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As the offshore wind sector continues to expand, monopile foundations remain one of
the most widely used support solutions for fixed-bottom wind turbines. Their design is
strongly governed by soil-structure interaction, particularly under lateral loading gener-
ated by wind, waves and turbine operation. While impact driving is still the reference
installation method for offshore monopiles, vibratory driving is increasingly considered
as a promising alternative due to its potential advantages in terms of installation time,
underwater noise reduction and operational flexibility.

However, the influence of vibratory driving on the mechanical state of the surround-
ing soil and on the subsequent lateral behaviour of monopile foundations remains less
clearly established. Since pile installation can modify the density, stress state and con-
tact conditions around the pile, the installation process should not be considered only as
a construction stage, but also as a factor that may affect the later performance of the
foundation.

This thesis investigates the influence of impact driving and vibratory driving on the
post-installation lateral response of model monopiles in sand. The experimental work is
carried out at reduced scale under controlled laboratory conditions. Particular attention is
given to the preparation of the sand mass, using a pluviation procedure assessed through
cone penetration tests in order to improve the repeatability of the initial soil state. The
model piles are then installed using either impact or vibratory driving and subsequently
subjected to monotonic lateral loading.

The study focuses on the comparison of the force-displacement response, initial stiff-
ness, moment-rotation behaviour and pile kinematics after installation. In addition to
comparing the two installation methods, the influence of key parameters such as embed-
ment ratio, impact-driving configuration and vibratory-driving frequency is investigated.
By combining installation observations with post-installation lateral loading tests, this
work aims to provide experimental insight into how different driving procedures may
influence the mechanical behaviour of monopile foundations in sand.
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Chapter 1. Global Environmental and Climate Context 1

1 Global Environmental and Climate Context

The development of offshore wind energy is part of a broader transformation of the global
energy system. This transformation is driven by the need to reduce greenhouse gas emis-
sions, to decarbonise electricity production, and to supply a growing demand for low-
carbon electricity. The objective of this chapter is therefore not to provide an exhaustive
review of climate policy, but to briefly explain why renewable electricity, and more specif-
ically offshore wind, has become strategically important.

1.1 Climate change, emissions and the role of the energy system

Climate change is one of the major systemic risks for societies and infrastructure systems in
the 21st century. The IPCC Sixth Assessment Report concludes with very high confidence
that human activities, primarily through greenhouse gas emissions, have unequivocally
caused global warming. Over the 2011-2020 decade, global surface temperature was about
1.1°C higher than the 1850-1900 pre-industrial baseline [12].

A large share of global greenhouse gas emissions is directly related to the production
and use of energy. Electricity and heat generation, transport and industrial activities
remain major contributors to anthropogenic emissions, as shown in Fig. 1. Consequently,
the decarbonisation of the energy system is a central component of climate mitigation
strategies. These strategies generally rely on two complementary pathways: reducing
fossil-fuel demand through efficiency and electrification, and increasing the share of low-
carbon electricity generation.

Greenhouse gas emissions by sector, World

Greenhouse gas emissions' are measured in tonnes of carbon dioxide-equivalents® over a 100-year timescale.

18 billion t
Electricity and heat
16 billion t

14 billion t
12 billion t

10 billion t

. Transport
8 billion t

Agriculture
6 billion t Manufacturing and construction

4 billion t Fugitive emissions

Buildings
e ey Industry
2 billion t e e e Waste
" e Aviation and shipping
W Other fuel combustion

1990 1995 2000 2005 2010 2015 2023  Land-use change and forestry

ot

Data source: Climate Watch (2026) OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY
Note: Land-use change emissions can be negative.

Figure 1: Greenhouse gas emissions by sector (World). Data: Our World in Data, based
on Climate Watch [1].

This transition is also supported by policy commitments. At the international level,
the Paris Agreement aims to hold the increase in global average temperature to well below
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2°C above pre-industrial levels, while pursuing efforts to limit warming to 1.5°C [13]. In
the European Union, the European Climate Law makes climate neutrality by 2050 legally
binding and sets an intermediate target of at least 55% mnet greenhouse gas emissions
reduction by 2030 compared to 1990 levels [14]. These targets create a strong incentive
for the large-scale deployment of renewable electricity technologies.

1.2 Expansion of renewable electricity

The energy transition is accompanied by an increasing role of electricity in final energy
demand. Transport, heating, industrial processes and emerging uses such as data centres
and hydrogen production are expected to rely increasingly on electricity. As a result,
decarbonising electricity generation becomes particularly important: electricity must not
only replace part of fossil-fuel consumption in other sectors, but also remain reliable,
affordable and sufficiently flexible.

Renewable electricity technologies have expanded rapidly in this context. Solar pho-
tovoltaics and wind energy have led recent deployment because of their scalability, tech-
nological maturity and decreasing costs. The International Energy Agency estimates that
global renewable capacity additions reached around 700 GW in 2024, with solar PV repre-
senting the majority of new installations [15]. In parallel, IRENA reports that renewable
power capacity additions have accelerated markedly in recent years [16].

The progressive evolution of the global electricity generation mix is illustrated in Fig. 2.
Although fossil fuels still represent a substantial share of global electricity production, the
contribution of wind and solar has increased strongly since the early 2000s. This confirms
that renewable technologies are not only expanding in installed capacity, but are also
contributing increasingly to actual electricity generation.

World electricity generation by source

—— Coal — Wind

10000 + Gas —— Solar
—— Nuclear oil
—— Hydro

8000

6000

/
g

Electricity generation (TWh)

2000 +

T T T T T T
2000 2005 2010 2015 2020 2025
Year

Figure 2: World electricity generation by source (2000-2024). Data: Our World in Data
energy dataset [2]. Processed by the author.

A key enabling factor behind this growth is the significant decrease in renewable
electricity costs over the past two decades, particularly for solar PV and wind power.



Chapter 2. Offshore Electricity Production Systems 3

Improvements in manufacturing, turbine and panel efficiency, supply-chain optimisation
and economies of scale have reduced the levelised cost of electricity, making solar PV
and wind power competitive with, or cheaper than, new fossil-based generation in many
regions [17]. This economic evolution is consistent with the increasing share of global
electricity generated from wind and solar, shown in Fig. 3.

Wind + Solar share of global electricity generation

14

12 4

10 A

Share of global electricity (%)

T T T T T T
2000 2005 2010 2015 2020 2025
Year

Figure 3: Share of global electricity generated from wind and solar. Data: Our World in
Data energy dataset [2]. Processed by the author.

However, wind and solar are variable renewable energy sources. Their production
depends on weather conditions and therefore requires power systems to become more
flexible. This flexibility can be provided by storage, demand-side management, intercon-
nections, dispatchable low-carbon generation and reinforced transmission infrastructure.
These integration constraints do not reduce the strategic value of renewables, but they
show that their large-scale deployment must be accompanied by suitable infrastructure
and system planning.

2 Offshore Electricity Production Systems

2.1 Overview of Offshore Electricity Generation Technologies

Offshore environments provide access to vast renewable resources and large deployment
areas, making them an attractive option to supply low-carbon electricity at scale. In
addition to resource availability, offshore development can relieve land-use constraints and
enable coordinated planning of generation assets and shared infrastructure (e.g., offshore
grids, interconnectors, and energy hubs) [18].

This section introduces (i) the main advantages of offshore electricity production, (ii)
the additional challenges associated with offshore deployment, (iii) the principal tech-
nology families used to generate electricity offshore, and (iv) a brief positioning of these
technologies in terms of maturity and deployment. Although several offshore renewable
technologies exist, they differ strongly in technological maturity, deployment scale, and
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structural requirements. This is why the following sections progressively narrow the dis-
cussion toward offshore wind, which currently dominates offshore renewable deployment

3].

2.1.1 Why produce electricity offshore?

Several factors support offshore electricity production [18]:

High-quality resources. Offshore wind speeds are generally higher and more
regular than onshore due to reduced surface roughness and fewer obstacles. Off-
shore environments also offer access to wave energy and tidal resources that can be
significant in certain regions [19].

Space and scalability. Large marine areas enable utility-scale projects and clus-
tering of multiple farms, potentially supporting long-term expansion strategies.
Reduced land-use constraints. Offshore siting can mitigate some conflicts as-
sociated with land availability and competing onshore uses, while moving certain
nuisances (e.g., visual footprint) away from densely populated areas.

Proximity to coastal demand and industrial hubs. Many major demand
centres and industrial zones are located in coastal regions, where offshore generation
can integrate into regional energy strategies.

Infrastructure and multi-use opportunities. Offshore development may lever-
age shared infrastructure (cables, substations, offshore hubs) and support emerging
energy vectors such as offshore-produced hydrogen in some strategies.

2.1.2 Additional challenges specific to offshore deployment

Offshore deployment also introduces constraints that significantly shape technology choices
and project implementation:

Installation logistics and weather windows. Offshore construction requires
specialised vessels, ports, lifting operations, and schedule planning constrained by
sea state and wind conditions.

Harsh marine environment. Corrosion, fatigue, biofouling, and extreme meto-
cean events increase design and maintenance requirements compared with onshore
systems.

Support and seabed interaction. Most offshore generators require robust sup-
port solutions (foundations or moorings) and must account for seabed conditions
and processes such as scour.

Grid connection and reliability. Offshore projects require export cables, offshore
substations and protection systems; cable faults and offshore repairs can be costly
and time-consuming [18].

Permitting and environmental constraints. Marine spatial planning, envi-
ronmental impact assessments, and coexistence with other sea users can strongly
influence project timelines and layouts [18].

These challenges mean that offshore technologies cannot be compared solely on the
basis of resource potential: support requirements, marine operations, and infrastructure
complexity are also key differentiating factors.
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2.1.3 Main families of offshore electricity production devices

Offshore electricity can be produced through several technology families, which exploit
different physical resources [19]. While all contribute to the broader offshore renewable
landscape, they differ markedly in maturity, scale, and engineering requirements. Some
of these technologies are presented on Fig. 4.

® @

Figure 4: Offshore electricity production technologies. Author-generated schematic with
AT assistance.

1 Offshore wind.

Wind turbines convert the kinetic energy of marine winds into electricity. Offshore wind
farms are deployed either on fized-bottom support structures (typically in shallow to inter-
mediate waters) or on floating platforms (for deeper waters). Offshore wind is currently
the most mature and widely deployed offshore renewable electricity technology [3].

2: Tidal range.

Tidal range schemes use the potential energy created by differences in water level between
high and low tide. Typical concepts include barrages and lagoons, where turbines generate
during filling and /or emptying cycles. These projects are highly site-specific and relatively
rare.

3: Tidal stream and marine currents.

Tidal stream technologies extract kinetic energy from tidal currents, often using turbine
concepts analogous to wind turbines but operating in denser seawater. Other concepts
(ducted turbines, oscillating hydrofoils, kites) also exist. Deployment remains limited
compared to offshore wind, with ongoing development and pilot-scale projects in several
regions.

4: Wave energy converters.

Wave energy aims to harvest energy from surface waves using a wide diversity of device
families (e.g., point absorbers, attenuators, oscillating water columns, overtopping de-
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vices). Despite significant theoretical potential, wave energy remains largely pre-commercial
due to survivability and cost challenges in harsh offshore conditions.

Other ocean energy pathways.

Additional concepts include ocean thermal energy conversion (OTEC) and salinity-gradient
power, which remain less mature and have limited deployment to date [19].

Taken together, these technology families illustrate the diversity of offshore renewable
options. However, their present industrial relevance is not equivalent, which motivates
the following discussion on maturity and deployment.

2.1.4 Technology maturity and current deployment

A key distinction across offshore electricity technologies is their maturity and deployment
scale. Offshore wind is commercially deployed at large scale, supported by an established
industrial supply chain, standardised project development practices, and strong growth
trajectories [3]. In contrast, most ocean energy technologies (wave, tidal stream, and
other concepts) remain at earlier development stages, with smaller installed capacities
and continuing innovation and demonstration efforts [19]. This contrast in deployment
scale is synthesised in Fig. 5.

Deployment scale of offshore electricity technologies

0

Installed capacity (GW)

12.60 MW 1.96 MW
T

T
Offshore wind Tidal range Tidal stream Wave energy

Figure 5: Deployment scale of offshore electricity technologies. Offshore wind installed
capacity from IEA [3]. IRENA global ocean energy totals [4]. Processed by the author.

This difference in maturity is important for the remainder of this work: offshore wind
is not only the leading offshore renewable technology, but also the one for which support
structures, installation methods, and soil-structure interaction are most immediately rel-
evant at industrial scale.



2.2 Wind-based offshore electricity generation devices 7

2.2 Wind-based offshore electricity generation devices

This section introduces the wind-turbine device level, from the operating principle and
main components to basic performance indicators.

2.2.1 Operating principle

An offshore wind turbine converts the kinetic energy of the wind into electrical power
through (i) aerodynamic lift generated by the rotor blades, (ii) mechanical power trans-
mission through the drivetrain, and (iii) electrical conversion and grid-compliant delivery
through power electronics and transformers. In modern turbines, active control systems
continuously adjust the rotor speed, blade pitch, and nacelle yaw to optimise power cap-
ture, limit loads, and maintain safe operation across varying wind conditions [20].

2.2.2 Main components of an offshore wind turbine

As shown in Figure 6, an offshore wind turbine is composed of several main subsystems
that act together from energy capture at the rotor to load transfer into the support
structure:

« Rotor assembly (rotor blades and hub), which captures the kinetic energy of the
wind and converts it into rotational motion.

o Pitch mechanism, located at the blade roots, which adjusts the blade angle to
regulate aerodynamic performance, optimize power production, and reduce loads
under varying wind conditions.

o Nacelle, which houses the main drivetrain and conversion equipment, including in
particular the gearbox, the generator, and part of the electrical and control system.

e« Yaw mechanism, installed between the nacelle and the tower, which rotates the
nacelle so that the rotor remains aligned with the incoming wind direction.

e Wind measurement and control devices, such as the anemometer and wind
vane, which provide the data required for turbine control and orientation.

o Tower, which supports the rotornacelle assembly and provides sufficient elevation
to access stronger and more stable winds.

« Electrical systems, including internal power cables and associated control equip-
ment, which transmit the generated electricity and support turbine operation and
monitoring.

e Foundation, which transfers the loads from the turbine and support structure to
the seabed; this aspect is addressed in more detail in the next section [21].

Figure 6 therefore provides a synthetic overview of the main components of a wind tur-

bine and their respective roles in energy capture, control, power conversion, and structural
support.
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Figure 6: Main components of a wind turbine. Taken from [5]
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2.2.3 Key performance notions

Two notions are frequently used to characterise the operational performance of wind farms:
availability, describing the proportion of time the system is able to produce electricity
when resource conditions allow, and capacity factor, describing the ratio between actual
energy production and the theoretical maximum output at rated power over a given
period. In offshore wind, these indicators are particularly meaningful because they reflect
not only the quality of the wind resource, but also the impact of access limitations,
maintenance logistics, and operational reliability on the effective electricity delivered to
the grid [3].

2.3 Offshore support solutions for wind turbines

2.3.1 Why a support system is needed offshore

Offshore wind turbines must remain stable and operational under combined wind and
metocean actions (waves and currents), while ensuring acceptable serviceability over a
typical design life. The support system therefore has a dual role: (i) provide global
stability and stiffness to limit motions and long-term deformations, and (ii) transfer loads
safely to the seabed or to a station-keeping system. In addition, offshore conditions
introduce specific constraints such as fatigue, corrosion, biofouling, restricted access for
maintenance, and seabed processes such as scour, which all influence support design and
lifecycle performance [22].
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2.3.2 Two main categories: fixed-bottom vs floating systems

Offshore wind support solutions can be grouped into two main categories [22, 23]:

o Fixed-bottom systems, where the turbine is supported by a structure connected
to the seabed through a foundation. These systems are typically used in shallow to
intermediate water depths.

o Floating systems, where the turbine is supported by buoyancy and maintained in
position through mooring lines connected to seabed anchors. These systems enable
deployment in deeper waters where fixed-bottom solutions become less practical.

This distinction is primarily driven by water depth and site constraints, and it strongly

affects installation strategy, operations and maintenance logistics, and overall project
architecture [23].

2.3.3 Fixed-bottom support technologies

Several fixed-bottom concepts are used in offshore wind. Each solution reflects a trade-off
between water depth, turbine size, soil conditions, fabrication and installation constraints,
and cost [22].

Figure 7: Fixed-bottom support technologies. Author-generated schematic with Al
assistance.

1: Monopile.

A monopile consists of a single large-diameter steel tubular pile driven into the seabed,
on top of which the tower and transition piece are installed. It has historically been the
dominant fixed-bottom concept in many offshore wind farms due to its relative simplicity,
industrial scalability, and compatibility with large-scale deployment. Because monopiles
remain the reference solution in a large share of fixed-bottom offshore wind projects, their
installation and soil-structure interaction are of primary interest for the present work.
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2: Jacket.

Jacket structures are lattice frameworks (derived from offshore oil and gas practice) typi-
cally connected to the seabed through multiple piles. Jackets can be efficient in interme-
diate depths and for larger turbines, but generally involve more complex fabrication and
installation compared with single-pile concepts .

3: Gravity-based foundation (GBF).

Gravity-based foundations rely primarily on self-weight and seabed preparation to provide
stability. They are typically installed on a prepared seabed (often with scour protection)
and can be attractive where driving piles is constrained, but they require significant seabed
preparation and heavy marine operations.

4: Suction bucket / suction caisson.

Suction caisson foundations (also called suction buckets) are installed by penetrating a
large steel caisson into the seabed using under-pressure (suction). They can be used as a
standalone foundation or in combination with jacket or multi-leg structures. Advantages
often include potentially faster installation and reduced noise compared to impact pile
driving, although their applicability depends on soil conditions and project context .

Other fixed-bottom concepts.

Other concepts such as tripods or tripiles have been used in some projects, but they are
less common compared with monopiles and jackets in current large-scale deployment [22].

2.3.4 Floating support technologies

Floating offshore wind systems use buoyancy for vertical support and mooring systems
(connected to seabed anchors) for station-keeping. Several platform families have emerged
from offshore engineering practice, with ongoing innovation and demonstration projects
(22, 23].

@

Figure 8: Floating support technologies. Author-generated schematic with Al assistance.
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1: Semi-submersible.

Semi-submersibles rely on multiple columns and pontoons to provide stability with rel-
atively low draft, enabling assembly in port and tow-out. Their stability characteristics
and logistics make them one of the leading floating concepts in several demonstration and
early commercial projects.

2: Spar.

Spar platforms use a long vertical cylindrical hull with deep draft to achieve stability.
They can offer favourable motion characteristics, but may require deeper ports or offshore
assembly constraints depending on the project context.

3: Tension-leg platform (TLP).

TLP concepts use buoyancy combined with taut mooring lines to limit vertical motions.
They may offer reduced heave response, but require specific anchoring solutions and in-
stallation approaches.

2.3.5 Cross-cutting comparison and selection drivers

The selection of an offshore support solution is influenced by multiple interacting factors,
including water depth, metocean conditions, seabed characteristics, turbine size, instal-
lation fleet availability, and operation and maintenance constraints. For fixed-bottom
systems, soil stratigraphy and variability play a key role in determining feasible founda-
tion concepts and installation strategies. For floating systems, platform motions, mooring
design, and anchor solutions become central drivers [22, 23].

More broadly, support selection results from a compromise between structural per-
formance, constructability, installation risk, and lifecycle cost. In practice, this means
that no single concept is universally optimal: the most appropriate solution depends on
the combination of site conditions and project objectives. Within this framework, fixed-
bottom concepts—and especially monopiles—remain central for shallow to intermediate
water depths, which explains their importance in the present study.

3 Monopile foundations for offshore wind turbines

3.1 (General overview and reasons for widespread adoption

Among fixed-bottom support concepts, the monopile has historically been the most widely
used foundation solution for offshore wind turbines. As reviewed by Wu et al. [22], this
widespread adoption is mainly explained by their structural simplicity, industrial maturity
and compatibility with large-scale offshore deployment. A monopile consists of a single
large-diameter steel tubular pile installed into the seabed, on top of which the transition
piece and tower are connected. In offshore wind applications, monopiles differ significantly
from conventional slender piles used in other marine structures, as their large diameter and
lateral loading sensitivity make stiffness, rotation control, and soil-structure interaction
central design considerations. This distinction is also emphasised by Arany et al. [24],
who discuss the specific design challenges associated with offshore wind monopiles.



3.2 Structural role and load transfer mechanisms 12

The widespread adoption of monopiles in offshore wind can be explained by several
factors [22, 24]:

o Conceptual simplicity. The monopile relies on a relatively simple structural

concept compared with multi-leg or gravity-based alternatives.

o Industrial scalability. Its tubular steel geometry is well suited to industrial fab-
rication, transport, and serial production.

o Straightforward offshore installation chain. Compared with more complex
support systems, monopiles can be integrated into relatively streamlined marine
installation procedures.

o Suitability for many early offshore wind sites. Monopiles proved particularly
competitive for shallow to intermediate water depths and for sites with favourable
seabed conditions.

o Extensive experience feedback. Their broad deployment has progressively gen-
erated design experience, installation know-how, and a stronger technical basis for
subsequent projects.

This combination of relative simplicity, industrial maturity, and broad applicability
explains why monopiles became the reference fixed-bottom solution during the early large-
scale development of offshore wind. Their success has also encouraged continuous upscal-
ing, with increasing pile diameters and wall thicknesses to accommodate larger turbines
and more demanding sites. However, this evolution has progressively pushed monopiles
toward new structural, geotechnical, and installation challenges, which are discussed in
the following subsections.

