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Abstract

In response to the latest IPCC reports on the climate emergency and the explosion of the
energy markets, European countries are increasingly switching to renewable energy sources
such as solar panels and wind turbines to provide their electricity. These energy sources are
inexhaustible, more sustainable and contribute to the development of some world regions but
their main drawback is that they are intermittent.

In addition, the European Union has a goal of achieving carbon neutrality by 2050, which
means that in less than 30 years, the entire energy system must be revised to include more sus-
tainable energy sources. Offshore wind turbines are a great opportunity to meet this challenge
and reduce the environmental impact of energy production, although they are expensive and
take time to repair.

In order to support the wind turbine at sea, foundations embedded in the seabed or floating
are required. Currently, wind turbines are mostly installed in shallow waters up to 40-50 m
deep and are mainly founded on monopile foundations. Two main installation techniques are
considered nowadays : impact driving or vibratory driving.

Impact driving consists of hitting the pile top with a hammer, often hydraulic, to drive it
into the seabed. This technique is widely used because it allows for a high bearing capacity
and its application to a variety of soil conditions. However, the vibrations induced by impact
driving cause significant disturbance to marine life or buildings near wind farms.

To overcome the negative environmental impacts, the economic costs and the slowness of
impact driving, vibratory driving was developed. This technique takes advantage of the fact
that the shear strength decreases under cyclic loading by a vibrator and makes it easier to drive
the pile. However, the long-term strength of the vibrated pile is not well known at present and
is still the subject of research and experimentation in full-scale and laboratory settings.

In this context, this thesis investigates the influence of the embedded length, the drop
height of the hammer and the relative density of the dry sand on the pile’s lateral behaviour
during the driving process with the goal of being able to compare these results later on with
those obtained during vibratory driving.
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List of symbols

English

A - Factor to account for cyclic or static loading condition
AL kPa Measured axial load
ap g Pile vibratory acceleration amplitude
As mm2 Sieve area
Av m2 Effective shear area of the beam
c kPa Cohesion of the soil
C1, C2, C3 - Coefficient determined from fig. 6.9
coeff - Conversion coefficient
D mm Pile diameter
d mm Specimen diameter
di mm Equivalent particle diameter
Dp m Average pile diameter form surface to depth
ds mm Sieve mesh size
dx m Infinitesimal thickness
e - Material void index
emax - Maximum material void ratio
emin - Minimal material void ratio
Ep MPa Young’s modulus of the pile
f Hz Frequency of the vibrator
F kN Force
Finitial Volt Value measured at the load cell
fd Hz Driving frequency
Fi Volt Value measured at the load cell for each measuring point i
Fs kN Net load applied to the soil
g m/s2 Gravitational field acceleration
Gmax kPa Maximum shear modulus
Gp MPa Shear modulus of the beam
Gs kPa Secant shear modulus
h mm Specimen height
H m Depth
hlaser mm Laser height
hc mm Height of the consolidated specimen
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hd m Drop height
Hr mm Effective depth of the densimeter
ID - Compactness or density index
Ip m4 Second moment of inertia of the pile
k kN/m3 Initial modulus of subgrade reaction determine from fig. 6.10
Kp - Passive earth pressure coefficient
L mm Embedded length
LP kPa Measured lateral pressure
m kg Mass of the mould and its content
M kNm Moment
M1 kg Original dried mass
M2 kg Dried mass of the reject on the 0.063 mm sieve
Mc kg Mass of the clamping device
md kg Dry mass of the soil sample
me kg · m Eccentric moment of the vibrator
Mh kg Hammer mass
mm kg Mass of the test mould
Mp kg Mass of the pile
Ms kg Mass of the static weight
Mv kg Mass of the exciter block
N kN Axial forces
P kPa Total mean stress
pu kN/m Ultimate bearing capacity at depth H
pud kN/m Ultimate resistance at deep depth
pus kN/m Ultimate resistance at shallow depth
P ′ kPa Effective mean stress
P ′

c kPa Effective mean stress applied during the consolidation
Ps kg Mass of the sieve remaining in the bottom
q kPa Deviator
r mm Initial sample radius
r mm Pile radius
S m2 Corrected surface
S0 m2 Initial cross-sectional area of the specimen
sp mm Pile vibratory displacement amplitude
t min Time elapsed since the start of sedimentation
T s Signal period
Tc kN Retaining force
tp mm Pile wall width
u kPa Pore pressure
ubottom kPa Pore pressure measured at the specimen bottom
utop kPa Pore pressure measured at the specimen top
V cm3 Initial volume of the sample
Vair mm3 Volume of air present in the specimen just after its preparation.
V0 mm3 Volume of the specimen after its compaction
vc m/s Propagation velocity
VC mm3 Volume of the specimen just before the beginning of the triaxial test
VD mm Measured vertical displacement of the piston
vi m/s Impact velocity
Vm m3 Internal volume of the test mould
vs m/s2 Shear wave velocity
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W mm2 Surface of the hysteresis loop
Wc N · m Hammer kinetic energy before impact
X mm Loading height
y m Lateral deflection
Z mm3 Bending stiffness
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∆AL kPa Membrane correction on axial load
∆linitial Volt Initial value measured at the displacement sensor
∆li Volt Value measured at the displacement sensor for each measuring point i
∆LP kPa Membrane correction on lateral pressure
∆uend kPa Measured excess pore pressure at the end of the nth cycle
∆uinitial Volt Initial value measured at the back pressure at the sensor
∆ui Volt Value measured at the back pressure at the sensor for each measuring point i
∆Vcon mm3 Volume of water expulsed during the consolidation.
∆Vinitial Volt Initial value measured on the volumeter
∆Vsat mm3 Volume of water introduced in the specimen during the saturation.
∆Vi Volt Value measured on the volumeter for each measuring point i
ϵ1 % Axial normal strain
ϵ3 % Radial normal strain
ϵa % Axial deformation
ϵr % Radial deformation
ϵv % Volume deformation
η mPa · s Dynamic viscosity of water at test temperature
ηc % Drop efficiency
γ % Maximum shear strain
γd,max kN/m3 Maximum dry density particle
γd,min kN/m3 Minimum dry density particle
γmax kPa Maximum shear strain amplitude
γmin kPa Minimum shear strain amplitude
γd kN/m3 Obtained dry density particle
κ - Curvature strain of the beam element
λ - Diameter scaling ratio
λσ - Stress scaling ratio
λd - Damping ratio
λF - Force scaling ratio
λM - Moment scaling ratio
ω - Cross-sectional rotation
ωv rad/s Angular frequency of the vibrator
ϕ ° Friction angle of the soil
ρd,max kg/m3 Maximum dry volumic mass of the material
ρd,min kg/m3 Minimal dry volumic mass of the material
ρd kg/m3 Dry density of the material
ρs kg/m3 Density of solid particles
ρw Mg/m3 Density of the sedimentation fluid at the test temperature
σ′ kPa Effective normal stress
σ kPa Total normal stress
σ1 kPa Axial normal stress
σ′

1 kPa Effective axial normal stress
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3 kPa Effective radial normal stress

σ3 kPa Radial normal stress
σv MPa Vertical earth pressure at a given depth
τ kPa Total shear stress
τ ′ kPa Effective shear stress
τmax kPa Maximum shear stress
τmin kPa Minimum shear stress
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Definition

• Reject : Part of the grains retained in a sieve.

• Cumulative reject : All the grains retained in sieves with larger holes than the sieve
considered.

• Sieve : Container made of wire cloth or perforated sheet metal defining a mesh of holes.

• Deviatoric stress : Difference in total vertical stress from a state of uniform isotropic
stress.

• Failure: When the maximum deviatoric stress is reached

• Undrained shear strength : Equal to half the deviatoric stress at failure in the
unconsolidated, undrained triaxial compression test.

• Density of a material : Ratio of the mass of a certain volume of that material to
the mass of an equal volume of water under the same conditions of temperature and
pressure.

• Pore water pressure : Pressure exerted by underground water on soil particles. Two
different types, hydrostatic and dynamic. Hydrostatic develops linearly with depth. Cyclic
soil loads transfer dynamic pressure to the groundwater. This pressure is temporarily
stored and will gradually dissipate completely.

• Cohesion : Interparticle force between grains. Prevents a soil to achieve liquefaction by
maintaining contact between soil particles.

• Toe resistance : Soil reaction acting on the transversal bottom area of the pile,
superficially and equally distributed. Overcoming this resistance and shaft resistance will
allow penetration.

• Shaft resistance : Soil reaction acting on the internal and external surface of the pile in
contact with soil. Resistance that acts against pile movement, upwards and downwards.

• Bearing capacity : Maximum vertical force that can be applied to the foundation before
failure.
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• Liquefaction : When a sandy saturated soil is cyclically loaded. It occurs when the pore
water pressure equals the contact force between the particules. The soil then behaves as
a fluid like state which decreases soil resistance even further than cyclic loading.

• Cyclic load : As opposed to a monotonic load, cyclic loading means unequal loading
with time distributed around a mean value in between a maximum and minimum value.
That kind of loading fatigues the soil and degrades its strength to a residual value.

• Effective stress : Difference of the soil stress and the pore pressure.

• SIMOX consortium : Development and practical implementation of one or more
innovative technologies for the installation of XXL monopiles, as an alternative to
conventional impact hammering [33].

• Monopile : a large diameter steel tube which is driven by impact driving or vibratory
driving to a depth of 5 to 10 times the diameter.

• Hammer : Device producing impacts or blows.

• Impact driving : Action of hitting with a hammer a linear element.

• Vibrator : Metal box containing the whole vibrating device.

• Pile driver’s helmet : System covering the pile and receiving the hammer blows.

• Vibratory driver’s helmet : System equipped with one or more hydraulic clamps
allowing the vibrating box and the pile to be joined together.

• Elastomer : Device connecting the vibrating box to the crane hook and equipped with
a vibration damping system.

• Mass : Mass capable of exerting a centrifugal force by rotation in a mechanical system.

• Reject : Residual pile driving.

• Soil p-y waves : Soil is modelled as a collection of independent spring. The load
displacement behavior of the springs can be specified using parameters for common p-y
curves [12].
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CHAPTER 1

Introduction

The latest IPCC reports on the climate emergency and the explosion of energy market prices
are now encouraging countries to turn to renewable energies and the construction of related
infrastructure such as wind turbines, solar panels and hydroelectric dams. The main advantages
of most renewable energies are that they are environmentally friendly and are inexhaustible
energy sources. They also enable the decentralisation of energy production and contribute
to the development of some regions of the world. However, the main challenges of solar
panels and wind turbines are that they are intermittent, their production depending on the
area of installation, the weather and the seasons, and they have a visual impact on the landscape.

Moreover, in order to meet consumer needs, it is often necessary to combine renewable
energy with fossil energy. However, the production and consumption of fossil fuels in Europe
account for 70% of greenhouse gas emissions [47]. It is therefore important to turn to innovative
and increasingly efficient but environmentally friendly techniques with moderate investment
costs to remain competitive in the market. In spite of the clearly established necessity, it is
very difficult to find a balance between the installation of renewable energies as a measure to
deal with the energy and climate crisis and acceptable environmental impacts.

To overcome these challenges and achieve carbon neutrality as soon as possible, the Euro-
pean Commission has imposed targets for the contribution of renewable energy sources to the
total electricity production of all member states. The objective at European level is to reach
40% of renewable energy in the energy mix and to reduce greenhouse gas emissions by 55% by
2030 [47]. For Belgium, 13% of its total energy consumption should be covered by renewable
energy in 2020 and 17.5% by 2030 [53].

To achieve this, Belgium has built wind farms in the Belgian EEZ part of the North Sea
and along the border with the Netherlands. A total of 399 turbines are now operational in nine
wind farms, with an installed capacity of 2.26 GW and an average production of 8 TWh. This
represents about 10% of Belgium’s total electricity demand. At the European level, Europe
wants to reach an offshore wind capacity of at least 60 GW by 2030 and 300 GW by 2050.
Offshore wind turbines are therefore a great opportunity to reduce the environmental impact of
energy production, even if their cost remains high [53].

1



1 – Introduction

The principle of the offshore wind turbine is similar to that of an onshore wind turbine.
Under the action of the wind, the propeller’s blades turn and create mechanical energy. This
energy drives a generator, which in turn produces an alternating electric current. It is then
carried by underwater cables to a substation and distributed to the electricity grid [15].

The advantage of wind turbines is that they do not emit greenhouse gases or other pollutants
during the electricity production. As the sea is a more open landscape than most onshore wind
turbines environment, the wind encounters less obstacles and is therefore steadier, more regular
and less turbulent. With the same power rating, the offshore wind turbine generates up to
twice as much electricity as its onshore counterpart. However, installation and maintenance
costs are high and repairs take time. Offshore wind turbines require more robust construction
materials to withstand corrosion and the often violent and unstable movements of the waves.
The propeller blades are longer to accommodate the weather conditions and the mast on which
the propeller stands is also higher to capture the full power of the wind [15].

In order to keep the wind turbine in place, they are either fixed to the seabed or floating.
The choice of foundation type depends mainly on the type of the soil and the seabed depth at
the installation site. Fixed foundations are particularly used in shallow waters up to 80 m deep,
while floating foundations are used for deeper waters beyond 50 m.

Currently, most wind turbines are installed in shallow waters up to 40-50 m deep and the
main type of foundation is the monopile. This consists of a large diameter steel tube which is
driven by impact driving or vibratory driving to a depth of 5 to 10 times the diameter below
the sea floor [15].

Impact driving means hitting the top pile with a hammer to drive it into the seabed. The
drop of the hammer on the pile head generates a wave that propagates along the pile to the
toe. The energy generated at the pile head overcomes the lateral friction along the pile and
causes plastic deformation of the soil at the toe. Pile driving occurs.

Impact driving is widely used as it leads to a higher bearing capacity and applies to a
variety of soil conditions. The long history and experience of this driving technique means
that it is currently preferred to vibratory driving. Nevertheless, the high amplitude vibrations
induced by impact driving lead to significant disturbance of marine life or buildings near wind
farms. To reduce the underwater noise associated with the installation of monopiles to national
underwater noise regulations, the use of double bubble curtains and soundproof sleeves have
proven to be partially effective, but are expensive solutions [29].

To counteract the negative environmental impacts, the economic costs and the slowness
of impact driving, experiments with vibratory driving have been carried out in recent years.
This technique takes advantage of the fact that the soil resistance decreases under cyclic
loading provided by a vibrator installed at the top of the pile. The degradation of the soil
strength makes it easier to drive the pile. Vibratory driving is based on the emission of forced
longitudinal vibrations produced by a vibrator with an even number of eccentric masses arranged
symmetrically to the vertical axis of the pile and rotating in opposite directions. These vibrations
generate only a vertical force that allows the pile to be driven [71].
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This technique is widely used in soft, saturated or cohesionless soils because of its speed
and low noise. However, the long-term strength of the vibrated pile is usually not well known
and is still being researched and experimented.

In the long term, the impact driving and vibratory driving methods will be compared
experimentally by students on a reduced scale for different relative densities, saturated and
unsaturated sand, two pile diameters (6 and 10 cm) and for several driven lengths in order to
analyse the pile lateral behaviour according to the initial parameters.

Objective of this thesis
The purpose of this thesis is to produce a scale model of a foundation pile for an offshore wind
turbine in order to test the influence of impact driving, the driven length, the drop height of
hammer and the relative density of dry sand on the lateral behaviour of the pile. In order to
study the behaviour of the pile driven by impact, this thesis is divided into two main parts :

• Theoretical part

– Background on the current situation of offshore wind turbines in Europe.
– Litterature review on the different pile driving methods, the existing pile types and

the available and future technologies for offshore wind turbines.
– Definition of North Sea sand properties via different tests such as the Grain size

distribution test, Density test, Proctor test, Triaxial test and Cyclic triaxial test.
– Study of the influence of the sand drop height via a sand raining system in order to

obtain different relative densities for the experimental part.

• Experimental part

– Development of the physical and theoretical aspects of impact pile driving through
simulations.

– Presentation of the similitude laws, equipment and methods used for the scale
model experiments.

– Discussion of the results obtained by varying the relative density of the dry sand,
the driven length and the drop height of the hammer during the impact driving
process on a 6-cm diameter pile.
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CHAPTER 2

Context

The European Union is the third largest energy consumer in the world, after China and the
United States. More than 70% of the energy consumed in EU is of fossil origin (fig. 2.1).
Currently, three quarters of Europe’s greenhouse gas emissions comes from energy production
and consumption. It is heavily dependent on the rest of the world for energy, particularly Russia
and the Middle East for gas and oil. Some countries are rather dependent on nuclear power,
notably Belgium, which produces half of its electricity from this source, and others, such as
Germany, are essentially dependent on coal, which it is intended to phase out by 2038. The
share of renewable energy sources in Europe’s energy mix is constantly increasing. It is in 2019
at 36.5% (fig. 2.1)[47].

Figure 2.1: Available gross energy in EU in 2019 [47]
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Figure 2.2: EU wind and solar deployement over the next decade [55]

Moreover, for several years now, the acceleration of global warming, environmental degra-
dation and the melting of glaciers have been of concern to European countries. The challenges
of reversing this trend and reducing greenhouse gas emissions are enormous. To meet them,
the EU countries have put in place a Green Deal. This specifies, among other things, that
European countries aim to achieve a 40% share of renewable energy in the energy mix by 2030
and to reduce greenhouse gas emissions by 55% (fig. 2.3). Currently, with the invasion of
Ukraine and rising energy prices, Europe is seeking to become independent of Russian fossil
fuels, diversify its energy supply and accelerate its transition to renewable energy and hydrogen.
To achieve this, the EU is relying on innovative techniques. Its goal is to expand its offshore
wind capacity. In 2020 alone, wind power in Europe increased by 9% and Belgium achieved a
28% growth in wind and solar power [47].

Figure 2.3: EU 2020 and 2030 targets for reducing greenhouse gas emissions [47]

By the end of 2020, 38% of Europeans’ electricity production had switched from fossil fuel
to renewable energy. Europe can count on a large potential offered by its seas : the North Sea,
the Baltic, the Mediterranean and the Atlantic Ocean. By exploiting and expanding offshore
wind, Europe can reduce its CO2 emissions and become carbon neutral by 2050 (fig. 2.4). As
the geological conditions of the European basins differ, some technologies will be more suitable
than others [28].
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Figure 2.4: EU 2020 and 2030 targets for reducing greenhouse gas emissions [8]

The advantage of wind energy is that it is theoretically inexhaustible and has little negative
impact on the environment because it only emits a very low amount of greenhouse gases
compared to more classical energy sources. Wind turbines are therefore a perfect response to
tackle climate issues and the growing need for energy.

Currently, the majority of wind turbines are built onshore, but the offshore wind turbine
has many advantages making it attractive and explaining its expansion. Wind at sea is less
turbulent, more regular and has a higher average speed. It allows for an increase in electricity
production and production time (fig. 2.5). Offshore wind turbines produce twice as much as
onshore wind turbines with an equal power rating. They also have the advantage of having less
visual and noise impacts. Greater production capacity turbines can therefore be implemented.
The location of offshore wind farms near the coast also reduces losses in the transmission of
energy.

Figure 2.5: Onshore and offshore wind turbines capacity factors on 5th June 2022 [26]
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In 2020, almost 2.9 GW of new offshore wind turbines have been installed in European
waters (fig. 2.6). This brings Europe to a total of 25 GW of offshore wind capacity spread over
12 countries(fig. 2.9). In Belgium, the nine offshore wind farms currently have an installed
capacity of 2.26 GW in the North Sea and cover 13% of the total Belgian electricity demand
(fig. 2.7). By 2030, Belgium wants to triple its offshore wind capacity in the North Sea by
opening a new wind farm called "Princess Elisabeth" and reach a capacity of 5.7 GW. Offshore
wind power is climate-friendly and will enable Belgium to accelerate its transition to energy
independence. As a comparison, 450 offshore wind turbines of 5 MW are needed to replace a
nuclear reactor of 1100 MW since the wind is a random phenomenon [25][11][20].

Figure 2.6: Localisation of windfarms in European waters [3]

Figure 2.7: Electricity production capacity of wind farms in Belgium [11]
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Figure 2.8: Location of new wind farms in Belgium [11]

Figure 2.9: Amount of offshore wind turbines in Europe at the end of 2020 [20]

9



2 – Context

Until now, most wind farms are located in shallow waters and require infrastructure and
facilities close to the shore and good wind conditions. To increase production, solutions for the
installation of turbines in deeper waters between 50 and 1000 m will have to be considered, in
particular with floating wind turbines. These will bring Europe closer to its clean energy goals.
The production capacity of the largest turbines will also be increased from 9.5 MW currently
to 15 MW in a near future [28].

The main technique used to install offshore wind turbine foundation is impact driving, using
the energy developed by hammer blows to drive the pile in the seabed. Unfortunately, this
technique generates high amplitude vibrations and sound waves that are harmful to marine
animals.

In this context, the research started by this thesis compares the influence of impact driving
and vibro-driving on the pile’s lateral behaviour and its resistance at the base. The aim of this
comparison is to find economical and efficient solutions to the disadvantages of impact driving,
particularly in terms of the environment and productivity. Having an effective model to allow
to simulate impact driving mechanisms on piles, will allow to prepare comparative studies with
vibro-driving mechanisms.

10



CHAPTER 3

Litterature review

3.1 Characteristics and operating principle of the offshore
wind turbine

A standard wind turbine is composed of a mast, a nacelle and a three-bladed rotor(fig. 3.1).
The rotation of the rotor generates loads with a specific frequency spectra. Wind direction
sensors rotate the nacelle to align it with the wind direction. This maximises the amount of
energy produced. The principle of a wind turbine is to transform the kinetic energy of the wind
into electrical energy with the help of a rotor which then supplies energy to the electricity grid.
Its energy comes from a natural, renewable and theoretically inexhaustible source of energy :
the wind.

Figure 3.1: Components of an offshore wind turbine [30]
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Its advantage over fossil fuels is that it does not emit greenhouse gases or other air pollutants
during the production of electricity and requires little water. The CO2 emissions associated
with the design, transport, operation and dismantling of wind turbines are compensated in 6 to
9 months of operation. 85-90% of a wind turbine can be recycled and the aim is that by 2025
the majority of the blades will be recycled. Therefore, industries are striving to improve the
efficiency, recycling and substitution of materials in wind turbines.

During the installation of offshore wind turbines, bottom trawling and dredging are prohib-
ited in order to preserve the seabed. Air bubble curtains and hydro-sound dampers are also
used to limit the negative impacts on the marine environment. Companies are working on
wind turbines with less noise and reduced aerodynamic noise created by the movement of the
blades in the wind. The standard life span of a wind farm is about 20-25 years. Currently, the
efficiency of onshore wind farms is 40%, while for offshore wind farms it is 60%.

Regarding the design of a wind turbine, a wide range of shapes and sizes are available from
manufacturers, but the standard composition consists of three blades mounted on a horizontal
axis. Their power output can vary from 10 kW to 12 MW and their location can be both
onshore and offshore. The latest models of wind turbines are 6 to 10 times more powerful and
durable than the first ones.

The design of the turbine and thus the production of electricity depends on three parameters
:

• The radius of the blades. In order to obtain a high electricity production, this must be
large. If the blade radius is doubled, the power is multiplied by 4.

• The density of the air. This parameter is influenced by altitude, temperature and
atmospheric pressure. Dense air near the coast and at sea drives the rotors more
efficiently and increases electricity production.

• Wind speed. At sea, the winds are stronger. This means that wind turbines are more
responsive and produce electricity more consistently than onshore turbines. As technology
advances, wind turbines are able to operate at lower wind speeds.

3.2 Loads on an offshore wind turbine
Offshore wind turbines are rigid, slender structures subject to three types of loading :

• Permanent load : weight of the structure

• Variable load : maintenance load, installation load, vessel impact

• Environmental loading : wind, tides, hydrodynamic stress caused by swell and currents,
ice in some regions of the world

The vertical loads are small while the lateral load and the overturning moment are high. There
is a significant cyclic loading.
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Figure 3.2: Modelling of an offshore wind turbine [30]

Figure 3.3: Typical loads applied on offshore wind turbine [28]

In addition, while the composition of offshore wind turbines is standard, the choice of
foundation type varies depending on the soil, the depth of the seabed at the place of installation
and the industries located nearby.

3.3 Offshore wind turbine foundations
A foundation is defined as the part of the structure that supports the weight of the structure
and transmits the load to the underlying soil or rock.

Two main categories of foundations are represented in the literature : fixed and floating
foundations. Fixed foundations transmit environmental forces directly to the ground through
a rigid connection. They are mainly used in shallow waters (up to 80 m depth). Floating
foundations, on the other hand, transmit forces through cables connected to foundations
anchored in the seabed. The connection to the seabed is therefore more flexible and the
structure can move more. This type of foundation makes it possible to reach greater water
depths (beyond 50 m).
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At present, wind turbines are mainly installed on fixed foundations in shallow waters, up to
40-50 m deep. Floating wind farms are very much in the minority at the moment, but are an
important area of research. These could be installed further offshore where the wind is more
regular and stronger but are proving a challenge in horizontal stability and power transmission.

For each of these categories, different structural types of foundation can be considered,
depending on the state of the ground and the depth of the sea :

Figure 3.4: Different types of foundation for offshore wind turbine [9]

• Gravity structures are usually massive concrete or mixed steel structures sunk to the
seabed using gravel, sand or stones as ballast. They are mainly used in shallow waters
(typically 10 m) but can be installed up to 40 m deep. Designs are being developed
to use gravity structures in deeper waters. The great advantage is also that gravity
structures do not need to be driven into the ground. They can therefore be used for clay
and rocky soils where other types of foundations reach their limit [24].

• Nowadays, monopiles are the main foundations used for offshore wind turbines. The
monopile is essentially a hollow tubular steel element with a large diameter ranging from
4 to 10 m driven deep into the sand to transmit wind and wave loads directly to the
ground. They are mainly used for water depths up to 40 m and are installed vertically.
Their main advantages are their simple design and quick installation. The pile is usually
driven or vibrated with a hydraulic or diesel hammer into cohesionless soil. In rocky
ground, pre-drilling is carried out and the pile is held in place by grouting [9].

• Tripods and jacket structures are braced structures inherited from the oil and gas industry.
They allow for greater water depths (up to 50 m) but are generally less economical
and much more difficult to install. Environmental actions are mainly transferred to the
ground by axial loading [9].
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• Caisson foundations are suitable for sandy soils. The foundation consists of a cylindrical
caisson with a connection to the tower at the top and a suction piston at the bottom.
The caisson is placed on the ground and then by suction and under its own weight the
foundation penetrates into the ground. This type of foundation is suitable for water
depths up to 30 m [22].

• Floating structures are still in the design phase and are not widely used at the moment. A
few small floating wind farms are emerging (about 120 MW of cumulative global capacity
by 2022), but larger projects are being commissioned. This technology will mainly be
used in deeper waters (beyond 50 m) and far from the coast [69].

Figure 3.5: Type of foundation presents in European waters in 2019 [27]

This thesis will focus solely on monopile foundations for offshore wind turbines as this is the
most common type of foundation currently used and offers the best value for money. These
monopiles are described in terms of their characteristics and principles in the following section.

3.4 Monopile
The monopile foundation is a large diameter steel tube driven into the ground to a depth of
about 5 to 10 times its diameter. Over the years, the diameters used have increased as the
installation depth and power rating of the wind turbines got larger. Whereas previously the
maximum diameter was about 6 m, today it reaches more than 9 m in the deepest waters.

