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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 
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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 & 

Lüdemann, 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. 

2. Description of the scaled experiments. 

3. 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. 
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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. 

 

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. 

 

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. 

 

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. 

 

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. 

 

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 & Dührkop (2020) 

In a study by Spill & Dührkop (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. 

 

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. 

 

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 5MN 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. 

 

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 API 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. 

 

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 II 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. 

 

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. 

(I) 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 

straight line. 

 

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: 

• The initial stiffness is purely empirical. 

• 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 

questionable. 

• The value of certain parameters was assumed for the specific test locations and its applicability 

to other tests sites is questionable. 

• 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. 

• 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. 

(II) 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: 

• All the models except for Suryasentana & Lehane (2016) have no explicit initial stiffness and 

depend on the pile diameter. 

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

• 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. 

(III) Limitations of API method 

The currently employed API 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 API 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 API 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 API 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. 

 

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. 

 

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. 

a. 
b. 

c. d. 
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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. 

 

Figure 3.21: Effective radial stress, excess pore water pressure and relative density at a pile penetration depth of 10 m (Staubach 
et al., 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 

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: 

• In 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. 

 

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. 

 

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 4.4: Testing pit before being filled with sand 

 

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 d50 of 

approximately 0.147 mm and a coefficient of uniformity cu=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 
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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 

Wooden guiding frame 

Steel guiding frame 
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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. 

 

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. 

 

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. 

 

Figure 4.16: Sketch of the different sensors 

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

Temposonic 
sensor 

Load 
application 
point 

Load cell 
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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 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. 

 

Figure 4.19: Location of soil sensors seen from above (distances in cm) 

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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Pore water 
pressure sensor 
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pressure sensor  
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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. 

 

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. 

 

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 

Filled with 
water

Layer of sand 
added

Sand vibrated 
one way

Filled with 
water

Layer of sand 
added

Sand vibrated 
other way
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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. 

 

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, I 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). 

 

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. 

𝜎′𝑝 = 0.33(𝑞𝑡 − 𝜎𝑣)
0.72 

𝑂𝐶𝑅 =
𝜎′𝑝
𝜎′𝑣

 

𝐾0 = (1 − 𝑠𝑖𝑛𝜑′)𝑂𝐶𝑅𝑠𝑖𝑛𝜑 

𝜎𝑚 =
𝜎′𝑣
3

(1 + 2𝐾0) 

𝑅𝐷 =
1

2.96
ln⁡(

𝑞𝑐

24.94 (
𝜎′𝑚

𝑝𝑎⁄ )
0.46) 

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 qc 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). 

 

Figure 4.31: Pile locations for batch 2 

Pile number D/t Impact Set 1 Impact Set 2 Speed Frequency 

1v High - - Low Low 

2i Low Low/High - - - 

3i High - High/Low - - 

4v High - - High High 

5v 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 qc 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 

load (kN) 

Cycles Second monotonic 

load (kN) 

1v 4 1000 20 

2i 4 100 12 

3i 4 100 12 

4v 4 1000 12 

5v 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. 

 

Figure 4.32: Layering sequence 

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

0 50 50 

50 60 10 

Filled with 
water

Layer of sand 
added

Sand vibrated 
one way

Filled with 
water

Layer of sand 
added

Sand vibrated 
other way
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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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Figure 4.33: Cone penetration testing locations during batch 3 

 

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. 



74 

 

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 qc 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). 

 

Figure 4.35: Pile locations for batch 3 

Pile number D/t Impact Set 1 Impact Set 2 Speed Frequency 

1v High - - High High 

2v Low - - High Low 

3i High - High/Low - - 

4v High - - Free Low 



75 

 

5v 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. 

 

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 4.37: Cone penetration testing locations during batch 4 

 

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 qc 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). 

 

Figure 4.39: Pile locations for batch 4 

Pile number D/t Impact Set 1 Impact Set 2 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 

load (kN) 

Cycles Second monotonic 

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 qc 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 

qc  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 qc 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 qc, as well as the lowest average qc. 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 qc 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 qc was 

calculated, which was then compared to the largest difference. The pile location with the lowest average 

qc 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 = ⁡𝑞𝑐;𝑚𝑎𝑥 − 𝑞𝑐;𝑛 

𝛼 =
𝑑

𝑑𝑚𝑎𝑥
× 0.05 

For example, a pile location with a qc exactly in the middle of the two extremes will have a correction 

factor 𝛼 of 2.5%. 

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

during interpretation. 

𝑦𝑐𝑜𝑟 = 𝑦 × (1 + 𝛼) 

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.  



83 

 

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. 

  

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 pref = 100 kN/m2. 
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The relative density was calculated with the help of relations suitable for shallow CPT (Krogh et al., 2022). 

