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ARTICLE INFO ABSTRACT

Keywords: Gentle Driving of Piles (GDP) is a new technology for the vibratory installation of tubular (mono)piles. Its

Pile driving founding principle is that both efficient installation and low noise emission can be achieved by applying

M?HOPHES ) ) to the pile a combination of axial and torsional vibrations. Preliminary development and demonstration of

;011/ structure interaction the proposed technology are the main objectives of the GDP research programme. To this end, onshore
'ynamics

medium-scale tests in sand have been performed on piles installed using both impact and vibratory driving
methods (including GDP). After presenting the development of a purpose-built GDP driving device and the
geotechnical characterisation of the site, this paper covers the execution of GDP installation tests. Focus is
on the installation performance of GDP-driven piles, which is discussed with the aid of structural and ground
monitoring data. The comparison between piling data associated with GDP and standard axial vibro-driving
points out the potential of the proposed installation technology, particularly with regard to the beneficial effect
of the torsional vibration component. The findings of this study encourage further development of the GDP

method and its future extension to offshore full-scale conditions.

1. Introduction

Ever more countries worldwide are working to shift their en-
ergy mix towards renewables. The Netherlands, country of origin of
this study, is actively contributing to the European decarbonisation
agenda (European Commission, 2020) by promoting the exploitation
of renewable energy sources, both onshore and offshore (Minister of
Economic Affairs and Climate Policy, 2020). In this regard, offshore
wind energy will continue to play an increasingly relevant role as
an abundant, cost-effective resource (Ramirez et al., 2021), on the
condition that the pace of its technological development is further ex-
pedited. Presently, 15%-24% of the investment for the construction of
an offshore wind farm relates to the design, production, and installation
of substructures (Stehly and Beiter, 2020). Continual improvement of
engineering methodologies in this area is therefore key to achieving
further cost reduction (Byrne et al., 2019; Page et al., 2019; Wu et al.,
2019).

As reported in the latest EWEA report (Ramirez et al., 2021),
over 80% of the existing offshore wind turbines (OWTs) in European
wind farms are founded on so-called monopile foundations, which
are most commonly installed by means of impact hammering. The
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impact technology is to date very well established in the offshore in-
dustry (Kallehave et al., 2015). However, impact installation in certain
soil conditions (e.g., dense sands) may be slower than desired (Rodger
and Littlejohn, 1980; Achmus et al., 2020), which causes increased in-
stallation costs and, possibly, higher pile damage under many hammer
blows (Mosher, 1987; Meijers et al., 2018). Moreover, the underwater
noise emitted during pile installation is known to be harmful to marine
life, and has motivated over the years the enforcement of strict reg-
ulations to limit its negative environmental effects (Tsouvalas, 2020).
Such regulations include the adoption of costly soundproofing measures
(e.g., bubble curtains, isolation casings, and cofferdams) (Koschinski
and Liidemann, 2013; Tsouvalas and Metrikine, 2016a).

An interesting alternative to impact piling is provided by vibratory
technologies, which can achieve quiet(er)/fast pile installation through
the application of low-amplitude axial vibrations. The input excitation
is induced through the harmonic rotation of eccentric masses, usually
at a frequency no larger than 40 Hz. Vibratory pile hammers (or
simply ‘vibro-hammers’) have been manufactured and studied since the
1940s (Rodger and Littlejohn, 1980), and their benefits in terms of
driving performance and noise emission are known since then (Barkan,
1967; Mosher, 1987, 1990; Tsouvalas and Metrikine, 2016b). The use
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List of acronyms and symbols

ATP Auxiliary test pile

B1,B2 Soil batches from borehole material

CPTu Cone penetration testing with pore water
pressure measurement

CSL Crosshole sonic logging

CV-25 Axial vibratory device

DL Driving logging system

DSI Detailed site investigation

FBG Fiber Bragg grating sensors

GDP,, GDP, Piles installed via GDP driving

GDP;, GDP(, Auxiliary piles installed via GDP driving

GDP Gentle Driving of Piles

HPT-MPT Hydro-profiling tests with mini pump tests

HPU Hydraulic power unit

H Pile installed via impact hammering

MEMS Micro-electro-mechanical systems

MTP Main test pile

NAP Normaal Amsterdams Peil

PM Potentiometer

PPT Pore water pressure transducers

PSI Preliminary site investigation

SAAV Shape acceleration array

SBTn Normalized soil behaviour type

SCPTu Seismic cone penetration testing with pore
water pressure measurement

SPC Soil pressure cell

STFT Short-time Fourier transform

VH Pile installed via axial vibratory driving

a, Radial pile acceleration

a, Axial pile acceleration

ag Circumferential pile acceleration

C, Coefficient of curvature (from PSD curves)

C, Coefficient of uniformity (from PSD curves)

D Pile diameter

D, Relative density

Dy, Size of particle at 50% point on particle size
distribution curve

d Soil particle diameter

E Energy

Cmax Soil’s maximum void ratio

Cpin Soil’s minimum void ratio

F, Axial force

F, Normalised friction ratio

f Frequency

G, Specific gravity

h Pile wall thickness

ky, Horizontal hydraulic conductivity

L Pile length

of piling loads lower than in impact driving can effectively reduce both
damage and radial expansion of the pile during driving — the latter
(Poisson effect) is a major culprit for noise emission and larger soil re-
sistance to driving (De Nicola and Randolph, 1993). Despite its obvious
benefits, vibratory driving is not yet widely adopted for offshore piling.
Its use is hindered by a number of factors, including the incompleteness
(and inconclusiveness) of available field observations. Major knowl-
edge gaps are also associated with soil’s dynamic behaviour during

L, Embedded pile length

M, Torsional moment

mye, Eccentric moment of axial excitation

me, Eccentric moment of torsional excitation

P Power

Puw Pore water pressure

O, Normalised cone resistance

q. Average cone resistance

q. Cone resistance

R, Distance between pile centre and eccentric
masses for torsion

t Time

i Average penetration rate

u Penetration rate

u Penetration

v, Compression wave velocity

v, Shear wave velocity

w Cumulative percentage (%) of soil mass
retained on any sieve

z Soil depth coordinate (under ground sur-
face)

Ap,, Variation of pore water pressure

Ao, Variation of radial soil stress

o, Radial soil stress

Q, Frequency of axial excitation

Q, Frequency of torsional excitation

vibro-driving (Mazza and Holeyman, 2019) and the effects of vibro-
installation on the operational performance of the pile (Anusic et al.,
2019; Tsetas et al., 2020; Achmus et al., 2020).