In order to place the wind turbine on top of the monopile, a typical configuration is to
place a transition piece (TP) between the two structures. This part usually contains equipment
such as cathodic protection, access to the vessel for maintenance and the cabling that allows
the energy generated by the turbine to reach the grid. The connection between the parts is
mostly made out of grout.
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A typical installation of a wind turbine supported by a monopile can be seen below :

Figure 3.6: Components of monopile offshore wind structures [28]

To design such a foundation, two main design codes are followed by the industry : the Det
Norsk Veritas (DNV) and American Petroleum Industry (API) guidelines. The main design
technique used in these guidelines is p-y analysis, which was originally developed to design
foundations for offshore oil and gas platforms. These structures have very different element
sizes and loads to single pile foundations. The above guidelines are written for small diameter
(about 0.6 m) and flexible piles as used in structures such as jacket structures. In contrast,
monopiles are rigid, stiff and have large diameters. In addition, wind turbines are subject to
cyclic horizontal loads, unlike oil and gas foundations which are typically axially loaded. These
guidelines cannot be used as such which has led the research community to conduct tests to
adapt these codes specifically for monopiles [14].

In addition, the three dominant limit states when designing a monopile foundation are : the
ultimate limit state, the service limit state and the fatigue limit state (fig. 3.7)[46]. However,
in the case of wind turbines, a frequency analysis problem also comes into play in the design.
As wind turbines are very dynamic sensitive structures, the natural frequency of the tower must
be different from the loading frequency in order to avoid locking.

Figure 3.7: Limit states of offshore wind turbines [46]
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A structure designed with own frequencies matching these excitation frequencies will be
close to resonance or enter resonance and can cause high fatigue of the structure or failure. At
nominal speed, the rotor should not excite any resonance mode of the structure.

For a wind turbine, the frequency ranges to avoid are the rotor and blade frequencies. Since
most modern wind turbines have three blades, the blade frequency is three times the rotor
frequency. These are called 3P and 1P respectively. Three main frequency ranges are therefore
studied : the "soft-soft" range below the 1P frequency, the "soft-stiff" range between the 1P
and 3P frequencies and the "stiff-stiff" range above the 3P frequency (fig. 3.8). Among these,
the "soft-soft" range is generally not used in real projects because it leads to piles that are too
thin and flexible, resulting in unacceptable deformations. This is also the frequency range in
which environmental loads such as wind and waves act, leading to resonance risk. On the other
hand, the stiff-stiff frequency range generally leads to piles that are too rigid and therefore
uneconomical. For the reasons stated above, the vast majority of monopiles are designed in the
soft-stiff region [46]. It is the optimal region for structure design at constant nominal speed.

Figure 3.8: Functioning spectrum [30]

Due to the relatively small frequency range in this region, the stiffness of the foundation
must be determined accurately to ensure the true natural frequency of the entire structure.
The foundation design is an iterative process as the loads on the foundation will vary with
the foundation stiffness. In order to design the foundation, the properties of the soil and the
monopile are accurately determined by preliminary laboratory studies. The process of soil
stiffness degradation by cyclic loading is also studied.
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3.5 Pile installation processes
To drive piles into the ground, two methods with different principles can be considered :
vibro-driving and impact driving.

3.5.1 Impact pile driving
In order to drive the pile into the ground, it is loaded onto a lifting barge and transported by
ship to its intended location. The pile is then erected on the seabed at the intended installation
spot. A clamp is used to keep the pile vertical and in the right place. Holding and guiding
the pile is an important step in driving. Finally, the hammer is installed at the top end of
the rigid pile and drives it at a rate of about 40 blows per minute, striking an anvil so as not
to deform the pile head. The greater the drop height, the greater the force. Different types
of hammers exist with the main parameters being the weight of the ram and the maximum
energy per blow. Generally, hydraulic hammers are used. The advantage of hydraulic power is
that it can generate large forces without increasing the size of the hammer considerably. This
hydraulic power also allows real-time control of the energy delivered by the hammer, the rate
of impact and the speed of the hammer on impact. As the hammer falls, a wave is generated
and propagates along the pile to its tip. The kinetic energy at the head of the pile is used to
overcome the lateral friction along the pile and cause plastic deformation of the soil at its base.
Driving causes noise pollution with a negative impact on the marine environment and high
stresses in the pile reducing its lifespan.

The driving of a pile requires a pile driver and a guidance system.

Guiding system

This system is used to guide the pile driver to hit the pile. Two methods are possible : the pile
driver or the pile guide. With the pile driver, the ram slides on a rail system on a hydraulic
carrier. Positioning and control of the verticality is easily ensured. However, this system is not
suitable for large diameter piles. For the pile guide, the ram is suspended from a crane.

Figure 3.9: Pile driver and pile guide [13]
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Hammer

Different types of hammers are possible for driving : free-fall hammers, diesel hammers,
double-acting hydraulic hammers and double-acting compressed air hammers with rapid strikes.
In order to choose the right hammer, a driveability analysis must be carried out. Different
pile-driving models exist for this analysis and new models are still under development [70]. Soil
properties also have an important impact on the driveability analysis. While sandy and clayey
conditions are well determined [14][56][21], new soil zones are still being investigated in the
future offshore monopile development areas, especially the brittle rocks [44]. A comprehensive
geotechnical survey and laboratory tests are used to accurately characterise the soil [17].

Figure 3.10: IHC hammer and helmet for impact driving [39]

Figure 3.11: Hydraulic hammer [39]
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3.5.2 Vibratory driving
To overcome the negative environmental impacts, economic costs and the slowness of pile
driving, a solution has been studied in recent years : vibratory driving. The principle of this
technique is to use the fact that the soil resistance decreases under cyclic loading conditions.
This degradation of soil strength facilitates pile driving, requiring a lower surcharge than that
required for non-degraded soils.

In soft soils, vibratory driving is preferred to impact driving due to its quick installation and
low environmental impact. In contrast, in difficult soil conditions, impact pile driving is widely
used because it can generate high energy but induces noise and strong vibrations in the soil and
therefore cannot be used near buildings. Vibratory driving is therefore mainly used in granular
or soft, saturated and cohesionless soils and not so much in cohesive soils such as clay soils.
This is because soft soils liquefy easily when subjected to cyclic loading, whereas moderately
stiff saturated clay soils or dense sands have a less pronounced cyclic strength degradation.

Vibratory driving uses longitudinal forced vibrations to push the pile into the ground. The
vibrations are generated by a vibrator with an even number of eccentric masses arranged
symmetrically to the vertical axis of the pile and rotating in opposite directions. If the masses
rotate at a constant speed and in opposite directions, the horizontal components of the
centrifugal force cancel out and a vertical force of sinusoidal intensity is produced (fig. 3.12)
whose amplitude is a function of the sum of the eccentric moments of each mass me and the
angular frequency ω. A stationary wave regime is then obtained [37].

Fv(t) = me · ω2
v · sin(ωvt) = me · (2πf)2 · sin(2πft) (3.1)

Under the action of its own weight and downward vibrations, the soil resistance decreases and
the pile sinks into the ground. Indeed, the cyclic movement induces a degradation of the soil
resistance and, in a saturated environment, the increase in pore pressure leads to liquefaction
and a total loss of resistance. The speed of penetration can reach several metres per minute.
Penetration continues until the refusal depth is reached, i.e. when the forces are no longer
sufficient to overcome the ground resistance. At this point, penetration is no longer possible or
becomes too slow because the vibrator is no longer able to provide the energy necessary to
overcome the resistance to penetration of the soil.

Figure 3.12: Working principle of the vibrator [37]

20



3 – Litterature review

Figure 3.13: Different parts of a hydraulic vibrator [37]

Vibratory driving of a pile into the ground requires the use of a guidance system and a
vibrator. The guidance system for vibratory driving is identical to that for impact driving.

Vibrator

The vibrator is composed of an exciter block containing an even number of eccentric masses
arranged symmetrically around the vibrator axis and generating purely vertical vibrations as
long as the centre of gravity of the rotating masses coincides at all times with the neutral
axis. The vibrator also has a suspension support consisting of an isolating mechanism that
filters the vibrations generated in the vibrating box by elastomers. The weight of this system
corresponds to the static part of the applied load. A helmet sized according to the vibrator
power and type of profile is applied on the pile top. During the driving operation, the pen-
etration of the pile can be slowed down by controlling the holding force Tc applied by the carrier.

The whole system includes a static and cyclic term. The static term is represented by the
vibration-isolated bias mass corresponding to the weight of the suspension device. The cyclic
part consists of the pile, the exciter block and the clamping device.

The total load applied during vibratory driving on the ground is expressed in eq. (3.2) but
can sometimes be reduced by the restraining force Tc.

Fs(t) = (Mp + Mc + Mv + Ms) · g + me · ω2
v · sin(ωvt) − Tc (3.2)

The vibrator is supplied by a hydraulic generator fed by a variable flow unit. Hydraulic power
in vibratory hammering provides a good power-to-weight ratio, great flexibility of use and high
performance compared to electric vibrators. The vibrators are classified according to the vibra-
tion frequency and the eccentric moment. Depending on the hydraulic vibrator, the eccentric
masses rotate at speeds between 1200 and 3000 rpm, i.e. frequencies of 20 to 50 Hz (table 3.1).
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The adverse effects on the environment during the vibratory process must be kept to a
minimum. To achieve this, the eccentricity of the vibrator during the vibratory process is
adjusted by modifying the phase shift of the feeder pairs to reduce it.

On the basis of frequency and eccentric moment, the different vibrators are generally
separated into three classes as described in table 3.1.

Figure 3.14: Detailed scheme of vibrator [13]

Type Frequency
range [Hz]

Eccentric
moment [kg.m]

Maximum
centrifugal force [kN]

Free hanging
double amplitude [mm]

Standard frequency 21-30 up to 230 up to 4600 up to 30
High frequency 33-42 6 to 45 400 t0 2700 13 to 22
Variable eccentricity 33-38 10 to 54 600 to 3300 14 to 17

Table 3.1: Vibrator types [37]

The free hanging double amplitude S0 corresponds to the double amplitude of movement
for a free hanging vibrator whose vibrating mass is formed of the exciter block and the clamping
device.

S0 = 2 · me

Mc + Mv

(3.3)

This amplitude is reduced when the pile is connected to the vibrator due to the increase of the
vibrating mass. During the vibratory driving operation, the soil resistance further reduces the
value of this amplitude [71].

For the choice of vibrator, the main characteristics are the eccentric moment me, the
frequency f and the static surcharge Ms. Rodger and Littlejohn (1980) [62] proposed a table
(fig. 3.15) helping the selection of the vibrator characteristics based on the soil conditions and
the type of pile.
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Figure 3.15: Choice of vibratory parameters [62]

The technique of installing monopiles by vibro-driving is quite similar to that of pile driving,
except that instead of driving the pile with a hammer, an equal amount of phased motors are
attached to the top of the pile and induce vertical waves in the pile. In non-cohesive saturated
soils, this can lead to liquefaction of the soil and a much faster and quieter installation process
than driving [73]. This technique is already used in onshore geotechnical engineering to install,
for example, sheet piles [71].

On the other hand, this technology is not widely used for the installation of offshore
monopiles, as the two main monopile design standards, DNV (Det Norske Veritas) and API
(American Petroleum Institute), are based on the data provided by the piling log. On the
few projects where vibratory driving is used, the pile is impact-driven for the last 10 m after
vibratory driving in order to get the pile certified.

The lack of data on the long-term properties of vibrated piles has prompted the scientific
community to study the difference between vibrated and driven piles (fig. 3.16). Different
capacities have been investigated, such as end load capacity [29], monotonic lateral capacity
[31] and single and two-way cyclic lateral capacity [64]. Finally, tests were carried out to see
the impact on soil density changes around the pile after installation [61]. These tests were also
carried out in different soil types (sand, clay) with different properties (saturated, dry or dense,
loose). Two techniques have mainly been used : numerical simulations and model tests, but
some tests were carried out at full scale [31].
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Figure 3.16: Vibrodriving: engineeering issues [37]

3.6 Comparison of the installation techniques
Before investigating the behaviour of impact and vibration driven monopiles in a more detailed
way through small-scale laboratory experiments, it is important to consider the different advan-
tages and drawbacks of both techniques.

First, one of the main reasons for installing through impact driving is the common belief
that the ultimate load capacity of impact driven monopiles is higher than that of vibrated
monopiles. The difference in ultimate load capacity of vibratory piles is generally estimated to
be about 60-85% of that of impact piles. Research is underway to determine whether the use
of a lower frequency at the end of driving could help bring the ultimate load capacity closer
to that of impact piles. At present, the lack of field testing and the limited data base leads
to unpredictable behaviour of vibratory driving in terms of penetration speed and rejection depth.

Another advantage of driven piles is the long history and experience of this type of installa-
tion in the oil and gas industry. This extensive know-how leads to very precise driving studies
and a large number of design standards and recommendations. On the other hand, vibratory
piling in the offshore industry has still a low level of industrial maturity and many unknowns
remain. This leads to questions about the long-term behaviour of the pile and the capacity to
reach the originally planned depth.

On the other hand, one of the disadvantages of pile driving is the noise emitted during
installation. The underwater noise due to the hammer blows exceed the hearing impairment
threshold of marine mammals living in the surrounding area. In order to avoid disturbing marine
life and harming animals, most European countries regulate the maximum allowable noise
emissions in the direct environment of the pile driver. To comply with these restrictions, noise
attenuation systems are put in place, such as bubble curtains and noise reduction boxes. This
leads to more complicated systems and a more expensive and slower process. This is where
vibrated piles have a great advantage over driven piles. Indeed, the vibratory system emits
lower noise levels as shown in fig. 3.17[51] :
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Figure 3.17: Noise levels for impact and vibratory driving [29]

Vibratory driving is a more suitable technique for work in sensitive areas such as the seabed.
Noise reductions of up to 20 dB can be achieved by using vibratory driving rather than impact
as the vibrations are lower and the process takes less time [73].

Another advantage of vibratory driving is the driving speed. Indeed, by using this technique,
the installation time of a vibrated pile is reduced by up to 30% compared to traditional methods
[18]. As barge time is one of the largest costs in offshore pile installation, this method leads to
significant economic gains and improved efficiency. This technique also saves energy due to its
fast installation time.

In addition, vibratory driving is an efficient technique for sandy soils, saturated or not, and
alluvial soils, but is unfavourable for compact, dry or soils with high penetration resistance. In
this case, it is essential to control driving to avoid exposing the pile to excessive stresses that
could deform it.

In terms of the economic impact of the installation process, the income per year is quite
significant. As the stresses sustained by the pile during installation are lowered, the vibratory
driving extends its operational life and the income on the longer term. One of the main
parameters in the design is the fatigue life of the monopile as it is subjected to cyclic loads
throughout its life. Due to the high stress levels applied to the pile during the driving process,
the fatigue life of the pile will be negatively affected from the beginning. Vibratory driving, on
the other hand, allows for lower stress levels and can therefore extend the life of the offshore
wind turbine.

A final advantage of vibratory driving over impact driving is that the vibrator is fixed to
the top of the pile. This means that it is not necessary to use external tools to set the pile
up as in the case of impact driving where a crane is used to pre-install the pile. This fixing is
also advantageous as it can be used to extract the pile by applying traction while vibrating
it. This is of great interest when wind turbines are taken out of service. Finally, this clamped
connection allows better control of the pile during driving. As the pile cannot go deeper than
the depth allowed by the crane operator, there can be no slippage of the pile. It also allows for
control and correction of the inclination during driving [29][40].
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As a result of this comparison, one of the biggest drawbacks of vibratory monopiles is the
lack of experience and understanding of their impact on the long-term capacity of the pile.
Therefore, studies of their impacts are being conducted so that engineers can make informed
choices when selecting the pile installation method.

3.7 Major geotechnical methods to characterise the soil
In order to correctly design the piles to be driven by driving or vibratory driving, in situ tests
and soil identification tests must be carried out beforehand to characterise the soil and its
bearing capacity. Below is a list of tests carried out during a geotechnical survey campaign in
order to define the mechanical properties of the soil and to design the pile parameters according
to these properties.

3.7.1 Grain size distribution test
The particle size distribution test is used to determine the geometric characteristics of the sand
particles and to establish their sieve curve. This test provides information on the mechanical,
thermal and hydraulic behaviour of the soil and provides information on unsaturated soils.

The sieving process consists of the separation of soil particles into particle size classes by
means of successive test sieves consisting of a mesh of wires allowing the passage of particles
whose dimensions are smaller than the size of the openings. At the end of the process, the
aim is to measure the proportion of the initial soil present at each opening size using the weights.

When the grain size is less than 300 µm, a sedimentometry test must be performed. This
method is based on the fact that, in a liquid medium at rest, the settling speed of fine and
very fine grains depends on their size.

For a grain of a given size, the settling velocity first increases rapidly under the effect of
gravity and then stabilises at a constant value when the resistance of the fluid to the fall of the
grain is equal to its weight. From Stokes’ law, it is possible to determine the size of the grain :

di = 0.005531 ·
√

η · Hr

(ρs − ρw) · t
(3.4)

This test is described in more detail in section 4.1 and this section presents the results
obtained on North Sea sand chosen for the experiments carried out throughout this thesis.

3.7.2 Maximum and minimum voids ratio
The range of void ratio provides a general basis for the comparative evaluation of material
properties for cohesionless soils. The engineering properties of granular soil, such as density,
strength and coefficient of permeability, are directly affected by the particle size distribution
and grain shape, as well as by the void ratio.

The stress-strain behaviour of sand depends on the physical nature and condition of the
sand. The nature of the sand is generally described by material properties such as particle size
distribution, fines content and grain shape. The state of the sand, on the other hand, indicates
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the physical conditions under which the sand exists and is defined by the relative density Dr,
the effective stress state and the fabric. Relative density Dr is a state parameter indicating the
density of a given sand sample or deposit relative to its range of possible densities obtained
using maximum and minimum void tests.

The minimum voids index is obtained by compacting a sample of the soil using a standard
procedure. The maximum voids index is obtained by pouring the soil through a funnel into a
standard mould and limiting the height of fall of the grains as much as possible.

Through this test, the relative density of a soil of void ratio e is defined as :

ID = emax − e

emax − emin

(3.5)

The table 3.2 shows some density values and the characteristics of the soil according to the
density value.

Relative density ID [%] Description
0-15 Very loose
15-35 Loose
35-65 Medium
65-85 Dense
85-100 Very dense

Table 3.2: Relative density values and their description

This test is described in more detail in section 4.2 and this section presents the results
obtained on North Sea sand chosen for the experiments carried out throughout this thesis.

3.7.3 Proctor test
The Proctor test specifies for a given soil and standardised compaction the influence of the
water content. The soil under investigation is compacted at different water contents w by
means of a Proctor tamper. For each water content, the dry density of the compacted material
is measured. These measurements are then plotted on a graph showing the variation of γd as a
function of w.

The graph represents the bell-shaped Proctor curve which contains a high point meaning
that for a given compaction energy, there is an optimum water content that results in a
maximum density. Beyond this optimal amount of water, the soil starts to liquefy. In the case
of offshore wind turbines, and especially during vibratory driving, this test is useful because the
cyclic loading during vibratory driving deforms the soil and liquefies it. This process can be
accelerated if the optimal water content is known. In the case of sandy soils, the Proctor curve
is flattened which means that compaction is practically impossible and does not depend on the
water content.

This test is described in more detail in section 4.3 and this section presents the results
obtained on North Sea sand chosen for the experiments conducted throughout this thesis.
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3.7.4 Measurement of permeability at constant load
This test is performed on a reworked sample, compacted in a CBR mould. Water flows through
the sample under a constant hydraulic load. By applying Darcy’s law, the permeability of the
soil can be deduced. The permeability coefficient of a saturated soil is a soil characteristic that
depends mainly on its grain size, nature, structure, void index and temperature.

The finer or more compact the soil, the smaller the pores, the greater the friction and
pressure drop and the smaller the permeability coefficient.

3.7.5 Oedometer and compressibility tests
The oedometer and compressibility tests are used to study the consolidation, i.e. the change
in volume due to the expulsion of water, or the settlement of intact or reworked soil samples
subjected to permanent vertical loads. The tests are carried out by measuring the deformations
at constant load of a cylindrical specimen with zero lateral deformation and drained on the
inner and upper side. With this test, it is possible to measure the permeability of the specimen
during the consolidation phase and the parameters that characterise the rate of consolidation
as a function of the initial state of the stresses and overloads adopted.

This test makes it possible to establish two types of curves and to determine several
parameters for a given sample :

• The consolidation curves which give the settlement of the sample as a function of time
under application of a constant stress.

• The compressibility curve which shows the total settlement as a function of the logarithm
of the applied stress.

• The effective pre-consolidation stress

• The compression index Cc

• The swelling index Cs

• The swelling stress

3.7.6 Triaxial test
The triaxial test consists of applying a constant hydrostatic stress and an increasing deviatoric
stress to a cylindrical specimen. This test makes it possible to determine the cohesion and the
angle of internal friction in the short and long term by drawing Mohr’s circle using tests carried
out at different pressures.

Three types of triaxial tests exist :

• The unconsolidated undrained (UU) test to determine short term characteristics. This
test consists of applying the load rapidly, at a constant strain rate.

• The consolidated undrained test with pore pressure measurement (Cu + u). The shear
characteristics are measured under undrained conditions and the specimen is assumed to
be completely saturated.
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• The consolidated drained (CD) test perfectly reproduces the geostatic conditions of the
soil in situ. The sample undergoes consolidation and is compressively sheared slowly
enough to allow the pore pressures created by the shear to dissipate. The axial strain
rate is kept constant.

3.7.7 Cone Penetration Test (CPT) and Standard Penetrometer Test
(SPT)

These tests are applicable to all fine and coarse soils with an average element size not exceeding
20 mm. The penetration length is limited to the reaction force of the equipment. These tests
are used to design pile parameters and to classify soils.

The static penetration test consists of driving into the ground, at a constant speed, a string
of rods terminated by cone and measuring continuously the penetration resistance qc, the total
resistance and/or the friction of a sleeve as a function of depth. The injection of the drilling
mud eliminates the lateral friction of the rods in the soil.

In contrast, the dynamic penetration test consists of driving a string of rods with a protruding
tip at the bottom into the ground by continuous beating, while injecting drilling mud between
the borehole wall and the rods and noting the number of blows necessary to make the tip
penetrate the ground by 10 cm.

3.8 Future of monopile installation
As mentioned earlier, monopiles are by far the most commonly used foundation for offshore
wind turbines in the North Sea. Their simplicity and lower manufacturing costs, as well as
ease of transport by ship and installation, have allowed companies to continue in this direction.
However, as larger and heavier turbines are developed and wind farms are installed in deeper
waters, the technical and economic limitations of single pile foundations are being tested against
other types of foundations. It is therefore becoming essential to extend the dimensions of
current monopiles to allow the use of larger wind turbines in deeper waters and in more severe
environmental situations.

To achieve this, future offshore wind turbines will have the following characteristics and
will have to meet new targets :

• Turbines up to 15 MW with rotor diameters up to 230 m.

• Resistance to extreme wind and wave loads caused by hurricanes or typhoons.

• Water depth up to 65 m or more.

These new requirements lead to monopile designs with bottom diameters between 8 and 11
m, lengths up to 120 m and wall thicknesses up to 150 mm. The final weight of such monopiles
can reach up to 2400 tonnes. Since the weight of such monopiles is significant, research is
being carried out to reduce the weight of such piles by using stronger steels or by increasing
the slenderness ratio ∅/t to between 100 and 190. The results of a study show that monopiles
with slenderness ratios up to 160 are realistic and applicable to deep water and large turbines [58].
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In addition, future monopiles for wind turbines will no longer be equipped with transition
pieces but will have a direct connection to the turbine tower. In the past, this transition piece
was used to achieve verticality tolerance and to connect all kinds of accessories. However, the
removal of the transition piece eliminates the need for a bolted connection and subsequently
reduces maintenance costs, particularly for large diameter monopiles that may have more than
150 bolts.

Furthermore, thanks to the SIMOX consortium, alternative installation technologies to
impact driving are being researched, developed and tested for the installation of future XXL
monopiles. SIMOX is researching and testing the following installation technologies with
different levels of technological maturity (TRL) and knowledge gaps [23] :

• Vibro is a vibratory drive with purely vertical excitation.

• Concept Gentle Driving of Piles (GDP) combines a vertical vibratory excitation with a
high frequency torsional jolt.

• JET facilitates vibratory techniques by fluidising the internal soil column of the pile.

• Blue Piling (BP) is a modification of conventional impact piling that reduces noise. This
technology uses the impact of a large mass of water over a long period of time to create
a pushing force on the pile.

• DECOM are pile driving technologies that uses vibration or pressure.
Finally, in order to meet the foundation requirements of the new generation of 15 to 20 MW

wind turbines, monopile transport companies have also had to adapt and reinvent themselves
to increase their capacity for wind turbine installation vessels.

This is the case of Offshoretronic, which uses a double-crane lifting and transport technique
for the installation of the ultra-long XXL monopiles, which can carry up to 12 monopiles. With
the continued growth of wind turbines, monopiles are also becoming larger in diameter and
longer than 100 m. This new generation of piles makes the current vessels obsolete and requires
new lifting equipment. Due to the large dimensions of XXL monopiles, it is necessary to have
several lifting points during the lifting process in order to avoid the risk of buckling and damage
to the monopile [57].

Figure 3.18: New drillship for Ultra XXL monopiles installation [57]
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CHAPTER 4

Characterisation of the North Sea Sand

4.1 Grain size analysis of soil

4.1.1 Description and definition of the process
In order to determine the geometric characteristics of the sand particles and to establish their
particle size curve, a particle size analysis by sieving was carried out. The granulometric analysis
makes it possible to determine and observe the different diameters of the grains that constitute
a granulate. The particle size distribution test provides information on the mechanical, thermal
and hydraulic behavior of the soil. This test is regulated by European standards [1][4].

The sieving process consists of the separation of soil particles into particle size classes by
means of successive test sieves consisting of a mesh of wires or perforated metal sheet allowing
the passage of particles whose dimensions are smaller than the size of the openings. At the
end of the process, the aim is to measure the weight proportion of the initial soil present at
each size of opening.

As our soil contains very few fines (particles with a diameter of less than 0.063 mm), we
only use the sieve test for aggregates (particles with a diameter of more than 0.063 mm). The
soil contains less than 10% of fine particles, so a sedimentation test is not necessary. The test
is carried out with a dry sand mass, i.e. the sand is heated to a temperature of 105°C until its
mass is constant. It is then cooled and weighed three times at 1 hour intervals to ensure that
the mass is constant. This mass is called M1.
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4.1.2 General sieve test procedure

Figure 4.1: General sieve test [54]
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4.1.3 Operational procedure 1

1. Washing : the objective is to clean the soil, i.e. to remove all the fine particles contained
in the sample. Vibration is not sufficient to bring down the fines. Indeed, these grains
are so fine that they stick to grains of a larger diameter and remain blocked in sieves
that do not correspond to their diameter. To remove these fines :

a) Place a certain amount of sand in a container and add the necessary water to cover
it. The soaking time is prolonged until the sand clumps are easily separated.

b) Mix this quantity of sand energetically until complete separation and suspension of
the fine particles is achieved.

c) Soak a 0.063 mm sieve with water and place a protective sieve (1 mm or 2 mm
opening) on top. Fill the upper sieve with sand and continue washing until the
water passing through the 0.063 mm sieve is clear.

d) Dry the reject at 105°C on the 0.063 mm sieve until the mass is constant. Then
allow to cool and weigh. The mass obtained is M2.