𝜎′𝑝 = 0.33(𝑞𝑡 − 𝜎𝑣)
0.72 

𝑂𝐶𝑅 =
𝜎′𝑝
𝜎′𝑣

 

𝐾0 = (1 − 𝑠𝑖𝑛𝜑′)𝑂𝐶𝑅𝑠𝑖𝑛𝜑 

𝜎𝑚 =
𝜎′𝑣
3

(1 + 2𝐾0) 

𝑅𝐷 =
1

2.96
ln⁡(

𝑞𝑐
𝑝𝑎⁄

24.94 (
𝜎′𝑚

𝑝𝑎⁄ )
0.46) 

Where 𝜎′𝑣 is the lateral effective stress, 𝜑′ is the critical state friction angle, and 𝑝𝑎  is the atmospheric 

pressure (100 kPa) For these relations, the average qc 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 γsat = 20 kN/m3 and an unsaturated unit weight of γunsat = 18 kN/m3. For batch 4, the 

unsaturated unit weight was γunsat = 17 kN/m3. 
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 E50 (MPa) Eoed (MPa) Eur (MPa) m (-) Φ’ (°) ψ(°) Rf (-) einit (-) 

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. 

 

Figure 5.2: Phases used for the FEM 



87 

 

 

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 γ (kN/m3) E (kN/m2) ν d (mm) G (kN/m2) 

Pile wall 78.50 210 x 106 0.2 4 87.50 x 106 

Pile head 0 210 x 106 0 4 105 x 106 

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 

a vibratory installation, whereas a “i” means an impact hammer installation. 

6.1  Installation 

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

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 Set 1 Impact Set 2 Speed Frequency 

1v High - - Low Low 

2i High - X - - 

3i Low X - - - 

4v High - - High High 

5v 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. 

 

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. 

 

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 

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

6.1.1.5 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 6-3 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 

(outside) 

After 

(outside) 

Difference Before 

(inside) 

After 

(inside) 

Difference 

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 
difference outside the pile) 

Pile number (increasing 
difference inside the pile) 

Pile number (increasing 
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 3i are 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 Set 1 Impact Set 2 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. 

 

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. 

 

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. 



96 

 

 

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 

installation 

Partially crane-

controlled installation 

Fully free-hanging 

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 

(outside) 

After 

(outside) 

Difference Before 

(inside) 

After 

(inside) 

Difference 

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 
difference outside the pile) 

Pile number (increasing 
difference inside the pile) 

Pile number (increasing 
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 Set 1 Impact Set 2 Speed Frequency 

1v High - - Low 23 Hz 

2v High - - High 23 Hz 

3i Low X - - - 

4v High - - High 23 Hz 

5v 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. 

 

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 

(outside) 

After 

(outside) 

Difference Before 

(inside) 

After 

(inside) 

Difference 

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 

5v 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 qc 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. 

 

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

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. 

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 

4v Free Low 17/12 16.5/11 

5v 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 qc 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. 

 

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

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. 

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 

5v 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 qc 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. 

 

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 - - 

4v Thin High High 

5v 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. 

 

Figure 6.14: Uncorrected displacement during initial monotonic loading for all piles in batch 2 
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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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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.  

 

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: 

∆𝜃(𝑁)

𝜃𝑠
=
𝜃𝑁 − 𝜃0

𝜃𝑠
 

Where 𝜃𝑠 is the rotation for the initial monotonic test, 𝜃0 is the initial rotation (rotation after the first 

cycle) and 𝜃𝑁 is the rotation at cycle N. To calculate the rotation at any moment one must use: 

𝜃 = arctan⁡(
𝑥

𝐿𝑅
) 

Where 𝑥 is the horizontal displacement and 𝐿𝑅 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 = 0.76 × 1.5 + 0.53 = 1.67⁡𝑚 

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.  

 

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. 

 

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 

 

Figure 6.21: Displacement during secondary monotonic loading in batch 2, at the same scale as Figure 6.15 
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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 

5v 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 

 

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. 

 

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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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. 



117 

 

 

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. 

 

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. 

 

Figure 6.29: Displacement during secondary monotonic loading in batch 3 



119 

 

 

Figure 6.30:  Displacement during secondary monotonic loading in batch 3, at the same scale as Figure 6.24 

 

 

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 

 

Figure 6.33: Displacement during initial monotonic loading for all piles in batch 4 
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As can be seen in 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. 

 

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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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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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. 

 

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. 

 

Figure 6.38: Displacement during secondary monotonic loading in batch 4 
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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. 

 

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. 



129 

 

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 

& Dührkop (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. Zdravković 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 (qc) 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 qc to lowest qc after 

installation, next to a list of piles from lowest to highest lateral displacement during loading (see 6.3). 

Average qc 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 qc 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 qc 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 qc 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 qc after 

installation cannot be correlated to pile displacement during initial loading. As qc 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 
difference outside the pile) 

Pile number (increasing 
difference inside the pile) 

Pile number (increasing 
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 
difference outside the pile) 

Pile number (increasing 
difference inside the pile) 

Pile number (increasing 
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 
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 

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.  
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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: 

• Pile inclination during and after installation should also be measured to investigate any possible 

effect on lateral behaviour. 

• 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 

• 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. 

• 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. 

• 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.  

• It is recommended 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. 

• It is 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 
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Appendix B: Sand specifications 
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Appendix C: Installation results 
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Appendix D: CPT results 
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Appendix E: Experiment logbook 
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