To boost the improvement of vibro-piling methods, a new tech-
nology — Gentle Driving of Piles (GDP) — has been recently proposed
in the Netherlands as core of a joint industry project led by the
Delft University of Technology (TU Delft) (Metrikine et al., 2020).
GDP targets enhanced piling performance and reduced noise emissions
through the simultaneous application of low-frequency/axial and high-
frequency/torsional vibrations. This thread of research was originally
inspired by observing that torsional vibrations do not induce radial
pile expansion during driving, which was foreseen to play in favour of
both driving and acoustic performances. A preliminary demonstration
of the proposed technology was pursued by performing medium-scale
field tests on identical test piles installed using impact and vibratory
driving methods, including GDP. The tests were performed in sandy
soil at the Port of Rotterdam and comprised two distinct stages, the
first to investigate the driving performance, and the second to ex-
plore installation effects in the response of the test piles to repeated
lateral loading — see also the companion paper by Kementzetzidis
et al. (2023). The GDP field campaign adds to the research carried
out within other major programmes on monopile foundations, such
as PISA (Byrne et al., 2019) and PICASO (Byrne et al., 2020) in the
UK, REDWIN (Skau et al., 2018) and WAS-XL (Page et al., 2020) in
Norway, Vibro (Herwig and Gattermann, 2015; Achmus et al., 2020)
in Germany, and DISSTINCT (Versteijlen et al., 2017), MIDAS (Pisano
et al., 2022) and BLUE Piling (IQIP, 2020) in the Netherlands.

The GDP project was initiated to achieve a preliminary demon-
stration of the proposed pile driving method at medium scale —
particularly, with respect to the inclusion of a high-frequency torsional
vibration component (almost three times higher its axial counterpart).
In what follows, the installation performance of two GDP-driven piles
is described in detail with the aid of selected field measurements, and
in comparison to other piling data associated with standard axial vibro-
driving. Although the GDP project was originally motivated by offshore
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(a)

(b)

Fig. 1. The GDP shaker: (a) view at the manufacturing site; (b) shaker connected to a test pile via a bolted flange connection.

wind developments, this paper aims to attract the interest of the piling
community, and foster further studies for an even broader range of
applications and geotechnical conditions.

2. The GDP shaker

The design of the GDP shaker built on the idea of installing mono-
piles by combining low-frequency/axial and high-frequency/torsional
motions. The effectiveness of such a pile driving approach was envi-
sioned in light of the following considerations:

(i) high-frequency torsional motion is expected to reduce the axial
frictional resistance along the pile shaft. Since torsional vibra-
tion mobilises soil shear resistance in the circumferential di-
rection, less frictional resources are left to oppose axial pile
penetration (Georgiadis and Saflekou, 1990; Holeyman, 2002);

(i) as a consequence of point (i), the axial vibratory load that is
necessary to drive the pile can be reduced, so that the amplitude
of the generated stress waves will decrease in comparison to the
case of purely axial vibro-driving. Therefore, the amplitude of the
radial pile motion (Poisson effect) will also decrease, as a result
of the so-called ring frequency effect (Tsouvalas and Metrikine,
2013; Tsetas et al., 2021);

(iii) the mentioned decrease in radial pile expansion during instal-
lation is believed to be beneficial for two reasons. First, it is
expected to enable faster penetration, due to lower soil confine-
ment; secondly, less radial expansion of the pile results in reduced
underwater noise emissions.

It is worth recalling that, under axisymmetric loading conditions
(e.g., in the presence of a torque), the circumferential motion of an
elastic cylindrical structure (pile) is uncoupled from its axial and radial
components (Forsberg, 1969). Therefore, a pile subjected to torsional
vibrations can only transmit shear (SH) waves to the surrounding
media (Kausel, 2006). Such shear waves cannot propagate in sea-
water (Jensen et al., 2011), nor do they contribute to underwater
noise.

Importantly, the preference for torsional vibrations at high fre-
quency relates to the short wavelengths that are accordingly trans-
mitted to the soil, which decay in amplitude within a short distance
from the pile. Therefore, the torsional mobilisation of the soil resistance
(also reduced by pore pressure build-up Holeyman, 2002) is expected
to occur locally around the pile shaft, and likely with a lower impact on

the post-installation lateral response than in the case of low-frequency
axial vibrations.

A novel GDP shaker was designed and purpose-built for the exe-
cution of GDP-driving tests (Fig. 1). As shown in Fig. 2, the shaker
is formed by three gear trains directly connected to masses that can
counter-rotate with a given (constant) eccentricity. Such masses are
accommodated within exciter blocks, which are in turn bolted to a
support structure. In its first design, the GDP shaker operated by means
of hydraulic motors and was connected to each test pile via a bolted
flange connection, which was a preliminary solution adopted for the
GDP experimental campaign (see Fig. 1).

Similarly to conventional vibratory hammers, the eccentric masses
in the GDP shaker are set to counter-rotate in order to generate a
dynamic load along a selected direction. In the case of the GDP shaker,
the exciter block at the top of the support structure can generate a
harmonic load F,(r) along the pile axis with frequency £2,. To induce
torsional and axial vibrations of different amplitude and frequency, a
separate set of exciter blocks was needed. To this end, two additional
exciter blocks were mechanically connected through a shaft with the
twofold goal of (i) assembling all units into a single substructure
and (ii) positioning them properly. Furthermore, vibratory loads were
generated based on a control system that ensured synchronisation, so
as to obtain the application of a torque M, () of frequency £, at the top
of the pile (Fig. 2). Overall, the GDP shaker can apply to the pile head
load combinations of the following type:

F (1) = mye, 822 sin(€2,1) )

M, () = Rm,e,©2* sin(€,1) 2

where m, - e, and m, - ¢, denote, respectively, the axial and torsional
eccentric moments' associated with the eccentric masses in both exciter
blocks. The distance between the centre of the pile cross-section and
the torsional eccentric masses is denoted by R, (see Fig. 2). According
to Egs. (1) and (2), the resulting load amplitudes are mainly governed
by the frequency as the eccentric moments (m, - e, and m, - ¢,) and the
radius (R,) are fixed.

