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1 Introduction 
 

Monopiles are currently the predominant type of 
foundations for offshore wind turbines in the North 
Sea and worldwide. The current installation method 
consists of hydraulic pile driving by means of impact 
hammering the tubular steel piles into the seabed. 
However, the increasing size of monopiles has led to 
problems associated with the conventional installa-
tion method, notably high underwater noise (Tsou-
valas, 2020). In that context, the use of vibratory in-
stallation has been investigated over the last years as 
a plausible low noise installation method.  

These offshore foundations differ from typical 
piles used onshore in the sense that they are subjected 
to horizontal cyclic loads induced by the repeated ac-
tion of waves and wind on the top structure, hence the 
design is usually governed by lateral stiffness. Previ-
ous research based on field (e.g. Achmus et al., 2020) 
and laboratory (e.g. Labenski et al., 2019; Hoffmann 
et al., 2020; Spill et al., 2020) tests have indicated a 
softer lateral behaviour for vibratory-driven piles in 
comparison with impact-driven piles in dense sand. 
On the other hand, Anusic et al. (2019) and Ke-
mentzetzidis et al. (2023) showed from field tests 
that, in medium-dense sand, vibro-piles behaved 
stiffer than impact-driven piles. 

However, the knowledge on the effect of installa-
tion settings of the vibratory hammer on the lateral 
stiffness is still limited. Achmus et al. (2020) showed 
from large-scale field tests in dense sand (pile 

diameter of 4.3 m and a length-to-embedment depth 
ratio (L/D) of approximately 4.3) that the one pile in-
stalled with low frequency of the vibro-hammer (15 
Hz) exhibited stiffer behaviour than the two piles in-
stalled with higher frequency (22.5 Hz) – though still 
slightly lower than the stiffness observed for the im-
pact-driven piles. Nevertheless, definitive conclu-
sions cannot be drawn due to the limited number of 
tests carried out in that study, as well as the fact that 
not only the frequency but also the installation proce-
dure (i.e. number of interruptions during driving) dif-
fered from the other vibrated piles. 

In other studies that varied the installation param-
eters (Labenski et al., 2019; Hoffmann et al., 2020; 
Labenski, 2020), it was suggested that an important 
aspect that governs the lateral response of piles is 
whether the vibration mode is “cavitational” or “non-
cavitational”. A non-cavitational vibration mode oc-
curs when the pile tip is always in contact with the 
adjacent soil whereas a cavitational mode occurs 
when the pile tip loses contact with the soil during the 
upward displacement stage within a vibration cycle. 
These studies suggested that a non-cavitational instal-
lation leads to a low lateral stiffness whereas a cavi-
tational installation leads to a stiffer lateral response, 
which is more similar to – though still slightly lower 
than – the stiffness of impact-driven piles. However, 
determining whether the vibration mode is (non-)cav-
itational is not trivial. Rodger & Littlejohn (1980) as-
sociated cavitational or non-cavitational vibration 
modes with slow or fast vibratory driving, 
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ABSTRACT: The vibratory installation of monopiles as foundation for offshore wind turbines is considered a 
plausible solution next to the conventional installation method (impact-hammering). One of the main ad-
vantages is the lower noise emissions, reducing harm to the marine life. However, knowledge on the effects of 
the vibratory installation parameters on the lateral response of monopiles – and how these effects differ from 
those caused by impact-driving – is limited. This paper presents the results from an ongoing Joint Industry 
Project (SIMOX) with focus on 1g laboratory tests carried out in a 9.0m x 5.5m x 2.5m tank with saturated sand 
at Deltares, the Netherlands. The tests involve the installation (impact and vibratory) of scaled piles with 32 cm 
diameter, embedment length of 1.5 m and two wall thicknesses. The lateral loading regime consisted of mono-
tonic and cyclic lateral loading. The results show the effect of soil density and different installation parameters 
of vibratory installation on the lateral response of the piles compared to a conventional impact installation. 
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respectively, whereas Vogelsang (2016) related a 
cavitational or non-cavitational mode to large or 
small displacement amplitude of the pile tip during 
vibro-installation. Overall, determining the vibration 
mode is challenging as there are not direct ways of 
measuring it.    

