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Abstract

This study examines the influence of impact-driven installation on the subsequent horizontal
monotonic response of small-scale monopiles by using a large-beam geotechnical centrifuge at
100g. A special device including small-scale hammer was developed to install open-ended
monopiles with 50 mm in diameter to an embedment depth of 250 mm in flight, and then to
apply lateral loading on the monopile head without stopping the centrifuge. The horizontal global
and local responses of the monopiles were investigated for two methods of installation: impact
driven at 100g, and monotonically jacked at 1g into saturated dense sand. The results
highlighted two main features. (i) The effect of impact driving was pronounced for small
amplitudes of horizontal loading. With regard to the conditions of serviceability, the in-flight
installation increased the secant stiffness by about 3 times compared with the 1g installation.
For large amplitude of displacement, the lateral capacity increased by 1.3 times. (i) The
experimental p-y curves obtained from the in-flight impact-driven installation remained smoother

than those predicted by using offshore standards, but were similar to them.

Keywords: centrifuge modelling; pile and piling; sand

Notation

Cu coefficient of uniformity [dimensionless]
D monopile outer diameter [m]

dso average diameter of sand grains [mm]
El monopile bending stiffness [N m?]

G monopile shear modulus [GPa]

g Earth gravitational acceleration [m/s?]
H horizontal load [MN]

He horizontal load at the ground level [MN]
h ram drop height [m]

ha anvil height [m]

k lateral secant stiffness

L monopile embedment length [m]

I monopile length [m]

le load eccentricity [m]
M bending moment [MN m]
Mec bending moment at ground level [MN m]



m ram mass [kg]
N g level [dimensionless]
n hammer blows [dimensionless]
p soil reaction [MN/m]
Rn radius of the application of the Centrifuge acceleration [m]
S shear force [MN]
S monopile settlement [m]
Si monopile settlement for the hammer impact n° i [m]
t monopile wall thickness [m]
y monopile lateral deflection [m]
ye monopile lateral deflection at ground level [m]
z depth coordinate [m]
£ monopile normal strain [um/m]
€ energy delivered to drive the monopile [MJ]
angle of friction [°]
0 rotation of monopile neutral axis [°]
6c rotation of monopile neutral axis at ground level [°]
K Timoshenko shear coefficient [dimensionless]
¢ applied cumulated driving energy [MJ]

&N simplified cumulated driving energy [MJ]

pdmax  Maximum dry density [g/cm?]

Pdmin - Minimum dry density [g/cm3]

Ds dry density of solid particles [g/cm?]

A improvement of the monopile resistance/secant stiffness [%)]
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1 Introduction

Offshore wind farms have grown in number in the last few decades in the course of efforts to
produce clean and renewable energy. Monopiles are the prevalent foundations for offshore wind
turbines in shallow coastal waters (e.g. Dupla et al., 2019). They are commonly installed in
dense sand using a dynamic method: the so-called impact driving. Over their design service life,
the monopiles are subjected to horizontal loading due to winds, currents, and waves. This is

why offshore monopiles are designed to withstand lateral loads and overturning moments.

To investigate the lateral response of impact-driven monopiles in sandy environments, two
experimental methods have been proposed in the literature: in-situ testing and laboratory
testing. Field tests can be performed onshore on monopiles of different sizes. For example,
monotonic lateral tests were conducted on driven monopiles of small-to-medium diameters
(0.273—-2 m) under the framework of the Pile Soil Analysis (PISA) joint industry project (McAdam
et al., 2020; Burd et al., 2020a). Small-scale model tests have been conducted in laboratories,
either at 1g (e.g. Abadie et al., 2019) or with enhanced stress, by accelerating the centrifuge
(e.g. Klinkvort, 2012 ; Fan et al., 2019). Centrifuge models tested in macro-gravity undergo
similar stress fields to full-scale prototypes. Hence, by using the scaling laws of physical
modelling (e.g. Garnier et al., 2007), the response of the monopile model can be compared to
that of the prototype. Like the in-situ conditions, the method of installation (e.g. for displacement
or non-displacement piles) plays an important role on the pile behaviour. The generated stress
field changes significantly depending on the method of pile installation used: whether driven or
wished in place. In the same way in the centrifuge, the stress field generated during installation
at 1g is different from that when installation is performed in flight. The horizontal response of the
model of the pile obtained through the centrifuge is weaker than that predicted by standards
such as the DNVGL (2016) (e.g. Bayton and Black (2016), Choo and Kim (2016), El Haffar
(2018)). One reason for this is that clean sand is used in centrifuge modelling, and is
significantly different than that used in situ. Another reason, reported by Fan et al. (2019), is that
driving the monopile in flight increases the stiffness of the horizontal response as well as the

lateral resistance of soil. As highlighted by Bayton and Black (2016), the experimental response
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of the monopile in this case is expected to be closer to the design standards. A miniature
monopile-driving hammer can thus be developed to simulate the method of ‘in-flight’ installation
during centrifuge model tests. The three main characteristics of hammering are its frequency
(blow rate), the mass of the ram, and the drop height. A list of different in-fight hammers
developed to drive piles and monopiles in centrifuges (updated from Levacher et al., 2008) is

provided in Table 1.

