loading stages show that the proportional difference between the piles is lower after cyclic
loading. In batch 3, the pile with the lower stress during initial loading is even the pile with the higher
recorded stress during secondary monotonic loading. This may be another indicator of the reduction or
disappearance of installation effects.

One can combine this with the knowledge from Stein et al. (2020) who observed total stresses around the
pile during monotonic and cyclic loading. The experiments in that paper are very similar to the ones
described in this thesis. Stein measured larger total stresses around piles with a lower lateral displacement
during monotonic loading. During cyclic loading, stresses around the pile were redistributed in that
experiment between both sides of the pile on the load axis. This may be the cause for the reduced
installation effects discussed above.

7.2 Influence of installation method

When looking solely at installation method among all the thin-walled piles, impact hammered piles
showed a lower displacement than vibrated piles in both batches with dense sand. This behaviour was
seen across the initial monotonic loading phase, as well as the cyclic loading phase. The final monotonic
loading phase until failure did not show this behaviour as discussed above.
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In batch 2, the impact hammered piles 2i and 7i underwent lower displacements than thin-walled vibrated
piles during initial loading (see Figure 6.24). In batch 3, pile 7i was the impact hammered thin-walled pile.
It showed virtually identical horizontal displacement as a thin-walled vibrated pile: 2v (high speed, low
frequency, partly crane-controlled).

In batch 4, which was carried out with medium-dense sand, pile 7i undergoes higher displacements than
other vibrated piles. In that batch, the lowest displacement piles were low-speed vibrated piles. The
results are not clear enough to be able to conclude whether impact hammered piles or low-speed vibrated
piles are stiffer under lateral loading in medium dense sand.

When comparing the thin-walled piles individually, impact hammered piles perform better than vibrated
piles and have a lower initial displacement. The impact hammered pile is always either the stiffest pile, or
among the two stiffest. When looking at medium dense sand however, one can observe that the
behaviour of the vibrated pile with the least initial displacement is close to the impact hammered pile in
certain cases. In batch 4, the displacement of the stiffest vibrated pile is roughly 10% larger than the
impact hammered one. In batches 2 and 3, this number is close to 75%. This means that, provided the
installation parameters are chosen correctly, vibrated piles can get close to impact hammered piles in
terms of stiffness. These precise parameters are discussed in further sections below. This behaviour does
not characterise the piles as a whole, but rather is an observation of the extremes for both methods.

This is in accordance with the paper from Hoffmann et al. (2020) where vibratory driven piles with
different installation parameters were compared to impact hammered piles. Impact hammered piles
showed lower displacement during initial loading, and the magnitude of the displacement for the vibrated
piles depended in installation factors. The same conclusion was also made in Stein et al. (2020) and Spill
& Duhrkop (2020).

7.3 Influence of wall thickness

During the experiments, two piles with a wall thickness of 10 mm were used, and 6 piles with a wall
thickness of 4 mm. In all batches, the pile with the least displacement during the initial loading phase was
one with the largest wall thickness (except batch 4 where pile 3i was not measured due to technical
issues). During the cyclic loading phase, the piles with higher wall thickness were also stiffer and showed
lower displacements than the thin-walled piles. However, this apparent stiffer behaviour is not always
true. By looking at initial loading during batch 3, one can see that pile 8v (thick-walled) was the pile with
the highest displacement. Not only was its displacement higher than pile 4v which was driven with the
same parameters, but it was also higher than all the other vibrated piles. This indicates that even with the
additional stiffness provided by the thicker wall, optimal installation parameters are still necessary to
obtain low displacements. Based on the observations from pile 8v, free hanging installation may lead
thick-walled piles to a lower stiffness than thin-walled piles.

The effect of wall thickness was not broadly analysed in literature. Zdravkovic¢ et al. (2015) analysed the
effect of wall thickness, but in clay and through a numerical model. In that study, it was concluded that
wall thickness did not make a difference as piles with two D/t ratios of 110 and 80 showed the same
horizontal displacement. Byrne et al. (2020a) uses piles with different wall thicknesses, but the differences
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are small (5 mm, D/t of 54 and 40) and the influence of that was found to be negligible in those tests.
Those were also impact piles, compared to the vibrated piles used here. In this thesis, the difference in
D/t ratio is larger (81 and 32) and the results show that when subjected to optimal driving parameters,
piles with a larger wall thickness (by extension, a lower D/t ratio) are stiffer and undergo less
displacements during initial monotonic and cyclic loading in most cases. In practice however, piles with a
higher D/t are used, the value of which corresponds better to the thin-walled piles used in this test.

The results in controlled installations are expected, as thicker pile will innately provide a larger bending
stiffness than the thin-walled piles, regardless of soil interaction. This difference in structural stiffness may
explain the gap between 4 mm piles and 10 mm piles. Additionally, thicker piles may transfer more energy
into the ground during installation (due to their larger weight), which might be the cause of the higher
stiffness. On the other hand, they may also accentuate the effects of uncontrolled installation, explaining
their behaviour during free-hanging installation.

7.4 Influence of frequency

Vibratory installation in batches 2 and 3 was conducted with different frequencies, but all piles in batch 4
were installed with the same frequency (23 Hz).

In batches 2 and 3, piles installed with the same parameters except for frequency showed similar load-
displacement curves. Examples of that are pairs 1v/4v and 5v/6v in batch 3. These two pairs consist of
vibrated piles with high speed and low speed respectively. The frequency changed between the pairs
which did not influence the load-displacement curves.

In batch 4, all piles are installed at a frequency of 23 Hz. This is lightly higher than what is called “low”
frequency in previous batches (which is around 20 Hz). A frequency of 23 Hz is the value usually used in
offshore installation (Achmus et al., 2020). Having the same frequency for all vibrated piles allows for an
observation of the effect of other installation factors. In that batch, differences in displacement were just
as present for piles with the same frequency. Identical piles with the same installation parameters (1v and
5v) even showed different displacements, meaning other installation or soil parameters are the cause of
this difference.

7.5 Influence of penetration speed

As explained earlier, batches 2 and 3 had piles installed with varying penetration speed and frequency,
but batch 4 only varied penetration speed. While it may be tempting to consider only batch 4 when
analysing penetration speed only, one must remember that the soil conditions in batch 4 were medium
dense. The dense sand in batches 2 and 3 is closer to North Sea applications, the most relevant
environment for this research.

In both batches 2 and 3, the piles with the lowest displacement during initial loading (among all vibrated
thin-walled piles) are the piles installed with a high penetration speed. However, an interesting
observation in both batches is that when disregarding frequency, there is no logical order to the piles
when comparing displacement (as was the case when taking only frequency into account in the previous
section). Although it seems that high penetration speed is necessary to install a pile which will have low
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displacements, but that alone is no guarantee. In batch 3 for example, pile 1v (high speed/high frequency)
has much larger displacements than pile 2v (high speed/low frequency) when both are installed with high
speed. It is therefore clear from this and the previous chapter that in dense sand, a combination of both
parameters dictates the pile behaviour under lateral loading.

Some piles in batch 3 were installed in a way that penetration speed would not be limited by the crane
lowering speed. This was done by giving the rope some slack before starting the installation. Those piles
are called “free hanging”. The free hanging piles were installed at high speed, and all had a load
displacement curve in the initial monotonic phase that is less stiff than the other piles. Despite two thin
walled free-hanging piles having different frequency, both showed very similar displacement during initial
loading meaning penetration speed plays an important role in the lateral behaviour of piles.

While high speed can result in stiffer piles (like pile 2v), it can also result in large displacements if the
speed is not controlled (in this case by a crane). Lack of crane control during installation clearly influences
the lateral behaviour of the piles. This could be due to the presence of a non-cavitational environment,
which has been identified in the literature study as resulting in piles with higher displacement. This is
supported by the results of Labenski & Moormann (2019) where piles installed in a non-cavitational way
also resulted in larger displacements.

In batch 4, installation speed was the only varying parameters between thin-walled vibrated piles and all
piles were crane-controlled. The frequency was kept at 23 Hz for all piles. In that case, as can be seen in
Figure 6.33, the piles with the lowest displacement during initial loading were the two piles installed with
a low penetration speed. These piles (1v and 5v) are within 10% lateral displacement of the thin-walled
impact hammered pile. Meanwhile, the two piles installed with a high penetration speed show the same
force-displacement curve, with more than twice the displacement of the “slow” piles. This shows that,
when choosing a low frequency of 23 Hz, a low installation speed is necessary to obtain piles that will have
the lowest displacement under lateral loading in medium dense sand. This is in contrast with batches 2
and 3, where the opposite effect was observed. One can conclude that soil density has a role in shaping
the effects of installation speed on pile behaviour under loading. A low installation speed might compact
the medium dense sand (resulting in higher stiffness piles) more than the dense sand.

The results in existing literature also showed a difference in behaviour depending on initial sand density.
Labenski & Moormann (2019) reach the conclusion that piles installed with a lower speed show lower
displacement under monotonic loading. The study was using medium dense sand in their experiments,
with properties close to batch 4 here. The results from the literature line up with the results from that
batch. On the other hand, studies in dense sand such as Stein et al. (2020) showed the opposite behaviour:
piles with a higher penetration speed (not including the free hanging piles) had an initial stiffness closest
to the impact hammered piles. The circumstances correspond to batch 2 and 3: Both these batches were
executed in a higher sand density. Although in the thesis’ experiments, the piles with the least
displacement were also piles installed at high speed, the rest of the pile loading tests do not provide
enough evidence to make a definitive conclusion.
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7.6 Influence of horizontal stresses in the sand

The findings from the literature study and the conclusion from previous papers (Hoffmann et al., 2020),
(Remspecher et al., 2019), (Stein et al., 2020) indicate changes in the horizontal stresses during and after
pile installation. Hoffmann correlates the increase of horizontal stresses in the sand near the pile wall
during installation with the horizontal displacement during monotonic loading, stating that piles showing
a larger increase of horizontal stresses had lower displacements. Remspecher measures the soil density
around the pile with help of particle image velocimetry and observes notable changes close to the pile
wall. Because of this, horizontal stresses in the soil during installation were believed to be of interest and
were measured in the SIMOX experiments. Horizontal stresses were measured on two piles every batch:
one vibratory driven pile (1v) and one impact hammered pile (7i). The measurements were recorded
during installation and loading with the presence of a sensor in the soil at a depth of 1.4 m and are
presented in section 6.1.

