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Summary

Abstract in English

Nowadays, the ongoing electricity demand along with environmental concerns and the search
for energy autonomy have been setting the basis for a global development of renewable energies.
Among these sources, offshore wind power shows an attractive potential. With the increasing
number of wind farms put in place further away from the coastline and in deeper waters, inno-
vative foundation systems are required to guarantee the economic viability of offshore projects.
In this context, suction caissons emerge as a suitable and cost-effective solution, and are there-
fore extensively studied to come up with optimised design strategies. This thesis investigates
the behaviour of suction caissons in clay under a vertical tensile load that may arise from spe-
cific environmental conditions. The aim is to develop a simplified design method for this specif-
ic case. To achieve this target, a 2D numerical study of suction caissons is performed by using
the finite element software LAGAMINE (developed at the University of Liége). Different con-
figurations of the soil-foundation model are simulated in order to point out and analyse the key
physical factors of the components that are involved in the extraction resistance. The most
representative of these parameters are finally assembled to formulate and calibrate a mechani-
cal model of the tensile capacity consisting of rheological elements (springs, sliders, dampers...).

Samenvatting in het Nederlands

De behoeften voor elektriciteitsproductie samen met milieu uitdagingen en aspiraties van ener-
gie-onafhankelijkheid hebben tegenwoordig de wereldwijde uitbreiding van duurzame energie-
bronnen uitgestippeld. Onder deze bronnen, offshore windenergie heeft een enorm ontwikke-
lingspotentieel. Met het toenemende aantal windmolen, die steeds dieper en verder van de kust
worden gebouwd, innovatieve funderingssystemen worden nu onmisbaar om de economische
levensvatbaarheid van projecten op zee te waarborgen. In deze omstandigheden, maken zuigpa-
len een geschikte en rendabele optie uit, wat tot optimalisatie van ontwerpmethoden leidt. Dit
rapport heeft ten doel deze funderingstechniek in kleigrond onder trekbelasting te onderzoeken.
Het oogmerk is een eenvoudige methode te ontwikkelen voor de berekening van deze case stu-
die. Om dit te bereiken, is een numerieke tweedimensionale analyse van een caisson gevoerd
door middel van eindige elementen programma LAGAMINE (ontwikkeld aan de Universiteit
van Luik). Verschillende configuraties van het grond - fundering model worden dan gesimuleerd
om fysische factoren te benadrukken en te analyseren die in de treksterkte worden opgenomen.
De meeste vertegenwoordigende parameters worden eindelijk geassembleerd zodat een mecha-
nisch model van het trekgedrag bestaande uit reologische elementen (springveren, energie-
verspreiders en dempers) geformuleerd en gekalibreerd kan worden.
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Résumé en francgais

Les besoins continus en électricité, couplés aux enjeux environnementaux et aux aspirations
d’indépendance énergétique ont posé les jalons de l'expansion mondiale que connait
actuellement le domaine des énergies renouvelables. Parmi celles-ci, I’énergie éolienne offshore
présente un potentiel de développement énorme. Avec le nombre croissant de turbines installées
toujours plus profondément et plus loin des cotes, des systemes de fondation innovants
deviennent indispensables pour assurer la pérennité économique des projets éoliens offshores.
Dans ces conditions, les caissons a succion apparaissent comme une solution appropriée et
rentable, ce qui accroit l'attrait porté a 'optimisation des méthodes de conception. Ce travail
porte spécifiquement sur I'étude du comportement de ce type de fondations dans des sols
argileux et sous charges de traction, imposées par les conditions environnementales. L’objectif
est de développer une méthode de calcul simplifiée propre a ce cas d’étude. Pour y parvenir,
une étude numérique en deux dimensions d’un caisson est réalisée a 1’aide du logiciel éléments
finis LAGAMINE (développé a 1'Université de Liege). Différentes configurations du modele sol -
fondation sont simulées de maniere a mettre en évidence et analyser les facteurs physiques des
composants intervenant dans la résistance a la traction. Les parametres les plus représentatifs
sont ensuite combinés en vue de formuler et calibrer un modele mécanique du comportement en

traction a partir de divers éléments rhéologiques (ressorts, amortisseurs, dissipateurs...).
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Chapter 1

Introduction

1.1. Background

In the years post World-Wars period, an unprecedented techno-industrial revolution, together
with significant technological advances were faced on a global scale. These progresses coupled
with the continual population growth have led to increasing humankind energy needs and with
them to the emergence of fossil fuels and nuclear industries.

However, the overconsumption of gas and petroleum supplies over the last decades has revealed
the limited availability of these non-renewable energy sources, and the Chernobyl and Japan
disasters have highlighted the dangerous nature of nuclear power, despite its cost and time
efficiency. These global concerns resulted in the signing of the Kyoto Protocol by about 190
countries in 1997, and have initiated the worldwide development of alternative sources of ener-
gy, coming from renewable earth resources such as current, waves, sun rays, geothermal heat,
biomass or wind. As of today’s date, the aim is to progressively substitute the fossil energies by
a combination of various emerging renewable energy sources, among which the wind power
discussed in this thesis appears to be one of the most promising ways to generate clean energy.

At the end of 2015, wind power amounted to almost 4% of the global power generating capaci-
ty and provided one sixth of the renewable power capacity, only surpassed by hydropower
which accounted for about 70% [1]. The alternative generating capacity share of the total elec-
tricity production at year-end 2015 is depicted in Figure 1-1.
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FIGURE 1-1: Presumed alternative energy share of the total electricity generation [1]
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Although wind energy has achieved a phase of maturity during the last four decades, negative
aspects are still pointed out, especially aesthetical and environmental impacts, noise and vibra-
tion generation, along with disturbances caused by cyclic shadow of the rotor blades [2]. Be-
cause of the intermittence of wind resources, the optimal electricity output is only generated for
specific arrays of wind direction and velocity, which requires to combine wind power capacity
with other consistent sources of energy [3]. Advantages of wind power arise from the fact that
this means of electricity generation is green and non-polluting, naturally available and inex-
haustible over time on earth’s surface. Moreover the rapid growth of the wind power sector,
together with the increasing population demand have contributed to lower the generation costs
and to develop a really competitive alternative source of energy. Also the technological advanc-
es have made it possible to maximize the huge potential of wind energy by operating offshore

wind spots in addition to onshore ones [4].

Even if the wind power market has two parallel axes of possible development to set itself up as
one of the mainstream power sources (i.e. onshore and offshore), most of the future projects are
expected to be based on offshore wind turbines (OWT). The projected annual installed and
cumulated capacities of offshore wind energy (OWE) in Europe, shown in Figure 1-2, will in-
crease steadily whereas the trend for onshore expansion is in reduction from now on and is
foreseen to be surpassed by OWE by the year 2020 [5][6]. The main advantage of OWTs is
their location in sites with regular high-speed and sustained wind conditions, which allow to
increase the installation capacity and to deliver larger electricity amounts, compared to land-
based projects [7]. At sea, there is a lot of available promising space, only constrained by the
interactions with the fishing areas and the maritime corridors, while onshore sites are becoming
even more confined, and often have to deal with the NIMBY syndrome. Thus, larger wind
farms can emerge offshore, and provide high power output from large-scale wind turbines that
sweep a greater area. It is also easier to ship big turbine components to farms under construc-
tion by sea [7][8]. However, while onshore wind energy rests on its certain maturity and the
rather stable wind level to offer low costs, offshore market deals with development costs about
two times larger. This comes mainly from the significant installation and maintenance expenses,
derived from extreme environmental loads that are encountered away from the shore. These
load conditions have required the design of specific and complex supports, which can amount
up to 40% of the final installation cost [8] and which include especially suction caissons.
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FIGURE 1-2: Trends EU of the capacity of onshore and OWTs until 2030 [5]
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The suction caisson as a support solution for OWTs is intended to develop given its low envi-
ronmental impact, its simple and cost-effective installation process and its applicability for wa-
ter depth above 30m. The whole system constitutes a rather lightweight structure that copes
with large cyclic environmental loads. This poses major challenges in the design of the caisson,
since overturning moments induce large extraction forces on the structure. The design practice
of suction caissons under tensile loads can be conducted either by limit equilibrium analysis or
Finite Element Method (FEM).