Several studies have focused on the lateral responses of piles and monopiles installed in the
centrifuge by using different methods. Kim et al. (2004) have highlighted different lateral
responses of piles installed as wished in place, and by being driven at 1g by using different
energies. Furthermore, Dyson and Randolph (2001), and Klinkvort (2012) have studied the
effects of monotonically jacked and impact-driven in-flight installations on the responses of the
lateral pile and the monopile. However, these tests required stopping the centrifuge to mount
the lateral loading apparatus, which led to a loss of the state of soil post installation. Fan et al.
(2021a) showed by using advanced numerical modelling that the post-installation state of sail,
including horizontal stresses and the void ratio, is altered by the process of installation of the
monopile in dry and sandy environments. The post-installation state of soil therefore needs to
be retained in centrifuge modelling. This was achieved by Fan et al. (2019), who performed
three direct monotonic push-over tests without stopping the centrifuge on a 50-mm monopile
model monotonically jacked at 1g and 100g, and impact-driven at 100g into dry sand of medium
density to a depth of 3.1D. Fan et al. (2019) claimed that the global lateral response of the
monopile was significantly influenced by the method of installation, and this was numerically
confirmed by Fan et al. (2021b). Fan et al. (2021b) also revealed that the effect of the method of
installation on the lateral response is affected by the initial density of soil, driving distance,

geometry of the monopile, and the level of stress and eccentricity of the load.

This study develops an experimental device that can carry out, in centrifuge at 100g, the impact-
driven installation of an instrumented monopile with 50 mm in diameter into a 250 mm (5D)

embedding, followed by horizontal loading. Test was conducted to verify the performance of the
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set-up, and to better understand the effect of the impact-driven installation of the monopile on its

subsequent global and local lateral response in saturated dense sand.

2 Development of the experimental device

To study the influence of the hammering installation method in centrifuge on the horizontal
response of the monopile, a special device was developed. The goal of development was to
drive the monopile in flight and then apply horizontal loading without stopping the centrifuge to
maintain the states of stress that had been induced by the installation of the monopile
beforehand. This enabled the better modelling of the post-installation stress field. The device
(Figure 1) had two main axes. (i) Vertically, an electric motor was fixed at the top on a hydraulic
actuator; it was positioned on I-shaped supporting beams, and was used to control the hammer
(shown in Figure 2(a)). (ii) Horizontally, an electro-mechanical actuator was fixed on a ‘T-
metallic’ support beam to laterally load the monopile. These actuators were equipped with
external force sensors and displacement sensors (Table 2). The electro-mechanical hammer

was based on the principle of the combined spin-upward movement of the ram before free-fall.

A 0.166-kg steel anvil was fixed over the head of the aluminium monopile to avoid damaging it
at the moment of shock. The falling mass included wing-shaped ram weights, and two
diametrically opposed cylinder bearings were wrapped around them. These two bearings rested
on a fixed wave-shaped ram support that allowed the ram to free-fall to a height of 25 mm to hit
the anvil and then move back up the ram with a constant slope through rotation. The shape of
the ram support thus enabled the impact driving of the monopile with two blows per turn. The
ram support, driving guide, and housing of the hammer were supported by the vertical actuator
to follow the descent of the monopile. Inside the hollow rod of the hydraulic actuator, a
connection bar that linked the vertical fork to the electric motor enabled its rotation. This rotating
fork allowed for both the vertical translation (rise up and free-fall) and rotation of the free ram.

The details of the miniature hammer are presented in Figure 2(b).

As the monopile penetrated the soil, the vertical actuator followed it downward while maintaining

a specified drop height for impact through a vertical laser displacement transducer (Table 2) that
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measured the distance to the target fixed on the monopile shaft (as shown in Figure 2(a)). A
driving guide fixed below the hammer also ensured the verticality of the monopile during
installation. During the hammering, the monopile slightly spun about its vertical axis. This was
avoided by using a steel rod that diametrically crossed the monopile 25 mm from its head and
hung on the foot of the driving guide. A slight gap was provided between the hole of the
monopile and the steel rod to avoid excessive pressure from being generated inside the

monopile during hammering.

Once the monopile had reached the desired embedment depth, the electric motor spinning the
ram was stopped. The vertical actuator was then lifted up to leave the monopile inside the sand
sample. The possible translation and rotation of the monopile after installation in the vertical
plan of the horizontal loading were measured by using two horizontal laser displacement
transducers positioned in front of the horizontal actuator (Figure 2(a)). A maximum slight
translation of 1 mm and rotation of 0.57° were observed in the direction opposite to that of the

lateral loading.

Following this, without stopping the centrifuge to maintain the stress state, lateral loading was
applied to the centre of the cross-section of the monopile by pushing the steel rod that crossed
the monopile perpendicularly to the direction of loading by using a fork attached to the horizontal
electro-mechanical actuator. A photograph of the horizontal loading set-up after unloading the

monopile and stopping the centrifuge is presented in Figure 3.