3.2 Structural role and load transfer mechanisms

The monopile constitutes the main structural interface between the offshore wind turbine
and the seabed. Its role is not limited to carrying the vertical weight of the structure,
but also includes resisting horizontal loads and overturning moments generated by wind,
waves, currents and turbine operation. The design of offshore wind turbine foundations
therefore requires the combined consideration of structural, geotechnical, environmental
and operational actions.

In real offshore conditions, these actions are not constant. They vary in time, am-
plitude, direction, frequency and eccentricity, leading to a cyclic and irregular loading
history at the foundation level. As discussed by Richards [25], monopile foundations
are subjected to complex cyclic lateral loading conditions, which strongly influence the
long-term response of the soil-pile system. Despite this complexity, the monotonic lateral
response remains an essential reference for understanding the initial stiffness, rotational
behaviour and ultimate resistance of the foundation. For this reason, the present work
focuses on controlled monotonic lateral loading tests performed after pile installation.

In offshore wind applications, the foundation is subjected to combined loading trans-
mitted from the rotor—nacelle assembly, the tower, and the environmental actions acting
along the exposed height of the structure. These actions generate a global response in
which the monopile must ensure overall stability, limit deflections at seabed level, and
maintain rotations within acceptable serviceability limits. This is particularly impor-
tant for offshore wind turbines, for which excessive tilt or flexibility may affect not only
structural safety, but also turbine performance and fatigue behaviour.
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Figure 9: Environmental actions and main load effects acting on a monopile-supported
offshore wind turbine. Source: Shahrour [6].

As shown in Figure 9, wind, waves and currents generate horizontal loading and over-
turning moment demands that are transferred to the foundation and resisted through
soil-structure interaction.

The transfer of loads from the monopile to the surrounding ground is governed by soil—
structure interaction. Unlike slender piles mainly designed for axial loading, offshore wind
monopiles are large-diameter embedded members for which lateral soil reaction plays a
dominant role. Under horizontal loading H and overturning moment M, the pile mobilises
distributed soil resistance along its embedded length, while the coupled response of the
steel tube and the surrounding soil controls the overall stiffness of the support system.
The resulting behaviour depends on both structural parameters, such as pile diameter,
wall thickness, and embedment length, and geotechnical parameters, such as soil stiffness,
density, strength, and stratigraphy.

An important consequence of this behaviour is that monopile response cannot be de-
scribed solely through the structural properties of the steel element. The foundation
performance is strongly influenced by the evolution of soil reaction around the pile, espe-
cially under repeated environmental loading. The structural design of monopiles therefore
requires an integrated approach in which the pile and the surrounding soil are considered
as a coupled system. This central role of soil-structure interaction is one of the main
reasons why installation effects and post-installation soil state are particularly relevant
for offshore monopile foundations.



3.8 Domain of application and current limitations 14

3.3 Domain of application and current limitations

Monopiles have historically been widely adopted in shallow to intermediate water depths
and at sites with relatively favourable seabed conditions. As reviewed by Wu et al.
[22], they progressively became the reference fixed-bottom foundation solution during the
early large-scale development of offshore wind owing to their relative simplicity, industrial
maturity, and broad applicability.

However, the continuous increase in turbine capacity, hub height, rotor diameter,
and project water depth has progressively pushed monopile foundations toward more
demanding conditions. Arany et al. [24] highlight that this upscaling requires larger
diameters, greater wall thicknesses and longer embedment lengths in order to maintain
sufficient stiffness and resistance. While this evolution has extended the practical range
of monopile application, it has also highlighted important structural, geotechnical, and
installation-related limitations.

From a geotechnical point of view, the performance of monopiles remains highly de-
pendent on site conditions. Soil stiffness, density, layering, and strength strongly influence
lateral response, rotation, and long-term serviceability behaviour. In addition, offshore
monopiles are particularly sensitive to scour, cyclic loading effects, and uncertainties asso-
ciated with the prediction of soil reaction for large-diameter piles. These aspects become
increasingly critical as turbine size grows and design margins become more constrained.

From a structural and practical perspective, the upscaling of monopiles also raises
challenges related to fabrication, transport, drivability, fatigue and installation tolerances.
Moreover, several design approaches historically adapted from the offshore oil and gas
sector are not always fully suited to the specific behaviour of large-diameter monopiles
supporting wind turbines, especially under combined lateral loading, overturning moment
and cyclic loading.

This limitation is particularly important for the prediction of the lateral soil reaction.
Classical p-y approaches were initially developed for long and slender piles, whereas mod-
ern offshore monopiles often behave as short and relatively rigid foundations. The PISA
framework proposed by Burd et al. [26] addresses this issue by introducing additional soil
reaction components, including distributed moment reactions as well as base shear and
base moment reactions. These components become increasingly relevant when the em-
bedment ratio L/D decreases, which explains why L/D is a key parameter in the present
experimental programme.

These limitations are also directly connected to the question of installation. As
monopiles become larger and are deployed in increasingly demanding environments, in-
stallation procedures play a growing role not only in construction feasibility, but also in
the resulting state of the soil around the pile and, consequently, in the later mechanical
behaviour of the foundation system.

3.4 Installation methods for offshore monopiles

Monopile installation is a critical stage in offshore wind projects, as it directly governs
construction feasibility, weather sensitivity, offshore logistics, and the initial state of the
soil surrounding the foundation. In his technical review of offshore wind turbine instal-
lation, Jiang [27] shows that installation procedures are a central component of offshore
wind project feasibility. In practice, monopile installation generally includes transporta-
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tion to site, upending, positioning, and penetration into the seabed using a dedicated
installation method. Although several techniques exist, impact driving has historically
remained the dominant method in offshore wind, while vibratory driving has received
increasing attention as a promising alternative [27, 28].

The choice of installation procedure is not only a construction issue. During pene-
tration, the pile interacts strongly with the surrounding soil and may modify its stress
state, density and local fabric. These installation-induced changes can subsequently affect
the lateral response and serviceability behaviour of the monopile foundation. This link
between installation process and post-installation behaviour was directly investigated by
Gavin et al. [29], who studied the influence of installation method on the monotonic lat-
eral loading response of monopiles in sand. For this reason, installation methods are of
particular interest in the present work.

3.4.1 Impact driving

Impact driving is currently the most established installation method for offshore wind
monopiles [27]. In this approach, a hydraulic hammer applies repeated impacts at the
pile head, generating stress waves that propagate along the steel tube and progressively
drive the pile into the seabed. The method is widely used because it is well proven in
offshore practice and can provide a clear installation record during penetration.

However, impact driving is associated with several well-known drawbacks. It induces
strong transient loading during installation and is also linked to high underwater noise
emissions, which explains the growing interest in alternative techniques. From a geotech-
nical perspective, the numerical work of Chan et al. [28] also suggests that impact-driven
installation may significantly modify the surrounding soil response and may have a marked
influence on the later lateral behaviour of the monopile.

T
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Figure 10: Example of offshore monopile installation by impact driving using a
hydraulic hammer. Source: Offshore Wind Biz [7].

Figure 10 highlights the typical installation arrangement: the pile is held vertically
while a large hydraulic hammer is positioned at the pile head to deliver repeated blows.
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3.4.2 Vibratory driving

In vibratory driving, the pile is installed by applying vertical oscillations at the pile head
rather than a succession of discrete hammer blows. As explained by Remspecher et al. [10]
and Le and Rackwitz [30], this technique relies on cyclic excitation to reduce penetration
resistance and promote progressive embedment. It is particularly attractive because it
may reduce underwater noise and, in some soil conditions, facilitate penetration and
shorten installation time compared with conventional impact driving [27]. In favourable
cases, field and industry experience reported by Shahrour [6] indicates that vibratory
installation may reduce installation time by a factor of about 3 to 4, while the clamped
vibrator system may also facilitate handling, partial extraction or repositioning during
installation.

At the same time, vibratory driving raises specific engineering questions. In their
experimental investigation, Remspecher et al. [10] showed that vibratory installation can
induce density changes in the direct vicinity of the pile, highlighting the importance of
near-pile soil evolution during penetration. More recently, Le and Rackwitz [30] presented
a case study on the prediction of monopile driveability under vibratory driving using wave
equation analysis, illustrating the current effort to improve the prediction and control of
vibratory installation in offshore practice. These aspects are directly relevant to the
present research, since any installation-induced modification of the surrounding soil may
influence the later mechanical behaviour of monopile-supported offshore wind turbines.

Figure 11: Example of offshore monopile installation by vibratory driving. Source:
CAPE Holland [8].

Figure 11 shows the same general offshore configuration, but with the vibrator clamped
at the pile head instead of a hammer. Visually, this underlines the main conceptual dif-
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ference with impact driving: penetration is achieved through continuous cyclic excitation
and static surcharge rather than through a succession of short impulsive blows.

3.5 Physical mechanisms and governing parameters of monopile
installation

The installation techniques introduced above are examined here from a more physics-based
perspective in order to clarify how the interaction between the installation system, the
pile and the surrounding soil may influence the subsequent mechanical behaviour of the
foundation. For impact driving and vibratory driving, the main mechanisms, governing
quantities and relevant operating parameters are presented, with particular attention to
the quantities likely to affect the post-installation soil state and the later lateral response
of the monopile.

3.5.1 Impact driving of monopiles

General principle and hammer—pile—soil interaction.

Impact driving is the most established installation method for offshore wind monopiles
and remains the reference solution in current offshore practice [27]. In this method,
a hydraulic hammer repeatedly strikes the pile head, transmitting short-duration high-
intensity impulses to the steel tube. During each blow, the ram is lifted to a given height
and released; its kinetic energy is transferred to the pile head upon impact, generating a
compressive stress wave that propagates along the pile and mobilises the resistance of the
surrounding soil at the shaft and at the pile toe.

From a physical point of view, impact driving is therefore a highly dynamic and tran-
sient hammer—pile—soil interaction process. Compared with a purely static penetration
process, it involves repeated loading and unloading cycles, progressive mobilisation of
shaft and base resistance, redistribution of stresses around the pile, and dissipation of
energy through soil deformation, interface friction and other mechanisms. As shown by
Chen et al. [9], impact driving can be interpreted as an energy-dissipating process in
which the system evolves from one equilibrium state to another after each blow. This
interpretation is particularly relevant for monopiles, for which the driving process may
require a large number of blows and significant cumulative energy.

Governing equations and key quantities.

The mechanics of a single hammer blow are summarised in Figure 12. The left-hand
sketch distinguishes the main stages of the blow, from ram impact to stress-wave trans-
mission into the pile, while the right-hand plot shows the corresponding idealised force—
time history. In practice, the loading is strongly transient: a short-duration force pulse
is generated at the pile head, reaches a peak value, and then decays rapidly as the wave
propagates and energy is dissipated in the pile—soil system. This figure is therefore useful
to interpret the simplified equations introduced below, which aim to relate the applied
impact force, the maximum force level, and the hammer energy.
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Figure 12: Schematic representation of the two main phases of a hammer blow and
associated simplified impact force-time history during monopile installation by impact
driving, adapted from Chen et al. [9].

Force transmitted at the pile head.

A first simplified description of impact loading consists in expressing the total load applied

at the pile head as
Fe(t) = F(t) + My (1)

with:

o F.(t): total axial load acting at the pile head [NJ;

e F(t): time-dependent dynamic impact force [N];

« Myg: static contribution associated with the hammer deadweight [N].
This expression is useful because it separates the transient force generated by the hammer
blow from the static vertical force due to the hammer system itself.

Following the simplified representation adopted by Chen et al. [9], the impact force
during the short hammer—pile contact phase may be approximated by a sinusoidal law:

Ft) = frsin (“) 2)
to

where:

o fmax: Maximum instantaneous impact force [NJ;

e ty: impact duration [s].
Although simplified, this law is physically meaningful because it reproduces the short
rise and decay of the contact force during a hammer blow and provides a direct bridge
between the idealised force—time curve of Figure 12 and the analytical description of the
loading pulse.

By combining impulse and free-fall considerations, Chen et al. [9] obtained the follow-
ing expression for the peak impact force:

mm~/2gh

2ty

fmax = (3)

with:
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e m: ram mass [kgl;

e ¢: gravitational acceleration [m/s%];

o h: drop height [m];

e ty: impact duration [s].
This relation shows clearly that the peak force increases with ram mass and drop height,
whereas it decreases when the impact duration becomes longer. It is therefore a convenient
way to connect hammer settings to the force level effectively transmitted to the pile head.

Hammer energy.

At a more general level, the delivered hammer energy may be related to the ram mass
and drop height through:
Ey &~ nymgh (4)

where:

o FEj: hammer energy effectively delivered to the system [J];

 7: hammer efficiency factor [-];

« mgh: nominal gravitational potential energy of the ram before impact [J].
This equation is important because it distinguishes nominal hammer energy from the
smaller energy actually transferred to the pile. In practice, part of the energy is dissipated
in the hammer, anvil, cushions and surrounding medium, so drivability analyses must
always account for this difference between rated and transferred energy. This distinction
is consistent with the CPT-based drivability considerations discussed by Byrne et al. [31]
for monopiles in North Sea sands.

Energy balance during penetration.

A useful contribution of Chen et al. [9] is the explicit formulation of the energy balance
during a hammer blow:

Egatance = E1 + Ep + Eyv + Ex — Ew (5)

where:

o Fy: internal energy of the system,;

o FEp: energy dissipated by pile—soil contact forces;

o FEy: energy dissipated by viscous effects;

o FEy: kinetic energy of the pile—soil system;

e Ey: cumulative driving energy delivered by the hammer.
This formulation shows how the supplied energy is partitioned between deformation, dis-
sipation and transient motion. For monopiles, only part of the driving energy contributes
to immediate pile motion, while a major share is dissipated through soil deformation and
interface mechanisms. Chen et al. [9] also showed that the relative contribution of kinetic
energy becomes smaller as penetration proceeds and resistance increases with depth.

Penetration resistance and drivability.

The ability of a pile to advance under repeated hammer blows is commonly discussed in
terms of drivability. In that context, the resistance opposing installation may be decom-
posed into shaft resistance and base resistance:

Fy = Fohage + Iy (6)

where:
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« F;: total penetration resistance [N];

o Finage: shaft resistance [N];

o Fy: base resistance [N].
This decomposition is fundamental because it makes explicit that penetration is governed
by both side friction and toe resistance. In offshore drivability analyses, the same idea
underlies the concept of Soil Resistance to Driving (SRD), often derived from CPT data
while accounting for monopile-specific effects such as partial mobilisation of base resis-
tance, friction fatigue and possible plugging. These aspects are discussed in detail by
Byrne et al. [31] for monopile driveability in North Sea sands. For large-diameter open-
ended piles, the balance between shaft and base resistance may differ markedly from that
of smaller piles, which justifies dedicated monopile formulations.

Installation record variables.

Two practical quantities are particularly important during impact driving:
e the hammer blow count, i.e. the number of blows required to reach a given penetra-
tion depth;
o the penetration depth per blow (or set per blow), which quantifies the permanent
advance produced by one impact.
These two variables are direct indicators of installation efficiency. Chen et al. [9] showed
that, as penetration depth increases, hammer blow counts increase while penetration
depth per blow decreases, reflecting the progressive growth of penetration resistance.
This trend is fully consistent with the general understanding of monopile drivability in
offshore practice.

Indicative offshore operating ranges.

As practical orders of magnitude, full-scale hydraulic hammers used for monopile instal-
lation may involve ram masses of about 100 to 320 t, blow frequencies of roughly 20 to 30
blows per minute, delivered energies of about 1000 to 6000 kJ per blow, and drop heights
commonly in the range of 1 to 2 m. These values are only indicative and depend on pile
size, soil profile and hammer type, but they illustrate the high energy levels involved in
offshore impact driving.

Main parameters governing impact driving.

The main parameters governing impact driving can be grouped into hammer-related,
pile-related and soil-related quantities. Hammer-related parameters include ram mass,
drop height, impact duration, blow frequency and hammer efficiency. According to the
simplified force and energy expressions above, increasing the ram mass or the drop height
increases both the peak impact force and the energy delivered to the pile, while hammer
efficiency controls the difference between rated and actually transferred energy [31, 9].

Pile-related parameters mainly include pile diameter, wall thickness, embedded length,
mass and stiffness. Larger diameters generally increase the amount of soil displaced and
the pile—soil interface area, leading to higher penetration resistance and more demanding
installation conditions. For open-ended monopiles, plugging may also modify the effective
base and shaft resistance mobilised during installation, although its importance remains
case-dependent.

Finally, soil-related parameters such as relative density, layering, state of stress, satu-
ration, interface properties and cone resistance g, control the resistance developed during
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penetration. Denser or stronger soils generally increase the required number of blows
and reduce the penetration achieved per blow. Soil response may also evolve during in-
stallation because repeated impacts modify stress levels and interface conditions around
the pile, which may later influence the lateral response compared with wished-in-place
assumptions. This possible influence of impact-driven installation on the subsequent re-
sponse is also highlighted by Chan et al. [28].

Relevance for the present research.

For the purposes of this thesis, impact driving provides a useful reference installation
method because its governing mechanisms are comparatively well established and its
installation record is relatively easy to interpret. The main variables of interest are the
delivered hammer energy, the number of blows, the penetration depth per blow, and
the corresponding evolution of penetration resistance with depth. Beyond construction
feasibility, these quantities are relevant because they are linked to the amount of energy
dissipated in the soil and therefore to the degree of installation-induced modification of
the near-pile ground.

In this perspective, impact driving should not only be viewed as a means of reaching
the target penetration depth. It should also be regarded as a dynamic soil-structure
interaction process capable of altering the mechanical state of the surrounding soil mass.
This makes it particularly relevant when comparing different installation methods and
when investigating the potential influence of installation on the post-installation lateral
response of monopiles.

3.5.2 Vibratory driving of monopiles

General principle.

Vibratory driving is an installation technique in which the pile is driven into the ground
by the application of continuous vertical oscillations at the pile head rather than by a
succession of discrete hammer blows. In practice, the vibrator is clamped to the pile and
generates a harmonic vertical force through the rotation of eccentric masses. Under the
combined action of this dynamic excitation and the static load applied by the pile-vibrator
system, the penetration resistance of the surrounding soil may be reduced sufficiently
to allow progressive embedment of the monopile. This vibrator—pile—soil interaction is
described in detail by Bienen et al. [32] in the context of vibro-driven installation in sand.

For offshore monopiles, vibratory driving has attracted increasing interest because it
may reduce underwater noise emissions and, in favourable soil conditions, shorten instal-
lation time compared with conventional impact driving [10, 30]. However, the physical
mechanisms governing penetration remain more difficult to interpret than in impact driv-
ing, since the installation process depends on the coupled response of the vibrator, the
pile, the surrounding soil, and the applied crane load. As a result, vibratory installation
must be understood as a dynamic soil-structure interaction problem in which the driving
outcome is controlled not only by the force generated by the vibrator, but also by the
way this force is transmitted through the pile and resisted by the soil.

Physical description of the vibrator—pile—soil interaction.

The vertical oscillatory force applied during vibratory driving is produced by counter-
rotating eccentric masses within the vibrator. Their rotation generates a sinusoidal ver-
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tical excitation while the horizontal force components cancel each other out, as described
by Bienen et al. [32]. This cyclic loading induces repeated acceleration and deceleration
of the pile, which affects the stress state, contact conditions and soil fabric at the pile—soil
interface.

In granular soils, vibratory driving may temporarily reduce penetration resistance
through repeated changes in inter-particle contact conditions, stress redistribution around
the shaft and toe, and rearrangement of the soil fabric in the direct vicinity of the pile.
This mechanism should therefore not be interpreted only as a means of facilitating pen-
etration: it can also modify the local state of the surrounding soil. This point was
experimentally investigated by Remspecher et al. [10], who showed that vibratory driving
can induce measurable density changes around the pile, with local densification and local
loosening depending on the position relative to the shaft and along the embedded depth.

This observation is directly relevant to the present work. The lateral response of a
monopile is governed mainly by the near-pile soil mobilised during lateral loading. Conse-
quently, if vibratory driving modifies the density, contact conditions or stress state in this
region, it may also modify the force-displacement response measured after installation.
This is one of the reasons why the experimental programme compares vibratory-driven
and impact-driven piles using the same lateral loading procedure.
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Figure 13: Example of measured change in relative soil density around a vibratory
driven monopile, adapted from Remspecher et al. [10].

Figure 13 illustrates that the installation effect is spatially dependent. The soil state
after vibratory driving cannot therefore be represented by a single global density value,
which reinforces the need to consider installation effects when interpreting the lateral
loading tests.
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Additional insight into the local soil mechanisms is provided by the model tests of
Vogelsang et al. [33] on soil deformation around pressed-in and vibrated pile tips. They
reported that the soil below the pile tip is first pushed downward and then progressively
displaced sideways, while a slight uplift of grains may occur after the tip has passed. In
addition, both cyclic and vibro-driven penetration showed a tendency of the soil adjacent
to the shaft to move towards the pile after passage of the tip. This behaviour was inter-
preted as an indication of stress relaxation and friction fatigue. In physical terms, this
suggests that the radial stresses close to the pile shaft may relax during cyclic or vibratory
penetration, which can reduce shaft friction and modify the final stress state around the
installed pile.

A further difficulty is that the outcome of vibratory driving is not governed by a
unique parameter. The penetration process depends on the interplay between dynamic
force amplitude, vibration frequency, dynamic mass, static surcharge, crane tension, pile
geometry and soil conditions [32]. In other words, two tests carried out with similar
frequencies may still lead to different installation responses if the static force, hook load
or pile mass differ. This complexity explains why the driveability of monopiles under
vibratory driving is still an active research topic.