2. Sieving :

a) Construct the sieve column consisting of a number of nested sieves with sieve
openings decreasing in width from top to bottom and held together by a cover and
clamps. This column ends at the bottom with a 0.063 mm sieve and then a bottom.
The 0.063 mm sieve is used to collect the fine particles not removed during the
washing process.

b) Place the washed and dried sand contents and mechanically vibrate the sieve column
with a mechanical vibrator for about 10 minutes. The vibration moves the grains
down through the sieves until they are blocked by the sieve of the mesh size
corresponding to the grain diameter. To avoid overloading the sieve, it is important
not to exceed the fraction retained at the end of the sieving operation on each
sieve, which is expressed as follows :

A ·
√

d

200 (4.1)

c) The sieving operation is complete when a further sieving does not change the reject
mass by more than 1% by weight.

3. Weighing : determination of the remaining mass on each sieve. To do this :

a) Weigh the reject on the sieve with the largest mesh size and record its mass R1.
b) Pour the contents of the sieve into a container and weigh the empty sieve.
c) Carry out the same procedure for all the sieves in the column to obtain the mass of

the different fractions of material retained and record these masses R2, R3,...,Rn.
d) Weigh the material at the bottom, if any, and record its mass P.

1Niclaes, Jens Reccueil de procédure d’essais, Ecole Polytechnique de Louvain, 2021.
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4.1.4 Calculation and expression of results
1. Record the different masses before and after washing and drying on a sheet of paper.

2. Calculate the mass of the rejects on each sieve as a percentage of the original dry mass
M1.

3. Calculate the cumulative percentage of the different sieves of the original dry mass
passing through all the sieves up to but not including the 0.063 mm sieve.

4. Calculate the percentage of fines f passing through the 0.063 mm sieve according to the
following equation :

f = (M1 − M2) + Ps

M1
· 100[%] (4.2)

For dry sieving, the percentage of fines is expressed as follows :

f = Ps

M1
· 100[%] (4.3)

The results are valid if the sum of the masses Ri and P differs from M2 by less than 1%.

4.1.5 Results
• Mass of dried sand M1 = 1713.8g

• Mass of fine particles Ps = 0.32g

Sieve opening width [mm] Sand mass [g] Percent passing [%]
4 4.58 99.98
1 68.38 99.71

0.63 60.32 95.72
0.4 377.56 92.2

0.315 429.02 70.17
0.2 685.1 45.14

0.125 83.26 5.17
0.08 4.52 0.31
0.063 0.42 0.04

0 0.32 0.019

Table 4.1: Experimental results of percentage passing as a function of mesh size
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Figure 4.2: Experimental granulometric curve

A comparison can be made with the grain size given in the VEMAT data sheet for marine
sand.

Sieve opening width [mm] Average flow [%] Max flow [%] Min flow [%]
4 100 100 100

2.8 100 98 100
2 99 94 100
1 97 88 99

0.5 92 82 99
0.25 18 3 33
0.125 0 0 10
0.063 0.2 0 0

Table 4.2: VEMAT results of percentage passing as a function of mesh size

Figure 4.3: VEMAT granulometric curve
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4.1.6 Discussion
The particle size curve obtained experimentally is quite similar to that provided by the supplier’s
data sheet. The shape of the curve and the particle size values collected show that it is indeed
a sandy soil. The majority of grain size is between 0.25 and 4 mm.

The sieve test was carried out in order to design the opening of the three plates of the sand
raining system.

4.2 Maximal and minimal void ratio test

4.2.1 Description and definition of the process
For a non-coherent soil, its strength is highly dependent on its relative density. For the further
experiments in this thesis, it is interesting to have an overview of the range of densities
achievable with the chosen sand. To achieve this, the procedure given in standard NF P94-059
[5] is followed.

The test consists of determining the minimum and maximum densities of non-coherent
soils. To do this, the soil is successively placed in a loose state (emin) and then in a compact
state (emax) in a standardised mould according to a specific procedure.

The norm NF P 94-059 is only applicable to soils with some specific characteristics :

• The largest elements must have a diameter lower or equal to 50 mm.

• The percentage of soil passing through a sieve with rectangular openings whose sides are
31.5 mm long must be higher or equal to 70%.

• The percentage of soil passing through a sieve with rectangular openings whose sides are
80 µm long must be lower or equal to 12%.

In our case, all the elements constituting the chosen sand have a grain size of less than 4
mm (see Section 4.1.6)

4.2.2 Equipment required
• A scale

• A cylindrical test mould + its extension

• A levelling ruler

• A funnel

• An overload for compaction
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4.2.3 Operational procedure
1. Dry a sand sample in an oven at 105°C until its mass is constant, i.e. when all the water

has evaporated and the sand is completely dry.

2. Choose the right size of mould according to the grain size of the soil and measure its
volume. In our test, a Proctor test mould is used with the following dimensions :

Dimension Symbol Value Units
Height Hm 117 mm
Diameter Dm 100 mm
Volume Vm 918.89 cm3

Mass mm 3957.9 g

Table 4.3: Dimension of the mould

Figure 4.4: Proctor mould [5]

3. Weigh the empty mould.

4. Place the sand layer by layer in the mould using a funnel in order to have a zero height
of fall. Raise the funnel at a constant speed, keeping the drop height to a minimum, and
use the levelling ruler to remove the excess sand.

5. Weigh the mould and its contents to determine the mass of the material and its minimum
density.

6. To determine the maximum density, add the extension to the mould and fill the mould
in uniform layers. Between each layer, compact the sand with a surcharge of the same
diameter as the mould in a fixed number of shots. Repeat the operation until there is a
surplus of sand and remove the extension and any sand protruding from the top of the
mould.

7. Weigh the mould and its contents to determine the mass of the material and its maximum
density.

8. Repeat the above operations three times to obtain an average density.
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4.2.4 Calculation and expression of results
The density index is calculated as follows :

ID = emax − e

emax − emin

=
1

ρdmin
− 1

ρd

1
ρdmin

− 1
ρdmax

(4.4)

The maximum material void index can be obtained as follows :

emax = ρs

ρdmin

− 1 (4.5)

and the minimal material void index is equal to :

emin = ρs

ρdmax

− 1 (4.6)

For each test sample, the dry density of the sample is calculated using the values of the mass
and volume of the empty mould and the mass of the filled mould as follows :

ρd = md

Vm

= m − md

Vm

(4.7)

The data recovered during the experiments can be found here under :

Name Total weight [kg] Soil weight [kg] Soil density [kg/m3]
emax,1 5.39 1.44 1562.49
emax,2 5.41 1.45 1574.9
emax,3 5.41 1.45 1578.38
emin,1 5.64 1.68 1826.5
emin,2 5.63 1.67 1815.4
emin,3 5.63 1.67 1827.47

Table 4.4: Experimental data for minimal and maximal density calculation

By convention, the value recovered as minimal and maximal density achievable with this
sand is taken as the arithmetic mean of the results.

For the maximal density, if the difference between the measured values is superior to 2%,
a new trial has to be made. In our case, the maximal difference between two measures is
11.1kg/m3 while 2% of the mean density is equal to 36.43 kg/m3. This condition is thus
verified for all our trials.

The value retained for the maximal and minimal densities is finally the following :

Density Value [kg/m3]
γd,min 1571.92
γd,max 1821.46

Table 4.5: Value of minimal and maximal densities

These data obtained will be useful for the future calculation of the relative density with the
rainfall system but also for the triaxial and cyclic tests.

38



4 – Characterisation of the North Sea Sand

4.2.5 Discussion
When compared to the value of the dry sand density given in material catalogues, which is
equal to 1600 kg

m3 , the density values obtained experimentally are very close.

4.3 Normal proctor Test

4.3.1 Description and definition of the process
The Proctor test is a geotechnical test that consists of wetting a material at various water
contents and compacting it in a standard mould, using a standard tamper, according to a
conventional process and energy. For each of the water content values considered, the dry
density of the material is determined and the curve of the variations of this density as a function
of the water content is drawn. This test is often used in public works when using embankments.
The Proctor test is regulated by standard NF P 94-093 [6].

In addition, the experimental protocol is repeated several times on samples with different
water contents in order to define several points on a curve (γd; ω). This curve has a bell shape
and has a maximum whose abscissa is the optimal water content and ordinate the optimal dry
density [16].

4.3.2 Equipment required :
• A compaction base

• A proctor mould with a volume of 944 cm3 (fig. 4.6)

• A manual compaction tamper (fig. 4.5)

• A levelling ruler

• An oven at 105°C

• A measuring cylinder

• A balance with a capacity of 20 kg

4.3.3 Operational procedure
1. Take a large quantity of sand to perform all the tests. The quantity must be sufficient

since it is not allowed to reuse the same material for the determination of several points
on the Proctor curve. The curve requires at least 5 tests.

2. Sieve to check that the rejection at 20 mm is less than 25% otherwise the test cannot
be carried out.

3. Weigh the Proctor mould without the riser;

4. Incorporate a certain amount of water and mix manually until the water is well distributed
within the sand. It is advisable to have a difference of about 2% of water content between
each point and a maximum of 4%.
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Figure 4.5: Manual compaction tamper [6]

Figure 4.6: A proctor mould [6]

5. Before introducing the sand into the mould, tighten the mould, the base and the top.

6. Introduce the sand in three layers so that each layer is slightly more than a third of the
height of the mould after compaction.
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Figure 4.7: Layer configuration in relation to the height of the Proctor mould

7. Compact each layer with the compaction ram by applying 25 shots according to the
following scheme :

Figure 4.8: Configuration of shots to compact the layers

For each layer, three sequences of eight shots are distributed near the edge of the mould
and the 25th is placed in the centre.

8. After the last layer has been compacted, remove the riser and the excess material with
the trowel at the mould.

9. Weigh the mould and the material together.

10. Then remove the compacted sand and extract a representative sample to determine the
water content by taking a small portion from either side of the edges of the mould at
the 2nd layer.

11. Weigh the sand sample to determine its wet mass mh.

12. Dry the sample in an oven at 105°C. When its mass is constant, weigh the dry sample to
determine ms.

13. Repeat the same procedure 5 times, adding 2% water to the sand each time.

14. Draw the curve representing the dry densities obtained as a function of the water content.
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4.3.4 Calculation and expression of results
This Proctor test calculates the water content, the density of the dry material taking into
account the actual volume of the mould used and the mass of dry material.

The net wet mass is calculated as follows :

mnetwet = mfullmould − memptymould (4.8)

The water content ω (%) is calculated as follows :

ω = mh − ms

ms

[%] (4.9)

The wet γh and dry γs densities of the sample are obtained as follows :

γh = mnetwet

Vinternalmould

(4.10)

γs = γh

1 + ω
(4.11)

4.3.5 Results

Tests mnet,wet [g] mh [g] mg [g] ω [%] γh [kN/m3] γs [kN/m3]
Test 1 1508.2 80.7 79.1 2.02 15.98 15.66
Test 2 1560.2 104.42 100.41 3.99 16.53 15.89
Test 3 1607.6 212.35 200.77 5.77 17.03 16.1
Test 4 1652.5 146.99 136.57 7.63 17.51 16.24
Test 5 1668.8 270.81 245.39 10.36 17.68 16.02

Table 4.6: Results of Normal Proctor Test

Figure 4.9: Normal Proctor curve
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4.3.6 Discussion
The curve obtained has a bell shape. At the beginning of the curve the sand is dry and loose.
It has a low compactness and a pile can be driven in easily. As we approach the maximum,
the sand has a higher and higher water content and if we drive a pile into it, it becomes more
and more complicated. When the sand has reached its optimum compactness, it is dense,
very hard and almost impenetrable. Beyond the maximum, the sand liquefies because the
water content is too high and the sand loses its compactness. A pile can easily be driven
in again, but the load-bearing capacity decreases. The optimal value for water content is 7.63%.

In the context of our project, the normal proctor test is useful to quantify the amount of
water needed to saturate the soil and know when the soil has reached the liquefaction. This
data is also useful to know the water content that facilitates pile placement by driving or
vibratory driving while maintaining good mechanical properties of the soil. These data can be
used next year as a continuation of this thesis to perform saturated soil tests. For the purpose
of this thesis, the data from the normal proctor test was used in the saturated cyclic tests.

4.4 Triaxial test

4.4.1 Description and definition of the process
The triaxial test consists of applying a deviatoric (or axial) stress to a cylindrical sample,
surrounded by a flexible and impermeable membrane and subjected to an isotropic lateral
pressure to simulate an isotropic stress condition and then shearing to failure [52]. The triaxial
test is regulated by standard NBN EN ISO 17892-8 [2].

The triaxial test uses a cylindrical specimen of soil, ranging from 38mm to 100mm diameter
and the height is generally twice the size of the diameter. The soil sample is placed on a metal
base with a porous stone inside a sealed enclosure. On its lateral surface, the sample is covered
with an waterproof membrane. Above the sample, a porous stone is placed as well as an upper
base on which a piston rests.

The triaxial apparatus consists of a jack, a triaxial cell, various pressure devices and a
measuring chain. The press is electromechanical and speed-controlled and constitutes the
loading zone. The pressurisation of the water-filled cell allows the application of a confining
stress. The cell is equipped with two electrical pressure transducers to measure the confining
pressure and the pressure inside the sample [10].

The sample is subjected to :

• A horizontal hydrostatic pressure σ3 imposed through the cell water.

• A vertical force V, via the jack, which penetrates the interior of the enclosure and acts
on the upper surface of the sample.

During the test, the following measurements are obtained :

• The imposed hydrostatic lateral pressure σ3 which is kept constant.

• The vertical force V transmitted by the piston.
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• The vertical displacement of the piston ∆l.

• The confining change of volume.

• The change in water volume of the sample ∆v via the pore pressure u in the sample.

The application of the imposed pressures is carried out via a pressure-volume controller.
The application of the vertical load is usually achieved by moving the press platen on which
the triaxial cell is placed at a constant speed. The triaxial cell must be able to withstand the
applied cell pressure without excessive loss of cell fluid. The soil sample must be confined by
an elastic membrane whose function is to effectively prevent the penetration of the cell fluid
into the specimen [63].

4.4.2 Equipment required
• A triaxial cell (fig. 4.10)

1. Alternative position of the force measuring device
2. Air evacuation
3. Linear vertical displacement transducer
4. Jack
5. Top plate
6. Soil sample
7. Rubber membrane
8. O-rings
9. Cell pressure measurement and control device

10. Triaxial cell

Figure 4.10: A triaxial cell [2]
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• A load cell

• A pressure measuring device (fig. 4.11)

• A data acquisition and processing system to have and visualise in real time the evolution
of the various test parameters

Figure 4.11: GDS Triaxial Testing System components [60]

4.4.3 Operational procedure
1. Thread the membrane onto the base and place the O-rings. Place a porous stone on the

base pedestal of the cell.

2. Place the mould in position and pull the membrane out and over the top of the mould.
Apply vacuum between the mould and the membrane to ensure that the membrane takes
the shape of the mould and check that there are no creases in the wall of the membrane.

Figure 4.12: Suction device to apply vacuum between the mould and the membrane [66]
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3. Place the sand in several layers of equal height and mass. To achieve the closest value
to emin, slightly compact the different layers evenly. To get as close to as possible emax,
use a funnel and pour the sand into it, raising the funnel as you go along to limit the
influence of the height.

4. Place a porous stone and the upper base on top of the mould and fold the membrane
over the base. The porous stones allow to saturate the specimen while removing the
water inlet effects.

5. Apply vacuum to the sample by increasing the vacuum pressure during demoulding so
that the sample holds in place.

Figure 4.13: Preparation of the sand sample [66]

6. Place the cell on the sample and lower the piston until good contact is made with the
cylinder at the top of the sample.

7. Fill the cell with water by gravity and ensure that all air is removed from the cell. Ensure
that the cell has a good seal before starting the test;

8. Place the cell on the triaxial press and ensure that the LVDT is set to zero.

9. Apply a desired containment pressure. When the pressure is reached, start the test. The
specimen is then subjected to axial deformation at constant speed. After the test has
been started, ensure that there is no water leakage from the triaxial cell to the outside,
to the pipework and its connections.
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4.4.4 Calculation and expression of results
The stress state obtained during a triaxial test is displayed in fig. 4.14 :

Figure 4.14: Specimen stress state during triaxial compression [60]

The different data acquired during the triaxial test can be calculated as follows [63] :

1. Deviator stress q
q = σ1 − σ3 [kPa] (4.12)

Since the test records the force, we have :

q = F

S
[kPa] (4.13)

S = S0 · (1 + (1.5 · ϵa)) [m2] (4.14)
F = (Fi − Finitial) · coef [kN ] (4.15)

2. Pore pressure u

For an undrained test, the change in pore pressure is obtained as follows :

∆u = (∆ui − ∆uinitial) · coef (4.16)

3. Volumetric strain ϵv

ϵv = (∆Vi − ∆Vinitial) · coef

V
· 100 (4.17)

4. Axial strain ϵa

ϵa = (∆li − ∆linitial) · coef

h
· 100 (4.18)

5. Radial strain ϵr

ϵr = (∆ri − ∆rinitial) · coef

r
· 100 (4.19)
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4.4.5 Results

Figure 4.15: Axial stress as a function of strain amplitude for a triaxial test

Figure 4.16: The evolution of axial stress during a triaxial test

Figure 4.17: The evolution of lateral pressure during a triaxial test
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Figure 4.18: The evolution of the volumetric deformations during a triaxial test

Figure 4.19: Mohr circle for dry loose sand

Figure 4.20: Mohr circle for dry dense sand
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Test name emax,50 emax,150 emax,400 emin,150 emin,400
Weight [g] 92.81 91.2 90.41 104.93 109.24
Relative density [%] 28.8835 16.5073 20.4747 84.9527 98.5918
σ1,peak [MPa] 0.3537 0.7378 1.5591 0.7359 1.7188
σ3,peak [MPa] 0.0525 0.1478 0.4047 0.1397 0.4028
σ1,res [MPa] 0.252 0.6368 1.3049 0.5955 1.3943
σ3,res [MPa] 0.0537 0.1478 0.4039 0.1396 0.4027
Young modulus [MPa] 0.0354 0.6842 1.278 0.0177 2.4004

Table 4.7: Principal stresses for different densities and lateral pressure

The relative density values are an approximation because the exact specimen volume has not
been measured before to launch of the trixial test.

4.4.6 Discussion
As the test progresses, the stress-strain curves (σ1-σ3 ; ϵ) are recorded. The shear strength
often corresponds to the maximum of the deviator reached during triaxial compression and is
obtained when the specimen breaks. These maxima then define a Mohr circle tangent to the
intrinsic curve. To obtain the Mohr line and the mechanical characteristics, several tests are
performed at different cell pressures. The stress state is represented as a Mohr circle and the
cohesion ( c ) and the angle of friction (ϕ) can be derived.

Cohesion represents an electrostatic force between particles. The greater the cohesion, the
more difficult it is for particles to lose contact with each other. Sand grain particles are large
enough to avoid cohesive forces. The friction angle helps to quantify a soil’s shear strength.
It defines the angle of the Morh coulomb line and depends on a few factors, primarily grain
size distribution, angularity and particle interlocking. An angular and coarse sand has a higher
friction angle than a fine grained and well-rounded sand [32].

The cohesion and friction angle values for dense and loose sand are the following :

Type of sand Loose sand Dense sand
Peak cohesion [MPa] 0.0433 0.0491
Residual cohesion [MPa] 0.0539 0.0554
Peak friction angle [°] 34 35.29
Residual friction angle [°] 31.52 30.3

Table 4.8: Cohesion and friction angle for loose and dense sand

The table 4.8 shows that for loose and dense sand, the cohesion value is close to zero. This
value can be explained by the fact that the triaxial test has been done with sea sand so there
are shells in the sample. That can explain that the cohesion is not perfectly equal to zero. In
general, for sand, the cohesion is equal to zero and the friction angle is equal to 30-40° for sand
with a spread out grain size. In view of the values found in the literature, the values obtained
during the triaxial tests can be validated and used in the following sections of this thesis.
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The fig. 4.15 shows the evolution of stress-strain during a triaxial test. The values of peak
stresses and residual stresses are included in table 4.7. These values allow to represent the
Mohr circles (fig. 4.19 and fig. 4.20) for dense and loose sand. The blue circles show the
residual values i.e. the values when the stress-strain curve is a quasi constant line. The red
Mohr circle shows the peak values i.e. the values when the stress-strain curve increases until
the maximal axial stress and before it decreases until the quasi constant line (fig. 4.21).

The elastic phase lasts as long as the curve forms an increasing linear line. The Young’s
modulus can be defined in this phase. Here, the dense sand samples have a higher Young
Modulus than loose sand samples. Then the plastic phase begins. The failure can be defined
in terms of peak or residual values. At peak, the soil carries the maximum possible stress and
at residual state, the soil has undergone a very large strain. The friction angle and cohesion
can be defined using the peak or residual values. In general, the peak parameters are used
to characterise a soil because the strains are relatively small and stresses are well below the peak.

Figure 4.21: Elastic-perfectly assumption of Mohr-Coulomb model [67]

Through the triaxial test, the Mohr Coulomb criterion can be defined. It is a mathematical
model that describes the strength of materials such as soils when subjected to normal or shear
stresses. In general, this criterion applies to materials whose compressive strength is much
higher than their tensile strength.

The following criterion therefore describes an envelope of stresses that the material can
withstand :

τ = c + σ′ · tan(ϕ) (4.20)
The cohesion being close to zero and the specimen being dry, the previous equation becomes :

τ = σ · tan(ϕ) (4.21)
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On the fig. 4.15, during the peak phase, the minimum density curves are higher than
maximum densities curves for the same cell pressure. During the residual phase, it is the
opposite. The emax,50 sample have two drops of axial stress because the top pore stone broke
during the triaxial test. There are only two tests for the minimal density because the triaxial
cell was down to realise the last test.

The fig. 4.17 shows the evolution of the lateral pressure during a triaxial test. The lateral
pressure remains constant during the triaxial test. That means that there are no leaks and
exchange of water between the cell and the sample, which shows that the membrane is well
sealed. The sample is not saturated.

4.5 Cyclic test

4.5.1 Description and definition of the process
The cyclic triaxial test measures the dynamic properties of the soil as the strength and defor-
mation properties. The cylindrical sample with a height of 200 mm and a diameter of 100 mm
is prepared by the wet tamping method in 10 layers following the sub-compaction procedure.
It is then surrounded by a thin rubber membrane and placed between two loading plates. After
saturation, the specimen is consolidated by applying a lateral and an axial stress. Cyclic axial
deformation is then applied to the soil sample while keeping the lateral stress constant. In
a triaxial test, the principal directions are oriented continuously in the horizontal and axial
directions and the stress distribution is assumed to be uniform throughout the specimen.

At the end of the cyclic triaxial test, from the measurements of the axial and lateral stresses
and the vertical strain, the secant shear modulus Gs and the damping ratio λ can be calculated.
The lateral deformation can be deduced from the vertical deformation. During the test, the
pore pressure can be observed.

Furthermore, in the case of saturated soil without cohesion, cyclic loading by a vibrator
induces soil liquefaction around the pile. This liquefaction of the soil leads to a reduction in shear
strength and facilitates pile driving under gravity forces. This degradation and transition to
liquefied soil can be studied through cyclic triaxial tests. Soil degradation is strongly influenced
by the magnitude of the shear strain, the relative density and the initial stress state.

In these cyclic triaxial tests, deformation is controlled in order to better analyse soil degra-
dation because degradation progresses normally whereas at controlled stress, liquefaction
occurs abruptly making degradation analysis complicated. The tests are performed on dry, satu-
rated samples under undrained conditions. The resulting pore pressure is measured continuously.

In our case, the cyclic triaxial test is regulated by standard EUAF-FGBM-SOIL-TM-701 :
Static triaxial testing and EUAF-FGBM-SOIL-TM-751 : Preparation of sand and silt specimens
using Ladd’s under-compaction provided by Fugro. The "calculation and expression results"
part is based on the thesis of Jean-François Vanden Berghe [71]
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4.5.2 Equipment required
• For compaction :

– Compactor
– Mould
– Balance
– Caliper

• For consolidation, saturation and cyclic test :

– Loading frames
– Cyclic triaxial cell
– Load cell
– Pressure transducers
– Linear vertical displacement transducers
– Volume change apparatus
– Pressure controllers
– De-aired water
– Bottle of CO2

Figure 4.22: Cyclic triaxial cell [71]
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Figure 4.23: GDS Dynamic Triaxial Testing System components [42]

4.5.3 Operational procedure
• Undercompaction.

Each specimen is prepared using the 10-layer wet tamping method following the subcom-
paction process. This method is necessary in order to obtain a more uniform density
throughout the sample and reproducible results. Undercompaction takes into account
the fact that the compaction of successive layers of soil also compacts the underlying
layers. The initial layers are therefore compacted to lower densities than the subsequent
layers, so that the final density of each layer in the sample is approximately uniform.

1. The compaction is carried out in a cylindrical mould formed by three interconnected
cups. Fix a split mould separate from the triaxial cell in order to obtain better
control of the sample preparation and a high relative density.

2. Place the dry sand in a plastic bag and add water to the sand to achieve a water
content value as recommended in table 4.9 or the optimum for the Proctor test.
Seal the plastic bag and thoroughly mix the sand. Leave the sealed bag to achieve
an equilibrium of water content in the whole sample. The waiting period for fine
sands is two hours. If at any point during the sample’s preparation and compaction
the procedure is interrupted, the sample should be sealed.

Particle size majority Recommended water content
Fine silt 16%
Medium silt 17%
Coarse silt 12%
Fine sand 10%
Medium sand 8%
Corse sand 6%

Table 4.9: Recommended water contents for saturated sample
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For dry sample, the two previous steps are not necessary.

3. Measure the mould internal diameter, height and the membrane thickness.
4. For the first layer, enter a value for undercompaction that ranges between zero for

dense specimens and 15% for very loose specimens. The required mass and height
of each layer is calculated automatically.

5. Before taking the required sample mass, shake the bag well. Keep the bag sealed
during the tamping operation to avoid losing moisture content.

6. Adjust the tamping rod guide yoke to obtain the computed height of the first layer
within ± 0.05mm. Fasten firmly the locking screws on the yoke.

7. Place all the sand required for the first layer in the mould. Use the tamping rod to
compact the sand to the required height. Compact the sand in a diagonal manner.
The diagonal tamping is very important to ensure a homogeneous specimen in
the horizontal direction. Lack of homogeneity in this direction will lead to non-
repeatability of results. For the last few coverages, it might be necessary to hit the
tamping rod with a rubber mallet in order to compact the material into a dense
state.

8. After compaction, weight the filled mould and place it on the base of the triaxial
apparatus.

9. Remove the sample from the mould by carefully releasing the individual cups from
the mould in turn.

10. Place the rubber membrane around the sample and place a porous stone on top of
it.

11. Close the cell and fill it with water.

• Saturation with CO2.

As CO2 dissolves better in water than air, these specimens can be flushed with CO2
before flushing with water in order to assure a better saturation. To do this, proceed as
follows :

1. Connect the top pedestal line to a saturated drainage tube and note the water level
in the tube.

2. Connect the base pedestal line to a CO2 gas cylinder.
3. Increase gradually the CO2 flush pressure until you see CO2 moving through the

drainage tube at a rate of 2-3 bubbles per second. During this process, the cell
pressure is regulated to maintain a positive difference between lateral stress and
pore pressure at all times.

4. Once the flush has been sufficient (at least 20 min), close, remove and replace the
gas pressure line by the back pressure line.