The hydraulic vertical actuator, horizontal electric actuator, and electric motor were together
connected to a MOOG® test controller placed near the axis of the centrifuge. The controller
contained three servo-loops working at a frequency of up to 1.6 kHz that could be connected to

various types of sensor (force, displacement, and acceleration).

3 Centrifuge model test

The tests were performed in a geotechnical centrifuge facility, with a beam of radius 5.5 m, at

the Gustave Eiffel University, Nantes campus, France (formerly IFSTTAR or LCPC). The set-up
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was installed in the swinging basket of the centrifuge (Figure 1(b)), where the total available
vertical height was 2110 mm. The tests were carried out at 100 times the Earth’s gravity (N
=100) on a large monopile model of diameter D = 50 mm embedded over 5D into water-
saturated dense sand, and was horizontally loaded at an altitude of le = 5D from the ground
level. The level of g was applied at a depth of 83 mm from the surface of soil (i.e. L/3),

corresponding to a radius Rn of 5.2 m from the axis of the centrifuge.

3.1 Sand model

The sand sample was reconstituted by using the raining deposition technique (Garnier, 2001),
which yields a homogenous specimen and has good repeatability (Ternet, 1999). Poorly graded
NE34 Fontainebleau sand was deposited from an automatic hopper that moved back and forth
at a constant horizontal speed of 10 cm/s. The sand fell at a constant height of 70 cm through a
3-mm-wide slot to produce uniform sand rain over a strongbox with internal dimensions of 1200
(length) by 800 (width) by 360 (depth) mms3. The resulting density was 1.682 g/cms3, with a
coefficient of variation of 0.24%, i.e. 82% = 1.4% of relative density, and was based on seven
calibrated boxes spread at the bottom of the strongbox (Cu = 1.53, dso = 0.21 mm, @ = 38°, ps =
2.65 g/cm?, pdamin = 1.434 g/cm?, pdmax = 1.746 g/cm? (Klinkvort, 2018)). Following the pluviation
of sand, a 120-mm-high raiser (Figure 1) was placed over the strongbox. The sample was then
saturated by tap water through vertical rising flow using four draining channels located at the
bottom of the specimen (Figure 1(a)). To avoid scale effects between diffusion and the dynamic
phenomena, the sand mass can be saturated by using a fluid with a viscosity of 100 cst (Kutter,
1994). This was not done in this study. Only the impact of the method of installation on the
horizontal response of the monopile was studied here. The final water level was 40 mm above
the surface of sand at 1g to ensure that the sand remained fully saturated at 100g. The effective

unit weight of the saturated sand was 10.26 kN/m3.

3.2  Monopile model

An open-ended tubular aluminium 2017A tube (Figure 4(a)) of length | = 525 mm, external
diameter D = 50 mm, and a 2.5 mm-thick wall (t) was used. Two optical fibres, described below,

were embedded into a tube of suitable thickness (thicker than the minimum thickness required
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according to API (2007)) while respecting the scale factor of flexural rigidity El. Aluminium tubes
are commonly used in geotechnical centrifuges (e.g. Rosquoét et al., 2007), and they do not
rust in a saturated sand. The geometry and the mechanical characteristics of the model

monopile are presented in Table 3.

The roughness of the pile, normalised by the average grain size as introduced by Uesugi and
Kishida (1986), was 0.015 (less than 0.1). Therefore, it was considered to be smooth according
to Garnier and Konig (1998), and the normalised surface roughness is typically within the range

of 0.02 to 0.03 of a standard offshore pile, as reported De Nicola and Randolph (1997).

To avoid particle-size effect on the horizontal response of the monopile, a series of ‘modelling of
models’ performed by Remaud (1999) have suggested a ratio of pile to grain diameter D/dso
greater than 60. In addition, the ratio of the thickness of the wall to mean particle size t/dso
needed to be at least 10 (De Nicola, 1996). Both criteria were verified (D/dso = 238, t/dso = 12) by

using Fontainebleau NE34 sand and the geometry of the chosen monopile.

3.3 Monopile instrumentation

The model monopile was instrumented with two diametrically opposed optical fibres, each with a
diameter of 200 um, glued into two semi-cylindrical grooves with a radius of 0.5 mm (1/5 of the
thickness of the wall) as shown in Figure 4(b). The position of the two optical fibres, in extension
and compression sides, compensated for the effect of temperature on the resulting bending
moment. Within each fibre, 10 equally distributed fibre Bragg gratings (FBGs) were integrated
from the ground level to the pile base over a span of 225 mm, as shown in Figure 4(a). The
details of this instrumented model monopile and its calibration have been provided by Li et al.

(2020).

In an open-ended monopile, plugging may occur during installation to change the response. For
this purpose, the internal height of the soil column during monopile installation was measured by

using a potentiometric position sensor (Table 2) fixed by an aluminium support on the steel rod
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inside the monopile. The tip of the sensor rod was 160 mm from the monopile base before

installation.