The work presented in this thesis aims at investigating the behaviour of suction caissons under
an axial tensile load in order to formulate a practical simplified design method.

1.2. Objectives of the thesis

The achievement of this work serves a dual purpose.

On the one hand, a numerical investigation of the behaviour of suction caissons upon axial
tensile load is carried out. This aims at obtaining an overall understanding of the different
modes of reaction of the caisson under traction loading and at estimating the effects of the dif-
ferent components included in the tensile capacity. To reach this goal, some suction caisson
models with various aspect ratios are implemented in the finite element software package
LAGAMINE (developed at the University of Liége). Then the simulations are performed using
a step-by-step methodology that enables to analyse the caisson response on a case-by-case basis:
starting from a rigid body motion in drained conditions, the analysis will then focus on a re-
leased soil in partially drained conditions.

On the other hand, since the conducted analysis helped identifying the key factors that have a
strong influence on the resistance of the caisson, it is possible to formulate a simplified design
method in the form of a macro-element. It is done by implementing a kind of component meth-
od by which the tensile capacity of the caisson is modelled as an assembly of individual basic
components. All these components present a specific mechanical behaviour that contributes to
the total capacity and that can be substituted by a rheological element having the same consti-
tutive law. By putting these elements in series or in parallel, the effective load-displacement
relationship of the caisson can be estimated.

1.3. Structure of the thesis

Chapter 1 gives an introduction to the master dissertation, composed of a general overview of
the subject, of the formulation of the main objectives of the work, and of the explanation of the
structure of the thesis.

Chapter 2 proposes an overall description of the offshore wind turbine sector. The current situ-
ation and the expected trends for the future are reviewed. The major components of an OWT
are enumerated and described to get an idea of the functioning of the system. Finally, the ex-
isting types of support structures for OWT are discussed through a literature review.

Chapter 3 focuses on the suction caisson technology. A description of general aspects of this
technique is proposed, and pros and cons are highlighted. The environmental conditions faced
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by OW'Ts including soil and load types are investigated. Subsequently, the installation process-
es in clay and sand are given with some basic analytical rules. This chapter ends up with the
design principles to be applied in order to reach the proper in-service performances of a suction
caisson.

Chapter 4 deals with the numerical part of the thesis. The reference 2D model is first defined,
and then the numerical analysis of the caisson under a displacement-controlled tensile load is
carried out for different configurations. In each case, the numerical results are displayed, dis-
cussed, and then compared to analytical calculations, proposed in the literature.

Chapter 5 provides a practical prediction method of the behaviour of the caisson under a ten-
sile load. Based on the findings of chapter 4, mechanical elements are associated to each part of
the tensile resistance and then combined in order to formulate a macro-element of the suction
caisson foundation, which will predict the extraction resistance (resp. the imposed displacement)
for any imposed displacement (resp. extraction resistance).

Chapter 6 finally presents the conclusions of the thesis and some possible perspectives.



Chapter 2
Foundations for offshore wind

turbines

2.1. Introduction

This chapter proposes an overall description of the offshore wind turbine sector. The current
situation in the offshore wind energy market in Europe is firstly brought up, and the expecting
trends for the near future are given. In a second phase, the main individual components of an
OWT are described in order to understand the overall functioning of this technique. At the end,

the support structures for OWTs are discussed through a literature review.

2.2. General outlook of the offshore wind market in Europe

As a consequence of the global climate change together with the upward trend of the price of
the barrel of oil and the continuous development of alternatives energy processes over the last
decades, many industrialized countries including the European Union (EU) states have under-
taken significant efforts in the energy sector. The purpose of the EU’s energy policy is on the
one hand to reduce the dependency on the non-renewable energy sources and on the other hand
to promote alternative energy sources [2][9][10]. Among these renewable sources, wind energy
has experienced a rapid expansion since 1990, and has been widely supported by the EU to
achieve the set of objectives that especially aims at increasing the share of the renewable ener-
gy mix by 20% by 2020 [11].
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FIGURE 2-1: Past, present and projected trends for wind power capacity and production, and for avoided
CO, emissions in the EU [2]
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Nowadays, to stick to this energy policy while remaining cost-effective, young technologies
starting with offshore wind energy have seen major advances, in the same way as did mature
technologies such as onshore wind energy. The consequences of this policy are clearly visible in
Figure 2-1 showing the trends for a wind power capacity and production as well as the avoided
emissions in the EU [2][9].

The prospective development of the offshore wind energy market is reinforced by the figures of
the European Wind Energy Association (EWEA) [10]. During the year 2016, nine new offshore
wind farms were erected in Europe, namely seven in the North Sea (four in Germany, three in
the Nederlands) and two in the Irish Sea on behalf of the United Kingdom. A wind farm refers
to an arrangement of multiple onshore or OWTSs, with a site access and a grid connection point
[5]. All in all; 339 new offshore turbines were connected to the grid in 2016 in Europe that
amounts to 1558MW of additional installed capacity.

Since the start of operation of the first OWT in 1991 until the end of 2016, a total amount of
3589 operating OWTs were distributed over 81 offshore wind farms in the European waters,
and the majority of these parks are located in the North Sea, in the Baltic Sea and in the Irish
Sea as depicted in Figure 2-2. Most of the turbines have been installed by the United Kingdom
(41%), Germany (26,4%), Denmark (14,4%) and the Netherlands (10,2%), whereas the remain-
ing installations are spread in the waters of six other EU state members. The cumulative ca-
pacity supplied by OWTs in Europe at the end of 2016 came to 12631 MW, which forms 8,21%
of the total installed wind capacity of 153,7 GW, and 1,3% of the total EU electricity demand
[10][12].
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FIGURE 2-2: Outlook of operational (green), and expected wind farms for the period 2016-2022 (red) in
North-Western Europe [10][13]

By 2020, the European offshore wind energy is expected to be twice as high as at present, with
24,6 GW of installed capacity. As of today’s date, offshore deployment can count respectively
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on 4,8 GW from wind farms under construction, on 24,2 GW from consented projects and on 7
GW from projects applying for permits while another 65,6 GW are foreseen by the EU coun-
tries. All the data’s of the annual market in 2016 and of the cumulative market at the end of
2016 are reported in Table 2-1 and are illustrated in Figure 2-3 (a)(b) [10].

TABLE 2-1: Overview of the offshore wind market in 2016 and the cumulative market [10]

ANNUAL MARKET IN 2016 CUMULATIVE MARKET SINCE 1991
AREA farms turbines Capacity farms turbines con- capacity con-
connected connected nected nected
No % No % MW % | No| % No % MW %
UK 2| 25 | 7 | 21 | 56 | 36 | 28 |346| 1472 | 41,01 | 5156 | 40,82
Germany 4 50 155 45,8 813 52,2 18 | 22,2 | 947 26,38 4108 32,52
Denmark 13 | 16,1 517 14,41 1271 10,06
Netherlands | 3 | 375 | 177 | 524 | 691 | 443 [ 6 | 74| 365 | 1007 | 1118 | 885
Belgium 6 | 74| 182 | 508 | 712 | 563
Sweden 5 62| 8 | 240 | 202 | 161
Finland 2 25| 11 | 031 | 32 | 025
Ireland 112 ] 7 0,2 2% | 020
Spain a2 1 ] o3| 2 o111 ]12] 1 0,02 5 0,04
Norway 1] 12] 1 0,02 2 0,02
TOTAL 8 | 100 | 338 | 100 | 1558 | 100 | 81| 100 | 3580 | 100 | 12631 | 100
EU state UK  Finland Ireland
Installed capacity [%] 3,6% 0,25% 0,2%
No. of turbines - No. of farms 7-2 11-2 7-1
L] Spaln
1,61% 0,04%
86-5 l_ ek
Norway
Belgium 0'02%
5,63% ¢ 5
e 182-6 4082% we
Netherlands LRiZE2S
8,85%
365-6
Denmark
10,06 %
517-13

@)
FIGURE 2-3: Overview of the offshore market in Europe: In 2016 (a) and cumulative (b) [10]