5. Elevate gradually the back pressure unil you reach the final CO2 flush pressure to
replace any CO2 in the sample with demineralised water. So that the remaining
pore gases are dissolved into pore water. The water is introduced from the bottom
of the test tube, allowing air bubbles to leave the test tube from the top.
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6. Stop the flushing as soon as an increase in the water level in the drainage tube is
observed.

7. Close the back pressure line and transfer this line to the top cap line for use in
subsequent saturation.

• Saturation by increasing the cell pressure and back pressure :

1. Close the back pressure valve and apply a suitable cell pressure.
2. Calculate the degree of saturation using the Skempton method. This method

consists of slightly increasing the lateral pressure while keeping the drain closed and
measuring the corresponding increase in pore water pressure.

B = ∆u

∆σ3
(4.22)

If the measurement of the B value and corresponding time increment indicate the
sample to be saturated, proceed to the consolidation stage. A B value higher than
0.95 proves that the specimen is saturated.

Base pressure at the start of the cyclic stages must be equal or above the pore water
pressure at which satisfactory B-value was achieved. The increase in back pressure
and cell pressure must be sufficiently slow to ensure an even distribution of pore water
pressure in the sample.

• End of saturation checks

1. At the end of the saturation stage, close the valves to the specimen and the valve
to the cell so that the following actions do not apply any changes to the cell or
base pressures.

2. Close the valve connecting the base pressure transducer to the back pressure pump.
3. Connect the base pressure transducer to the cell’s pressure pump and the cell

pressure transducer.
4. Change the cell’s pressure controller to the base pressure at the end of the saturation

stage.
5. Change the offset in the cell pressure transducer to read the same value as the base

pressure transducer.

• Isotropic consolidation

Consolidation of the soil specimen is necessary to establish the desired stress state and
apply the correct effective stresses prior to the cyclic loading.

For soft material, small cell pressure steps or slow ramps should be used. The sample
through the ram and the deviator stress remains at 0 kPa. Water should be allowed to
drain freely from the specimen.

During isotropic consolidation, the changes in sample volume is equal to the volume of
water that was removed from the sample since the saturation phase has been alreay done.
Data from the last consolidation stage should be used to calculate the rate of shear.
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1. Consolidate until the excess pore pressure is at least 95% dissipated.
2. Once 95% dissipation is achieved, measure the volume of water being squeezed out

of the sample for a further period of between one and four hours
3. Record the volume readings at the start and end of the time period on the appropriate

lab form.
4. Terminate the isotropic consolidation if the rate of volumetric strain is less than

0.02% per hour, which equates to the following values for various diameter samples
assuming a height/diameter ratio in the range 2 to 1 :

Diameter
[mm]

Height
[mm]

Area
[mm2]

Volume
[cm3]

Volumetric strain
[%/hr]

Volume
[cm3/hr]

38 76 1134.11 86.19 0.02 0.02
50 100 1963.50 196.35 0.02 0.04
70 140 3848.45 538.78 0.02 0.11
100 200 7853.98 1570.80 0.02 0.31

Table 4.10: Volumetric strain rates indicating end of isotropic consolidation

5. Note the rate of volumetric strain at the end of the consolidation stage on the test
forms.

• Cyclic phase

After the soil has reached equilibrium, the sample drainage is closed to impose an
undrained condition (i.e. no volume change) and the sample is sheared by a symmetrical
cyclic variation of the axial deformation. The axial strain amplitude ϵa is 0.15% and the
cyclic displacement frequency is 1 and 5 Hz. The tests are undrained while the pore
pressure is measured continuously at the top and bottom of the specimen.

For sand samples, the sample liquefies during the cyclic phase when the pore water
pressure becomes equal to the cell pressure.

During the tests, the following measurements are made continuously :

– The vertical displacement measured by an LVDT transducer attached to the piston.
– The axial force applied by the piston. This force is measured with a load cell placed

inside the triaxial cell to avoid interface friction between the piston and the load
cell.

– The pore pressure measured at the top and bottom of the specimen.
– The pressure of the cell

• End of the test

1. For sand samples, photographs should be taken at the end of the test while the
sample is still in the triaxial cell and before the pressure is removed.

2. Empty the cell and remove the sample from the triaxial cell base as quickly as
possible to minimise water absorption by the porous discs.

57



4 – Characterisation of the North Sea Sand

3. At the end of each test, the back pressure tester should be emptied and rinsed with
tap water before being refilled with deaerated water to prevent corrosion of the
equipment.

4.5.4 Calculation and expression of results
• Regulation and data acquisition

At the end of the consolidation, the volume of the specimen is calculated as follows :

VC = V0 + ∆Vsat − Vair − ∆Vcon (4.23)

During the test, the volume of the specimen is supposed constant due to the undrained
condition. Assuming that the specimen stays cylindrical during the test, the specimen
height h and diameter d are calculated as follows :

h = hc + V D (4.24)

d =
√

4 · VC

h · π
(4.25)

Assuming that the stress and strain distributions are homogenously distributed and that
the vertical and lateral stresses are the principal stresses, the stresses and strains are
calculated as follows :

ϵ1 = V D

hc

> 0 (4.26)

ϵ3 = dc − d

dc

(4.27)

γ = ϵ1 − ϵ3 (4.28)
σ3 = LP + ∆LP (4.29)

σ1 = σ3 + 4 · AL + ∆AL

d2 · π
(4.30)

τ = σ1 − σ3

2 (4.31)

The pore pressure is measured as follows :

u = utop + ubottom

2 (4.32)

The effective stresses are obtained as follows :

σ′
1 = σ1 − u (4.33)

σ′
3 = σ3 − u (4.34)

The effective and total mean stresses and the deviator are calculated as follows :

P ′ = σ′
1 + 2σ′

3
3 (4.35)

P = σ1 + 2σ3

3 (4.36)

q = σ′
1 − σ′

3 (4.37)
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• Representation of the stress states in the soil

When the soil is saturated, the external loads applied to the soil balance the contact
forces and the pressure u. The contact forces give the soil its strength and stiffness. The
state of stress in the soil is represented by the external load applied to the soil, the pore
pressure and the effective stress state. The following relationships describe these stresses
for each stress direction and at each point in the soil :

σ = σ′ + u (4.38)

τ = τ ′ (4.39)
An increase in pore pressure leads to a decrease in effective stress and vice versa.

During a cyclic loading of large amplitude, the sand grains are reorganised and the
amplitude and direction of the contact force between the grains are modified by the
cyclic movements. As a result of this reorganisation, the grains get more loose and
try to reduce the volume of the specimen. If the soil is saturated and if the boundary
conditions prevent drainage, this trend results in an increase in pore pressure leading to
a reduction in effective stresses and shear strength. This increase in pore pressure causes
the specimen to liquefy.

The term liquefaction is related to all phenomena leading to an increase in the pore
pressure of sands under undrained loading conditions. It is defined as the total loss of
shear strength which happens when pore pressure increases so much that it becomes
equal to the total stress. This liquefaction phenomenon is also due to a reorganisation of
the granular structure aimed at reducing the volume of the soil and to an increase in
the pore pressure reducing the effective stresses to a value close to zero. Under these
conditions, the sand has no shear strength and behaves like a viscous liquid.

• Stress-strain relationship during cyclic shear

During symmetrical cyclic strains of amplitude γa, the relationship between stress and
shear strain is represented by a hysteresis loop. The shape of the loop is usually
characterised by the secant shear modulus Gs defined as the slope between the two ends
of the loop.
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Figure 4.24: Characteristics of hysteresis loop during cyclic shearing [71]

Gs = τmax − τmin

γmax − γmin

(4.40)

λd = 1
2π

· W

γmax · τmax

(4.41)

The secant shear modulus Gs and the damping ratio λd depend on the strain amplitude
γa, void ratio e, average stress P’, plasticity index PI, overconsolidation ratio OCR and
cycle number N.

The maximum shear modulus Gmax is equal to the tangent shear modulus at the origin
and the limiting shear stress τc is equal to the shear stress at failure under monotonic
loading :

τ = Gmax · γ

1 + Gmax·γ
τc

(4.42)

• Influence of the deformation amplitude

– Low deformation amplitude

If the shear strain amplitude of a cyclic load is small, the behaviour of the soil is
linear elastic and the hysteresis loop looks like a straight line. In this case, the
secant shear modulus corresponds to the elastic shear modulus of the soil Gmax

and represents the slope of this line. The damping ratio is zero.

In this particular case, the soil being a linear elastic material, Gmax is defined using
wave theory :

Gmax = ρ · v2
s (4.43)

The maximum shear modulus is independent of the amplitude of the shear strain
and the number of cycles.
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– Large deformation amplitude

The amplitude of the shear strain strongly influences the shape of the hysteresis
loops. Indeed, increasing the shear strain amplitude implies a decrease in the shear
secant modulus and an increase in the damping ratio.

Figure 4.25: Relationship between secant shear modulus ratio Gs/Gmax and damping ratio λd

as a function of the shear strain amplitude γa [71]

In the above graph, three soil behaviours are observed as a function of the deforma-
tion amplitude :

∗ Linear elastic behaviour
∗ Elasto-plastic behaviour without degradation
∗ Elasto-plastic behaviour with degradation

The graph (fig. 4.25) shows that the behaviour of the soil is linear elastic under
cyclic loading with low strain amplitudes. The secant shear modulus is equal to
1 and the value of the damping ratio is small and represents intrinsic viscous damping.

With increasing deformation amplitude, the behaviour of the soil is non-linear elastic
and hysteresis loops are formed. This increase implies a decrease in the secant shear
modulus Gs and an increase in the damping ratio. The transition between linear
elastic and non-linear elastic behaviour is called the elastic threshold.

At high strain amplitudes, the grain structure deteriorates and a loss of strength
at each cycle is observed. This loss of strength implies a reduction in the secant
shear modulus and an increase of the damping ratio with the number of cycles.
The deformations lead to plastification of the contact areas between the grains and
cause them to slip relatively to each other.
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• Degradation of soil strength

During cyclic loading under conditions of high controlled deformation, the pore pressure
gradually increases and the secant shear modulus decreases with the increasing number
of cycles. These conditions lead to a degradation of the stiffness of the sample and a
progressive decrease in the slope and area of successive hysteresis loops.

The degradation of the soil can also be observed on the basis of the energy dissipated
during the cycles, i.e. on the basis of the surface of the hysteresis loops.

The dissipated energy Wn is calculated by integrating the hysteresis loop on one period
starting from the zero shear strain during the compression phase of the cycle. Due
to the soil degradation, this integration is not performed on a closed loop as because
the shear stress at the end of a cycle is smaller than the value at the beginning of the cycle.

The accumulated energy Wtot,n is the total energy dissipated since the beginning of the
cyclic test and is calculated by adding the energy dissipated during each cycle.

Wtot,n =
n∑

i=1
Wi (4.44)

The degree of liquefaction dliq,n is defined as the ratio between the excess pore pressure
at the end of the cycle and the effective mean stress P ′

c applied during the consolidation.

dliq,n = ∆uend

P ′
c

(4.45)

4.5.5 Results
The software supports the measurements of the vertical displacement transducer, the 3 pressure
transducers and the vertical load cell. It converts the voltages obtained into physical values
and calculates the corresponding stresses and strains. Based on the measured vertical strains
and stresses, the program controls the load frame motor to obtain a cyclic axial deformation of
the specimen and regulates the cell pressure to keep the total average stress constant.

The following table 4.11 shows the different characteristics used to perform the eight cyclic
tests. The shear strain is fixed at 0.15 % and the frequency varies between 1Hz which the
frequency of the wind and 5Hz which is the maximum frequency of the cyclic triaxial cell. The
low consolidation pressure models the actual pressure in the model pile driving experiments.

N° Type of soil Dr [%] Saturation Frequency [Hz] Strain [%] Consolidation pressure [kPa]
1 Loose 34 Saturated 5 0.15 50
2 Loose 30 Saturated 1 0.15 50
3 Loose 59 Dry 5 0.15 50
4 Loose 59 Dry 1 0.15 50
5 Dense 58 Saturated 5 0.15 50
6 Dense 49 Saturated 1 0.15 50
7 Dense 92 Dry 5 0.15 50
8 Dense 92 Dry 1 0.15 50

Table 4.11: Principal characteristics of the cyclic triaxial tests
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The fig. 4.26 describes the characteristics for the sample preparation and calculate auto-
matically the mass and the height of the hammer for the compaction. All the sheets with
the different characteristics for the preparation of the different samples can be found in the
appendix E. The table 4.11 summarises the important characteristics of the different compacted
samples.
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Figure 4.26: Measurements performed during a typical specimen preparation
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Test name LOOSE-5Hz LOOSE-1Hz DENSE-5Hz DENSE-1Hz
Bulk density [Mg/m3] 1.76 1.755 1.828 1.802
Mass of the mould and specimen [g] 2554.62 2546.69 2586.64 2579.07
Mass of the mould [g] 1606.08 1601.55 1603.97 1602.46
Mass of the specimen [g] 948.54 945.14 982.67 976.61
Volume [mm3] 538.01 538.55 537.55 541.82
Water content [%] 7 7 7 7
Dry density [Mg/m3] 1.648 1.64 1.708 1.685
e [-] 0.4283 0.4349 0.3775 0.3971
Dr[%] 34 30 58 49

Table 4.12: Main characteristics of samples for saturated sand

Test name DENSE-1Hz DENSE-5Hz LOOSE-1Hz LOOSE-5Hz
Bulk density [Mg/m3] 1.8 1.8 1.71 1.71
Mass of the specimen [g] 1051.17 1051.17 998.61 998.61
Volume [m3] 583.98 583.98 583.98 583.98
Water content [%] 0 0 0 0
Dry density [Mg/m3] 1.8 1.8 1.71 1.71
e [-] 0.3075 0.3075 0.3763 0.3763
Dr 92 92 59 59

Table 4.13: Main characteristics of the samples for dry sand

The following table summarises the steps performed during a typical saturated cyclic test.

Figure 4.27: Mesurements performed during a typical specimen saturation and consolidation
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Soil behaviour under a cyclic loading for dry sand

Figure 4.28: Hysteresis loops during a cyclic triaxial test for dry sand

Figure 4.29: Evolution of the young modulus during a cyclic triaxial test for dry sand
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Figure 4.30: Evolution of the shear modulus during a cyclic triaxial test for dry sand

Figure 4.31: Evolution of the damping ratio during a cyclic triaxial test for dry sand
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Figure 4.32: Evolution of the deviatoric stress during a cyclic triaxial test for dry sand

Figure 4.33: Possible healing properties of dry sand during cyclic loading
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Soil behaviour under a cyclic loading for saturated sand

Figure 4.34: Evolution of the deviatoric stress as a function of the time for saturated sand

Figure 4.35: Evolution of the deviatoric stress during a cyclic triaxial test for saturated sand

69



4 – Characterisation of the North Sea Sand

Figure 4.36: Hysteresis loops during a cyclic triaxial test for saturated sand

Figure 4.37: Evolution of the degree of liquefaction during a cyclic triaxial test for saturated
sand

70



4 – Characterisation of the North Sea Sand

Figure 4.38: Evolution of the shear stress during a cyclic triaxial test for saturated sand

Figure 4.39: Evolution of the secant shear modulus during a cyclic triaxial test for saturated
sand
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Figure 4.40: Evolution of the dissipated energy during a cyclic triaxial test for saturated sand

Test name Dense-1Hz Dense-5Hz Loose-1Hz Loose-5Hz
Max stress [kPa] 27.7041 10.3665 25.3749 23.4007
Min stress [kPa] -11.7291 -10.9166 -11.2615 -10.2513
Shear modulus [MPa] 34.8 20.4 26.8 24.9
Liquefaction [Cycle] 8 4 5 4

Table 4.14: Main characteristics for saturated sand during a cyclic triaxial test

4.5.6 Discussion
Due to their very different behaviour under cyclic loading, dry and saturated samples will be
analysed separately.

Graph analysis for dry sand

Cyclic loading in the vertical direction is applied directly on the soil samples using strain-
controlled method.The slope of the secant line connecting the extreme point on the hysteresis
loop is the dynamic Young’s modulus, E, which is given by :

E = σ

ϵ
(4.46)

The shear modulus is expressed as follows :

G = E

2(1 + ν) (4.47)

where the Poisson’s ratio is equal to 0.4 for dry sands.
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The fig. 4.28 shows the evolution of the hysteresis loops between the maximum shear strain
γ and the maximum shear stress τ for different frequencies and relative densities. As the sand
is dry, the liquefaction do not occur because there is not a variation of the pore pressure in the
specimen.

For each frequency and density, the hysteresis loops presents two fixed points and the
corresponding values of stresses and strains are the following :

Test name S-Dr59 1Hz S-Dr59 5Hz S-Dr92 1Hz S-Dr92 5Hz
Shear strain γ1 [kPa] 0.064 0.189 5.889 0.052
Shear stress τ1 [kPa] -1.992 -10.298 -4.461 -3.911
Shear strain γ2 [kPa] 0.085 0.287 5.924 0.068
Shear stress τ2 [kPa] 28.135 10.698 69.131 47.891

Table 4.15: Shear strain and stresses for fixed points of hysteresis loops for dry sand

At each cycles excepted the first one, the hysteresis loops cross these points. The fixed
points correspond to the disappearance of the shear stresses i.e. when the axial σ′

1 and the
radial σ′

3 stresses are equal. At this points, the deformation corresponding to the equilibrium
state does not depend on the number of cycles.

The values of shear modulus and young modulus are higher for dense sand and a frequency
of 1Hz. It is due to the fact that the extreme values of the hysteresis loops are higher than for
loose sand and high frequency. The values of shear and young modulus increase until a plastic
phase is reached. At this moment, the curve is constant. The Young and shear modulus can
only be calculated in the elastic phase of the cyclic triaxial test.

The fig. 4.31 shows the evolution of the damping ratio during a cyclic triaxial test. For
dense sand, the damping ratio is higher than for loose sand. The frequency do not have a
great influence on the value of the damping ratio. The damping ratio decreases during the
triaxial cyclic test because the dissipated energy decreases and the shear stress increases.

Finally, it can be noted that on fig. 4.33, where the cyclic test was stopped then started
again twice, the first few cycles after restarting had a higher resistance. Then the resistance
came back following the same trend curve as before the stopping. This phenomenon might be
related to sand healing properties, but haven’t been explored further due to a lack of time.

Graph analysis for saturated sand

The fig. 4.36 shows the evolution of the hysteresis loops between the maximum shear strain γ
and the maximum shear stress τ for different frequencies and relative densities.

The deviator stress is represented by the difference between the major and minor principal
stresses which is equal to the axial load applied to the specimen divided by the cross-sectional
area of the specimen. The major principal stress in the specimen is equal to the deviator
stress plus the cell pressure and the minor principal stress in the specimen is equal to the cell
pressure. During the cyclic triaxial test, the pore pressure increases and the effective stresses
decrease.The signal is not symmetric and decreases rapidly after the first few seconds and cycles.
The deviator stress is higher at low frequency and high relative density. At high frequency, the
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deviator stress tends to zero after four cycles. The signal shape (fig. 4.34, fig. 4.35) is similar
for time and cycles because the relationship between the frequency and time can be expressed
as follows :

f = 1
T

(4.48)

The fig. 4.36 shows the evolution of the hysteresis loops between the maximum shear strain
γ and the maximum shear stress τ for different frequencies and relative densities. As the cycles
progress, the maximum and minimum shear stresses decrease progressively and reach zero after
4 cycles at 5 Hz and after 5 and 8 cycles respectively for loose and dense sand at 1Hz. For each
frequency and density, the hysteresis loops presents two fixed points and the corresponding
values of stresses and strains are the following :

Test name Dr34 5Hz Dr58 5Hz Dr30 1Hz Dr49 1Hz
Shear strain γ1 [kPa] 0.171 0.196 0.114 0.205
Shear stress τ1 [kPa] 1.659 -0.248 -1.604 -6.346
Shear strain γ2 [kPa] 0.215 0.239 0.168 0.244
Shear stress τ2 [kPa] -0.3 0.117 -2.162 -1.399

Table 4.16: Shear strain and stresses for fixed points of hysteresis loops for saturated sand

At each cycles excepted the first one, the hysteresis loops cross these points. The fixed
points correspond to the disappearance of the shear stresses i.e. when the axial σ′

1 and the
radial σ′

3 stresses are equal. At this points, the deformation corresponding to the equilibrium
state does not depend on the number of cycles.

The maximum and minimum shear strain of each cycle correspond to the minima pore
pressure. The sample goes from expansion to contraction when the displacement changes
direction. The inflexion point of each branch of the loop correspond to the maxima pore
pressure. At this points, the necessary energy to dilate is higher than to contract. During
the expansion phase, the specimen volume tries to increase to reach the imposed deformation
but the undrained conditions prevent volume change. This translates into a reduction of pore
pressure and an increase of stresses. When the deformation direction changes, the stress
distribution changes, the stresses between grains decrease and the grains find their place before
the expansion. The grains go to an equilibrium state and try to reduce the sample volume and
the pore pressure increases. At each additional deformation imposed, the grains are more free
and can move without contact with other grains. At this time, no more stress between grains
is observed and no more resistance can be obtained. The liquefaction is reached.

The fig. 4.37 shows the evolution of the degree of liquefaction during a cyclic triaxial
test. The degree of liquefaction is defined as the ratio between a particular excess pore
pressure and the initial effective mean stress imposed to the specimen during the consolidation
P ′

0. This definition corresponds roughly to the maximum possible value of degree of liquefaction.

The curve of the degree of liquefaction increases until it reaches a value of 1 or higher
depending on the different frequencies. When this value is reached, the effective stresses
disappear and no more stresses exist between the grains and the soil loses its strength which
tends to zero. This state corresponds to liquefaction and the soil behaves like a liquid. This
phenomenon is frequent in saturated, loose and sandy soils cyclically loaded because this soil
has a tendency to compress when a load is applied. In response to soil compressing, the pore
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water pressure increases, the volume decreases and the water attempts to flow out from the
soil to zones of low pressure. There is no shear strength. At the opposite, a dense sands tend
to expand in volume.

At 5Hz, liquefaction is reached at the 4th cycle for loose and dense sand while for loose
and dense sand at 1Hz, the number of cycles is respectively 5 and 8 cycles.

The fig. 4.38 shows the evolution of the shear stress during a cyclic triaxial test. The shear
stress decreases until a value close to zero at 5Hz and below zero at 1Hz. As the pore pressure
increases during the cyclic triaxial test, the shear stress decreases because it is the difference
between the main stresses.

The fig. 4.39 shows the evolution of the secant shear modulus of the specimen during a
cyclic triaxial test. The degradation of the secant shear modulus represents the decrease of
the difference between the maximum and minimum shear stresses. The secant shear modulus
depends on the deformation amplitude and the number of cycles. It is the slope between two
extremities of the hysteresis loop. As the effective stresses decreases with the increase of pore
pressure, the secant shear modulus decreases at each cycle until a value close to zero. The soil
stiffness deteriorate and the behaviour is non linear. When the curve turns, the assumption of
homogeneity of stresses and strains is no more respected because a weakness zone appears at
the specimen top.

The degradation is influenced by the number of cycles and the energy dissipated during the
cycles. The shear strain amplitude influences strongly the degradation. If the shear strain is
high, the degradation occurs faster. The increase of pore pressure causes a decrease of soil
stiffness and energy. As shows on fig. 4.40, the dissipated energy for dense sand is higher than
loose sand at the same frequency. For dense sand, the grain structures are more reorganised
and the grains have more frictional sliding between their surface. This phenomena induce
more energy dissipation than for loose sand where the grains are freer. The quantity of energy
dissipated by the frictional mechanism is independent of the frequency of loading while the
energy dissipated by viscous mechanism is proportional to the frequency of loading.

4.5.7 Bender element method
A bender element is a piezoelectric transducer which can convert electrical energy into me-
chanical energy and vice versa. This means that whenever these elements are supplied with
a voltage they are deforming on a specific way and that when they are deformed, produce a
small voltage [65].

As long as the shear strain amplitude of the wave γa remains in the linear elastic domain,
this method allows the shear wave velocity to be measured and the maximum shear modulus
Gmax to be derived. Indeed, the theory of elasticity allows to define the following relation :

Gmax = ρ · V 2
s (4.49)

Gmax is an important soil property which helps to understand the elastic behaiour of the soil
and to evaluate its response to dynamic loading as vibrations. The maximum shear modulus
is given at very small value of strain and can be obtained only with a bender element test or
resonance column.
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Figure 4.41: Various test available to determine the shear modulus of a soil [65]

Shear wave velocity is measured using bending elements consisting of two thin piezoceramic
plates. These are rigidly bonded together in such a way that, when tension is applied to the
ends of the elements, one plate expands while the second contracts. These deformations cause
the elements to bend. The two bending elements (a shear wave transmitter and receiver)
are placed at opposite ends of the sand sample (fig. 4.42). A voltage pulse is applied to the
transmitter inducing a shear wave which then reaches the receiver at the other end of the
specimen (fig. 4.43). This wave induces distortion in the receiver element and produces another
voltage pulse. The input and received voltages are used to determine the time taken for the
wave to travel the distance between the tips of the bending elements and thus to define the
speed of the shear wave.Two other devices are also needed to perform the Bender Element test
:

• A function generator to create the sinusoidal curve of the transmitting signal and that
produce the deformation of the transmitting element.

• A digital oscilloscope to record the signal captured by the receiving element. It synchro-
nises the two electrical signals in order to be comparable.

Figure 4.42: Position of bender elements on the specimen [41]
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Figure 4.43: Bender element deformation and propagation of the shear wave through the
sample [65].

The amplitude of the shear deformation generated by the bending elements is not a fixed
value. It depends on the stiffness of the soil and varies along the specimen due to the damping
of the waves.

As the bending element test is not a destructive test, it can be combined with other types
of tests as cyclic triaxial test.

The preparation, saturation and consolidation of the specimen are the same as for the
cyclic triaxial test but two thin piezoceramic plates are placed above and below the sample to
measure the shear wave velocity and shear modulus. The two bender elements, transmitter and
receiver, must be parallel in order to achieve a good quality received signal. At any phase, a
Bender Element test can be done and the small-strain shear modulus Gmax can be measured.

