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A B S T R A C T

This paper presents the development and testing of a lab-scale Gentle Driving of Piles (GDP) shaker.
Conventional impact piling for offshore monopile installation faces challenges due to noise regulations and its
adverse marine environmental impacts. The GDP method, which integrates high-frequency torsional vibrations
with low-frequency axial vibrations, aims to mitigate these issues. In this work, a new GDP shaker is designed
and tested to enhance vibratory pile driving by independently controlling torsional and vertical vibration
amplitudes and frequencies. Laboratory tests were conducted using the newly designed shaker for pile driving
in sandy soil to evaluate its performance. The results indicate a significant reduction in power consumption
and improved pile drivability with high-frequency, low-amplitude torsional vibrations. This study highlights
the importance of optimizing dynamic inputs for enhanced pile penetration and reduced environmental impact,
showcasing the potential of the GDP method as a promising alternative to traditional impact piling techniques.
1. Introduction

The rapid transition from fossil-based to renewable energy sources is
becoming increasingly apparent on a global scale (International Energy
Agency, 2023). Given this shift, and considering offshore wind as a ma-
jor source of renewable energy, a major rise in installations of offshore
wind turbines is anticipated. To meet the demands of the accelerated
energy transition, it is essential to install progressively larger offshore
wind farms in deeper waters. This presents several challenges at various
levels, with foundation design being one of the most challenging to
address. Despite substantial efforts to deploy alternative solutions, such
as floating technology capable of operating in deep waters (Musial
et al., 2023), monopiles remain the most common type of foundation
for both shallow and intermediate water depths, and they are expected
to continue being the concept of choice in the future (Ramírez et al.,
2021).

The most widely used monopile installation technique, i.e. impact
piling, is facing major challenges to meet the requirements regard-
ing noise generation during monopile installation (Tsouvalas, 2020).
During impact piling, high-level noise emissions in the water column
and seismic waves propagating in the seabed can adversely affect
marine species (Bohne et al., 2024). To deal with this problem, in
most cases costly and partly efficient noise mitigation measures are
employed (Würsig et al., 2000; Koschinski and Lüdemann, 2013),
which can also delay the installation process. In the near future, due
to the large increase in monopile dimensions, and more importantly
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in view of the continuous adoption of strict legislation to limit anthro-
pogenic noise in the offshore environment, it is very likely that impact
hammering may become infeasible.

Various noise mitigation strategies are presently used to address the
environmental concerns associated with impact piling. Most of these
approaches aim to extend the impact duration, thereby reducing sound
emission levels. This can be achieved for instance by shape optimization
of the hammer (Klages et al., 2021). Other examples are the ‘‘Blue
Piling’’ technique, which utilizes a large water column to generate the
driving force, as well as the MENCK noise reduction unit (MNRU) and
the PULSE system of IQIP (Koschinski and Lüdemann, 2020). All these
options are based on prolongation of the hammer impact duration and
reduction of the impact force, leading to primary noise reduction.

Given the cost and partial efficiency of these measures, the offshore
wind industry is actively exploring other alternatives to impact piling,
with vibratory techniques being the primary solution to address the
associated installation requirements (Holeyman et al., 2020; Staubach
et al., 2021; Kaynia et al., 2022). Therefore, established vibration-based
methods, such as axial vibratory driving, are currently used as an alter-
native pile driving technique in offshore construction works. However,
the adoption of these techniques in offshore wind projects remains
still limited. This is owed to various aspects, related to considerations
about the installation (Moriyasu et al., 2018; Tsetas et al., 2023c) and
post-installation behaviours (Kementzetzidis et al., 2023b) and open
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questions regarding energy efficiency (Gómez et al., 2022) and sound
emissions during vibro-driving (Dahl et al., 2015; Molenkamp et al.,
2024). However, there is an additional element related to the ques-
tionable capacity of these vibratory tools to drive the large-diameter
monopiles up to target depth in an optimal manner.

To provide an alternative solution to impact piling and improve the
capabilities of the existing axial vibratory method, the Gentle Driving
of Pile (GDP) method was developed (Metrikine et al., 2020). The GDP
method is based on the simultaneous application of high-frequency
torsional vibrations, as the main driving mechanism, in combination
with low-frequency axial vibrations. The high-frequency torsion is in-
troduced with the aim of (i) improving the installation performance, (ii)
reducing pile vibrations and thus noise emissions, and (iii) minimizing
the disturbance of the surrounding medium. The torsional loading
introduces purely shear waves in the surrounding media (Kausel, 2006),
which cannot propagate in the seawater fluid (Jensen et al., 2011).
Furthermore, it also leads to reduced radial pile expansion (Poisson’s
effect) due to the small axial vibration amplitudes needed to drive the
pile; the latter is the culprit for the noise generated during pile driving.
The proof-of-concept of the GDP technique was achieved by building
the first GDP shaker and testing piles in terms of both installation and
post-installation loading performances against standard driving meth-
ods during medium-scale field tests in a sandy soil site (Tsetas et al.,
2023a). Even though the GDP method provided promising results with
improved drivability and post-installation behaviour (Kementzetzidis
et al., 2023a), the use of the standard technology of counter-rotating ec-
centric masses was recognized as a potential limitation for the method.
This is owed to the fact that typically eccentric masses-based vibrators
possess a coupling between loading the amplitude and the driving
frequency (Wong et al., 1992; Whenham and Holeyman, 2012). In
view of this, the next step in the development of the GDP method
is focused on the improvement of the shaker design, in a manner
that allows the independent control of driving frequency and loading
amplitude. To further investigate this topic, new features are included
in a new lab-scale GDP shaker, which is utilized to carry out lab-scale
pile installation tests and assess its performance.