7.6.1 During installation

The horizontal stresses during the installation of the impact hammered pile were the same during batch
2 and 3, with a peak of 75 kPa at the sensor depth. In both cases, the installation parameters were also
the same. The horizontal displacement during initial loading was very similar as well, around 1.10 mm. In
batch 4, which consisted of medium dense sand, the lateral stresses peaked lower at 50 kPa but the
horizontal displacements remained approximately the same as in previous batches.

When looking at the horizontal stresses measured near the vibrated pile, there is a noticeable increase
(20 kPa) during installation in batch 3, but almost no increase (2.5 kPa) in batch 4 and even a decrease
(2.5 kPa) in batch 2. However, the large increase in batch 3 was barely present anymore by the time the
installation was finished (30 kPa) with the end value being slightly higher than the other batches (around
25 kPa). A likely explanation for this is that the peak in stress is present around the pile toe, as it is also
observed when the pile passes the sensor. This exact behaviour can also be seen clearly in Stein et al.
(2020).

The only difference between the installations in batches 2 and 3 were the installation parameters: batch
2 was done with low speed and low frequency, whereas batch 3 was done with high speed and high
frequency. This seems to show that either installation speed, frequency, or possibly both influence the
soil which can be observed in the form of horizontal stresses. It is important to note that this increase
happening in batch 3 might also happen during the installations of batch 2 and 4, but at a reduced distance
from the pile which cannot be captured by the sensors.

In this experiment, horizontal stresses were measured in the soil at a certain distance of the pile wall, and
are most present close to the pile toe as can be seen in Figure 6.1 and Figure 6.5. This is also observed by
Fischer & Stein (2022): multiple stress sensors were placed at different depths along the pile installation
path, and a peak was visible on each sensor the moment the pile toe passed the sensor depth. Fischer &
Stein (2022) observed an increase in horizontal stresses in the soil during installation as well, as multiple
sensors were placed at different depths of the pile penetration path. In the case of impact hammered
installation and free hanging vibratory installation, an increase was measured as the pile toe passed by
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the sensor. This was not measured during crane-controlled installation. This result is very similar to what
was observed in this thesis’ experiments where all impact piles saw an increase as well as pile 1 in batch
3 (a partially free hanging pile) but crane controlled vibrated piles saw no increase.

Although higher horizontal stresses around the pile toe are measured during installation for impact
hammered piles and free hanging piles, this does not necessarily translate into lower lateral
displacements. Free hanging piles had notably large displacements during monotonic loading, but their
installation resulted in higher horizontal stresses in the soil compared to crane guided vibrated piles. More
piles would need to be instrumented during installation to be able to compare more results, especially
more vibrated piles.

7.6.2 During loading

During both monotonic loading phases, the total horizontal stresses in the soil were measured near two
piles: an impact hammered pile (7i) and a pile installed by vibratory driving (1v). The same piles were
studied for all the batches. The stresses on the pile wall were also measured, but almost all sensors
failed during the first installation which makes it impossible to compare the data obtained.

In all the batches and for all the piles, the pile with the lower displacement between 1v and 7i showed
the larger horizontal stresses in the soil. In batch 3 where pile 1v shows a higher displacement during
initial loading than pile 7i but a lower displacement during secondary loading, the inversion is also visible
in the horizontal stresses.

These observations seem to indicate a link between horizontal stresses around the pile and lateral
displacements during loading. However, there seems to be a difference in which stresses play a role in
the lateral behaviour of the pile. During installation, the stresses that were recorded were the ones
around the pile toe. These were discussed in the previous section and did not seem to impact lateral
stiffness. The stresses recorded during loading were further away from the toe (0.5 m, one third of the
embedment length) and did seem to have an impact.

7.7 Other possible parameters

Outside of all the installation parameters and factors mentioned in the previous sections of this chapter,
there might be other factors that influence the lateral load bearing capacity of monopiles. The factors
mentioned in this section have not been investigated during this thesis because of time constraints or
because the experiments did not allow for accurate interpretation. However, they will still be mentioned
here.

Results have been obtained and conclusions have been made using data from batch 4, where the sand is
medium dense. This is in contrast with batches 2 and 3 where the sand was dense. However, there exists
the possibility that the same set of installation factors yields qualitatively different results in dense and
medium dense sand. Due to the difference in initial density, different phenomenon (such as densification
and loosening) could happen even though the same penetration speed and frequency are used. The
influence of the initial sand density has been explored during the literature study in section 3.4.5 where
it was found to matter. The SIMOX experiments confirm the results from Anusic et al. (2019) where
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vibrated piles in medium dense sand behaved stiffer in comparison with impact hammered piles than in
dense sand. Additionally, different interpretations can be made about the role of penetration speed in
dense and medium dense sand (see section 7.5).

Another possible factor for the behaviour of piles under lateral loading, is the stability, or inclination, of
the piles during installation. In batch 3, the 3 piles with the highest displacements were piles that were
either fully or partially free hanging during installation (piles 1v, 4v and 8v). Since the movement of those
piles was not restricted by the crane, incidental inclination of the pile when driving may have been larger
compared to impact driving or crane-controlled vibratory installation. Although no measurements were
made concerning this, variations in inclination were visually observed during the installation of the free
hanging piles. This could be a reason for the larger displacements during lateral loading and might also
give a possible explanation as to why pile 8v has significantly larger displacements than piles 1v and 4v.
Since 8v was a heavier pile, controlling the inclination was more challenging when installing it free
hanging.

7.8 Use of CPT to predict lateral load resistance

The data obtained from cone penetration tests (CPT) showed the difference in cone resistance (q.) before
and after installation at every pile location. Below, an overview is given of the results from CPT after
installation compared to the pile displacement during initial loading.

To investigate the relevance of CPT data. The CPT have been ordered from highest g. to lowest q. after
installation, next to a list of piles from lowest to highest lateral displacement during loading (see 6.3).
Average q. was calculated over the top 1.5 m. The CPT data has been plotted previously and is available
in Appendix D: CPT results. For batch 2, this results in the following order.

Pile number (decreasing q. after installation)

Pile number (increasing displacement)

7i, impact hammered

8v, low speed, high frequency, crane controlled

5v, high speed, low frequency, crane-controlled

3i, impact hammered

3i, impact hammered

2i, impact hammered

4v, high speed, high frequency, crane-controlled

7i, impact hammered

6v, low speed, high frequency, crane-controlled

4v, high speed, high frequency, crane-controlled

8v, low speed, high frequency, crane controlled

6v, low speed, high frequency, crane-controlled

1v, low speed, low frequency, crane-controlled

5v, high speed, low frequency, crane-controlled

2i, impact hammered

1v, low speed, low frequency, crane-controlled

Table 7-1: Comparison of CPT results and loading results for batch 2

For batch 3, this results in the following order.
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Pile number (decreasing q. after installation)

Pile number (increasing displacement)

3i, impact hammered

3i, impact hammered

4v, low frequency, free hanging

2v, high speed, low frequency, crane-controlled

1v, high frequency, partially free hanging

7i, impact hammered

8v, low frequency, free hanging

6v, low speed, high frequency, crane controlled

7i, impact hammered

5v, low speed, low frequency, crane-controlled

5v, low speed, low frequency, crane-controlled

4v, low frequency, free hanging

6v, low speed, high frequency, crane controlled

1v, high frequency, partially free hanging

2v, high speed, low frequency, crane-controlled

8v, low frequency, free hanging

Table 7-2: Comparison of CPT results and loading results for batch 3

For batch 4, this results in the following order. All vibrated piles in this batch were installed at a hammer
frequency of 23 Hz.

Pile number (decreasing q.after installation)

Pile number (increasing displacement)

3i, impact hammered

7i, impact hammered

6i, impact hammered

5v, low speed, crane-controlled

7i, impact hammered

1v, low speed, crane-controlled

5v, low speed, crane-controlled

8v, low speed, crane-controlled

8v, low speed, crane-controlled

6i, impact hammered

4v, high speed, crane-controlled

4v, high speed, crane-controlled

2v, high speed, crane-controlled

2v, high speed, crane-controlled

1v, low speed, crane-controlled

3i, impact hammered

Table 7-3: Comparison of CPT results and loading results for batch 4

When comparing both columns, no consistency in the order of the piles is apparent. Average q. after
installation cannot be correlated to pile displacement during initial loading. As q. values after installation
are not related to the displacements under initial monotonic loading, CPT testing cannot be used as the
only tool cannot to predict the lateral behaviour of monopiles since they do not capture all installation
effects. Multiple studies in the past have tried and failed to correlate post-installation CPT with lateral
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stiffness. These studies followed the same process of using post-installation CPT data to derive soil
parameters for a 3D finite element model. Gavin et al. (2020) particularly studied the accuracy of the CPT
method in predicting the behaviour of a laterally loaded pile in sand and came to the conclusion that CPT
data are not the most appropriate to observe installation effects. El Kanfoudi (2016) built a FEM using CPT
data taken after installation, which turned out to be unreliable in predicting those same effects. Achmus
et al. (2020) compared CPT before and after installation and concluded that it did not capture all
installation effects.

7.9 Interpretation of soil settlement measurements

In section 6.1, the soil settlement measurements have been compared to the pile displacement during
initial monotonic loading. This was done by means of a table ranking the piles in the order of smallest to
largest difference in measurements before and after loading (outside and inside of the pile) and in the
order of smallest to largest displacements. Although the order is not the exact same, the general order of
the piles shows a lot of similarities in all batches. The piles with the smallest difference (the largest
negative difference, meaning the largest decrease in soil elevation) are also the piles who show the least
displacement during initial monotonic loading. This phenomenon is present in dense and medium dense
sand.