Fig. 3 illustrates the axial and torsional inputs generated based on
the counter-rotation of the respective eccentric masses, along with their
representation as part of a pile-soil interaction model. The axial load

1 Although not rigorously moments, m, - e, and m, - ¢, are usually referred
to as such within the vibro-driving community.
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Fig. 2. Detailed design of the GDP shaker.
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(b)

Fig. 3. (a) Generation of axial and torsional loads through the rotating eccentric masses in the GDP shaker; (b) sketch of a pile-soil interaction model in the presence of axial

and torsional loads during GDP-driving.

corresponds with the force resultant of F,(r) and F,,(r), whereas the
torque is the net moment resultant of F,;(¢), F, (1), F;3(t), and F,,(1); it is
remarked that the net force resultant of the latter set of forces is always
equal to zero. Further details regarding GDP shaker specifications may
be found in Gémez and Metrikine (2021).

The final design of the GDP shaker stemmed directly from the
conceptual foundation of the GDP method, though with constraints
imposed by practical limitations. In the installation tests described
in the following, the axial vibration frequency of GDP was set to be

similar to the frequency adopted for a parallel axial vibro-driving test,
so as to gain insight into the effect of the torsional vibrations. On
the other hand, the GDP torsional frequency was maximised within
the manufacturing constraints of the GDP shaker. In particular, the
choice of the torsional frequency was driven by the need of maintaining
comparable power capacity for the installation tests associated both
with GDP and axial vibro-driving. The final design of the GDP shaker
enabled the application of axial and torsional vibratory loads with
frequencies up to 23 Hz and 80 Hz, respectively.
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Technical specifications of the GDP shaker and the axial vibro-hammer CV-25.

GDP shaker Axial vibro-hammer CV-25
Axial shaker Torsional shaker Axial shaker
Total mass [kg] 5150 4100
Eccentric moment me [kgm] 15 4 25
Rotational speed [rpm] 1400 4800 1800
Operational power [kW] 72 188 263
The main technical specifications of the GDP shaker and the stan-
dard vibratory hammer (CV-25) used in the GDP campaign are sum-
marised in Table 1. <
3. Geotechnical site characterisation % GDP Site. /K
= [
= |
The execution of field tests in onshore conditions is generally ad- 0 J//
vantageous prior to full-scale offshore demonstration, in light of the )?:3 L S
better control of testing conditions that can be obtained by deploying 3 3 >
equipment on land. The GDP experimental campaign was planned to g< Sif Maasviakte 102
achieve a preliminary proof of concept for the proposed pile driving S 2 a
technology. To this end, medium-scale onshore field tests in sandy soil \\ X
were performed. Both geotechnical and logistical considerations led to Prinses XX
the selection of the Maasvlakte II site at the Port of Rotterdam, which Arianehaven \
offers space and facilities for field tests and is presently supporting b
an increasing number of offshore-related demonstration projects. This %
part of the port comprises North Sea sand that was used to create A8 N
a reclaimed/compacted site. The GDP field tests took place at the Prinses “%\
Maasvlakte II over a surface of 60 x 60 m? in the so-called area E. Morgriethaven \\

Site location and access routes are shown in Fig. 4.

3.1. Site investigation

The geotechnical investigation of the test site was carried out be-
tween June and September 2019 in two phases of preliminary and
detailed site investigation (PSI and DSI, respectively). First, the PSI was
performed to identify suitable locations for installing the test piles,
mostly in light of site homogeneity considerations. During the PSI, 25
cone penetration tests with pore water pressure measurements (CPTu)
were performed down to a target depth of 10 m over a regular grid with
a spacing of about 12.5 m. After reaching the target depth, dissipation
tests were executed for the CPTu’s at the four corners to measure the
depth of the ground water table. Each dissipation test lasted for one
hour, which was deemed sufficient for the achievement of hydraulic
steady-state conditions. Based on these tests, the depth of the water
table was estimated to range, at the time of the PSI, between 3.5 and
4.5 m depth below the ground surface (phreatic fluctuations are to be
expected at the test site due to its proximity to open waters).

After selecting all pile locations based on the PSI, the DSI phase
was carried out by performing additional tests around and at the
centre of each pile location (see Fig. 5). Eight test piles were installed
along with a larger reaction pile (RP). The latter would later serve the
post-installation loading tests described in the companion paper (Ke-
mentzetzidis et al., 2023). The embedded length was 8 m for all piles,
i.e., 2 m less than the target depth of the CPTu’s. Four of the test
piles, henceforth referred to as Main Test Piles (MTPs), were extensively
instrumented and installed with a radial, centre-to-centre distance of
12 m from the RP. The other four piles, labelled as Auxiliary Test Piles
(ATPs), were installed uninstrumented for preliminary testing purposes,
at a distance of 16 m from the RP (Fig. 5). As detailed in the following,
the four MTPs were installed using different driving methods, namely
impact hammering (IH), axial vibro-driving (VH), and GDP — see
Fig. 5. For the two standard driving methods, the Hydrohammer S-

90 and the vibro-hammer CV-25 were used for the IH and VH piles,
respectively.

The DSI programme included:

— four CPTu tests at the ATP locations (target depth: 10 m);

Fig. 4. GDP test site and its access routes — edited after (OpenStreetMap contributors,
2017).

— four Seismic CPTu (SCPTu) tests at the MTP locations (target
depth: 10 m);

— four hydro-profiling tests with mini pump tests (HPT-MPT)
around the MTPs (target depth: 15 m).

— borehole sampling around the MTPs. A total of eight boreholes
(two per MTP) of 10 m depth and 15 cm diameter were dug and
simultaneously sustained with hollow PVC tubes, which would
then enable the execution of Cross-hole Sonic Logging (CSL) tests;

— three boreholes (15 cm diameter) around each MTP to host
ground monitoring instrumentation, including Shape Acceleration
Arrays (SAAVs), soil pressure cells (SPCs), and pore water pres-
sure transducers (PPTs). As shown in Fig. 5, two pairs of SPC and
PPT sensors were installed in two different boreholes to reach
different target depths (6 m and 8 m).