The quick rate of development of the offshore wind power sector enables to design wind parks
even larger, further away from the coastline, and thus at increasing water depths, as shown in
Figure 2-4 (a). Projects under construction and planned to be completed in the next two to
three years will reach distances to the shore up to 150km and water depths up to 45m. The
scale of online wind farms follows an upward trend since the early 2000s, and is correlated to
the rising size and production capacity of individual windmills. In 25 years, the energy produc-
tion of one single OWT has seen a twentyfold increase and the rotor diameter has been up-
scaled from 35m to more than 150m, an evolution apparent in Figure 2-4 (b) [5][10]. This con-
tinuous increase of the OWT dimensions attests to the rapid growth of the offshore wind mar-
ket.
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On a global scale, Europe is the leader of the offshore wind power industry and assembles the
majority of the offshore wind parks. It is closely followed by China which provided a cumula-
tive offshore wind capacity of 1627 MW by the end of 2016. The market is completed by small-
er projects in the US and in Asia where offshore wind energy attempts to emerge [14].
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FIGURE 2-4: Overview of the water depth [m] and the distance to the shore [km] for operating and
planned farms at the end of 2016 in Europe (a)[12] and growth in the size of OWTs since 1991 (b) [1]

2.3. Wind turbine elements

By definition, a wind turbine is a horizontal axis equipment that captures parts of the kinetic
energy from the wind to convert it into usable electrical power [15][16]. Conventional wind tur-
bines are made of an upper part, i.e. the rotor-nacelle assembly, and a lower part that consists
of the support structure [17].

The top rotor-nacelle assembly is accessible by an enclosed ladder (1) inside the tower, and
includes about ten major components highlighted in Figure 2-5 (a). The nacelle (3) is the top
structural cover element used to transfer the load acting on the blades to the tower and which
houses the key generating components. Among those components, the anemometer and wind
vane (5) follow the variation of the wind direction and speed and deliver these measurements
to the yaw control system (2) that orientates the nacelle in the optimal wind direction to max-
imize electrical energy generation. A rotor hub (10) at one extremity of the nacelle connects the
blades (8) at their junction point. The blade pitch control (9) adjusts the angle of attack by
turning the blades around its longitudinal axis, in order to combine an optimal efficiency with
an admissible load rate. The gear box (7) connects the blades to the generator and increases
the turning speed to a much higher number of rotations per minute that the electrical genera-
tor (4) requires to convert the mechanical energy into an electrical current. A braking system
(6) is activated to stop the rotor in case of emergency situations or in case of maintenance
works [16][17][18].

The bottom support structure is the part of the wind turbine that includes all the elements
below the rotor-nacelle assembly, as presented in Figure 2-5(b). The tower (11) is the central
segment usually made of tubular steel, concrete or steel lattice, which holds the access ladder
and the electric cables (12) linked to the power grid. This structural part has a height depend-
ing on the blades size and on the wind conditions on site and is designed to support the weight
of the rotor-nacelle assembly, as well as the load induced by the wind speed [13]. The substruc-
ture (13) is a mostly-submerged structural element that connects the tower to the foundation
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system in case of OWT, and that is not present for land-based structures. The foundation (14)
at the lowest part of the wind turbine is a geotechnical and structural system that carries and
spreads the loads applied on the upper structure to the ground or the seabed [16][17][19]. Final-
ly, scour protections are installed to avoid too pronounced erosion at the base of the structure,
that may lead to the overall destabilization of the turbines.

Offshore wind turbines Onshore wind turbines

-

Rotor-nacelle
assembly

Rotor-nacelle assembly
Tower SEPOLS

\ structure

Tower

Support

(@)

FIGURE 2-5: Components of the rotor-nacelle assembly (a) [16] and support structure components (b) [17]

As mentioned before, OWTs have larger dimensions and capacity than onshore ones. As a re-
sult, the foundations have larger sizes to withstand the increasing self-weight of the structure
and above all, the high horizontal and overturning moment loads compared to the gravity
loads. A significant cyclic component coming from waves, wind, and underwater seismic and
landslides activity is introduced when working offshore. These harsh marine environmental
conditions may also lead to expensive site investigations and design modifications during instal-
lation, and uncommon ground conditions are often encountered. All these specific features of
offshore engineering help to explain the major influence of the support structure on the design
phase as well as on the development and on the costs of the OWT projects [20].

2.4. Support structures for offshore wind turbines

The type and the design of foundation solutions for OWT projects depend on the size of the
turbine, on the water depth, and on the local seabed conditions. Considering these site specific
constraints, the challenge is to develop the most cost-effective solution for the support struc-
ture and for the installation process on site [21]. As mentioned previously, the support struc-
ture of an OW'T comprises the substructure on top of the foundation system. On the one hand,
the substructure is chosen based on the mean sea level, and on the other hand, the foundation
type is bond to the dimensions of the OWT, to the transfer of the applied loads to the soil, and
the geotechnical properties of the ground.

In shallow to moderate water ranging from ~10mto ~70m, use is made of bottom-mounted
substructures that are firmly fixed to the seabed by underwater foundations. Three main lay-
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outs are commonly used for shallow OWT applications, namely the monopod, the multipod
and the jacket structure, and there are three practical options for the foundation system, com-
prising gravity base foundations (GBF’s), piled foundations, and skirt or bucket foundations,

also known as suction caissons foundations [21].

In deep to ultra-deep water reaching more than ~70m, moored floating structures are usually
adopted for which the lower segment of the substructure is replaced by a mooring system and
the anchoring system plays the role of the foundation [20][21]. This new concept is currently
under research and design stages but constitutes a promising alternative for the future in order
to competitively exploit the large and stable wind potential of deep water spots in the Atlantic
Ocean, Mediterranean and North Seas, that are characterized by a too deep water level for
bottom-mounted structures. Three main alternative solutions of floating substructures emerg-
ing from the gas and oil offshore market are under development and differ in the way the
structural stability is ensured: ballast stabilized, mooring line stabilized and buoyancy stabi-
lized concepts [22]. The line connection between these substructures and the anchoring system
acts in tension and can be out of three main types: vertical, catenary or taut mooring.

On the basis of the data provided by the EWEA, it appears in Figure 2-6 (a) that 88% of all
560 installed substructure-foundation systems in 2016 in Europe were monopiles, whereas the
remaining 12% corresponded to jacket structures. The cumulative market in Europe is also
substantially dominated by monopiles with 80,8% of all 4152 fully installed units. The rest of
the market is divided among gravity based, jaket, tripod and tripile substructures respectively,
while floating structures are still in a development phase as illustrated in Figure 2-6 (b) [10].

Substructure type Tripod Tripile
No. of elements - Proportion [%] 132-3,2% 80-1,9%
Jacket Floating
272 -6,6% 1-0,02%

Gravity
313-7,5%

Monopiles
493 - 88% Monopiles

3354 -80,8%

FIGURE 2-6: Share of the support structure for OWT in Europe : In 2016 (a) and cumulative (b)[10]
2.4.1. Bottom-mounted OWT structures
2.4.1.1. Substructure

The monopod concept refers to substructures that consist of one single foundation member to
create contact with the soil and to transfer the overturning moment and the applied horizontal
loads. In case of monopod arrangements, three types of foundation are used as a function of the
water level. As presented in Figure 2-7 (a)(b)(c), gravity-based and suction caisson foundations
are commonly employed between 15m and 20m, whereas pile foundations are more suitable in
shallow water depths ranging between 20m and 30m [21][23].
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The multipod concept refers to braced substructures that consist of three circular steel tubes
disposed in triangle in case of a tripod configuration and of four circular steel tubes arranged
in a square in case of a quadruped configuration. These configurations are combined with
gravity-based, pile or suction caisson foundations. The multiple contacts with the soil lead to
the distribution of the loads from the OWT tower onto the different legs and to the conversion
of the moment loading into a combination of vertical tension and compression loads. The axial
resistance enables to stabilize structures in transitional water depths, reaching about 40m to
50m, as displayed in Figure 2-7 (d)(e)(f) [22]]23].

The jacket concept refers to lattice-type steel substructures, with three-legged triangulated or
four-legged squared structures, similar to the multipod arrangement. These braced support
structures transfer the loads to the surrounding soil by piled or suction bucket foundations
embedded at each jacket leg, and are adapted to deeper sea levels and heavier OWTs (Figure
2-7 (g)(h)). [17][21][23].