The overview of the soil settlement measurements as presented in chapter 6 are given below. For batch
2 in dense sand, this results in the following:

Pile number (increasing Pile number (increasing Pile number (increasing
difference outside the pile) difference inside the pile) displacement)
3 2 8
2 3 3
7 5 2
5 7 7
1 8 4
4 4 6
6 6 5
8 1 1

Table 7-4: Overview of soil elevation difference and pile displacement order in batch 2

For batch 3 in dense sand, this results in the following:
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Pile number (increasing Pile number (increasing Pile number (increasing
difference outside the pile) difference inside the pile) displacement)
7 3 3
3 4 2
2 7 7
6 6 6
4 2 5
5 5 4
1 1 1
8 8 8

Table 7-5: Overview of soil elevation difference and pile displacement order in batch 3

For batch 4 in medium dense sand, this results in the following:

Pile number (increasing Pile number (increasing Pile number (increasing
difference outside the pile) difference inside the pile) displacement)
7 7 7
6 1 5
1 5 1
5 8 8
8 6 6
4 4 4
2 2 2

Table 7-6: Overview of soil elevation difference and pile displacement order in batch 4

As the soil inside of the pile is not mobilised during lateral loading, it has less effect on lateral movement
in a stiff pile than the soil outside of the pile. The measurements outside will be considered for the
interpretation. When looking at all piles across all batches, impact hammered piles compact more than
vibrated piles. In fact, vibrated piles compact very little or not at all in dense sand, the compaction is only
significant in batch 4 (the experiment with medium dense sand. The reason for this might be a lower
compaction potential in dense sand as a result of vibrations. It may be that with these vibration forces
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and this soil density, the sand is close to the critical state line. However, in medium dense sand, the soil
has room to compact and does so when installing vibrated piles. This compaction happening in medium
dense sand might be why vibrated piles show similar lateral displacements under initial monotonic loading
as impact hammered piles in batch 4.

This supports the hypothesis that lateral stiffness of monopiles in sand is linked with stresses in the soil
after installation. This might mean that the parameters needed to achieve a higher lateral stiffness are
similar to those used for the piles showing a large elevation difference. There are no conclusions about
this phenomenon in literature, but it seems like soil elevation measurements before and after installation
may be used to predict the general order of pile displacement under monotonic loading.

A decrease in soil elevation in and around the pile could be explained by compaction of the sand in the
vicinity of the pile wall, which results in a pile with a higher pile initial stiffness. The research by
Remspecher et al. (2019) proves the existence of such a zone, and the observations made during the
SIMOX experiments regarding horizontal stresses around the pile point towards this zone potentially
playing a role in the lateral behaviour of piles.
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8. Conclusion

The main objective of this study is to investigate the lateral behaviour of monopiles under monotonic and
cyclic loading. This was done by means of a laboratory testing campaign as a part of the SIMOX project in
the Deltares Water-Soil Flume (WSF). The WSF tests were a stepping stone towards a large-scale testing
campaign within the SIMOX project. The insight obtained from the WSF are valuable input for this follow

up.

Piles of 324 mm diameter and 2000 mm length (of which 1500 mm embedded) were installed into the
soil. The installation method and factors varied by pile: some piles were installed with an impact hammer,
others with a vibratory hammer. For the piles that were vibrated into the ground, the frequency and
installation were different depending on the pile. Measurements were carried out during installation and
loading of the piles, and the results were interpreted with the goal of finding the correlation between
installation parameters and lateral stiffness. In total, four batches of eight piles were installed, with the
piles from three batches being loaded laterally. The piles were loaded in three phases: an initial monotonic
load until 25% of the initially estimated lateral bearing capacity, a cyclic loading phases with 1000 cycles
between 0 and the previous value, followed by a second monotonic loading phase until the estimated
lateral bearing capacity. During all the loading phases, the pile head displacement was measured with the
help of a displacement sensor. In chapter 7, the results have been interpreted in detail. This chapter
highlights the conclusions that can be inferred from the interpretation.

On average, the impact hammered piles showed less displacement in dense sand during initial loading
than the vibrated piles. In medium dense sand, both impact hammered and vibrated piles with a low
penetration speed showed comparable displacements. These displacements were lower than vibrated
piles installed with a high penetration speed.

Pile behaviour across batches varies: during the initial monotonic loading phase and the cyclic loading
phase, the order of stiffness of the piles remains roughly the same. After cyclic loading, the order is
reversed. This happens during the secondary monotonic loading, after the load level has passed the load
level of the previous phases. This level corresponds to the moment that the soil is subjected to virgin
loading, which may be the reason for this change in behaviour.

When comparing piles of different wall thickness, it is concluded that thick-walled piles displace less than
thin-walled piles in crane-controlled installations. During both initial and cyclic loading, thick-walled piles
underwent lower displacements and were stiffer than their thin-walled counterparts. This conclusion was
valid for all installation parameters and for both impact hammered as well as vibrated piles. However, the
increased wall thickness has the opposite effect on lateral displacement in the case of free-hanging
installation.

Conclusions can be made regarding penetration speed. It seems that piles installed with a low penetration
speed show lower displacement during loading than pile installed with a high penetration speed in
medium dense sand. The same conclusion cannot be made in dense sand. It is impossible to make a
confident conclusion about the role of penetration speed in dense sand as the results are not conclusive
enough.

139



From comparing the results of free hanging piles with the piles that had their penetration speed controlled
by the crane, lack of crane control could be identified as a factor resulting in higher displacements. This is
valid for piles with both wall thicknesses. The exact cause of this phenomenon is not clear, but it could be
that the cavitational or non-cavitational installation mode (as identified in Labenski & Moormann (2019))
could play a role here.

Pile inclination after installation was investigated to determine whether this conclusion about free-
hanging piles was due to that, but no link between the final inclination angle of the pile and lateral
behaviour could be observed.

Furthermore, it is concluded that cone penetration testing (CPT) is not an accurate tool to predict lateral
behaviour after installation. An extensive CPT campaign was carried out during this thesis, in order to
investigate a possible correlation between CPT results and loading test results, but none was found. The
results from this experiment seem to confirm the ones from literature in that CPT alone is not sufficient
to obtain an accurate prediction of the lateral behaviour of monopiles.

However, soil elevation measurements carried out before and after installation depicted the relative order
of displacement among the piles during initial monotonic loading relatively accurately. The difference
between measurements before and after installation show compaction in all cases, but the sand around
some piles compacted more than others. Piles with a larger compaction showed lower displacements and
higher initial stiffness. This compaction of the sand was largest in medium dense sand, which has more
potential to compact than dense sand. Piles with the lowest displacements were the piles with the largest
compaction around the pile. Combined with the observations made in Remspecher et al. (2019), it seems
possible that a zone of compaction around the exterior of the pile wall may the lateral behaviour of
monopiles.

Horizontal stresses in the soil during loading seemed to be related to pile displacement during the loading
step as they were measured near two piles and the pile with the higher stresses showed the lowest
displacement. This was consistent for all batches and for both monotonic loading phases. Using the
measurements, one could conclude the stresses around the pile wall were responsible for this behaviour
and not the stresses around the pile toe.

Horizontal stresses around the pile seemed to influence the displacement of the pile under lateral loading.
Soil sensors measured the total stresses around the pile during both monotonic loading phases, and the
pile that showed the lowest displacement was always the one with the highest peak stress during loading.
While the stresses were also recorded during installation and higher stresses were recorded around the
pile toe during impact hammering, no conclusion could be made linking stresses at the toe of the pile with
lateral behaviour.
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9. Recommendations

Many aspects of the experiments from this thesis require further research. In order to guide possible
future experiments, this chapter provides recommendations based on the experience gained from the
current study. Two types of recommendations will be made: recommendations for the next phase of the
SIMOX project (field testing) and recommendations for further research independent of this project.

From the point of view of the SIMOX project, the purpose of the testing campaign conducted during this
thesis is to provide guidance for field testing. Following the conclusions made in the previous chapter, the
following recommendations can be made regarding the field-testing campaign:

e Pile inclination during and after installation should also be measured to investigate any possible
effect on lateral behaviour.

e Horizontal stresses should be measured on more piles than during the laboratory experiments, to
measure the horizontal stress in the soil during installation and loading. In this thesis, two piles
per batch were instrumented, but more instrumented piles will allow for more comparisons and
give a better overview of the role of horizontal stresses on lateral behaviour. Additionally, extra
sensors are recommended

e As concluded in this thesis, cone penetration testing (CPT) did not give an accurate estimation of
the lateral behaviour of monopiles. Future experiments may use less CPT than during the
laboratory experiments, as their use for predicting the lateral behaviour of piles is limited.

e The process used in batch 4, where different penetration speeds were tested without varying the
vibration frequency, yielded insights on the role of penetration speed in medium dense sand. Such
a process should be repeated with a fixed penetration speed and different frequencies to obtain
information regarding the influence of frequency on lateral behaviour of monopiles. It is
recommended to choose a low penetration speed.

e Similarly, this setup could be used for dense sand as well. This would also allow for a comparison
between two sand densities in addition to giving insight on the role of other installation
parameters.

e Itisrecommended to install more piles in free-hanging conditions during the SIMOX onshore tests
than during the laboratory tests. The results of those tests combined with the results from the
experiments carried out during this thesis could help clarify the processes occurring during
installation and complement existing literature.

e |tis recommended to use a crane with more than two possible lowering speeds. During the WSF
experiments, the crane could be lowered at two different speeds. A crane with more options will
allow to experiment with more options.

Additionally, further study focusing solely on the free hanging piles could give a better understanding of
the processes that happen during installation and during loading. To do that, more research could be
carried out on cavitational and non-cavitational installation, building on the research of Labenski (2019).

The compaction zone around the pile could be investigated as well in a study of its own. In the previous
chapter, this was identified as potentially playing a role in the lateral behaviour of monopiles in sand, but
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little is known about its relation to the installation parameters. A PIV study such as the one by Remspecher
et al. (2019) could be done using different installation methods and parameters.
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11. Appendix

Appendix A: Equipment specifications

SIS

global.aangor.axcellence

Submersible Transmitter

ATM/N - Analog Level Transmitter

CEEm p

CUSTOMER BENEFITS

» Fast customization thanks to configurable product design

* Titanium version with PTFE cable available for use in aggressive media
= Available with overvoltage protection

- Compact design requires minimal space

Release: 10.80.0529.A - 2019.06
WWW.STSSensors.com 1
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Technical Specifications

PRESSURE MEASURING RAMGE (MH20)

Ovenpressune 5 bar %k F3 |z 3 bar) 5xF5

Burst pressure, (2] = 200 bar = 200 bar = 200 bas
Bocuracy, (3] [+ % F5) S0.5/ 5025 S057/5025/501 s05/5025/s01
Thermal shift, |+ % F5™C)

Zero point -5 ... 50"C = D06 = 0.0% = 0.015

Span -5 ... 50°C z0015 20015 = 015

Response time, (typ.)