In this paper, we aim to demonstrate by means of lab-scale tests,
the advantages of including additional degrees of freedom to the GDP
shaker. To this end, a newly developed lab-scale shaker design is pre-
sented that is capable to independently control two modes of vibration,
namely torsional and vertical, both in terms of input amplitudes and
driving frequencies. A series of pile driving tests are executed in a
laboratory environment and data are collected from the instrumented
shaker, the pile and the soil. These tests showcase the efficacy of pile
driving with torsion at higher frequencies and more importantly, the
beneficial effect of the frequency-amplitude decoupling in both instal-
lation performance and power consumption. Furthermore, the high-
frequency torsion becomes apparent as the main driving mechanism
in comparison to vertical vibration. Conclusively, this experimental
campaign contributes to the optimization of the GDP technology, by
decoupling the frequency and amplitude of axial-torsional vibrations,
to further advance sustainable and environmentally friendly monopile
installation.

2. Vibratory devices for pile driving

Up to date, there has been a vast development of different types
of vibratory devices for onshore pile driving, operating from low-to-
medium frequencies (20–40 Hz) to even > 100 Hz; the latter with
the aim of operating near the pile-soil-shaker system resonance fre-
quency (Rainer Massarsch et al., 2022). In the case of offshore pile
driving, larger-scale vibratory tools are available to install monopile
foundations, which operate mostly in the former regime (i.e. around
20–30 Hz). Even though the variable eccentric-moment technology is
well-known and has been implemented in existing shakers (Viking,
2 
Fig. 1. The medium-scale GDP shaker connected to a pile via a bolted flange
connection.

2002), its adoption is quite limited. Most vibratory tools used in off-
shore pile driving employ the basic working principle of counter-
rotating eccentric masses with fixed eccentricity, which generates a
centrifugal force of fixed (nominal) amplitude per frequency. Therefore,
the loading amplitude and driving frequency of the input excitation
are coupled. This may lead to over-dimensioned vibratory tools and a
subsequent increase in underwater noise emissions. Furthermore, this
constraint can lead to increased pile fatigue in the case where higher
amplitudes (and thus frequency) are required to drive the pile to the
target depth, with the risk of pile-tool damage.

Similarly to existing axial vibratory shakers, the dynamic excitation
in the original GDP shaker was generated by the counter-rotation of
eccentric masses with constant eccentricity. This shaker was powered
by means of hydraulic pumps that drove two independent shafts,
generating centrifugal forces to induce axial and torsional vibrations;
the frequencies and amplitudes of these two excitations were distinct.
In particular, one set of eccentrics generated the vertical dynamic
load, whereas another set was utilized to generate a resultant torsional
moment. The GDP shaker is shown in Fig. 1, being connected to a pile
via a flange connection during the GDP field campaign (Tsetas et al.,
2023a).

Following the successful execution of the GDP field tests campaign
using the GDP shaker (see Fig. 1), a few points of attention were raised
related to the frequency–amplitude decoupling to improve the GDP
method. The main consideration lies in the proper design of the shaker
and its specifications, given the potential high power requirements, and
the minimization of super-harmonics that can be quite influential for
noise generation. In this manner, the main benefits of the torsional
driving mechanism can be fully realized without the need to induce
large motion amplitudes to the pile.

2.1. Lab-scale GDP shaker

To investigate the effect of frequency-amplitude decoupling and
its potential, a new lab-scale GDP shaker was designed and manufac-
tured (Gómez et al., 2024). Although the scaled shaker is powered by a
hydraulic system similar to the original GDP shaker, new features and
a different actuation principle have been introduced in the present GDP
shaker design.
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Table 1
Technical specifications of the hydraulic pistons of the scaled GDP shaker.
Design Pressure [bar] Weight [kg] Stroke [mm] Shaft diameter [mm]

150 1.5 ±5 16
Table 2
Summary of the position of the sensors with in the soil container.

Number of sensors Number of sensors Number of sensors
Location PWP [kPa] SPT [kPa] Accelerometer [g] Install. depth [cm]

1a 1 1 2 (X, Y) 30
1b 1 1 2 (X, Y) 60
2a 1 1 3 (X, Y, Z) 30
2b 1 1 2 (X, Y) 60
3 1 1 2 (X, Y) 50
4 1 1 1 (X) 50
5 1 1 – 50
6 1 1 – 50
7a 1 1 1 (X) 30
7b 1 1 – 60
8a 1 1 – 30
8b 1 1 – 60
Fig. 2. The newly-developed lab-scale GDP shaker.