3.4 Hammering procedure

The monopile restricted within the driving guide penetrated a few millimetres into the sand
before spinning the centrifuge, and then continued to penetrate into it as gravity was increased.
At 100g, the displacement of the vertical hydraulic actuator holding the hammer was controlled
to maintain the required height at which the ram was dropped based on the vertical
displacement of the laser. The electric motor was then activated and impact driving was
initiated. In general, the driving energy input into the system can be varied according to the drop
height and the mass of the ram of the hammer. In this case, the ram weighed 0.164 kg, and a
drop height of 20 mm was chosen.

The driving energy per stroke increased with the depth of penetration as the centrifugal
acceleration varied with the radius (i.e. with the altitude of the anvil). Because the head of the
anvil was located at an altitude corresponding to 88.65g before the monopile was driven, and at
one corresponding to 92.84g at the end of the hammering, the delivered energy chosen to drive
the model monopile down to the desired depth varied from 2.85 J to 2.99 J (2.85 MJ to 2.99 MJ
at prototype scale, with N = 100). The maximum rotational speed of the electric motor was 900
rounds per minute, but it was fixed in this case to 150 rpm, which corresponded to five blows

per second.

Figure 5 shows the cumulative number of blows of the hammer (n), the simplified cumulative
driving energy &N (without variation in the gradient of centrifuge acceleration during hammering),

and the applied driving energy ¢ (with variations) versus the normalised settlement of the
monopile. In both cases, the driving energy (E!r'”;land £;.1) and the cumulative driving energy

( ;"j‘rland ;1) at the (i+1)t blow in ‘MJ’ were calculated at prototype scale as follows:

el = mghN
1
Ry—L—l—n +s @)
— N 3
Cig1 = €54 R
N
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where all the length-related parameters were at model scale in ‘m’, and the height of the anvil ha

= 0.014 m. The initial depth so, around 0.65D, represented the monopile penetration under its
own weight before being driven. The number of blows as well as the delivered energy required
per unit meter of penetration increased with the penetration depth, as expected. A total of 3846
blows were needed to drive the monopile to an embedment depth of 5D. The maximum
difference in cumulative energy between the methods of calculation was 12.8%. During this
installation, the vertical displacement sensor inside the monopile indicated that no plugging had

occurred.

3.5 Horizontal loading procedure

After installation, the hammer and the vertical actuator were lifted up in flight to create the
required clearance around the head of the monopile for the lateral loading phase. Lateral
loading was applied by pushing the steel rod, positioned perpendicularly with respect to the
plane of the optical fibres at le = 250 mm (i.e. 5D), above the ground level. This was achieved by
moving the horizontal electro-mechanical actuator to 50 mm (i.e. 1D) at a controlled rate of 0.1
mm/s. During the loading phase, the lateral load at the electro-mechanical actuator was
recorded by using a horizontal load cell. The horizontal deflections of the monopile at 60 mm
and at 220 mm above the ground level were measured by using two horizontal laser
displacement transducers. These transducers, positioned in front of the actuator, were mounted

on a bracket attached to the bottom of the IT-beams (as shown in Figures 2(a) and 3).

The measurements of the sensors were recorded by a data acquisition system (QuantumX
MX1615 from HBK) placed in the swinging basket of the centrifuge. The FS22DI Industrial
BraggMETER Interrogator box from HBK, which can record the reflected peak wavelength in
Bragg optical fibres to allow for the measurement of the normal strain, was placed near the axis
of the centrifuge. These two data acquisition devices were connected to the same local ethernet

network at a recording frequency of 100 Hz.
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4 Impact of driving monopile on horizontal response

For comparison with the impact-driven installation (called ‘1D100g’ here), a reference monopile
monotonically jacked at 1g (called ‘J1g’) was first tested in the same strongbox. The 1g
installation was performed at a constant displacement rate of 1 mm/s to a depth of 5D. Then,
centrifuge acceleration was applied at 100g only in the lateral loading phase (detailed in Section
3.5). As a result, the stress states of soil generated around the monopiles were different from
those obtained after impact driving at 100g. Both tests were carried out at 8D (i.e. 400 mm) from
the walls of the strongbox, perpendicular to the plane of horizontal loading, to minimise
boundary-related issues. In this section, all results are presented at an equivalent prototype

scale.

4.1  Comparison of global behaviour

Direct measurements of the ground-level displacement and rotation, and force are not feasible
in the centrifuge. These data can be obtained by modelling the above-ground structure as a
beam according to Timoshenko’s theory (Astley (1992)) by using two displacement transducers
positioned at different elevations (Mayall, 2019; Fan et al., 2019). However, this approach did
not vyield sufficiently accurate results for two reasons. i) There were uncertainties in
displacements of small amplitude at the bottom laser displacement transducer (as shown in
Figure 9). ii) The distance between these transducers was too short to yield accurate values of
rotation. Moreover, the recommended use of inclinometers in field tests along the embedded
depth (Burd et al., 2020a; Byrne et al., 2020; McAdam et al., 2020) was not possible in the
centrifuge. This is why the procedure developed by Li et al. (2020) was implemented: The
centre of rotation of the monopile was used to infer its horizontal displacement and rotation at
the ground level. This method is detailed in the next sub-section as it involves strain

measurements along the embedded depth of the monopile.