Figure 14 helps visualise this mechanism. The left-hand side shows the vibrator
clamped to the pile head and imposing repeated vertical oscillations to the pile—soil sys-
tem. The upper-right plot highlights the approximately harmonic time history of the
dynamic force, while the lower-right plot recalls that the excitation is dominated by a
controlled vibration frequency. Read together, these three views explain why vibratory
driving is analysed through quantities such as dynamic force amplitude, angular frequency
and displacement amplitude rather than through blow-by-blow impact variables.
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Figure 14: Schematic representation of the operating principle of vibratory pile driving
and associated cyclic excitation, adapted from Massarsch et al. [11].

Governing equations and key quantities.
Vertical dynamic force generated by the vibrator.

A simplified expression for the harmonic vertical force generated by the vibrator is:
F,(t) = M.w?sin(wt) = F, sin(wt) (7)

where:

e F,(t): instantaneous vertical dynamic force applied by the vibrator [N];

e M,: eccentric moment of the counter-rotating masses [kgm];

o w: angular frequency of the vibrator [rad/s];

o F., = M.w?* maximum centrifugal force generated by the vibrator [N].
This equation describes the sinusoidal vertical excitation produced by the rotating eccen-
tric masses. It is central to vibratory driving because it links the vibrator characteristics
directly to the oscillatory force transmitted to the pile [32].

The angular frequency is related to the vibration frequency f by:

w=2nf (8)

so that frequency has a particularly strong influence on the force level applied to the pile.
Since the force amplitude is proportional to w?, even a moderate increase in frequency
may significantly increase the vibratory excitation.

However, the use of Fyynmax as a comparison parameter does not imply that the
vibratory installation process is fully governed by this quantity alone. As shown by the
experimental observations of Remspecher et al. [10], the final state of the soil around the
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pile depends on the coupled response between the imposed vibration, the pile motion and
the surrounding granular medium.

Total load applied during vibratory driving.

In an equipment-oriented notation commonly used to describe vibratory hammers, the
net stationary load applied to the pile may be written as:

Fs = (Meb + Mib + Mclamp)g -T (9)

where:

« F§: net stationary load on the pile [N];

o M,,: mass of the exciter block [kg];

e M;,: mass of the isolator block [kg];

o M jamp: mass of the clamping device [kg];

o T: suspension force applied by the crane [N].
This expression is useful because it makes explicit how the weight of the vibrator assembly
and the crane support combine to produce the net downward stationary load on the pile.
It is fully consistent with the more general form commonly used in the recent literature:

FO = (mdyn + msup)g - Fhook (10)

where mgyy, is the dynamically excited mass, msg,, the mass of the suppressor housing
or upper part of the system, and Fj,ox the crane hook load. The important point is
that crane control modifies the net static contribution without changing the vibration
frequency itself.

Free-hanging amplitude.

In practical vibrator specifications, the free-hanging double amplitude is often written as:

2M,

Sep =25 = —77"— 11
b 0 Meb + Mclamp ( )

where:

o Ssp: specified free-hanging double amplitude [m or mm];

e Sp: corresponding single amplitude [m or mm];

o M, + Meamp: effective vibrating mass of the free-hanging system [kg].
This form is useful because manufacturer data are frequently reported in terms of double
amplitude rather than single amplitude. It conveys the same physical idea as the simpler
expression for the single free-hanging amplitude:

M,

Mdyn

S0 = (12)
where mgyy is the dynamically excited mass of the vibrator. Both expressions show that,
for a given eccentric moment, the displacement amplitude decreases when the vibrating
mass increases. During actual installation, the pile and clamping system become part of
the vibrating assembly, and the effective amplitude is therefore usually smaller than the
free-hanging value.
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Driveability and wave-equation-based interpretation.

Although vibratory driving differs fundamentally from impact driving, recent work has
shown that one-dimensional wave-equation-based approaches can still be used to analyse
monopile driveability under vibratory loading. For example, Le and Rackwitz [30] showed
that GRLWEAP-based simulations using CPT-derived site information can reproduce the
measured penetration behaviour of a real offshore monopile with reasonable agreement.
This confirms that vibratory penetration can still be interpreted through the balance
between applied loading and soil resistance, provided that both dynamic quantities, such
as frequency and eccentric moment, and installation-control quantities, such as hook load
and operational mode, are considered.

Indicative offshore operating ranges.

As practical orders of magnitude, full-scale vibratory hammers for large pile installa-
tion generally operate at frequencies of several tens of hertz, with representative offshore
values around 20 to 30 Hz. Large offshore vibrators may generate centrifugal forces of
several MN, while free-hanging displacement amplitudes are typically of the order of a
few millimetres to a few centimetres. These values remain indicative because the actual
motion transmitted to the pile depends on pile mass, clamp conditions, crane control, soil
resistance and vibration mode.

Main parameters governing vibratory driving.
Vibrator-related parameters.

The first family of governing parameters is directly related to the vibrator. The most im-
portant ones are the vibration frequency, angular frequency, eccentric moment, dynamic
mass and displacement amplitude. Among them, frequency plays a central role because
the dynamic force amplitude is proportional to w?. Increasing frequency therefore gener-
ally increases the force transmitted to the pile. Likewise, increasing the eccentric moment
leads to a higher dynamic force amplitude. As an order of magnitude, Shahrour [6] re-
ports that a representative operating frequency for offshore vibratory installation is often
around 23 Hz, although the actual working range depends on the equipment, the pile
properties and the desired soil response.

However, these effects cannot be interpreted independently of the system mass. A
larger dynamically excited mass reduces the free-hanging amplitude and may alter the
actual vibratory response during driving. In practice, the pile itself forms part of the
vibrating system, so the response evolves as installation progresses.

The influence of vibration conditions on the pile—soil interaction can also be interpreted
in terms of resonance-related mechanisms, as illustrated in Figure 15. This figure is
particularly useful because it does more than show a pile vibrating in the ground: it
suggests that different vibration conditions may mobilise different soil-response patterns
around the shaft and toe. In particular, it highlights the possible development of distinct
zones around the pile, including regions associated with strong cyclic shearing, arching
effects, compaction and resonance-related response. The figure therefore supports the
idea that frequency and amplitude do not simply change the force level applied to the
pile; they may also change the way stresses are redistributed and how the surrounding
granular skeleton evolves during penetration.
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Figure 15: Conceptual illustration of pile-soil interaction during vibratory driving under
different vibration conditions, adapted from Massarsch et al. [11].

Installation-control parameters.

A second family of parameters is related to the way vibratory driving is controlled in
practice. These include the hook load, the operational mode (free-hanging or crane-
controlled), the penetration speed, and the duration of vibration. Among them, hook
load is especially important because it directly changes the net static force applied to the
pile without changing the dynamic excitation.

The distinction between free-hanging and crane-controlled driving is also particularly
relevant. In free-hanging conditions, the weight of the pile—vibrator system is fully trans-
ferred to the soil, whereas under crane-controlled conditions part of this weight is sup-
ported by the crane. Experimental work in dense sand showed that this distinction may
significantly influence the subsequent lateral behaviour of the pile. In the tests reported by
Peccin da Silva et al. [34], crane-controlled vibrated piles exhibited an initial lateral stiff-
ness similar, although slightly lower, to that of impact-driven piles, whereas free-hanging
vibrated piles showed a markedly softer monotonic response.

Pile- and soil-related parameters.

As for impact driving, pile geometry and soil conditions remain essential. The pile diame-
ter, embedment length, mass and stiffness influence the response of the vibrating system,
while soil density, saturation state, layering and stress level control the resistance devel-
oped against penetration. Vibratory driving is generally considered more favourable in
granular and relatively loose to medium dense soils than in stiff cohesive soils, where the
reduction in penetration resistance is less pronounced [30).

Experimental observations also indicate that soil saturation and the surrounding bound-
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ary conditions may affect the installation response. More fundamentally, the near-pile soil
behaviour under vibratory penetration differs from that of monotonic penetration because
cyclic loading may induce stress relaxation effects and a specific evolution of contact con-
ditions along the shaft.

Specific limitations, engineering challenges and relevance for the present work.

Despite its advantages, vibratory driving raises specific engineering challenges. Bearing
capacity is not directly inferred from installation records in the same way as for impact
driving, which complicates field control and performance assessment. Installation effi-
ciency may also be highly sensitive to hook load and operational choices near refusal,
while cyclic loading may simultaneously affect contact forces, stress redistribution, pore
pressure generation in saturated soils, and the dynamic response of the vibrating system.

For this reason, vibratory driving is promising but still less standardised than impact
driving for offshore monopiles. In the present work, the vibration frequency is the main
controllable parameter of the vibratory driving system, while the eccentric moment is
imposed by the geometry of the device. The corresponding theoretical dynamic force is
therefore used only as an indicative reference parameter, not as a directly measured instal-
lation force. The resulting penetration behaviour and post-installation lateral response
are then used to assess how vibratory driving modifies the pile-soil system.

4 Literature review and objectives of the present study

4.1 Synthesis of the literature

The literature reviewed in the previous chapters shows that the mechanical behaviour of
offshore monopiles is governed by the coupled response of the pile and the surrounding soil.
Unlike conventional slender piles, offshore wind monopiles are large-diameter foundations
mainly subjected to horizontal loads and overturning moments. Their response is therefore
strongly influenced by the mobilisation of lateral soil resistance, pile rotation and the
evolution of the stress state around the embedded part of the pile. This specific behaviour
of offshore monopiles is discussed in particular by Wu et al. [22] and Arany et al. [24],
who emphasise the role of pile geometry, embedment length, stiffness and soil-structure
interaction in monopile design.

Classical design approaches based on p — y curves have long been used to represent
the response of laterally loaded piles. However, several authors have shown that these
methods were originally developed for long and slender piles and are not fully adapted to
the behaviour of modern large-diameter monopiles. Large offshore monopiles may behave
as relatively short and rigid foundations, for which global rotation, base reactions and
distributed moment reactions become important. This limitation motivated the develop-
ment of more advanced design frameworks, such as the PISA approach proposed by Burd
et al. [26]. This framework introduces additional soil reaction components and provides a
more complete description of monopile response in sand. These developments also high-
light the importance of the embedment ratio L/D, since the relative embedded length
controls the balance between shaft resistance, base reaction and global pile rotation.

Although real offshore monopiles are subjected to complex cyclic and irregular loading
conditions, monotonic lateral loading remains an essential reference for understanding
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their mechanical response. Richards [25] discusses the importance of cyclic lateral loading
for offshore wind monopiles, but monotonic tests remain useful for characterising the
initial stiffness, lateral resistance, rotation pattern and global kinematics of the pile—soil
system. In this context, the force—displacement response at mudline level, the moment—
rotation response and the position of the apparent rotation point provide useful indicators
for comparing different pile configurations and different installation histories.

A central conclusion of the literature is that the installation method should not be con-
sidered only as a construction operation. During penetration, the pile interacts strongly
with the surrounding soil and may modify its density, stress state, fabric and interface
conditions. These installation-induced modifications may subsequently affect the lateral
response of the pile. This point was directly addressed by Gavin et al. [29], who stud-
ied the influence of installation method on the monotonic lateral loading response of
monopiles in sand. Their work supports the idea that the post-installation behaviour of a
monopile cannot be interpreted independently from the process by which it was installed.

Impact driving is the most established installation method for offshore monopiles and
therefore provides an important reference case. Chen et al. [9] analysed impact driving
as an energy-dissipating hammer—pile—soil interaction process, showing how the deliv-
ered energy is partitioned into pile motion, soil deformation and dissipation mechanisms.
Byrne et al. [31] focused on CPT-based driveability assessment for monopiles in North
Sea sands, which is particularly relevant because it links penetration resistance to soil
characterisation data. More recent numerical work by Chan et al. [28] also indicates
that impact-driven installation can significantly modify the surrounding soil response and
may influence the subsequent lateral behaviour of the monopile. Taken together, these
studies show that impact driving can be interpreted through installation indicators such
as impact energy, number of blows, penetration per blow and cumulative driving energy,
but also that these indicators may be linked to changes in the near-pile soil state.

Vibratory driving has received increasing attention as an alternative installation method,
but its influence on post-installation monopile behaviour remains less clearly established.
Massarsch et al. [11] provide a detailed state-of-practice review of vibratory pile driv-
ing and identify the main parameters governing the process, including frequency, eccen-
tric moment, dynamic force, displacement amplitude, static surcharge and crane control.
Remspecher et al. [10] experimentally showed that vibratory installation can induce mea-
surable changes in relative density around a monopile, with zones of densification and
loosening depending on the position relative to the pile. Vogelsang et al. [33] also in-
vestigated soil deformation around pressed-in and vibrated pile tips, highlighting local
soil displacement, stress redistribution and rearrangement of the granular material during
penetration. These studies are particularly relevant because they show that vibratory
driving does not only affect the ease of penetration, but may also modify the soil that is
later mobilised during lateral loading.

Recent studies have also focused on the prediction and modelling of vibratory instal-
lation. Le and Rackwitz [30] investigated the prediction of monopile driveability under
vibratory driving using wave-equation analysis, while Bienen et al. [32] studied vibro-
driven pile installation in sand using numerical modelling. These works illustrate the
current effort to better predict the penetration behaviour of vibratory-driven monopiles.
However, they also show that the response depends on the coupled behaviour of the vi-
brator, the pile and the surrounding soil, and that the post-installation consequences of
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vibratory driving remain more difficult to assess than the installation process itself.

Among the available experimental studies, the work of Peccin da Silva et al. [34] is
particularly relevant to the present thesis. Their laboratory study directly investigated
the effect of installation parameters on the lateral behaviour of monopiles in sand. Their
results suggest that the installation configuration, including the way the vibrator is op-
erated, may significantly affect the stiffness and resistance measured during subsequent
lateral loading. This confirms that the installation method and its operating parameters
must be considered when interpreting the mechanical response of monopile foundations.

The present work also builds on a sequence of experimental investigations carried out
at UCLouvain. Hamoir and Hoet [35] initiated the experimental study of the influence of
pile installation on the lateral behaviour of model piles in sand. Their work included the
development of an initial laboratory setup, soil characterisation and preliminary lateral
loading tests after impact driving. Deckers and Defer [36] then developed a more com-
plete reduced-scale apparatus and investigated the influence of impact-driving parameters
on the monotonic lateral response of offshore monopiles. Their results showed that the
embedment ratio L/D has a strong influence on lateral resistance, while the influence of
ram mass alone appeared more limited. More recently, Shahrour [6] extended the research
direction towards vibratory driving by developing and testing a model-scale vibro-driving
system.

Despite these contributions, a direct experimental comparison between impact-driven
and vibratory-driven model monopiles under a common laboratory protocol remains lim-
ited. In particular, the previous UCLouvain studies progressively developed the experi-
mental basis for impact driving and vibratory driving, but did not provide a systematic
comparison of the two installation methods using the same sand preparation procedure,
pile geometry and monotonic lateral loading configuration. This gap motivates the present
study, which focuses on the relative influence of installation method and installation pa-
rameters on the post-installation lateral response of model monopiles in sand.

Overall, the literature indicates that monopile behaviour cannot be described solely
from pile geometry or initial sand density. The installation procedure may significantly
modify the near-pile soil state and therefore influence the subsequent lateral response.
Impact driving is relatively well documented and provides a useful reference installation
method, whereas vibratory driving remains less fully understood, especially regarding its
consequences for post-installation lateral stiffness, resistance and pile kinematics. This
observation provides the basis for the objectives of the present experimental study.

4.2 Objectives of the present study

Based on the literature synthesis, the present study focuses on the influence of pile in-
stallation on the subsequent lateral response of model monopiles in sand. The general
motivation is that the installation procedure may modify the near-pile soil state and
therefore affect the mechanical behaviour measured during lateral loading. This issue is
particularly relevant when comparing impact driving and vibratory driving, since the two
methods mobilise the soil through different physical mechanisms.

Impact driving is used as the reference installation method because it is widely used
for offshore monopiles and has already been investigated in previous experimental work.
Vibratory driving is considered as an alternative method because it may offer practical
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and environmental advantages, but its influence on the post-installation lateral response
remains less clearly established. The objective is therefore not only to compare the two
techniques in terms of penetration behaviour, but also to evaluate whether they lead to
different lateral stiffness, resistance and pile kinematics after installation.

The experimental programme is structured around five main objectives.

The first objective is to compare the post-installation lateral response of impact-driven
and vibratory-driven piles under the same monotonic lateral loading procedure. The
comparison is mainly based on the force—displacement response at mudline level, with
particular attention to characteristic force levels, initial stiffness and resistance mobilised
up to a reference displacement. This allows the influence of the installation method to
be assessed while keeping the pile geometry, sand preparation procedure and loading
configuration as consistent as possible.

The second objective is to study the influence of the embedment ratio L/D. This
parameter is central for offshore monopiles because it controls the relative embedded
length of the pile and therefore influences the balance between lateral soil resistance, pile
rotation and base effects. In the present work, several embedment ratios are tested for
both installation methods in order to determine whether the effect of L/D follows similar
trends for impact-driven and vibratory-driven piles.

The third objective is to investigate the influence of the impact-driving configuration.
For this purpose, several combinations of falling mass and drop height are considered while
keeping the nominal impact energy approximately constant. This makes it possible to
assess whether the post-installation response depends only on the nominal impact energy,
or whether different impact configurations can produce different installation histories and
different lateral responses.

The fourth objective is to evaluate the influence of the vibratory-driving frequency. In
the vibratory test series, the eccentric moment is kept constant, while the motor speed
is varied. Since the dynamic force generated by the vibrator depends strongly on the
excitation frequency, this parameter is expected to influence both the penetration process
and the soil state around the pile. The corresponding lateral loading tests are therefore
used to determine whether changes in vibratory frequency lead to measurable differences
in the post-installation response.

The fifth objective is to provide a kinematic interpretation of the pile response during
lateral loading. In addition to the force—displacement curves, the two laser displacement
measurements are used to estimate the mudline displacement, the pile rotation and the
apparent depth of the rotation point. These quantities make it possible to go beyond a
purely global comparison of resistance and stiffness, and to analyse how the pile moves
within the soil during loading. This kinematic interpretation is particularly useful for
assessing whether the pile response remains consistent with a mainly rigid-body rotation
mechanism.

Overall, the present study aims to contribute to the experimental understanding of in-
stallation effects on monopile behaviour by comparing impact-driven and vibratory-driven
model piles under controlled laboratory conditions. The results are intended to identify
relative trends at model scale rather than to provide direct full-scale design values. They
are therefore interpreted as comparative evidence of how installation method and instal-
lation parameters may influence the subsequent lateral response of monopile foundations
in sand.
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5 Experimental methodology and test programme

5.1 Overview of the experimental programme

The experimental programme was designed to provide a controlled comparison of the
post-installation lateral response of model monopiles in sand. Rather than introducing
new theoretical aspects, this section presents the general experimental logic followed in
the laboratory: sand preparation, pile installation, lateral loading and data processing.

The campaign was organised around two installation methods, namely impact driving
and vibratory driving. For each method, the pile was first installed to a target embedment
ratio in a prepared sand mass. A monotonic lateral loading test was then performed using
the same loading configuration for all tests. This sequential procedure makes it possible to
compare the lateral response of the piles after installation while keeping the pile geometry,
sand preparation procedure and loading arrangement as consistent as possible.

A key requirement of the programme was the reproducibility of the sand mass. Before
the pile installation tests, the sand pluviation procedure was therefore developed and
assessed using visual observations and CPT measurements. This preliminary step was
necessary to ensure that differences observed during the lateral loading tests could be
interpreted mainly in relation to the installation procedure and its parameters, rather
than to uncontrolled variations in the initial sand state.

Once the sand preparation procedure was validated, the installation tests were car-
ried out. The impact-driving series was used to study the influence of embedment ratio
and impact configuration, while the vibratory-driving series was used to investigate the
influence of embedment ratio and vibration frequency. The penetration behaviour during
installation was recorded qualitatively and quantitatively when relevant, as it provides
useful information for interpreting the subsequent lateral response.

Finally, the installed piles were subjected to monotonic lateral loading. The response
was characterised not only through global force—displacement curves, but also through
kinematic quantities derived from the displacement measurements. In particular, the
mudline displacement, pile rotation and apparent depth of the rotation point were used
to interpret how the pile moved within the soil during loading. The overall experimental
programme therefore provides both a mechanical and a kinematic basis for comparing the
influence of impact and vibratory installation on model monopiles.

5.2 Scaling considerations for model tests

The experimental campaign presented in this work is carried out at model scale under
normal gravity conditions. The model pile used in the tests has a diameter of D,,, = 6 cm,
whereas full-scale offshore monopiles typically have diameters of several metres. The tests
must therefore be interpreted within the framework of reduced-scale physical modelling.
The aim is not to reproduce a specific offshore monopile at full scale in a strict one-to-
one manner, but rather to reproduce the main mechanisms of interest under controlled
laboratory conditions.

The scaling approach adopted in the present work is directly inspired by the previous
experimental investigation conducted at UCLouvain by Deckers and Defer [36]. Their
work is particularly relevant because it addressed the same general problem of reduced-
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scale laboratory testing on offshore monopiles and included a detailed discussion of the

corresponding scaling laws. In their study, model piles with diameters of 6 cm and 11 cm

were used to represent prototype monopiles with diameters of 6 m and 11 m, respectively.