< 1md J 10 . 90% FS

< 1ms 10 .- 90% FS

= 1rms § 10 .- 90% F5

Long term stability, (&)

< 0.5% F5 { = &4 mbar

« (0. 2% F5 /= 4 mibar

= 01% F5/=0.2%F5

111 0.5 mH20 on request
12] Trarsducer

13] fewo based accuracy according to DIN-1608E, incl hysteresis and repeatability at ambient bemperature
{&] 1 year {typ. / ma], the kong term stability can be improwed by ageing [bum-in) the sensor

TEMPERATURE RANMGE
.|
Oyperating temperature -5..BO"C (1)
Process temperature -5..BO"C (1)
Storage temperature =10 _. 80°C

|1] For operating temperatures > 50°C, piease use PE or FER cabie

ELECTRICAL SPECIFICATIONS

& — 20 ma 0 — 20 ma 0.5V/I0_10V
Power supply 9. 33 VDC 9. 33VDC 15 .. 30 ¥DC
Supply influence = 0.1% F5 = 0.1% F5 = (0.1% F5
Current consumption 2 mA
Circuit diagram i o)
P it | ]
] @ L | @
Load resistance k=] 7
1000} 4
0] 7 R > 10kCh
o 3
It} » 0
u,
Load influence = 0.1% F5 = 0.1% F5 = (0.1% FS

WAL Sl LS ErdOrLconm
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QUALIFICATIONS

Typical interferences
EN 61000-4-2 Electrostatic discharge & kV contact / 8 KV air
EN 61000-4-3 Irradiated RF 10 Wi/m (0.08 _ 1 GHz) Radio sets, wireless
phones
EN 61000-4-4 Transienits (burst) 2k Maotors, valves
EN 61000-4-5, (1) Surge 10 kA (8 7 20 ps) Owervaltage
EN 61000-4-6 Conducted RF 10V |0.15..80 MHz) Frequency converters

{1} Oinly with optional overvaltage protection

PHYSICAL SPECIFICATIONS
|

Matenals

Transducer Stainless steel (F16L /
1.4435), titanium (Gr. 2)

Housing Stainless steel (160 f
14.404), titanium [Gr. 2)

Seals Witon (Standard], EPDM,

Kalrez, NBR
Cable PUR, FEP, PE, FWC
Weight [1] 108 g

{1} Specification for a ATMYN, dosed, without cable

Equipment

OVERVIEW
|
10.00.0091 Accessories overview

Additional documents

OPERATING AND SAFETY INSTRUCTIONS

10.68.00932 DMMO29

W stSEENS0rs.com 3
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Ordering information

JOOC [ 0000 M

Type
AT/ 24
Pressure type
Gauge 1
Absolute [wacuum) 2

Pressure measuring range

50 mbar _< 100 mbar
100 mbar ... 25 bar
Offset, specizl adjustment

g E|E

Process connection

Closed, (Fig. 1) 55
Closed, 1.6435 (7] (8] [Fig. 1] 59
Cpen, (Fig 2] 56
G 1/4 M, [Fig. 3) 11
G 1/2 M, [Fig. 3) 13
Customized connections available o

Electrical connection

PE cable IP &8, black [4)(5) 13
PUR cable, IP 68, black [4) &) 15
FEP cable, IP 68, black &) 21
PV cable, blue, IP 68, (41 (7) 14
Connectable version, IP 68, M12x1, [Fig. 4], [3) o7
Customized 0%

Durput signal

o_5VDC 4B
o_ 10%DC &7
O 20 ma oo
iy 20 A 05
& . 20 mA with overvoltage protection ful!
0_ 10%DC with overvoltage protection i
0_ 5 VDC with evervaltage protection 50
Customized 99

Acouracy

=+ 05 %F5
=+ 025 %% FS i
<+ 0.1 % F5 l

Temperaure range

-5 - 50°C compensatad &
(allowed process temperature: -5 .. 50°C)
-5 — B0°C compensated 5
[allowed process temperature: -5 .. BOMC)

Option 1

Option 2

Elactronics packed in gel: Gauge pressure C
Electronics packed in gel: Absolute pressure D

Option 3

Ballast weight 14435 B

WL stssensors.com

un
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Version titanium (without ballast weight)

Sezls: Viton (standard)

Seals: EPDM

Seals Kalrez [Level)

Seals: NBR [7)

Humidity filter element for gauge versions
[only far PUR and PE cable)

P = (W | ==

Separate electronic (2 tube housings)

{3} Connectar with requined cable has to be ordened separately (KARTL0G)
(&) Please specify the required cable length and medium

{5} Suitable for drinking water [food approved)

{6} For operating temperatune = 50°C, PE or FEP cable must be used

(7} Recommended for drinking water spplications

(Bl With stainless steel cap

WWW STSSENSOrs.com B
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SWISS PRECISKON

Laser Distance Sensors D-Series

Type DPE-30-500

DIMETIX

LASER DIZTANCE SENSORS

MiGa15

Mg wrierero

Loy
Fart Mo SO0E30
SPECIFICATION
Typical accuracy @ &2a (@ 2ta) +3 {£18) mm
Typical repeatability @ 22a (& t1a) +0.7 (20,35 mm
Measuring range on natural surfaces LS. -100 m
Measuring range on raflecthe fol ~0.5.500 m
Max, measurirg rate 250 Hz
Muax. ouTpuUt rane 1 kHz
Operating temperature 40+ 60
Degree of protection IPas
Power supply 1230 WD (0USA @ 24 VD)
Laser red, visible {Laser Class 2 <imi) ¥

Typical diameter of laser dot @ 10, 50,100 m
Dimersion (L x W x H)

7% 3 mm; 28 % 13 mm; 55 % 30 mm
140 ¢ 78 ¢ 4B mm

Weight 50 g
INTERFACES

Analog output, programmabile 044 20 ma
Max. error analog output =01 %
Digital input, programmatle 1
Digital eupuUt, programmabile / eror display (Type: NP, PAE, Fush-Pull) i
Serial Interfaces AS-232, R5-922 ¢ R5-985, 551 ¥
USE_onby for configuration +
Optional: FROFIBUE {external) / FROFIMET / EtherMet/IP f EtharCaT o
COMMECTION

Internal screw emmirads o

Sabjeri o choange adthaur nance. Fusther gurGanerad Tarre sad Conditiont of Saie and Sapply ("GTC) ane walid

.'l:\.r
B

ErE

Dimetd AG = Degershemersir. 14« 9100 Hersau » Switzerland « Phone #2171 353 00 00« Fax 441 71 353 D0 01 = infoldimetis. com = waw. dimeticeom
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LA\

Technical Data

GENERAL All datm are specified for the MACI00-3000 mobor only, i.e. without any expansion meadule mounted.
Technology AC-servomotor with built-in 2000 PP encoder, hall sensor and 3 phase servo ampifierfoontroller.
Controller Type MAC400-0Z and D3 | MAC40D I:lu-k:nd D5 | MAC40z-D2 amd D3 uhfmzﬂi and D6 | MACE200-02 and D3
. W. e
Rated output @ 3000RPM | 400W (0 Sdkg) 400W [0.5dkhgp) &00W (0.54hp| 4004 |0.548hp] TEOAN (1000
HRated Torque RMS 1.288m (181.260z-in) | 1.35Nm (1812602-in) | 1.288m (181.2602-in] | 1.28Hm [181260z-m] | 2.38Hm [337.040z-in]
Pz Torque 32N [538.130z-m) 324 (530.1302-m) 32N (532 1302-in) ZHMm |S38.13a2-in| E.BKm (962 S5z
& Inertia [:gcrrr‘j.lluz-in—s’] 034/0.004S15 0E5/0.00505E 034/0.004815 0360005038 0.31)0.0 289
ﬂ Max. angular acceleration raesec? raemect rad{sec? rad/sec 40000rad] ==
a , " " 174mm |E.857 |
E Lemigth 197 mem [752°) 225mm [B357) 191 mem [7.527] FISmm [2.867] 200mm 7557
E l\':ng:l[mu'm.rt S 2:3kg (5110 2k (6178 2.3kg 5.k 28y (5. 171k 3.5k [7.716ib]
Audible noise kevel [meas-
ured in 30cm distance] o be defined) aBla) 1o be defined) dB{A)
[[ ek w4l degres il degres
Controlier Type MACEDD-D and D5 | MACT500-D2 snd D3| MAC1300-D8 and | MACz000-02 and Dz | MACS:000-05 and D
w_ brake D% w. brake w_ bralke
Rated output @ 3000RPM | 750W [1.00Mp) 15000 [2.04hp| 1500W ([2.04hp| 00 |4.08hp] 0004 |4 .0Ehg)

actreated)

Rated Torque RMS 2.35Km [337.0407-m) | 5.0Mm [708,060z-in] 5.0Mem (708,060z-in] | 5.55Km 1352 3%0z-in] | 9.55Mm {1352 350z-am]
Peak Torgue £.8Nm [962560z-) | 150Mm [2124.180z-in] | 15.08m (2124, 180z-in] | 28.7Hm [4064 360z-in] | 28.7Hm (2064 360z
=/ Inertia kgemYlz-in-57 1130018 13560158 14.10/0.200 37.83/0.394 17.58/0.335
‘g Max angular acceleration | 40000radizec’ A0D00rad sec” A0000r e’ 40000ra s’ 40000rad] ==’
U 203mm |E337] | r -
2| Length e (271 250mm [9.847) 305.35mm (12047 312mm 12287 366mm | 14.447)
g “h'?';l[m i il PR P 110585k [24.141b] 13.15%g (28 55k) 12.7ky [32,108) 17.1ky [37.70)
L
[ Audible noise level [meas-
ursd ini 30cm distance| &5 dB(A] 65 dB{A] &5 dB(A]
Punckis flicrsfemks B | 1 e wcal degres il degres

Speed range for MACS00-802

0=3000RPM with full torque. [Max 3500 RFM shortterm ) Overspeed protection trps at
e ZO0APRA. Motor will shut down

Speed ramge for MACB00-3000

0-3000RM with full torque. Max 3500 RPSA. Overspesd protection if spesds3600=mator will go in passe mode

Amplifier cortrol system

PAACA00-E00: Sinusoidal wave PWM control, 20kHz switching.
A1 500-3000: Sinusoidal wawe PWM control. Sikz switching.