In terms of cyclic loading, few studies have ana-
lysed the effect of pile installation on the cyclic be-
haviour of laterally-loaded monopiles. Hoffmann et 
al. (2020) showed from scaled model tests that the ac-
cumulated lateral displacements converge for impact-
driven and vibrated piles. Kementzetzidis et al. 
(2023) showed from scaled field tests onshore that the 
lateral stiffness of piles installed with three different 
installation methods (impact, axial vibro, and the 
GDP technique, which combines torsional and axial 
vibro), although initially different, later converged for 
all piles after a cyclic loading programme that in-
volved small-amplitude ‘dynamic’ loading stages in-
terleaved with medium-amplitude cyclic loading. 

In addition to the valuable insights provided by the 
previous studies, there is need for a larger dataset of 
tests with broader range of installation parameters, 
e.g. frequency of the vibro-hammer, lowering speed 
and crane (hook) load. In that regard, the current pa-
per presents the results from a scaled lab testing 
study, which is part of a larger research program 
(Joint Industry Project: SIMOX), at 1g conditions in 
which the effect of installation parameters on the lat-
eral behaviour of scaled piles is analysed for vibro 
and impact-hammered installed piles. The Water-Soil 
Flume laboratory tests, which were finalised in Octo-
ber 2022, are a stepping stone towards larger scale on-
shore testing planned for later in 2023. The results 
from the scaled lab tests show the influence of sand 
density, installation method and parameters on lateral 
displacement under monotonic and cyclic loading.  

 
2 Experimental set-up  

2.1 Testing facility, preparation and measurements 
The tests were conducted in the Water-Soil Flume at 
Deltares, Delft, the Netherlands, which consists of a 
tank with 9.0 m of length, 5.5 m of width and 2.5 m 
of depth, with a multipurpose wagon on rails above 
the tank (Figure 1a). The tank was filled with satu-
rated sand up to a height of 2.4 m in compacted layers 
of approximately 50 cm. The compaction took place 
using vibrating needles attached to the wagon, as 
shown in Figure 1a. For each layer, the compaction 
consisted of 3 runs of needles along the tank exten-
sion, with each run approximately 15-20 cm higher 
than the previous one, so that 3 runs were needed to 
compact every 50 cm. 

The experimental programme consisted of four 
batches. Representative CPT profiles for batches 1, 2 
and 3 with dense sand (target relative density 70% to 
90%) and for batch 4 with medium-dense sand (target 

relative density 40% to 60%) are shown in Figure 2. 
Results from batches 2, 3 and 4 are presented in this 
paper. For each of these batches, 8 piles were installed 
(Figure 1b) and subsequently subjected to horizontal 
loading. The centre-to-centre distance between piles 
was 8D in the loading direction and 6.5D perpendic-
ular to the loading direction. The distance between the 
piles and walls of the tank was 4.3D. Piles were 
loaded in the direction indicated by yellow arrows in 
Figure 1b such that boundary effects were minimised. 
The distance from the pile tip to the bottom of the tank 
was 2.8D. All distances were larger than the mini-
mum distances recommended by Tasan et al. (2011). 
CPTs before pile installation and after pile loading, 
1D from each other, at mid-distance between pile 
pairs (i.e. 4D from each pile), showed negligible dif-
ferences in cone resistance. Pore pressure transducers 
were attached to the walls of the tank to verify poten-
tial liquefaction due to pore pressure build-up effects 
during pile installation and cyclic loading, which was 
found to be negligible in all stages. 

 

 
(a) 

 
(b) 

Figure 1. Water-Soil Flume at Deltares: (a) vibrating needles for 
soil compaction; (b) top view with 8 piles installed in the tank. 