At ground level, the bending moment Mg and horizontal load Hc are plotted, in Figure 6(a) and
Figure 6(b) respectively, against the rotation of the monopile about the neutral axis 6z and its

normalised deflection ys/D for both methods of installation: by impact driving at 100g (ID100g),
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and monotonically jacked at 1g (J1g). In both tests, two trends/behaviours were observed. i)
Initially, for small amplitudes of loading, the lateral resistance increased until 6c = 0.7° or yc =
0.03D (i.e. 0.15 m). ii) Then, this increase became less pronounced. For the same yas/D or 6g,
He or Mg was always greater for ID100g than for J1g. Figure 6(a) and Figure 6(b) also show the
improvement (A) brought about by the in-flight impact-driven installation. This improvement
corresponded to the difference in the resistance of the monopile between the tests as
normalised by the lateral resistance in the J1g test. The improvement due to the hammering
was much more pronounced during the first phase of the tests (until 6 = 0.7°). In the second
phase, the difference between the resistance of the tests remained constant. As the resistance
increased during loading, the improvement, due to the in-flight installation decreased until
reaching a plateau for high amplitudes of loading far from the domain of serviceability. The
findings are in accordance with the results obtained by Fan et al. (2019). To better understand
these trends, authors focus on the local behaviour of the monopile instrumented by optical strain

gauges.

4.2 Comparison of local behaviour

The resistance of the monopile to lateral loading depends on several mechanisms of interaction
(Byrne et al., 2017): the horizontal soil reactions p, the interface shear along the monopile shaft,

and the shear and moment resistances at its base.

4.2.1 Axial strains

Under lateral loading, the monopile bent to induce axial strains in optical fibres located at the
extremities of the cross-section in the direction of loading. For both tests ID100g and J1g, these
local strains as measured by FBGs are plotted in Figure 7 along the depth of the monopile for
four loading states, corresponding to M = 100, 200, 300, and 400 MN.m. As the applied
loading increased, normal strains within the monopile increased as well. Under the same value
of Mg, normal strains in both tests increased with depth until reaching a maximum at the fourth
FBG (z = 1.5D), below which they continued to decrease progressively to almost zero near the
monopile base. However, the ID100g test featured amplitudes of axial strain lower than those of

the J1g test. At the same depth, asymmetry was noted between compression and tension, and

10
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became more significant at the monopile base. This asymmetrical behaviour has been reported
by Doherty et al. (2015) and McAdam et al. (2020) in lateral field tests on steel piles driven into
dense sand. However, the reason for this was not identified. It may have occurred due to the
localisation of strain along the boundaries of the monopile, as its slenderness ratio was too low

to consider the monopile to be an ‘idealised flexible beam’.

4.2.2 Bending moments
After calibration of the FBGs (Li et al., 2020), bending moments at different depths of the
monopile were calculated, as shown in Equation 3, based on the average values of the tensile

and compressive strains €avg by using Euler-Bernoulli beam theory:

oy — 2EEarg
D

(3)

To obtain the profile of the bending moment along the monopile, an interpolation of the moment
calculated at each FBG level needed to be done. This was achieved by using fifth-order
polynomial fitting, which provided the best estimate of the measured data. Six coefficients in the
polynomial needed to be identified. The first three were determined from i) the bending moment
calculated at the first FBG level (i.e. at the ground level), ii) the shear force at the ground
surface calculated by dividing the zero-exponent coefficient by load eccentricity le, and iii) the
absence of soil reaction at the ground surface. The remaining coefficients were determined
from the best fit of the measured data presented as empty markers in Figure 8. Note that at the
monopile tip, no boundary condition was considered. At the ground level in both tests, the
maximum difference between the moment calculated by the FBG and that calculated by
multiplying load eccentricity with loads measured by the horizontal load cell was less than 0.2%.
This confirms the reliability of the FBGs used in this study. In both tests, J1g (Figure 8(a)) and
ID100g (Figure 8(b)), the moment increased with the depth up to approximately 1.5D below the
ground surface. Then, the moment gradually decreased to a very low value at 4.5D. However,

the existence of a moment-related reaction at the monopile base is difficult to confirm.
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4.2.3 Soil reactions

The first and second derivatives of the profiles of the bending moment yielded profiles of the
shear force and the horizontal soil reaction if the distributed moment along the monopile shaft
was negligible. Experimentally, this distributed moment was difficult to assess. However,
authors neglected it here based on work by Burd et al. (2020b). They conducted numerical
simulations similar to our tests in a saturated, dense, sandy medium by using a 1D finite
element model (calibrated on a 3D FEM) with L/D = 6. They obtained a resistance lower than
7% when considering only the lateral soil reactions compared with when all mechanisms were
considered. In this study, profiles of the shear force S and soil reaction p are plotted in Figure 8.
For the same horizontal load, S and p were similar in both tests. ID100g featured higher lateral

resistance than J1g.