The lab-scale shaker consists of a main block made of aluminium of
approximately 10 kg to accommodate 3 hydraulic double-acting linear
pistons, with a stroke of ±5 mm, that generate the vertical and torsional
vibrations (see Fig. 2). Two of the pistons are mounted on the block
at diametrically opposite locations and act in opposite directions to
generate a dynamic torsional moment. The third piston is mounted in
the centre of the shaker perpendicular to the other two pistons and
generates the vertical excitation. The shaker is connected to the pile
via a friction-based steel clamping component. The design details of
the actuators mounted on the shaker are summarized in Table 1.

The shaker is connected to the pile and controlled in a closed
feedback loop as shown schematically in Fig. 3. First, the input ampli-
tude and frequency for all actuators is set in the software, generating
a sinusoidal signal with the desired amplitude and frequency. The
controller then sends the prescribed signal to the valve to generate a
harmonic motion, leading to the motion of the pistons and thus the pile
excitation. The pistons are hydraulically driven by three fast continuous
valves, individually. Furthermore, potentiometers are connected to the
actuators, for the purpose of sending a feedback signal to the system
3 
and correcting the error by means of a PID controller, to generate
the desired signal as accurately as possible. The main new feature
of this shaker – compared to the previous design – is the capability
to independently prescribe the driving frequency and amplitude in
a controlled manner, achieving frequency-amplitude decoupling. The
high-level code description of the control system for each individual
piston is given in Algorithm 1.

Algorithm 1 Control algorithm for each piston
previous_error = 0
integral = 0
for 𝑡𝑖 in 𝑡 do

set_point = 𝐴𝑝 cos
(

2𝜋 𝑓𝑝 𝑡𝑖
)

error = set_point - measured_value
proportional = error
integral = integral + error ⋅𝛥𝑡
derivative = (error - previous_error) / 𝛥𝑡
previous_error = error
output = 𝐾𝑝⋅ proportional + 𝐾𝑖⋅ integral + 𝐾𝑑 ⋅ derivative

Furthermore, it is noted that the actuation principle of the newly de-
signed shaker is not based on the standard concept of counter-rotating
eccentric masses, but on the translational motion of linear hydraulic
cylinders with variable added mass. Although this new feature may
appear as a minor change, it is a major addition that provides the
capability of fast shaker detuning if needed. During pile driving, there
is a strong coupling between the pile, the soil, and the shaker. This
coupling may lead to undesirable vibrations in the tool that could lead
to instability in the controller, which, in turn, could result in damage
of tool components and/or large pile vibrations.

3. Description of the experimental set-up

In this section, the lab-scale experimental set-up is presented. In
particular, the properties of the shaker, the pile and the soil instru-
mentation, as well as the process of soil conditioning are described.
The main objective of the experimental tests carried out in this work
is to investigate the effect of different driving settings in the extended
parameter space, owed to frequency-amplitude decoupling. To this end,
the newly designed lab-scale shaker is used to drive an instrumented
pile into conditioned sandy soil, by means of harmonic input loads
with prescribed amplitude and frequency for both motions (torsional
and vertical).
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Fig. 3. Feedback control system of the lab-scale GDP shaker.
Fig. 4. The GeoModel container of dimensions 4 × 2.5 × 1.2 m at the GeoLab of the Deltares facilities in The Netherlands.
Fig. 5. Pore-water pressure (PWP), soil pressure (SPT) and accelerometers attached on steel rods, prior to placement in the GeoModel container (left) and during placement in
the water-saturated sand bed in the GeoModel container (right).
3.1. Soil instrumentation and conditioning

To conduct the pile driving tests, the GeoModel container shown in
Fig. 4 located at Deltares (the Netherlands) is utilized (Deltares, Delft,
The Netherlands, 2024). The dimensions of the GeoModel container are
4 × 2.5 × 1.2 m (𝑙 × 𝑤 × ℎ). The container is designed to facilitate the
4 
preparation of homogeneous sand profiles with low relative density and
is equipped to saturate the soil to the desired level.

To create a homogeneous soil preparation with embedded instru-
mentation and a desired soil relative density, several steps need to
be followed. The first step, prior to filling the GeoModel container
with soil, is to instrument the container with pore water pressure
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Fig. 6. Detail description of the soil instrumentation in the GeoModel container consisting of Pore Water Pressure (PWP) and Soil pressure (SP) sensors and accelerometers.

Fig. 7. Water saturation of the sand bed in the GeoModel container.

Ocean Engineering 316 (2025) 119788 
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Fig. 8. Densification process in two steps: (a) densification with the use of a weight lifted by the crane and hitting the side walls of the container, and (b) densification of the
sand bed by using vibrating needles.
Fig. 9. Pile instrumentation consisting of tri-axial accelerometers and strain gauges in rosette configurations.
Table 3
Geometrical and material properties of the test pile.
Material Length 𝐿 [mm] Outer diameter 𝐷 [mm] Wall thickness ℎ [mm]

AISI 304 1200 154 2.0
6 



S.S. Gómez et al. Ocean Engineering 316 (2025) 119788 
Table 4
Parameter description of the experimental tests for the several soil preparations.