Sea level
oL - -
P
20 -
e 000 e
S al
3 sol-
i 60 |- | [
1o | Seabed
sof (a) (b) () (d) (e) (f) (g) (h)

FIGURE 2-7: Monopod substructure : (a) gravity base monopod, (b) suction caisson monopod, (¢) mono-
pile — Multipod substructure : (d) gravity base multipod, (e) suction caisson multipod, (f) multipile —

jacket substructure : (g) piled, (h) suction caisson anchored [23]
2.4.1.2. Gravity base foundations

Gravity base foundations (GBF’s) are massive systems that make use of their own self-weight
and footprint on the seafloor to counterbalance the applied moment and the lateral loading,
and to ensure the structural stability [20]. Different geometries (squared, circular or polygonal
configurations), arrangements (mono- or multipod disposition) and construction material types
(reinforced or prestressed concrete, steel, or a combination of both) can be employed but the
most common design turns out to be the hollow concrete members [23][24]. Depending on the
site soil conditions, skirts can be added to enter into the top soft layer, and supply extra sup-

port, and bearing capacity.

The installation of GBF’s summarized in Figure 2-8 starts with a dual step. During the inland
erection of the main structure, the offshore construction site is dredged over a few meters, par-
tially backfilled with filter and gravel layers and levelled to shape a perfectly horizontal foun-
dation bed, with sufficient bearing capacity. In a second time, the GBF structure is carried into
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place and lowered by a heavy lift vessel. Once in position on the ground, inside cells are filled
with additional ballast such as sand, concrete, rock or iron, which enlarges the weight and the
resistance of the structure. Finally the surrounding sandy soil is put back in place and scour
protections are arranged around the foundation [24][25][26].

The use of empty structures has the advantage of reducing the amount of building materials
and hence the construction costs. However, this is offset by the logistic complexity of transpor-
tation and handling which contributes to rise the installation fees, and therefore restricts the
positioning to shallow waters [24]. As the footing is simply laid on the seabed, there is no need
of hammering piles, which constitutes a suitable alternative in soils where pile driving is impos-
sible. However, in case of saturated sand layers, there is a risk of liquefaction under cyclic load-
ing. This major issue of offshore engineering is further detailed in section 3.4.

(d)

FIGURE 2-8: Installation of gravity based foundations [26]

2.4.1.3. Piled foundations

Piled foundations consist of a large diameter steel pipe that extends into the soil from the sea-
floor level. The soil characteristics and the magnitude of the design loads govern the dimension
of each pile independently. The maximum applied moment fixes the order of magnitude of the
embedded length, usually between 25m and 35m. The diameter closely depends on the soil re-
sistance and on the interaction between the soil and the pile behaviour at failure, and is ex-
pected to range between 4m-6m, with the most recent projects showing up to 7.5m diameter.
The thickness is finally determined on the basis of fatigue or buckling considerations [20][27].
Piles are introduced as foundations in many OW'T applications, either alone in case of mono-
pile, or in group in order to support multi-pile and jacket substructures, or to be used as an-
chor for floating structures.

The vertical load components on piled foundations, depicted in blue in Figure 2-9, are with-
stood through lateral and tip friction. As far as the eccentric horizontal load components and
the ensuing applied moment are concerned, they are transferred through lateral soil stiffness in
case of monopile or through a couple of tensile and compressive loads in case of multipile or
jacket substructures [20]. This is represented in red in Figure 2-9.

There exist two main installation methods, for pile elements in offshore sites, as a function of
the surrounding soil conditions. Driven steel piles are used in the majority of cases, and are put
in their operational position by vibration or impact of an underwater hydraulic hammer.
Drilled and grouted piles are favoured either with a hard layer such as emerging bedrock that
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prevents pile driving or in case of crushable sediments layers such as calcareous sand in order
to ensure sufficient shaft resistance. A tubular pipe is initially embedded through uncemented
layers to support the edges during excavation which is undertaken by a drilling rig until the
target depth. Finally, the pile is inserted into the oversized hole that is subsequently plugged
by grout [20]. However, due to its low time and cost effectiveness and due to its high environ-
mental impact especially in terms of noise during installation phase, this process is hardly ever
implemented. Once in place, the piled foundation and the substructure are connected to the
tower by a transition component, and scour protections consisting of layers of size-classified

gravels are placed to prevent water flows from eroding the soil cover around the pile base [28].

(a) (b)

FIGURE 2-9: Load components applied on: (a) monopile, (b) multipile [27]

The piles foundation concept is at the moment the best-known solution for OWT foundations,
and directly comes from the mature piling method that is used onshore. This expertise has led
to a mass production thanks to both the simple conception and fabrication processes and
thanks to the robust installation in most of the soil conditions. Nowadays, the piled foundation
arises as the most advanced and cost-effective technology, and is therefore logically the most
common type of OWT support structure installed on a global scale.

2.4.1.4. Suction caisson foundations

Suction caisson foundations, also referred as suction skirt or suction bucket foundations, consist
of large cylinder-shaped steel structures, closed at the top and open at the bottom like up-
turned buckets [20]. This concept exploits the suction phenomenon to penetrate deeper into the
seabed, and takes advantage of the weight of the soil plug enclosed in the skirt to provide
structural stability, in a similar way as GBF’s. This support structure can be implemented
alone in case of a monopod substructure, or in an assembly of three or four in case of jacket
and multipod substructures. Since this master dissertation is dedicated particularly to suction
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caissons foundations, they will be treated in further details in chapter 3 “Suction caissons for
offshore wind turbines”.

2.4.2. Moored floating OW'T structures
2.4.2.1. Substructure

The ballast stabilized configuration (Figure 2-10 (a)) refers to spar-type buoy that consists of a
slender vertical and cylindrical element, split into two main parts. An upper empty tank is
used to support the OWT platform, and to ensure flotation by raising the centre of buoyancy.
A lower container is on the contrary filled with heavy ballast weight to offset the external loads
applied on the topside turbine, by lowering the centre of gravity of the floating support struc-
ture below the sea level and the centre of buoyancy. These two components create a restoring
force that brings the structure back to its upright position. Together with mooring lines, this
system provides the required inertial resistance to stabilize the OWT platform [24][29][30]. The
simple design of spar-type buoy has the advantages of limiting the mooring installation costs,
as well as the critical oscillations induced by waves, but requires a higher water depth to oper-
ate [31].

The mooring line stabilized configuration (Figure 2-10 (b)) refers to a tension leg platform
(TLP) which consists of a slender vertical and cylindrical buoy, with an ended node connecting
three or four floating supports. Out of each individual leg, leaves a group of axially stiff tethers
that forms together a tension leg. The other extremity of the mooring system is anchored at
the foundation level, and therefore, the structural stability of the OWT platform comes from
the balance between the excess buoyancy of the TLP and the tension in the vertical mooring
lines. As a result, this kind of support structure has a high stiffness in the vertical plane and a
significant flexibility in the horizontal plane. It is interesting to note that the TLP is intention-
ally maintained underwater to restrain the cross-section subjected to wave impacts [30][32].
TLP’s have the advantages of being lightweight structures with limited wave-induced motion
and of being assembled onshore. However the mooring installation costs are relatively high, and
the transport and the installation are made complicated by the relative instability of this type
of substructure [31].

The buoyancy stabilized configuration (Figure 2-10 (c)(d)) refers either to a semi-submersible
barge including a water tank or tri-floater tanks connected by an open space truss, which com-
bines the design features of the two other types of substructure. The stability of the structure
is ensured through the tank flooding management, which provides sufficient weight to maintain
the OWT platform in an upright position, and adequate buoyancy to allow the platform to
float [29][33]. The buoyancy stabilized configuration has the advantages of combining onshore
construction, simple transportation on site, and low mooring installation costs. However the
fabrication is quite tricky and requires more materials with respect to the two other concepts
[31].
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(@) (b) (c) (d)

FIGURE 2-10: Moored floating substructures : (a) Ballast stabilized configuration, (b) Mooring line stabi-
lized configuration; Buoyancy stabilized configuration : (c¢) semi-submersible barge including water

tank,(d) tri-floater tanks connected by an open space truss [34]
2.4.2.2. Mooring system

The catenary mooring system (Figure 2-11 (a)) takes a catenary curve between the OWT plat-
form and the seafloor, and has an important segment of its line lying on the seafloor. This sys-
tem consists of steel wire ropes or chains to withstand the predominant horizontal load in mod-
erate to deep waters [35].