Layout and locations of DSI tests and boreholes are shown on the
right side of Fig. 5 for the case of the MTP GDP,. Both PSI and DSI data
confirmed the predominantly sandy nature of the soil deposit from the
ground surface (NAP +5 m — Normaal Amsterdams Peil, i.e., Amsterdam
Ordnance Datum) down to approximately 10 m below (NAP -5 m).
The upper 5 m consist of the dredged material employed to create the
Maasvlakte II site, which overlays a layer of sand and clayey/silty sand
from the holocenic Naaldwijk formation (Vos, 2015).

The whole SCPTu dataset is visualised in Fig. 6 after post-processing
according to Robertson’s soil classification framework (SBTn charts)
(Robertson, 1990, 2009). Robertson’s approach relies on the notion of
normalised soil behaviour type, which is identified for any soil at hand
based on the values of relevant dimensionless indices — namely, the
normalised cone resistance (Q,,) and the normalised friction ratio (F,).
In Fig. 6, all data points from the four soil profiles lie mostly in zone
6 (sand), with some excursions into zone 5 (sand-mixtures) and zone
7 (gravelly sand to sand). The cone penetration data from the four
MTP locations indicate altogether reasonably consistent profiles of soil
type/properties — see Figs. 7(a)-7(c).
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Fig. 5. Site layout (left — ATPs in grey) and soil monitoring around the MTPs (right). For better readability, the site layout on the left is shown with MTP diameters and distances

from the central RP that are not to scale.
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Fig. 6. Robertson’s soil classification at the four MTP locations.

The profiles in Fig. 7 of (a) cone resistance (q.), (b) shear wave
velocity (V;), and (c) relative density (D,) (obtained following Jami-
olkowski et al., 2003) suggest that the site comprises very dense sand
(D, = 80 — 100%) in the upper 5 m, and medium-dense to dense sand
(D, = 60 — 80%) in the 5 m below. An exception can be observed at
the VH pile location (Fig. 7), where the SCPTu data show much lower
cone resistance and relative density (D, < 40%) in the lower 5 m.
Obviously, the effects of this site anomaly will require special attention
when comparing the results of different pile tests.

The V, profiles obtained from seismic measurements are largely
consistent with the corresponding ¢. — D, distributions, with ¥, values
mostly in the range from 200 to 300 m/s (and occasionally up to
350 m/s). The VH location exhibits the same aforementioned anomaly
also in terms of ¥ — note that a significant portion of the profile exhibits
V values lower than 150 m/s.

Finally, Fig. 7(d) displays the hydraulic conductivity profiles (k,,
horizontal component) obtained next to the four MTPs. The k; values
shown in the figure lie mostly in the range of 10~4-10~3 m/s (average
permeability of 4.45 x 10™* m/s over the first 10 m), which is in line
with expectations for the type of sandy soil found at the Maasvlakte II

Table 2

Index properties of Maasvlakte II sand (G, — specific gravity; e,,, — maximum void
ratio; e,,;, — minimum void ratio; D5, — median particle diameter; C, — coefficient of
uniformity; C, - coefficient of curvature).

Gy Cimax Comin Dy G, C

[-] [-] [-] [mm] [-] [-]
Bl 2.65 0.82 0.44 0.317 2.346 0.912
B2 2.65 0.83 0.46 0.244 2.161 0.845

site. Since the interpretation of HPT-MPT tests relies on the assumption
of water-saturated soil, it was not attempted to infer k; values for the
unsaturated soil above the water table.

Soil samples were also extracted from the aforementioned bore-
holes for further characterisation of the soil at the Maasvlakte II site.
Visual observation, borehole analysis, and particle size distribution
(PSD) tests (see Fig. 8) confirmed the presence of two different sand
types, respectively in the upper and lower 5 m of the deposit. Overall,
sieving and micrometric analyses revealed that sand, slightly silty and
slightly gravelly, with very spherical and moderately round particles,
was present down to 10 m below the ground surface. Two distinct
batches of soil were created by mixing borehole material associated
with either sand type: soil from the upper layer (0-5 m b.g.l.) was
used for Batch 1 (B1), while Batch 2 (B2) was made of soil from the
lower layer (5-10 m b.g.1.). As reported in Table 2, rather similar index
properties were found for B1 and B2 sand samples.

4. Installation tests and pile-soil monitoring
4.1. Field testing programme

As mentioned in the previous section, nine piles in total were used
for field testing purposes, namely four MTPs, four ATPs, and one RP,
with geometrical specifications reported in Table 3. The distinction
between MTPs and ATPs relates to their different roles in the GDP
experimental campaign. The ATPs were exploited for preliminary test-
ing of the GDP shaker, so that relevant driving settings could be first
adjusted during the installation of non-instrumented test piles. After
the installation of the ATPs, it was decided to target for the MTPs axial
and torsional vibration frequencies approximately equal to 16.5 Hz and
63 Hz, respectively. The latter pair of values were chosen to exploit
as much as possible the vibratory capacity of the GDP shaker, though
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Fig. 7. Profiles of (a) cone resistance (q.), (b) shear wave velocity (V,), (c) relative density (D,), and (d) horizontal hydraulic conductivity (k,, 80 cm moving average plot)

obtained at the MTP locations from in-situ SCPTu and HPT-MPT tests.
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Fig. 8. Particle size distribution (PSD) curves for two representative soil samples from
batches B1 and B2.

Table 3
Geometrical characteristics of the piles indicated in Fig. 5.

Test piles Reaction pile
Length L 10 m 10 m
Embedded length L, 8 m 8 m
Outer diameter D 0.762 m 1.6 m
Aspect ratio L/D 13.12 6.25
Wall thickness h 0.0159 m 0.02 m

without compromising the testing agenda or operational safety. An
axial frequency around 24.8 Hz was adopted for the installation of
the VH pile. The ATPs also served post-installation tests, in that they
enabled the calibration of specific settings for the subsequent lateral
loading tests (Kementzetzidis et al., 2023). Since the main goal of
the GDP campaign was to monitor and analyse the performance of
the MTPs, they were fully instrumented prior to all tests. This paper
presents experimental data that were exclusively recorded on/around
the MTPs (mostly for the GDP piles).

