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Abstract. The widespread deployment of offshore wind turbines requires the use of fast, low-
cost and reliable foundation installation methods. Despite the fact that vibratory driving pro-
vides an adequate alternative to the predominantly used impact driving technique, lack of data
concerning the effects of impact driving on the lateral behavior of foundations in the short
and long term indicates a need for a detailed study to understand the parameters influencing
the procedure and how it could be improved. For this purpose, a small-scale well-controlled
impact pile driving in a sand filled container experiment has been developed and numerically
simulated. Numerical models are employed to study to dynamic behavior of the 1g laboratory
scale test which allows for better understanding of the test setup. The numerical model includes
a multi-body dynamic model to compute the force response on the pile head. Furthermore, scal-
ing laws are derived to provide the best correspondence with a full-scale numerical model from
the laboratory scale model. These include scaling the pile dimensions as well as the quantities
that alter the force applied on the pile head. Results obtained allow us to optimize the current
laboratory setup.
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1 INTRODUCTION

Offshore wind power is a rapidly growing industry and a key component in the transition
towards a more sustainable energy future. Monopiles are the most popular foundation type
for offshore wind turbines due to their simple design, cost-effectiveness, and ease of installa-
tion. The installation of monopiles typically involves several stages and methods, which can
vary depending on the site-specific conditions, such as water depth, soil conditions, and wind
conditions. The most common method for installing monopiles for offshore wind turbines into
seabed is impact hammering. A large hydraulic hammer is used to drive the monopile into the
seabed until it reaches a specified depth. The hammering process though creates vibrations that
can cause noise and potentially harm marine life. Mitigation measures are often taken to reduce
the impact. Vibratory driving is an appealing alternative which is recently gaining more ground
in offshore applications. It involves using a vibrating pile driver to embed the monopile into
the seabed. This method present many advantages such as faster installation, reduced noise and
vibration than hammering. However, it may not be suitable for all soil types, although recent
developments have resulted in powerful vibratory hammers.

This study focuses on the analysis of the drivability mechanisms during impact driving, and is
part of a broader research effort of the authors which aims to assess both installation methods for
offshore applications to monopiles, by means of theoretical developments and laboratory tests.
To analyze pile drivability under impact driving, an analytical solution was originally developed
by Deeks & Randolph [1], This model has been successfully applied to dynamic large diameter
pile driving numerical models [6], experimental models of impact driving [4] and numerical
modeling of ground borne vibrations [8] and provides an adequate estimate for pile driving
characteristics. In this work, the Deeks & Randolph model is solved numerically. In this regard,
a numerical model is implemented in Matlab, using the toolbox Stabil [2]. At first, comparisons
with the analytical model in terms of force-time response due to hammer impact validate the
proposed formulation. Then the model is used to design a 1G laboratory test, presented in Figure
1. A discussion on scaling laws is provided. The prototype impact pile driving system presented
in Deeks & Randolph is herein down-scaled to a laboratory pile driving set up. Results obtained
from the numerical model are shown for both the prototype and the scaled model for the time
history of the force applied at the pile head due to the hammer impact. Finally, a discussion
on the envisioned laboratory test is provided. Such physical modelling is a first approach to
gain further understanding in the phenomenon of impact pile driving for offshore applications,
which in a second phase will be extended to account for saturated soil conditions and vibratory
hammers.

2 THEORETICAL INVESTIGATION
2.1 Proposed numerical model and validation

The force at the head is computed by means of the model originally developed by Deeks
& Randolph [1]. The model is based on lumped ram and anvil masses separated by a cushion
with internal damping, and connected to the pile which is modelled as a dashpot. The main
components of the system are the ram, the cushion, and the anvil as shown in Figure 2. The
solution models the pile as a dashpot of impedance Z:
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Figure 1: Laboratory setup: a) Physical model at the laboratory in UC Louvain and b) Schematic representation of
the main components of the test.
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Figure 2: Deeks and Randolph model (a) for a ram with a cushion and anvil and (b) without cushion and anvil.