 

 
Figure 2. Representative CPT profiles for medium-dense and 
dense batches. 
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The model set-up is illustrated in Figure 3. Accel-
erations were measured during vibratory pile installa-
tion, with triaxial accelerometers both on the vibro-
hammer and on the pile head, and the blow count was 
recorded during impact-driven installation. The verti-
cal pile motion was measured by a high-accuracy la-
ser sensor. The hook load was measured by a load cell 
placed between the lower end of the crane and the vi-
bro-hammer (Figure 4), which was connected to the 
pile by means of a bolted interface plate. The soil was 
instrumented at two pile positions with total stress 
sensors and pore pressure sensors near the pile tip at 
approximately 1D in the horizontal direction from the 
pile centre. An increase in pore pressure during vibro 
installation   was observed for all piles installed at the 
instrumented positions. The excess pore pressures 
quickly dissipated at the end of installation. The ob-
served increase in pore pressure during impact instal-
lation was found to be less significant or even negli-
gible. During lateral loading, horizontal force and 
displacement were measured at the pile head, as well 
as total stress and pore pressure in the soil next to the 
pile tip. The force was measured by a load cell be-
tween the actuator and the load application point, 
whereas the displacement was measured with a mag-
netostrictive linear position sensor (Figure 5). 

 

 
(a) 

 

 
(b) 

Figure 3. Lab set-up for (a) pile (vibro) installation; (b) loading. 
 

 
Figure 4. Set-up used for pile installation 

 

 
Figure 5. Lateral force and displacement devices 

2.2 Soil characteristics  
The scaled model tests were conducted with saturated 
Sibelco S90 sand (Balder et al., 2020; Coronel et al., 
2020), which is a medium-fine sand with high sphe-
ricity and sub-angular shape. The sand has a mean 
particle size of d50 = 0.147 mm and a coefficient of 
uniformity cu = 1.6, and average maximum and mini-
mum densities of 1.590 and 1.333 g/cm3, respec-
tively. 

2.3 Pile properties 
Steel piles with outer diameter D = 0.32 m and total 
length of Lp = 2.0 m were used for the tests. Six piles 
had a wall thickness t = 4 mm (D/t = 81) and two piles 
had t = 10 mm (D/t = 32). The embedded length was 
L = 1.5 m, hence the L/D ratio was 4.6, which is con-
sidered representative for offshore monopiles. The 
piles had an external flange at the top for multiple pur-
poses e.g. attachment of the vibro-hammer and con-
nection of lateral loading and displacement devices.   
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2.2 Soil characteristics  
The scaled model tests were conducted with saturated 
Sibelco S90 sand (Balder et al., 2020; Coronel et al., 
2020), which is a medium-fine sand with high sphe-
ricity and sub-angular shape. The sand has a mean 
particle size of d50 = 0.147 mm and a coefficient of 
uniformity cu = 1.6, and average maximum and mini-
mum densities of 1.590 and 1.333 g/cm3, respec-
tively. 

2.3 Pile properties 
Steel piles with outer diameter D = 0.32 m and total 
length of Lp = 2.0 m were used for the tests. Six piles 
had a wall thickness t = 4 mm (D/t = 81) and two piles 
had t = 10 mm (D/t = 32). The embedded length was 
L = 1.5 m, hence the L/D ratio was 4.6, which is con-
sidered representative for offshore monopiles. The 
piles had an external flange at the top for multiple pur-
poses e.g. attachment of the vibro-hammer and con-
nection of lateral loading and displacement devices.   