Torsional Vertical Average

freq. [Hz] ampl. [mm] freq. [Hz] ampl. [mm] pen.rate [mm/s]

test 1 0 0 23 ≈ 0.8 0.05
test 2 0 0 23 ≈ 1.6 0.16
test 3 0 0 23 ≈ 2.4 0.17
test 4 0 0 23 ≈ 3.3 0.24
test 5 – – – – failure

Soil 1 test 6 – – – – failure
test 7 30 ≈ 0.8 0 0 0.96
test 8 40 ≈ 0.8 0 0 0.52
test 9 50 ≈ 1.0 0 0 0.11
test 10 60 ≈ 1.0 0 0 0.85
test 11 70 ≈ 2.0 0 0 1.06
test 12 80 ≈ 1.5 0 0 0.60

test 1 0 0 32 ≈ 1.4 0.50
Soil 2 test 2 0 0 32 ≈ 2.3 2.75

test 3 69 ≈ 2.4 0 0 2.85

test 1 69 ≈ 2.5 23 ≈ 1.3 8.50
test 2 92 ≈ 1.2 23 ≈ 1.3 0.30
test 3 92 ≈ 1.2 23 ≈ 1.3 0.20

Soil 3 test 4 69 ≈ 2.5 23 ≈ 1.3 0.17
test 5 69 ≈ 2.5 23 ≈ 1.3 0.15
test 6 0 0 23 ≈ 3.3 0
test 7 69 ≈ 2.5 0 0 0.13

test 1 23 ≈ 1.4 69 ≈ 1.4 4.80
test 2 23 ≈ 2.0 69 ≈ 1.4 0.50

Soil 4 test 3 92 ≈ 1.2 23 ≈ 1.2 0.25
test 4 92 ≈ 1.3 23 ≈ 1.2 0.82
Table 5
Properties of Baskarp B20 sand.

Particle density [g/cm3] Minimum void ratio [-] Maximum void ratio [-]
2.641 0.51 0.88

sensors (PWP), soil pressure sensors (SPT) and accelerometers at several
locations and depths of the container. In particular, the specific sensors
used are as follows:

• Pore pressure sensors of type AKR 1.000 D40 by EPCOS, with a
maximum measurement capacity of 100 kPa.

• Soil pressure sensors of type IPT by Kulite, with a maximum
measurement capacity of 1100 kPa.

• Triaxial piezoelectric accelerometers of type 830M1 by TE Con-
nectivity, with a measurement range of ± 200 g.

The pore water pressure sensors (PWP) and soil pressure sensors
(SPT) were used to measure the evolution of pore pressure and total soil
stress, respectively; the latter was measured along the radial direction
of the pile. Both SPTs and PWPs are attached to a stiff steel rod.
Accelerometers measure accelerations in either one (𝑋), two (𝑋, 𝑌 )
or three (𝑋, 𝑌 , 𝑍) directions simultaneously. The 𝑋- and 𝑌 -axes
correspond to the directions along the long and short edges of the
container, respectively, while the 𝑍-axis refers to the vertical direction.
Furthermore, all sensors were fully surrounded by soil after installation
at the appropriate location. Accordingly, Fig. 5 shows parts of the soil
instrumentation process.

The final soil sensor layout is shown in Fig. 6, where A, B and
C denote the three pile installation locations. It is noted that the
distance between the driving locations is assumed sufficient to not
disturb the soil at the different locations during driving (pile-to-pile
distance 7𝐷). Table 2 lists all the sensors installed in the soil, their
measurement direction and the embedment depth in correspondence
with the labelling shown in Fig. 6.

Next, the GeoModel container is filled with Baskarp B20 sand. First,
a loose and homogeneous sand bed is obtained via water saturation.
The GeoModel container has two compartments, one for water and the
7 
Fig. 10. Shaker detail of strain measurement.

other for sand. In the water compartment, there is a water pump with
a manifold connected to several hoses that pump water to the pipes
located at the bottom of the sand compartment of the container. These
pipes have small orifices that allow the pumped (pressurized) water to
uniformly saturate the loose and homogeneous sand preparation from
the bottom. The soil saturation process is shown in Fig. 7.

The following step in the set-up preparation is the soil densification.
This process is carried out in two steps, (i) application of shock waves
on the walls of the container and (ii) dynamic compaction by means of
a vibratory needle (see Fig. 8). The shock waves are applied by means
of hammering a heavy block onto the side walls of the container. By re-
peating this several times, and at different locations of the container, a
sand bed with a relative density of about 30% can be reached. Fig. 8(a)
depicts the densification process by means of impact hammering. To
further increase soil density, a vibratory method is used, consisting of
a vibrating needle inserted in the soil at a certain depth and slowly
pulled out, with a vibration frequency of approximately 192 Hz. The
vibrations are effective up to about 30-35 cm in radius of the needle.
To obtain a homogeneous sand bed, the vibrator is inserted into the
sand and pulled out in multiple locations spaced every 25 cm. Using
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Fig. 11. CPT data for the four soil preparations.
the vibrating needle, a sand bed with a relative density up to 80%
can be reached. Fig. 8(b) shows the densification process by vibratory
needle. To finalize the soil preparation process and evaluate the final
soil conditions, cone penetration tests (CPT) are performed, and soil
samples are collected and analysed.

