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Abstract. A novel pile-driving technique, named Gentle Driving of Piles (GDP), that combines
axial low-frequency and torsional high-frequency vibrations has been developed and tested re-
cently. During the experimental campaign, several piles were installed onshore, making use of
the GDP shaker. Besides those, a number of additional piles were installed using conventional
pile-driving techniques, i.e. impact piling and axial vibratory driving. After the completion of
the installation phase, the installed piles have been subjected to impact hammer tests with the
following goals. First, the in—situ dynamic properties of the pile-soil system have been iden-
tified. Second, the post-installation soil state has been investigated, along with its evolution
in time for each pile driving scenario. Preliminary analyses, of the data collected during the
impact tests show dissimilar trends in the overall dynamic response between the piles installed
with impact hammer and those installed with the axial and the GDP shakers.This observation
suggests a difference in the post-installation dynamic behaviour of the pile-soil systems related
to different pile-driving techniques. In this paper, a first attempt is made to identify the dif-
ferences in the overall pile-soil dynamic behaviour of the piles installed by means of the three
different pile-driving techniques.
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1 INTRODUCTION

The offshore wind industry plays a major role in the energy transition. Due to the sus-
tainability targets set at international level, the installed capacity of offshore wind turbines is
growing, leading to greater depths and distances to shore [7]. In that framework the foundations
of offshore wind turbines are also affected by this consistent progression challenge. Monopiles
are the most common foundations used for offshore wind turbines in shallow waters, like the
North Sea [6]. Various alternative foundation concepts do exist, yet these substructures remain
the most favorable choice due to simplicity of manufacture, ease of the installation procedure,
robustness and proven reliability [1, 5].

Currently, impact pilling is the most common method for the installation of monopiles in the
offshore environment [8]. However, the latter installation method engenders several issues that
require further consideration. The major drawbacks are the high levels of noise generated during
pile driving [9], which may be harmful for the aquatic species, and the large stresses developed
at the pile head during hammer impact, that can reduce the structural life-time of the monopile
due to fatigue [2]. Consequently, an alternative pile driving technique that can mitigate the
noise emissions and does not peril the fatigue life of the structure, without compromise of the
driving efficiency and the pile bearing capacity, has been a growing need. To that end, a novel
pile-driving technique, named Gentle Driving of Piles (GDP), that aims to accomplish the stated
objectives, has been recently developed. This technique is based on simultaneous application
of low-frequency axial vibrations and high-frequency torsional vibrations at low amplitudes.

To test the novel pile driving technique, an experimental campaign was designed and exe-
cuted in a site of medium to medium-dense sand. This experimental campaign encompassed the
installation of several piles by means of three distinct pile driving techniques; namely, impact
pilling, axial vibratory driving and GDP. Following the installation tests, that were concluded
to be successful, further investigation was considered necessary to provide evidence that the
bearing capacity and the dynamic properties of the pile-soil system have not been compromised
and are within acceptable limits for operation. To this end, in the post-installation phase, lat-
eral loading tests and impact tests with an instrumented hammer were conducted, in order to
investigate further the effect of each installation method on the behaviour of the pile-soil sys-
tem. More specifically, the response in operational conditions, the vibration characteristics and
the temporal evolution of the dynamic properties of the pile-soil system are to be examined, in
accordance with the aforementioned experimental tests. The present work is focused upon the
instrumented hammer impact tests, in order to examine the dynamic behaviour of the installed
piles in terms of prior- and post-loading response, temporal evolution of the system properties
and influence of the respective installation method. At this point it was observed for the first
time that the method of installation can have significant influence on the vibration characteris-
tics of the system such as damping and dynamic stiffness.

This paper is structured as follows. In Section 2, the experimental tests and the identification
procedure followed are described. Onwards, in Section 3 a collection of the most representative
results are presented, along with some observations and relevant conclusions. In Section 4, the
main conclusions accompanied by the research questions to be addressed in the near future are
outlined.