The Bender Element test starts by providing a sine wave signal to the transmitting element.
The element is deforming towards one side, then to the other and finally comes back to the
starting position. The magnitude of this deformation is controlled by the amplitude of the
signal which usually ranges between 1 V and 12 V. If the received signal is not captured very
clearly by the receiver, the amplitude is increased. The transmitter and receiver operate in
the same frequency to have comparable results. The software combine the repeated signals
to produce an average waveform which is clean of any random noise that is affecting it. The
Peak-to-Peak method is used to calculate the time travel and the shear wave velocity [65].
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Results

Figure 4.44: Bender element - P04 - S6 -
SATURATION

Figure 4.45: Bender element - P04 - S3 -
CONSOLIDATION

Figure 4.46: Bender element - P04 - S6 -
CYCLIC

Figure 4.47: Bender element - P05 - S7 -
SATURATION
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Figure 4.48: Bender element - P04 - S6 -
CONSOLIDATION

Figure 4.49: Bender element - P05 - S4 -
CYCLIC

Figure 4.50: Bender element - P035 - S5 -
SATURATION

Figure 4.51: Bender element - P035 - S5 -
CONSOLIDATION

Figure 4.52: Bender element - P035 - S5 -
CYCLIC

Figure 4.53: Bender element - P045 - S6 -
SATURATION
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Figure 4.54: Bender element - P045 - S2 -
CONSOLIDATION

Figure 4.55: Bender element - P045 - S5 -
CYCLIC

Test name BE-P04-S6-SAT BE-P04-S3-CON BE-P04-S6-CYC
First pick [ms] 0.0995 0.0995 0.1075
Second pick [ms] 1.5085 1.072 2.6415
Travel time [ms] 1.409 0.9725 2.534
Wave velocity [m/s] 95.1 137.79 52.88
G [MPa] 17.03 35.75 5.27

Table 4.17: Main characteristics with bender elements for a period of 4 ms for saturation,
consolidation and cyclic phases

Test name BE-P05-S7-SAT BE-P05-S2-CON BE-P05-S4-CYC
First pick [ms] 0.046 0.1225 0.1225
Second pick [ms] 1.432 1.1025 2.6415
Travel time [ms] 1.386 0.98 2.519
Wave velocity [m/s] 96.68 136.735 53.20
G [MPa] 17.6 35.21 5.33

Table 4.18: Main characteristics with bender elements for a period of 5 ms for saturation,
consolidation and cyclic phases

Test name BE-P035-S5-SAT BE-P035-S5-CON BE-P035-S5-CYC
First pick [ms] 0.092 0.092 0.0765
Second pick [ms] 1.493 1.049 2.649
Travel time [ms] 1.401 0.957 2.5725
Wave velocity [m/s] 95.65 140.02 52.09
G [MPa] 17.23 36.92 5.11

Table 4.19: Main characteristics with bender elements for a period of 35 ms for saturation,
consolidation and cyclic phases
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Test name BE-P045-S6-SAT BE-P045-S2-CON BE-P045-S5-CYC
First pick [ms] 0.1225 0.115 0.1075
Second pick [ms] 1.5315 1.0795 2.6415
Travel time [ms] 1.409 0.9645 2.534
Wave velocity [m/s] 95.1 138.93 52.88
G [MPa] 17.03 36.35 5.27

Table 4.20: Main characteristics with bender elements for a period of 45 ms for saturation,
consolidation and cyclic phases

Discussion

During the consolidation phase, the shear wave velocity is higher than for saturation and cyclic
phases for all time period and the shear modulus is maximal.
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CHAPTER 5

The sand raining system

5.1 Description and definition of the process
In order to carry out small-scale laboratory tests, a sand raining system has been set up
to reproduce a sandy soil that reflects as closely as possible the properties of natural sand
deposits. This method allows the relative density to be controlled and maximised and relatively
homogeneous sand samples can be obtained repeatedly. Thanks to this system, very reliable
test results can be obtained. To achieve this, there are two methods :

• The stationary pluviator, which contains one or more sieves or meshes to distribute the
flow of sand from the hopper to the desired area;

• The mobile pluviator which moves around the tank and creates a deposit at its bottom
by means of an opening and without using a sieve. It does not achieve a relative density
greater than 70-90%.

Rainfall consists of a rain of cohesionless soil particles in a mould. It is obtained by gravity
and with the help of appropriate diffusers. To obtain a relatively homogeneous sand, the system
is composed of a hopper to store the sand, a plate with orifices to vary the intensity of the
deposit, and two diffusion sieves with a capacity to produce uniform layers of sand in a rapid
manner. These sieves or metal grids have different opening widths and are oriented at 45°
in the vertical axis to each other. When testing, it is important to ensure that there is no
obstruction of the diffuser before the sand settles in the tank and that the minimum opening
widths are respected [7].

Through this rainfall principle, a desired relative density can be obtained. This is an
important parameter governing the behaviour of the soil and therefore of the pile during the
subsequent tests. A high relative density makes it possible to obtain uniform and repetitive
sand beds. The placement of sand by rainfall is therefore a critical process as it must be as
uniform as possible.
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The main factors influencing the relative density are :

• The height of the sand fall

• The width of the sieve openings

• The rate and speed of fall of the sand particles/ deposition intensity

• The relative diffusion ratio

The drop height of the sand is the distance between the bottom plate and the top of the sand
bed. This can be adjusted by lowering or raising the rainfall system using pulleys or chains.

The deposition intensity is the weight of soil falling per unit area and time. This is regulated
by varying the effective area of the hopper through which the sand exits.

The relative diffusion ratio is the ratio between the opening width of the sieve and the
average or maximum grain size [49].

When the process is started, the speed of the sand particles increases non-linearly with the
drop height until a constant final speed is reached. However, independently of the drop height,
the velocity increases linearly with increasing particle size. This velocity is reached when the
gravitational forces equalise the drag forces [35].

Furthermore, the relative density is directly related to the kinetic energy at the moment of
impact. Before reaching their limiting drop height, sand particles increase their kinetic energy
as their drop height increases, which leads to an increase in relative density. The limiting drop
height is reached when a further increase in height becomes negligible. At this point, the
particles have reached their terminal velocity [68].

On the other hand, if the width of the openings is large, the falling velocity of the sand
particles decreases, which results in a decrease of the kinetic energy and thus of the relative
density. This loss of kinetic energy is related to the interference between particles when a
large number of particles fall simultaneously. The relative ratio of the scatterers affects the
interference between the particles at the outlet of the scatterers and therefore the relative
density according to the same theory mentioned above. If the ratio is low, the sand will be
more uniformly distributed as the relative density increases. However, an increase in the number
of diffusers for a fixed drop height and deposition intensity leads to a decrease in the relative
density. If the deposition intensity is too high, there is a greater risk of sand accumulation on
the diffusers and this prevents free circulation of the sand, resulting in non-uniformity of the
sand in the tank [34],[45],[48].

In this thesis, the sand raining system is used to test different heights to obtain low and
high relative density. Subsequently, the relative densities obtained for a fixed drop height are
used to compare the behaviour of the impact driven into loose and dense sand.
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5.2 Equipment required
• Three plates with holes with different diameters. In our case, the plates have holes of 13

mm, 8 mm and 6 mm.

• 12 iron angles

• 4 metal strips

• A pulley

• A winch

• A balance

• A bucket

• A meter

• Several small containers

Figure 5.1: Sand raining system

5.3 Operational procedure
1. Weigh the small containers and measure their volume.

2. Place the small containers at the bottom of the tank.

Figure 5.2: Position of small containers
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3. Fill the buckets with sand and weigh them so that the density in the tank can be compared
with that in the containers. Empty them through the sand raining system.

4. Measure the distance between the last plate at the bottom of the rainfall system and
the layer of sand that is gradually forming at the bottom of the tank. This distance
should remain constant throughout the experiment until the sand reaches the top of the
containers. If this is not the case, adjust the distance using the winch.

5. Measure the height of sand reached at different points to obtain an average height for
the calculation of the tank volume.

6. Empty the tank and repeat the experiment for different drop heights.

5.4 Calculation and expression of results
The relative density is calculated as follows :

DR = γd,max · (γd − γd,min)
γd · (γd,max − γd,min) · 100 % (5.1)

The values of γd,max and γd,min are calculated in section 4.2.

5.5 Results
The results for a drop height of 15 cm for the small containers are represented in table 5.1 :

Container Sand mass [kg] Diameter [cm] Height [cm] Volume [cm3] Relative density [%]
Container 1 4.41 15.38 15.05 2797.22 2.1474
Container 2 4.343 15.32 14.95 2754.61 2.179
Container 3 4.386 15.37 15 2781.89 2.176
Container 4 4.356 15.28 15.05 2760.98 2.674
Container 5 4.351 15.35 14.9 2757.36 2.792
Container 6 4.305 15.33 14.9 2751.37 3.383
Container 7 4.378 15.35 15 2775.86 2.427
Container 8 4.337 15.33 14.9 2751.37 2.028

Table 5.1: Relative density obtained for a height of drop of 15 cm

The results for a drop height of 30 cm for the small containers are represented in table 5.2 :

Container Sand mass [kg] Diameter [cm] Height [cm] Volume [cm3] Relative density [%]
Container 1 4.47 15.38 15.05 2797.22 11.9165
Container 2 4.403 15.32 14.95 2754.61 12.0965
Container 3 4.448 15.37 15 2781.89 12.3199
Container 4 4.415 15.28 15.05 2760.98 12.3924
Container 5 4.422 15.35 14.9 2757.36 14.4673
Container 6 4.394 15.33 14.9 2751.37 11.4708
Container 7 4.435 15.35 15 2775.86 11.7768
Container 8 4.397 15.33 14.9 2751.37 12.3002

Table 5.2: Relative density obtained for a height of drop of 30 cm
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The results for a drop height of 60 cm for small containers are represented in table 5.3 :

Container Sand mass [kg] Diameter [cm] Height [cm] Volume [cm3] Relative density [%]
Container 1 4.574 15.38 15.05 2797.22 28.2425
Container 2 4.511 15.32 14.95 2754.61 29.2828
Container 3 4.569 15.37 15 2781.89 31.3247
Container 4 4.567 15.28 15.05 2760.98 36.2742
Container 5 4.513 15.35 14.9 2757.36 28.8942
Container 6 4.512 15.33 14.9 2751.37 30.2607
Container 7 4.544 15.35 15 2775.86 29.004
Container 8 4.503 15.33 14.9 2751.37 28.8623

Table 5.3: Relative density obtained for a height of drop of 60 cm

The results for a drop height of 90 cm for small containers are represented in table 5.4 :

Container Sand mass [kg] Diameter [cm] Height [cm] Volume [cm3] Relative density [%]
Container 1 4.651 15.38 15.05 2797.22 39.8596
Container 2 4.58 15.32 14.95 2754.61 39.8387
Container 3 4.649 15.37 15 2781.89 43.3466
Container 4 4.618 15.28 15.05 2760.98 43.9342
Container 5 4.606 15.35 14.9 2757.36 43.0492
Container 6 4.564 15.33 14.9 2751.37 38.2326
Container 7 4.616 15.35 15 2775.86 39.9372
Container 8 4.569 15.33 14.9 2751.37 38.9896

Table 5.4: Relative density obtained for a height of drop of 90 cm

These results can be compared with the relative density values obtained by taking into
account the filled volume of the tank on a sand height varying between 15 and 20 cm. The
table 5.5 shows the different relative densities obtained as a function of the height of fall.

Height of drop [cm] Relative density [%]
15 10.8654
30 44.3769
60 82.2705
90 85.8499

Table 5.5: Relative density obtained for all height of drop for the volume of the tank on a sand
height varying between 15 and 20 cm

5.6 Discussion
In this thesis, only the influence of the drop height on the relative density was tested. The
other parameters of the raining system such as the diameter of the openings, the number of
plates and openings are fixed and identical for all experiments.

Looking at the different results, it appears that the relative density is mostly influenced by
the drop height rather than by the position of the containers in the tank. This shows that this
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method of raining sand allows a relatively homogeneous relative density to be obtained over
the entire surface of the tank and in a repeated manner.

Furthermore, when comparing the different tables, the relative densities increase with the
drop height. This is because sand particles acquire more kinetic energy at higher drop heights.

Finally, an important difference can be observed between the relative densities obtained
in the small containers and in the tank. At present, no plausible explanation is given for this.
However, if the relative densities in the tank are taken into consideration, it can be observed
on fig. 5.3that at heights of 60 and 90 cm, the relative densities increase slightly. If a height
slightly higher than 90 cm is taken, the limit height would be reached. At this point, an
increase in drop height will have a negligible influence on the relative density value.

Figure 5.3: Relative density in the tank for a sand height between 17 and 20 cm in function of
drop height

For further experiments, especially during pile driving, two types of relative densities will
be used to compare their influence on the pile behaviour. A relative density corresponding
to a loose soil and one corresponding to a dense soil. To achieve this, a drop height of 30
and 60 cm will be used. Indeed, during the tests with the rainfall system, these heights gave
interesting results and were sufficiently distant to have an insight into the influence of the
relative density later on.
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CHAPTER 6

Numerical simulations

6.1 Drop hammer
The drop efficiency can be calculated as the equilibrium between the kinetic and potential
energy :

ηc = Wc

Mghd

= 1
2

v2
i

ghd

(6.1)

6.2 Stress wave theory
The impact pile driving can be analysed from stress waves created in the pile that run through it.

Assumptions

• The pile is discretized in small elements to design the stress wave propagation in the pile.

• The stress wave speed is constant.

• Cross-section remains plane during deformation.

• As the input forces are only vertical, the stress wavesalso have only a vertical direction.

• Each pile segment has an undisturbed stress wave transmission.

• Unit compression ϵx due to the axial displacement u : ϵx = du
dx
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Figure 6.1: Stress wave forces on an infinitesimal element

Assume that the axial displacement is a function of the x-position of the defined point relative
to the pile in its initial situation and the time t :

ux = ux(x, t) (6.2)

If the pile material is assumed to be elastic, its behaviour is described by Hooke’s law of axial
compression and axial compressive stress :

σ = E · ϵ = E · ∂u

∂x
(6.3)

If we consider a free pile element between two cross-sections at x and x+dx, the axial translation
equilibrium is written :

A

(
σ + ∂σ

∂x
dx

)
= A · σ + ma (6.4)

The Newton’s law of motion gives :

F = ma = ρA · dx
∂2u

∂t2 (6.5)

The corresponding compressive force on the pile is written :

F = σ · A = EA · ∂u

∂x
(6.6)

By combining the previous equation in eq. (6.4), the following equation is obtained :

EA · ∂2u

∂x2 dx = ρA · ∂2u

∂t2 dx (6.7)

∂2u

∂x2 − ρ

E

∂2u

∂t2 = 0 (6.8)

The following equation is the general equation of stress wave :

∂2u

∂x2 − 1
c2

∂2u

∂t2 = 0 (6.9)

90



6 – Numerical simulations

The stress wave propagation speed is expressed as follows :

c =
√

E

ρ
(6.10)

By substitution in the wave equation, two fundamental equations appear from the second order
homogeneous differential equation with partial derivatives :

f1(z + vc · t) = f+ (6.11)

f2(z − vc · t) = f− (6.12)
The first expresses a displacement waveform translating unchanged at constant speed -vc and
the second at speed +vc along the x-axis.

6.3 Method of characteristics
The solution to a problem whose geometry, materials, boundary and initial conditions are
known can be obtained by the superposition of downward and upward moving waves generated
at particular points. These points have the particularity of modifying the incident wave and
creating a reflected wave. This method is the method of characteristics known for solving
partial differential equations.

The following solution considers that two waves travel in opposite directions :

u = f(x + vct) + f(x − vct) (6.13)

The previous equation can be derived regarding time to obtain the velocity :

v = ∂u

∂t
= ∂f

∂(x + vct)
(vc) + ∂f

∂(x − vct)
(−vc) (6.14)

By convention, the following velocities are obtained :

v+ = ∂f

∂(x + vct)
(+vc) (6.15)

v− = ∂f

∂(x − vct)(−vc)
(6.16)

The force can be expressed as follows :

F = −EA
∂u

∂x
= −EA

∂f

∂(x − vct)
− EA

∂f

∂(x + vct)
(6.17)

By convention, the following forces are obtained :

F − = −EA
∂f

∂(x − vct)
(6.18)

F + = EA
∂f

∂(x + vct)
(6.19)
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The pile impedance is expressed as follows :

Z = EA

vc

= A
√

Eρ (6.20)

The forces can be also expressed as follows :

F − = Zv (6.21)

F + = −Zv (6.22)
As said in the assumptions, the stress wave has a constant speed and the transmission is
undisturbed within each pile segment. This means that the only interaction with external forces
can be designed at the interface. The soil interaction is modeled by a spring, a dashpot and a
mass.

6.3.1 Stress wave boundary conditions
After an impact force due to the hammer drop, a stress wave propagates back and forth
along the pile until it no longer has enough energy to propagate. The generated stress wave
propagates downwards until pile toe at L/c where L is the pile length and c the constant speed.
After, the wave is reflected and propagate upwards until reaching the pile top.

Condition Model description
Free end F(x=L,t)=0 No friction and no bottom resistance
Fixed end v(x+l,t)=0 No friction and full bottom resistance
Soil friction FF Friction interface

Table 6.1: Main boundary conditions

The initial conditions in x=0 and t=0 can be described as follows :

F +(x, t) = 0

F −(x, t) = Fhammer

• Initial reaction

Assume an infinite bar at rest for which the initial displacement is given as follows :

u(x, 0) = f+(x) + f−(x) (6.23)

v(z, 0) = vc

(
∂f+

∂x
− ∂f−

∂x

)
(6.24)

The limit conditions are fulfilled for :

f+(x) = f−(x) = 1
2 · f(x) (6.25)

The initial displacement dissociates into two waves of shape and amplitude equal to half
the initial wave travelling in opposite directions.
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• Free end reaction

The free end condition in x=L is expressed as :

σ(L, t) = 0

For the stress to be cancelled out at the x=L point, by the combination of the upward
and downward waves, it is necessary that the corresponding stresses have the same
amplitude but the opposite sign.

F
(

L,
L

vc

)
= F +

(
L,

L

vc

)
+ F −

(
L,

L

vc

)
= 0 (6.26)

F +
(

L,
L

vc

)
= −F −

(
L,

L

vc

)
= −Fhammer (6.27)

v+
(

L,
L

vc

)
− v−

(
L,

L

vc

)
= 0 (6.28)

v
(

L,
L

vc

)
= v+

(
L,

L

vc

)
+ v−

(
L,

L

vc

)
= 2v+

(
L,

L

vc

)
(6.29)

At the point of zero stress, the particle velocity is double that of the reflected tension wave
or the incident compression wave. The stress wave travels downwards in compression
and upwards in tension after the wave is reflected.

• Fixed end reaction

The fixed pile end condition (x=L) is expressed as :

u(L, t) = 0

v(L, t) = 0
There are two displacement waves of opposite sign and equal amplitude, one incident,
the other reflected. For the velocity to be zero at a point, it is necessary that the velocity
of the particles corresponding to the ascending wave cancels that corresponding to the
descending wave.

v
(

L,
L

vc

)
= v+

(
L,

L

vc

)
+ v−

(
L,

L

vc

)
= 0 (6.30)

v+
(

L,
L

vc

)
= −v−

(
L,

L

vc

)
= −F −

Z
= −Fhammer

Z
(6.31)

F −
(

L,
L

vc

)
= Fhammer (6.32)

F +
(

L,
L

vc

)
= −Zv+ = F −

(
L,

L

vc

)
= Fhammer (6.33)

F
(

L,
L

vc

)
= F +

(
L,

L

vc

)
+ F −

(
L,

L

vc

)
= 2Fhammer (6.34)

The two deformation waves correspond in amplitude and sign at all times at the fixed
point. The stress at this point is double the incident or reflected wave.
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• Soil friction

This condition corresponds to the action of the lateral friction FF oriented upwards on
a layer of limited thickness, located for example at the depth x = xF . The force FF

is decomposed into two waves, upward and downward, generated symmetrically and
simultaneously at the application point of the force FF

F = F +
1 + F −

1 = F +
2 + F −

2 + FF (6.35)

Figure 6.2: Representation of forces at the interface in contact with soil

By applying the continuity law, the velocity is the same at each interface.

v = F −
1

Z
− F +

1
Z

= F −
2

Z
− F +

2
Z

(6.36)

Combining both previous equations, the forces can be expressed as follows :

F −
2 = F −

1 − 0.5 · FF (6.37)

F +
2 = F +

1 − 0.5 · FF (6.38)
If the force FF is known at all times following an incident wave F −

0 , the resulting solution
is calculated by superposing the incident wave on the symmetric wave system :

F − = F −
0 − 1

2 · FF (6.39)

F + = 1
2 · FF (6.40)
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6.4 Analysis of the hammer impact on a semi-infinite pile
using a helmet

This section is based on the thesis of Prof A. Holeyman [36].

The hammer is considered by the mass M, the helmet by the spring coefficient k and the
pile by the impedance I.

Figure 6.3: Hammer-helmet-pile modeling [36]

By calling u1 and u the displacements relative to the initial impact position (t=0) of the
hammer and the pile head respectively, it is easy to establish the vertical equilibrium equations
of the hammer and the pile head, neglecting the action of gravity :

M · ü1 + k(u1 − u) (6.41)

Iu̇ − k(u1 − u) = 0 (6.42)
By introducing :

ωn =
√

k

M

α = k

2I

The eq. (6.41) and eq. (6.42) becomes as follows :

ü1 + ω2
n · u1 − ω2

n · u = 0 (6.43)

u̇ − 2α · u1 + 2α · u = 0 (6.44)
By expressing u1 as a function of u and by deriving twice with respect to time, we have :

u1 = u + u̇

2α
(6.45)

ü1 = ü +
···
u

2α
(6.46)
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The substitution of u1 and ü1 in the first equation by the obtained expressions gives the
following equation :

···
u + 2α · ü + ω2

nu̇ = 0 (6.47)
It is a third order differential equation whose the general solution is :

u = C1 · eβ1t + C2 · eβ2t + C3 (6.48)

where :
β1 = α +

√
α2 − ω2

n

β2 = α −
√

α2 − ω2
n

The initial condition are as follows :

u(t = 0) = 0

u1(t = 0) = 0
u̇(t = 0) = 0

u̇1(t = 0) = vi

Three cases are to be considered depending on whether the radical involved in the expression
of β1 and β2 is positive, zero or negative.

• Case 1 : α2 − ω2
n > 0 or kM > 4I2

The β1 and β2 values are reals, negative. The solution of eq. (6.48) becomes :

u = C1e
−αteβt + C2e

−αte−βt + C3 (6.49)

with :
β =

√
α2 − ω2

n =
√

k2

4I2 − k

M
< α = k

2I

By the condition u̇(t = 0) = 0, we obtain C2 as function of C1 and by u(t=0)=0, we
obtain C3 as function of C1.

The solution becomes :

u = C

(
− 2β

α + β
· e−αt+βt + −α + β

α + β
· e−αt−βt

)
(6.50)

The eq. (6.44) gives the force in the pile F = I · u̇ and the initial condition u̇(t = 0) = v
allow to find the C1 value and the force :

F = vi
k

β
· e−αt · eβt − e−βt

2 (6.51)

F = I · vi · 1√
1
4 − I2

kM

· e− kt
2I sinh

√ k2

4I2 − k

M
· t

 (6.52)

The maximum force is reached at t = 1
β
tanh−1

(
α
β

)
and decreases asymptotically close

to zero for infinite time.(
F

I · vi

)
max

= 2α

β
e− α

β
tanh−1(α

β ) · sinh

(
tanh−1

(
β

α

))
(6.53)
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It is a monotonic movement reaching an asymptotic value. As the pile and the hammer
remain constantly in contact, the semi-infinite pile receives after an infinite time the
totality of the hammer’s energy, which finally comes to rest on a spring with no potential
deformation energy.

• Case 2 : α2 + ω2
n = 0 or kM = 4I2

The β1 and β2 values are equal and coresponding to −α. The solution of eq. (6.48) is :

u = (C1 + C2 · t)e−αt (6.54)

The force is obtained this way :

F

I · vi

= 2α · t · e−αt (6.55)

The maximum force is reached at t = 1
α

and is defined like this :(
F

I · vi

)
max

= 2
e

(6.56)

• Case 3 : α2 − ω2
n < 0 or kM < 4I2

The β1 and β2 are conjugated complex numbers. The solution of eq. (6.48) is obtained
as follows :

u = e−αt(C1 · sin(βt) + C2 · cos(βt)) + C3 (6.57)

with β =
√

ω2
n − α2 This case, which is the most common in impact driving is solved in

the same way as the case 1.

With u̇(t = 0) = 0, we obtain :
C1 = α

β
· C2

u̇ = ω2

β
· C2 · e−αtsin(βt) (6.58)

ü = −ω2
n

β
· C2 · e−αt(−αsin(βt) + βcos(βt)) (6.59)

The eq. (6.58) substituted in u1 = u + u̇
2α

gives :

u̇1 = ω2
n

2β
· C2e

−αt(sin(βt) − cos(βt)) (6.60)

With the initial condition u̇1(t = 0) = vi, we can find :

C2 = −viα

ω2
n

By substituting this constant in eq. (6.59) and by multiplying by the impedance to obtain
the force, we obtain :

F = vi · k

β
e−αtsin(βt) (6.61)
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The eq. (6.61) corresponds to to a damped oscillatory movement. At t=0, the force is
equal to zero and is maximum at t = 1

β
· tan−1

(
β
α

)
. The maximum force value is given

as follows : (
F

I · v

)
max

= 2 · α

β
· e− α

β
·tan−1(α

β )sin

(
tan−1

(
β

α

))
(6.62)

The helmet transmits only compressive forces. The contact between the pile and the
hammer is broken. As at this moment the velocity at the head of the pile is cancelled out,
this break in contact can only occur when the hammer rebounds. Part of the incident
kinetic energy of the hammer is returned to it in the same form.

PDI Wave simulations

The PDI wave software allows to predict the effect of one blow on a given pile in a given soil.
The parameters asked by the software are the following:

• hammer weight and drop height

• helmet weight and height

• pile length, area and diameter

• soil ultimate resistance and skin friction percentage

As the only parameters missing, the percentage of skin friction was defined as 5% and the soil
ultimate resistance was calculated considering the soil under the pile is in the following stress
state (fig. 6.4) :

Figure 6.4: Assumed stress state for PDI predictions

As the base pile depth is known for each experiment, and the set per blow is given by PDI,
the soil resistance for each blow can be calculated thanks to the following equation :

F = Ap · (σhtan(ϕ) + (1 + sin(ϕ)) · γd · zi) (6.63)

By changing the soil resistance after each blow for three characteristic experiments, namely
dense sand and a drop height of 10 cm, dense sand and a drop height of 5 cm and loose sand
and a drop height of 10 cm, the following predictions could be drawn (fig. 6.5) :
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Figure 6.5: PDI predictions results

It is interesting to note that while the drop height has a substantial effect on the amount
of blows needed to get to a given depth, the sand density does not look like changing anything.
It might be explained by the assumptions as while the terms dependant on ϕ decrease, the
effect of the lower density cancels it out.

This conclusion was not totally expected but still needs to be confirmed by the experiments.

It is also important to note that as the software is designed for larger pile simulations, some
scale effects might lead to some inaccuracy. Namely, the software did not allow to divide the
pile in segments bigger than 0.25 m long, and its timescale did not allow for the calculation of
the complete blow. This effect is mainly important for the first blows when the pile has a large
set depth. It stopped while the pile still had some substantial downwards speed.

6.5 Soil reaction for laterally loaded piles
Monopiles are subject to lateral loads and bending moments due to wind and wave forces.
They are designed to have enough ultimate resistance against vertical and lateral loads. To
ensure enough stiffness of the foundation and an acceptable pile-head deflection, monopiles are
designed by use of p-y curve method.

A p-y curve describes the non linear relationship between the soil resistance acting against
the pile wall, p, and the lateral deflection of the pile, y. The soil resistance, p, is given as the
reaction force per unit length acting on the pile until reaching the ultimate soil resistance.

6.5.1 Winkler approach [12]
The pile is considered as a beam on an elastic foundation. The beam is supported by a number
of uncoupled springs with spring stiffness given by p-y curves and the continuity is not taken
into account.

Since the pile deflection is non linear, the soil resistance is modelled as uncoupled non linear
springs with stiffness Ki acting on an elastic beam. Ki is a non linear load transfer function
corresponding to Epy.
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Figure 6.6: Winkler approach with the pile modelled as an elastic beam element supported by
non-linear uncoupled springs. K is the stiffness corresponding to Epy [12]

Assumption

• The beam is straight and has an uniform cross section.

• The beam has a longitudinal plane of symmetry, in which loads and reactions lie.

• The beam material is homogeneous, isotropic and elastic.

• The Young’s modulus of the beam material is similar in tension and compression.

• The beam deflections are small.

• The beam is not subjected to dynamic loading.