3.2. Pile instrumentation

The test pile material is stainless steel and the pile dimensions are
given in Table 3. The choice of pile dimensions was based on two
aspects, (i) the geometrical limitations of the GeoModel container, in
which the depth of the container bounds the pile embedment and
consequently the length of the pile, 𝐿, and (ii) the aspect ratios 𝐿∕𝐷
and 𝐷∕ℎ of the pile, where 𝐷 is the outer pile diameter and ℎ is
the wall thickness; these ratios have been chosen similar to those of
large-diameter offshore monopiles.

The test pile is instrumented with four triaxial accelerometers and
eight rosette-shaped strain gauges located at the same coordinate
(along the pile length), 20 cm from the top of the pile. The accelerom-
eters are installed on the outer wall of the pile, while the strain gauges
8 
are installed on both the inner and outer walls as shown in Fig. 9. The
specific sensor types are as follows:

• Triaxial accelerometers of type ADXL377 by Analog Devices, with
a measurement range of ± 200 g.

• Rosette-shaped strain gauges of type FRAB-6-11 by Tokyo Mea-
suring Instruments Laboratory, with a strain limit of 5%.

The accelerometers are placed equidistant to each other along the
circumference (every 90 deg) measuring in three directions (radial,
circumferential, and longitudinal). The strain gauges are arranged in
a rosette-shape measuring strains along the longitudinal direction of
the pile and at ±45 deg to the longitudinal reference strain gauge (see
Figs. 9(a) and 9(e)). This instrumentation set-up combining strain and
acceleration measurements aims to provide, apart from direct measure-
ment of the respective quantities, the required input to assess accurately
the energy flowing to the pile during driving (Gómez et al., 2022).
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Fig. 12. Shaker input and pile response data as measured during the tests in soil preparation 1.
3.3. Shaker instrumentation

The dynamic loading transferred to the pile is generated by the
motion of the hydraulically driven pistons of the shaker. The loading
amplitude can be varied by appending additional mass disks to the flat
ends of the piston to certain extent. While the position of the actuators
is monitored by the potentiometer that is embedded in the control
system, the shaker is further instrumented with two full-bridge strain
gauge circuits as shown in Fig. 10 to measure the forces exerted by the
pistons; these forces lead to net resultant torsional moment. Finally, the
strain gauges are calibrated to provide the load exerted by the pistons
at the main block of the shaker.

4. Results

In this section, the results obtained by a wide set of experiments
are presented, showcasing the influence of the different shaker pa-
rameters (i.e., frequency and amplitude) during installation tests in
medium-dense and dense sandy soil. In particular, the tests presented
9 
in this work were conducted in four different soil preparations and are
summarized in Table 4.

In the following, the results of the experimental tests are presented
from measurements on the shaker, the pile and in the soil medium.
The test results consist of the torsional and vertical peak amplitudes of
the shaker actuators, penetration time series, time–frequency analysis
of the pile vibrations and shaker piston motions. Each figure shows
a test conducted using different shaker parameters, i.e. frequency and
amplitude, for both torsion and vertical excitation in accordance with
the description in Table 4. A specific set of parameters is changed
whenever a criterion for refusal is met, i.e. pile penetration remains
constant for an extended duration.

4.1. Soil characterization

One soil type was used for all tests in the GeoModel container,
i.e. the silica sand Baskarp B20 (Sibelco, 2024). The properties of this
type of sand are summarized in Table 5. To evaluate the initial state of
the soil bed after conditioning, CPTs were conducted consistently at the
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Fig. 13. Pile and soil response data as measured during tests in soil preparation 1.
same (six) locations for the four soil preparations. The locations of the
tests are shown in Fig. 6(a). The recorded cone tip resistance profiles of
the CPTs performed at the different locations are presented in Fig. 11
for the four soil preparations considered in this work.

In general, the obtained CPT profiles present appreciable uniformity
for all four soil preparations. In particular, all profiles start from
almost zero value at the surface level and increase almost linearly with
depth, as expected due to the soil preparation process. Of course, it is
anticipated that slightly different cone resistance profiles will occur in
some cases. Nonetheless, the CPT results are quite comparable overall,
demonstrating a quite (spatially) homogeneous soil preparation.

4.2. Installation tests in soil preparation 1

Fig. 12 shows the effectiveness of the vibration direction (vertical,
torsional) at relatively low-frequency and the consequence of increas-
ing the amplitude or the frequency of vibrations. Fig. 12(a) shows the
peak amplitude of the shaker actuators in both vertical (dashed lines)
and torsional (solid lines) directions. The first four tests are performed
at low-frequency (only) vertical vibrations and are accompanied by a
progressive increase of the input amplitude. Further on, the vertical
vibration is deactivated and the torsional vibration is activated with an
initial low frequency (30 Hz), progressively increasing its value up to
60 Hz while the amplitude is kept constant as much as possible and
in the low-amplitude range (soil 1; test 7 to test 10). Test 11 shows an
increase in amplitude as well as frequency (70 Hz) compared to the
previous set of parameters, and to finalize the test, the amplitude is
reduced again and the frequency is increased to around 80 Hz.