This corresponds to a geometrical scale reduction factor equal to N = 100. The same

order of magnitude is adopted in the present work, so that the 6 cm-diameter model pile

can be interpreted as a reduced-scale representation of a 6 m-diameter offshore monopile.
The length scale factor is written as

h

m

:fp

1
nr -\
where:
o ny is the scale factor for lengths;
e L,, is a characteristic length in the model;
e L, is the corresponding characteristic length in the prototype;
e N is the geometrical scale reduction factor;
o the subscripts m and p refer to the model and the prototype, respectively.
With N = 100, the diameter of the prototype corresponding to the model pile is

D, = ND,, =100 x 0.06 = 6 m,

where D,, is the model pile diameter and D, is the corresponding prototype pile diam-
eter. This value is representative of conventional offshore monopile diameters. It should
however be noted that modern XXL monopiles may reach larger diameters. The present
model should therefore be understood as representative of the lower range of full-scale
offshore monopiles rather than of the largest current monopile designs. This scaling inter-
pretation is mainly used for the pile diameter and for the dimensionless ratios governing
the tests, such as L/ D and h/D, rather than as a strict scaling of every geometrical detail
of the experimental setup.

From the length scale factor, the scale factors for areas and volumes follow directly:

Am 1 Vin 1
A= A, N2 = B
where:

e ny4 is the scale factor for areas;

« A, and A, are corresponding areas in the model and prototype;

e ny is the scale factor for volumes;

e V., and V, are corresponding volumes in the model and prototype.

These relations follow directly from geometrical similarity, since areas and volumes
scale with the square and the cube of the length scale, respectively. If the density of
the sand and the density of the pile material are kept unchanged between model and
prototype, the mass scale factor also follows the volume scale factor:

My, 1
Ny, = Fp =N

where:

e n,, is the scale factor for mass;

e Mm,, is a mass in the model;
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» m, is the corresponding mass in the prototype.

However, achieving complete similitude in geotechnical model tests performed under
normal gravity is not possible in a strict sense. As discussed by Deckers and Defer [36],
physical modelling should ideally satisfy geometrical, kinematic and dynamic similar-
ity. Geometrical similarity concerns the relative dimensions of the model and prototype.
Kinematic similarity concerns the similarity of displacement and deformation patterns.
Dynamic similarity concerns the similarity of the force ratios governing the mechanical
response. In practice, these conditions cannot generally be satisfied simultaneously in
a lg laboratory test. Therefore, the experimental design must prioritise the similitude
conditions that are most relevant for the objective of the study.

This limitation is particularly important for the present work because the experi-
mental programme involves dynamic installation procedures, namely impact driving and
vibratory driving. In a strict similitude framework, reproducing the full-scale installation
process would require a consistent scaling of time, velocity, acceleration, force transmis-
sion, energy dissipation and soil response during penetration. Such a complete dynamic
similitude is not achieved in the present 1g model tests.

For impact driving, the imposed quantity is the nominal impact energy,

E = mngr0p7

where m is the falling mass and Hgyop is the drop height. This energy is used as
a practical control parameter for comparing different impact configurations. However,
the energy actually transmitted to the pile, the contact duration, the peak impact force
and the detailed stress-wave propagation in the pile—soil system are not scaled in a strict
prototype-to-model sense. The impact driving tests should therefore be interpreted as
controlled model-scale installation procedures rather than as exact dynamic replicas of
offshore hammer driving.

A similar limitation applies to vibratory driving. In the present experimental pro-
gramme, the vibration frequency is the main controllable parameter of the vibro-driving
system, while the eccentric moment is imposed by the eccentric mass installed in the
vibro-driver. These quantities define the imposed excitation at model scale, but the cou-
pled response of the vibrator, the pile and the surrounding sand is not a direct scaled
reproduction of a full-scale offshore vibratory installation. In particular, the actual pile
motion, the force transmitted to the soil and the evolution of penetration resistance de-
pend on the interaction between the model vibrator, the pile geometry and the prepared
sand mass.

Consequently, the installation procedures used in this thesis are not intended to sat-
isfy complete dynamic similitude with offshore pile driving. Their purpose is instead to
generate different, controlled model-scale installation conditions that may produce dif-
ferent initial states of the soil around the pile. The subsequent lateral loading tests can
then be used to compare how these installation-induced states influence the measured
pile response. The interpretation of the results must therefore remain comparative and
model-scale, rather than directly predictive of full-scale offshore installation behaviour.

A major limitation of 1g reduced-scale geotechnical modelling is related to the stress
level in the soil. In a dry sand deposit, the vertical stress at a depth z may be written as

oy = pgz,
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where:

e 0, is the vertical stress in the soil;

e pis the soil density;

e ¢ is the gravitational acceleration;

e z is the depth below the sand surface.

In the present model tests, the soil density p is not scaled and the gravitational accel-
eration ¢ is the same as in the prototype, because the experiments are performed under
normal gravity. Since the characteristic depth z scales as a length, the scale factor for the
soil stress becomes

nasznpngnL:Ll';f:;[,
where:

e n,, is the scale factor for stresses in the soil;

» n, is the scale factor for density;

e 1, is the scale factor for gravitational acceleration;

e ny, is the scale factor for lengths.

This means that, at corresponding depths, the stress level in the model is approx-
imately N times smaller than in the prototype. This point is important because the
mechanical behaviour of sand is stress-dependent. Soil stiffness, dilatancy and strength
mobilisation may therefore differ between model and prototype. As a consequence, the
laboratory tests cannot be used as a direct quantitative reproduction of the full-scale
offshore response without accounting for scale effects.

The use of a 1g model is nevertheless appropriate for the objective of this thesis,
because the work focuses mainly on comparative trends. The same pile diameter, sand
preparation procedure, installation framework and lateral loading configuration are used
throughout the campaign. This makes it possible to compare different installation pro-
cedures and test conditions while limiting the number of uncontrolled variables. In other
words, the experimental programme is designed to identify relative changes in pile re-
sponse rather than to provide direct prototype-scale design values.

In this context, dimensionless ratios are especially important. The embedment ratio
L/ D is used to describe the relative penetration depth of the pile, where L is the embedded
length of the pile and D is the pile diameter. The loading height may also be expressed
through h/D, where h is the height at which the lateral load is applied above the mudline.
These ratios are more meaningful than the absolute values of L, D and h alone, because
they describe the relative geometry of the soil-pile system independently of the chosen
model scale.

The interpretation of the results must therefore remain consistent with the limitations
of the model scale. The measured force—displacement responses should not be directly
transposed to a full-scale offshore monopile without additional scaling assumptions. In-
stead, the results are interpreted as model-scale evidence of how the installation proce-
dure affects the surrounding sand and the subsequent lateral response of the pile. This
approach is consistent with the continuity between the present thesis and the previous
experimental work carried out at UCLouvain, while extending the comparison between
impact and vibratory driving.
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5.3 Sand sample preparation: principles and governing param-
eters

5.3.1 Importance of the initial sand state

General importance of the initial state.

Before studying the installation and post-installation behaviour of model monopiles, par-
ticular attention must be paid to the initial state of the sand mass. Indeed, the response of
the pile does not only depend on the installation method itself, but also on the condition
of the surrounding soil prior to penetration.

In geotechnical model tests, the initial state of the soil is mainly characterised by:

o the density distribution within the sample,

o the stress state inside the soil mass.

As pointed out by Vogelsang et al., this initial state must be known as accurately
as possible, especially when the results are intended to be interpreted quantitatively or
compared with numerical simulations [37].

Need for reproducibility in the present work.

In the present work, this aspect is particularly important because the objective is not
only to install piles in sand, but also to compare the influence of different installation
procedures on the later mechanical response of the monopile. If the initial state of the
sand is not sufficiently controlled, it becomes difficult to distinguish:

e the effect of the installation method,

o from the effect of variations in the prepared soil sample itself.

For this reason, preparing a sand mass that is as homogeneous and reproducible as
possible is a necessary preliminary step before carrying out pile installation tests.

Influence of confinement and container effects.

Another important point highlighted in the literature is that the initial state of sand in
laboratory containers cannot simply be assumed to correspond to ideal free-field condi-
tions. In confined devices, the filling process resembles that of a silo, which may lead to
a stress distribution different from that of an infinite soil mass [37]. In particular, wall
friction may induce so-called silo effects, leading to an under-linear increase of vertical
stress with depth.

As a consequence:

« two samples may have a similar average density,

« while still exhibiting different internal stress states,

o depending on the geometry of the container and the deposition conditions.

Interest of pluviation for dry sand preparation.

The density distribution itself must also be controlled. For dry cohesionless soils, pluvia-
tion is commonly used to prepare samples that are as uniform and repeatable as possible
[37]. Nevertheless, even with a well-controlled raining process, a perfectly uniform density
cannot be guaranteed. Some fluctuation of void ratio remains unavoidable.

According to Vogelsang et al., these fluctuations can remain limited when the prepa-
ration method is carefully executed [37]. This confirms that sand preparation should be
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considered as an integral part of the experimental methodology rather than as a secondary
practical issue.

5.3.2 Main parameters governing the prepared sand mass

Several parameters govern the quality of the prepared sand mass and must therefore be
considered before starting pile installation tests.

Density state.

The first key parameter is the density state of the soil. In practice, it may be described
through:

o dry density,

« void ratio,

o relative density.

This parameter is essential because it directly affects the mechanical behaviour of sand.
Vogelsang et al. also note that the void ratio influences the stress state through the unit
weight of the material [37]. In the context of monopile tests, controlling density is therefore
necessary to ensure repeatability and meaningful comparison between experiments.

Spatial homogeneity.

A second important aspect is the spatial homogeneity of the sample. The purpose of
pluviation is precisely to obtain a density distribution that is as uniform as possible
throughout the whole soil mass [37].

However, local variations may still appear because of:

e irregularities in the raining process,

e interruptions during filling,

o uneven distribution of the material.

As a result, obtaining a correct average density is not sufficient on its own. The sample
must also remain reasonably uniform:

e over depth,

« and across the horizontal extent of the container.

Deposition conditions.

The deposition conditions are also major governing parameters. For dry cohesionless
soils, the density achieved by pluviation depends not only on the free-fall height and the
intensity of deposition, but also on the way the sand flow is distributed before reaching the
sample surface. In air pluviation systems, the characteristics of the perforated plates, the
opening size, the spacing between openings and the resulting flow rate may significantly
influence the relative density and spatial uniformity of the prepared sand mass [38]. These
parameters must therefore be controlled as carefully as possible if several pile installation
tests are to be compared under similar initial sand conditions.

This point is particularly relevant in the present work because the objective is not only
to fill the tank, but to prepare a sand mass that is sufficiently repeatable and homogeneous
for subsequent pile installation and lateral loading tests. Local disturbances in the falling
sand flow, changes in the diffuser position or obstacles close to the tank wall may all
affect the final density distribution. The pluviation campaign is therefore considered as a
necessary validation step before analysing the mechanical response of the installed piles.



5.4  CPT device used in the present work 38

Geometry of the container.

The geometry of the test container must also be taken into account. As discussed by Vo-
gelsang et al., filling a confined sample may generate silo effects, and these effects become
increasingly significant when the ratio between depth and container width increases [37].

This means that the container dimensions influence not only the practical organisation
of the tests, but also the internal stress distribution within the sand mass. This point is
especially relevant in the present work, since pluviation tests were carried out in:

e a large tank,

o and a smaller tank.

This makes it possible to evaluate whether the size of the container influences the
quality and homogeneity of the prepared sample.

Quality control of the prepared mass.

Finally, the quality control method used to assess the prepared sample is itself an important
part of the procedure. Vogelsang et al. indicate that CPT can be used to investigate
density distribution and sample homogeneity, although the results must be interpreted
carefully because of possible boundary effects in model tests [37].

Although Digital Image Correlation (DIC) can also be used to evaluate settlements and
soil deformation during sample preparation, the present work relies on post-preparation
observations and CPT measurements to compare the quality of the pluviation procedures.

5.4 CPT device used in the present work

The penetration tests presented in this work were carried out using a portable elec-
tronic cone penetrometer, namely an Eijkelkamp Penetrologger. Devices of this type are
commonly used to assess soil penetration resistance and to provide an indication of the
mechanical state and spatial variability of the tested material.

In the present work, the device was used with a cone of 1.0 cm? base area and a
60° apex angle. The penetration speed was set to 2.0 cm/s, which corresponds to the
recommended operating conditions for this type of equipment [39]. These parameters were
kept identical throughout the test campaign in order to ensure a consistent comparison
between the different pluviation configurations.

The device consists of a handheld measuring unit connected to a slender penetration
rod ending with a cone tip. The penetration resistance is recorded as a function of depth
and is expressed here through the cone resistance ¢.. By comparing the ¢.(z) profiles
obtained at different locations in the same container, it becomes possible to evaluate,
from a qualitative point of view, the apparent homogeneity of the prepared sand mass.

It should however be noted that the device is manually operated. As a result, main-
taining a perfectly constant penetration rate throughout the whole test is not always easy
in practice, especially when the resistance of the sand increases with depth. For this
reason, some profiles do not reach exactly the same maximum penetration depth, and a
few curves may also present slight discontinuities or irregularities. These features are not
necessarily related to the soil state itself, but may partly reflect the practical difficulty of
keeping the penetration perfectly smooth and continuous under manual loading.

These practical limitations must therefore be kept in mind when interpreting the
results. In addition, the interpretation of CPT measurements performed at shallow depth
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in sand is not straightforward. At low stress levels, the measured cone resistance may be
influenced by scale effects, boundary conditions, local density variations and the limited
vertical confinement of the sand. Krogh et al. showed that the relationship between
shallow CPT resistance and relative density must therefore be interpreted with caution
[40].

For this reason, the CPT results obtained in the present work are not used as a direct
and absolute measurement of the relative density of the sand mass. Instead, they are
mainly used as a comparative tool to assess the repeatability and spatial homogeneity
of the pluviation procedure. The interpretation therefore focuses on the shape of the
qc(2) profiles, their dispersion, their repeatability between measurement locations and the
coefficient of variation over a selected depth range.

Figure 16: Portable electronic cone penetrometer used in the present work.

5.5 Sand used in the present work

The sand used in the present experimental campaign was the North Sea sand already
available in the laboratory and previously used by Hamoir and Hoet [35]. In their work,
this material was characterised as a sandy soil, with most of the grains between approxi-
mately 0.25 and 4 mm. Their experimental procedure also included sieving the sand with
a 2.36 mm sieve in order to avoid clogging the openings of the sand raining system.

No additional grain-size distribution test was performed as part of the present study.
The sand should therefore not be considered as freshly characterised material, but rather
as the same laboratory sand stock used in the previous experimental work.

A few months before the present tests, the sand was filtered with a coarse mesh in
order to remove most of the shell fragments that could block the pluviation system.

It should also be noted that, because the sand has been reused through a large number
of pluviation campaigns over several years, part of the finest fraction may have been
progressively lost during handling, sieving and cleaning operations. For this reason, the
available soil characterisation is used only as a general description of the material, while
the present work focuses mainly on the repeatability and homogeneity of the prepared
sand mass assessed through CPT measurements.
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5.6 Preliminary pluviation campaign

5.6.1 Pluviation tests carried out in the present work

In previous years, experimental work had already been carried out on the preparation of
sand samples for model pile tests. As a result, an existing pluviation system was already
available in the laboratory and had previously been used in a large tank. Rather than
developing a completely new preparation method, the objective of the preliminary tests
presented in the following subsections was therefore to assess this existing setup and to
identify possible improvements in order to obtain a sand mass that is as homogeneous
and reproducible as possible for the next stages of the experimental campaign.

5.6.2 Large tank test

Test setup.

The first pluviation test was carried out in the large tank available in the laboratory.
The internal diameter of the tank was 110 cm, while its total height was 126 cm. This
tank was equipped with an existing pluviation system already used in previous student
works. The objective of the present preliminary tests was therefore not to develop a new
preparation device, but rather to assess this existing configuration and identify possible
improvements.

The general arrangement of the large tank and the associated pluviation setup is
shown in Figure 17. In the test presented here, the distance between the lower end of
the pluviation system and the top of the tank was 37 cm, as illustrated in Figure 18.
This parameter is important because the free-fall height is known to influence the density
of dry sand samples prepared by pluviation. A circular diffuser plate was positioned 16
centimetres above the container in order to distribute the sand flow more evenly and
reduce direct jet effects .

Figure 17: General view of the large tank used for the pluviation test and of the existing
pluviation system available in the laboratory.

The detailed drawings of the pluviation system are provided in Appendix B.
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Figure 18: Measured free-fall height in the large-tank pluviation setup.

Test procedure.

The tank was first filled by pluviation using the existing setup described previously. Once
the deposition was completed, the surface of the sample was observed. In order to docu-
ment the initial state of the deposited sand mass, height measurements were first taken
at several locations on the surface before any correction was made. These measurements
were used to obtain a first indication of the surface irregularity produced by the pluviation
process.

A careful manual levelling was then carried out in order to regularise the top surface
before performing the penetration tests. This step was intended to obtain a more consis-
tent reference surface and to limit the influence of local topographic irregularities on the
subsequent CPT measurements.

After surface preparation, CPT tests were performed in nine locations distributed
over the surface of the tank. The test layout is shown in Figure 19, where the red circles
indicate the CPT locations.

The CPT positions were identified by means of two orthogonal strings materialising two
perpendicular diameters of the tank. A total of nine penetration locations were defined:

e one central point,

 four points located at approximately 0.3 R,

o four points located at approximately 0.7R.

This layout was chosen in order to compare the response in the central part of the
sample with that measured closer to the container wall. CPT tests were then performed
at the selected locations in order to obtain a first indication of the spatial variability of
the prepared sand mass.
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Figure 19: Top view after pluviation.

Results and first assessment.

Surface condition after pluviation. From a qualitative point of view, the final
sand surface was clearly uneven. As shown in Figure 20, the deposited surface presented
a marked relief, with important height variations across the tank.

Figure 20: Surface of the sand mass in the large tank immediately after pluviation.

Height measurements and filling level. These visual observations were con-
firmed by the first height measurements, which showed significant differences depending
on the measurement location. This confirmed that the deposited surface could not directly
provide a flat reference level for the following tests. Here, d denotes the vertical distance
measured between the sand surface and the top edge of the tank; consequently, d,.x cor-
responds to the location where the sand level was the lowest, while d,,;, corresponds to
the location where the sand level was the highest.

o dpax =~ 57 cm,

o dpin ~ 38.5 cm,
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Figure 21: Examples of height measurements in the large tank after pluviation and
before levelling.

A manual levelling operation was therefore necessary before carrying out the CPT
campaign.

CPT results. The CPT results obtained in the nine selected locations are presented

in Figure 22. A visible scatter can be observed between the different curves, suggesting
that the sample cannot be regarded as homogeneous.
It should be noted that not all CPT profiles reached exactly the same depth. Since the
tests were performed manually, maintaining the required constant penetration rate was
not always possible; when the rate became too irregular, the device could stop recording
the measurement. In some cases, this occurred before the same depth as in the other
tests was reached, for example due to a sudden change in penetration resistance or an
unfavourable operator position. This remark applies to all CPT results presented in this
document.
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Figure 22: CPT results obtained at the nine test locations in the large tank.

General assessment. Overall, this first pluviation test showed that the existing
large-tank setup was usable, but that it produced an irregular surface and noticeable
spatial variability in the CPT response. The procedure therefore still had clear limitations
in terms of surface regularity and apparent homogeneity.

5.6.3 Small tank tests: common setup and procedure

After the preliminary observations made in the large tank, additional pluviation tests were
carried out in a smaller cylindrical container. The objective of these tests was to evaluate
whether a reduced container diameter could improve the quality of the deposited sand
mass, especially in terms of surface regularity and apparent homogeneity. Two pluviation
tests were performed in the small tank. Since the same general setup and procedure were
used in both cases, they are presented first, while the results and first assessment are
reported separately for each test.

Test setup.

The pluviation tests were carried out in a cylindrical small tank with an internal diameter
of 59 cm. The total internal height of the container was 87 cm. The deposition was
performed with the same pluviation system but the circular diffuser plate was positioned
directly above the container.

The vertical distance between the hopper outlet and the diffuser was set to 37 cm. A
protective sheet was also placed on the floor in order to facilitate cleaning of the spilled
sand.
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Figure 23: Adjustment of the geometric configuration.

Figure 24: Pluviation in progress.

Test procedure.

For each test, the small tank was filled by pluviation. After deposition, the final surface
condition was photographed and the geometry of the sample was documented through
height measurements. As for the large tank, a first objective was to evaluate the regularity
of the final surface produced directly by the pluviation process.
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The CPT positions were identified by means of two orthogonal strings materialising
two perpendicular diameters of the tank. As for the large tank, a total of nine penetration
locations were defined:

« one central point,

 four points located at approximately 0.3 R,

o four points located at approximately 0.7R.

potes ot )
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.

Figure 25: Top view after pluviation: location of the nine CPT test points.

First pluviation test in the small tank

Surface condition after pluviation. From a qualitative point of view, the first
pluviation test in the small tank gave a clearly more satisfactory surface condition than
the initial large-tank test. The final surface appeared globally plane, with no evident
segregation zone or marked local defect.
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(a) Side/general view of the final fill.

(b) Top view of the final surface.

Figure 26: Surface condition after the first pluviation test in the small tank.

Height measurements and filling level. This first visual impression was supported

by the height measurements carried out at four locations. The measured distances between

the upper rim of the barrel and the sand surface were approximately:
o dpin ~ 10.6 cm,

e dpax ~ 13.5 cm.

CPT results. The CPT results obtained at the nine selected locations also suggest a
more coherent response than that observed in the large tank. Some scatter remains visible,

especially at intermediate and larger depths, but the profiles follow a more consistent
global trend.
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Figure 27: Superposition of the CPT profiles for the nine test locations after the first
pluviation test in the small tank.

Second pluviation test in the small tank

Surface condition after pluviation. From a qualitative point of view, the second
pluviation test in the small tank again led to a satisfactory final surface condition. As
shown in Figure 28, the surface appeared globally plane, with no evident segregation zone

or marked local defect. This second test also suggests good repeatability of the procedure
in the smaller container.
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Figure 28: Top view of the final sand surface after the second pluviation test in the
small tank.