2.4 Installation equipment 
An impact hammer and a vibro hammer were used for 
pile installation. The impact hammer used was a 
HL750 dropping weight piling machine. For the in-
stallations in dense sand, a falling weight of 285 kg 
with a drop height of 0.4 m was used, whereas for the 
piles in medium-dense sand the dropping height was 
0.1 m. The hydraulic vibro-hammer used was a model 
APE-23, with an eccentric moment modified from the 
standard 2.3 kg.m to a lower value of 1.3 kg.m. The 
vibro-hammer was connected to an overhead crane 
(see Figure 4), which had two possible lowering 
speeds during installation: 10 mm/s (low speed) or 
110 mm/s (fast speed). 

Two guiding systems were used during pile instal-
lation (shown in Figure 4): a metal frame attached to 
dragline mats (that were supported by the edges of the 
tank) was used to prevent rotation of the vibro-ham-
mer as well as tilting in one direction. In addition, a 
second guiding system was placed in between the 
dragline mats, as indicated in Figure 4. 

2.5 Lateral loading device 
Lateral loading was applied by an in-house built lat-
eral loading device consisting of an electric motor 
connected to a spindle as shown in Figure 5. The load-
ing device was connected to the wagon above the 
tank. The wagon movement during lateral loading 
was measured by an independent system and was 
found to be negligible.  

2.6 Testing programme 
The testing programme, which was conducted be-
tween June and October 2022, consisted of 8 lateral 
loading tests per batch, with a total of 24 lateral load-
ing tests, of which 16 piles were installed with vibra-
tion (11 in dense sand, 5 in medium-dense sand) and 
8 with impact hammering (5 in dense sand, 3 in me-
dium-dense sand). A selected number of piles in 
dense and medium-dense sand is presented in this pa-
per to illustrate some of the findings from the Water-
Soil Flume testing programme. 

Each pile was loaded in three stages: (i) an initial 
monotonic stage from zero to 0.25 Hult, where lateral 
bearing capacity Hult is defined as the load at which 
the pile exhibits a displacement of 0.1D at ground 
level – obtained from 3D FE analyses in dense and 
medium dense sand; (ii) purely one-way cyclic load-
ing (1000 cycles for most piles, but 100 or 500 cycles 
for some piles) from zero to 0.25 Hult with a cyclic 
frequency of 0.1 Hz; (iii) a final monotonic stage up 
to the maximum load supported by the system. The 
load level for the cyclic loading was selected based 
on typical values for monopiles, based on previous 
studies (e.g. Hoffmann et al., 2020; Kementzetzidis et 
al., 2023). The lateral bearing capacity Hult was 

estimated prior to the tests by means of a 3D finite-
element model (FEM), which will not be detailed in 
this paper for the sake of brevity.  

The installation settings used for each pile are pre-
sented in Table 1, where the nomenclature stands for 
the batch number followed by the pile number and the 
installation method (e.g. B2-P1v stands for batch 2, 
pile 1, vibratory installation). 

 
Table 1. Test programme: selected representative tests. 

Pile ID* t Method Vibro Cycles 
 (mm) Frequency Speed 
B2-P3i 10 Impact - - 100 
B2-P8v 10 Vibro High Low 100 
B3-P1v 4 Vibro High Free 1000 
B3-P3i 10 Impact - - 1000 
B3-P4v 4 Vibro Medium Free 1000 
B3-P5v 4 Vibro Low Low 1000 
B3-P6v 4 Vibro High Low 1000 
B3-P7i 4 Impact -  - 1000 
B3-P8v 10 Vibro Low Free 1000 
B4-P1v 4 Vibro Medium Low 1000 
B4-P2v 4 Vibro Medium High 1000 
B4-P4v 4 Vibro Medium High 1000 
B4-P5v 4 Vibro Medium Low 1000 
B4-P6i 4 Impact - - 1000 
B4-P7i 4 Impact - - 1000 

* B2 and B3 = dense sand; B4 = medium dense sand 
 

 
3 Results and discussion  
 
The results are divided into dense and medium-dense 
sand, for installation and lateral loading. 