Fig. 12(b) shows the penetration of the pile as a function of time.
This reveals the minor effect of vertical motion and its amplitude
increase on drivability. Even though the pile toe is at the soil surface,
implying that the soil reaction to driving is close to zero, the pile can
10 
penetrate approximately 50 mm into the soil. On the contrary, when
low-frequency vibrations are applied in the torsional direction, the
penetration rate increases significantly compared to the previous case
(test 7). The effect of torsional frequency increase is clearly noticeable
in terms of increasing the penetration rate, also in the test where
torsional frequency and amplitude are increased (test 11). However,
the increase in amplitude is not decisive to avoid pile refusal. This can
be observed in the last parameter setting (test 12) where the torsional
amplitude is again decreased and the frequency is increased, still led to
higher penetration rate compared the previous.

The spectrograms depicted in Figs. 12(c) and 12(e) present the
time-frequency analysis of the torsional and vertical input displacement
measured at the shaker pistons, while Figs. 12(d) and 12(f) show
the averaged amplitude content of the accelerometers on the pile
for torsional and vertical motions, respectively. As can be observed
in the spectograms, even though the input motion in both torsional
and vertical motions is almost monochromatic (content mostly in the
fundamental frequency), the response of the pile-soil-shaker system
contains super-harmonics with appreciable energy content, which is
amplified in the vertical motion. This outcome can result from pile-
shaker-soil interaction, and of course from the inherently non-linear
system response due to the physics of pile driving (Tsetas et al., 2023b).

Fig. 13 presents the pile and soil accelerations as well as the
pore water pressure (PWP) and total stress (SPT) of the soil. The
pile accelerations are shown as an average of the four sensors for
each measurement direction, namely radial (𝑟), circumferential (𝜃), and
vertical (𝑧). The soil acceleration is measured at location 2𝑎 (30 cm deep
from the soil surface), and the SPT and PWP are measured at location
2 (see Fig. 6) at two depths, i.e. 30 cm and 60 cm.

For tests 1 to 4, Fig. 13(a) indicates low acceleration levels for all
directions with a larger magnitude for the vertical one (black grey
line). The vertical acceleration increases with the input amplitude
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Fig. 14. Shaker input and pile response data as measured during the tests in soil preparation 2.
showing weak coupling between directions. The following tests (test
7 to 12) are conducted using only the torsional motion. A substantial
increase is observed in the circumferential acceleration and at the same
time the input frequency increases strongly compared to test 10. This
result indicates the effective energy introduction to the pile at those
higher frequencies (60 to 80 Hz). In Fig. 13(b), the soil response is
characterized by low acceleration levels compared to pile accelerations
at the measured location for the conducted tests in all directions (𝑟, 𝜃
and 𝑧). The two last tests (test 11 and 12) show a slight increase, even
though the relative magnitude compared to the pile acceleration in the
𝜃-direction is still two orders of magnitude lower. Figs. 13(c) and 13(d)
plots the soil pressure and pore water pressure dynamic variations at
two depths 30 cm and 60 cm.

The test case described in Figs. 12 and 13 showcases the significance
of the torsional motion as the main driving mechanism compared to
the vertical motion, as well as the effectiveness of torsion with the
increase of driving frequency; it is noted that the optimal performance
is observed around 70 Hz.

4.3. Installation tests in soil preparation 2

In Fig. 14, and with a new soil preparation, a similar test is per-
formed starting with vertical vibrations only, at similar amplitudes as
in the previous case and then activating only the torsional component
at a similar amplitude and frequency (69 Hz) of the most effective case
in the previous test. Fig. 14(b) shows – as in the previous case – the
11 
low effectiveness of the vertical vibrations, as the pile cannot penetrate
further than approximately 100 mm. On the contrary, test 3 reveals that
the torsional vibrations (only) are most effective around a frequency
of 69 Hz with a relatively low amplitude. In this case, the penetration
rate of the pile increases drastically and the final penetration target
is reached within a few seconds. In Fig. 14(a), the envelopes of the
peak displacement measured at the shaker are depicted. In the case of
the torsional motion (test 3), a slight mismatch between the torsional
actuators, in the order of below 1 mm is measured. This is presum-
ably a result of the pile-soil interaction and the generation of higher
harmonics, which can affect the shaker input. Therefore, it is apparent
that the PID controller for the input motion of the shaker cannot correct
such occurrences at such speed levels. The spectrograms in Figs. 14(c)–
14(f), reveal appreciable energy content in the higher frequencies in
the vertical direction, especially in the first super-harmonic where the
energy intensity is the largest for both sets of amplitudes (among the
super-harmonic components). In the test conducted with the torsional
vibration only, energy in the vertical direction is also measured given
that the pile penetrates vertically thus triggering a frictional coupling
even without vertical excitation input.

Fig. 15 shows comparable pile-soil acceleration to the previous test
with similar settings. Test 3 presents variability in the pile acceleration,
which is caused most likely by a slight asymmetry in the input force.
This figure also shows an increase of pile acceleration in the 𝑧-direction
at the start of each of the three tests and then a deceleration in the
𝑧-direction, indicating the pile acceleration in the 𝜃-direction as the
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Fig. 15. Pile and soil response data as measured during tests in soil preparation 2.
main pile driving mechanism. Finally, the soil acceleration Fig. 15(b)
presents lower acceleration levels compared to the pile, which is an
anticipated outcome. Figs. 14 and 15(c) show the soil stress and pore
water pressure, where larger variations can be observed compared to
the previous case study.