2 EXPERIMENTAL TESTS AND IDENTIFICATION PROCEDURE

During the installation phase of the experimental campaign, several piles were installed by
means of impact pilling, axial vibratory driving and GDP techniques. The dimensions of the
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tests piles and the reaction pile are given in Table 1.

Pile Geometry Test piles [m] Reaction pile [m]

Length 10 10
Outer diameter 0.762 1.6
‘Wall thickness 0.0159 0.02

Table 1: Geometrical characteristics of the piles.

Evidently, since the main objective of the experimental campaign was the proof of concept
of the GDP method, the majority of the piles were installed by means of the latter method.
Furthermore, the rest of the piles in the experimental site were installed by impact and ax-
ial vibratory driving, the two conventional and currently most established installation methods
[3]. The latter were mainly chosen to serve as reference cases, since they are vastly used in
engineering applications and their features during and post-installation are considered to be
known. The configuration of the installed piles is shown in Figure 1. The position of the 8 piles
installed around the reaction pile is displayed, while the latter was used as a support for the
post-installation lateral tests loading apparatus.

" @ GDP
@ Impact pilling (IH)
@ Axial Vibratory (VH)
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GDP Pile 4 Reaction pile GDEPile 3
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Figure 1: Pile layout

As already presented in Table 1, the test piles were 10 meters long, with final embedment
depth of 8 meters. Accordingly, the height above the ground level was 2 meters, such that an
adequate part of the pile could be used to mount the loading frame for the lateral loading tests.
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2.1 Experimental set-up

In order to perform the impact hammer tests, 2 PCB tri-axial accelerometers and an instru-
mented impact hammer were used. The tests were performed on all the installed piles using the
instrumentation set-up displayed in Figure 2.

My
\

1 _le

T =
1 %
‘Yz

Az
l

Hammer |

Accelerl)meter

wz

PC DAQ

Figure 2: Experimental set-up and pile instrumentation

The instrumented hammer was used to excite the pile at two different locations and with
different impact direction. First, the hammer was impacted horizontally, as shown in Figure 2
and at 1.5 meters above the ground surface. Each test was comprised of three distinct hits, in the
same location and direction, in order to ensure the consistency of the measurements. In the same
manner, hammer impact tests were repeated with an impact force applied along z-direction, at
the top of the pile and in the same vertical line that the horizontal impacts were performed.

The accelerometers were mounted to the outer wall of the pile at the same height with the
location of the horizontal hammer impacts, 1.5 meters from the ground surface. Acceleration
data were registered in , y and 2 directions simultaneously, with a sampling frequency that was
set to 16 kHz for all tests.

During a period of two weeks, three hammer impact tests took place, one week apart from
each other and in parallel with the lateral loading tests. The latter tests, conducted in parallel
with the impact tests due to time constrains, were detrimental for the direct comparison of all
the hammer tests, but did allow for a comparison of the installed piles in groups. Piles that were
tested in analogous circumstances are grouped together and conclusions are drawn based on the
features of each respective pile group.

In the present work two groups will be considered, one group including the four piles seen
in Figure 1 at a radial distance of 16 meters from the reaction pile. These piles had been
laterally loaded before the start of the impact hammer test, to mimic loading conditions similar
to the ones encountered in offshore environments. This group was chosen on the basis that
all piles had experienced lateral loading already and piles installed by two different techniques
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comprise the first group, namely the impact-driven and the GDP piles. Thus, without drawing
a conclusion with respect to the loading, the time evolution of the system properties and the
effect of the installation method could be identified. The second group is comprised of two
instrumented piles driven by axial vibratory driving and the GDP technique. At the first day
of the hammer tests, both piles were not loaded, so a comparison was performed based on the
data obtained from the testing on the first and last day of the experiments. In essence, the pre-
and post-loading behaviours were compared, to showcase the effect of loading on the two piles
driven with different techniques.

2.2 Identification procedure of the main system parameters

In this work, the half-power Band-width method (HPBW) is used to identify the main pile-
soil system parameters. A natural frequency of the system can be obtained based on the loca-
tion of a distinct peak in the acceleration frequency-response function (FRF) and its respective
equivalent viscous damping ratio can be quantified accordingly.