The taut mooring system (Figure 2-11 (b)) takes a straight inclined line between the OWT
platform and the seabed. This angle creates both horizontal and vertical loading components in
the line. Since this mooring system is developed to be used in deep to ultra-deep waters, the
self-weight of the line plays a negative role on the design which has led to the use of synthetic
ropes in place of steel wire ropes [35].

The vertical mooring system (Figure 2-11 (c)) takes a vertical line between the OWT platform
and the seafloor. Due to this right angle, there is no segment of the line lying on the bed and
therefore, the system is nearly only subjected to a vertical tensile load. This mooring system is
formed from steel wire ropes and mainly employed with TLP in not too deep waters [35][20].

-~
-

FIGURE 2-11: Mooring systems : (a) Catenary mooring system, (b) Taut mooring system, (c¢) Vertical
mooring system [20]
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2.4.2.3. Surface gravity anchor

The surface gravity anchor is a type of anchoring for moored OW'Ts that is made of a struc-
tural component filled with bulk granular and that monopolizes this self-weight together with
the resulting friction at the anchor-soil interface to fix the mooring line into the seabed. Bulk
fill consists of rock, concrete or heavier materials such as iron ores. The rigid structure of sur-
face gravity anchors can be either an empty steel box with underside shearing ribs in case of a
box anchor or a buried grillage installed underneath a heavy berm, as shown in Figure 2-12 (a)
and (b) respectively. This anchoring system is exclusively used to secure the catenary mooring
lines in not too deep waters. Failure occurs by horizontal sliding or by limited bearing capacity
for the first kind of structure and also by pull-out of the grillage, by erosion or by slope insta-
bility for the second type of surface gravity anchor [26][36].

Grillage
T yo (and berm T

(a)

FIGURE 2-12: Surface gravity anchor: (a) box anchor, (b) grillage and berm anchor [36]
2.4.2.4. Pile anchor

The pile anchor refers to the same type of embedded system as for bottom mounted OWTs (cfr
Figure 2-13), which consists of either driven or drilled and grouted steel piles with the mooring
line attached to the tube at a certain level below the mudline (Figure 2-13 (a)). The mooring
line is attached at a padeye and consists of either a catenary or a taut, since the pile anchor are
able to resist both horizontal and vertical loads. For this kind of anchoring technique, the hold-
ing capacity is developed through the friction at the interface between the anchor and the sur-

rounding soil, in the same way as traditional piled foundations [20][37].

The dynamically penetrating anchor (DPA) is a third type of pile anchors (Figure 2-13 (b))
specific to moored floating structures, which comprises a rocket-shaped tip and a cylindrical
steel shaft, filled with heavy ballast. The DPA is released from a specific height above the sea-
bed, in order to reach a high velocity by freefall and to penetrate and get fixation deep into the
seabed under its massive self-weight. The final holding capacity is a function of the embedded
depth and thus of the subsoil conditions and the drop height of the DPA [20][37]. This concept
comes from a simple and trustable design, and is also easy and cheap to build and to install as
no ROV is required. An accurate positioning can be achieved despite uncertainty about the
verticality. This recent technology is still under development and suffers from a lack of maturi-
ty [38].
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FIGURE 2-13: Pile anchor: (a) Driven or drilled pile [35], (b) DPA [20]
2.4.2.5. Embedded anchor

Embedded anchors are used in situations where more holding capacity is required. The tradi-
tional drag anchor presented in Figure 2-14 (a) is made of a broad fluke rigidly attached to a
shank, which allows combining the bearing capacity of the plate with the friction capacity
along the shank. This anchoring system is initially installed into the seabed with the aid of
ROV, and then orientated in the working position by tensioning the mooring line to an appro-
priate load. It is practically applicable with a catenary mooring line in not too deep waters, and
is therefore not suitable for large vertical loads.

The vertically loaded anchor (VLA) displayed in Figure 2-14 (b) is an alternative concept to
the traditional drag anchor, suitable for taut mooring lines, and thus for both horizontal and
vertical loads and higher water depths. The design consists of a thinner plate and anchor bri-
dles in place of the shank [20][37]. This concept takes benefit from a smaller size and from a
lighter weight to ease the transport to the site. The accumulation of experience has also led to
robust design and installation techniques. This installation is thought expensive since it re-
quires a certain number of specific vessels as well as ROV. Another drawback arises from the
difficulty to reach the design depth and orientation of the VLA [38].

(a) (b)

-

FIGURE 2-14: Embedded anchor: (a) traditional drag anchor, (b) vertically loaded anchor [20]
2.4.2.6. Suction caisson anchor

Suction caisson anchors refer to a similar concept of embedded system as for bottom mounted
OWTs (cfr 2.4.1), namely a large tubular steel structure used as jacket in the seabed with the
aid of suction. In addition, the padeye which holds the anchoring line is attached at a side posi-
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tion of the suction caisson anchor as shown in Figure 2-15 (a) that optimizes the holding capac-
ity. The concept of suction caissons will be treated in further details in chapter 3 “Suction

caissons for offshore wind turbines”.

Ocean

oo o oo

Seabed
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o

(a) (b) (c) (d)

FIGURE 2-15 : (a) Suction caisson anchor and installation of SEPLA’s: (b) installation of suction caisson,

(c) suction caisson retrieval, (d) plate anchor keying [39]

The suction embedded plate anchor (SEPLA) consists of a rectangular plate anchor slotted at
the base of a suction caisson, which has been developed to combine the low cost of the first
technique with the precise installation of the second one. The deployment of SEPLA’s is
achieved through three stages: in a first time the suction caisson is embedded into the seabed,
then the anchor plate is left in place at the required location, while the suction caisson is re-
trieved by using the reserve pumping, and finally the keying process of the plate is performed
by tensioning the mooring line. This way of working, presented in Figure 2-15 (b)(c) and (d),
helps to maximize the holding capacity of the SEPLA [20][37][39], but suffers from a low time-
efficiency compared to the traditional suction caisson anchors [39].

2.4.3. Summary of supports for OWTs

The flow chart reported in appendix A gives an overview of all the various combinations of

substructures and foundation types that can be put in place to serve as OWTs support.
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Chapter 3
Suction caissons for offshore

wind turbines

3.1. Introduction

This chapter aims at investigating more thoroughly the suction caisson type of foundation for
the application of OWTs. Firstly a general description of the suction caisson technology is pro-
posed, as initiation. Then the advantages and disadvantages of this type of foundation are dis-
cussed, and the characteristic loads to consider in an offshore environment are briefly defined.
Subsequently, the installation process in clay and sand is explained and basic analytical rules
are given. Further on, the design principles for the in-service performances of the suction cais-
son are broached.

3.2. General description

The first large scale application of suction caisson foundations — also suction skirt, suction
bucket foundations - in the offshore industry dates back to the early 1980’s. The suction con-
cept was developed a temporary mooring anchor system for floating petroleum platforms, and
was followed a few years later by the very first permanent structure. These worldwide accumu-
lated experience and expertise in the oil and gas field have been transposed to the offshore en-
ergy sector, which is looking for innovative foundation systems to deal with the rising number
of OWTs installed further from the shore [40][41]. Though key differences between the two
sectors require adjustments in the original suction caisson design. In particular, offshore wind
farms encompass multiples small and shallow turbine foundations that involve mass production
for time and installation efficiency, whereas offshore oil rigs deal with large and one-off projects
with their own foundation design. Suction foundations for OWTs must also withstand a re-
duced vertical load component, and larger horizontal and overturning moment loadings [42][43].
Anyway, Suction caisson foundations arise as an attractive, cost-effective and low-noise alter-

native to driven pile foundations for the future.