The equation for an infinitesimal small element, dx, located at depth x, subjected to lateral
loading, can be derived from static equilibrium.

Figure 6.7: Sign convention for in infinitesimal beam element [12]
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dM2

dx2 + dV

dx
− Nd2y

dx2 = 0 (6.64)

Following relations are used :
M = Ep · Ip · κ (6.65)

dV

dx
= −p (6.66)

p(y) = −Epy · y (6.67)
Use of eq. (6.65) - eq. (6.67) and the kinematic assumption κ = d2y

dx2 which is valid in
Bernoulli-Euler beam theory the governing fourth-order differential equation for determination
of deflection is obtained :

EpIp
d4y

dx4 − N
d2y

dx2 + Epy · y = 0 (6.68)

In eq. (6.68) the shear strain γ in the beam is neglected. This assumption is only valid for
relatively slender elements. For short and rigid beams, the shear strain is taken into account.
The following relations are used :

V = Gp · Av · γ (6.69)

γ = dy

dx
− ω (6.70)

κ = dω

dx
(6.71)

Figure 6.8: Shear curvature deformation of a beam element [12]

The effective shear area is defined so the two stress variations give the same shear force.
For a pipe the effective shear area can be calculated as :

Av = 2(D − t) · t (6.72)

By combining eq. (6.64) - eq. (6.67) and eq. (6.69) - eq. (6.71) two coupled differential
equations can be formulated to describe the deflection of a beam :

Gp · Av
d

dx

(
dy

dx
− ω

)
− Epy · y = 0 (6.73)

EpIp
d3ω

dx3 − N
d2y

dx2 + Epy · y = 0 (6.74)

101



6 – Numerical simulations

6.5.2 P-y curve for sand
This section presents the formulation proposed by API [59].

The ultimate resistance is approximated using the dimensionless parameters C1,C2 and C3 :

pus = (C1H + C2Dp) · γ · H (6.75)

pud = C3 · Dp · γ · H (6.76)
pu = min(pus, pud) (6.77)

The constants C1, C2 and C3 can be determined from fig. 6.9 :

Figure 6.9: Variation of the parameters C1, C2 and C3 as function of angle of internal friction
[59]

A hyperbolic formula is used to describe the relationship between soil resistance and pile
deflection :

p(y) = A · pu · tanh

(
kH

Apu

y

)
(6.78)

The coeffictient A for static loading can be determined by :

A =
(

3 − 0.8 · H

Dp

)
≥ 0.9 (6.79)

and for cyclic loading A = 0.9.
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Figure 6.10: Relative density as a function of internal friction angle

Application of P-y curve theory to the small scale model

Solving the equations suggested by API [59] with the data obtained from the previous tests
mentioned in this thesis to obtain the p-y curves for sand. The data used to solve the equations
are shown in the following table 6.2:

Test name ϕ[°] C1 [-] C2 [-] C3 [-] D [m] γ [kN/m3] k [kN/m3]
Loose sand 34 2.8 3.35 48 0.06 15.72 115
Dense sand 35 3 3.5 54 0.06 18.21 135

Table 6.2: Data used to solve the equations and obtain the p-y curves

The internal friction angle is obtained by using the values (table 4.7) corresponding to
the peak values derived from Mohr circles in section 4.4.5. The effective soil weight values
are calculated in section 4.2.4. The C1, C2, C3 and k are obtained by using the fig. 6.9 and
fig. 6.10 for the corresponding internal friction angle.

By varying the depth to have different lateral bearing capacities and the lateral deflection
to have different lateral soil resistances, the following graphs can be obtained for loose and
dense sand :
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Figure 6.11: P-y curve for different depths for loose sand

Figure 6.12: P-y curve for different depths for dense sand

Looking at the fig. 6.11 and fig. 6.12, as the soil depth and lateral deflection become greater,
the soil lateral resistance increases, regardless of whether the sand is loose or dense. The lateral
resistance of the soil increases rapidly to counteract the lateral displacement until it reaches its
maximum value and then it remains constant despite the increase in lateral deflection. This
means that the soil is no longer strong enough to take up the lateral displacement of the pile
and the pile may overturn if the deflection becomes too great.

For small depths, the maximum lateral resistance of the soil is reached very quickly and is
very low compared to the longer driving lengths. Furthermore, for the same lateral displacement,
the maximum lateral soil resistance is reached more quickly for loose than dense soil. This
means that for dense soil, the pile must be driven to a shallower depth to achieve the same
lateral soil resistance as for loose soil. Depending on the density of the sand and the lateral
displacements due to waves and wind, it is easy to predict how far the pile should be driven in
order to obtain sufficient lateral soil resistance to avoid pile tipping.
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CHAPTER 7

Experimental setup

Different methods can be used to get more insight into what the influence of the installation
method is on the final lateral resistance of the monopiles. Respectively numerical modelling,
full scale tests and model tests. The latter is the one we will focus on from now on as it is the
one that has been undertaken in the UCLouvain civil works laboratory in Louvain-La-Neuve.

7.1 Similitude relationships
In order to get a correspondence between the small scale experiments and full scale effects,
some non dimensional groups need to be kept between the two. These can be divided in
different categories : the design and the action ratios.

The ratios from the first category are used in order to get the right dimensions while
preparing the experiments : pile length, diameter, loading resultant height and pile thickness.

The second category of design ratios is used in order to interpret the results and transform
them into full size relationships : the forces, moments and displacements will be discussed here.

Figure 7.1: Scaled model dimensions
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The main parameters that have been taken into account for the design ratios are the pile
length, diameter, steel thickness and loading resultant height (see fig 7.1).

The reference ratio used is the one relating the real size to small scale diameter of the pile.
This ratio is kept at 100 :

λ = Dp

Dm

= 100 (7.1)

With p representing the prototype, full scale characteristic and m stands for the models’ one.
Which means that the tube with a diameter of 60 mm is scaling a 6 m diameter prototype pile.
On the other side, a 110 mm diameter model scales a 11 m diameter monopile.

At first, these two sizes were chosen because they are respectively representing the mean
actual size of monopiles installed in the North Sea and the future size of piles that the industry
is expecting to install in order to accommodate bigger wind turbines. Unfortunately, only
experiments on the smaller 60 mm piles have been performed.

From this relationship, other ratios can be derived that allow us to scale the embedded
length and loading resultant height. These can be found in the literature from the database of
existing windturbines.

The embedded length to diameter ratio usually lies in between 3 and 10, or somewhere
around the following relationship (see [43] and [72]) :

L = 8 · D − 5m (7.2)

In our case, for the small 60 mm diameter pile, that means that the embedded length must
respectively be in between 18 and 36 mm or close to 43 mm. A ratio of 5.5 and of 10 have
been chosen for the experiments as they fit both sides of the relations spectrum.

The loading resultant height is a very difficult subject as the windturbine is subjected to
variable cyclic loading due to the wind, wave, current and blade movement. As all these actions
have variable intensity in time and all along the shaft of the windturbine, it is impossible to
find one accurate loading resultant height. However, simplifying assumptions can be made to
get the shear force and mudline moment that approximates those really experienced by the
monopile and the surrounding soil.
Different relationships have been found in the literature in order to get this ratio. Some are
related to the diameter of the pile and others are related to the embedded length.
The two relations are the following (see[14] and [19]) :

5 ≤ X

D
≤ 18.3 (7.3)

X

L
= 2.5 (7.4)

These relationships give respectively the following values for the 60 mm pile :
300 mm ≤ X ≤ 1098 mm and X = 825 mm.

The steel thickness has also quite a big impact on the behavior of the pile while loading
it as the bending stiffness is related to it. Using classical beam theory, the stresses due to
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bending can be represented by:
σ = M

Z
(7.5)

Z = π

2
t

D

(
D

2 − t
)3

[mm3] (7.6)

The API gives us a relationship between the pile steel thickness and its diameter [72] :

t = 6.35 + D

100[mm] (7.7)

With t and D given in mm, which scaled gives :

t = 0.0635 + D

100[mm] (7.8)

Which for the small pile would give a thickness of 0.6635 mm. Since this thickness was not
available on the market for such an experimental setup, we have chosen the closest possible
approximation and are evaluating the theoretical impact of this approximation.

To be able to get a correspondence between the results given by the small scale experiments
and the real size events, relationships between forces, moments and stresses in the small and
real size had to be determined.

As the horizontal force is counterbalanced by the passive resistance of the soil around the
pile, the following relation can be drawn using basic statics :

F =
∫ L

0
Kp · σv · D · dz (7.9)

As Kp, the passive coefficient of earth pressure, is equal to 1+sin(ϕ)
1−sin(ϕ) and σv = γz and γ and ϕ

are not scaled, the relationship gives :

F = KP · D · γ · L2

2 (7.10)

So the force scales as DL2. Since D and L scale with a factor λ = 100, F scales with a factor
λF = 1000000. That means that a result of 1N in the model test corresponds to 1MN of
loading on real life monopiles.

As the moment is the product of that force and a distance scaled like the diameter, the
moment scaling factor is the following :

λM = 100000000 (7.11)

Finally, the stresses in the pile can be computed using the moment :

σ = M

Z
(7.12)

Using the length and moment relationships, the pile stresses scaling law can be computed as:

λσ = 100
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The model piles are composed of the same materials as used in (Jafari [44]).Thus they haven’t
been tested again. The properties of the steel used are directly coming from his thesis :

Description
Outer

Diameter
(D0)
[mm]

Wall
Thickness

(t)
[mm]

D0/t
[/] Specifications

Tensile
Strength

(Rm)
[MPa]

Elongation
After

Fracture
(A)
[%]

Upper yield
Strength
(ReH)
[MPa]

60 mm
model piles 60 1.5 40

EN 10305-3 E235
+CR1S2:

Steel tubes for
precision applications

390 7 >=0.7*Rm
=273

110 mm
model piles 110 1.5 73.3

EN 10305-2 E235+C:
Steel tubes for

precision applications
490 6 >= 0.8*Rm

=392

Table 7.1: Steel tube characteristics as given by M. Jafari [44]

Thus, as the steel material keeps the same properties between the model and prototype,
the strains are scaling the same way as the stresses since the stresses stay in the elastic domain
and the relationship between stresses and strains is :

σ = Ep · ϵ (7.13)

λϵ = λσ = 100 (7.14)

7.2 Discussion of choices and similitude
The characteristics of the different experiments conducted can be found further in table 8.1.
First of all, the length scaling ratio, λ = 100, has been kept in the diameter.

Concerning the embedded length, ratios L/D = 5.5 and 10 have been chosen and are in
the range 3-10 and on both sides of the line L = 8 D-5.

On the other side, for the loading height, the following ratios are kept :

Experiment Loading Height Ratio H/D Ratio H/L
1 910 15.17 2.758
2 970 16.17 2.939
3 960 16 2.909
4 695 11.58 1.158
5 950 18.83 2.879

Table 7.2: Loading height versus diameter and embedded length ratios

It can be seen that except for the fourth experiment, where the loading height was condi-
tioned by the pile length due to the high embedded length, these ratios are kept in the range
recommended : H/D between 5 and 18.3 and H/L around 2.5. That means that we can
expect the fourth experiment to resist to slightly higher forces than the other compared to the
embedded length.
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One of the relationships that could not be kept is the ratio between the diameter and
the thickness of the pile. Indeed, while API recommends to keep the ratio around t =
0.0635+D/100, which would mean a 0.6635 mm thick pile wall, we could not find such a thin
tube.

This implies that the stresses and strains recorded in the tube are going to be lower than
those recorded in real size monopiles. The pile will also react as more rigid than supposed to
due to the increased inertia.

Finally, the sand and steel properties have been kept the same as in full scale monopile
designs.

7.3 Model pile driving facility
The pile driving facility used in our experiment is based on the Fondeole system developped at
UCLouvain by A. Holeyman and S. Hamdi (2017) [38].

7.3.1 Initial pile driving facility - Fondeole
This small scale pile driving facility has been used until now to drive tubular steel piles into weak
rock masses by S. Hamdi and M. Jafari. The setup consists of the following parts (fig. 7.2) :

Figure 7.2: Initial Fondeole setup as used by M.Jafari [44]
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• A 10 kg weight constitutes the hammer. Two ropes are knotted on rings situated on its
head. Pulleys fastened to a frame supported by a rigid H-column fixed on the test floor
allow for easy raising of the hammer.

• An anvil that has been machined specifically to fit perfectly the pile and the centering
rod. Its role is to damp the hammer blows and to center them on the pile in order to
avoid any eccentricities in the hits . The anvils are made of 42CrMo4 steel alloy with a
yield strength of 500 MPa (Fig 7.3).

• A centering rod that is fastened to the top of the hammer frame and finishes inside the
pile.The anvil has a hole in its center in order to let it pass through. The hammer also
has one that allows for it to slide around the centering rod and hit the pile right in its
middle, avoiding all eccentricities of the blows.

• Lateral supports to keep the pile vertical on its whole height. They are composed of a
metal piece up to a certain distance to the H-column then two wood pieces machined to
keep a hole with the same diameter as the pile in their middle can be fastened in order
to clamp the pile. The holes are fitted with felt to reduce friction when the pile is being
driven.

Figure 7.3: Anvils for (a) 110mm model piles and (b) 60mm model piles (Hamdi,2016)[44]

The pile used in their experiment was composed of two parts and was all together over 5 m high.

The pile was placed in the vertical supports and the anvil-hammer-centering rod system
was placed on top of it. Then the hammer was raised manually by pulling on the ropes until
the desired drop height was reached and then released. This was repeated until the desired
driven depth was reached.
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7.3.2 Changes added for our project
As the former use of this experimental setup was to drive pipe piles into calcarenite or recon-
stituted weak rocks, the pile could be driven quite close to the H-column into small samples.
The different elements were thus designed in order to have the pile at 30 cm from the side of
the column.

In order to keep the border effects as limited as possible in our experiments, a container
with a 1 m diameter and 5 cm concrete sides was used. This means that the pulley frame and
the lateral supports had to be extended.

As the pulleys are fixed on an aluminium plate clamped to the frame, we could just make a
new frame with the extended dimensions, but the lateral supports had to be cut in two and
extended thanks to two thick walled square hollow steel bars welded inside the original support.

Also, as shorter piles will be used (1.35 m model piles), only one support is needed in order
to keep the pile vertical but limit the friction losses.

Thanks to all these changes, the Fondeole system could be used for our experiments.

7.4 Model pile instrumentation
The pile was equipped with sensors to allow for a post processing analysis of the experiments.

7.4.1 Overview
The sensors added to the pile are the following (Fig 7.4) :

Figure 7.4: Instrumentation top view
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On the pile :
• A 10000 g accelerometer in order to record the acceleration at the top of the pile for

each blow.

• A 5 m optic fibre thread to record continuously the deformations of the pile while loading
it.

On the H-column :
• A laser for recording the vertical setting distance then horizontal deflection of the model

pile during respectively the driving and lateral loading phase. A polystyrene board is
fastened on the side of the pile as a target for the vertical laser and a white sticker is
pasted on the side of the pile for measuring horizontal distances. The laser position is
changed between the driving and lateral loading phases of the experiments.

On the jack :
• A 100kN load cell to transcript the force needed while laterally loading the model pile.

On the container :
• A 50g accelerometer in order to record the influence of the boundary conditions on the

results.

7.4.2 Optic fibre
A 5m optic fibre was glued on both model piles in a serpentine manner so that data on the
strains of the four sides of the pile can be recorded(fig. 7.5).

Figure 7.5: Fibre placing on the side of the pile
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Working principle of the fibre

The optic fibres allow to measure the strains on the sides of the model pipes in a nearly
continuous manner. A system is sending a light signal in the fibre and measures the time
difference between the sent signal and the reflected light. The Luna HD-FOS (High Definition
Fibre Optic Sensing) is using an Optical Frequency Domain Reflectometer (OFDR) to do just
that and determine the exact place and amplitude of the deformation. Their fiber can also
calculate temperature differences (fig. 7.6).

Figure 7.6: Working of the optic fibre - source Luna

The Luna HD fiber optic strain sensors are composed of standard optic fibers connected
to a plug-in connector and a glass termination (fig. 7.7). The complete specifications can be
found in chapter H.

Figure 7.7: Composition of an optic fibre as given by Luna

Advantages of the fiber

Compared to more standard strain gage, the optic fibre has a lot of advantages ([50]):

• The fibre is flexible which permits to measure the deformation in more complicated places.
It is also very small and lightweight which limits the interference with the experiences.

• The fibre is not conductor and is thus not influenced by electromagnetic phenomenons
happening around it.

• It can be purchased in long length which allows to have nearly continuous measures all
along the element using only one measuring device.

• Thanks to the Odisi data measurement system and the key-ID unique for each fiber
given when bought it can be used straight after the installation without losing too much
preparation and calibration time.

113



7 – Experimental setup

Installation and protection protocol

In order for the fiber to record the same strains as the pile, it needs to totally adhere to it. To
get this perfect adhesion, the following protocol1 has been followed.

Material needed for the installation

The following materials were used while preparing the pile, gluing and protecting the fibre
(table 7.3) :

Material References
High Definition Fiber Optic Strain Sensors HD6S05LC300P

Optical Distributed Sensor Interrogator ODISI 6000 SERIES
Compressed air duster HG nettoyant à air comprimé

Degreaser CSM-3
Conditioner A mild phosphoric acid M-Prep Conditioner A (MCA-2)

Neutralizer 5A Ammonia-based liquid M-Prep Neutralizer 5A (MN5A-2)
adhesive glue Loctite 495
Epoxy glue Würth ESK-50

Adhesive Activator Loctite 7471
Brushes different types

Adhesive tape Würth Crepe Masking Tape
Wooden stick small round stick

Table 7.3: Materials needed for optic fibre installation

Pile preparation

The first step is to delimit the four sides of the pile (N-W-S-E). In order to do that, a first line
was traced at N. Then, a paper sheet was rolled around the pile and marks were drawn at the
places where the end recovered the beginning. Then the sheet was cut at those marks to roll it
around the pile with both sides of the sheet perfectly next to each other. Finally, lines were
drawn on the sheet as to have four equal parts. Fixing this to the pile allowed to find the three
other directions. All four lines have been marked thanks to a marking gauge.

A 2 cm space around the lines and around the bends has been delimited by placing three
masking tape layers at 1 cm on each side of the pile (fig. 7.8). Finally, the space in between
the tapes has been sanded to have a perfect surface state (fig. 7.9).

1given by S. Awad and A. Bertholet
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Figure 7.8: Pile taped around the future fibre course

Figure 7.9: Sanded pile

Afterwards, the tape has been removed and the surface has been chemically prepared
through the following steps ( fig. 7.10) :

1. Using the degreaser and a small brush to clean and remove the big particles.

2. Drying with compressed air.

3. Cleaning using the M-Prep conditioner A acting as an etchant.
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4. Follow by using the M-Prep Neutralizer 5A that stops the chemical reaction due to the
acid.

5. Finish by drying using compressed air.

Figure 7.10: Chemicals used for surface preparation

Once the pile is clean where the fibre will be glued, it can be unrolled to the length of the
pile, then kept tight between the beginning and the end of the intended course.The beginning is
taped around the pile (fig. 7.11), for other lengths, one drop of glue is placed at the beginning
and the end of the course, and the polymerisation is directly started thanks to a small activator
spray (fig. 7.12).This way, the fibre stays tight while the glue can be applied to the rest of the
course.

Figure 7.11: Taped beginning of fibre
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Figure 7.12: Glue and activator

A small triangular notch is cut in the wooden stick, then glue is dropped on the top of this
notch and by sliding the stick over the fibre, it is applied on and around the fiber. Afterwards,
the fibre is rolled around a big arc of a circle so the fiber is not too bent until the next side of
the pile and the former steps are done again until all sides are glued (fig. 7.13).

Figure 7.13: Fibre glued on the pile

Finally, after the glue has dried, an epoxy coating is added around the fibre to protect it
against abrasion while driving and against other hazards.
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7.4.3 Accelerometer
In order to measure the pile head acceleration during driving, a 10000g accelerometer is fastened
on one of the supports welded at the pile head.

This accelerometer is a PCB 350C03 shock accelerometer with a sensitivity of 0.5 mv/g.

Another accelerometer was fastened to the container to investigate the shock wave arriving
to it and its influence on the final result.

This accelerometer is a PCB 353B33 shear accelerometer with a measurement range of
+-50g and a sensitivity of 100 mV/g. It was shown afterwards that a smaller measurement
range would have been sufficient due to the very low values of the container acceleration levels.

7.4.4 Laser
Finally, a laser has been used to measure vertical and horizontal displacements of the pile
during driving and lateral loading respectively.

The laser used was a Keyence LK-502.

Vertical measurement A polystyrene board was attached to the side of the pile as a target
for the laser beam using tape. The laser was attached to a wooden board itself bolted to a
vertical support.

Horizontal measurement The laser was fastened to an aluminium profile so that it would
hit the pile on a sticker used as a target. This allowed to calculate the tipping angle of the pile
while laterally loaded using Pythagoras theorem.

7.5 Horizontal loading
Once the pile has been driven to the desired depth, a lateral loading is applied on the pile.

7.5.1 Loading device and lateral loading procedure
The lateral loading device is constituted by :

• A jack Enerpac RC1010, with a capacity of 101 kN and a stroke of 257 mm.

• A force cell.

• A manual pump.

• A transition piece between the force cell and the pile.
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Figure 7.14: Dimension of lateral loading device

Figure 7.15: Real lateral loading device

In order to analyse the lateral loading influence on the pile and fibers behaviour, the jack pushes
the pile until some distance and returns to its initial position. Then, the jack goes back at the
level of the pile and pushes the pile until the end of its course.
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7.6 Experimental procedure
1. Using the sand raining system, fill the tank with a certain constant drop height throughout

the filling process and set to achieve a desired relative density. The sand is dried and
sieved with a 2.36 mm sieve to avoid obstructing the openings of the sand raining system.

Figure 7.16: Sand sieved by a 2.36 mm sieve

Figure 7.17: Tank filling process with sand raining system

2. Once the tank has been filled, place the lateral pile guide supports at different heights on
the H-column fixed to the floor to ensure the verticality of the pile during impact driving.
Connect the hammer to the pulley system at the top of the column.
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Figure 7.18: Position of lateral guide supports and hammer on the H-column

3. Place and centre the pile previously instrumented with an accelerometer and optical
fibres in the sand-filled tank.

Figure 7.19: Position of pile in the tank

4. Place the guide rod at the top of the column and the hammer in it. The movement of
the hammer during impact driving is ensured by this 21 mm diameter steel rod. The
hammer slides along this rod until it hits the anvil. Place the anvil on top of the pile.
The anvil acts as a centering device to ensure an impact along the pile axis.
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Figure 7.20: Position of rod guide, hammer and anvil

5. Place the laser on the H-column to measure the pile vertical displacement during the
impact driving.

When all the above steps have been completed, the impact driving process can begin.

6. Launch the acquisition program and lifts the hammer until the predefined drop height
is reached. Drop the hammer and wait a few minutes for the sensors to become stable
after the blow.

7. Measure the new pile height after the blow. The height is the distance between the sand
at the pile base and below the anvil. This allows to check that the laser measurement is
correct.

8. Repeat the previous two steps until the desired driving depth is reached. Stop the
acquisition program.

Figure 7.21: Position of the pile at the desired driving depth
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9. Remove the hammer, the guide rod, the laser and the lateral supports.

10. Place the lateral loading device and the laser on the H-column to measure the horizontal
displacement. Place the acquisition device for optical fibers on the pile.

Figure 7.22: Position of lateral loading device, optical fiber device and laser

11. With the jack pump, push the jack until a contact between the transition piece and the
pile has been achieved.

12. Launch the acquisition program for the sensors and for the optical fibers.

13. With the jack, push the pile until some distance. Stop the acquisition programs. Then
the jack comes back to its initial distance to analyse the loading influence on the pile.

Figure 7.23: Position of the pile after the first lateral loading
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14. With the jack pump, push the jack until a contact between the transition piece and the
pile has been achieved and launch the acquisition programs.

15. With the jack pump, push the pile until the end of jack course.

16. Stop the acquisition programs. Measure the pile driving and the sand displacement
created during the lateral loading.

Figure 7.24: Position of the pile after the second lateral loading

Figure 7.25: Measurement of the sand displacement during the lateral loading
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17. Remove the lateral loading device and the pile. Empty the tank by removing the screws
and the board under the tank.

Figure 7.26: Emptying of the container
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CHAPTER 8

Interpretation of Results

Five different experiments were conducted, four of them in dense sand and the last one in
loose sand conditions.

They are denominated in the following way :

essaix-D-density-H (-hc5)

with x the test identification number, from 1 to 5, D the pile diameter in mm, here 60 for all
tests, Dense or Loose for the sand density and H for the embedded length to diameter ratio.
The suffix -hc5 is added when the drop height is changed from the reference drop height.

The reference properties are the following : a 60 mm diameter, dense sand, a 5.5 ratio
between the embedded length and the diameter and a drop height of 10 cm. This corresponds
to test 1 and 2. Each other experiment has one characteristic changed from the reference in
order to investigate its influence on the pile behavior.

A recapitulating table of the experiments can be found in table 8.1.

Experience
Number

Sand
Relative
Density

[%]

Pile
Diameter

[mm]

Drop
Height
[mm]

Embedded
Length
[mm]

Ratio
L
D

[/]

Loading
Height
[mm]

1 76.4 60 100 330 5.5 910
2 76.4 60 100 330 5.5 970
3 76.4 60 50 330 5.5 960
4 76.4 60 100 600 10 695
5 57.5 60 100 330 5.5 950

Table 8.1: Experiments characteristics
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Each experiment is composed of three phases :

1. Container filling

2. Pile driving

3. Lateral loading

The results for each phase are the following :

8.1 Container filling
In order to manage to do all the experiments in a short time frame, the dense sand container
has not been emptied and refilled between experiments and the container has been used as is.
This means that the container was only filled twice:

Density type Sand fall height
[mm]

Sand weight
[kg]

Container volume
[m3]

Sand Density
[Mg

m3 ]

Sand Relative
Density

[%]
Dense 600 913.838 0.52 1.756 76.4
Loose 300 888.143 0.52 1.706 57.5

Table 8.2: Container filling data

The container filling curves are the following (fig. 8.1 and fig. 8.2) :

Figure 8.1: Filling curve for the dense sand Figure 8.2: Filling curve for the loose sand

It is to be remarked that the height has been computed from the sand fall height, which
explains the steps look of it and the fact it does not go up until the full height, 800 mm, but it
is a good way to see the trend. The linear average between filled height and weight means
that the relative density can be considered close to continuous over the total filled height.
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8.2 Impact driving
During the driving phase of the experiments, each blows were recorded with its dropped height,
set length, acceleration, container acceleration and impact duration. Using the acceleration,
the set speed could also be computed. For the integration, a 5th degree Newton-Cotes formula
was used, Boole’s rule:∫ x5

x1
f(x)dx = 2h

45 (7f(x1)+32f(x2)+12f(x3)+32f(x4)+7f(x5))+(− 8
945h7f (6))(ξ) (8.1)

with x1−5 being following recordings, the last term being the error term and h defined as the
time difference between two recordings.

Typical results

The typical results for an experiment look like the following, where, in order to have all the
distinctive blows on one graph, their beginning time was incremented by a fraction of a second:

Figure 8.3: Pile acceleration measures for the
second experiment

Figure 8.4: Container acceleration measures
for the second experiment

Figure 8.5: Displacement measures for the
second experiment

Figure 8.6: Set speed calculated for the second
experiment
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From these graphs already a few conclusions can be drawn :

The blows have a very short actual impact time.