Extensive instrumentation of all MTPs and the soil in their sur-
rounding was set in place to monitor the complex soil-pile response
during pile driving — see Fig. 5. As previously mentioned, the final
pile locations were selected based on the results of the PSI and DSI,
with mutual distances limited by the length of the lateral loading
frame that was employed afterwards (Kementzetzidis et al., 2023).
The circular arrangement shown in Fig. 5 allowed to minimise the
interference between consecutive pile driving tests. In chronological
order, the MTPs were installed as follows: (i) GDP, (30/10/2019), (ii)
GDP, (30/10/2019), (iii) VH (31/10/2019) and (iv) IH (4/11/2019).
The installation sequence may generally be relevant to assessing the
interference of consecutive pile installations over a limited soil surface.
However, since all pile-to-pile distances were larger than 10D at the
GDP test site, it is argued that such interference must have been
negligible in all instances (Mabsout et al., 1995; Masoumi et al., 2009).

The same installation protocol was followed for all piles, regardless
of the specific driving method. In particular, such a protocol included
the following three phases (Fig. 9): (i) in the first phase, the top
flange of the pile was connected to the shaker (for VH and GDP piles),
then the pile was upended by a crane and positioned vertically at the
corresponding installation location. The pile was stabilised by means
of lateral restraints, and driven for 0.5 m into the soil. At that point
the installation was paused to check that all sensors were functioning
properly; (ii) in the second phase, each pile, still laterally restrained,
was driven further down to 3 m of total penetration; (iii) in the third
phase, lateral restraints were removed and each pile was driven up
to the target penetration depth of 8 m. In the remainder of this work
only data measured during the third phase of the installation protocol
are presented. Such data are believed to be most meaningful in that
they relate to pile penetration in water-saturated soil. It is worth noting
that both axial and torsional vibration frequencies — and therefore the
corresponding load amplitudes (cf. to Egs. (1)—(2)) — were kept constant
during the installation tests.

4.2. Pile instrumentation
During the installation of the MTPs, a number of measurements

were performed simultaneously, both on the piles and in the surround-
ing soil, in order to monitor the dynamic behaviour of the complete
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Fig. 9.

pile-soil system. As the GDP method comprises a combination of ax-
ial and torsional vibrations, non-zero components of motion in all
directions were anticipated. Accordingly, the following sensing instru-
mentation was deployed:

— two tri-axial micro-electro-mechanical systems (MEMS) accelero-
meters to record the dynamic motion of the pile during instal-
lation. The MEMS accelerometers were positioned 1.56 m below
the pile head at diametrically opposite locations (see Fig. 10 and
their technical specifications in Table 4);

— fiber Bragg grating (FBG) sensors (12 per side) to monitor pile
strains along the length (see specifications in Table 5). The same
technology has been recently adopted for pile monitoring dur-
ing impact driving tests (Buckley et al., 2020). Two types of
FBG configurations were adopted, namely in-line FBGs and FBG
rosettes (see Fig. 10). In-line FBGs were installed at multiple cross
sections along the length, two per cross section at diametrically
opposite locations. FBG rosettes were placed at three selected
locations along the length, two per cross-section and diametrically
opposite, in order to monitor strains along the longitudinal and
two inclined directions, at angles of 60° and 120° with respect to
the horizontal plane;

two FBG temperature sensors to measure temperature variations

on the pile surface during pile penetration. The main purpose of

such measurements was to obtain quantitative factors for tem-
perature compensation of FBG measurements. The temperature
sensors were positioned next to the location of the last FBG sensor

(approximately 35 cm above the pile tip);

one potentiometer (draw-wire type) to record the penetration

of each pile into the soil by measuring its axial displacement.

The measurement range of the potentiometer was +10 m and its

accuracy equal to 0.1 mm.

All the pile sensors operated at a sampling frequency equal to 1 kHz.
Additional details about sensor specifications are provided in Tables 4
and 5. Due to space limitations, only pile measurements obtained from
the potentiometer and the MEMS accelerometers are discussed herein.

4.3. Ground monitoring
The response of the soil surrounding the MTPs was monitored

during pile driving tests by means of the following ground monitoring
instrumentation:
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(a) First, (b) second and (c) third installation phases of an ATP.

Table 4
Technical specifications of tri-axial MEMS accelerometers.

MEMS ADXLL377

Type of sensor

Number of sensors per pile
Measurement range
Bandwidth (x, y axes)
Bandwidth (z axis)

2 (1 per side)
+£200 g

0.5 Hz-1300 Hz
0.5 Hz-1000 Hz

Sensitivity (x axis) 5.8 mV/g
Sensitivity (y axis) 6.5 mV/g
Sensitivity (z axis) 7.2 mV/g

Table 5
Technical specifications of in-line FBG strain sensors.

Sylex FFA-01
24 (12 per side)

Type of FBG strain sensor

Number of sensors per pile

Measurement range +3000 pm/m
FBG wavelength range 1510 nm-1590 nm
Fiber coating Polyimide

— Eight VWPC2100 RST Instruments sensors containing both soil
pressure cells (SPCs) and pore water pressure transducers (PPTs)
were deployed to simultaneously record the evolution in time
of the total radial stress (s,) and the pore pressure (p,), with
accuracy and resolution of 5.0 kPa and 0.25 kPa, respectively. For
each MTP and prior to pile driving, the sensors were installed at
two different depths (6 m and 8 m below the ground surface, see
Fig. 5);

— shape-acceleration arrays (SAAVs) located at the front side of
each pile (with respect to the lateral loading direction, Fig. 5)
to record lateral soil displacements during installation. The SAAV
sensors comprised a cable-shaped series of half-meter rigid seg-
ments from 0.5 m to 8.5 m, which would detect lateral soil
displacement through the tilt of the individual segments.

After installing the above soil sensors in boreholes dug during the DSI,
all SPCs, PPTs, and SAAVs were set to sample data at 1 kHz for all pile
installation tests.

Finally, cross-hole sonic logging (CSL) tests were performed before
and after pile driving tests, in order to evaluate possible installation
effects in the soil by means of P-wave measurements. For these tests,
two 10-meter long PVC access tubes were installed at a distance of
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Fig. 10. Pile instrumentation.