Height measurements and filling level. This visual impression was supported by
the height measurements carried out at four locations. The measured distances between
the upper rim of the barrel and the sand surface were approximately:

o dpin ~ 1.5 cm,

o dpax ~ 3.8 cm,

CPT results. The CPT results obtained at the nine selected locations are presented
in Figure 29. The superposed ¢.(z) profiles show a globally coherent trend over a large
part of the penetrated depth. A certain scatter remains visible, especially at intermediate
and larger depths, but the general shape of the profiles is comparable from one CPT
location to another.
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Figure 29: Superposition of the CPT profiles for the nine test locations after the second
pluviation test in the small tank.

5.7 Optimisation of the large-tank pluviation procedure

After the encouraging results obtained in the small tank, additional investigations were
carried out in the large tank in order to better understand the origin of the poorer be-
haviour previously observed in this configuration. Since the large tank remains the pre-
ferred container for the subsequent pile installation tests because of its dimensions, the
objective was to assess whether simple geometric modifications of the setup could improve
the quality and apparent homogeneity of the prepared sand mass.

Three complementary tests were therefore performed in the large tank. The first one
consisted in lowering the diffuser so that it rested directly on the tank rim, in order to
reproduce more closely the configuration used in the small tank. The second one focused
on the geometry of the tank opening itself, by trimming the inner steel fins protruding
above the upper edge of the container. A third test was then carried out in this modified
configuration by interrupting the pluviation at regular time intervals in order to manually
flatten the sand surface during filling.



5.7  Optimisation of the large-tank pluviation procedure 51

5.7.1 First modified test in the large tank: diffuser placed directly on the
tank rim

Test setup.

A first difference identified between the large-tank and small-tank configurations con-
cerned the position of the diffuser relative to the container opening. In the small tank,
the diffuser was placed directly on the barrel rim, whereas in the initial large-tank con-
figuration the diffuser remained above the tank opening. A first working hypothesis was
therefore that this geometric difference could influence the way the sand entered the con-
tainer and, consequently, the quality of the final deposit.

To test this hypothesis, the diffuser plate was lowered until it came directly into contact
with the upper rim of the large tank, so as to reproduce more closely the configuration
previously used in the small tank. A general view of this modified setup is shown in
Figure 30. The same general CPT layout as in the previous large-tank test was then used
in order to evaluate the spatial variability of the prepared sand mass.

Figure 30: First modified configuration in the large tank.

Surface condition after pluviation.

From a qualitative point of view, the final sand surface remained clearly uneven. As
shown in Figure 31, the deposited surface still presented a marked relief, with important
height variations across the tank.
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Figure 31: Surface of the sand mass in the large tank immediately after pluviation.

Height measurements and filling level.

These visual observations were confirmed by the first height measurements, which showed
significant differences depending on the measurement location. This confirmed that the
deposited surface could not directly provide a flat reference level for the following tests.
o dpax &~ 57 cm,
e dpin ~ 40 cm,

CPT results.

The CPT results obtained after this first modified large-tank test are presented in Fig-
ure 32. Overall, the scatter remains important, with no clear improvement compared with
the initial large-tank configuration.
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Figure 32: Superposition of the CPT profiles for the nine test locations after the first
modified test in the large tank, with the diffuser placed directly on the tank rim.

General assessment.

This first modification isolated the role of the diffuser position, but the CPT results do
not show a clear improvement. The prepared sand mass still exhibited marked spatial
variability, indicating that the poorer behaviour initially observed in the large tank cannot
be explained by the diffuser position alone.

5.7.2 Second modified test in the large tank: trimming the protruding inner
fins

Problem identification.

Since the first modified configuration did not lead to a clear improvement, attention was
then turned to the geometry of the large tank itself. More specifically, the upper part
of the tank included inner steel fins protruding above the cylindrical opening. These
elements locally altered the geometry of the opening and were therefore considered as a
possible source of disturbance during pluviation.

The geometric origin and the possible consequences of this problem are illustrated in
Figure 33. In top view, the protruding steel elements locally reduced the free circular
opening of the tank. As a result, the sand curtain could not be distributed over the whole
tank section in a fully regular way. Part of the peripheral area near the wall was effectively
screened by these elements, so that the effective deposition area was smaller than the full
cylindrical section of the tank.

The same geometry may also have affected the air evacuation during filling. As the
sand fell into the tank, the air initially present inside the container had to escape upward
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through an opening whose geometry was locally disturbed by the protruding fins. This
upward air flow may therefore have interacted with the falling sand curtain and further
affected the regularity of the pluviation. At this stage, this mechanism should be regarded
as a plausible interpretation rather than as a directly measured phenomenon.

Based on these observations, a second modified test was carried out after trimming the
inner fins protruding above the upper edge of the tank. The objective of this intervention
was to recover a more regular cylindrical opening, so that the sand could be deposited
over the whole tank section and the displaced air could escape in a less disturbed manner
during filling.

Upper disc

_\\ Upper disc

Tank
e

Tank

‘ Falling sand ‘ ‘ Air Evacuation‘

Figure 33: Schematic illustration of the geometric disturbance caused by the protruding
inner fins of the large tank.

Surface condition after pluviation.

From a qualitative point of view, this pluviation test in the large tank gave a more satis-
factory surface condition than the previous large-tank tests. The final surface appeared
globally plane at the scale of the large tank, with no evident segregation zone or marked
local defect.
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Figure 34: Surface of the sand mass in the large tank immediately after pluviation.

Height measurements and filling level.

These visual observations were confirmed by the first height measurements, which showed
no significant differences depending on the measurement location.

o dpax &~ 54 cm,

] dmin ~ 50 cim,

CPT results.

The CPT results obtained after trimming the protruding inner fins are presented in Fig-
ure 35. The profiles show an acceptable grouping in the near-surface zone and several
curves follow a broadly comparable increasing trend at larger depths. A significant scatter
nevertheless remains, with some low-response profiles still present. Even so, this second
modified configuration appears more encouraging than the previous one.
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Figure 35: Superposition of the CPT profiles for the nine test locations after the second
modified test in the large tank, following the trimming of the protruding inner fins.

General assessment.

This second modification appears more relevant than simply lowering the diffuser onto
the tank rim. Trimming the protruding inner fins did not fully eliminate the variability
observed in the large tank, but the CPT profiles became more coherent than in the initial
configuration. This supports the idea that the geometry of the tank opening played an
important role in the poorer behaviour initially observed in the large tank.

5.7.3 Third modified test in the large tank: interrupted pluviation with in-
termediate surface levelling

Test procedure.

After the test carried out in the large tank with the protruding inner fins trimmed, an
additional pluviation test was performed in the same modified geometry. In this third
test, the filling was not carried out continuously. Instead, the sand fall was interrupted
approximately every 1 min 30 s, and the surface of the sand mass was manually flattened
before resuming the pluviation.

The objective of this procedure was to assess whether repeated intermediate surface
corrections during filling could improve the final surface condition and, possibly, lead to a
more homogeneous deposited sand mass. The underlying idea was that, if the local relief
created during pluviation was corrected progressively rather than only at the end of the
filling process, the final state of the sample might become more regular.

However, this modified procedure also differs significantly from the logic of a contin-
uous pluviation process. Interrupting the sand fall and manually reworking the surface
during filling may create additional disturbances in the deposited material and modify
the natural evolution of the sample as it is being formed.
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Surface condition after pluviation.

From a qualitative point of view, the final sand surface was again clearly uneven. As
shown in Figure 36, the deposited surface presented a marked relief, with important
height variations across the tank.

Figure 36: Surface of the sand mass in the large tank immediately after pluviation.

Height measurements and filling level.

These visual observations were confirmed by the first height measurements, which showed
significant differences depending on the measurement location. This confirmed that the
deposited surface could not directly provide a flat reference level for the following tests.
e dpax &~ 56 cm,
o dpin ~ 41 cm,

CPT results.

The CPT results obtained after this interrupted-pluviation test are presented in Figure 37.
From a qualitative point of view, the profiles appear less coherent than those obtained
during the continuous-pluviation test performed in the same modified large tank geom-
etry. A marked scatter remains visible, with some curves staying at relatively low cone
resistance levels while others increase more significantly with depth. Several local drops
in cone resistance can also be observed during penetration; these losses of resistance are
likely related to disturbances introduced during the interruptions of the pluviation pro-
cess, when the sand surface was manually levelled.

As in the previous tests, the maximum penetration depth was not identical for all
CPT soundings, which should be kept in mind when comparing the deepest parts of the
curves. Nevertheless, the overall dispersion of the profiles suggests that the interrupted
pluviation procedure did not improve the homogeneity of the prepared sand mass.
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Figure 37: Superposition of the CPT profiles for the nine test locations after the
interrupted-pluviation test.

General assessment.

This third test does not suggest any improvement associated with repeated manual flat-
tening during filling. On the contrary, the CPT results appear less satisfactory than
those obtained in the continuous-pluviation test carried out in the same modified geom-
etry. These observations indicate that, once the tank geometry has been improved, the
pluviation process should remain as continuous as possible.

5.8 Validation of the final pluviation procedure

The main observations from the preliminary and optimisation tests are summarised in
Table 1, in order to highlight the role of each configuration in the selection of the final
pluviation procedure.
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Table 1: Summary of the preliminary pluviation tests.

Test configuration Surface condition CPT results

Initial large-tank setup  Irregular surface Strong scatter; poor profile consistency
Small-tank tests More regular More coherent profiles

Diffuser placed on the Irregular surface No clear improvement in homogeneity
large-tank rim

Large tank with More regular Better grouping of the CPT profiles
trimmed inner fins surface

Interrupted pluviation Irregular surface Increased scatter; less coherent profiles

with manual levelling
every 1 min 30 s

5.8.1 Retained pluviation procedure

Based on the previous observations, a final pluviation procedure was retained for the
preparation of the sand mass used in the pile installation and lateral loading tests. This
procedure was selected in order to improve the repeatability of the initial sand state while
limiting unnecessary disturbances during filling.

The retained configuration uses the modified large tank, after trimming the protruding
inner fins at the top of the tank. The sand raining system is positioned 37 cm above the
upper rim of the tank, while the diffuser mesh is placed 16 cm above the tank opening.
This configuration is intended to promote a more regular distribution of the sand flow
over the tank section.

The pluviation is then carried out continuously, without intermediate interruption or
manual levelling during filling. This choice follows from the previous optimization tests,
which showed that interrupting the deposition process did not improve the homogeneity of
the prepared sand mass. After pluviation, if necessary, a careful final levelling is performed
before the CPT measurements and pile installation tests.

The same procedure is repeated for each sand preparation in order to ensure compa-
rable initial conditions between the different tests.

5.8.2 Statistical comparison between the initial and final pluviation proce-
dures

After defining the retained pluviation procedure, its effectiveness must be verified quan-
titatively. The objective of this subsection is therefore to assess whether the final config-
uration actually improves the homogeneity and repeatability of the prepared sand mass
compared with the initial large-tank configuration.

For this purpose, the CPT results obtained after the initial pluviation test are com-
pared with those obtained after two independent pluviation tests performed with the
final procedure. These two final tests were carried out using the modified large tank,
after trimming the protruding inner fins, and with a continuous pluviation procedure.
The comparison is based first on the visual grouping of the CPT profiles and then on a
statistical analysis of their dispersion.
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Figures 38, 39 and 40 show the superposed CPT profiles obtained for the three plu-
viation tests. A first visual comparison already indicates that the initial pluviation led
to a much more scattered response between the nine measurement locations. In the ini-
tial configuration, some CPT curves remain at very low resistance over a large part of
the explored depth range, whereas others increase much more rapidly, which reflects an
important spatial variability in the prepared sample.

By contrast, the two pluviation tests performed with the final configuration show a
noticeably more consistent response. Although some dispersion remains, especially near
the surface and at a few isolated depths, the overall grouping of the CPT curves is clearly
improved. The curves obtained after the first final pluviation are more coherent than
those of the initial test, while the second final pluviation shows the most regular and
best-grouped set of CPT profiles among the three tests.
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Figure 38: Superposition of the CPT profiles obtained after the initial pluviation test in
the large tank.
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Figure 39: Superposition of the CPT profiles obtained after the first pluviation test
performed with the final large-tank configuration.
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Figure 40: Superposition of the CP'T profiles obtained after the second pluviation test
performed with the final large-tank configuration.

To quantify these observations, the coefficient of variation of the CPT resistance was
computed as a function of depth for the three pluviation tests over the common depth
range from 0 to 42 cm. The corresponding results are shown in Figure 41. Since the
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coefficient of variation expresses the dispersion of the measurements relative to their mean
value, a lower value indicates a more homogeneous response between the different CPT
locations.

CPT spatial dispersion with depth
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Figure 41: Coeflicient of variation of the CPT results as a function of depth for the

initial pluviation test and the two pluviation tests performed with the final
configuration.

Table 2: Mean coefficient of variation of the CPT results for the three pluviation tests
over the first 42 cm of penetration.

Indicator Initial pluviation Final pluviation 1 Final pluviation 2
Mean CV over 042 cm [%)] 52.6 28.5 23.8
CV reduction relative to initial [%] - 45.7 54.7

The coefficient-of-variation profiles confirm the qualitative interpretation drawn from
the raw CPT curves. The initial pluviation test systematically exhibits the largest dis-
persion. Over most of the investigated depth range, its coefficient of variation remains
clearly higher than that of both final pluviation tests, and it reaches very high values
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at shallow depth. This behaviour reflects the strong heterogeneity already visible in the
initial CPT profiles.

The two final pluviation tests both show a marked reduction in spatial dispersion
compared with the initial test. After approximately the first 10 to 12 cm, their coefficients
of variation are generally much lower than those of the initial pluviation and remain mostly
in a significantly narrower range. This indicates that the modified large-tank configuration
produces a sand mass that is more uniform across the different measurement locations.

Overall, both the qualitative comparison of the CPT profiles and the statistical anal-
ysis based on the coefficient of variation confirm the improvement brought by the final
pluviation configuration. The reduction of the mean CV from 52.6% in the initial config-
uration to 28.5% and 23.8% in the two final tests indicates a substantially lower spatial
variability of the prepared sand mass. The final procedure can therefore be considered
sufficiently homogeneous and repeatable for the comparative purpose of the subsequent
pile installation and lateral loading tests.

5.9 Experimental setup for pile installation and lateral loading

5.9.1 General presentation of the setup

A simplified schematic representation of the lateral loading configuration is shown in
Figure 42. The horizontal load H is applied at a height h above the mudline, corresponding
to the level of the actuator and the force sensor. The lateral displacement of the pile is
monitored by two laser sensors located at heights h; and hs. The embedded pile length
is denoted by L, while d represents the depth of the rotation point below the mudline.
This idealised representation is used to interpret the pile kinematics during loading and
to estimate the displacement at the mudline from the measured quantities.
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Figure 42: Simplified schematic representation of the lateral loading setup and main
geometrical parameters.

Photographs of the experimental setup are presented in Figure 43. The model pile
is installed in the sand deposit contained in the tank. The lateral loading system is
connected to the pile at the actuator level, while the displacement sensors are positioned
at different elevations in order to monitor the pile movement during loading. The force
sensor is placed in line with the loading cable, allowing the applied horizontal force to be
measured during the test.
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Figure 43: Photographs of the experimental setup used for lateral loading tests.

The following subsections describe in more detail the different components of the setup,
including the impact driving system, the vibratory driving system and the lateral loading
system. The force sensor and the laser displacement sensors are also presented separately
in dedicated subsections.

5.9.2 Model pile

The model pile used in the present experimental campaign was a hollow steel tube. Its
outer diameter was D = 60 mm, its wall thickness was t = 1 mm, and its total length
was 1.45 m. The corresponding inner diameter was therefore approximately 58 mm.
This geometry was kept constant for all the tests.

Table 3: Main characteristics of the model pile used in the experimental campaign.

Parameter Value

Material Steel

Outer diameter, D 60 mm
Wall thickness, t 1 mm
Inner diameter 58 mm
Total length 1.45m
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5.9.3 Impact driving system

The impact driving system was developed to install the model pile by applying repeated
vertical impacts at the pile head. This installation method serves as a reference case for
comparison with vibratory driving. The principle is based on a falling mass that is lifted
manually and then released, so that its impact drives the pile progressively into the sand.

The system consists of a cylindrical steel mass sliding along a vertical guiding rod
aligned with the pile axis. During installation, the mass is first raised to a prescribed
height and then released, allowing it to fall freely onto the impact head connected to the
pile. By repeating this operation, the pile is progressively driven into the sand until the
desired embedment depth is reached.

A string fitted with a metallic washer is attached to the moving mass and serves as
a visual marker for the drop height. This simple device makes it possible to lift the
mass to the same elevation before each blow, thereby improving the repeatability of the
installation procedure. As a result, the impact energy remains approximately constant
from one blow to another.

Figure 44 illustrates the impact driving system in its two main configurations. In
Figure 44a, the falling mass is shown in its raised position before release. In Figure 44b,
the mass is shown in its lower position after the impact.

(a) Falling mass in (b) Falling mass in
the raised position the lower position
before release. after impact.

Figure 44: Impact driving system used for the installation of the model pile.
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5.9.4 Vibratory driving system

The vibratory driving system was used to install the model pile by applying a vertical
harmonic excitation at the pile head. In the present setup, the excitation was generated
by a small brushless DC motor driving a pair of eccentric masses mounted on the vibratory
head. The motor used for this purpose was a maxon FCX SPEED 13 L, with a diameter
of 13 mm. This motor belongs to the ECX SPEED family of brushless DC motors, which
are designed for high-speed applications. According to the manufacturer’s documentation,
the ECX SPEED 13 L is available in several configurations, including sensorless versions,
and is suitable for operation at very high rotational speeds [41].

The motor was controlled using a maxon ESCON 50/5 servo controller. This controller
is intended for the control of permanent-magnet brushed DC motors and brushless EC
motors up to approximately 250 W. Its nominal operating voltage range is 10—50 VDC,
and its output current capability is 5 A in continuous operation and 15 A for short-
duration operation [42]. In the present work, the controller was configured and operated
using the ESCON Studio software installed on a separate computer.

Unlike the motor used for lateral loading, the vibratory driving motor was not com-
manded from the main data acquisition system. The vibration frequency was imposed
through the ESCON controller using another computer, while the other measurements
were recorded separately during the experimental campaign. The vibratory driving sys-
tem therefore acted as an independent actuator, whose main controlled parameter was
the motor rotational speed.

The complete vibratory driving arrangement and a detailed view of the vibratory head
are shown in Figure 45. During installation, the vibratory head was fixed at the top of the
pile. In order to keep the pile vertical during vibro-driving, a simple perforated cardboard
guide was placed around the pile at the tank opening. This guide provided a practical
alignment reference during installation, while allowing the pile to penetrate vertically
through the central hole.
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(a) General view of the vibratory driving (b) Detailed view of the vibratory head.
arrangement.

Figure 45: Vibratory driving system used during pile installation: global arrangement
with the cardboard guide and detailed view of the motor, eccentric masses and
accelerometers.

The eccentric mass configuration was kept unchanged throughout the vibratory test
series. The corresponding eccentric moment was equal to 28 gmm. As a result, the
eccentric moment was constant for all vibratory driving tests, and the motor speed, or
equivalently the excitation frequency, was the main parameter varied in the present ex-
perimental programme.

The vibration frequency imposed to the pile is directly related to the motor rotational
speed. If the motor speed is denoted by n, expressed in revolutions per minute, the
corresponding excitation frequency is

where f is expressed in hertz.

This configuration made it possible to compare the influence of vibration frequency on
pile installation and on the subsequent lateral response, while keeping the pile geometry
and eccentric mass configuration unchanged.

5.9.5 Motor-driven lateral loading system

The lateral displacement during the monotonic loading tests was imposed by a motor-
driven system. The motor used in the setup was a Bosch Rexroth IndraDyn S syn-
chronous servo motor, type MSK050C-0600-NN-S1-UGO-NNNN. This motor is a three-
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phase permanent-magnet servo motor designed for controlled motion applications. In the
present setup, it was mounted horizontally on the rigid loading frame and coupled to a
planetary gearbox driving the winding drum connected to the Dyneema cable.

Figure 46: Motor-driven system used to impose the lateral displacement during the
loading tests. The Bosch Rexroth servo motor is coupled to a planetary gearbox and
drives the winding drum connected to the Dyneema cable.

The main characteristics of the motor are summarised in Table 4. The motor has a
maximum speed of 6000 min~—!, a standstill torque of 5.0 N m, a standstill current of 6.2 A,
and a mass of approximately 5.4 kg. It is naturally cooled and has an IP65 protection
class, which is suitable for laboratory use in the present experimental setup [43].

Table 4: Main characteristics of the motor used for the lateral loading system.

Parameter Value

Manufacturer Bosch Rexroth

Motor series IndraDyn S MSK

Motor type MSKO050C-0600-NN-S1-UGO-NNNN

Motor technology Three-phase permanent-magnet servo motor
Cooling mode Natural convection

Maximum speed, ngax 6000 min~!
Standstill torque, M, 5.0 Nm
Standstill current, I 6.2 A
Torque constant, K, 0.89 Nm/A
Maximum voltage, Up.x 600 V AC
Protection class IP65

Motor mass 5.4 kg
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The motor was connected to the control and acquisition system used during the lat-
eral loading tests. The imposed motion was therefore commanded from the same control
interface used during the tests, which made it possible to impose a controlled and repeat-
able displacement rate. This arrangement ensured that the lateral loading procedure was
displacement-controlled, while the force and displacement measurements were recorded
during the same test sequence.