Figure 8.7: Small timescale pile acceleration Figure 8.8: Small timescale pile acceleration

It can be seen here that there is a wave reflection after around 0.15 s for the second
experiment and 0.2 s for the fifth. Due to the short length of the pile and the measure noise,
the exact reflection time is not always easy to quantify but in most blows, it is laying between
0.008 s and 0.02 s. It is interesting to remark that the longer time have been recorded in the
experiment with the looser sand (essai5).

In the graphs (fig. 8.3) it can also be remarked that for example for the blows n°7 and 8,
the accelerometer continues to record an acceleration after the blow, while the displacement
(fig. 8.5) has already reached its final value. This is quite rare and could be due to the fact
that the accelerometer is fastened to a welded support outside the pile that takes time to get
back to its original place and takes more time to settle than the pile. The fact that the laser
target is located below the accelerometer on the pile and that the signal is stopping very clearly,
without oscillations, would suggest that conclusion.

Furthermore, the amplitude and shape of the container acceleration values (fig. 8.4) are
quite uniform and low compared to the pile head acceleration(fig. 8.3).

Finally, two conclusions can be drawn concerning the displacement(fig. 8.5) : it looks like
the time taken for the pile to settle is uniform for all blows at around 0.31 s. On the other
side, the total set per blow is decreasing with an increasing current embedded length.
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Comparison of experimental results

In order to investigate these phenomenons further for each experiment, these values have been
plotted against the embedded length for each experiment :

Figure 8.9: Pile acceleration measures against
depth

Figure 8.10: Set speed peak values against
depth from acceleration integration

It is important to note that for fig. 8.9, a moving average of three points has been imple-
mented to get the trend as actual values are oscillating and that it represents the maximal
absolute value of each blow as some blows have a negative acceleration peak and no positive
acceleration values. For fig. 8.10, the same treatment has been applied with a moving average
of two points.

It can be seen in fig. 8.9 that the values of acceleration are higher for essai1 and essai2 and
lower for essai3 and essai5. This observation could be expected as essai3 has a lower impact
energy and essai5 has a lower sand density which leads to a decreased soil resistance and thus
reduced force and acceleration.

On the other hand, the fact that essai4 has lower peak values when in the same domain
is concerning. It might show that after three tests in the same sand, this layer is disturbed.
Another explanation might come from the fact that the lateral support had to be set lower in
order to drive the pile to deeper depths. It might thus just show the influence of the support
height on the pile accelerations. It can be seen that those values get higher when the pile is
driven further than 330 mm.

Furthermore, the set speeds (fig. 8.10) and set per blows (fig. 8.11) of the three experiments
conducted in dense sand with a drop height of 10 cm are similar. That shows that as the the
amplitude of the pile acceleration is lower, its duration must be longer, giving comparable results.

Finally, it can be remarked that at a depth of around 520 mm, 280 mm from the container
bottom, both the maximum acceleration and speed are increasing quite rapidly. It might be a
sign that from this point, the influence of the bottom of the container on the driving resistance
of the pile is not negligible. It must be noted that the lateral support was removed after 455
mm of embedded length was reached. This might also cause some change in the recorded
acceleration as less friction was applied to the pile outside the sand friction.
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Figure 8.11: Set per blow against depth Figure 8.12: Total blows needed to reach a
given depth

In both graphs, three groups can easily be distinguished: dense sand and drop height of
10 cm, dense sand and drop height of 5 cm and loose sand. As could be expected, it takes
less blows to drive to the same depth a pile in loose sand than in dense sand. An increased
drop height also means a higher set per blow. On the other side, it is interesting to notice
that as the depth grows, the difference in set per blow closes in. That implies that, all driving
characteristics kept, the refusal depth of looser sand will be way lower than that of denser sand,
but it can be changed by increasing the drop height.

Extrapolation prediction equations can be drawn (fig. 8.13) :

Figure 8.13: Blow count predictions

The x and x2 coefficients of the predictive equations are nearly double for essai3-60-dense-
5.5-hc5 compared to the reference experiments and nearly ten times those of essai5-60-loose-5.5.
We can expect nearly 110 blows to get to a 600 mm embedded length for essai3-60-dense-5.5-
hc5 while essai5-60-loose-5.5 would not need more than 20 blows to get to the same embedded
length. It needs to be pointed out though that essai5-60-loose-5.5 got to the desired depth in
only three blows which means that even though the curve fits perfectly the data, it is not very
accurate for a large amount of blows.
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Comparing these values with the values computed with PDI Wave (fig. 6.5), some substantial
differences can be seen. Indeed while PDI did not assume any difference between the loose
and dense sand, the experiments showed some substantial difference, needing three times less
blows to get to the desired driving depth in essai5-60-loose-5.5 than for essai1-60-dense-5.5.
Also, the software overestimated the amount of blows needed for each f the experiments, need-
ing more than 1.5 more blows to get to the desired depth. This might also be one of the effects
of the fact that the software stopped the simulation while the blow effects were still significant.
But this fact is a good thing as it shows the software has some safety compared to the real results.

The fact that all three experiments with the same driving parameters have the same range
of values for those two graphs comforts us in the fact that the reusing of the sand container
for multiple experiments does not have a substantial impact on the driving.

Finally, it is interesting to look into the impact of the boundary conditions materialised by
the container on the experimental results. To quantify this impact, the acceleration due to the
shock wave was used :

Figure 8.14: Container to pile acceleration
ratio against depth

Figure 8.15: Velocity between pile and container
acceleration peaks against depth

As the accelerometer was disposed on the top of the container’s side, this is only a way of
looking into the horizontal waves reflections on the sides. The vertical impact on the driving
resistance has already been discussed about (fig. 8.9 and fig. 8.10).

The two experiments with a higher container to pile acceleration ratio are the two exper-
iments with lower acceleration amplitude and that the ratio keeps close. It means that the
value of the ratio is more dependant on the value of the pile acceleration than on the depth
(fig. 8.16) :
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Figure 8.16: Prediction of the relation between the ratio and the pile acceleration

From this graph, it can be seen that the ratio is not dependant on the depth represented
by the colormap. The relation is nearly linear though as the tendancy line has the following
equation :

Acc50/Acc = 0.4
Acc + 200 − 0.00005 (8.2)

And fits quite well the data. The low values of the ratio and the fact that it is not dependant
on the depth shows the low influence of the horizontal boundary conditions on the results.

Finally, from the time difference between peaks, an approximation of the wave velocity as a
function of the depth can be computed:

vwave = 127 + 0.1z (8.3)
Indeed it is only an estimation as the pile acceleration spike time has been computed from
an accelerometer located on the top of the pile. The wave travel time in the pile itself has
not been taken into account and might be responsible for part of the speed difference with depth.

On the wave speed though two things can be pointed out :

First, there does not look like being a difference between the loose or dense sand. Maybe a
bigger density difference is needed to be able to find the real change, but it means that for our
experiments, the assumption that the wave velocity is a constant value is right. Secondly, this
velocity can be put into perspective compared to the shear wave velocity computed thanks to
the bender elements (table 8.3) :

Measures Acceleration data
(300 mm) Saturation phase Consolidation phase Cyclic phase

wave
velocity
[m/s]

157 95.63 138.37 52.76

G
[MPa] 43.3 / 42 17.22 36.05 5.24

Table 8.3: Comparison of shear wave velocities and shear modulus in the experiments and
using the bender elements
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The wave speed value computed using the accelerometer data is quite close to that measured
after the consolidation phase. Considering this, these values could be used further to investigate
the pile behavior during the loading phase.

8.3 Loading
Once the pile was driven, it was laterally loaded in two phases separated by an unloading.
These will be denominated by mec1 and mec2 in the following results.

The force, horizontal displacement and axial strains were recorded during each phase of
each test. These allowed to compute the internal forces and tipping angle as a function of the
time.

Internal forces and angle calculations

The internal forces were computed using classical beam theory and the strains recorded on
four locations at each 90° along the pile : W-S-E-N. The loading direction is the axis W-E,
sometimes mentioned as x in the following graphs, while the transverse direction is N-S.

The averaging of the strains multiplied by the elastic modulus of steel, 210000 MPa, and
the transverse area of the pile, Ap = π(r2 − (r − t)2) = 275.675mm2 gives the axial stresses
in the pile :

N = ϵ · Ep · Ap (8.4)
It was computed at each location along the pile for each timestep for each experiment.

The moment was computed through the sum of the contribution of 6000 small forces
computed along the height of the transversal section of the pile considering a linear relation
between the opposite strains :

Figure 8.17: moments calculations from strain recordings

135



8 – Interpretation of Results

Mi = FiXi (8.5)
M = ΣMi (8.6)

Finally, the angles are calculated from the displacement considering the pile rotates rigidly
around its toe. this hypothesis is credible due to the pile’s high bending stiffness, but might be
less accurate for larger embedded length.

angle = atan

(
displacementv

hlaser + L

)
(8.7)

Typical results

Typical results for a test are the following :

Figure 8.18: Moment evolution with time for
essai3-mec1

Figure 8.19: Axial forces evolution with time
for essai3-mec1

Figure 8.20: Moment evolution with time for
essai3-mec2

Figure 8.21: Axial forces evolution with time
for essai3-mec2

Already here, some key features can be shown :

First of all, as can be seen in the graphs of mec1(fig. 8.19 and fig. 8.18), once the contact
is totally released, there is no residual moment nor axial forces and the strains go back to the
initial state. That means that the pile is still in its elastic phase, which is not the case of the soil.
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Secondly, as the jack used to load the pile is connected to a hand pump, the pump strokes
and reloading phases can clearly be identified. It highlights something quite interesting : once
in place and with no loading increment, the internal forces will decrease with time. But as
soon as the pile is loaded again, the forces necessary to increase the tipping angle are back on
the original loading curve as can be seen in the following graph (fig. 8.22) :

Figure 8.22: Evolution of the applied moment in time for essai3

Finally, another interesting feature is the shape of the loading curve : as could be expected,
there is a linear relationship between the applied moment and the internal forces even though
it is not easy to distinguish the exact relationship :

Figure 8.23: Relationship between the applied force and maximum moment for essai3-mec2
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Figure 8.24: Moment evolution with tipping
angle for essai3-mec1

Figure 8.25: Axial forces evolution with tipping
angle for essai3-mec1

Figure 8.26: Moment evolution with tipping
angle for essai3-mec2

Figure 8.27: Axial forces evolution with tipping
angle for essai3-mec2

These graphs (fig. 8.24, fig. 8.25,fig. 8.26 and fig. 8.27) show the evolution of the same
internal forces as before but in relationship with the tipping angle. The moments vs angle
graphs have a recognisable stress strain relationship form with two phases : an elastic phase
until a fragment of a degree and a plastic phase afterwards.

It is interesting to note that when the pile got unloaded, its tipping angle recovers with
the same modulus as the initial elastic modulus after having an instant angle drop. This
instant drop is a particularity of this test and has not happened in other experiments. As the
particularity of this experiment is the hammer energy while driving the probability of both
being related is low but it might be interesting to investigate it more in detail with other drop
heights.
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Figure 8.28: Moment evolution in the pile for
essai3-mec2

Figure 8.29: Axial forces evolution in the pile
for essai3-mec1

Figure 8.30: Moment evolution in the pile for
essai3-mec2

Figure 8.31: Axial forces evolution in the pile
for essai3-mec2

Finally, these graphs show the evolution of the internal forces along the pile.

Concerning the moments, as could be expected, the maximal moment in the direction of
loading is located just below the ground level and confirms that the internal forces respect
the theory of active and passive earth pressure. It is interesting to note that the moment is
very similar to the isostatic case of walls without anchor at head and clamped at toe of Blum’s
theory for embedded walls (fig. 8.32) :

Figure 8.32: Internal forces of Blum’s method for embedded walls clamped at toe (source :
H.Rattez Design of Embedded retaining walls, LGCIV2071 Geotechnics,2020)
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On the other side, the transversal moment is, as expected, quite low compared to the
former. It is mostly uniform on the height of the pile and just slightly lowering when getting
closer to the pile’s ends. Its maximal value, as opposed to the former moment, is situated
nearly at the middle of the pile length, above the ground level.

It would be expected that this kind of moment would be due to the ovalisation of the pile
due to the load application. That would not create moment when the pile is taken as a single
beam, but would create independent moments on the sidewall itself as can be seen from the
strain records taken at the same timestamps (fig. 8.33 and fig. 8.34) :

Figure 8.33: Strains evolution in the pile for
essai3-mec1

Figure 8.34: Strains evolution in the pile for
essai3-mec2

Both lines are definitely nearly parallel and it can be seen that, at the top, some wave is
happening showing the effect of the load on the transverse part of the tube.

The transversal and lateral moment values are uncoupled, showing no direct link from one
to the other.

The interesting shape of axial forces graphs ( fig. 8.29 and fig. 8.31) can be explained by
these waves and by the shape of the moment values. The high level of axial forces close to the
ends of the pile were not expected and are interesting to notice. They happen mostly when the
strains in the N,S and E tend towards 0 and W still has a higher deformation. It can thus be
expected that most of the effect of this normal force to happen close to the west side of the pile.

This is one of the disadvantages of considering the pile as a beam as it is difficult to
understand the exact local impacts of the internal forces.This shows that as well as being
checked for global failure, monopiles are subject to important local stresses disparities and
should thus be checked for local stresses and buckling conditions imperatively.

Comparison of the different experiments

As moments, axial forces and tipping angle are important design characteristics for monopiles,
these have been put together for each experiment in order to investigate the parameters impact
on the response of the monopile (fig. 8.35, fig. 8.36 and fig. 8.37).
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Figure 8.35: Maximal moment compared with tipping angle

Figure 8.36: Maximal transverse moment compared with tipping angle

Figure 8.37: Maximal axial forces compared with tipping angle
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As expected, three categories can be distinguished : the dense and loose sand experiments
and the normal or longer embedded lengths.

Indeed, the longer embedded length induced a better resistance, but what is interesting to
point out is the fact that while the embedded length was not even doubled, the resistance is
nearly quadrupled. This again corresponds to what would be expected if the soil resistance was
modelled using Rankine’s theory.

Considering this, it also validates the relationships between model and real size resistance
and stresses given in section 7.1, based on the same theory :

model ratio value
λ 100
λσ 100
λF 1000000
λM 100000000

Table 8.4: Similitude ratios for force, moments and stresses

Using these relationships, and applying them to the values of the different parameter when
the tipping angle reaches 2°, considered close to failure for a monopile, the following graphs
representing the full scale values for the different experiments can be drawn:

Figure 8.38: Full scale values at failure (2°)

In these values, as well as in the former graphs, the similar values of the three first experi-
ments can be remarked, which confirms the fact that the use of the same filled container for
multiple experiments does not change the results significantly. It also shows that the fact of
using a lower drop height, thus a lower driving energy, does not change the lateral capacity of
a pile significantly.

It can be noticed in fig. 8.38 that the strains and stresses values are very low while the
force and moments compare with what could be the resistance of an offshore monopile. This is
due to the fact that the pile used for the experiments has a lower d/t ratio than recommended
in the literature. It was thus expected that the pile would show a more rigid behavior than full
scale monopiles.
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Furthermore, the influence of having a longer embedded length against the influence of
having a less dense sand on the capacity can be investigated. While the looser sand gives
a lower resistance, about having the admissible load here, the impact of a longer embedded
length is more sensible, as it is a function of the squared length difference.

It could thus be more interesting to do more tests in order to confirm this relationship and
to find the terminal embedded depth, where an increment in depth does not change significantly
the increment in resistance.

Finally, coming back to the fig. 8.36,fig. 8.35 and fig. 8.37, it can be remarked that from a
certain moment in time, the internal forces get to a point where the force increment needed to
tip the pile a little bit further becomes very small and the curve gets nearly to a horizontal line.
At that point, the pile does not have any resistance anymore, and can be considered past failure.

As a conclusion, the pile parameter which has the highest impact on the lateral resistance
of piles is the embedded length where the relationship between the resistance and the length
is quadratic. The state of the sand has an impact but which can be moderated using deeper
foundations. Its impact is less important for laterally loaded piles than for axially loaded piles
as can be seen when comparing the driving and loading values. A decreased driving energy
does not create a substantial change in pile lateral capacity.

The pile behavior when laterally loaded follows Rankine theory of soil states. This theory
might thus be used as a first rough approximation of the pile capacity.

Finally, it is very important to investigate the local stresses in the pile as some big disparities
have been observed from looking at the pile using classical beam theory and the local strains
and stresses recorded on four locations around the pile.
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CHAPTER 9

Conclusion

To respond to the climate emergency and low reliability of fossil energies supply, European
countries are changing their energy mix in order to incorporate more renewable energy sources
such as wind turbines, hydroelectric dams and solar panels. Their goal is to become carbon
neutral by 2050, in less than 30 years. There is still a lot of progress to be made from a
technical and economic point of view in order to be completely independent of fossil fuels, which
are more pollutant. Offshore wind turbines are a great opportunity to meet these challenges
and reduce the environmental impact of energy production despite their high installation and
maintenance costs and the intermittent nature of their production.

Thanks to initiatives like the SIMOX consortium, new installation techniques by impact
and vibratory driving are being researched, developed and tested for the installation of future
XXL monopiles. These piles increase energy efficiency and allow offshore wind energy to be a
competitive option in the energy markets. This new generation of wind turbines has a capacity
of 15 to 20 MW, a monopile with a diameter between 7.5 and 11 m and rotors with a diameter
of up to 230 m. These turbines are also installed in deeper waters up to 65 m and subject to
more severe environmental situations. To meet these new requirements, monopile transport
companies have also needed to adapt and reinvent themselves to increase their wind turbines
transport capacities .

Although monopiles are by far the most commonly used foundation for offshore wind
turbines due to their simplicity, manufacture cost and installation ease, this type of foundation
has technical and economic limitations. They are mainly used in shallow waters. New types of
foundations are being researched to install wind turbines in deeper waters, notably floating
foundations. In addition, in order to meet the growing demand for electricity, turbines are
becoming larger and heavier, which requires increasingly robust foundations. Research is be-
ing carried out to reduce the weight by using stronger steels or by increasing the slenderness ratio.

Currently, most offshore wind turbines are installed in shallow waters down to 40-50 m.
In order to install the monopiles, two main installation techniques are possible: impact and
vibratory driving, which has emerged in recent years to overcome the negative effects of impact
driving.
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Impact driving involves hitting the pile top with a hammer to drive it into the seabed. The
hammer’s impact on the pile head generates a wave that propagates along the pile to the tip.
The energy generated at the pile head overcomes the lateral friction along the pile and causes
plastic deformation of the soil at the tip. This causes the pile to be driven in.

Impact driving is widely used for its high load-bearing capacity and its application to a
variety of soil conditions. However, the vibrations induced by impact driving cause significant
disturbance to marine life or buildings near wind farms.

To counteract the negative environmental impacts, the economic costs and the slow rate
of impact driving, vibratory driving has been developed in recent years. This technique takes
advantage of the fact that the soil resistance decreases under cyclic loading. The degradation
of the soil strength makes it easier to drive the pile. Vibratory piling is based on the emission
of longitudinal vibrations which generate only a vertical force that allows the pile to be driven.

This thesis contributes to a better understanding of the influence of impact driving, embed-
ded length and relative density of dry sand on the lateral behaviour of the pile through a small
scale model of a foundation pile for an offshore wind turbine.

Through this thesis, the properties of North sea sand were determined through different
laboratory tests. These data can be used for simulations and other experimental tests, such as
vibratory driving or impact driving in saturated soil.

From the various laboratory tests, it appears that the majority of the sand grain size is
between 0.25 and 4 mm. Knowing the grain size of the sand is useful when sizing the openings
of the three plates that make up the sand raining system. In order to be able to perform triaxial
and cyclic triaxial tests correctly and to obtain different relative densities through the sand
raining system, it is important to know the minimum and maximum density of the sand. In the
case of North Sea sand, these are 1.821 Mg/m3 and 1.572 Mg/m3 respectively. Similarly,
the optimum water content obtained using the Proctor test is equal to 7.63% and is necessary
when carrying out saturated cyclic triaxial tests in order to achieve liquefaction and deduce all
the properties that result from it.

Triaxial testing involves applying a deviatoric stress to a cylindrical specimen while sub-
jecting it to an isotropic lateral stress to simulate stress conditions and shear failure. By
applying three different cell pressures, Mohr’s circles can be obtained, the cohesion and fric-
tion angle can be derived and the Young’s modulus can be calculated in the elastic phase.
For North Sea sand, it has a cohesion close to zero and an angle of friction between 30 and
35° depending on whether peak or residual data are used and whether the sand is loose or dense.

Cyclic triaxial tests measure the evolution of the soil’s properties while cyclically loaded. At
the end of the test, from the measurements of axial and lateral stresses and vertical strains,
the shear modulus and damping ratio can be calculated. For saturated tests, the degradation
and transition to liquefied soil can be studied. In this thesis, strain controlled cyclic tests have
been undertaken with a strain amplitude of 0.15%. they were conducted on saturated or dry,
loose or dense sand for a frequency varying between 1 Hz which is the wind frequency and 5 Hz
which is the maximum frequency of the cyclic triaxial cell. The bender method also provides
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the wave velocity in the sample and the shear modulus and was carried out in conjunction with
a cyclic triaxial test.

In order to test the influence of sand drop height on relative density, a sand raining system
was set up to reproduce a sandy soil that reflects the properties of natural sand deposits as
closely as possible. This method allows to control the relative density of the sand in the
container and to obtain relatively homogeneous sand samples repeatedly. The raining system
consists of three plates with scattered openings with diameters of 13 mm, 8 mm and 6 mm
respectively. For a constant drop height throughout the filling process, loose and dense sand
are obtained for drop heights of 30 and 60 cm respectively. Above 60 cm, the influence of the
drop height on the relative density is minimal.

In order to obtain a correspondence between the small-scale experiments and the full-scale
effects, some non-dimensional groups must be respected in order to have a correlation between
the results. For the purpose of this thesis, a factor of 100 was taken for the length dimension
ratios and ratios L/D= 5.5 and 10 for the embedded length. The loading height is conditioned
by the embedded length and the range H/D between 5 and 18.3 and H/L around 2.5 are
respected. However, the scaled down pile is stiffer than it should be, which increases the inertia
of the pile. The properties of the sand and steel are respected as in reality.

The pile driving system used in our experiments is based on the Fondeole system developed
at UCLouvain by A.Holeyman and S.Hamdi. The pile-driving system consists of the free fall of
a 10kg hammer on an anvil placed at the top of a 6 cm diameter, 1.35 m long and 1.5 mm
thick pile. The hammer is lifted manually by pulling on ropes to the desired height and then
released. This operation is repeated until the desired length is reached. A centering rod ensures
the verticality of the hammer and prevents eccentricity of the blows. Lateral supports ensure
that the pile is vertical over its entire height. The pile is equipped with an accelerometer, an
optic fibre and a laser displacement sensor. A detailed description of the instrumentation and
data acquisition system is also provided in section 7.4.

Once the pile has been driven to the desired depth, lateral loading is applied to the pile
using a jack actuated by a hand pump. The lateral loading is done in two parts in order to see
the influence of an unloading and then a full loading on the lateral behaviour of the pile.

In total, five experiments were carried out, four in dense sand and one in loose sand. A
summary of the experiments carried out can be found in table 9.1 :

Experience
Number

Sand
Relative
Density

[%]

Pile
Diameter

[mm]

Drop
Height
[mm]

Embedded
Length
[mm]

Ratio
L
D

[/]

Loading
Height
[mm]

1 76.4 60 100 330 5.5 910
2 76.4 60 100 330 5.5 970
3 76.4 60 50 330 5.5 960
4 76.4 60 100 600 10 695
5 57.5 60 100 330 5.5 950

Table 9.1: Experiments characteristics
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During the pile driving phase of the experiments, each blow is recorded with its drop height,
set length, the pile and container acceleration and the impact time. Using the acceleration,
the velocity of the whole set could be calculated. Once the pile was driven, it was laterally
loaded in two phases separated by unloading. The force, horizontal displacement and local
strains on four sides of the pile were recorded during each phase of each test. These allowed
the calculation of internal forces and tilt angle as a function of time.

As a result of the experiments, three categories can be distinguished: dense and loose sand
experiments and normal or longer embedded lengths.

Indeed, a longer embedded length induces a better resistance. For an almost doubled
embedded length, this results in an almost fourfold increase in strength. This resistance
corresponds to the soil modelled by Rankine’s theory. When the tilt angle reaches 2°, the
monopile is close to failure.

From the graphs obtained, it appears that using the same filled container for several
experiments does not significantly change the results. Furthermore, the use of a lower head
and thus a lower driving energy does not change the pile capacity significantly.

The deformations and stresses obtained are very small, while the force and moments are
comparable to the strength of an offshore monopile. This is due to the fact that the pile is
stiffer than desired in the similarity laws.High axial forces levels have also been recorded at
the pile toe and head, and might be an important design parameter. Finally, high stresses
disparities compared to classical beam theory were recorded in the pile, highlighting the im-
portance of taking local stresses into account while designing monopiles. In terms of internal
forces, at a certain point, the increase in force required to tilt the pile a little further becomes
small. At this point, the pile no longer offers any resistance and can be considered to have failed.

As a result of all these experiments, we can conclude that the parameter with the greatest
impact on the lateral resistance is the embedded length, whose relationship between resistance
and length is quadratic. The relative density of the sand has an impact but this can be
moderated by using deeper foundations. Its impact has less consequence on laterally loaded
piles than on axially loaded ones. Decreasing the hammer drop height has little effect on
the lateral capacity of the pile but increases the number of blows during pile driving. The
behaviour of piles under lateral loading follows Rankine’s theory and this can be used as a first
approximation. It is important to study the local stresses in the pile further through simulations
and experiments.

9.1 Future perspectives
As has been said in the beginning of this thesis, this work imprints itself in a series of works
that will happen around the same theme in the next few years. Indeed, as this thesis focused
on scale piles installed by impact driving, it would be interesting to do the same experiments
with piles installed through vibro-driving or jacking and observe the changes in the loading
and displacement curves. That would allow to provide clearer guidelines on the impact of the
installation process on the pile behavior.
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Furthermore, it is interesting to do more experiments with model piles driven in dry sand.
These experiments can have the same characteristics as the ones studied but with other ratios
(e.g. different embedded length ratios in the spectrum 5.5-10, other sand densities or driving
energies). It is also interesting to study the influence of these characteristics on a larger pile
diameter. A 110 mm-diameter pile was prepared but no tests where undertaken with it due to a
lack of time. As the average diameter of monopiles is fast increasing nowadays, it is important
to be able to understand the scale effects in more detail.

Finally, all the tests have been undertaken in dry sand, which gives a good first approxima-
tion of monopiles behavior. However, the sand properties are strongly dependent on the water
content (cfr. the cyclic loading results section 4.5.5). Since actual offshore monopiles are in-
stalled in saturated soils, it is intersting to study the effect of water content on the pile behaviour.

Concerning the sand properties tests, a few other tests might be interesting to undertake
with this sand in order to characterise its properties more precisely.

First, classical and cyclic direct shear tests might be interesting to validate the results
obtained by the triaxial tests, but also the disparities. Indeed, while the triaxial tests are
recreating the soil conditions at the pile end while driving or vibratory driving, the direct shear
tests recreate the conditions at the interface between the pile wall and the surrounding soil, and
might thus tell more about the friction forces to be taken into account for a driveability analysis.

On another hand, classical triaxial tests with saturated or partially saturated specimens
might be interesting to understand the effect of the soil’s water content on its subsequent
strength and behavior.