0.5 m and 1.5 m from the pile wall (Fig. 5), while two ultrasonic trans-
mitter/receiver probes were lowered to the bottom of the tubes. The
transmitted P-waves (50 kHz nominal frequency) were recorded by the
receiver probe at a sample rate of 0.5 MHz. To assess repeatability, CSL
tests were performed twice for each pile before and after installation.

5. Field observations during GDP installation

This section presents relevant field observations associated with the
dynamic response of the MTPs and the surrounding soil during the
installation tests — namely, during the third phase of the installation
protocol described above. The following analysis of field data is a
preliminary effort to demonstrate the potential of the new GDP method,
particularly in comparison to standard axial vibratory driving (VH).
Due to site inhomogeneity and the inherent differences between the
considered driving methods (IH, VH, GDP), further interpretation of
the whole dataset may only be achieved through future numerical
modelling work.

5.1. Pile penetration rates

Fig. 11 displays the penetration time series for the VH and the two
GDP piles. The solid lines correspond to the displacement of GDP, and
VH as measured by the potentiometer (P), while the respective mea-
surement for GDP, is not available due to sensor failure during driving.
The markers in the same figure represent the “slow” measurements of
the driving logging (DL) system, which includes displacement values
recorded every 25 cm of pile penetration. Average penetration rates
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Fig. 11. Pile penetration curves (u) for VH, GDP, and GDP,, with average penetration
rates (i) obtained from potentiometer (P) and driving log (DL) data.

equal to 20.9 mm/s, 37.1 mm/s and 18.7 mm/s were determined for
VH, GDP,, and GDP,, respectively, based on the driving logging system;
the more reliable data returned by the potentiometer transducer for
VH and GDP, indicate average penetration rates of 19.8 mm/s and
34.3 mm/s, respectively. The good agreement between the data from
the potentiometer and the driving log led to consider the latter reliable
also for GDP,’s installation.

As can be observed in Fig. 11, GDP; had a shorter installation
time compared to VH and GDP, (and therefore a larger penetration
rate). Since the two GDP piles were driven with identical installa-
tion settings, GDP,’s higher installation rate was presumably due to
the lower cone resistance (¢q,) and relative density (D,) at the cor-
responding soil location — see Fig. 7. Although VH was installed in
weaker soil, GDP, penetrated at an almost double average rate. Further,
while GDP, was driven into the strongest soil (among the four MTP
locations), its average penetration rate was found to be very similar
to VH’s (Fig. 11). These facts seem to support that combining axial
and torsional vibrations was indeed beneficial from a pile driving
perspective.

It was also possible to obtain more detailed information about the
penetration rates by numerically differentiating the pile penetration
time series — which could be done using the potentiometer data,
therefore only for VH and GDP,. The differentiated time series are given
in Figs. 12(a)-12(b) alongside their low-pass filtered counterparts (a
moving average filter with a cut-off frequency of 2 Hz). Fig. 12(b) indi-
cates that GDP,’s penetration rate was on average fairly constant during
installation. In contrast, VH penetrated at a more variable rate, with
some abrupt changes during the penetration process — see, e.g., the
spike around 100 s. Considering the penetration depth reached by VH’s
tip after such time (between 4 and 5 m), it is likely that the transition
from unsaturated to saturated soil had a temporary influence on the
penetration rate. It is again apparent that GDP,’s driving outperformed
VH’s, especially considering that the latter was installed in weaker
soil (Fig. 7). Overall, the penetration rates observed at the GDP site
resemble quite closely the (high) values reported by Whenham (2011)
during the axial vibro-driving of similarly sized open-ended pipe piles.
Importantly, no refusal was experienced during GDP driving, as is
testified by the rather steady penetration rates in Fig. 11.

5.2. Power and energy consumption

In addition to pile penetration measurements, the power consump-
tion of the GDP shaker and the axial vibro-hammer was also monitored
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Fig. 13. HPU power consumption (P) associated with (a) axial and (b) torsional loads applied to VH, GDP,, and GDP,.

to assess the efficiency of the different methods. In agreement with the
GDP shaker specifications in Table 1, two independent exciter blocks
were used for the axial and the torsional excitation. In Fig. 13(a), the
HPU power consumption is plotted against time for the axial excitation
provided by the GDP shaker and the axial vibro-hammer; the torsional
HPU power consumption is shown in Fig. 13(b), exclusively for the two
GDP piles.

It is readily apparent that the power consumed to impose tor-
sional vibrations is substantially larger than its axial counterpart for
both GDP, and GDP,. Generally, the HPU power consumed for axial
loading of both GDP piles was found to be almost identical, and
significantly lower than the power consumed to axially vibrate the VH
pile (Fig. 13(a)). In contrast, the power associated with the torsional
loading of the GDP piles is larger than that consumed for the VH pile,
as one would expect in light of the higher frequency of torsion. Overall,
the power consumed by the GDP shaker lies inside the power capacity
of the VH device, as was indeed a target of the first GDP shaker design
to enable fair comparisons.

It is also worth noting that GDP, consumed through torsion more
power than GDP,, as a likely outcome of the denser soil profile at the
GDP, location — this is also confirmed by the longer installation time

10

(Fig. 13(b)). Further, a drop in torsional power consumption is visible
for GDP, between 50 s to 100 s: since power was delivered to maintain
a given vibration frequency (which was constant during driving), a
local reduction in soil resistance may have caused a temporary power
drop of the kind shown in Fig. 13(b). As time elapsed, the power
consumed to axially vibrate both GDP piles slightly decreased with the
penetration depth, while the torsional power tended to increase in time
for both piles. Overall, these trends indicate that the soil resistance to
pile driving was mainly overcome through the torsional mechanism.
This observation strongly supports the conceptual foundation of GDP
driving, i.e., the beneficial effect of torsional vibrations in overcoming
the frictional soil resistance along the pile shaft.

As a final comparison between VH and GDP driving performances,
the total energy consumption (both axial and torsional for GDP) is
plotted against the installation time in Fig. 14. The efficiency of the
GDP method is clearly supported by the fact that GDP; consumed
approximately the same total energy as VH (only 2.8% larger), even
though GDP, was driven in substantially stronger soil. On the other
hand, GDP, required approximately twice as much energy as needed
for GDP,, which was mostly due to the stronger soil encountered at that
location (Fig. 7). A detailed discussion of energy efficiency matters and
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Fig. 14. Time evolution of the total energy consumption (E) during the installation
of VH, GDP,, and GDP, (both axial and torsional components included for GDP-driven
piles).