3.1 Dense sand: installation and initial monotonic 
loading 

As shown in Table 1, different installation parameters 
were tested as part of the experimental programme. 
The different combinations of lowering speeds of the 
crane (low, high) with the different frequencies of the 
vibro-hammer (low, medium, high) led to different 
types of vibratory installation: crane controlled or free 
hanging. During crane-controlled installation, the 
weight of the whole pile-hammer system was sus-
tained by the overhead crane, hence the hook load 
measured by the load cell oscillated around the self-
weight of the pile-hammer system. For some cases, 
the weight was taken partially by the crane and par-
tially by the soil. Figure 6 presents the hook load as a 
function of the vertical penetration for two piles: Pile 
B3-P6v in Figure 6(a) is an example of a fully crane 
controlled installation, whereas Pile B3-P4v in Figure 
6(b) is a representative example of a fully free hang-
ing installation (i.e. hook load equals zero).   

For the crane-controlled pile installations, both the 
lowering speed of the crane + hammer + pile system 
and the frequency of the vibro-hammer varied, as 
shown previously in Table 1.  
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(a) 

 
(b) 

Figure 6. Different modes of vibratory installation: (a) crane-
controlled; (b) free-hanging. 

 
The initial monotonic force-displacement curves 

of selected thin-walled piles in dense sand are shown 
in Figure 7. It can be observed that the lateral dis-
placement at 0.25 Hult for the impact-driven pile is 
just slightly smaller than that for the crane-controlled 
vibrated piles (i.e. the impact-driven pile is slightly 
stiffer than the crane-controlled vibrated piles, if the 
secant stiffness is considered at 0.25 Hult). An addi-
tional observation is that the frequency of the vibro-
hammer seems to have little influence on the lateral 
response of crane-controlled vibrated piles, as both 
piles B3-P5v and B3-P6v (vibrated with high and low 
frequency, respectively) exhibit similar lateral stiff-
ness.  

 

 
Figure 7. Load-displacement curves for initial monotonic load 
for impact-driven and vibrated thin-walled piles in dense sand. 

On the other hand, for both piles installed with 
free-hanging vibration, the lateral displacement at 
0.25Hult is somewhat larger in comparison with im-
pact-driven and crane-controlled vibrated piles. As 
for the crane-controlled piles, the lateral stiffness of 
the two free hanging piles seems to be little influ-
enced by the vibration frequency, as the force-dis-
placement curves for B3-P1v and B3-P4v (vibrated 
with high and medium frequency, respectively) are 
similar.  

The observation that the vibration frequency 
seems to have little influence on the lateral stiffness 
differs from the conclusions of Achmus et al. (2020). 
In that study, the authors observed that the pile in-
stalled with low vibration frequency and penetration 
speed behaved stiffer than those with higher fre-
quency and penetration speed, which suggested that a 
higher frequency and penetration speed generated in-
stallation effects that led to a lower lateral stiffness. 
However, the load taken by the crane was not meas-
ured in the tests of Achmus et al. (2020), hence the 
differences in lateral stiffness might have occurred 
due to different installation modes (free hanging and 
crane-controlled). Another possible explanation is 
that the difference in scales may cause different in-
stallation effects – scaling effects will be addressed in 
the upcoming large-scale field tests in SIMOX. The 
reader is also referred to section 3.4for a discussion 
on the (dis)advantages of 1g testing in comparison to 
full-scale testing or centrifuge testing. 

The difference between the lateral stiffness of free 
hanging and crane-controlled vibrated piles is even 
more pronounced for thick-walled piles (D/t = 32), as 
shown in Figure 8. The results are presented sepa-
rately for batches 2 (Figure 8a) and 3 (Figure 8b) as 
they are not directly comparable due to slight differ-
ences in soil density (though in both batches the sand 
was dense). It is shown that the pile installed with 
crane-controlled vibration behaves more similarly to 
the impact-driven pile in comparison with the pile in-
stalled with free hanging vibration, which exhibits a 
much softer lateral behaviour in comparison with the 
respective impact-driven pile in the same batch. 