Applications of suction caisson foundations in the offshore energy market have already been
implemented in FKurope. Between 2003 and 2008, a full scale 3.0 MW offshore wind turbine
supported by a suction caisson prototype was installed in a testing basin in the north of Den-
mark, in order to monitor the operational performances of this concept [44]. In 2014, mono-
bucket foundations were built in three offshore wind farms in the UK portion of the North Sea,
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as part of a trial installation programme. In the same year, the first suction caissons for a
three-legged jacket substructure were installed at 25m water depth in the Borkum Riffgrund 1
offshore wind park, about thirty kilometres away from the North West coast of Germany. It is
intended to serve as a support for a 3.6MW turbine. In the coming years, this technology is
expected to expand in the European waters: twenty SMW offshore wind turbines mounted on
jackets with suction caissons are planned to be erected in the neighbouring wind farm of
Borkum Riffgrund 1, and another eleven OW'T's set down on suction caissons are commissioned
for the first half of 2018 for the Scottish Aberdeen Bay wind farm [45][46].

By definition, a suction caisson refers to large and rigid cylinder-shaped steel structures, sealed
at the top and open at the bottom like upturned buckets [20]. The ring wall of the caisson
known as the skirt is defined by its length L and thickness t and is welded together to the head
part, called the lid which has a stiffened plate or dome shape of diameter D, and which includes
a pump or vent system in order to apply a differential pressure across this upper face during
the installation process. All this component terminology is sketched in Figure 3-1 which gives a
general overview of a conventional suction caisson for OWTs [47]. The concept exploits the
suction phenomenon to penetrate deeper into the seabed and offers an alternative to GBF’s
and pile foundations for future offshore wind projects.

VERTICAL CROSS SECTION
ELEVATION

Pump/ventsystem —/l—‘\
|t
W

Caisson lid

A ]

AR
AR

Ring stiffeners

)

Caisson skirt

HORIZONTAL CROSS SECTION
IN-PLANE

Vertical stiffeners

FIGURE 3-1 : Suction caisson component terminology based on vertical and horizontal cross sections
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This support structure can be implemented alone in case of monopod substructure, or in an
assembly of three or four in case of jacket and multipod substructures. Single monopods are
suitable for shallow water depths around 15m — 20m, and are mainly subjected to horizontal
(H) and moment (M) loadings. On the countrary, multiple leg options are favoured in interme-
diate sea level deeper than 30m, and are primarily loaded in the vertical (V) direction given
that the overturning moment is converted into a push and pull mechanism. A set of individual
suction caissons can also be used to firmly anchor the floating offshore platforms in case of very
deep water, and have to withstand really different loading cases[23][43][47].

The global geometry of the caisson is governed by its slenderness ratio % A large ratio, namely
% > 1is associated to shallow foundations that make use of the weight of the soil plug enclosed

in the skirt to provide structural stability to the OWT, in a similar way as GBF’s. Small ratios,

namely %in the range [0,5 ; 1] refer more particularly to slender foundation units, whose behav-

iour is closer to that of driven piles in greater water depths. The array of conventional diame-
ters for suction caisson foundations starts around a few meters for small monopod or multipod
structures, and reaches more than ten meters in large-scale projects (12m diameter for the
mono caisson prototype in Frederikshavn). As far as skirt length is concerned, it is a direct
function of the diameter, and of the growing penetration resistance with the embedded depth
(13m skirt length for coming suction caissons in Aberdeen Bay). The skirt thickness to diame-
ter ratio %is very small, in the range [0,3% — 0,6%] which makes suction caissons belong to the

class of thin shell structures. The high sensitivity to shell buckling in the installation phase and
under large vertical load requires the placing of ring and vertical stiffeners, especially in clay
where the slenderness ratio is higher [23][41][48].

3.3. Pros and cons

The extensive use of suction caissons in the oil and gas industry has already highlighted the
versatile capacity of the suction caisson technology, and the large number of advantages in

comparison with the few drawbacks.

Suction caissons benefit from a real cost-effectiveness in relation to conventional foundation
techniques for bottom-mounted OWTs. This cost competitiveness comes on the one hand from
the low cost of the raw material and on the other hand from the reduced impact of the installa-

tion process on the total budget [49].

The suction caisson is indeed a lightweight structure which requires less steel than piles at the
manufacturing stage. Nevertheless, the labour expenses are far more significant since this foun-
dation type incorporates a lot of complex welding details in its design [48][50].

The installation of suction caissons is the stage of the project where most of the savings are
achieved. Firstly, it is a very rapid procedure, which can be completed within one single work-
ing day [21]. Secondly, there is no need for sophisticated installation equipments such as un-
derwater hammers used for pile embedding. The insertion of the caisson into the seafloor only
requires a pump whose functioning is not altered by the water depth. Moreover, the low noise
emission during the positioning of the caisson is a real attractive feature regarding environmen-
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tal issues. As the structure can be floated to the installation site, the number of transportation
and crane vessels is reduced. This implies to have a sufficient water level on the route of the
suction caisson, which may lead to problems particularly in harbour zone and near the coast-
line [48][50].

The suction caisson technology also takes advantage of ahigh flexibility and accuracy during
the implantation phase compared to the other foundation types. By applying the reverse instal-
lation procedure, and injecting water in the caisson, it is possible and easy to entirely remove
the caisson in order to decommission old generation OWTSs, to reuse the caissons in another
area, or to prevent failure if something goes wrong during the installation process[48][50].

The steps preceding and following the embedment of the foundation are also greatly shortened
since only little seabed preparation, and fewer needs for scour protection are required [50].

To date, the main disadvantage arises from the uncertainty linked to the behaviour of the
structure in some soil conditions, which makes their use unsuitable so far [43].

3.4. Conditions in marine environment

3.4.1. Soil conditions

The seabed is commonly made of thick sediments near the coast line and thin-sized particles in
mid-oceanic ridges. Fine-grained sediments are indeed more susceptible of being transported
away from the shore than coarse sediments. Depending on the hydrodynamic site conditions,
some areas with strong bottom currents can be devoid of sediments, whereas others can be
characterized by a continual sediment accumulation. Moreover, the stress state of the seabed
sediments may be defined as normally consolidated if the sediments have not been altered yet
since their slow deposition, as overconsolidated if events such as a gradual erosion or submarine
landslides occur, or as incompletely consolidated if the excess pore water pressures (PWP) does
not have the opportunity to dissipate [20].

The soil classification is based on the particle size. Cohesionless soils are detailed as materials
with really limited internal bonds, and include either large-size grains such as gravels, interme-
diate-size grains such as sands and small-size particles such as silts. Cohesive soils such as clay
refer to very small flake-shaped minerals of the order of one um. The failure behaviour of suc-
tion caissons in this particular type of soil is studied in this dissertation. In such cohesive soils,
particles stick to each other with the help of water, because of their negatively charged surface
which attracts the positive charge of water [35].

The total vertical stress in the soil oy, is given by Equation 3-1 of Terzaghi as the sum of the
effective stress ¢’ and the pore water pressure u. When a load is applied, the variations of these
terms are considered [20].

Otot = o +u
Aoior = Ao + Au EQUATION 3-1

In sandy soils having high permeability, a drained response is initiated. Under loading, the soil
has a tendency to compress and the pore water is immediately drained away to zones of low
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pressure (u = 0) while the total load is entirely carried by the soil skeleton (g;; = a'). If the
applied loads are shortly repeated or cyclic as it is usually the case for OWTs, a singular soil
failure mechanism, known as liquefaction can occur. Between two successive loads, the pore
water does not have the time to drain, and increases in pressure until exceeding the effective
contact stress that keeps the grain in contact. As a consequence, the soil looses its strength and
imposes large and irregular settlements to the foundation [20].

In clay soils having low permeability, an undrained response is faced. Under loading, the load is
first carried wholly by the pore fluid, without instantaneous volume change. Then as time is
running, the pore fluid is progressively drained from the soil skeleton, allowing it to undergo
compression. This time-dependent reduction of the void ratio e associated with the transition
from undrained to drained conditions is best known as consolidation process [20].