The quality factor () and the frequency ratio in resonance (2., of a damped system with
viscous damping ratio £, are defined in a classical manner:

AQ% Qi_ _QI

Q - - 2 2 ; Qres =V 11— 2§27 (1)

Qres Qres

in which QF and Q7 correspond to the frequencies at which the PSD function is half of the

maximum value. A geﬁeral expression for the damping ratio of a SDoF system can be obtained
in terms of the quality factor, as follows [4]:

1 [/—Q'+4Q? +4 -2
£=—% — )
V2V /- +4Q  + 4
Generally, for low-damped systems, it can be assumed that () << 1. In these cases, the
damping ratio can be approximated by the following expression:

1 1352%
g - EQ B 2Qres‘

This procedure is used in Section 3 to compute the selected natural frequencies and the
equivalent damping ratios of the tested piles.

3)

3 RESULTS

In the current section the power spectral density graphs (PSD) are presented for the selected
4 out of 8 piles, organized in a consistent manner as presented in subsection 2.1 to draw the
relevant conclusions. The following graphs have been produced using the acceleration response
measured along the y-direction of each sensor, during the lateral hammer impact tests, as shown
in Figure 2. Each pair of simultaneous recordings for each hammer impact was averaged prior to
signal analysis. Subsequently, the acceleration frequency-response functions from the 3 lateral
hammer impacts per day were averaged. Finally, the averaged power spectral density .S, of the
pile-soil system at each day, for all responses and only lateral impacts, was obtained.

In Figure 3, the power spectral density for Pile IH-103, for each of the 3 testing days can be
seen. Apparently, the PSD’s of the three tests do not showcase significant deviation within the
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testing period, while there exist some quite distinct peaks in the PSD of the system, which can
be considered to correspond to resonant frequencies of the pile-soil system.

6 7 —First Test 7
---Second Test]
Third Test 1

0 50 100 150 200 250 300
Frequency(H z)

Figure 3: Power spectral density graphs for Pile IH-103 for all testing days

The PSD of the Pile GDP-101 can be seen in Figure 4. Similarly to Pile IH-103, Pile GDP-
101 does not present significant alteration in its dynamic behaviour within the testing period.

—First Test s
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Figure 4: Power spectral density graphs for Pile GDP-101 for all testing days

To showcase the possible differences between the measured properties of the two systems,
Figure 5 shows both PSDs of Pile IH-103 and Pile GDP-101, on the last testing day. It is evident
that the responses of the two systems are quite dissimilar and though the time evolution of the
properties of the two systems was shown to be insignificant in both cases. The difference in
magnitude and mainly in the form of the PSDs is an indication of lower damping present in the
pile-soil system of Pile IH-103. It needs to be noted that the piles have a structural dissimilarity.
Specifically, all piles except the ones driven with impact piling, have a cap welded on the top
of the pile, which was used to mount the axial vibratory and the GDP shaker. The effect of this
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cap is not expected to be significant, but is still to be investigated. A final conclusion about
the dynamic stiffness of the two systems can thus not be drawn at this stage. However, piles
driven with the same installation method, all present identical behaviour. Thus, a consistent

observation is made regarding the significant difference in the PSD magnitude and the damping
ratio of the IH- and GDP-driven piles.

PSD(ms ?/Hz)?

0 50 100 150 200 250 300
Frequency(Hz)

Figure 5: Power spectral density graphs for Pile IH-103 and Pile GDP-101 after the application
of lateral loading

The HPBW method presented in Section 2.2 is used to quantify indicative vibration charac-
teristics for Pile IH-103 and Pile GDP-101. In Figure 3, there are two distinct peaks observed
in the same frequency and same amplitude for all the tests. Those two peaks are analyzed in
Figure 3 and their corresponding natural frequencies w,, and equivalent viscous damping ratios
Ceq are presented in Fig. 6.