It could also be interesting to soil data computed in this thesis with soil data computed
using correlations from CPT results in future offshore windturbines parks in the North sea .

On another note, a few of the tests undertaken have given interesting, but confusing results
that merit to investigate further in order to understand if it is just a one off due to inaccurate
results, or if some interesting mechanism is hiding behind it.

• The possible sand healing properties (fig. 4.33) might be interesting to look further into
with longer and recorded loading stopping times as it could be an interesting property
for the long term soil degradation around cyclically loaded structures.

• The instant tip angle recovery when the load is removed for the pile installed with the
lower driving energy (fig. 8.24) is also interesting, but probably due to a problem with
the laser recording saved. It might still be interesting to investigate other piles driven
with another driving energy in order to confirm this hypothesis.

Finally, other foundations types could be investigated as all foundation types will be part of
the mix that will allow us to lower our dependency on fossil fuels thanks to offshore windturbines.

Of those, a specific mention should be given to floating windturbines design as they will
allow to extend the possible windturbine area outside the close to shore continental shelf and
create a bigger possibility for new windturbines development.
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Technical sheet of concrete tank
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afmetingen in cm - wijzigingen voorbehouden

dimensions en cm - sous réserve de modifications

PUTRINGEN Ø 100

ANNEAUX DE PUITS Ø 100

gewicht 110/50

gewicht 110/100

buitenafmetingen

plaatsingsdiepte Dmax

verkeersbelastingsklasse

omgevingsklasse

milieuklasse

poids 110/50

poids 110/100

dimensions extérieures

profondeur de pose Dmax

classe de charge de trafic

classe d'environnement

classe d' exposition

PrincipeKenmerken Caractéristiques

druksterkteklasse classe de résistance

110/50

110/100

Plaatsingsvoorschriften op aanvraag

Prescriptions de pose sur demande

PR100
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APPENDIX B

Impact driving data

A Essai1-60-Dense-5.5
• Initial data :

– Initial pile driving : 9.5 cm
– Pile height : 126 cm

• Data during impact driving process :

Number of blows Drop height [cm] Pile height [cm] Laser measurement [mm]
1 10 119.3 67
2 10 116.3 104.63
3 10 112.1 137.56
4 10 109.4 -
5 10 107.6 -
6 10 105.2 -
7 10 102.9 -
8 10 100.9 -
9 10 99.4 -

Table B.1: Data during impact driving

B Essai2-60-Dense-5.5
• Initial data :

– Initial pile driving : 8.6 cm
– Pile height : 126.4 cm

• Data during impact driving :
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Number of blows Drop height [cm] Pile height [cm] Laser measurement [mm]
1 10 116.8 2.78
2 10 113.1 -34.17
3 10 110.6 -59.49
4 10 108.1 -89.73
5 10 106.6 -102.97
6 10 104.9 -120.08
7 10 102.7 -135.31
8 10 102.1 -150.7
9 10 100.1 -165.01
10 10 98.9 -179.99

Table B.2: Data during impact driving

• Data during lateral loading :

– Laser-support distance : 31.7 cm
– Laser height : 50.9 cm
– Rope height : 45 cm
– Sand height in the pile : 30.3 cm

C Essai3-60-dense-5.5-hc5
• Initial data :

– Initial pile driving : 9,4 cm
– Pile height : 125.6 cm
– Laser initial height : 98.6 mm

• Data during impact driving :
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Number of blows Drop height [cm] Pile height [cm] Laser measurement [mm]
1 5 121.2 58.17
2 5 120.3 34.07
3 5 117.2 12.59
4 5 115.2 -3.58
5 5 114.2 -16.49
6 5 113.6 -29.117
7 5 111.9 -42.69
8 5 110.8 -52.9
9 5 110 -61.87
10 5 108.9 -69.66
11 5 108.3 -76.65
12 5 107.5 -82.32
13 5 106.9 -89.36
14 5 106 -95.96
15 5 106 -102.38
16 5 105.6 -108.26
17 5 104.8 -114.08
18 5 104 -120.09
19 5 103.8 -125.26
20 5 103 -130.7
21 5 102.4 -136.18
22 5 102 -141.68
23 5 101.5 -146.87
24 5 100.4 -152.14
25 5 100.2 -157.71

Table B.3: Data during impact driving

• Size of the weathered surface after lateral loading :

– Left of the pile : Length=18 cm and width=11 cm
– Right of the pile : Length=18 cm and width=10 cm

D Essai4-60-dense-10
• Initial data :

– Initial pile driving : 8.9 cm
– Pile height : 126.1 cm

• Data during impact driving :
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Number of blows Drop height [cm] Pile height [cm] Laser measurement [mm]
1 10 119.3 -75.5
2 10 114.5 -113.68
3 10 111.9 -142.58
4 10 109.7 -164.81
5 10 107.8 -183.81
6 10 106.6 -199.5
7 10 105.1 -214
8 10 103.9 -227.14
9 10 102.8 -238.84
10 10 101.4 -249.8
11 10 100.8 -260.8
12 10 99.6 -272.5 (laser reset)
13 10 98.2 -11.41
14 10 97.6 -23.1
15 10 95.6 -34.89
16 10 94.4 -46.71
17 10 93.5 -58.23
18 10 92.9 -69.68
19 10 91 -81
20 10 90 -91.85
21 10 89.5 -101.72 (Remove support)
22 10 88.4 -110.64
23 10 87.4 -120.74
24 10 86.5 -130.04
25 10 85 -140.3
26 10 84 -150.15
27 10 83 -158.92
28 10 82 -168.71
29 10 81.2 -177.34
30 10 80.4 -186.14
31 10 79.5 -194.73
32 10 79 -202.74
33 10 78.3 -211.44
34 10 77.5 -219.85
35 10 76.7 -227.61
36 10 75.8 -236.52
37 10 74.9 -244.16
38 10 74.1 -252.08
39 10 73.1 -259.7

• Data during lateral loading :

– Lateral loading height : 69.5 cm
– Laser height : 20.5 cm
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E Essai5-60-Loose-5.5
• Initial data :

– Pile height : 127.7 cm
– Initial pile driving : 7.3 cm
– Laser height : 39.4 mm

• Data during impact driving :

Number of blows Drop height [cm] Pile height [cm] Laser measurement [mm]
1 10 109.3 -74.96
2 10 103.9 -126.82
3 10 100.1 -170.93

Table B.4: Data during impact driving

• Lateral loading data :

– Lateral loading height : 95 cm
– Laser height : 524 mm
– Read value on laser : 43.89 mm
– Sand height in the pile : 26.9 cm
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APPENDIX C

Driving results

A Driving results for essai1-60-dense-5.5

Figure C.1: Acceleration data Figure C.2: Container acceleration data

Figure C.3: Displacement data Figure C.4: Speed data
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Figure C.5: Average Acceleration data Figure C.6: Comparison of relative acceleration
data

B Driving results for essai2-60-dense-5.5

Figure C.7: Acceleration data Figure C.8: Container acceleration data

Figure C.9: Displacement data Figure C.10: Speed data
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Figure C.11: Average Acceleration data Figure C.12: Comparison of relative accelera-
tion data

C Driving results for essai3-60-dense-5.5-hec5

Figure C.13: Acceleration data Figure C.14: Container acceleration data

Figure C.15: Displacement data Figure C.16: Speed data
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Figure C.17: Average Acceleration data Figure C.18: Comparison of relative accelera-
tion data

D Driving results for essai4-60-dense-10

Figure C.19: Acceleration data Figure C.20: Container acceleration data

Figure C.21: Displacement data Figure C.22: Speed data
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Figure C.23: Average Acceleration data Figure C.24: Comparison of relative accelera-
tion data

E Driving results for essai5-60-loose-5.5

Figure C.25: Acceleration data Figure C.26: Container acceleration data

Figure C.27: displacement data Figure C.28: speed data
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Figure C.29: Average Acceleration data Figure C.30: Comparison of relative accelera-
tion data
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APPENDIX D

Loading results

A Results for essai1-60-dense-5.5-mec1

Figure D.1: Moment evolution with time Figure D.2: Maximal bending moment evolution
with applied moment

Figure D.3: Axial forces evolution with tipping
angle

Figure D.4: Moment evolution with tipping
angle
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Figure D.5: Axial forces evolution with time Figure D.6: Axial forces evolution with applied
force

Figure D.7: Elastic modulus approximation Figure D.8: Strain evolution with time

Figure D.9: Axial forces evolution with time Figure D.10: Moments evolution with time
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B Results for essai1-60-dense-5.5-mec2

Figure D.11: Moment evolution with time Figure D.12: Maximal bending moment evolution
with applied moment

Figure D.13: Axial forces evolution with tipping
angle

Figure D.14: Moment evolution with tipping
angle

Figure D.15: Axial forces evolution with time Figure D.16: Axial forces evolution with applied
force
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Figure D.17: Elastic modulus approximation Figure D.18: Strain evolution with time

Figure D.19: Axial forces evolution with time Figure D.20: Moments evolution with time

C Results for essai2-60-dense-5.5-mec1

Figure D.21: Moment evolution with time Figure D.22: Maximal bending moment evolution
with applied moment
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Figure D.23: Axial forces evolution with tipping
angle

Figure D.24: Moment evolution with tipping
angle

Figure D.25: Axial forces evolution with time Figure D.26: Axial forces evolution with applied
force

Figure D.27: Elastic modulus approximation Figure D.28: Strain evolution with time
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Figure D.29: Axial forces evolution with time Figure D.30: Moments evolution with time

D Results for essai2-60-dense-5.5-mec2

Figure D.31: Moment evolution with time Figure D.32: Maximal bending moment evolution
with applied moment

Figure D.33: Axial forces evolution with tipping
angle

Figure D.34: Moment evolution with tipping
angle
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Figure D.35: Axial forces evolution with time Figure D.36: Axial forces evolution with applied
force

Figure D.37: Elastic modulus approximation Figure D.38: Strain evolution with time

Figure D.39: Axial forces evolution with time Figure D.40: Moments evolution with time
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E Results for essai3-60-dense-5.5-hc5-mec1

Figure D.41: Moment evolution with time Figure D.42: Maximal bending moment evolution
with applied moment

Figure D.43: Axial forces evolution with tipping
angle

Figure D.44: Moment evolution with tipping
angle

Figure D.45: Axial forces evolution with time Figure D.46: Axial forces evolution with applied
force
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Figure D.47: Elastic modulus approximation Figure D.48: Strain evolution with time

Figure D.49: Axial forces evolution with time Figure D.50: Moments evolution with time

F Results for essai3-60-dense-5.5-hc5-mec2

Figure D.51: Moment evolution with time Figure D.52: Maximal bending moment evolution
with applied moment
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Figure D.53: Axial forces evolution with tipping
angle

Figure D.54: Moment evolution with tipping
angle

Figure D.55: Axial forces evolution with time Figure D.56: Axial forces evolution with applied
force

Figure D.57: Elastic modulus approximation Figure D.58: Strain evolution with time
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Figure D.59: Axial forces evolution with time Figure D.60: Moments evolution with time

G Results for essai4-60-dense-10-mec1

Figure D.61: Moment evolution with time Figure D.62: Maximal bending moment evolution
with applied moment

Figure D.63: Axial forces evolution with tipping
angle

Figure D.64: Moment evolution with tipping
angle

180



Figure D.65: Axial forces evolution with time Figure D.66: Axial forces evolution with applied
force

Figure D.67: Elastic modulus approximation Figure D.68: Strain evolution with time

Figure D.69: Axial forces evolution with time Figure D.70: Moments evolution with time
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H Results for essai4-60-dense-10-mec2

Figure D.71: Moment evolution with time Figure D.72: maximal bending moment evolution
with applied moment

Figure D.73: Axial forces evolution with tipping
angle

Figure D.74: Moment evolution with tipping
angle

Figure D.75: Axial forces evolution with time Figure D.76: Axial forces evolution with applied
force
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Figure D.77: Elastic modulus approximation Figure D.78: Strain evolution with time

Figure D.79: Axial forces evolution with time Figure D.80: Moments evolution with time

I Results for essai5-60-loose-5.5-mec1

Figure D.81: Moment evolution with time Figure D.82: Maximal bending moment evolution
with applied moment
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Figure D.83: Axial forces evolution with tipping
angle

Figure D.84: Moment evolution with tipping
angle

Figure D.85: Axial forces evolution with time Figure D.86: Axial forces evolution with applied
force

Figure D.87: Elastic modulus approximation Figure D.88: Strain evolution with time
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Figure D.89: Axial forces evolution with time Figure D.90: Moments evolution with time

J Results for essai5-60-loose-5.5-mec2

Figure D.91: Moment evolution with time Figure D.92: Maximal bending moment evolution
with applied moment

Figure D.93: Axial forces evolution with tipping
angle

Figure D.94: Moment evolution with tipping
angle
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Figure D.95: Axial forces evolution with time Figure D.96: Axial forces evolution with applied
force

Figure D.97: Elastic modulus approximation Figure D.98: Strain evolution with time

Figure D.99: Axial forces evolution with time Figure D.100: Moments evolution with time
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APPENDIX E

Initial cyclic data
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Technical sheet of Advanced Dynamic Triaxial Testing System
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Systems Elements & Options

The fundamental system hardware elements are 
shown in Fig. 1 below. The actual hardware used 
may be chosen to suit your testing and budgetary 
requirements. The more common arrangements are 
as follows:

Frequency Range (Hz)

•	 5

Load Range (kN)

•	 10, 40 or 60.

Specimen Sizes (mm)

•	 38, 39.1, 50, 61.8, 70, 100, 
101, 150 or 300

Pressure Volume / Controllers

The cell and back pressures can be controlled with either one of the below: 

•	 The Standard Pressure/Volume Controller (STDDPC) with pressure ranges from 1 
to 4MPa, serial PC connectivity and 200cc volumetric capacity.

•	 The Advanced Pressure / Volume Controller (ADVDPC) with pressure ranges of 
2 to 4MPa, USB connectivity and 200cc volumetric capacity, (ADVDPC 2MPa 
controller can be bought as a 1000cc volumetric capacity item). 

Optional Electromechanical dynamic cell pressure actuator: The dynamic actuator 
allows cycling of cell pressure between two user chosen values. For example between 
200kPa- 400kPa cycled a 1Hz, enabling dynamic stress path testing to be performed. 
The maximum pressure of this actuator is 1MPa.

ADVDCS v2 Acquisition Pad

The ADVDCS v2 is based around a modern, high speed, 32 bit 
processing core and has eight simultaneous sampling 24 bit 
universal analogue input channels, enabling any transducer in the 
GDS range to be connected. High speed digital bus technology 
allows real-time streaming of transducer data making it ideal for 
high speed data acquisition. The ADVDCS v2 supports full digital 
control of servo motor and hydraulic actuators allowing accurate, 
precise and noise free control of actuators. 

 

GDSLAB Software

The GDSLAB control and 
acquisition software is a highly 
developed, yet extremely flexible 
software platform.  Starting with 
the Kernel module and the ability 
to perform data acquisition, 
additional modules are added  
for your testing requirements.

Cell pressure / volume

Back pressure / volume

Load frame control

Load Cell (kN)
Axial Strain (mm)
Pore Pressure (kPa)

Note: Connection via USB

www.gdsinstruments.com

World leaders in the manufacture of laboratory systems for soil & rock
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Technical sheet of Triaxial Automated System and Bender Elements
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Systems Elements & Options

The fundamental system hardware elements are 
shown in Fig. 1 below. The actual hardware used 
may be chosen to suit your testing and budgetary 
requirements. 

    

   

Load Frames & Triaxial Cells
•	 The user can choose the load frame, for their ideal 

set-up, with frames from 10kN to 1MN.

•	 2000kPa, specimens up to 150mm (load frames > 
50kN for 150mm cell due to size).

•	 3400kPa, specimens up to 77mm.
•	 14MPa, specimens up to 100mm.
•	 20MPa, specimens up to 70mm.
•	 64MPa, specimens up to 100mm.

Pressure Volume / Controllers
•	 Enterprise Triaxial Automated System (ELTAS), 

which utilises the 1MPa Enterprise  Pressure /
Volume Controller.

•	 Standard Triaxial Automated System (STDTAS), 
which utilises the Standard  Pressure / Volume 
Controller, 1-4MPa.

•	 Advanced Triaxial Automated System (ADVTAS), 
which utilises the Advanced Pressure / Volume 
Controller, 2-8MPa.

•	 High Pressure Triaxial Automated System (HPTAS), 
which utilises the High Pressure Controllers           
(≥ 8MPa).

USB 8 Channel Logger (PAD)

The USB Pad provides eight fully independent channels of 
simultaneously sampled ultra-high resolution 24-bit data. Each 
channel provides 22 software selectable gain ranges, precision 
ratiometric transducer excitation, monitoring and acquisition - an 
industry standard DIN connection allows the full-range of GDS 
transducers to be quickly and easily connected and configured.

GDSLAB Software

The GDSLAB control and 
acquisition software is a highly 
developed, yet extremely flexible 
software platform.  Starting with 
the Kernel module and the ability 
to perform data acquisition, 
additional modules are added 
for your testing requirements.

Cell pressure / volume

Back pressure / volume

Load frame control

Load Cell (kN)
Axial Strain (mm)
Pore Pressure (kPa)

Note: Connection via USB 
interface to PC.

www.gdsinstruments.com

World leaders in the manufacture of laboratory systems for soil & rock



Upgrade to Unsaturated Testing

Any GDSTAS system may be upgraded to perform unsaturated triaxial testing with 
the addition of the following items:

•	 Unsaturated pedestal with high air entry porous stone
•	 1000cc Advanced Pressure/Volume Controller (for application of pore air 

pressure and measurement of air volume change).

For further information on unsaturated testing methods, please refer to the 
dedicated unsaturated datasheet.

Upgrade to Bender Element Testing

Any GDSTAS system may be upgraded to perform P and S wave bender 
element testing with the addition of the following items:

•	 Bender element pedestal with bender element insert.
•	 Bender element top-cap with bender element insert.
•	 High-speed data acquisition card.
•	 Signal conditioning unit which includes amplification of source and 

received signals (P and S-wave) with user controlled gain levels (via 
software). 

GDS Bender Element Analysis Tool (GDSBEAT):

The subjectivity and lack of satisfactory standards for interpreting shear 
wave travel times across the industry from bender element test data, has 
led GDS to develop a bender elements analysis tool. The tool allows the 
rapid, automated analysis of bender element tests to objectively estimate 
the shear wave travel time. The analysis tool is available to download from 
GDS’ website. 

Upgrade to Local Strain Measurement

Any GDSTAS system may be upgraded to perform Local Strain measurement using 
either Hall Effect or LVDT transducers . Both device types enable axial and radial 
deformation to be measured directly on the test specimen via lightweight aluminium 
holders. Hall  Effect transducers may be used in water up to 1700kPa. 

LVDT transducers come in 2 versions:

•	 Low pressure (up to 3500 kPa) version for use in water.
•	 High pressure (up to 200 MPa) version for use in nonconducting oil. Fig. 2 LVDT transducers as shown 

on sample.

Fig. 3 Advanced Pressure Controller 
used in Unsaturated Testing

Upgrade Options:

www.gdsinstruments.com

World leaders in the manufacture of laboratory systems for soil & rock

Fig. 4 Shows screenshots of the GDSBEAT 
software.

Standards:
•	 ASTM D-4767, ASTM D-5084, ASTM D-2850, ASTM D-2850-03a, ASTM D-7181 
•	 AS 1289.6.4.1, AS 1289.6.4.2, AS 1289.6.6.1
•	 BS 1377-6, BS 1377-7, BS 1377-8
•	 CEN ISO/TS 17892-8, CEN ISO/TS 17892-9, CEN ISO/TS 17892-11
•	 JGS 0412, JGS 0521, JGS 0522, JGS 0523, JGS 0524



GDSLAB Control Software

GDSLAB is the control and data acquisition software for geotechnical laboratory applications. GDSLAB starts with a core 
application known as the kernel. The GDSLAB kernel allows for data acquisition from your hardware, but no test control. 
Simply add the appropriate module or modules to complete the test suite functionality you require. GDSLAB is compatible 
with all existing GDS equipment and furthermore key hardware from other manufacturers.

GDSLAB has the ability to be configured to your hardware of choice, no matter how unique the arrangement. A text file 
(*.ini) or initialisation file is created that describes the hardware connectivity to the PC. The hardware layout is available 
in graphical format via the GDSLAB ‘object display’. This makes setting up the devices and checking the connectivity 
extremely simple.

Required Operating System: Windows 7 SP1 or higher (We strongly recommend that Windows is fully up to date and running the latest Service Pack/
Version available). Recommended PC Specification: 2GHz processor, 4GB Ram, 64Bit Operating System and USB connectivity. Note: GDS software 
can run on lower spec PC’s however; performance and processing of data may be affected.

GDSLAB REPORTS Presentation Software

GDSLAB REPORTS software presents data obtained by GDSLAB 
to the National Standard, BS 1377:1990. The program can be 
used to present data whether obtained from a GDSLAB data file or 
inputted by hand. 

GDSLAB Reports can as be used with other manufacturer’s 
dataloggers as well as all versions of GDS data logger. The results 
can be exported as a CSV file into Microsoft Excel, allowing the 
user to customise the layout of results. 

Tests that can be Performed:
B-Check, Consolidated Drained (CD) Triaxial, Consolidated Undrained (CU) Triaxial, Consolidation (Triaxial), Constant rate 
of Loading (CRL) Consolidation, Constant rate of strain (CRS) Consolidation, Slow Cyclic Testing, K0 (K-Zero), Multi-stage 
Testing, Quasi-Static (low speed/creep) Tests, Stress Paths and Unconsolidation Undrained (UU) Triaxial.

Fig. 5 Show a typical set-up screen in GDSLAB Fig. 6 Show a typical station test 
stage set-up in GDSLAB

Fig. 7 Show a typical station test stage 
set-up in GDSLAB

Fig. 8 show a selection of screenshots from the 
GDSLAB Reports software.

www.gdsinstruments.com

World leaders in the manufacture of laboratory systems for soil & rock
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Technical sheet of the optic fibre system
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HD Strain Sensors
Luna’s high-definition (HD) strain sensors are low-profile, flexible 
sensors for use with the ODiSI measurement system for ultra-high 
resolution strain measurements with gage pitches down to 0.65 mm.  
HD sensors are supplied with NIST-traceable calibration coefficients 
and a unique key ID that enables plug-and-play identification and 
operation.  

KEY FEATURES 
  • �Low profile for embedded or 

surface applications

  • �Flexible, polyimide coated fiber 

  • �NIST-traceable calibration

  • �Included sensor key enables plug- 
and-play operation with ODiSI 
system

 • �Sensing lengths from 1 - 100 m

 

PRELIMINARY

PARAMETER SPECIFICATIONS
Fiber type Polyimide coated low bend loss fiber
Strain Relief 20 cm, fiberglass
Sensor diameter 155 µm
Termination diameter 286 µm
Minimum bend radius 10 mm
Sensor termination length, material 0.8 cm, glass
Operating temperature - sensing region -40 to 300 °C
Operating temperature - connector -60 to 150 °C

ORDERING

HDSS Rev 3 01/12/22

+1.866.586.2682
solutions@lunainc.com
www.lunainc.com
*Specifications subject to change without notice.

High-Definition Fiber Optic Strain Sensors

Part Number Description

HD6SxxLC300P High-definition (HD) strain sensor, with reference calibration key files

                   xx Indicates sensor length SL (m):  01, 02, 03, 05, 10, 15, 20, 30, 40, 50 or 100 m
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Model Number
350C03 ICP® SHOCK ACCELEROMETER Revision: C

ECN #: 52331

Performance EN GLISH SI
Sensitivity(± 30 %) 0.5 mV/g 0.05 mV/(m/s²)
Measurement Range ± 10,000 g pk ± 98,000 m/s² pk
Frequency Range(± 1 dB) 0.4 to 10,000 Hz 0.4 to 10,000 Hz
Frequency Range(- 3 dB) 0.2 to 25,000 Hz 0.2 to 25,000 Hz [1]
Electrical Filter Corner Frequency(- 3 dB) 17 kHz 17 kHz [2][3]
Mechanical Filter Resonant Frequency 35 kHz 35 kHz [2][4]
Resonant Frequency ≥ 100 kHz ≥ 100 kHz
Broadband Resolution(1 to 10,000 Hz) 0.04 g rms 0.39 m/s² rms [2]
Non-Linearity(per 1000 g (9810 m/s2)) ≤ ±2.0 % ≤ ±2.0 %
Transverse Sensitivity ≤ 7 % ≤ 7 %
Environmental
Overload Limit(Shock) ± 50,000 g pk ± 490,000 m/s² pk
Temperature Range(Operating) 0 to +150 °F -18 to +66 °C
Temperature Range(Storage) -40 to +200 °F -40 to +93 °C
Temperature Response See Graph See Graph [2]
Base Strain Sensitivity 0.002 g/µε 0.02 (m/s²)/µε [2]
Electrical
Excitation Voltage 20 to 30 VDC 20 to 30 VDC
Constant Current Excitation 2 to 20 mA 2 to 20 mA
Output Impedance ≤ 200 Ohm ≤ 200 Ohm
Output Bias Voltage 8 to 14 VDC 8 to 14 VDC
Discharge Time Constant 1.0 to 2.0 sec 1.0 to 2.0 sec
Settling Time(within 10% of bias) < 10 sec < 10 sec
Physical
Sensing Element Ceramic Ceramic
Sensing Geometry Shear Shear
Housing Material Titanium Titanium
Sealing Hermetic Hermetic
Size (Hex x Height) 0.375 in x 1.15 in 9.5 mm x 29.2 mm
Weight 0.19 oz 5.4 gm [2]
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Electrical Connection Position Top Top
Mounting Stud Stud
Mounting Thread 1/4-28 Male 1/4-28 Male
Mounting Torque 25 to 35 in-lb 280 to 390 N-cm

[5]

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.
ICP® is a registered trademark of PCB Piezotronics, Inc.

M  - Metric Mount
Mounting Thread M6 x 0.75 Male M6 x 0.75 Male

OPTION AL VERSION S
Optional versions have identical specifications and accessories as listed for the standard model except

where noted below. More than one option may be used.

N OTES:
[1]Typical corner frequency for coupled electrical and mechanical filters.
[2]Typical.
[3]Electrical filter is a second order filter.
[4]Amplitude at resonance is +9 dB.
[5]See PCB Declaration of Conformance PS023 for details.

Date: 11/17/2021 Date: 11/17/2021 Date: 11/17/2021 Date: 11/17/2021 60171

Entered: ND Engineer: BAM Sales: KK Approved: BAM Spec Number:

Phone: 716-684-0001
Fax: 716-684-0987
E-Mail: info@pcb.com

3425 Walden Avenue, Depew, NY 14043

OPTION AL ACCESSORIES:
Model ACS-14 High G shock accelerometer calibration using Hopkinson bar. (1)
Model ACS-22 NIST Traceable frequency response (100Hz to ±1 dB point) (1)
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Specifications: High Accuracy/Long Range Laser Displacement Sensor Heads: LK-G Series - KEYENCE CANADA

http://www.keyence.ca/products/measure/laser/lkg/lkg_specifications_1.php?style=print[5/10/2011 11:17:20 AM]

Affordable and 100% Reliable Measurement for

Steel Manufacturer

Non-contact Measurement Sensors Reduces Scrap,

Provides 100% Inspection

Canada

Specifications
Best in Class Performance with the Specifications to Prove it
For more details, download the PRODUCT CATALOG by clicking the CATALOG icon above.

LK-G Series Sensor Head Variations

LK-G Series Laser Displacement Sensor Head Specifications
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