3.4.2. Loading conditions

Foundations are designed to transfer the monotonic and cyclic loads applied on the superstruc-
ture into the soil, in a way that ensures structural stability. The typical loading conditions of
the support structures for OWTs combine reduced vertical components due to moderate gravi-
ty loads and significant components of lateral loading and overturning moment which arise
from the harsh maritime environment [51]. Since the loading consists of cyclic events of differ-
ent magnitudes and durations, such as vibrations, wind, waves and buoyancy, the behaviour of
suction caissons is dynamic. If the support structure is a multipod, the overturning moment is
converted into a push-pull loading case of the suction caisson. The light self-weight of struc-
tures for OWTs exposed to large overturning moments during storm period requires to consider
the behaviour of the foundation under tensile load as one of the main concerns. The wave char-
acteristics of storms with a 50-year return period, meaning an annual probability of occurrence
of % = % , are commonly employed for the design of offshore wind turbines[52].

Each of the design loads involved in the working conditions of the turbine refers to one specific

type namely, permanent, variable, environmental, accidental or deformation loads.
3.4.2.1. Permanent loading

The permanent loading of an OWT, denoted as G, refers to the self-weight or the dead weight
of the structure. In particular, it covers all loads having a constant point of application, direc-
tion and intensity, such as the mass of all structural elements and permanent equipments, and
the persistent hydrostatic pressure on the submerged components [52].

3.4.3.2. Variable loading

The variable loading of an OWT, denoted as Q, refers to the time-dependent or live loads ap-
plied during the operational conditions of the turbine. In particular, it covers all loads having a
variable point of application, direction and intensity. The relevant types of variable loads for
an OWT structure include activation loads, accidental loads, deformation loads, loads related
to the fabrication, crane manoeuvres and installation process, and loads on the access platform
and on the internal equipment. The characteristic value is obtained by considering the extre-
mum value induced by the most unfavourable load case [52].
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The activation loads are forces of a dynamic nature that follow from the working procedure
and the periodic maintenance operations performed on the wind turbine. The activation loads
are most of the time assimilated to environmental loads in the design strategy since they are
evaluated from an analysis of the wind turbine under wind load. The accidental loads corre-
spond to impacts on the structure that are related to mechanical and operating irregularities or
failures. It comes principally from exceptional loading cases such as explosions, fires, impacts
during maintenance works, collisions with vessels or helicopter, or unusual impacts from large
breaking waves. The deformation loads characterises phenomena that impose a structural
strain, such as air and sea temperature variations, or settlement of the foundation sys-
tem[51][52].

3.4.2.3. Environmental loading

The environmental loading of an OWT, denoted as E, refers also to live loads that have a vari-
able point of application, direction and intensity during the operational use of the structure.
Therefore, they deal with a high degree of uncertainty and are really site and time specific,
with time periods extending from a fraction of a second to many hours. The environmental
loads work on the OWT through very site dependent load cases, and play a major role in the
optimization of the design costs. Examples belonging to environmental loading category include
wind loads, hydrodynamic loads induced by waves and current, seismic loads and snow and ice
loads [51][52]. Among those, wind and wave loads accountable for cyclic tensile loading during
extreme storm events are particularly important within this dissertation, and their features will

be discussed in further details.
Wind

The origin of wind-induced loads on the components of an OW'T above the waterline is twofold.
Primary loads are generated by direct wind inflows on the exposed structure, and correspond
mainly to aerodynamic blade loads and aerodynamic drag forces on the turbine tower and on
the nacelle [58]. Secondary loads arise from the indirect motions and vibration of the operating
installation generated by wind turbulences. This mainly relates to centrifugal and Coriolis forc-
es as well as gyroscopic forces and breaking forces [51][52].

The derivation of the wind-generated loads required for the design of OWTs is based on area-
specific wind speed measurements gathered over a sufficient period of time. Statistical data of
the design wind are commonly defined by a 10-minute mean wind speed U;y and a standard
deviation gy. The DNV [52] has proposed a relevant formulation (Equation 3-2) of the mean
wind speed U for a return period below 50 years, representative of the usual weather conditions
that are encountered in the North Sea.

z T JATION 3-
U(T, z) = Uy, (1 +0,137In= — 0,0471n—) EQUATION 3-2
Where
T, Ty Averaging period and 10-min mean wind period
U, Uy Mean wind speed and 10-min mean wind speed

zZ Height above sea level
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The derived wind velocity is height-dependent and can subsequently be translated into a wind-
generated force F,jq on the OWT. This force is basically estimated by considering the mass of
air with speed U that passes through the circumference delimitating the considered component
area A, and by allocating a shape factor specific to the geometrical element. It follows the
Equation 3-3 below [53]. The point of application of this force is assumed to be located at the
centre of the stressed component.

w

2 ] J 3-
Foing = Z U Cg A EQUATION 3-3

Where

w Weight density of the air

) Gravitational acceleration of the earth

Cy Geometrical factor of the OWT component

A Area of the OWT component
Waves

Wave-induced loads on the submerged parts of an OWT are correlated to the wind loads owing
to the fact that waves originate from the wind pressure exerted on the sea surface. Wave condi-
tions at a specific site combine locally generated wind waves and swell waves caused by distant

weather system [52].

The derivation of the waves-generated loads required for the design of OWTs is based on area-
specific wave measurements collected over a sufficiently long period of time. These full scale
data recording together with model tests provide the most relevant parameters involved in the
analysis, among which the (significant) wave height H(sy , the spectral peak period T, , the wave
velocity and hydrodynamic coefficients. In particular, the significant wave height which
measures the variability in the arbitrary wave heights, and the spectral peak period linked to
the mean wave period — the time between the zero-crossings of two successive waves — are of
great importance in order to define the wave climate. This knowledge of the wave climate ena-
bles to assess the relative importance of inertia, drag and diffraction in the total wave force
[52][53].

Large volume structures are characterized by dimensions of the same order of magnitude as the
wave lengths A exciting the installation, and therefore interfere with the wave kinematics.
Wave-induced forces are then evaluated under a wave diffraction analysis.

In case of slender structural members, such as the submerged part of an OWT tower, having
cross-sectional dimensions sufficiently small, wave-induced forces are derived from Morison’s
equation (Equation 3-4). In this formulation, the horizontal wave force on a vertical element
dz at level z consists of the summation of the drag and inertia contributions [54]. The point of
application of this wave load is assumed to be located at the mean wave height that is the dis-
tance between the trough of the wave and its crest.

Yw du |0u | ot D%, er T E)Z_u ; EQUATION 3-4
2g v ot lotl T M g 4 o¢?

Drag term Inertia term

Eyaves = Cp
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Where
Fyaves Unitary wave force vector normally acting on the member axis
Co/m Drag/Inertia coefficient
Yw Unit weight of water
Deower Effective diameter or width of the submerged part
6_u Horizontal wave-induced velocity of water
at
az_u Horizontal wave-induced acceleration of water
ot?

Other environmental loads

Current loads on OWT arise from varying mechanisms including subsurface currents due to
wind and atmospheric pressure variations through a storm, and tidal currents. In shallow to
moderate water levels coinciding with bottom-mounted structures, currents are stronger and
intervene in the environmental load to a greater extent than in deep offshore sites. In offshore
wind farms near the shoreline, currents are susceptible to provoke erosion of soil particles
around OWT foundations and to cause the wave height and the period to fluctuate [52][54].

Ice loads on OW'T's must be considered in the design especially in offshore parks located in the
arctic areas of the North and Baltic Seas. Ice-induced loads are relatively difficult to assess,
mainly on account of the uncertainties on the geometry, on the nature and on the properties of
drifting ice [51][54].

Earthquake loads are included in the design of OWTs that are intended to be installed in seis-
mic regions. It is achieved by performing vertical and horizontal analyses under the 2D earth-
quake acceleration. In the vertical direction, buckling calculations are conducted for loads ap-
plied on the tower under the maximum vertical acceleration, whereas in the horizontal direc-
tion, the analysis is carried out for a concentrated mass on top of the tower to take the inertia
of the nacelle, of the rotor and of the hub into account [52].