Filter:

& order filter with only one mertia load factor parameter 1o be adjusted. Bepert funing also available for profecsonals

Feedback. Standard incremental:

MR 400, BAACHDZ, MACTS00 and MAC000 ; Incremeral A and B emcoder 8152 OFR. [Prysical 2043 PR )
MUACEDD: Incrememntal & and B encoder BO00CPE (Prysical 200000

Tetional absolkate matitum
encoder:

Encoder 65535 (PR and 4095 rex

Inpurt power supply for MAC400

11 5{ 30/ 2800AL [ V0% for main power circuit. 13-33WDC for control circuit.
Consumpton at 115-2404AL - see power supply
Control cirruitry consumption: MACS0001, 2 and 3 [wo'traie] = Typical 0224 & 24VDOI5 3]
Control cirruitry consumption: MACS0004, 5 and B [w/brake] = Typical 058A @ 28000188

section.,

Inpurt power sapphy for MAC402

Mominal 12-42V0C {2 10%] for main power corcuit. Recommended also for 12V battery applica
tions. Consumption at 12
48YDC - see power sapphy section. 18-32YDC for contred cimoait.
Control cirruitry consumption: MACS0001, 2 and 3 [wo'traie] = Typical 0224 & J4VDOS 3]
Control cirruitry consumption: MACS0004, 5 and B [w/brake] = Typical 058A @ 280D0 188

Inpurt power supply for MACEDD

11 5{ 30/ 2800AL [ V0% for main power circuit. 13-33WDC for control circuit.
Consumption at 115240400 - see power supply section.
Control cirruitry consumption: MACB00D1, 2 and 3 [wo'traie] =0.254 § 29VDC0SH).
Control cirruitry consumption: MACB00DM, 5 and B [w/brake] =0 750 @ 24DOEW]L

Inpurt power sapphy for
MACT 500 and 3000

3 phase supply $00 to 4506 for drver circuit. Absolute max SSAMAC | 18-33VDC for comirod circuit.

Control cirruitry consumption: MACT 500 and 3000-00, 2 and 3 (wolbrake) =034 @ 24VDC[EW].
Control cirtuitry consumption: MACT 500 and 3000-04, 5 and & (wiorake) =120 g 290DC24W).

Control mode

= 410V Speedd and Tomue A+B encoder oufputs
* Pulke/diraction and 507 phase shiftted As B Incrementall
*R5423 or B5232 (5] position and parameter commands
* Gear mode with analog input speed offset & various options.
* Sansor zeno search of mechanical zero ssarch.

Hange and shaft dimeremion
MACEDD and 402-
MACBOD:

WAL 500 and 3000

Front: SB0mm. Rear 62¢115mm. Shatt 314mm
Front: SieB0mm. Bear- 80011 3mm. Shaft @13mm

Front: 130u1 30mm. Bear: 130x203men [excl. connectors). Shaft 824.0men +0)-0001 3men
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Technical Data [continued])

POSITION [pralse inputs)

Command input pake Pulsejdirection or 30" phase shifted A8 R5422

Input fraquency 0B MHz. 0-18Hz with input filber

Blectronic gear AJBC A 10000 to 10000, B=1 tol0000. Simulation of all step resohstions.
Follow emor register 32 bit

In poesition width 0-327E7 pulse

Position renge 32 bit. Infinty, Flip over at 427 pulses

POSITEOM [serial commurnication)

Commurication facilsy

From PLC, PC etc via R5422 or amynchronces senal port BS232 with special cable. MacTalk VL commands, special com
mareds with bigh sscurry.

Communication bawd rate

19200 bit}ssc (19 2kBaud)

Pesition range 5T 000 000

Sperd rangs 03000 RPML

Digital resolution 03505 APM

Acceleration range 250 = 4448675 APfsec

Addressing Print to point on RA5422 Upto 3 enits on the seme serial RS 233/AS485 imterface with built-in expansion module. Addresc
range 1-254

Speed varianoe felax 44 RPN wariance betwesn command ard actual speed.

SPEEDY TOROUE

Analogee T LI;;:,:- Sgn. Hom. inpat woltage £ 10, 10K0Nm put resistance. Woltage range max - 10 b0 #32W0L. LHiset tapical

Sampling rate at analoges inpet | 750 Hz

Ercoder curtput signals A, A Ba B F5422. L= dreeer GV outputs |[SH75178). S0 Phase shifted.

Analoge: speed inpat synltage <» CW rotation. Shaft view

Zero speed determination. 0 - rated speed,

. Initial mror 2000 40,0% Power Supphy: 4 10%: D.O%

el i et syl Load 0-300%: 40.0°% Ambient temperature =40 C: $0,0005% (4 50ppm]

Torque limit in spaed mode 03009 by parameter

Analoges torque nput svnltage (positive torges] <= CW notation. Shaft wiew

Torque control accuracy 105 & 20°C [Reproducibility]

VARIDUE

Dlectromechanical brake Optional feature. The brake & activated automatically when an unrecoverable smor stuation oocur.

Regenerative Integrated power dump. Extarmal attachment iz possitde
Emor trace back. Cwerload 1P, follow enror, function ermor, regeneratie cverioad |over voitage),

Protective fanctions. software position limit. Asnormality in flach memorg under woitage, cwer current, temperature too
high.

LED functicre Prvsser |Graem LEDY, Bror |Fed LED). Mote that the LED's are only wisble whan me medule i mounged.

Ohrtput signals 3 general purpose MPK 20025 m outpets. Brmor and Im position.

e Iz Artomatic zero search with sensor connected to input (2 formats)

2: Meckhanical zem search without sensor. [Torque controlied]

Shaft lead mamum
MACEDD and 402
MACBOO:

WA 500 and 3000:

Fadial load: 245k (135mm from flangel. Axial load: 9.2%kg.
Fadial load: 18kg [20mm from flangel. Axial kead: 11k
Fadial load: sxN |xemm from flange). Axial kead: xody.

Optional Brake [-0% or De)
MACSD0-800
WAL 500-3000

Controlled automatic or from input. 3.25KNm, inertia 0.220m2, tem on time: 50ms, tum off time: 15ms
Controlled automatic or from input. :odim, hem on teme: 50ms, tum off time- 15m

Rated power rate. [motar]

MAACA00 and 402 500 KNS MACBOD: B2.8 kiWls BAALCT 500-3000; oo Kills

Mechanical time constant.

AACADD and 403 0,554 1 0% ms BAAT00: (LA 10 BAALT S0 2000 7

Imator] ms
Blectrical time corstant. [motor) | MAC400 and 403 3.5 1059 ms ms RO0- A VIR 1R B S0 3000; 7

BAACA00 and 403 CE approved/UL pending
MAACEND: CF appeowed/UL recognized file number E254247

Standards MAACTE00: (F appeoved/UL recognized file number E254247 - 20120025 Pending
MAC3000: (F appeoved/UIL recognized file number E254347 = 20130524 Pending
MACA00: IPSS amd PSS

" MAAC402: PSS [IPES on regeest]

= MACEOD: PSS (IP42 and IPST on request)
MAACTS00 and Z000; IPSS (<0F or OS5 version). IP7 (D3 or DE wersion)
Amvibient O o +40°C [32-104"F)] Storage |power not applied): <20 to +85°C [-4 to 185°F) [Humadity S00%|.
[ ¥ Temperature warning is given befoee reackhing max

Temperature shut down and ermor mesage generated at 84°C [133F]. The heatsink fan in MACS00-3000 starts at 55°C
[131FL
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Mechanical dimensions MAC400
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Mechanical dimensions MACS800
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Planetary and cycloidal (robot) gearheads

VL offers a wide range of both worm, The advanges of using gearboxes: * Strong, Caged Roller Bearings
planetary and cycloidal (robot) gears. :Sc.alcd Ball Bearings ’ * Precision Input Pinion with Balanced
They fit cither directly or by means gg\gﬁdsamlw High Efficiency Clamp Collar
of adaptors on the MAC motors. gear * Sezled Ball Bearings
ratios can be from 1:3 to 1:1000. . Pl;lcg; Reliability, High Efficiency
L 1 9"
_x scpar?tc e ﬁ.)r Setabed = NEMA Mounting Standards
information on our website: « High Shaft Loading Capacity
www.jvl.dk * Low Backiash Design
MAC200 with HTRG gearbax
HTRG type gears: HSPG type gears:

S0 — - &

80 — |- 3 e

- o o2 = ﬁ o M L
s : %
ke - L
morGs daNE holes
TG Al derensions in mm
Model. HTRG Gear ratio Efficiency| Rated | Emerg. | inertio at | Noise | Radial | Axial |Weight] L1 | D1 b2
torque| Torgue | motor shaft joad | load
MAC400 t%] | INm| | [Nm] fig”em?] | [dB{AI| IN] ] [eg] | [mm] |imen]| imm]-(n7]
(HTRGOEN00SMHP7011SMC 3 57 13 ) 0.1 <7 | 200 | 700 | 12 |2055] 65 14
[HTRGOEN0OSMAP70119MC 5 57 25 30 037 <70 | 200 | 700 | 12 |2055] 65 14
[ HTRGOSROTOMHP701 1SWC 10 a7 75 30 025 <70 | 200 | 700 | 12 |8055| 65 4
HTRGOSNO] ZMHP70119MC 12 54 = 100 056 <2 | 200 | 7200 | 17 [9725] 65 14
HTRGOENOZOMHPTO119MC 20 94 70 250 036 <70 | 400 | 1400 | 46 | 142 | 85 13
MAC200
HTROOEN0OIMHPTO11 SMC 3 87 40 180 058 <70 | 400 | 1400 4 |nrs| ss 13
HTRGOESNOOSMHP70113MC 5 57 50 | 200 037 <70 | 400 | 1400 | 4 | 1175] 85 13
W 10 BE] 10 57 40 180 028 <70 | 400 | 1400 | 4 |1175] 85 13
" N0 70113 20 54 70 | 25 036 <70 | 400 | 1400 | 45 | 142 | 85 13
" 1 m 100 54 40 | 200 028 <70 | 400 | 1400 | 46 | 142 | 85 13
[HTRG10NO20MIF7011SMC 20 54 170|600 083 <70 | 600 | 1600 | 65 | 180 |106| 25
HTRG13N 10CMINF20115MC 100 54 215 | 800 086 <2 | 800 | €500 | 155 | 208 |138] 32
HTRO 18N 100MHP7011SMC 100 54 350 | 1200 14 <0 | 1200 | 7500 | 21 | 2395|155 40
HTRG 19N 10OMHP70119MC 100 34 500 | 1400 33 <70 | 1400 | 15000 | 29 |2%85|135| &5
MAC1500-3000
HTRG1ONCOIMNSA0228MC 3 57 100 | 360 22 <2 | 600 | 1600 | 55 [1s78|105] 35
HTRG10NCOSMNSA0226MC 5 57 140 | 450 123 < | oo | 1eco | 55 [1s7s|108| 35
HTRG1ONOTOMHSA0224MC 10 57 100 | 360 085 <70 | 600 | 1600 | 65 |1675]|106| 25
(FTRE1 3N 100MIS40224MC 100 54 215 800 12 <70 | 800 | €500 | 155 | 216 [ 138 32
(HTAGTEN 100MINSAC224ML 100 94 350 | 1200 14 <720 | 1200 | 7500 | 21 |2295|155| 40
(HTRGETSN 100MIP7011SMC 100 94 500 | 1400 33 <70 | 1400 | 15000 | 25 | 2585135 55
Bockiozh i 15 arcmin for all obove HITRG gearboxes
[Model. HSPG I'Gu(mm Efficency| Rated [Emerg. |inertis st |Nose |Radial |Awal  |Weight)Lv  |D1 [D2
torque [Torque _|motor shaft load _|load
Bw] | INm] | [Nm] | fkg’em? [[dBOA| INI | [N] | [kal | [mem] |imen]| imm].(n7)
FEPGT10 [MAC00] 3357,89,113 B2 | 122 | 610 0,16 - | 5300 | 13100 | 36 1o -
HSPG 140 (MAC=00] 336787,115139,175| <82 268 1340 067 11500 | 17000 | 645 140
HSPO170 ( MACIKS-3K0) | 3359831051481 82 | 435 | 2475 1,15 .| 18200 27300 [ 07 170
HSPG200 | MACTKS-3KD) | 53.83,125.1658 B2 | 890 | 4450 2.6 - | 21100 | 31700 | 17,23 200