These observations on the effect of free hanging or 
crane-controlled installation on the lateral response of 
piles can be related to the findings of Labenski et al. 
(2019), Labenski (2020) and Hoffmann et al (2020) 
on the effect of cavitational and non-cavitational 
modes of vibratory installation on lateral stiffness. 
Piles installed with crane-controlled vibration in the 
current study exhibit similar behaviour to impact-
driven piles, which is also the case for piles installed 
by cavitational mode of vibration in the aforemen-
tioned literature. This suggests that a crane-controlled 
installation leads to a cavitational vibration mode. It 
is reasonable to assume that, if the pile is ‘held back’ 
by the crane during vibratory installation, a gap be-
tween pile tip and the adjacent soil may be created, 
leading to a cavitational installation. On the other 
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Figure 8. Load-displacement curves for initial monotonic load 
for impact-driven and vibrated thick-walled piles in dense sand: 
(a) batch 2; (b) batch 3. 

 
The softer behaviour observed for piles installed 

with free hanging vibration could be attributed to var-
ious reasons, such as the difference in pore pressure 
effects and the difficulty in controlling the pile verti-
cality during installation. For all free hanging piles, 
inclination was observed approximately halfway 
through installation, which was corrected in the final 
part of installation. The exact inclination during in-
stallation was not measured, which will be done in the 
onshore field tests. 

3.2 Dense sand: cyclic loading 
After the initial monotonic loading stage, all piles 
were subjected to cyclic loading, as previously shown 
in Table 1. The cyclic loading stage led to changes in 
lateral stiffness due to changes in the soil state.  

The lateral secant stiffness (at 0.25 Hult load level) 
observed during cyclic loading normalised by the 
stiffness in the first cycle is shown in Figure 9, where 
KN is the lateral stiffness after N cycles and Kini is the 
initial stiffness for the first loading cycle (i.e. loading 
stage (ii), after the initial monotonic loading of stage 
(i) – see section 2.6). It is shown that, although the 

stiffness in the monotonic stage is larger for the im-
pact-driven pile (as shown previously in Figure 7), the 
gain in lateral stiffness is less pronounced for this 
pile. For the vibrated piles, on the other hand, the gain 
in stiffness during cyclic loading is larger. In fact, the 
piles that had lower lateral stiffness in the initial mon-
otonic stage had a larger increase in lateral stiffness 
during cyclic loading. For instance, while for the im-
pact-driven pile (B3-P7i) the gain in lateral stiffness 
after 1000 cycles in comparison with stiffness at the 
first loading cycle of stage (ii) was approximately 
16% (i.e. KN/Kini = 1.16), for the free hanging vibrated 
piles the increase after 1000 cycles was up to 54% 
(KN/Kini = 1.54 for B3-P1v). However, it shall be 
noted that despite the larger increase in lateral stiff-
ness for vibro-installed piles, the impact-driven pile 
still exhibited the stiffest lateral response among all 
piles after 1000 cycles. Another observation from 
Figure 9 is that the increase in lateral stiffness de-
creases with increasing number of cycles and be-
comes very small after 1000 cycles, which suggests 
that the increase in lateral stiffness of the piles seems 
to stabilise in the long term. 

The observations of lateral stiffness suggest that 
the differences in the initial effects of pile installation 
on lateral behaviour can reduce with cyclic loading, 
which is in line with the findings of Hoffmann et al. 
(2020), Kementzetzidis (2023) and Kementzetzidis et 
al. (2023). However, Hoffmann et al. (2020) sug-
gested that the lateral displacement of piles installed 
by impact and vibro installation converge to a single 
value after 1000 cycles. This observation was not 
confirmed during the lab tests and will be further in-
vestigated in the onshore field-testing campaign. Ke-
mentzetzidis (2023), on the other hand, observed that 
after 5000 cycles the difference in lateral stiffness of 
piles installed with different methods decreased to a 
seemingly steady value, although this stiffness value 
was not the same for all piles. The findings of Ke-
mentzetzidis (2023) are in line with those reported in 
the current paper. 