where A,E, is the pile’s cross-sectional rigidity, and C), is the (one-dimensional) wave speed
in the pile. To account for the fact that in practice the cushion deforms non-linearly, and ab-
sorbs energy, Deeks & Randolph used a combined linear spring in parallel with dashpot for the
cushion (Fig.2). The equations of motion of the system are written as

Mty + Cc(ur - ua) + kc(ur — Ua) =0 (2)

and
Mylly + 2, + Cc<ua - Ur) + kc(ua — ur) =0 (3)

where m,, is the mass of the anvil and u, its displacement (pile head displacement), cushion
stiffness k. and internal damping c.. The initial conditions of the system are %, = v, and
u, = 0. The force exerted on the pile [, is obtained by multiplying the pile impedance by the
ram velocity, as shown below

F, = Zi 4)
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The system of equations can be alternatively written in matrix form as follows:

m, 0 Uy n Ce —C Uy n ke —k. U || My, )
0 my, 1y —c. 2+ ce Uy —ke ke Uy | 0
—————— - - SN —  —————

M i C u K u

The solution is obtained numerically using the direct time integration method. In this regard,
the Wilson-theta method is implemented in the Matlab toolbox Stabil [2]). The analysis yields
results for the nodal displacements u, the velocities % and accelerations % of a dynamic system
with mass M, damping C and stiffness K matrices, subjected to external excitation P. At time
t = 0, the ram hits the pile head with a velocity v4.,, = vo. To ensure numerical stability, the
parameters «, ¢ and 6 in the Wilson-theta method are set equal to 0.25, 0.5 and 1, respectively.
The time window ¢ is equal to 0.1 s and the time step At is set equal to 0.0001 s, which is small
enough to ensure the stability and the precision of the integration scheme.

The performance of the numerical model is validated through comparisons with results ob-
tained from the model of Deeks & Randolph. Figure 3 shows results in terms of force time
history. In their original work, a BSP 357 hammer was used to drive a 762 mm diameter pile
of 18.5 mm wall thickness, and an equivalent impedance of 1750 kNs/m. The cushion was
steel with a stiffness of 1.6 x 10% kN/m, whereas the cushion damping is neglected. The ram
and anvil masses for this hammer were 6860 kg and 850 kg, respectively. The results for the
variation of the pile head force with time are in perfect agreement.
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Figure 3: Variation of pile head force-time response with time; dashed line: Deeks & Randolph model [1], solid
line: proposed numerical model.

Impact hammering without cushion As a first step in the envisioned laboratory setup, no
anvil is installed. In this case, the system reduces to a single degree of freedom (SDOF) system,
as shown in Figure 2 (which is also due to the same stiffness of the ram and the anvil). Thus the

4943



Tamara Wehbe, George Anoyatis, Hadrien Rattez and Stijn Frangois

equation of motion of the system dully reduces to:
my iy + Z i, =0 (6)

2.2 Scaling laws and experimental test design

Scaling laws are mathematical relationships that describe how the physical properties of an
object or system change as its size or scale changes [7]. In the hammer-pile impact system
adopted in this study, three quantities should be scaled: the mass of the ram, the pile impedance
and the falling velocity of the ram. The self-weight of the hammer, which is represented by
the ram in the 1G scale test should be scaled by a factor of 1/N? . This is achieved by scaling
down all pile dimensions by a factor NV, using the same pile material as in the prototype. As a
result of the pile diameter being reduced by 1/N, the cross sectional area of the pile is reduced
by 1/N?2. The pile impedance is thus reduced by 1/N?2. The mass drop velocity is scaled by
a factor of 1/v/N. This is achieved by scaling the length of the free fall by 1/N, and thus
the duration of free fall by 1/4/N. The scaling of the duration of impact, scaled by 1/N is in
accordance with the scaling of the length of the pile, which is also scaled by 1/N. Consequently,
the scaling of the force on the pile head, which is the product of multiplying the pile impedance
by the velocity at which the ram hits the pile head is concluded to be 1/N?®. This complies
with Newton’s second law and assuming no energy loss in the ram-anvil-pile system. Table 1
provides a summary of the scaled quantities. Herein the prototype model presented in Deeks

Impact-driving parameters Units Scale factor

. 1
Pile diameter, Dy;e m ~
o 1
Pile impedance, Z Ns/m N2
h k 1
Impact hammer mass, m, g e
Mass d locit m/ L
ass drop velocity, V4,0 S —
p Y, Udrop \/N
1
Force on pile head, F;, N N2

Table 1: Scaled quantities for 1G laboratory test

& Randolph is scaled down to a laboratory set up, using the scaling laws discussed above. The
geometry and parameters of the laboratory test are shown in Table 2.