The test results presented in Figs. 14 and 15 showcase the efficacy of
the torsional motion in pile penetration at high frequency, even though
the amplitude of the shaker pistons is rather small (i.e. in the order of
few mm).

4.4. Installation tests in soil preparation 3

The results presented in Fig. 16, correspond to simultaneous low-
frequency vertical and high-frequency torsional input of the shaker. In
this test, the pile driving behaviour is studied by means of different
parameter settings. First, the torsional component is set to 69 Hz while
the vertical component is set to 23 Hz, with larger torsional amplitude
compared to the vertical one. As expected from the prior test (see
Fig. 14), the pile penetrates into the soil with relatively high speed.
However, the pile reaches refusal before the desired final penetration
depth is reached, thus the penetration speed is close to zero (see
Fig. 16(b)). Next, the torsional amplitude is reduced and the torsional
frequency is increased up to 92 Hz. As a result, the pile further pene-
trates into the soil. This alteration demonstrates the effect of torsional
frequency increase, while at the same time reducing the torsional vi-
bration amplitude. The effectiveness of concurrent amplitude reduction
and frequency increase, testifies that frequency-amplitude decoupling
of the input excitation can lead to reduced power requirements without
compromising installation performance. Since the final penetration is
not yet reached, the torsional amplitude is slightly increased keep-
ing the other parameters (frequency and vertical amplitude) constant.
Again, the pile can slightly penetrate with a very low speed. In the
next two tests, the torsional frequency is further decreased to the initial
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69 Hz, where it can be observed that the pile cannot be further driven
into the soil. As a final test, only the vertical shaker is activated at 23 Hz
with a relatively large amplitude, without any visible effect on pile
penetration. The spectrograms present relatively large energy content
in the super-harmonics especially in the vertical motion, which is once
again a feature of strong coupling.

Fig. 17 shows the acceleration in the pile, and the pore water
pressure and soil stress in the soil. Unfortunately, soil data in test 2
(Soil 3) are not available due to a malfunction in the data acquisition
system. Fig. 17(a) showcases that the input amplitude decrease between
tests 1 and 2 does not lead to reduced acceleration levels in the pile,
yet decreases the accelerations in the soil at the measured location, as
shown in Fig. 17(b). The tests conducted in this soil preparation show a
quite uniform ratio between pile and soil accelerations throughout the
tests.

4.5. Installation tests in soil preparation 4

Fig. 18 presents the experimental results by inverting the GDP
method, i.e. low-frequency torsional and high-frequency vertical vi-
brations. To this end, the vertical motion is set to 69 Hz and the
torsional motion to 23 Hz, with the same relatively low amplitude for
both motions. In Fig. 18(b), it can be observed that this parameter
set leads to a sudden refusal after approximately 40 cm penetration
from the initial position of the pile. As a next step, the amplitude
of the vertical component is increased. This initiates the penetration
with a constant yet lower penetration rate than in the case of the
previous parameter set. This appears reasonable given the fact that
the soil reaction on the pile should be higher than in its initial posi-
tion. In the next test, the shaker parameters are changed to the ones
corresponding to the original GDP method, i.e. low-frequency vertical
motion (23 Hz) and high-frequency torsional motion (92 Hz), with the
same relatively low amplitude for both vertical and torsional motions
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Fig. 16. Shaker input and pile response data as measured during the tests in soil preparation 3.
as in the initial test. This set of parameters leads to a restart of the
penetration process but refusal is again met almost immediately. As
a final step, the torsional amplitude is slightly increased, generating
an input force that increases the penetration speed significantly and
allows to reach the target penetration depth. As in the test above
(Soil 3), the spectrograms show a strong coupling between vertical and
torsional motions, especially in the case of low-frequency torsion and
high-frequency vertical vibrations.

In Fig. 19 the pile-soil data of the tests performed in soil preparation
4 are depicted. Figs. 19(a) and 19(b) show a strong correlation between
pile and soil acceleration magnitudes in the 𝑧-direction for tests 1 and
2. In tests 3 and 4, when the GDP method is used, the pile accelerations
in 𝜃-direction are substantially increased to approximately ten times
larger values than the vertical accelerations in the tests 1 and 2, in
which the GDP method is inverted. Although in tests 3 and 4, the
vertical frequency is kept at 23 Hz and the amplitude is similar and
the torsional frequency is greater than in the case of the inverted GDP
method, the soil acceleration is lower than in tests 1 and 2. Likewise,
PWP and SPT sensors recorded larger dynamic variations during the
tests with the inverted GDP method showing a larger disturbance in
the soil.
13 
4.6. Power consumption

To demonstrate the advantageous effect of the input (shaker)
frequency-amplitude decoupling for pile driving, the total power con-
sumption is computed. The power 𝑃cons is given by:

𝑃cons = 𝐹 ⋅ 𝑣, (1)

in which 𝐹 is the total force obtained from the strain measurements
at the shaker supporting points and, 𝑣 represents the velocity, which
is obtained by differentiating the displacement with respect to time.
Fig. 20 presents the total power consumption based on the measured
force and displacement measurements of the three actuators.