Choice of the imposed lateral loading rate

The lateral loading stage is intended to provide a monotonic reference response of the
installed pile. In the present experimental programme, this response is mainly interpreted
through the relationship between the horizontal force H and the lateral displacement at
mudline level, denoted here as uy. The imposed displacement rate during this stage must
therefore be defined carefully, because a change in loading rate may modify the apparent
stiffness and resistance of the soil-pile system.

For the purpose of the present work, the most important requirement is to impose
a controlled and repeatable displacement-controlled loading procedure. The same lat-
eral loading rate must be used for all the reference tests so that the measured force—
displacement curves can be compared consistently. This is particularly important because
the objective of the experimental programme is not to study the lateral loading process
itself, but to compare the post-installation response of piles installed under different con-
ditions.

Previous experimental work at UCLouvain by Deckers and Defer [36] also adopted a
displacement-controlled lateral loading procedure. In their study, the actuator displace-
ment was imposed at a constant velocity of 0.4 mm/s, which allowed the results to be
analysed through force—displacement curves. In the present work, a lower velocity is
preferred in order to reduce possible rate effects while remaining compatible with the
available motor and with the practical duration of the tests.

The selected value is also consistent with displacement rates used in several reduced-
scale experimental studies on laterally loaded monopiles in sand. For example, Lee et al.
[44] performed static lateral loading tests using a constant displacement rate of 0.1 mm/s.
The MIDAS centrifuge testing programme on monopiles in sand also used a loading rate
of 0.1 mm/s for the monotonic tests reported by Wang et al. [45]. Similarly, Blanc et al.
[46] used a displacement-controlled actuator velocity of 0.1 mm/s in centrifuge tests on
an instrumented monopile foundation in saturated sand.

Based on these considerations and on the limitations of the motor, the retained actu-
ator velocity for the main lateral loading tests is

U, = 0.1 mm/s = 6 mm/min.

This velocity is imposed at the load application point, located at a height h above
the mudline. Since the displacement of interest is the mudline displacement ug, the cor-
responding mudline velocity can be estimated by assuming that the pile behaves approx-
imately as a rigid body rotating around a point located at a depth d below the mudline.
Under this assumption, the displacement rates are related by

d
h+d

T:L(]Zua
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where 1, is the actuator velocity and 1y is the corresponding mudline velocity.
In the present experimental programme, the pile diameter is kept equal to D = 60 mm
and the lateral loading height is kept equal to h/D = 10, corresponding to

h = 10D = 600 mm.
For the reference embedment ratio L/D = 7, the embedded length is

L=7D =420 mm.

The depth of the rotation point is not strictly constant during lateral loading and is
determined a posteriori from the displacement measurements. However, for the purpose
of estimating the order of magnitude of the mudline velocity, an indicative value d ~ 0.7L
is adopted, giving

d~0.7L =294 mm.

The corresponding mudline displacement rate is therefore estimated as

~6 294

~ 600 + 294
The first tests performed during the campaign were carried out with an imposed

displacement rate of 2 mm/s at the load application point, corresponding to 120 mm /min.

For the same reference geometry, this gives an estimated mudline displacement rate of

approximately

g = 1.97 mm/min.

294
600 + 294

The retained velocity of 6 mm/min at the actuator level is therefore about twenty
times lower than the initial high-rate tests. It is consequently adopted as the reference
lateral loading rate for the main experimental programme. The initial tests performed at
2 mm/s are not used directly in the main comparison between installation methods and
installation parameters; instead, they are retained as a complementary high-rate dataset
to assess the possible influence of the imposed lateral loading rate on the measured force—
displacement response.

10 high = 120 = 39.5 mm,/min.

5.9.6 Load transfer device between the pile and the force sensor

In order to apply the lateral load to the pile and to measure it correctly, a specific
connection device was designed and mounted around the pile at the loading height. This
device ensured the mechanical connection between the pile, the tensile force sensor and
the Dyneema cable used to apply the lateral load.

The device is composed of two main assemblies. The first assembly, corresponding
to parts 1 and 2, is clamped directly onto the pile. Its role is to prevent any vertical
movement of the connection device during the lateral loading test. This clamping system
therefore fixes the loading point at the prescribed height h above the mudline and ensures
that the applied load is transmitted to the pile at a well-defined elevation.

The second assembly, corresponding to parts 3 and 4, is clamped around a ball bearing.
This bearing allows the force sensor and the Dyneema cable to rotate freely around the



5.9  Experimental setup for pile installation and lateral loading 72

pile. As a result, the force sensor and the cable can naturally align with the direction of
traction during the test. The use of the ball bearing therefore limits parasitic bending or
torsional effects in the connection and helps ensure that the force sensor mainly works in
axial tension.

A general view of the connection device is shown in Figures 47a and 47b. The parts
1 and 2 are fixed to the pile, while the parts 3 and 4 are connected to the rotating
bearing. The tensile force sensor is then attached to the rotating part of the assembly
and connected to the Dyneema cable.

s ——T

land?2

(a) Connection device mounted around (b) Detailed view of the force sensor
the pile at the lateral loading height. connected to the load-transfer device.

Figure 47: Load-transfer device and force sensor connection used during the lateral
loading tests.

5.9.7 Force sensor

The lateral force applied to the pile was measured using a tensile load cell mounted in line
with the loading cable. The sensor used in the setup has a rated capacity of 3000 N. This
capacity is significantly higher than the force levels expected during the lateral loading
tests, ensuring that the sensor remains within its safe operating range throughout the
experimental campaign.

The load cell was connected to the data acquisition system and recorded the tensile
force transmitted through the cable. Since the lateral load is applied by pulling the pile,
the sensor mainly operates in tension during the tests. In the subsequent analysis, the sign
convention was therefore chosen so that tensile forces applied to the pile are considered
positive.
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Force sensor: first calibration test

The first calibration test of the force sensor was performed by applying a series of known
dead weights in a stepwise manner. The sensor was loaded by suspending masses from
it, starting from an initial mass of 445 g. Five additional masses of 4 kg were then added
successively, so that the loading history consisted of six distinct force levels.

The theoretical applied loads were thus 0.445 kg, 4.445 kg, 8.445 kg, 12.445 kg,
16.445 kg and 20.445 kg, corresponding to approximately 4.37 N, 43.61 N, 82.85 N,
122.09 N, 161.33 N and 200.57 N. The sensor output was recorded continuously during
the test.

The objective of this test was to evaluate the ability of the sensor to reproduce the
increase in applied load in a consistent manner and to establish a calibration relationship
between the measured signal and the actual force. Since the loading was applied in a series
of plateaus, the test also provided suitable time intervals over which the sensor response
could be averaged in order to obtain one representative measured value for each loading
step. The mean values obtained for the six loading plateaus are reported in Table 5. In
order to facilitate the comparison with the theoretical applied force, the sensor output
is expressed below using the same sign convention as the applied load. The difference
reported in the last column is defined as the theoretical applied force minus the measured
sensor value.

Table 5: Comparison between the theoretical applied force and the measured response of
the force sensor for the first calibration test.

Loading step Applied force [N] Measured force [N] Difference [N]

0.445 kg 4.37 -13.01 17.38
4.445 kg 43.61 26.00 17.61
8.445 kg 82.85 64.92 17.93
12.445 kg 122.09 104.00 18.09
16.445 kg 161.33 143.00 18.33
20.445 kg 200.57 182.22 18.35

The results show that the variations in the applied load are very well captured by the
sensor. Indeed, the increase in the measured response from one loading step to the next
is highly consistent with the increase in the theoretical applied force. This indicates that
the sensor reproduces the load increments in a reliable manner over the considered range.

The remaining discrepancy is mainly associated with an approximately constant verti-
cal offset. The difference between the applied force and the measured force remains close
to 18 N for all loading steps, with a mean value of about 17.95 N. This suggests that the
calibration curve does not require a change of slope, but rather a vertical translation. In
the present representation, the curve should therefore be shifted downward by 17.95 N.

Validation of the calibration

After applying the previously identified offset correction of 17.95 N, a final stepwise loading
test was carried out in order to validate the calibration of the force sensor. The corrected
signal was again recorded continuously under a series of increasing dead weights, and



5.9  Experimental setup for pile installation and lateral loading 74

the mean value of each retained loading plateau was compared with the corresponding
theoretical applied force. In addition to the previous loading steps, a last plateau was
obtained by adding an extra mass of 2 kg after the 24.445 kg loading level.

The results are reported in Table 6. For clarity, the sensor response is expressed below
using the same sign convention as the applied load. The difference reported in the last
column is defined as the theoretical applied force minus the measured force.

Table 6: Validation of the force sensor calibration after application of the offset
correction.

Loading step Applied force [N] Measured force [N] Difference [N]

0.445 kg 4.37 4.25 0.12
4.445 kg 43.61 43.31 0.30
8.445 kg 82.85 82.43 0.42
12.445 kg 122.09 121.52 0.57
16.445 kg 161.33 160.65 0.68
20.445 kg 200.57 199.66 0.91
24.445 kg 239.81 238.87 0.94
26.445 kg 259.43 258.32 1.11

The corrected results show that the force sensor reproduces the applied load in a highly
consistent manner over the considered range. The evolution of the measured force follows
the successive load increments very closely, and the difference between the theoretical and
measured values remains close to 1 N or less over the whole loading range.

These results validate the offset correction applied after the first calibration test. They
show that the force sensor is able to capture the load variations reliably and that the
corrected signal can be considered sufficiently accurate for the subsequent lateral loading
tests. The agreement remains very good even for the last loading step obtained after
adding the extra 2 kg mass, which confirms the validity of the calibration over the full
investigated loading range.

5.9.8 Laser 2: KEYENCE laser displacement sensor

One of the laser displacement sensors used during the experimental campaign was a
KEYENCE LK-G502 sensor, belonging to the LK-G series. This sensor was used to
measure the lateral displacement of the pile during the loading tests. The sensor emits a
semiconductor laser beam with a wavelength of 650 nm and a maximum output power of
0.95 mW, as indicated on the sensor casing.

The KEYENCE laser was connected to the main data acquisition system and provided
a continuous displacement-related signal during the tests. Since the measured output
signal had to be converted into a physical displacement, a specific calibration procedure
was carried out before the lateral loading tests. This calibration made it possible to
establish the relationship between the laser output signal and the actual distance between
the sensor and the target surface.
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The calibration test was carried out in order to establish the relationship between
the voltage signal delivered by the laser sensor to the acquisition system and the actual
distance to the target. During this test, the target was initially positioned at a distance of
56.2 cm from the sensor. The distance was then progressively reduced by successive steps
of 2 cm, leading to a total of 16 imposed positions. At each step, the voltage transmitted
by the laser sensor to the acquisition system was recorded continuously. In parallel, the
distance indicated directly by the laser sensor was also noted as an additional reference
during the test.

The raw voltage signal obtained during the calibration test is shown in Figure 48. A
clear stepwise evolution can already be identified, which reflects the successive imposed
positions of the target. However, the signal also contains a significant amount of high-
frequency noise, which makes the plateaus less easy to interpret directly. In addition,
sharp peaks appear at the moments where the target position was changed. These peaks
were intentionally created by briefly passing a hand in front of the laser in order to
generate visible markers on the recorded signal and to facilitate the identification of the
successive plateaus.
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Figure 48: Raw voltage signal delivered by the laser sensor during the calibration test.

In order to better characterise the noisy content of the signal, a frequency-domain
analysis was performed by computing its Fast Fourier Transform (FFT). The correspond-
ing amplitude spectrum is presented in Figure 49. The spectrum shows that the useful
information associated with the successive quasi-static plateaus is mainly concentrated at
very low frequencies. By contrast, the higher-frequency content is predominantly associ-
ated with measurement noise. A distinct component can also be observed close to 50 Hz,
which is consistent with electrical interference from the surrounding environment.
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Figure 49: Amplitude spectrum of the raw laser voltage signal obtained by FFT.

On the basis of this frequency-domain analysis, a low-pass filter with a cut-off fre-
quency of 5 Hz was applied to the voltage signal. The objective of this operation was to
preserve the low-frequency evolution of the signal associated with the successive plateaus
while attenuating the high-frequency fluctuations. The filtered signal is shown in Fig-
ure 50. Compared with the raw signal, the plateau levels become much more stable and
easier to identify. The overall stepwise evolution of the calibration test is preserved, while
the noise affecting the direct interpretation of the signal is significantly reduced. This fil-
tered signal was therefore used in the next stage of the analysis to extract representative
plateau values and to establish the calibration relationship between voltage and distance.
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Figure 50: Comparison between the raw voltage signal and the signal after application
of a 5 Hz low-pass filter

After filtering, the signal was processed in order to extract one representative voltage
value for each imposed distance level. To make the plateau detection more robust, the
filtered signal was first reduced by grouping the data into time blocks of 0.5 s and replacing
the signal within each block by its median value. This reduced signal made the stepwise
evolution easier to identify and limited the influence of the residual local fluctuations that
remained after low-pass filtering.
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The successive plateaus were then identified automatically from the positive jumps of
the reduced signal. For each remaining stabilised interval, both the mean and the median
voltage were computed. Since a few plateaus still exhibited some residual perturbations,
the median voltage was retained as the representative value for the calibration, because
it is more robust than the mean with respect to local fluctuations.

A total of 14 valid plateaus were retained within the effective measuring range of the
sensor. The corresponding theoretical distances and representative voltages are reported
in Table 7. The calibration curve obtained from these 14 points is shown in Figure 51.
The relation between the imposed distance and the measured voltage is clearly linear over
the retained range.

A linear regression performed on these 14 plateaus led to the following calibration law:

d = —2.573901 U + 57.797542 (13)

where d is the distance from the laser sensor to the target in centimetres and U is
the voltage delivered by the acquisition system in volts. The coefficient of determination
associated with this regression is R? = 0.998844, which indicates an excellent agreement
between the experimental points and the fitted linear law.

These results confirm that, once the high-frequency noise is attenuated and the plateau
values are extracted over stabilised time intervals, the laser sensor provides a highly
consistent and nearly linear response over its effective operating range. The calibration
law given by Equation 13 was therefore retained for the conversion of the voltage signal
into distance in the subsequent lateral loading tests.

Table 7: Representative plateau values retained for the calibration of the laser sensor.

Plateau Theoretical distance [cm| Median voltage [V]

1 56.2 0.5515
2 54.2 1.3476
3 52.2 2.1393
4 50.2 2.9385
d 48.2 3.7347
6 46.2 4.5318
7 44.2 5.3110
8 42.2 6.1201
9 40.2 6.9309
10 38.2 7.7278
11 36.2 8.5111
12 34.2 9.2593
13 32.2 9.8846
14 30.2 10.4111
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Figure 51: Calibration curve of the laser displacement sensor.

The very high value of R? shows that the retained calibration law provides an excellent
representation of the experimental data over the considered range.

Validation of the calibration

After establishing the calibration law of the laser displacement sensor, a validation test
was carried out in order to assess its accuracy over the working range considered for the
subsequent lateral loading tests. For this purpose, the target was initially positioned at
a distance of 34 cm from the sensor. The distance was then increased step by step by
successive increments of 1 cm, leading to a total of 35 imposed positions, from 34 cm to

68 cm.

The raw signal recorded during this validation test is shown in Figure 52. As in the cal-
ibration phase, the stepwise evolution associated with the imposed distances can already

be identified, but the signal remains strongly affected by high-frequency fluctuations.
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Figure 52: Raw distance signal measured by the laser sensor during the validation test.

In order to obtain a more stable representation of the distance evolution, the same low-
pass filtering procedure as for the calibration stage was applied, with a cut-off frequency of
5 Hz. The comparison between the raw and filtered signals is presented in Figure 53. The
filtered signal exhibits a much clearer stepwise structure, while preserving the successive
plateaus corresponding to the imposed positions.
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Figure 53: Comparison between the raw distance signal and the signal after application
of a 5 Hz low-pass filter during the validation test.

In a second step, the filtered signal was processed in order to extract one representative
value for each imposed distance level. To make plateau detection more robust, the filtered
signal was first reduced by grouping the measurements into time blocks of 0.5 s and by
replacing the signal within each block by its median value. The successive jumps between
plateaus were then detected automatically from this reduced signal. In order to avoid
contaminating the representative values with transient effects, the first and last 2 s of
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each detected plateau were excluded from the calculation. For each stabilised interval,
both the mean and the median distance were computed. The resulting processed signal,
together with the 35 detected plateaus, is shown in Figure 54.
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Figure 54: Processed filtered signal used for the validation analysis.

The measured plateau values were then compared with the corresponding theoretical
imposed distances. Figure 55 presents this comparison using the plateau median val-
ues. The experimental points lie almost perfectly on the line of ideal agreement y = =z,
which indicates that the calibrated laser sensor is able to reproduce the imposed distance
variations with very high accuracy over the whole range from 34 cm to 68 cm.
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Figure 55: Comparison between the theoretical imposed distance and the measured
distance obtained from the calibrated laser sensor during the validation test.

The corresponding global error indicators are summarised in Table 8. Very small
deviations were obtained in all cases. When the plateau mean is used as representative
value, the mean absolute error is 0.0605 cm and the root mean square error is 0.0646 cm.
When the plateau median is used, the mean absolute error is 0.0694 cm and the root
mean square error is 0.0714 cm. These values correspond to errors of the order of a few
tenths of a millimetre, which confirms the very good quality of the adopted calibration

law.

Table 8: Global error indicators obtained during the validation of the laser calibration.

Representative plateau value MAE [cm] RMSE [cm)]
Mean distance 0.0605 0.0646
Median distance 0.0694 0.0714

5.9.9 Laser 1: SICK OD2 laser displacement sensor

An additional laser displacement sensor was used to measure the lateral displacement of
the pile during the lateral loading tests. The sensor used for this purpose was a SICK
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OD2 laser displacement sensor, identified in the laboratory as Laser300A. Its measuring
range is 100—400 mm, and the sensor provides an analogue output signal between 0 and
10 V.

This second laser was used as a complementary displacement measurement point along
the pile. Together with the first laser sensor, it made it possible to follow the horizontal
movement of the pile at two different elevations during lateral loading. These two mea-
surements were then used to estimate the pile rotation, the mudline displacement and the
apparent depth of the rotation point, as described in Section 5.10.2.

No specific calibration test was performed for this laser sensor as part of the present
experimental campaign. The sensor is regularly checked and calibrated within the labo-
ratory, and was therefore considered reliable for the displacement measurements required
in this work. Before testing, a functional check was carried out to verify that the sensor
response was stable and that the measured distance was correct.

5.10 Experimental procedure and data processing

5.10.1 Test procedure

Each test campaign started with the preparation of the sand mass using the pluviation
procedure retained in the previous chapter. As discussed in Section 5.8.1, the final prepa-
ration method was selected in order to obtain the most homogeneous and repeatable sand
deposit possible within the large tank. Once the tank was filled, three pile tests were
carried out in the same prepared sand mass.

The three pile locations were predefined in the tank and kept identical for all pluvi-
ations. Their arrangement was chosen so as to maximise the distance between the tests
while maintaining a sufficient distance from the tank wall. This layout, inspired by the
arrangement proposed by Shahrour [6], made it possible to perform three tests in one
tank while limiting both boundary effects and possible interactions between neighbouring
test zones.

The selected spacing is also consistent with experimental observations on laterally
loaded pile groups in sand, for which pile-to-pile interaction effects become limited when
the spacing is of the order of six pile diameters or larger [47]. In the present layout, the
minimum spacing between two pile locations is 43 c¢m, corresponding to approximately
7.2D for a pile diameter of D = 6 cm. The distance to the tank wall was also kept as large
as possible within the available geometry. Although some boundary influence cannot be
completely excluded in a finite laboratory container, the adopted layout was considered
acceptable for a comparative experimental programme. Similar model tests on laterally
loaded stiff piles in sand have also emphasised the need to keep a sufficient pile-to-wall
distance in order to reduce boundary effects [48]. A schematic view of the selected pile
arrangement is shown in Figure 56.
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Figure 56: Schematic arrangement of the three pile locations in the large tank, inspired
by Shahrour [6].

In practice, the position of the three pile locations was materialised by means of a
tarpaulin placed on the sand surface. Openings were made in the tarpaulin at the pile
locations so that the pile could be installed at the intended position. A reference mark
was placed both on the tarpaulin and on the tank, which ensured that the tarpaulin was
always positioned in the same orientation from one pluviation to another. This provided
a simple and repeatable way of locating the pile positions before each test series. A
photograph of the tarpaulin used for this purpose is given in Figure 57.
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Figure 57: Tarpaulin used to materialise the three pile locations at the surface of the
sand mass.

Before the installation of each pile, a CPT was performed at the corresponding pile
location. The objective of these CP'Ts was not to redefine the global pluviation procedure,
which had already been validated beforehand, but rather to document the local state of
the sand at each test position. This information was kept as a reference in case an
unexpected pile response was observed during installation or lateral loading.

After the CPT, the pile was installed at the considered location using the selected
installation procedure. Depending on the test, the pile was driven either by impact driving
or by vibratory driving until the target embedment was reached. The target depth was
defined through the prescribed embedment ratio L/D, where L is the embedded length
of the pile and D is the pile diameter.

Once the installation stage was completed, the lateral loading system was connected
to the pile head and the monotonic lateral loading test was carried out using the motor-
driven loading system.

The same general procedure was therefore followed for each pile test:

1. The sand mass was prepared using the retained pluviation procedure, as defined in
the previous section.

2. The tarpaulin was positioned on the sand surface using the reference marks placed
on both the tarpaulin and the tank, in order to ensure the same orientation and pile
locations for each pluviation.
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3. A CPT was performed at the considered pile location in order to document the local
state of the sand before installation. This information was kept as a reference in
case an unexpected pile response was observed during installation or lateral loading.
All CPT profiles measured before pile installation are provided in Appendix A.