Parameter Unit  Prototype  Scale model
Pile diameter, D m 0.762 0.019
Pile impedance, Z Ns/m 1750 x 103 1093
Impact hammer mass, m, kg 6860 0.107
Mass drop velocity, Varop ~ m/s 3.27 0.517

Table 2: Parameters used in the numerical application for the prototype and the scaled model
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Figures 4(a) and 4(b) present the force-time history and the corresponding frequency content
of the force, computed at the pile head of the scaled model. Figure 4(a) show that the force at
pile head of scaled model is 0.565 kN for a duration of impact of 0.5 ms. The latter value is
equal to the scaled force factor 1 /N2, and the scaled impact time factor of 1/N, considering a
scaling factor of 40. These correspond at the full-scale to a force of 5722.5 kN during an impact
time of 20 ms. Moreover, Figure 4(b) show that the frequency content of the force is more than
5000 Hz which provides us insight on the sampling frequencies to be used in the envisioned
in laboratory setup and how are these scaled, and hence a better understanding of the dynamic
response of the pile-hammering system.
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Figure 4: Variation of pile head response with (a) time and (b) frequency for the scaled impact hammering system.

3 EXPERIMENTAL INVESTIGATION

The envisioned laboratory setup is shown in Figure 1. It is based on the system initially
developed by Holeyman [3], and has been used to drive tubular steel piles into rock masses [5].
The current set up consists of 10 kg drop weight (ram), which is attached to a rope and a pulley
system, and a 0.6 kg anvil. A centering rod is fixed at the top of the hammer frame and ends
inside the pile. Lateral supports to keep the pile vertical during the driving process are attached
to the frame. The existing pile is a hollow steel cylinder of external diameter D = 6 cm, length
L = 50 cm and wall thickness ¢ = 6 mm. A 1000 g accelerometer is attached at a distance of
50 mm from the pile head. The pile is driven in a dry homogeneous sand of dry unit weight
Yary = 1800kg/m?, and relative density D, = 80% that is representative of the soil conditions
met in the North sea. The sand is placed in a concrete container of inner diameter Dy, = 1m,
inner height Hy,,, = 1 m and thickness ., = 5 cm.

The relative density of sand was controlled using a sand pluviation system which is shown
in Figure 5(a). This allows relatively homogeneous sand samples to be generated. The system
is made up of three plates with holes with different diameters, namely 13 mm, 8 mm and 6 mm.
Figure 5(b) shows the frame constructed which ensures the correct positioning of the pile during
the installation process. Figure 6 shows a close up view of the location of the accelerometer, in
preparation of a test.
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Figure 6: Accelerometer positioned at 50 mm from pile head

4 CONCLUSIONS

This work presents a theoretical and an experimental attempt to study pile driving by impact
hammering. For this purpose a numerical model has been developed, based on the seminal
analytical work of Deeks and Randolph, as well as a small-scale well-controlled experimental
set up for impact pile driving in a sand filled container. The numerical model includes a multi-
body dynamic model to compute the force response on the pile head. Comparisons against
the aforementioned analytical model validate the performance of the proposed approach. The
numerical model can be then used to optimize the current laboratory setup by adding a cushion
to the system and an absorbing membrane at the sides of the sand container to minimize wave
reflections during the pile driving. In light of laboratory tests, scaling laws are discussed herein
to help realistically scale down a prototype pile impact hammering system to a 1G laboratory
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model. Comparisons obtained in this study in terms of force-time response, between a prototype
from the literature and a proposed scaled model, demonstrate the applicability of the scaling
laws
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