In Fig. 20(a) (soil preparation 1), it should be noted that the power
increase in the shaker is directly correlated to the penetration speed,
especially for tests 11 and 12, also showing a strong coupling between
the pile and the shaker. At the same time, the power consumed in the
tests 1 to 4 is relatively low compared to the purely torsional tests.
Similar conclusions can be drawn with the results obtained by the tests
performed with the second soil preparation (soil preparation 2) shown
in Fig. 20(b). In Fig. 20(c) (soil preparation 3), an interesting behaviour
is observed. In the first test, the GDP method is used to drive the pile
into the soil. In test 2, the torsional frequency is increased from 69
to 92 Hz and the amplitude of the torsional actuator is reduced more
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Fig. 17. Pile and soil response data as measured during tests in soil preparation 3.
than 50%, resulting in a reduction of the total power consumption
and an improvement of the penetration rate. In the following test
(test 3), the torsional amplitude is slightly increased improving the
penetration speed with still lower consumption than the one calcu-
lated in the first test. This observation testifies to the importance of
frequency-amplitude decoupling for the shaker power consumption. For
soil preparation 4, Fig. 20(d) shows similar power consumption for both
the GDP and the inverted GDP method.

It should be noted that the power consumption may not be con-
stant along the penetration given the change in pile-soil resistance.
Asymmetries in the power consumption can be explained by a num-
ber of factors like the influence of the super-harmonic frequencies in
the controllability and asymmetry in the input force due to stiffness
imperfections. Overall, the results presented in this section indicate a
clear relationship between the input (shaker) parameters and the pile
drivability and soil response. It should be pointed out that the torsional
motion appears to be most efficient as a driving mechanism at high
frequency and relatively low amplitudes. Consequently, the benefits of
decoupling the frequency and amplitude of the input loading become
apparent.

Overall, the observations of the present work are aligned with
previous tests performed with the GDP method. Along with the previ-
ous experimental works, a unified numerical modelling framework for
both vibratory driving and the GDP method has been developed and
validated with field experiments in sand; more details can be found
in Tsetas et al. (2023c,a). Through these studies, the synergy of field
data and numerical modelling led to deciphering the main driving
mechanism of the GDP method, i.e. the redirection of the friction force
at the pile–soil interface. In particular, the pile-soil friction is predom-
inantly expended in the circumferential direction and thus reduced
soil reaction is encountered along the penetration axis, which leads to
enhanced installation performance.

It is noted that the potential reduction in power consumption can
offer significant practical benefits in the case of full-scale monopile
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installations. Lower power requirements translate into cost savings, less
deck space coverage in vessels and reduced emissions from installation
operations, aligning with both economic and environmental priorities.
Additionally, the reduced noise emissions contribute to minimizing the
ecological impact on the marine environment, supporting compliance
with increasingly strict environmental regulations. These combined
advantages position the GDP method as a more sustainable and efficient
technology for large-scale offshore wind projects, that can contribute to
the achievement of the ambitious offshore wind targets.

5. Conclusions

In this paper, a set of laboratory-scale pile driving tests by means
of axial and torsional vibrations are presented (i.e. GDP method).
This work focuses on the study of frequency–amplitude decoupling in
vibratory pile driving. To this end, a lab-scale shaker was designed
and manufactured with independent frequency–amplitude control, and
tested in a laboratory environment where small-scale piles were driven
in conditioned sandy soil.

The work presented in this paper showcases a clear correlation be-
tween input (shaker) parameters with pile drivability and soil response.
Moreover, the results of these tests present an appreciable reduc-
tion in shaker power consumption accompanied with reasonable pile
penetration. This advantageous output is a result of high-frequency dy-
namics combined with low-amplitude torsional vibrations. Therefore,
the experimental observations support that the use of low-amplitude
vibrations can lead to increased efficiency in pile driving at higher
frequencies, particularly when torsion is used as the main driving
mechanism. This major finding highlights the importance of frequency-
amplitude decoupling for vibratory driving. It is apparent by the test
results that the input amplitude is another parameter that is capable
of improving the pile penetration, yet, this has to be in accordance
with a proper selection of the overall system dynamic inputs, to bring
about benefits in terms of both reduced power consumption but also
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Fig. 18. Shaker input and pile response data as measured during the tests in soil preparation 4.
improved pile penetration rate. Finally, the time-frequency analyses
unveil the presence of super-harmonics of the fundamental frequency
both in vertical and torsional motions, with stronger energy content
in the vertical direction. The latter indicates that coupling effects
between torsional and vertical motions emerge due to pile-soil-shaker
interaction.

Towards the future development of the technology, investigating
the efficiency of GDP for different soil profiles is essential; recent field
tests in clay were successful and dissemination of these findings is
part of future work. Offshore testing is also necessary to compare the
underwater noise levels of GDP against conventional monopile installa-
tion techniques. Finally, designing and manufacturing the GDP shaker
for larger monopiles presents its own set of complexities, particularly
regarding scalability and controllability at such increased dimensions.
Addressing these challenges will be critical for the broader adoption
and optimization of GDP for application in offshore wind projects.
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Fig. 19. Pile and soil response data as measured during tests in soil preparation 4.
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