4. The pile was installed at the selected location using the prescribed installation
method, either impact driving or vibratory driving, until the target embedment
depth was reached.

5. The lateral loading system was connected to the pile. The Dyneema cable was
attached to the loading point.

6. A monotonic lateral loading test was performed using the motor-driven system,
while the force and displacement signals were recorded by the sensors.

This systematic procedure was adopted in order to ensure the best possible consistency
between tests and to make the subsequent comparisons between installation methods and
installation parameters as reliable as possible.

5.10.2 Processing of the lateral loading measurements

After each pile installation, the pile was subjected to a monotonic lateral loading test.
The objective of this stage was to obtain the global lateral response of the installed pile
and to express it in terms of the applied horizontal force H, the mudline displacement wuy,
the pile rotation @, and the depth of the rotation point d.

The lateral load was transmitted to the pile through a Dyneema cable connected to the
loading system. During the test, the tensile force in the cable was measured by the force
sensor and was interpreted as the horizontal force applied to the pile. The sign convention
was chosen so that a positive force corresponds to the direction of pulling imposed by the
cable.

The pile displacement was obtained from the two laser displacement sensors. The
laser signals were transformed into relative horizontal displacements with respect to the
initial position of the pile after installation. The sign of the displacement was chosen
consistently with the force convention, so that a positive displacement corresponds to the
direction of the applied lateral load.

Let uq(t) and uy(t) be the horizontal displacements measured by Laser 1 and Laser 2,
respectively, at heights h; and hy above the mudline. The vertical coordinate z is taken
positive upwards from the mudline. Assuming that the pile behaves as a rigid body during
lateral loading, the horizontal displacement profile can be written as

u(z,t) = up(t) + 60(t)z,

where ug(t) is the displacement at mudline level and 6(t) is the rotation of the pile.
Under the small-rotation assumption, the rotation can be estimated from the two laser
measurements as

U2 (t) — U (t)
h2 — hl .

The mudline displacement is then obtained by extrapolating the measured displace-
ment profile to z = 0:

o(t) =
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Equivalently, this can be written directly from the two laser measurements as

uo(t> _ h2U1 (t) — h1U2(t) '
hy — hy
The depth of the rotation point below the mudline is obtained by finding the depth
at which the extrapolated displacement becomes zero. Since the rotation point is located
at z = —d, one has

0 = uo(t) — O(t)d(t),

and therefore

(t) _ ’LL()(t) .
0(t)

All sensors used during the lateral loading tests were connected to the same data
acquisition system. This made it possible to record the force and displacement signals
synchronously during each test. For each experiment, the acquisition system generated
an Excel file containing the complete time history of the measured quantities. These files
were then processed using Python scripts developed for this work.

The main curve extracted from each lateral loading test is the relationship between
the horizontal force H and the mudline displacement uy. This representation is used as
the reference response for comparing the different installation methods and installation
parameters. Additional quantities, such as the pile rotation  and the estimated depth
of the rotation point d, are used to further interpret the kinematics of the pile during
loading.

5.11 Test programme

The experimental campaign is designed to investigate the influence of the pile installation
method on the subsequent lateral response of the pile.

A total of twelve reference tests were carried out. The tests are divided into four
groups of three tests. Each group corresponds to one sand pluviation, meaning that
three pile installations are performed in the tank after each preparation of the sand mass.
This approach limits the number of complete sand preparations while still allowing the
influence of selected installation parameters to be investigated.

The pile diameter is kept constant and equal to D = 6 c¢m for all tests. The lateral
loading height is also kept constant, with h/D = 10, corresponding to a load application
height of h = 60 cm above the mudline. After each installation, the pile is laterally
loaded under the same loading configuration in order to compare the lateral response of
piles installed under different conditions while limiting the number of parameters that
vary between tests.

The experimental programme is organised in two main parts. The first part con-
cerns impact-driven piles and investigates the influence of the embedment ratio and of
the impact driving configuration. The second part concerns vibratory-driven piles and
investigates the influence of the embedment ratio and of the vibration frequency.
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For impact driving tests, the impact energy is defined as

E = mngr0p7

where m is the falling mass, g is the gravitational acceleration and Hg,op is the drop
height.

The first group of impact driving tests is used to study the influence of the embedment
ratio L/D. In this group, the impact conditions are kept constant, with the same falling
mass and the same drop height, while the target embedment ratio is varied. Three values
of L/D are considered: 5.0, 7.0 and 8.5.

The second group of impact driving tests focuses on the influence of the impact driving
configuration. In this group, the target embedment ratio is kept constant and equal
to L/D = 7.0. Different combinations of falling mass and drop height are selected in
order to obtain approximately comparable impact energies. This makes it possible to
evaluate whether different impact configurations, leading to a similar nominal impact
energy, produce a comparable lateral response after installation.

For vibratory driving tests, the eccentric moment M, is kept constant throughout the
vibratory test series. Consequently, the vibration frequency f is the only vibratory driving
parameter varied in the present programme.

The first group of vibratory driving tests is used to study the influence of the em-
bedment ratio L/D. In this group, the vibratory driving conditions are kept constant.
A reference motor speed of 15 krpm, corresponding to a vibration frequency of approx-
imately 250 Hz, is retained. As for the impact-driven piles, three values of L/D are
considered: 5.0, 7.0 and 8.5.

The second group of vibratory driving tests focuses on the influence of the vibration
frequency. In this group, the target embedment ratio is kept constant and equal to
L/D = 7.0, and the eccentric moment is kept constant. Three motor speeds are selected:
10 krpm, 13.5 krpm and 17 krpm, corresponding respectively to approximately 166.7 Hz,
225 Hz and 283.3 Hz.

The complete reference test matrix is presented in Table 9.

The notation HR refers to the tests performed with the initial high-rate lateral loading
procedure; these tests are included for comparison but are not used as the reference loading
condition in the subsequent analysis.
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Table 9: Experimental test matrix for pile installation and lateral loading.

Test Pluviation Installation D [em] L/D [-] Hawop [cm] m [kg] M. [gmm] v [krpm] f [Hz]

1ur 1 Impact driving 6 7.0 25.0 1.6 - - -
2HR 1 Impact driving 6 5.0 25.0 1.6 - - -
3HR 1 Impact driving 6 8.5 25.0 1.6 - - -
1 1 Impact driving 6 7.0 25.0 1.6 - - -
2 1 Impact driving 6 5.0 25.0 1.6 - - -
3 1 Impact driving 6 8.5 25.0 1.6 - - -
4 2 Impact driving 6 7.0 25.0 1.6 - - -
5 2 Impact driving 6 7.0 5.4 7.4 - — -
6 2 Impact driving 6 7.0 33.3 1.2 - - -
7 3 Vibratory driving 6 7.0 - - 28 15.0 250.0
8 3 Vibratory driving 6 5.0 - - 28 15.0 250.0
9 3 Vibratory driving 6 8.5 - - 28 15.0 250.0
10 4 Vibratory driving 6 7.0 - - 28 13.5 225.0
11 4 Vibratory driving 6 7.0 - - 28 17.0 283.3
12 4 Vibratory driving 6 7.0 - — 28 10.0 166.7
6 Results

This section presents the experimental results obtained during the pile installation tests
and the subsequent monotonic lateral loading tests. The objective is first to report the
measured installation response, and then to compare the post-installation lateral be-
haviour of the piles as a function of the installation method and installation parameters.
The results are therefore organised progressively, starting from the installation records
and then focusing on the lateral force—displacement response, the influence of the embed-
ment ratio, the influence of the impact- and vibratory-driving parameters, and finally the
kinematic response of the pile during lateral loading.

For each lateral loading test, the main response curve is expressed as the positive lateral
force F' as a function of the normalised mudline displacement uo/D. The mudline dis-
placement u is obtained from the displacement measurements described in Section 5.10.2.

The force—displacement curve F'(ug/D) is the primary result used in the following
sections. It provides a direct visual comparison of the post-installation lateral response
of the pile—soil system. It allows differences in initial stiffness, progressive mobilisation of
soil resistance and resistance level at larger displacement to be identified. In the figures,
only the monotonic loading branch is retained.

In this work, the force-displacement curves are generally presented up to uo/D = 0.10.
This value is retained as a common reference displacement because all tests reached this
displacement level and because a horizontal displacement equal to 0.1D is commonly used
in the literature as a conventional ultimate limit state criterion for laterally loaded piles or
monopiles. Frick and Achmus [49] summarise several failure criteria adopted in previous
monopile studies, including criteria based on a pile displacement of 0.1D and on limiting
pile rotations. In the present study, this criterion is not interpreted as a true physical
failure of the model pile. It is used as a consistent comparison limit between tests. Since
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the pile diameter is D = 60 mm, this reference displacement corresponds to
up = 0.10D = 6 mm. (14)

In addition to the complete curves, several scalar indicators are extracted in order to
compare the tests quantitatively. The first one is the lateral resistance at the reference
displacement, denoted Fy19p, defined as

U
Fowop=F (5’ = 0.1()) . (15)

This value represents the force mobilised when the mudline displacement reaches 10% of
the pile diameter. It is not interpreted as an ultimate resistance in a strict sense, but
as a reproducible reference value allowing the different tests to be compared at the same
deformation level.

The initial stiffness of the response is quantified through an initial secant stiffness,
denoted Kipitia- In this work, K, is not defined as a true tangent stiffness at the origin,
since the very beginning of the force—displacement curve may be sensitive to measurement
noise, cable tensioning and small initial adjustments of the loading system. Instead, it is
defined at a small reference displacement corresponding to uo/D = 0.01.

The force mobilised at this displacement is denoted Fyg1p and is obtained by interpo-
lation of the processed force-displacement curve:

u
Fooip = F (zg = 0.01) . (16)

The initial stiffness is then calculated as the secant stiffness between the origin and
this reference point:
Fooip
Kinitial = ———- 17
97 0.01D (17)
For the model pile diameter used in this study, D = 60 mm, this reference displacement
corresponds to

0.01D = 0.6 mm = 0.06 cm. (18)

Since uq is expressed in centimetres in the data processing, Kiniia is reported in N/cm.
This indicator characterises the small-displacement response of the pile—soil system while
avoiding the most noise-sensitive part of the signal at the very beginning of loading.
Additional force indicators, such as Fygop and Fy g5p, are also reported in some tables.
They correspond to the force mobilised at ug/D = 0.02 and uo/D = 0.05, respectively:

Fogop = F (zg) - 0.02) . Foosp=F (Qg - 0.05) . (19)
These intermediate values make it possible to compare the evolution of the response at
different displacement levels and to distinguish between changes in initial stiffness and
changes in resistance at larger displacement.

The kinematic interpretation of the lateral loading tests is based on the estimated pile
rotation and on the apparent depth of the rotation point. These quantities are used in
the last part of the results to complement the force—displacement analysis. They make
it possible to assess whether differences in lateral resistance are associated with different
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pile kinematics, for example through a deeper or shallower apparent rotation point during
loading.

For the moment-rotation curves, the response is generally presented up to § = 1.5°.
This value is also consistent with conventional rotation-based failure criteria reported in
the literature for monopile foundations. As for the displacement criterion, it is used here
as a common comparison threshold rather than as evidence of a sudden physical failure
of the model pile. The combined use of ug/D = 0.10 and 6 = 1.5° therefore provides two
complementary and reproducible reference levels for comparing the different tests.

6.1 Installation response

6.1.1 Impact driving tests

The impact driving tests were first analysed through the number of blows required to reach
the target embedment depth. The complete installation results for the impact-driven piles
are summarised in Table 10. For the reference impact series, the impact configuration
was kept constant, with a falling mass of 1.6 kg, a drop height of 25 ¢m, and a nominal
impact energy of approximately 3.92 J/drop. The corresponding installation response
is therefore mainly assessed through the number of blows required to reach the target
embedment ratio.

Table 10: Summary of the impact driving installation results.

Test L/D [-] m[kg] Haop [cm] E [J/drop] Narops -]

Tlur 7.0 1.6 25.0 3.92 194
71 7.0 1.6 25.0 3.92 181
T2nr 5.0 1.6 25.0 3.92 112
12 5.0 1.6 25.0 3.92 103
T3ur 8.5 1.6 25.0 3.92 290
T3 8.5 1.6 25.0 3.92 223
T4 7.0 1.6 25.0 3.92 135
TH 7.0 7.4 5.4 3.92 105
T6 7.0 1.2 33.3 3.92 184

For the tests performed with the reference impact configuration, the number of blows
generally increased with the target embedment ratio. The piles installed to L/D = 5
required 103 to 112 blows, whereas the piles installed to L/D = 8.5 required 223 to 290
blows. For L/D = 7, some scatter is observed, with values between 135 and 194 blows for
the tests performed with the same nominal impact configuration. This confirms that the
installation effort increases markedly with embedment depth when the nominal impact
energy per blow is kept constant.

A second comparison was carried out for tests T4, T5 and T6, which were all performed
at L/D = 7 but with different combinations of falling mass and drop height. Although
the nominal impact energy per blow was the same for the three tests, the installation
records were different. Test T5, performed with the largest falling mass and the smallest
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drop height, required the lowest number of blows. In contrast, T6, performed with the
smallest falling mass and the largest drop height, required the largest number of blows.

This difference is also visible in Figure 58, which compares the cumulative nominal
impact energy required to reach the target embedment depth. The results show that the
nominal impact energy per blow alone does not fully describe the installation process.
The number of blows and the cumulative nominal impact energy are therefore retained
as complementary indicators of the impact driving installation response.
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Figure 58: Cumulative nominal impact energy for the impact-driven piles installed at
L/D=T.

6.1.2 Vibratory driving tests

In contrast with the impact driving tests, for which the installation record is expressed
through the number of blows, the direct installation indicator retained for vibratory driv-
ing is the duration during which the vibrator remained active.

Figure 59 shows the influence of the embedment ratio for the tests performed at a
constant motor speed of v = 15 krpm. The active duration increases strongly with the
target embedment ratio. This shows that the installation effort increases markedly with
embedment depth.
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Figure 59: Influence of the embedment ratio on vibratory driving duration.

The influence of the motor speed is shown in Figure 60 for the tests targeting L/D = 7.
Test T'12, the lowest motor speed, v = 10 krpm, corresponding to an excitation frequency
of approximately 167 Hz, led to refusal before the target embedment depth was reached.
It stopped at an embedment ratio of L/D = 6.17 after 34 min of active vibration. At
higher motor speeds, the target embedment ratio was reached.
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Figure 60: Influence of the motor speed on vibratory driving duration.

These results indicate that both the embedment ratio and the motor speed have a
clear influence on the vibratory installation response. Increasing the embedment ratio
leads to longer driving durations, while increasing the motor speed generally reduces the
duration required to reach the target depth. Test T12 is kept as a specific case, since the
target embedment ratio was not reached and refusal occurred before L/D = 7.
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6.2 Influence of the lateral loading rate

Before analysing the influence of the installation method and installation parameters on
the post-installation lateral response, the effect of the imposed lateral loading rate was
first examined. This comparison was introduced because the first tests of the campaign
were initially performed with a relatively high actuator velocity, whereas the subsequent
tests were carried out using the lower reference loading rate defined in the methodology.

The comparison is based on the three impact-driven configurations used to study the
influence of the embedment ratio. The tests denoted T'1, T2 and T3 correspond to the
reference low-rate lateral loading tests, while T'1yr, T2xr and T'3yxg correspond to the
associated high-rate tests. The subscript HR is used to indicate the high-rate loading
condition.

Figure 61 compares the force-displacement curves obtained for the two loading rates.
For each embedment ratio, the same colour is used for the low-rate and high-rate tests,
while the line style distinguishes the loading rate. Overall, the curves obtained at the
two loading rates remain relatively close for a given embedment ratio, especially when
compared with the differences observed between the three values of L/D. This suggests
that the embedment ratio has a much stronger influence on the lateral response than the
change in loading rate considered here.
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Figure 61: Influence of the lateral loading rate on the force-displacement response.

The comparison based on Fj19p is presented in Figure 62. The results do not show
a systematic increase or decrease of the force with the loading rate. For T'1 and T'3, the
high-rate tests lead to higher values of Fj19p, whereas for T2, the low-rate test gives a
higher value. Therefore, no clear or general trend can be established from these three pairs

of tests regarding the influence of the imposed lateral loading rate on the force mobilised
at ug/D = 0.10.
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Figure 62: Effect of the lateral loading rate on the force mobilised at uo/D = 0.10.

A similar observation can be made for the initial stiffness Kjitia1, shown in Figure 63.
The high-rate tests give larger values of K, for 71 and T'3, but a lower value for T72.
As for Fy10p, the results are therefore not sufficient to identify a consistent loading-rate
effect over the investigated range.
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Figure 63: Effect of the lateral loading rate on the initial stiffness Kiyjgial-

Based on these observations, the influence of the loading rate cannot be isolated in a
definitive way from the present dataset. The two loading rates lead to broadly comparable
force—displacement responses, while the embedment ratio remains the dominant parame-
ter affecting the lateral resistance and stiffness. For the rest of the analysis, the low-rate
tests T'1, T2 and T3 are retained as the reference results, since they correspond to the
loading rate selected in the methodology. The high-rate tests are kept as complementary
results and are not used for the main comparison between installation conditions.
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6.3 Lateral response of the piles

6.3.1 Influence of the embedment ratio

The influence of the embedment ratio was analysed separately for impact-driven and
vibratory-driven piles. For each installation method, three embedment ratios were con-
sidered: L/D =5, L/D = 7, and L/D = 8.5. The objective of this subsection is to
compare the lateral response obtained after installation and to assess whether increasing
the embedded length leads to a higher lateral resistance and initial stiffness.

Figure 64 presents the force—displacement response of the impact-driven piles. For
this installation method, the effect of the embedment ratio is clear. The pile installed
to L/D = 5, denoted T2, gives the lowest response. The resistance then increases for
T1, installed to L/D = 7, and the highest force level is obtained for T3, installed to
L/D = 8.5. This trend is visible over the whole displacement range and is consistent with
the expected influence of the embedded length on the lateral response of the pile—soil
system.
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Figure 64: Influence of the embedment ratio on the force-displacement response of the
impact-driven piles.

The response of the vibratory-driven piles is shown in Figure 65. In this case, the trend
is less regular. The pile installed to L/D = 5, denoted T'8, gives the lowest response, as
expected. However, the pile installed to the largest embedment ratio, 79 with L/D = 8.5,
does not mobilise a higher lateral resistance than 77, installed to L/D = 7. On the
contrary, over a significant part of the displacement range, the response of T'9 remains
slightly lower than that of T'7. This indicates that, for the vibratory-driven series, the
increase in embedment ratio from L/D = 7 to L/D = 8.5 does not translate into an
increase in measured lateral resistance.

It should also be noted that some local downward force drops remain visible on the
vibratory curves, even after application of the 5 Hz low-pass filter. These drops were kept
in the plotted results because they are still present after filtering and therefore cannot be
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treated simply as high-frequency measurement noise. Their origin cannot be identified
with certainty from the available measurements. Possible explanations include a small
adjustment or tightening of a knot in the Dyneema cable, a transient variation in the
motor-driven pulling system, local stick—slip in the loading system, or a sudden rear-
rangement of the soil-pile system during loading. These events are therefore mentioned
as experimental features of the measured response.
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Figure 65: Influence of the embedment ratio on the force—displacement response of the
vibratory-driven piles.

In order to better understand the relatively low resistance of T'9, the CPT profiles
measured before the installation of the vibratory-driven piles are compared in Figure 66.
These CPTs were performed at the corresponding pile locations and provide an indication
of the local state of the sand before installation. The CPT profile associated with T'9 shows
a lower cone resistance than T'7 over a large part of the investigated depth range. This
suggests that the sand at the 79 location was locally less resistant before pile installation.
This difference in initial sand condition provides a plausible explanation for why 79,
despite being installed deeper, did not develop a higher lateral resistance than 7'7.
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Figure 66: CPT profiles measured before the installation of the vibratory-driven piles

T7, T8, and T9.

The same observation is reflected in the initial stiffness values shown in Figure 67.
For the impact-driven piles, Kjipnitia increases with the embedment ratio, consistently with
the force—displacement response and with the values of Fj19p. For the vibratory-driven
piles, the stiffness increases from T'8 to T'7, but T'9 does not show a higher stiffness than
T'7. This confirms that the expected beneficial effect of the larger embedment ratio is not
clearly observed for T'9.
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Initial stiffness as a function of embedment ratio
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Figure 67: Initial stiffness Kj,iia1 as a function of the embedment ratio for impact-driven
and vibratory-driven piles.

Overall, the embedment ratio clearly controls the lateral response of the impact-driven
piles. For the vibratory-driven piles, the increase from L/D =5 to L/D = 7 is visible, but
the pile installed to L/D = 8.5 exhibits a slightly lower resistance than the pile installed
to L/D = 7. The CPT measurements suggest that this result is likely influenced by the
lower local cone resistance measured at the T'9 location before installation. Consequently,
the vibratory-driven series shows that the effect of L/D must be interpreted together with
the local initial sand state.

6.3.2 Influence of the impact-driving configuration

The influence of the impact-driving configuration was analysed through tests T4, T'5, and
T6. These three piles were all installed to the same embedment ratio, L/D = 7, and
with a nominal impact energy per blow of approximately 3.92 J/drop. The objective
of this comparison is therefore to assess whether different combinations of falling mass
and drop height, despite leading to the same nominal impact energy, produce different
post-installation lateral responses.