Backiosh is <1 arcmin for all above HSPG georboxes
14 Theze gearbaxes are some examples of the types we often wse. For other requests pleaze contact Nidk.
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SOIL DYNAMICS
LQ-080U
Tha LC-080U Senes of soll strass gages ks designad to meet the
requiramants of waapons fest Ishs civil angineaning fieid to make
eoourets messurements of blast Inducad soll reactions.

Insertion of & gage In 5ol disrupts the stress field and Induces
elther stress concentrations or rellels UEPE'I'I[’HQ an gage
thilcaness. This siress-transier phanomenan can serously afact
gaps aCcCUracy. T OWETCOMe is probiem, the LO-080U employs
& palr of axtremely s diaphragms with 8 dameter-do-thickmess
ratio of greater than & and & dameter-to-defiacton ratlo of greater
than 2000. This daskgn togather with good gage-medum matching
ENBUMes accuracy end rapaatability of readings.

Tha OC enangized sansing slement of the L3-080U comprises
4-active semiconouctor siraln gages drectly bondad to the
megsuring diaphragms. The output may be convenlently
monitorad on most conventional Instrument systems. During
assambly, the entire unit |s given & conformal coating to prevent
My INgrass of motsture fter inal on-site-installaton.

The LO-080U Serlas s avallable callorated or uncalbretad, wit or
without mounting ring. Mo meunting ring avallabie for 10K PSI.

SOIL STRESS GAGE
LQ-080U SERIES

Designed and developed In cooperation
with the U.S. Army Corps of Enginsers

Waterways Expariment Station, Vicksburg,

Mississippl.

SOIL PRESSURE CELL

TYPE D234

The B Serles of solld state loed cells s designad
to meat the CEMENGS ©f Goll STESS MAasUrEMEnt.
Baing fuld filled the diaphragms axniblt virually
zero gefiaction unoar foad and the Bciivetotal area
ratio has been designed so that the Intrusion of hie
ceil Intp the materal uncar study has the minimum
eflact on s propenties. The transoucer willizes &
goil state sllicon pressure irensducer 85 the bask:
gensing slamant couplng axireme robusinass with
high output. The wnlt Is avallable with or without an
eddtionsl reinforcing plate.,

A hra Sa0re Wi Mo Range
PSIEer?:rEn.j D*EFWE;!: ?weharqeln Callbraton pel Qverpressure
200 D.zs 300% 015
2000 DuTE 200% 050 2 Times Aated Fressurs Aangs
70000 DET T30 0100
Deflection NA D001" (0.0025mm) at Asied Pressure
Watural Frequancy [KHz) 17 (Nom.) 200 PS1 B0 (Nom,) 10000 P8 z
Cpersiional Modz Compression Compression

Prassure Madla

Any Liquid, Solid or Gas Compatois
With 17-4 55 (H 900 Condition)

Any Liquid. Sold or Gas Compatbia
With 17-4 85 (H 900 Conattion)

Rated Electical Exchation 10 VDC [Mom.) 10 VDC (Mom,)
Medmum Electrical Exctation 15 VDC (Max) 15 VDG (Max)
Inpet Impedanca 2000 Ohms (Max.) 2000 Onms [Max)
Culput Impedance 1000 Ohms (Nom.) 1000 Chms (Nom.)
Full Scale Output 100V {Nom.) 100mV {NomL}
Residual Unbalanca = BTV [Max.) = BmV [Max)

Combined Mon-Lineartty, Hystereels
Ene Aapaataniity

+0.1% FE0 BFEL [Typ = 0.5% FSO (Max)

+0.1% FE0 BFEL (Typ.) = 0.5% FS0O (Max)

Resalution Irfrfsimal Tnit=simal

Dperaing Temperals Range 30°F [0 <200°F [40°C 10 +95°C) T°F 1o Z50°F [16°C 1o 120°C)
Compensated Tamperaiine Range A O°F 1o 105°F (-18°C 1o 40°0)

Thermal Zero Shn NA = 0.01% FROFE

Thermal Sensltity St A =001% R

ACCEETEin SenElvy [55s THan 02 peli= 200 PS1 and 0.1 paiiE 10000 Fal N

Fumidty 1007 Fizlative Amidy 100% Rsiave Aty

Responss TIm= (T0 Si=p pd) [ees Than 6 ¥ 10° 5t N

ActverTole Area Azt NA %

Electrizal Connection 10 830 AW 4 Conductor Sisiten Poyurethans Cabls Seales) Gahle Assembly In LEngIa Up o 33 (10 Maters)

10 Foot Lengh Siandard

Insulation Reslstance

100 Megonms & B0 VDT

100 Magonms @ 50 VDG

Cema Makenial 17-4 PH H 000) Stainiess Sweel 17-4 PH (H B00) Stalniess Seel
Welgnt B.75 Oz (250 Grams Nom.) Wih 10 Caile 260 Grams
Sensing Principle 2 or4 Am Sirain Gage Brioge 4 Arm Strein Gage Brioge

Nolo: CuEiom prasRir Mg, Saumsos and machmniml I am in nchos. O An par am n
C and nruup.rmwsnuym:urm mndtmm:mgn:udmnnlm - il dimansiors nominal (O}
KLLITE Mn'C‘Dl"JDLIC’Oﬂ PHOICTE, INC. = One Wilow Tree Aoad = Looria, Now Jorsey OFE05 =« Tal: 204 461-0800 = Fao- 204 46108980 = friprdiswackulite. com
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Miniature Pressure Sensors

@For Pressure Distribution Measurement @50 kPa to 7 MPa

=

P35 series is the strain gage ﬁsum transducers having the
bridge formed in the uliras miniatone strocture. Instala
lation is made with adhesive. Suitable for pressure distrib-
ulion measurement by using mulliple units,

- -\
. Features )

+ Ultra=thin design
+ Compact
* Wide range of rated capacities

\ S[Jet:lfl:atluns-:.

Performance
Rated Capacity:
Moge| Hatural
Cable Orecion lo Sensing Sorlace | Raled Capatity Frequency
Harizontal Wertical lApprox.)
PE-05KC PE-05KD 40 kPe A0 kHz |
PE=1KC PS=1KD 100 kPa A0 kHz
[ PEIRC PE=2KD F00 WPa 4 kHz
PESRE F5-5KD 500 WP 20 kHz |
PS=10KC PE=10KD MPs AT kHz |
PE=20KC M2 PE=20KD M2 2 MPs 46 kHz
PE=G0KC M2 PE=J0KD M2 3 MPa 58 kH7
PE=S0KC M2 PE=G0KD M2 5 MPa 71 kHz
PE=TOKC M2 PS=70KD M2 T MPa &6 kHz

Maazunng liguids of P520 10 FORGD M2 are limited o oils,

Nanlinearity: Within £1% RO

Hysteresis: Within £1% RO

Rated Output:

0,25 m\V/V [B00 pmim] ar more [PS=05KCT)

0,5 WA (1000 jermdm) or mers [PS=1HCD)

0,85 mvA (1700 prmim) £30% (PS-2KC/D)

1 A (2000 pvim) £20% (PS5 to TOKGC/D)

Mote: Rated output s sorted to one of the classes dvided
by every 2% dilecsnce in oulpul valus, Since the raled
output stated in the Test Data Sneat is the center value
af the class, it may have a maximum aerror of £1%,

Environmental Characleristics

Sale Temperature Range: —20 to 70°C

Compensated Ternperature Range: 0 to 50°C

Temperature Effect on Zero Balance:

Within 20,8% ROSC (PS-OSKC/DY)

Within +0,4% ROCC (PS-1KC/D)

Wilhin 10,3% ROVC (PS=2KC/DH

Within 40,2% RO C (PS=G to 7OKC/IN

Temperalure EMfect an Oulpul:

Wilhin £0,3%C (P3=0& to 2KCD)

Within 20,2%.C [PS=510 TOKGC/TY)

Electrical Characteristics

Safe Excitation Volage: 3 VAC or DG

Recoemmended Excitation Veltage: 1 to 2 VAC or DC

Input Resistance: 350 0 +10%

Output Resistance: 350 [1 +10%

Cable: Polyurethanse coated copper wires, 0,1 mm damater
(0,08 mm diameler with PS=05KD & 10) by 3 om |-::|ng.
saldering finish at each tip [Shield wire is not connected to
mainframe,)

Mechanical Properties

Sale Overlosd Rating: 150% [(100% with PS-TOKC/D W2)

Materials: Matallic finlzh

‘Weight: Approx, 0.5 g £20% (includng cable)

Dedicated Adhesive: RC=12 [Reguest when oroiering. charge=ee]

Dimensions
- -
’ Priasiun Prossure
E.lanirq sitla {3
HESS R with mark [ X A=K
2} (]
|43
PE- PS-D Figuras in parnieses wee for PS50 1o TOKCID M2,
KYOWA 290

mEmMOCOWNZE=a0—
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AE Sensors B.V.