Table 6
Comparison of geotechnical properties and driving performance for VH, GDP,, and
GDP,.

VH GDP, GDP,
Average cone resistance, g, 5.75 MPa 11.9 MPa 18.6 MPa
Total energy consumption, E 33.44 MJ 34.39 MJ 67.38 MJ
Average penetration rate, i 19.8 mm/s 34.3 mm/s 18.7 mm/s

their quantification both for VH and GDP piles is provided by Gémez
et al. (2022). For clarity, the values of average cone resistance along
the soil profile, total energy consumption, and the average penetration
rate are summarised in Table 6 for VH, GDP,, and GDP,.

5.3. Pile response during driving

To portray relevant features of the dynamic pile response during
GDP driving, acceleration spectra have been obtained from the out-
put of the two MEMS accelerometers. In particular, the amplitudes
of the acceleration spectra are shown in Fig. 15 both for GDP; and
GDP,, and each spatial direction, i.e., |a,| (axial), |a,| (radial), and
lag| (circumferential). The driving frequency of the GDP shaker in
the axial direction was measured at 16.3 Hz and 16.5 Hz for piles
GDP, and GDP,, respectively. These frequencies correspond to well-
visible peaks in Figs. 15(a)-15(b) (grey dashed lines). Next to these
primary amplitude peaks, which are directly related to the main driving
frequencies, the pile response is amplified at multiple other harmonics.
The reason for this observation is twofold. First, the shaker itself
excites the system at multiple super-harmonics (of the main driving
frequency) due to minor imperfections in the rotation of the eccentric
masses. This statement applies to both vibration modes excited in
the pile, i.e., axial and torsional. Secondly, the dynamic response of
the system is inherently non-linear even at low vibration amplitudes,
and this fact may cause further amplification of the mentioned super-
harmonics (Rega et al., 1991). The extent to which each of these two
mechanisms contributes to the energy content in the super-harmonics
has not been quantified — however, the first mechanism is believed to
be dominant. It is also interesting to note that frequencies (including
super-harmonics) associated with the torsional vibration are clearly
visible in the other acceleration spectra. By comparing the spectra in
Fig. 15 for the two GDP piles, it can be stated that the acceleration
response is almost identical regardless of moderately different soil
conditions, which indicates strong dependence on the GDP excitation.

11
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The amplitudes of the circumferential acceleration spectra (|ag|)
show for both GDP piles a distinct peak at the main torsional driv-
ing frequency, i.e., at 62.6 Hz and 63 Hz for piles GDP, and GDP,,
respectively. Once again, the frequencies of 125 Hz and 188 Hz (ap-
proximately), corresponding to the first and second super-harmonics,
are associated with prominent spectral amplitudes.

The acceleration spectra in Fig. 15 provide a detailed picture of the
frequency content during the time interval taken into account. Such
an interval was chosen to be a 10 s time window approximately in
the middle of the third driving phase. Such a choice was motivated
by the abrupt variation in frequency content at the beginning and
the end of the driving process, due to the (de)activation of the GDP
shaker. It is however worth recalling that the acceleration signals
recorded during pile penetration may not be a priori regarded as station-
ary. In Figs. 16-17 the discrete short-time Fourier transforms (STFTs)
of the sensor-averaged pile accelerations are shown in spectrogram
form (Brandt, 2011) for the axial and circumferential components of
motion, which are the most relevant to the GDP vibratory excitation.
In the resulting time-frequency analysis, a trade-off between resolution
in time and frequency had to be found, as a consequence of the Gabor
limit (Gabor, 1946).

Fig. 16 confirms that the frequency content was relatively constant
during the main part of the installation (phase three), as was to be
expected based on the installation settings (constant frequency) and
the steady pile penetration trends observed in Fig. 11. The existence
of the previously identified super-harmonics is confirmed throughout
the whole installation process. For GDP,, Fig. 16(a) shows that the
super-harmonics associated with the axial driving frequency slightly
decreased in amplitude towards the end of driving — conversely, this
observation does not apply to the main driving frequency above 16 Hz
and its first super-harmonic at 33 Hz, which seem to have maintained
a fairly constant amplitude. The amplitude of the frequency compo-
nent close to the torsional excitation frequency decreased significantly
towards the end of driving.

The results of the time-frequency analysis performed for the cir-
cumferential acceleration signals are reported in Fig. 17. In this case
the main driving frequency is clearly apparent, and its energy level is
considerably larger than that associated with the super-harmonics. This
is in full agreement with what has been observed about Fig. 15. The
amplification of the second torsional super-harmonic towards the end
of GDP,’s installation is further supported by Fig. 17(b). Similarly to the
case of the axial acceleration (Fig. 16), the spectrogram of the circum-
ferential acceleration (Fig. 17) corroborates that the torsional driving
frequency (and the associated amplitude) remained nearly constant
during GDP installation, as per the intended installation settings.

5.4. Ground monitoring data

Further insight into the mechanics of GDP can be obtained by
inspecting ground monitoring data. In Fig. 18, pore water pressure
variations 4p,, (with respect to local, pre-installation values) are plotted
against time for both GDP piles and at two different depths (6 m and
8 m below the ground surface). The vertical lines in all subplots of
Fig. 18 indicate the times when the pile reaches a penetration depth of
6 m (location of the first PPT) and 8 m (location of the second PPT and
target penetration depth). A common feature of all 4p,, trends in Fig. 18
is the gradual increase in pore water pressure during driving, which
is consistent with previous observations regarding vibratory driving in
saturated granular soils (Holeyman, 2002). Subsequently, excess pore
pressures attenuate as pile driving reaches its conclusion: pore pressure
dissipation takes only a few minutes in a soil as permeable as that at the
Maasvlakte site. The outlook of Fig. 18(a) (for GDP,) and Fig. 18(b) (for
GDP,) reveals maximum pore pressure variations in the order of 10 kPa
for both piles and reference depths, although larger 4p,, emerge for the
pile installed in denser soil (GDP,). A sudden increase in pore water
pressure is visible at 60 s (approximately 4 m penetration), followed
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Fig. 18. Pore water pressure variations (4p,) recorded during the installation of (a) GDP, and (b) GDP, at depths, z,
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equal to 6 m and 8 m below the ground surface. The vertical

dashed lines indicate the times when the pile tip penetration (1) equals the depths of the two PPT sensors.
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Fig. 19. Total radial soil stress variations (4s,) recorded during the installation of (a) GDP, and (b) GDP, at depths, z, equal to 6 m and 8 m below the ground surface. The
vertical dashed lines indicate the times when the pile tip penetration (1) equals the depths of the two SPC sensors.