The complete force-displacement curves are compared in Figure 68. Although the
three tests were installed under the same nominal impact energy per blow, noticeable
differences appear in the lateral response. Test T'6, corresponding to the lowest mass
and the largest drop height, mobilises the highest lateral resistance over most of the
displacement range. Test T'5, performed with the largest falling mass and the smallest
drop height, shows an intermediate response. Test T4, corresponding to the reference
impact configuration, gives the lowest force level of the three tests over a large part of the
loading range.
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Influence of impact-driving configuration on lateral response
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Figure 68: Influence of the impact-driving configuration on the force—displacement
response for piles installed at L/D = 7 with a similar nominal impact energy per blow.

The same comparison is expressed in terms of initial stiffness in Figure 69. The values
of Kiuitia1 remain of the same order of magnitude for the three tests, but some differences
can still be observed. Test T6 gives the highest initial stiffness, while T'5 gives the lowest.
Test T'4 lies between these two cases.
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Figure 69: Initial stiffness K1 for the different impact-driving configurations at
L/D=T.

Overall, the results show that the post-installation lateral response is not identical
for the three impact-driving configurations, even though the nominal impact energy per
blow was kept constant. In the present tests, the configuration associated with the lowest
falling mass and the largest drop height led to the highest measured lateral resistance and
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initial stiffness, whereas the largest mass and smallest drop height did not produce the
highest response. These observations suggest that, at model scale, the nominal impact
energy alone is not sufficient to fully characterise the effect of the installation conditions
on the subsequent lateral behaviour.

6.3.3 Influence of the vibratory-driving frequency

The influence of the vibratory-driving frequency was analysed using the tests performed
with different motor speeds. The comparison mainly focuses on the piles targeting L/D =
7, namely 710, T'7, and T11, which were installed at motor speeds of 13.5, 15, and
17 krpm, respectively. Test T'12, performed at the lowest motor speed, is also shown for
completeness, but it must be interpreted separately since the target embedment ratio was
not reached and refusal occurred at L/D = 6.17. This point is important because the
previous section showed that the embedment ratio has a strong influence on the lateral
response of the piles.

Figure 70 compares the force—displacement curves obtained for the different vibratory-
driving frequencies. The three tests for which the target embedment ratio was reached,
T10, T7, and T'11, show responses of the same order of magnitude over the investigated
displacement range. Among these tests, T'7 tends to mobilise a slightly higher force level,
while 710 and 7'11 remain relatively close. Test T'12, corresponding to the lowest motor
speed, gives a lower lateral resistance. However, this lower response cannot be attributed
to the motor speed alone, since the pile did not reach the target embedment ratio and
was therefore less deeply embedded than the other piles.

As for the previous vibratory-driven tests, local downward force drops remain visible
on the curves. These features may correspond to transient physical events during loading
and are therefore retained in the plotted response.
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Figure 70: Influence of the vibratory-driving frequency on the force-displacement
response.

In order to verify whether the slightly higher response of T'7 could be related to a
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more resistant initial sand state, the CPT profiles measured before the installation of
T10, 77, T11, and T'12 are compared in Figure 71. The profiles do not show a clear and
systematic higher cone resistance for T'7 over the investigated depth range. Therefore, the
CPT measurements do not provide a direct explanation for the higher lateral resistance
observed for T'7. This difference may be related to local variability not fully captured
by the CPT profiles, to installation-induced changes in the soil state, or to experimental
effects during the lateral loading test. Based on the available measurements, the reason
for the slightly higher response of 77 remains uncertain.
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Figure 71: CPT profiles measured before the installation of the vibratory-driven piles.

The corresponding initial stiffness values are presented in Figure 72. The lowest value
of Kyt 18 obtained for 712, which is consistent with its lower achieved embedment ratio
and lower force-displacement response. For the piles that reached L/D = 7, the values
obtained for 710, 77, and T'11 remain relatively close, with 77 giving the highest value
among the three. However, the evolution is not monotonic with motor speed, since the
stiffness does not continue to increase from 15 to 17 krpm. Based on these results, no
clear monotonic influence of the vibrodriver’s motor speed on the initial stiffness can be



6.4 Comparison between impact-driven and vibratory-driven piles 102

established from the available tests.

Initial stiffness as a function of vibratory-driving frequency
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Figure 72: Initial stiffness K1 as a function of the vibratory-driving motor speed.

Overall, the results do not allow a direct and isolated conclusion on the effect of the
vibratory-driving frequency alone. The three piles that reached L/D = 7 show compara-
ble lateral responses, without a clear monotonic trend with motor speed. Although 77
shows a slightly higher response, the CPT profiles do not indicate a clearly more resistant
initial sand state at this location. The lowest-frequency test, 712, reached refusal before
the target depth and consequently cannot be used as a direct comparison at constant
embedment ratio.

6.4 Comparison between impact-driven and vibratory-driven piles

6.4.1 Force—displacement response

The force—displacement response of the impact-driven and vibratory-driven piles is first
compared at similar embedment ratios. Figure 73 presents the curves obtained for
L/D =5, L/D =7, and L/D = 8.5. For each embedment ratio, the impact-driven
and vibratory-driven piles are plotted with the same colour, while the line style distin-
guishes the installation method.

As discussed previously, the lower response of 79 must be interpreted together with
the lower local cone resistance measured before installation.
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Figure 73: Comparison between impact-driven and vibratory-driven piles at the same

embedment ratio.

A second comparison is made in Figure 74, focusing on the piles installed close to
L/D = 7. This comparison includes the impact-driven piles T'1, T4, T'5, and 76, and the
vibratory-driven piles 710, T'7, and T'11. Overall, the impact-driven piles tend to mobilise
higher forces than the vibratory-driven piles over most of the displacement range. How-
ever, the difference is not extremely large, and the curves remain within the same order
of magnitude. This indicates that the installation method affects the post-installation

lateral response, but that the scatter between tests and the exact installation conditions
also remain important.
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Figure 74: Comparison between impact-driven and vibratory-driven piles installed with

L/D=T1.
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The average response indicators for the piles installed close to L/ D = 7 are summarised
in Table 11. The mean values provide a compact summary of the tendency observed on
the force—displacement curves. The impact-driven piles show higher average values of
Foosp, Foiop, and Kiyiia than the vibratory-driven piles. This comparison is used as a
global indicator of the difference between the two installation methods, while the detailed
interpretation of the possible mechanisms is left for the discussion section.

Table 11: Mean response indicators for impact-driven and vibratory-driven piles with

L/D=T.
Method Tests considered Mean Fyosp [N] Mean Fyiop [N] Mean Kipitial [N/cm]
Impact driving T1, T4, T5, T6 189.09 240.80 1589.40
Vibratory driving T10, T7, T11 152.18 198.83 1317.16

Given the limited number of tests, these average values should be interpreted as com-
parative indicators rather than as statistically representative mean responses.

6.4.2 Moment—rotation response

The comparison between impact-driven and vibratory-driven piles was also performed in
terms of moment-rotation response. The moment at the mudline was computed from the
measured lateral force as M = Fh, where h is the height of load application above the
mudline. Figure 75 presents the moment-rotation curves for the piles installed close to
L/D=T1.

The curves show that the impact-driven piles generally mobilise higher moments than
the vibratory-driven piles for a given rotation. Among the impact-driven piles, T'6 reaches
the highest moment over most of the rotation range, while 71, T4, and T'5 remain rel-
atively close. The vibratory-driven piles 710, 7’7, and T'11 show lower moment levels,
although their curves follow a similar overall shape. This indicates that the difference
between the two installation methods observed in the force-displacement response is also
visible when the response is expressed in terms of rotation.

The comparison is shown up to # = 1.5°, which was retained as a common rotation-
based reference level. The objective here is not to identify a sudden failure point, but to
compare the mobilised moment at a consistent rotation level for the different tests.
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Moment--rotation response for piles close to L/D =7
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Figure 75: Moment-rotation response for impact-driven and vibratory-driven piles
installed close to L/D = 7.

6.4.3 Evolution of the apparent rotation point

The apparent depth of the rotation point was used to complement the force—displacement
and moment-rotation comparisons. The apparent rotation point depth d was normalised
by the embedded length L, so that the results are expressed as d/L. This indicator
provides information on the kinematic response of the pile during lateral loading. It
should be recalled that d is an apparent kinematic quantity derived from two displacement
measurements and from the rigid-body assumption. It should therefore not be interpreted
as a directly observed physical hinge point in the soil.

Figure 76 shows the evolution of d/L as a function of the pile rotation for the tests
installed close to L/D = 7. Most curves remain within a relatively narrow range, typically
between approximately d/L = 0.55 and d/L = 0.70 after the initial part of loading. Test
T6 is distinct at the beginning of the loading, with a shallower apparent rotation point,
but its value progressively increases with rotation and approaches the range observed for
the other tests. This indicates that the apparent rotation point is not perfectly constant
during loading, especially at small rotations.

No clear separation between impact-driven and vibratory-driven piles can be identified
from this graph alone. The curves tend to evolve towards comparable values of d/L,
suggesting that the global rotation mechanism remains broadly similar for the different
installation methods, even though the mobilised force and moment levels differ.
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Evolution of the normalized apparent rotation point during loading
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Figure 76: Evolution of the normalised apparent rotation point depth d/L during lateral
loading for piles installed with L/D = 7.

The mean value of d/L during loading is compared for all selected tests in Figure 77.
The vertical error bars correspond to one standard deviation of d/L over the analysed
rotation interval and therefore represent the variability of the apparent rotation point
during loading, rather than a direct measurement uncertainty.

The mean values remain mostly between approximately 0.5 and 0.8. The impact-
driven and vibratory-driven tests do not form two clearly separated groups. Some indi-
vidual tests show higher or lower values, but the overall range remains comparable for
both installation methods. This suggests that the differences observed in lateral resis-
tance are not associated with a completely different global rotation mechanism. Instead,
the apparent rotation depth remains of the same order of magnitude for both installation
methods.
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10 Mean value of d/L during loading for selected tests
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Figure 77: Mean value of the normalised apparent rotation point depth d/L during
loading.

7 Discussion and interpretation of the results

The objective of this section is to interpret the main trends observed in the experimental
results and to compare them with the behaviour that could be expected from soil-pile
interaction mechanisms and from previous experimental studies. The discussion is inten-
tionally focused on the results that are the most informative for the present work.

The present study is part of a progressive experimental research line developed at
UCLouvain. Hamoir and Hoet first initiated the laboratory investigation of pile instal-
lation effects on the lateral behaviour of model piles in sand. Deckers and Defer then
focused more specifically on impact-driven piles and on the influence of impact-driving
parameters. Shahrour later extended the experimental approach towards vibratory driv-
ing by developing and testing a model-scale vibro-driving system [35, 36, 6]. The present
work builds on these previous contributions by combining both installation routes in a
single experimental programme and by comparing their post-installation lateral response.

7.1 Role of the embedment ratio and initial sand state

The influence of the embedment ratio is clearly observed for the impact-driven piles.
Increasing L/D leads to a higher lateral resistance and a higher initial stiffness. This
trend is consistent with the expected behaviour of laterally loaded piles in sand, since
a larger embedded length allows a larger volume of soil to be mobilised during lateral
loading.

This observation is also consistent with the previous work of Deckers and Defer, who
showed that the embedment ratio had a strong influence on the lateral response of impact-
driven model piles in sand [36]. In the present tests, this expected effect is clearly recovered
for the impact-driven series.
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For the vibratory-driven piles, the trend is less regular. The increase from L/D =5
to L/D = T leads to a higher response, but the pile installed to L/D = 8.5, T9, does
not mobilise a higher resistance than 7'7. The CPT profiles measured before installation
indicate that the sand at the 79 location was less resistant than at the 7'7 location. This
suggests that the effect of embedment ratio can be partly masked by local variations in the
initial sand state. Therefore, L/D remains a major parameter, but its influence cannot
be interpreted independently from the local soil conditions in the present experimental
campaign.

7.2 Effect of the impact-driving configuration

The comparison between T4, T'5, and T6 shows that different impact-driving configu-
rations can lead to different post-installation lateral responses, even when the nominal
impact energy per blow is kept approximately constant. This indicates that the nominal
energy ' = mgH alone is not sufficient to fully describe the installation process.

This result is consistent with the conclusions of Deckers and Defer, who showed that
the lateral response of impact-driven model piles can be affected by the installation pa-
rameters, although the embedment ratio remained one of the dominant factors [36]. The
present tests extend this observation by showing that, even for a similar nominal energy
per blow, different combinations of falling mass and drop height may lead to different
post-installation responses.

This result is physically reasonable because two impacts with the same nominal energy
may differ in terms of peak force, duration of impact, impulse, stress-wave transmission,
and number of blows required to reach the target embedment depth. The soil around
the pile is therefore not subjected to the same installation history. In the present tests,
T6, corresponding to the smallest falling mass and largest drop height, gives the highest
lateral resistance and initial stiffness. However, since only one test was performed for each
impact configuration, this trend should be interpreted cautiously.

7.3 Effect of the vibratory-driving frequency

The vibratory-driving tests build directly on the previous work of Shahrour, who devel-
oped and tested a model-scale vibro-driving system at UCLouvain [6]. The present study
extends this work by using vibratory installation as part of a broader comparison with
impact-driven piles and by analysing the subsequent lateral response.

The vibratory-driving frequency clearly affects the installation phase. The lowest
motor speed, used for T'12, led to refusal before the target embedment ratio was reached,
whereas the higher motor speeds allowed the piles to reach L/D = 7. This shows that
the motor speed influences driveability.

However, the post-installation lateral response does not show a clear monotonic trend
with motor speed. The piles 710, T'7, and T'11, all installed to L/D = 7, show responses
of the same order of magnitude. Although T'7 gives the highest lateral resistance and
initial stiffness, the CPT profiles do not indicate a clearly more resistant initial sand
state at this location. The reason for the slightly higher response of 77 therefore remains
uncertain.
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This suggests that the frequency alone is not sufficient to describe the effect of vi-
bratory installation on the subsequent lateral response. Other factors, such as vibration
duration, actual pile motion, soil rearrangement, contact conditions along the shaft, and
local experimental variability, may also influence the final pile-soil state.

7.4 Comparison between impact-driven and vibratory-driven piles

For piles installed close to L/D = 7, the impact-driven piles generally mobilise higher
lateral forces, higher moments, and higher mean response indicators than the vibratory-
driven piles. In the present experimental setup, impact driving therefore appears to lead
to a stiffer and stronger post-installation lateral response than vibratory driving.

This observation is consistent with previous studies showing that the installation
method can influence the subsequent lateral response of monopiles in sand. Gavin et
al. investigated the influence of installation method on the monotonic loading response
of monopiles and showed that the post-installation behaviour cannot be interpreted inde-
pendently from the installation process [29]. Peccin da Silva et al. also compared different
installation conditions and showed that vibratory installation can lead to lateral responses
that are comparable to, but in some cases softer than, those obtained after impact driving,
depending on the installation parameters [34].

Compared with the previous UCLouvain studies, this direct comparison between
impact-driven and vibratory-driven piles represents an additional contribution of the
present work. Hamoir and Hoet, Deckers and Defer, and Shahrour each contributed to
the development of the experimental approach, but they did not provide a direct impact-
versus-vibro comparison under the same lateral loading framework [35, 36, 6]. The present
results therefore add new experimental information by comparing both installation meth-
ods within a common testing procedure.

The difference observed between impact-driven and vibratory-driven piles is mechani-
cally plausible because the two installation methods impose different loading histories on
the pile—soil system. Impact driving applies repeated transient blows, whereas vibratory
driving imposes a continuous cyclic excitation. These different installation histories may
modify the density, stress state and contact conditions around the pile, which are then
mobilised during lateral loading.

However, the comparison should remain cautious. The literature does not show that
impact driving always leads to a higher lateral resistance, and the response after installa-
tion depends on the soil state, the installation parameters and the achieved embedment
ratio. The main conclusion is therefore limited to the present experimental conditions:
for piles installed close to L/D = 7, the impact-driven piles tended to mobilise a higher
lateral resistance and initial stiffness than the vibratory-driven piles.

7.5 Kinematic interpretation

The moment-rotation curves confirm the trend observed in the force-displacement re-
sponse: for a given rotation, the impact-driven piles generally mobilise higher moments
than the vibratory-driven piles. This supports the conclusion that the installation method
affects the level of resistance mobilised during lateral loading.

In contrast, the apparent rotation point does not clearly separate the two installation
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methods. The values of d/L remain of the same order of magnitude for both impact-driven
and vibratory-driven piles. This suggests that the installation method mainly affects the
stiffness and resistance level, rather than producing a completely different global rotation
mechanism. It should nevertheless be recalled that d is an apparent kinematic quantity
derived from two displacement measurements and from a rigid-body assumption; it should
not be interpreted as a directly observed physical hinge point in the soil.

7.6 Summary of the interpretation

Overall, the results show that the embedment ratio is the dominant parameter controlling
the lateral response of the model piles, but that local variations in the initial sand state
can significantly affect the measured response. The impact-driving configuration also
influences the post-installation behaviour, even when the nominal impact energy per blow
is kept constant. For vibratory driving, the motor speed clearly affects installation success
and duration, but no clear monotonic influence on the post-installation lateral response
can be isolated.

The main comparison between installation methods indicates that, in the present tests,
impact-driven piles installed close to L/D = 7 tend to mobilise higher lateral resistance
and stiffness than vibratory-driven piles. This tendency is consistent with previous studies
showing that installation method can affect post-installation lateral behaviour, although
the effect of vibratory driving may vary depending on installation parameters and soil
conditions.

8 Conclusion and perspectives

This thesis investigated the influence of pile installation method on the post-installation
lateral behaviour of model monopiles in sand. The work focused on the comparison
between impact-driven and vibratory-driven piles, with particular attention to the force—
displacement response, initial stiffness, moment-rotation behaviour and pile kinematics
during monotonic lateral loading.

A first important part of the work concerned the preparation of the sand mass. The
preliminary pluviation tests showed that the initial configuration of the large tank led to
significant spatial variability. The optimisation of the procedure, in particular the trim-
ming of the protruding inner fins, improved the repeatability and apparent homogeneity
of the prepared sand mass. This step was essential in order to make the subsequent
comparison between pile installation methods more meaningful.

The experimental results confirmed that the embedment ratio L/D is a major param-
eter controlling the lateral response of the piles. For both installation methods, increasing
the embedded length generally led to higher lateral resistance and higher initial stiffness.
This confirms the importance of the relative embedded length in the behaviour of laterally
loaded monopiles.

The impact-driving tests also showed that the nominal impact energy per blow is
not sufficient on its own to describe the installation process. Different combinations
of falling mass and drop height, even when associated with a similar nominal energy,
produced different installation histories and different post-installation lateral responses.
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This suggests that the detailed impact-driving configuration may influence the soil state
around the pile and, consequently, the subsequent lateral behaviour.

For vibratory driving, the motor speed clearly influenced the installation phase. The
lowest tested speed led to refusal before the target embedment was reached, while higher
speeds allowed the pile to reach the prescribed depth. However, the post-installation
lateral response did not show a clear monotonic trend with vibration frequency. The tests
performed at similar embedment ratios led to responses of the same order of magnitude,
indicating that frequency alone cannot fully explain the final behaviour of the pile—soil
system.

The comparison between impact-driven and vibratory-driven piles showed that, for
piles installed close to L/D = 7, the impact-driven piles generally mobilised higher forces
and higher moments than the vibratory-driven piles. In the present experimental condi-
tions, impact driving therefore appeared to lead to a stiffer and stronger post-installation
response. Nevertheless, the differences remained within the same order of magnitude
and must be interpreted with caution because of the limited number of tests and the
unavoidable variability associated with reduced-scale geotechnical experiments.

Overall, this work confirms that the installation method should not be considered
only as a construction stage. The way in which the pile is installed can modify the
surrounding soil state and influence the subsequent lateral response of the foundation.
The results obtained in this thesis provide experimental evidence of this effect at model
scale and contribute to the ongoing comparison between impact driving and vibratory
driving for offshore monopile foundations.

However, the conclusions drawn from this campaign must remain cautious. Each
configuration was tested only a limited number of times, and some trends could not be
isolated with sufficient statistical confidence. In order to continue this research, it would
therefore be particularly valuable to carry out a larger and more systematic experimental
campaign. Repeating each test configuration several times would make it possible to
quantify the experimental scatter, distinguish true physical trends from local variability,
and draw more robust conclusions regarding the influence of installation method, impact-
driving configuration and vibratory-driving frequency.

Future work could also include additional measurements during installation, such as
the actual pile acceleration, pile displacement amplitude, vibration transmission and pos-
sible changes in the near-pile soil state. Such measurements would help to better link
the installation process itself with the lateral response measured afterwards. Extending
the test matrix to more embedment ratios, vibration frequencies and impact configura-
tions would also provide a stronger basis for interpreting the mechanisms governing the
post-installation behaviour of monopiles in sand.

The present study should therefore be seen as a first comparative experimental step.
It highlights relevant trends and methodological challenges, but also shows the need for
a larger database of controlled tests before drawing definitive conclusions on the relative
effects of impact and vibratory driving on the mechanical behaviour of offshore monopile
foundations.
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A CPT profiles

This appendix presents the CPT profiles measured before the installation of the impact-
driven and vibratory-driven piles. These profiles are used as complementary information
to document the local sand state before pile installation.

CPT profiles before impact-driven piles
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Figure 78: CPT profiles before impact-driven pile installation.
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CPT profiles before vibratory-driven piles
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Figure 79: CPT profiles before vibratory-driven pile installation.
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B Technical drawings of the pluviation system

This appendix presents the technical drawings of the pluviation system used as a basis for
the experimental setup. The drawings are taken from the previous work of Shahrour [6].
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