Jan Valstereeg 92
3315LG Dordrecht
Tel.: +31 (0)78 6213152

AE-H3 “S”-type Loadcell

For Tension and Compression Loadcells
SENSORS

C€E P 0 Ers & O

Short description:

= Nickel Plated alloy steel IP67 “5" type load cell. OIML rest cortifi
+ Tension and compression applications. CofCno
+ Suitable for hanging, hopper and other weighing

devices. @ Certificate no. 06-099A1

*  Also available in imperizl capacities and dimensions.

Available models:

Capacity Full article description Accuracy

25kg AE-H3-C3-25kg-3B C3

S50kg AE-H3-C3-50kg-3B C3

100 kg AE-H3-C3/C4-100kg-3B c3/c4

150 kg AE-H3-C3/C4-150kg-3B c3/c4

200 kg AE-H3-C3/C4-200kg-3B c3/c4

300 kg AF-H3-C3/C4-300ke-3B c3/ca

500 kg AE-H3-C3/C4-500kg-3B c3/c4

600 kg AE-H3-C3/C4-600kg-3B c3/c4

750 kg AE-H3-C3/C4-750kg-3B c3/c4

1t AE-H3-C3/C4-1t-3B C3/c4

15t AE-H3-C3/C4-151-3B c3/ca

2t AE-H3-C3/C4-7t-6B C3/c4

25t AE-H3-C3/C4-2, 51-6B c3/c4

3t AE-H3-C3-3t-6B C3 Excluded from OIML
5t AE-H3-C3-51-6B C3 Excluded from CIML
75t AE-H3-C3-7,51-6B C3 Excluded from OIML
10t AE-H3-C3-10t-6B C3 Excluded from OIML
15t AE-H3-C3-151-6B C3 Excluded from OIML
20t AE-H3-C3-201t-6B C3 Excluded from OIML
30t AE-H3-C3-3(-6B C3 Excluded from OIML

Spedfications and dimensions are subject to change without notice and do not constitute any liability whatsoever.

WWW.AESENSORS.NL
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AE Sensors B.V.

Jan Valsterweg 92

3315 LG Dordrecht
Tel.: +31 (0)78 6213152

SENSORS

Technical specifications:

AE-H3 “S”-type Loadcell

For Tension and Compression Loadcells

Accuracy class OIMLREOC3 | OIMLREDC4 | c3
Output sensitivity [=F5 ) mvv 2.0+0.004
Maximum capacity | Emax ) 1 0.1, 015, 0.2, 0.25,0.3,05, 0.6, 0.025, 0.05, 3.0,
075,115,225 5.0, 75,10, 15,
20, 30
Max. number of load cell intervals Nie 3000 4000 3000
Ratio of min. LC verification interval ¥ = Emax / 10000 20000 10000
vmin
Combined Error %aF5 =+ 0.020 =+ 0.018 =+ 0.020
Minimum dead load of Emax 0%
Safe overload of Emax 150 %
Ultimate overload of Emax 300 %
Zero balance of F5 <+15%
Excitation, recommended voltage v 5-~12
Excitation maximum W 18
Input resistance 0 350+35
Output resistance 0 351+20
Insulation resistance 0 25000 ( at 50VDC )
Compensated temperature C -10 ~+40
Operating temperature *C -35~+65
Storage temperature C -40 ~ +70
Element material Nickel plated alloy steel
Ingress Protection (acc. to EN 60529) IP&7
Recommended torgue on fixation MNm ME:25 M10: 50 M12:75 M20:450 M33:750 M42:1450
ATEX classification {optional) 111G Exia I1C T4 1D Ex iaD 20 113G nL IIC T4
T73°C

Wiring:

= Shielded, 4 conductor cable.

= Cable diameter: & Smm.

= Standard cable length for 25kg — 1.5t 3m
and for 2t — 30t 6m.

= Shield not connected to element.

d-wire diagram

Spedfications and dimensions are subject to change without notice and do not constitute any liability whatsoever.

WWW.AESENSORS.NL
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SENSORS

Dimensions in mm:

AE Sensors BV,

Jan Valsterweg 92
3315LG Dordrecht
Tel.: +31 (0)78 6213152

AE-H3 “S”-type Loadcell

For Tension and Compression Loadcells

25kg-5t 0.1-20KIb

LW e

Hi
2 Places
|
|
|
& r
L]
H1

G

H

'-q
A
|
w
o
—

W1

2 Places

H
©

L 2-M W L |2-M
Dimension
Capacity L H W1 W H1 I
25-50 kg 50,8 76,2 12,7 14,5 15,7 M8
100-150 kg 50,8 76,2 19,0 224 15,3 M10x15
200-750 kg 50,8 76,2 19,0 224 14,4 MI12x1.75
1-15t 50,8 76,2 254 288 12,5 M12 %175
251 76,2 101,6 254 288 20 M20x15
7,510t 125 175 50 - 40,2 M33x3
15201 160 200 60 - 51 M45x3
301 190 230 80 - 57,5 M45x3

WWW.AESENSORS.NL

Spedfications and dimensions are subject to change without motice and do not constitute any liability whatsoever.
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AE Sensors B.V.

Jan Valsterweg 92
3315 LG Dordrecht
Tel:+31(0)78 6213152

SENSORS

AE-H3 “S”-type Loadcell

For Tension and Compression Loadcells

Available accessories:

AE-HL-3-001-25Kg-5t hook
*  Alloy Steel
+ Suitable for hybrid scales, cranes scales,
packaging scales and hopper scales

AE-HL-3-002-25Kg-5t eye
*  Alloy Steel
* Suitable for hybrid scales, cranes scales,
packaging scales and hopper scales

B et 1
) o,
-

AE-HL-3-003-25Kg-5t rod end
*  Alloy Steel
+ Suitable for hybrid scales, cranes scales,
packaging scales and hopper scales and other
electronic weighing devices.

-. .h-l |

AE-HL-3-004-25Kg-5t hook assembly
*  Alloy Steel
+ Suitable for hybrid scales, cranes scales,
packaging scales and hopper scales and other
electronic weighing devices.

AE-HL-3-005-25Kg-5t eye assembly
*  Alloy Steel
* Suitable for hybrid scales, cranes scales,
packaging scales and hopper scales and other
electronic weighing devices.

Spedfications and dimensions are subject to change without notice and do not constitute any liability whatsoever.

WWW.AESENSORS.NL
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CONTROLE-FOFMULIER TEMPOSONIC NIVO-OPNEMER.

Trpe: GHMO250MD&0IVI  Damum:  14-02-2018

Serienr.: 14403237 Techn.: FM de Vreede

Deltares-nr.: 01.11.240 Eigendom: HYE

Gebruikte apparatuur: De bij de vernichte kalibratie gebnukte meetmiddelen zijn
herleidbaar naar primaire en'of (inferinationaal erkende
meetstandaarden

Voeding 24Vde TTi EX354T D-nr. 07.00.248
Voltmeter uitg spanning meetversterker Aglent 344014 Dnr. 06.00.226
Meetlineaal Somy SR1711 D-nr 01.11.173
Afregeling: [ Uit +500 )+ ( Uht| =50 )] :2 = 10V£5mV
Conversie: 125mm/V (-10V___+10V = 125mm . +123mm )

Bereik: 230 mm

LIKING:
Afstand Uitgangs-spanning

(mm): (Valt):
0 9994
25 -7.998
50 -5.996
73 -3.996
100 -1.998

125 0
150 1.900
175 3.908
200 3.903
225 7.997
250 9.5903
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PO, box 34, 7990 AA Dwingelos, The Netherlands.

P
AP E HOLLAN D Infailapeholland.com - TEL +31-593 54 08 91 - FAX +31- 593 54 27 B4

OPERATION / MAINTENANCE MANUAL
APE J&M 23 VIBRATOY DRIVER / EXTRACTOR

I. GENERAL DESCRIPTION

A. GENERAL

The APE JEM Model 23 is a low-frequency vibratory pile driver/extractor designed to drive and
extract vinyl, aluminum and steel sheet piles.

The Model 23 operates in a frequency range of 800 to 1800 vibrations per minute to provide
maximum pile penetration rates in a wide variety of soils. The unit has an eccentric moment of
2.6 kg-m (230 inch-pounds) and produces a maximum amplitude of 25 mm.

The vibratory driver unit consists of two major components. (1) The vibrator with attached clamp
and (2) the hydraulic power unit with control pendant.

=] PRESSER
T AL '; ".-':\\_,: 3
VIBRATION Alal —
FCCENTRIC WEIGHTS
\“I
b
CLAME g
VL -3 r.f :_'\ A G .
— CONTRO
JIESEL ENGINE CONTROL PANEL— [gle—"" CEHbAn
\ 1 f |
|
b— _—DRIVE 4l P
17 MANIFOLD
HET R " | | - '._____.-
AL Lo 'li = s
Fi
FUEL TANK — wE S CLAM UKF
Figure 1 - GENERAL DESCRIPTION
Page 11
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R0, box 34, 7290 AA Dwingeloo, The Netherands.,

P
AP E HOLLAN D Infoilapeholland.oom - TEL +31-593 54 OB 91 - FAX +31- 503 54 27 84
-

OPERATION / MAINTENANCE MANUAL
APE J&M 23 VIBRATOY DRIVER / EXTRACTOR

|. GENERAL DESCRIPTION

B. VIBEATOR

The vibrator consists of two major components; The vibration case and the vibration suppressaor.
The vibration case contains two eccentric weights which rotate in a vertical plane to create
vibration. The eccentric weights are driven by a hydraulic motor. The vibration suppressor
contains 4 rubber elastomers fo isolate the vibration case from the crane line . The suppressor is
designed for a maximum line pull of 13 tons (116kN) during exiraction.

C. HYDRAULIC CLAMP

The hydraulic clamp attaches the vibrator to the pile, transmitting vibration to the piling. The
hydraulic clamp contains two gripping jaws; one fixed and one moveable. A lange hydraulic
cylinder operates the moveable jaw with 20 tons (178kN) of force to grip the pile. Clamping and
un-clamping occurs in a few seconds.