 

 
Figure 9. Lateral stiffness with the number of cycles, normalised 
by the initial stiffness for the 1st loading cycle. 
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3.3 Medium-dense sand: installation and initial 
monotonic loading 

The piles in medium-dense sand were initially loaded 
up to 0.25 Hult. It is worth noting that, due to the lower 
density of the sand in batch 4 in comparison with the 
previous batches, Hult was lower than the value ob-
tained for the dense sand batches. Since only one 
batch was prepared with medium-dense sand, the fre-
quency of the vibro-hammer was kept constant for all 
(vibro) installations, as well as the installation mode, 
which was crane-controlled for all piles. The only pa-
rameter that was varied was the penetration speed: 
two out of four vibrated piles were installed with high 
penetration speed and two other piles were installed 
with low penetration speed. In addition to the four vi-
bro-installed piles, two piles were driven into the soil 
by impact hammering. 

The force-displacement results of the initial mon-
otonic tests for thin-walled piles installed in medium-
dense sand are shown in Figure 10. It can be seen that 
the two piles vibrated with high lowering speed be-
haved distinctly softer than those vibrated with low 
lowering speed. The impact-driven piles exhibited 
horizontal displacement that was either similar or 
smaller (i.e. stiffer lateral response) than the low-
speed vibrated piles, and significantly smaller than 
the displacement of both high-speed vibrated piles. 
Previous field test results presented by Anusic et al. 
(2019) for piles with D = 16.5 cm and embedded 
length L = 4 m (i.e. L/D = 24) in medium-dense sand 
showed that the vibrated piles exhibited larger lateral 
stiffness under monotonic loading than the impact-
driven piles. Both vibrated piles were installed with 
the same frequency and same penetration speed, 
hence the influence of installation speed observed in 
the current paper was not analysed by Anusic et al. 
(2019). The stiffer behaviour observed in those tests 
was attributed by Anusic et al. (2019) to soil compac-
tion during vibratory installation. Therefore, the 
stiffer behaviour of the low-speed (vibro) piles may 
be attributed to the larger number of vibration cycles 
imposed to the soil by low-speed installation as a con-
sequence of the longer duration of the pile installa-
tion. In fact, CPTs carried out before and after pile 
installation show a significant increase in qc values 
and hence suggest an increase in soil density. These 
observations will be verified during large-scale on-
shore field tests which will involve a larger number 
of pile tests. 

Besides the possible influence of soil densifica-
tion, the larger lateral stiffness observed for low-
speed installation may be related to a cavitational in-
stallation mode, as shown by Labenski et al. (2019). 
In that study, the pile installed in medium-dense sand 
with cavitational mode exhibited stiffer lateral behav-
iour than the pile installed with non-cavitational 
mode. The cavitational pile installation in Labenski et 
al. (2019) was slower than the non-cavitational one.  

 
Figure 10. Load-displacement curves for initial monotonic load 
for impact-hammered and vibrated thin-walled piles in medium-
dense sand. 

 
Therefore, the apparent relationship between low 

and high lowering speed with cavitational and non-
cavitational installation, respectively, is worth further 
analysis and research. 

In addition to the results of Anusic et al. (2019) 
and Labenski et al. (2019), the field tests reported in 
Kementzetzidis et al. (2023) also showed that piles 
with D = 76 cm and embedded length L = 8 m in-
stalled in medium-dense sand with vibratory tech-
niques behaved stiffer than impact-driven piles. 

3.4 Scaling effects 
It is acknowledged that the lower soil stress levels in 
the current 1g study in comparison with full-scale off-
shore conditions could influence both strength and 
stiffness. However, the use of centrifuge testing (in 
which stress levels are more comparable to those in 
full-scale) would bring its own disadvantages and 
challenges, such as interpretation of results of scaled 
installation tools.  