4.2.4 Deflections

The monopile was modelled following Timoshenko’s beam theory (i.e. shear strains within the
monopile were included). The profiles of its neutral axis of rotation 6 (clockwise positive) and

deflection y were determined as follows:

1 S
f=——|Mdz+——-c, 4)
EI KAG
! ff Mdz " + + (5)
Y= E kAG | P T e

where Timoshenko’s shear coefficient k was equal to 0.9 (Faghidian, 2017), A is cross-sectional
area of the monopile, G is its shear modulus (see Table 3), and two integration constants ¢;
and ¢; were obtained by using the monopile deflection measured by the top non-contact laser
displacement transducer and the deflection of the monopile at its rotation centre. The latter was
determined by finding the depth at which the soil reaction between two loading increments
remained constant (El Haffar, 2018). At this depth, the horizontal displacement of the monopile

remained constant between the two load increments.

12



329
330
331
332
333
334
335
336
337
338
339

340
341

342
343
344
345
346
347
348
349
350
351
352
353

354
355

356

Figure 8 also shows the normalised deflection of the monopile y/D and its neutral axis of rotation
6. In contrast to the profiles S and p, those of y/D and 6 in ID100g were lower than in Jlg.
Figure 9 presents the normalised deflection profiles of the monopile above and below the
ground surface for both tests at four loading states (for Mc every 100 MN.m until 400 MN.m).
The depth at which no deflection was obtained corresponded to a distance of 18.75 m from the
ground surface, i.e. z/D = 3.75 or z/L = 0.75. This depth was close to the centre of rotation of the
monopile. The figure also shows monopile deflections measured by the bottom laser
displacement transducer (not used for the integration procedure). These measurements were
consistent with the deflection profiles obtained previously. The slight difference in case of the

ID100g test was due to uncertainties captured in case of small displacements.

4.2.5 Load transfer curves

The influence of the method of installation on the p-y curves at different depths (between 0.5D
and 3D) is shown in Figure 10. For small loading amplitudes, the p-y curves of the ID100g test
had stiffer responses than those of the J1g test. This tendency became less pronounced with
increasing loading. At the first level, z = 0.5D, the soil reactions reached the same plateau in
both tests. At deeper layers, this was difficult to determine as not enough displacements were

generated to reach a plateau.

The increase in the initial stiffness can be explained by an increase in horizontal stress along
the monopile shaft during in-flight installation compared with that in case of a jacked monopile.
Before the horizontal loading, the radial stress should be higher for ID100g. However, this
increase occurred because the in-flight driving was located in an area close to the monopile.
This is why for larger horizontal loading mobilizing the soil faraway, the difference in the soil

reaction decreased.

4.3 Quantitative comparison

In addition to the above qualitative comparisons, the effect of impact-driven installation on the

lateral response of the monopile was also determined based on two criteria. The first, 6c = 0.5°,
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was close to the limit state requirement of serviceability for a typical offshore wind turbine
(DNVGL, 2016). The second criterion, y = 0.1D for different soil layers, represents the ‘ultimate

limit state’ corresponding to the conventional failure generally admitted for large displacements.

Table 4 summarises, for both tests, the secant stiffness defined at 6 = 0.5° for global curves
(Ms-66 and He-ye/D in Figure 6) and local curves (p-y/D in Figure 10). For both global and local
analyses, the installation technique had a significant effect on the secant stiffness: multiplication

by 1.6 to 3 for 100g driving instead of 1g jacking.

The lateral resistances mobilised at y = 0.1D are presented in Table 5. At the ground level, the
in-flight installation improved the lateral capacities (Hec and Mg) by 1.45, slightly higher than that
reported by Fan et al. (2019), who obtained a value of 1.31 for a 3.1D embedding into dry sand
with a relative density of 38% and le = 3.8 D. With regard to the local response of the monopile
at 0.1D in each layer, the soil reaction increased by 1.24 to 1.33. The in-flight installation
improved the soil reaction in deeper layers more significantly, but the effects of in-flight impact
driving were pronounced close to the monopile axis for a narrow range of horizontal

displacement.

Comparisons of the secant stiffness at 6c = 0.5° between the experimental p-y/D curves Kpy®*®
and those obtained from the standards Kp,°NVGL (DNVGL, 2016) are shown in Table 6. This
standard suggests an initial modulus of subgrade reaction of about 34 MN/m?3 at a frictional
angle of 38°. The experimental stiffnesses were lower than those predicted by the standards.
This phenomenon was more pronounced in deeper layers. However, with the in-flight impact
driving of the monopile, the results of the experiments were much closer to the standard.
Therefore, the lack of stiffness observed in centrifuge modelling was related to the effect of
installation and the use of clean, poured sand, which is different form the geological sand used
in situ. The DNVGL (2016) yielded results about 2.6 to 5.8 times higher for the J1g test, while

for ID100g, the DNVGL values were 1.2 to 2.8 times higher than the experimental ones.
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For a large amplitude in case of a normalised displacement of 0.1D, the DNVGL-mobilised
lateral resistances p PNVEL were compared with those obtained from the experimental p-y/D
curves p ®® (Table 7). The results show that the experimental lateral resistances were similar to
those of the standards. For J1g, the DNVGL resistances were about 1.2 times higher, while for

ID100g, the standards resistances were slightly lower than the experimental results.