by a temporary drop in excess pore pressure at z = 6 m in Fig. 18(b).
The former increase may be attributed to a local inhomogeneity in
the GDP, soil profile between 3 m and 5 m - cf. to the g, profile in
Fig. 7(a) — while the ensuing drop seems to be closely related to the
decrease in torsional power consumption (and therefore in mobilisation
of soil resistance) that has been previously observed for GDP, in Fig. 13.
Fig. 18(b) does not show a similar behaviour at z = 8 m, which may
be due to the larger distance of the PPT from the pile tip during the
relevant time interval.

At the same depths where pore water pressures were measured, vari-
ations in total horizontal/radial soil stresses (4c,) were also monitored
— see Fig. 19. The soil pressure measurements for GDP, in Fig. 19(b)
show different trends at the two reference depths. Nonetheless, 4o,
evolves to reach soil pressures lower than the estimated pre-installation
values both at 6 m and 8 m below the ground surface — more
prominently at the shallower location (z = 6 m). The overall reduction
in radial (total) confinement is likely associated with vibration-induced
sand densification. Such a densification is indeed expected to be more
significant at shallower soil locations, i.e., where the soil experiences a
larger number of dynamic loading cycles.

13

As for Ac, measurements around GDP,, it should be noted that a
significantly larger reduction was measured for no obvious reason —
see Fig. 19(a). Although decreasing 4o, is consistently found in both
GDP piles, full reliability of soil pressure data around GDP, may not be
taken granted. In principle, the stiffness of the SPCs should be similar
to the soil stiffness to avoid arching effects and properly capture soil
stress conditions. A number of factors, such as local soil inhomogeneity
and/or sensor installation in a soil of quite different stiffness, might
have produced inaccuracies in the measured data.

It was also decided not to report herein SAAV measurements of soil
displacement, since the sensors recorded displacement values that were
lower than the sensor accuracy.

5.5. Impact of GDP driving on soil stiffness

During the PSI and the DSI, well-established in-situ procedures such
as CPTu, SCPTu, and HPT-MPT were performed. However, it was the
first time — to the authors’ knowledge — that CSL tests were planned
for geotechnical investigation purposes (CSL tests are most usually per-
formed to detect mechanical anomalies in drilled shafts and diaphragm
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Fig. 20. CSL test results: ¥, profiles obtained before (solid lines) and after (dashed lines) pile installation in the vicinity of (a) GDP; and (b) GDP,.

walls Spruit et al., 2014). Specifically, CSL tests were performed before
and after pile installation to evaluate the impact of GDP driving on the
stiffness of the surrounding soil. Since compression wave velocity V, is
related to the stiffness of the medium, variations in wave velocity can
be used for general quantification of installation effects. Depth-profiles
of average compression wave velocity (tests were performed twice)
before and after pile installation are reported in Fig. 20. The V,, profiles
in the upper soil layers exhibit significant scatter, and are generally
unreliable as a consequence of unsaturated soil conditions. Conversely,
deeper ¥V, measurements appear to be reliable and in agreement with
expectations. In particular, appreciable V, enhancement can be ob-
served in the lower water-saturated soil, which indicates an overall
stiffening of the soil around the pile. This finding is consistent with the
Ao, trends shown in Fig. 19, and reinforces the belief that GDP driving
can induce soil densification/stiffening with no apparent evidence of
soil degradation.

6. Concluding remarks

Recent research related to the GDP project (‘Gentle Driving of Piles’)
has been presented in this paper, which is a companion to the study
by Kementzetzidis et al. (2023). GDP is a TU Delft-led joint industry
project on the development of a new vibratory driving technology for
monopiles. Its stepping stone is the idea that both efficient installation
and low noise emission can be achieved by applying to the pile a combi-
nation of low-frequency/axial and high-frequency/torsional vibrations.
To achieve a first demonstration of the GDP concept, medium-scale
field tests were performed at the sandy Maasvlakte II site in Rotter-
dam. Such tests included installation experiments with different driving
methods (impact hammering, axial vibro-driving, and GDP), followed
by cyclic/dynamic loading of the same piles.

The main experimental evidence presented in this paper may be
summarised as follows:

— two test piles have been smoothly installed at the reference site
via GDP driving, with fairly constant/high penetration rates and
no instances of pile refusal;

— the comparison between GDP and axial vibro-installation has
highlighted the remarkable potential of the GDP method. Com-
pared to standard axial vibro-driving, the GDP method enabled
faster installation in stiffer soil with comparable total energy
consumption (cf. GDP,’s installation data to VH’s);
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— the values of HPU power consumed to impose axial and torsional
vibrations have proven consistent with typical magnitude levels
for vibro-piling. Particularly, the evolution in time of such power
values has suggested that the torsional mechanism contributed
the most to pile penetration;

— the frequency and time—frequency analyses of pile acceleration
signals have indicated that frequencies mainly associated with
the vibrations of the GDP shaker were excited during driving,
which has turned out to be a nearly stationary process under the
reference site conditions;

— the hydro-mechanical response of the soil during driving has
been found to be in line with expectations for vibratory driving
processes. Pore pressures in the order of a few kPa built up
and rapidly dissipated in the permeable soil at hand. A gradual
relaxation in the total radial soil stress has been observed as a
likely outcome of vibration-induced soil densification;

— the results of in-situ CSL tests have shown an increase in soil’s
P-wave velocity after pile installation, which may be associated
with an overall increase in soil stiffness due to the mentioned
densification.

The field campaign has preliminarily demonstrated the potential of
the GDP method as an efficient and ‘silent’ pile installation technology.
The results presented in this paper, along with those regarding the post-
installation performance of the test piles (see the companion paper),
encourage further development of the proposed piling approach. More
quantitative analysis of all installation test results will be presented in
the future after detailed numerical modelling work.
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