10* ‘ 106 ‘
wn 1= 82.0313Hz “)n,z = 220.7031Hz
( = 1.0256% C = 0.33595%
En BN
N N
o o10%¢ T 10%t
a o
o \%
S S
a 10%¢ % 10%¢
A A
1072 : : 10° :
70 80 90 100 200 210 220 230

Frequency(Hz) Frequency(Hz)
Figure 6: Identification of equivalent viscous damping ratio by the HBWM for Pile IH-103

In the same manner, for the PSDs presented in Figure 4 one peak can be clearly identified,
that comprises also the fundamental frequency of the relevant time signal. Similarly to the IH-
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103, the same identification procedure is followed and the respective natural frequency w,, and
equivalent viscous damping ratio (,, are given in Figure 7.

10 E !
F w_ | = 234.375Hz
(4= 2-2784%

-1 | I | I I I |
200 210 220 230 240 250 260 270 280 290
Frequency(Hz)

Figure 7: Identification of equivalent viscous damping ratio by the HBWM for Pile GDP-101

In continuation, the effect of the lateral loading is to be addressed by the PSDs of two piles,
driven by axial vibratory and GDP techniques respectively. In Figure 8 the PSDs of Pile VH-2,
installed with an axial vibratory hammer, are presented for the first and last day of the mea-
surements, indicating prior and post-loading behaviour. The system characteristics, both in
frequency and magnitude, indicate a decrease of dynamic stiffness after the application of lat-
eral loading. As can be seen in Figure 8, the form of the PSD is preserved, but a shift to lower
frequencies and an increase in magnitude take place, which both indicate a dynamic stiffness
decrement. A multitude of reasons may have contributed to that observation, such as creation
of a gap between the pile walls and the soil and degradation of the soil in the immediate vicinity
of the pile.

— First Test
Second Testy

—6: I I I I I

0 50 100 150 200 250 300
Frequency(Hz)

Figure 8: Power spectral density graphs for pile VH-2 in the first and last testing day

A qualitatively similar behaviour can be observed in Figure 9, which refers to Pile GDP-4.
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Albeit, the shift of the PSD form with respect to the frequency is distinguished, no drop in the
dynamic stiffness of the system, as was observed in the case of pile VH-2, is seen here.

—‘F irst Test
Second Test;

=

10 1 1 1 1 1
0 50 100 150 200 250 300

Frequency(H z)

Figure 9: Power spectral density graphs for Pile GDP-4 in the first and last testing day

To investigate the latter observation, a PSD graph including both Pile VH-2 and Pile GDP-4
is presented in Figure 10. By inspection of this figure it can be inferred that the difference

in pre- and post-loading behaviour is much greater in the Pile VH-2, compared to that of Pile
GDP-4.

N
T 00
)
@
£
-2l
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Figure 10: Power spectral density graphs for Pile VH-2 and Pile GDP-4 in the first and last
testing day

4 CONCLUSIONS

To summarize, the work presented herein comprises a part of a test campaign, conducted
in the context of investigating a novel pile driving method, namely the Gentle Driving of Piles
(GDP). During the campaign, onshore installation of scaled piles by means of two conventional
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pile driving methods, namely impact piling and axial vibratory driving and the novel GDP
method was performed. The proof of concept was successfully accomplished indicating the
potential of this novel method to fulfill the originally envisaged goals and motivations.

To realize these objectives, post-installation tests were conducted to examine the various
aspects of the behaviour of the pile-soil system with respect to the reference cases of the con-
ventional impact piling and axial vibratory driving. In this work, a part of the post-installation
tests, namely impact tests with an instrumented hammer, is briefly discussed. Main objective
of this work is to present a collection of selected results of these experimental tests, that can
summarize and showcase the dominant trends observed in the majority of the data obtained.
Final conclusions were not drawn, but mainly some indications, which will be used to guide a
further investigation of the experimental data. A concise consideration of each respective case
parameters, accompanied with numerical modeling and used in conjunction with all the avail-
able experimental results is intended with the aim to provide a better understanding of all the
addressed techniques and predominantly of the GDP method.
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