5 Conclusions

The set-up developed at the Gustave Eiffel University allows for the combination of the impact-
driven installation of a 50 mm monopile with a new miniature electro-mechanical hammer,

followed by horizontal monotonic loading in a centrifuge at 100g.

The global and local horizontal responses of the monopile were investigated for two methods of

installation—impact driving at 100g, and monotonically jacked installation at 1g—into water-

saturated Fontainebleau NE34 sand up to a depth of 5 D. No soil plugging was observed, which

enables an accurate comparison of the responses of the monopile under lateral loading. The

findings are as follows:

= A set of two diametrically opposed FBGs, which measured normal strains within the
monopile, resisted the driving process at 100g. The optical fibres worked appropriately in
the subsequent lateral load tests. The bending moment calculated by using the force of the
horizontal actuator was in accordance with that measured by the FBGs at the ground level.

= During horizontal loading, the compressive and tensile normal strains were asymmetric, as
has been reported by Li et al. (2020). Furthermore, the asymmetry was more significant at
the monopile base. This might have occurred due to strain localisation at the boundaries of
the monopile, as its slenderness ratio was too low to consider it to be a flexible beam.

= The driven monopile better resisted overturning moments and forces, especially in case of
small loading amplitude. This enhancement decreased progressively as the resistance
increased until it stabilised at high loading amplitudes. These findings have also been

reported by Fan et al. (2019).
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= With regard to serviceability conditions (6c < 0.5°), the increase in secant stiffness was
highly pronounced in case of in-flight driving installation (3 times greater than in case of the
1g installation).

= In case of the ultimate state condition (y/D ~ 0.1), an increase in the lateral capacity of the
in-flight driving installation was prominent (1.3 times higher).

= The effect of impact driving was more localised in the vicinity of the monopile, and was
more pronounced for a narrow range of horizontal displacement. This may be owing to the
strong radial stress state induced during impact driving that was not present far from the
monopile.

= The DNVGL (2016) predicted stiffness value 2.6 to 5.8 times higher than the experimental
ones for the J1g test. For the ID100g test, the DNVGL values were 1.2 to 2.8 times higher.

= The ultimate resistance values of the DNVGL were similar to the experimentally mobilised
capacities for normalised displacement of 0.1D at a large amplitude.

Developing an electro-mechanical hammer requires ingenuity, time, and validation of the

relevant concepts from 1g progressively up to 100g. Nevertheless, it is important to model

impact-driven installation in the centrifuge as it clearly stiffens the soil-monopile interaction.

In future work, the authors will consider the effects of the embedding depth, the use of fluid with

scaled viscosity, and the blow rate on the lateral response of impact-driven monopiles.
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Table and Figure Captions

Table 1. Recap of hammers of the centrifuge (updated from Levacher et al., 2008).
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Table 2. Instrumentation of the experimental device.

Table 3. Geometric and mechanical characteristics of the model monopile.
Table 4. Experimental lateral secant stiffness at ec= 0.5°.

Table 5. Experimental lateral resistance at y/D = 0.1.

Table 6. p-y secant stiffness at ec= 0.5°; from the DNVGL (2016).

Table 7. Lateral resistance at y/D = 0.1; from the DNVGL (2016).

Figure 1. Experimental set-up: (a) schematic drawing; (b) photograph in the centrifuge basket.
Figure 2. (a) Monopile-driving hammer and (b) details of the hammering process.

Figure 3. Top-view photograph after lateral loading.

Figure 4. Instrumentation for the monopile: (a) photograph and longitudinal section of the
instrumented monopile. (b) transversal section at the level of optical fibres. FBG, fibre Bragg
Grating.

Figure 5. Driving curve (number of blows n) and cumulative energy (&N and &) at the prototype
scale plotted against the normalised settlement of the monopile.

Figure 6. At ground-level: (a) the bending moment plotted against rotation (Mc-6c), (b) the
horizontal load plotted against normalized deflection (Hs-ys/D), (c) the monopile rotation plotted
against normalised displacement (6 -ys/D).

Figure 7. Distribution of normal strains along the monopile for four horizontal loading states
corresponding to an increment of 100 MN.m in the ground-level bending moment.

Figure 8. Profiles of deflection, rotation, bending moment, and shear force of the monopile, and
the soil reactions for the (a) J1g test and (b) ID100g test. Four cases of loading were considered
at the prototype scale: Mg = 100, 200, 300, and 400 MN.m.