Consult APE Holland in your area for any other clamp

_ fuestions regarding other than what is stated herein.

D. POWER UNIT

The Model 23 vibrator is powered by the APE J&M Model 51 Power pack. The 51 power pack is
powered by a Caterpillar C-2_2 diesel engine. The engine develops 51 gross horsepower (38kKW)
at 3000 RPM, and is mounted on a tubular sub-base which serves as a fuel tank.

The Power Unit and Vibrator are operated from the control pendant.

E. HOSES
A hydraulic hose bundle (multiple hoses) connects the hydraulic power unit to the vibrator unit.

Page 1-2

167



! P.O. bax 34, 7990 AA Dwingelso, The Netherlands.

A i E H 0 L LA N D Infofapeholland. com - TEL +31-593 54 08 91 - FAX +31- 553 54 27 B4

OPERATION / MAINTENANCE MANUAL
APE &M 23 VIBRATOY DRIVER / EXTRACTOR

|. GENERAL DESCRIPTION

E. CONTROL PENDANT

The vibrator is operated by a hand-held control pendant. The conirol pendant has one, two-way
switch. This switch (CLAMP OPEN-OFF-FWD) starts and stops the vibrator as well as opens
and closes the clamp. Tuming the swith to FWD first closes the clamp. When adequate clamp
pressure is reached the vibrator will start. Turning the switch to off stops the vibrator. Turning the
switch and holding it at CLAMP OPEN after the vibrator is sioped the clamp will open.

F. SPECIFICATIONS
1. Constant improvement and enginesring progress make it necessary that we resernve the right
0 make specification changes without notice.

_ Always consult APE Holland in your area for current or
additional information you may require.

VIBRATOR Model 23
Eccentric moment 2,65 kg-m {230 in-lbs)
Maximum frequency 2250 vpm (@ 125 lfmin)
R SR Centrifugal force 13 tons (115 kM)
[— ; Mormal frequency 1600 vpm (@ 105 lfmin)
) N Centrifugal force 7.6 tons (T4 kM)
a T Pile clamping force 178 kN (15 tons)
Amplitude (free hanging) 15 mm {0.55 in)
Max pull for extraction 12 tonz (116 kM)
Suspended weight (without clamps) 655 kg (1,440 lbs)
Weight with clamps 955 kg (2,100 Ibs)
Height, with clamp & yoke (HH) 140 cm (35 in)
Height, without clamp (H) 119 cm (47 in)
Length (L) 67 em (26,50 in)
Width (W) 56 cm (22 in)
Throat width (T) 26 em (10.5in}
POWER UNIT: Model 51
Engine Caterpillar C-2.2
Horsepower (@ 2100 rpm o1 (38 kW)
Drrive flow 106 [fmin
- Y Weight {wd full fuel and fluids) 995 kg
[ : Length (I} 173 em (68 in)
o o ! T Width (ww) 103 cm (40.5 in)
Height (hh) 124 cm (48.75 in)
Figure 2 - EQUIPMENT DIMENSIONS
Page 13
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Appendix B: Sand specifications

Particle Size Distribution

Project id. E2B39 Sample id. BAM1-x1
Project description SIMOE - WP2D ({1E) — Laboratory and cen- Depth from 0.00 to 100 m. gl
trifuge testing from +0.00 to -1.00' m. Ground level
Sample SO0 B4 L Lab technician Adv
Cliert Dheltares Testing date 14-11-22
Sail type SAND
= o " o
g g g g 8 HBEZE E U FEEE
(=] o o (=] o o oo O o (=3 o - - (]
—_— L — P P P — : -
o % : - 10 %
o0 % 1 : L
> 0% ; T
W i i | 1 ! o
B oo - : ; Faos B
g 0% 4 s ab w47 4% < D50, swed tacien | E
& i i 3
F a0t T T T i T Feots &
g 30 % bt Lo g
20% 1 ; S
10 % . ‘ | @ { . - 0 %
: kil LLAECT
0% T ¥ | 'y - 100 %
0,001 0.01 (8} 1 1
‘Grainsize [mm|
i Il i i i i i
Clay 1 St 1 Fired Sand | med cz. Sand ‘czare Sard Crwenl |
. ! sl Pgl .
a i H s . 5i anne é i E H :E 25 o i
E g g g E E§ & E E £ E
- 2 R 8 8 88 §§ % - Z
Particle Size Distribution full range sand fraction Characteristics
dmm| | % <d Mumber | Walue Number | Walue Gravel {2 mm - 63 mm) 1% -
2000 100.00 10 [mm| | 0.086 0o mm| | 0.098 2;:":2‘63":""6'32":;'" ::} 3“;1
1.400 99.95 di5 [mm| | 0104 D15 [mm] | 0.108 i [{“2 i ! 5l 0
1.000 99,92 d20 [mm| | 0111 D20 [mm| | o112 Fines (= 63 um) i 09
0710 99.81 430 [mm| | o.127 D30 [mm] | 0.127 ! -
o 0500 9963 440 [mm| | 0138 D40 [mm| | 0137 M Sand median [mm| | 0.147
0.355 98.55 d50 [mm| | 0.1a7 Ds0 [mm| | 0.147 fine (105um - 150um)
0.250 9371 d60 [mm| | 0158 D60 [mm| | 0158 PP E——
0.180 7730 aro [mm| | 0.170 D70 [mm] | 0.171 M’““ reel median [mm| o147
0125 2826 dB0 [mm| | 0180 D0 [mm] | 0.181 N e ) [mm] e
0.090 513 s [mm| | 0.211 Das [mm] | 0.212 m an grain [mm] | @
0063 088 490 [mm| | 0.234 Da0 [mm| | 0.234 Ug (16 gm - 2 mm) (8] 71.48
0.050 0.80 Cu I 1.641 Cupong  H 1.627 Usana (63 pm - 2mm)  [mm] | 70.72
0.045 0.75 e [N 1.050 e H 1.045 U-n.urr.|b=r according Zunker's formula
0.038 0.70 do0/d10 [ 2436 D&0,/010 -] 2,400 Fr Fineness modulus [ | o
Sile 0032 0.65
0.020 0.60
0016 0.55
0008 0.50
0004 0.45
0.002 0.40
Clay 0.001 ‘ 0.35
I SIMOX — WP2ID (1E) - Laboratory and centrifuge testing
o
Particle Size Distribution including fines
GEOICIID Wiertsema (MEN-EN-ISO 17892-4(2014) & NEM-EM-ISO 13317-3(2001))
o
. GEOLAB WIERTSEMA, THE NETHERLANDS | |LAB
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Appendix C:

Batch 2:

Penetration as a function of time

Displacement (m) against time (s) for pile 1

Installation results

Displacement (m) against time (s) for pile 2
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Pore water pressure:

Pore pressure against penetration for pile 1v
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Crane loads:
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Batch 3

Penetration as a function of time

Displacement (m) against time (s) for pile 1

Displacement (m) against time (s) for pile 2
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Displacement (m) against time (s) for pile 7
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Pore pressure (kPa)

Pore pressure (kPa)

Crane load [kN]

Pore pressure against penetration for pile 5v
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Crane load for pile 4v
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Pore

Penetration (m)

Pile 7i

Penetration (m) against time(s)

Pile 8v
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Pore pressure against penetration for pile 5v

Displacement [m]

Pore pressure against penetration for pile 6i
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Appendix D: CPT results

Batch 2: Before installation
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Batch 2: Comparison
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CPT before and after installation for pile 7
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Batch 3: After installation
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Batch 4: Before installation
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Batch 4: Comparison

CPT before and after installation for pile 1
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Depth (m)
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CPT before and after installation for pile 8
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Appendix E: Experiment loghook

Week Date Time Batch Descriptis Photos
23| 15-Jun 1|Sensors installed
24 20-Jun 14:00 1[sand installation 783, 784
24 21-Jun 10:00 1|Vibrating with needles 781
24 22-Jun 10:30 1|vibrating with needles 786->791
24 22-Jun 12:00 1|Camera turned on
24| 23-lun 9:30 1|Flume full 792
24 Zd-Jun 10:00 1|Equalizing, right side was Scm higher than left side 793
24| 24-lun 15:00 1|Flat sand and marked piles with measuring equipment 794 -=798
25 29-Jun 12:00 1|CPTs 1-12, no piles 799 -> 805
25 30-Jun 10:00 1|heigh measurments
25 01-lul 15:30 1|SIMOX steering committee lab visit 806
26 03-Jul 14:30 1|Plate, pile with sensors and vibro test drive 807 -»810
26 05-Jul 10:00 1|Dragline sheets arrived 811
26 05-Jul 15:00 1|CPTS 13-24, test drive #1 of pile 812 ->816
26 06-1ul 13:00 1|test drive #2 with guiding frame, filming + test drive #3,4,5 817
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26 07-Jul 15:00 1[5et up frame for vibro test frequncy. Improved pressure on powerpack -»> 36 Hz. Test drive #6,7

26 08-Jul 10:30 1|Painting first piles B1B
26 08-Jul 12:00 1|Rupture in power pack, mechanic repaired it by 14:00

26 08-Jul 15:00 1[Full guiding frame + laser test B19
271 11-Jul 9:00 1|5tart of batch 1 tests (x=2,y=2) B20 -» B30

271 11-Jul 12:00 1|5econd row (x=8), plug B51 -» B40D

271 11-Jul 16:00 1|Mounting of load frame 841, B42 843

27| 12-lul 9:00 1|Third row (x=16) 844 -» 859

27 12-Jul 13:00 1|5train gauge broke 860
27 13-Jul 900 1|Last 2 pile positions 261 -= 869

27 14-Jul 11:00 1|CPTs after installation

27 14-Jul 16:00 1|Loading device test 870 -> 879

27 15-Jul 11:.00 1|Loading started 280 -=> 884

28 18-Jul 1500 1|Loading instrumented pile. Cyclic 2-4 kN then up to 18.5 kN

28 20-Jul 12:00 1|Piles removed. Tank emptied of water

28 21-Jul 1{Manual measurement water level in tube 1.54 m. Pump stopped, measurements taken

29 25-Jul 1{manual measurement water level in tuve 1.46 m. All pw sensors indicate -1.25 units (approx. 0 Volts)
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