The 1g testing set-up as presented in this paper, 
although with lower stress levels, has provided a val-
uable contribution to the SIMOX project. Firstly, by 
generating qualitative insights in the relevant trends 
and effects of vibro installation compared to impact 
installation. These insights will be used as input to 
prepare for the scheduled onshore tests in SIMOX. 
Secondly, by allowing to gain quantitative insights in 
scaling effects when combined with the upcoming re-
sults of the onshore tests. 

4 Conclusions and next steps 

A testing programme was conducted in the Water-
Soil Flume laboratory at Deltares to analyse the effect 
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installation tools.  
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installation. These insights will be used as input to 
prepare for the scheduled onshore tests in SIMOX. 
Secondly, by allowing to gain quantitative insights in 
scaling effects when combined with the upcoming re-
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4 Conclusions and next steps 

A testing programme was conducted in the Water-
Soil Flume laboratory at Deltares to analyse the effect 

of installation method and parameters on the lateral 
behaviour of monopiles by means of scaled tests. 

The results suggest that the behaviour under initial 
monotonic loading is affected by the installation 
method. In dense sands, piles installed with the con-
ventional method of impact driving behaved stiffer 
than those installed with vibration. For the vibrated 
piles, the lateral stiffness seems to be affected by the 
hook load during installation, i.e. whether the instal-
lation is free hanging (i.e. zero hook load) or crane-
controlled (i.e. hook load oscillating around the static 
weight of the system). Free hanging piles exhibited a 
softer behaviour whereas crane-controlled piles be-
haved stiffer than the free hanging vibro-piles and just 
slightly softer than the impact-driven piles. This 
could be related to the pile loss of verticality during 
free hanging installation, which was observed visu-
ally but not measured – this will be measured during 
the onshore field tests to be carried out later in 2023. 
The difference between free hanging and crane-con-
trolled piles was even more pronounced for thick-
walled piles. The frequency and the speed of vibra-
tory installation (for crane-controlled installation) did 
not have a large influence on the lateral response of 
the piles installed in dense sand. 

On the other hand, for the piles installed in me-
dium-dense sand, where the installation of all vi-
brated piles was crane-controlled, the lowering speed 
during vibratory installation seems to have a signifi-
cant effect. Piles installed with low speed exhibited 
lateral response similar or marginally softer than im-
pact-driven piles, whereas piles installed with high 
speed showed distinctly softer lateral behaviour com-
pared to all other piles. 

From the piles installed in dense sand and subse-
quently subjected to cyclic loading, the differences 
between different installation methods seem to de-
crease. The gain in lateral stiffness during cyclic load-
ing for the (initially softer) free hanging piles with re-
spect to the initial stiffness in the first cycle was 
higher than the gain for the impact driven (initially 
stiffer) piles, especially in the first 100 cycles, which 
suggests that the differences in the initial effects of 
pile installation on lateral behaviour may reduce with 
cyclic loading. 

Although the results provide insights on the effect 
of installation on lateral behaviour of monopiles, the 
results cannot be directly extrapolated to larger 
scales. In that regard, the results presented in the cur-
rent paper are a first step towards the SIMOX large-
scale field tests, which will also provide information 
on the scaling effects.  

The results and learnings from the Water-Soil 
Flume laboratory testing will be used as input for the 
large-scale onshore field-testing programme that will 
be carried out later in 2023. The onshore tests will in-
volve the installation and lateral loading (monotonic 
and cyclic) of monopiles with 2.2 m diameter. The 
scope will be extended in relation to the tests 

presented in the current paper, and a total of 4 instal-
lation methods will be analysed: impact (as the refer-
ence case), axial vibro, torsional vibro combined with 
axial vibro (i.e. Gentle Driving of Piles – GDP), and 
water jetting combined with axial vibro (Vibrojet). 
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