Figure 9. Deflection of the monopile above and below the ground level for the (a) J1g test and
(b) ID100g test.

Figure 10. Soil reaction plotted against the normalised monopile deflection for (a) J1g and (b)

ID100g tests.
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Table 1. Recap of hammers of the centrifuge (updated from Levacher et al., 2008).

Hammer type L/D g-level Ra(rg)mass Dr(?ﬁr:)elght Frg_?zlJ)ency References
Pneumatic 9.4 100 70 0-20 20 De Nicola and Randolph (1994)
Electro-magnetic 25 50 40 20 - Sieffert and Levacher (1995)
Electro-mechanical 2.9 50 220 40-55 35 Van Zeban et al. (2018)
Pneumatic 3.1 100 50 17 5 Fan et al. (2019)




Table 2.

Instrumentation of the experimental device.

Sensor name Location Range Linearity
Displacement Hydraulic actuator 300 mm 0.01%
Displacement Electro-mechanical actuator 150 mm 0.1%
Vertical laser disp. Hammer housing 100 mm 0.3%
Potentiometric disp. Inside the monopile 104 mm 0.1%
2 Horizontal laser disp. In front of the electric actuator 120 mm 0.1%
Force Hydraulic actuator 25 kN 0.2%
Force Electro-mechanical actuator 5 kN 0.75%




Table 3. Geometric and mechanical characteristics of the model monopile.

Parameter Model

D (m) 0.05

E (GPa) 725
El (N-m?) 7.7 x 108

G (GPa) 27.2

L (m) 0.25

[ (m) 0.525

le (M) 0.25

t(m) 0.0025




Table 4. Experimental lateral secant stiffness at 5= 0.5°.

Secant . Test

Stiffness z Units Jlg ID100g A[%]

Km_e 0 MN.m 337 541 61

Kh_yip 0 MN 259 553 114

0.5D MN/m 30 90 197

1D MN/m 65 198 204

Koy 1.5D MN/m 105 327 211

- 2D MN/m 151 482 219

2.5D MN/m 204 656 222

3D MN/m 266 824 210




Table 5. Experimental lateral resistance at y/D = 0.1.

Test

Load/reaction z Units A [%]
Jig ID100g
Mg 0 MN.m 355 515 45
Hg 0 MN 14.2 20.6 45
0.5D MN/m 1.48 1.84 24
1D MN/m 3.11 3.97 27
P 1.5D MN/m 4.81 6.32 32
2D MN/m 6.57 8.75 33




Table 6. p-y secant stiffness at eg= 0.5°; from the DNVGL (2016).

, Ky PNVEL (MN/m) K oy PNVEL/ K X
J1g ID100g J1g ID100g
0.5D 79 112 2.6 1.2
1D 214 324 3.3 1.6
1.5D 406 649 3.9 2.0
2D 647 1077 4.3 2.2
25D 907 1566 4.4 24

3D 1539 2310 5.8 2.8




Table 7. Lateral resistance at y/D = 0.1; from the DNVGL (2016).

p DNVGL (M N/m) p DNVGL / p exp
VA
J1g ID100g J1g ID100g
0.5D 1.74 1.74 1.2 0.9
1D 3.85 3.85 1.2 1.0
1.5D 5.85 5.85 1.2 0.9

2D 7.23 7.23 11 0.8




Figure 1. Experimental set-up: (a) schematic drawing; (b) photograph in the centrifuge basket.
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Figure 2. (a) Monopile-driving hammer and (b) details of the hammering process.
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Figure 3. Top-view photograph after lateral loading.
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Figure 4. Instrumentation for the monopile: (a) photograph and longitudinal section of the instrumented
monopile; (b) transversal section at the level of optical fibres. FBG, fibre Bragg Grating
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Figure 5. Driving curve (number of blows n) and cumulative energy (&Nand &) at the prototype scale plotted against the
normalised settlement of the monopile.
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Figure 6. At ground-level: (a) the bending moment plotted against rotation (M-6;), (b) the horizontal load plotted against
normalized deflection (Hs-y/D), (c) the monopile rotation plotted against normalised displacement (65 -yg/D).
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Figure 7. Distribution of normal strains along the monopile for four horizontal loading states corresponding to
an increment of 100 MN.m in the ground-level bending moment.
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Figure 8. Profiles of deflection, rotation, bending moment, and shear force of the monopile, and the soil reactions for the (a) J1g test and (b)
ID100g test. Four cases of loading were considered at the prototype scale: Mg = 100, 200, 300, and 400 MN.m.
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Figure 9. Deflection of the monopile above and below the ground level for the (a) J1g test and (b) ID100g test.

Top Laser

Bottom Laser

A5 0.2 025 03 0.35

y/D
(a)

Bottom Laser

0.1 015 0.2

025 0.3 0.35

y/D
(b)



p[MN/m]

10¢

Figure 10. Soil reaction plotted against the normalised monopile deflection for (a) J1g and (b) ID100g tests.
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