3.4.3. Typical loading magnitudes acting on OWTs

Typical loading magnitudes acting on a 3.5 — 5 MW turbine, installed on suction caissons in
water depths ranging from 20 to 50m are mentioned in the literature [55][56]. This example
deals with an installation characterized by a rotor amplitude in between [120m - 160m] and a
turbine level comprised in the range [110m - 160m] above the seabed, as shown in Figure 3-2
(a). Net horizontal loading under extreme conditions amounts to 60% of the vertical dead
weight of the superstructure included in the region of [6MN - 10MN]. Wave loading intervenes
for [SMN - 6MN] in the horizontal load and acts at a height of about [10m - 50m] above the
seabed. As far as wind loading is concerned, a [1MN - ZMN] contribution is added to the total
horizontal load and is assumed to act at the turbine level. Average values of the previous inter-

vals are used for the calculations, and in these conditions, the maximum overturning moments
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are expected to be as high as 320MNm and 300MNm under wind and wave loads respectively
[56].

As previously mentioned the sources of the horizontal cyclic loading comprise wave and wind
actions as well as the loads induced by seism or the rotation of the blades. Here only the main
wind component is investigated. In the vertical direction, cyclic loading comes from variable
buoyancy but is sufficiently small to be neglected [56].

The superstructure supported by either a monopod or a tripod configuration is taken into ac-
count. Wind is assumed to impose a constant reduced horizontal load of 0,5MN during a storm.
Wind speeds encountered in such events are indeed much higher than the maximum allowable
wind speeds to produce power and therefore, the blades are slightly angled which reduces the
wind resistance. Maximum wind and waves loading are thus never applied at the same time on
the OWT. Waves are assumed to exert a lateral load of 1,5MN 4 3MN and to be aligned with
the wind force in the course of a storm [56].

3.4.3.1. Maximum loading on a monopod foundation

When a monopod substructure is used as displayed in Figure 3-2 (b), the static vertical loading
and the cyclic horizontal and moment loading are resisted by one individual caisson at the
same time. Table 3-1 stores the assessed average, maximum and minimum values of the over-
turning moment, as well as the horizontal and the vertical loads imposed on the OWT at the
peak of the storm. Equation 3-5 gives the axial eccentricity h at which the resultant vertical
and horizontal loads are applied, where M is the extremum overturning moment on the caisson
and H involves the contribution of wind and wave actions.

M _
h= ﬁ = 2575m EQUATION 3-5

TABLE 3-1 : Indicative loading magnitudes for a 3,5-5MW OWT supported by one single suction caisson
during a storm

WEIGHT | WAVES WIND | MAX MIN
AVERAGE | CYCLIC
VERTICAL [MN] 8 — — — 10 6
HORIZONTAL [MN] — 1,5 +3 0,5 5 —1
MOMENT [MNm)| - 26,25 52,5 50 128,75 | 23,75
Level arm[m] — 35/2 35/2 100 25,75 | —23,75
3.4.3.2. Maximum loading on a tripod foundation

When a multipod structure is used as displayed in Figure 3-2(c), the static vertical and cy-
clic horizontal loading are equally apportioned over the number of installed caissons, whereas
the moment loading is converted into an additional push and pull contribution on the founda-
tion. In case of a tripod structure, this moment is substituted by an additional tensile force on
the windward caissons and a compressive force on the leeward caisson. As a result, the moment
loading on each single caisson becomes negligible with respect to the vertical and horizontal
components. Table 3-2 stores the horizontal and the vertical loads imposed on the OWT at the
peak of the storm.
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Equation 3-6 encountered in the literature [56] is used to calculate the necessary spacing w be-
tween one individual caisson of the tripod arrangement and the centre of gravity in case the
wind turbine rotates around the windward foundation. It results from the moment equilibrium
around the rotation point, with assumptions that no tensile load can be taken in the upwind
foundation and that the restoring moment is supplied by the vertical load V.

Hh

for a quadripod structure
W= EQUATION 3-6

V3 HTh for a tripod structure

Taking into account the axial eccentricity h = 25,75m from the above case of one individual
caisson under maximal loading, the required distance w between the middle point of the caisson
and the foundation centre amounts to 16,54m for a quadruped substructure and 23,8m for
tripod substructure.

TABLE 3-2 : Indicative loading magnitudes for the leeward caisson of a tripod substructure supporting a
3.5-5MW OWT during a storm.

WEIGHT WAVES WIND MAX MIN
AVERAGE | CYCLIC
VERTICAL [MN] | 8 - 3 3 14 8
_=2’6 —=1 —=1 —:4'6 —=2,6
3 1,5 g 0 53 53 31
HORIZONTAL - ’ ,
=05|==1 =017 |=-=1,67 | —==0,33
[MN] 3 3 3 3 3
] H ] H
{4 p0mM
| XZQ -;.\16 I 1 I [ : |
R | E
7 ~ R v v
v o —
\\'f:; y N (o] //”/"’— — “x_‘\‘
H :'4=8MN \gﬁ- — b T
V = 6-10MN 110 — 160m y D
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FIGURE 3-2 : (a) Typical loading on a 3,5-5MW OWT under extreme conditions, Equivalent loading
acting on the OWT and reaction forces on the suction caisson in case of: (a) monopod, (b) multipod
arrangement
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3.5. Installation procedure

3.5.1. Basic principles

Suction caissons are the most appropriate type of offshore foundations in case the overlying
structure has an insufficient vertical self-weight under extreme environmental loadings. This
concerns in particular OWTs. The installation process of suction caissons is therefore carried
out in two major straightforward steps. The initial stage is the partial penetration of the skirt
under the effective self-weight of the caisson. Afterwards, a pressure difference is applied by
suction on the top of the caisson, to obtain a complete penetration. The upper bound of the
pumping rate will be reached when a critical suction related to zero effective stresses is ob-
tained [58]. As it is advised to start the suction assist penetration at a sufficient embedded
depth to have sufficient watertightness, a ballast load is commonly added on top of the caisson
in the preliminary phase [58]. If a top structure is installed together with the support structure,
additional weight can be obtained by flooding the inner tanks incorporated in the legs of the

structure.
3.5.2. Installation in sandy soil conditions

The installation principle in sandy soil conditions illustrated in Figure 3-3 (a) refers to suction
caisson penetration in coarse grained and high permeable sediments. This high permeability
allows the development of a seepage flow field in the surrounding soil. The step by step instal-
lation process in sand is summarized here below [48][58].

1. [Initially, the suction caisson foundation is lowered by gravity until touchdown with the

seafloor.

2. Then, the self-weight penetration phase is achieved and an opened valve in the lid allows
the evacuation of free-water that is enclosed inside the caisson.

3. During the transitional sub-phase, the trapped water under the suction lid is pumped out.
The pressure deficiency inside the caisson generates a differential pressure with the outside
that sucks up the pore water of the underlying sand layers.

4. An upward seepage flow is initiated within the soil plug, which consequently decreases the
friction resistance and eases the penetration.

5. During the suction-assisted sub-phase, the pore pressure and the rate of pumping-out water
progressively become constant which help to maintain the underpressure in the caisson.
This way, the remainder of the caisson is gradually pressed into the seabed until the target
embedment depth is reached. In sandy soils, the occurrence of liquefaction within the soil
usually indicates that the critical suction has been reached.

6. Once the suction caisson has been properly installed, the pump is removed from the lid.

7. A small gap is usually maintained between the seabed and the bucket lid in order to deal
with seafloor irregularities. This remaining space can be grouted under pressure to improve
the moment capacity and the resistance to vertical settlements, when subjected to cyclic
loading [59].
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3.5.3. Installation in clay soil conditions

The installation principle in clay soil conditions that is illustrated in Figure 3-3 (b) refers to
suction caisson penetration in fine grained and low permeable sediments. The lower permeabil-
ity prevents seepage flows from developing on a large scale. The step by step installation pro-
cess in clay is summarized here below [48][58].

1. Initially, the suction caisson foundation is lowered by gravity until touchdown with the
seafloor.

2. Then, the self-weight penetration phase is achieved and an opened valve in the lid allows
the evacuation of the free-water that is enclosed inside the caisson.

3. During the suction assisted penetration, the opening in the lid is sealed and water is
pumped out of the caisson. The lowering of the inside pressure gives birth to a downward
pressure gradient onto the lid which constrains the skirt to penetrate deeper in the seabed
until the target embedment depth is reached. In clay soils, a global uplift of the soil plug
is expected once the critical suction is exceeded.

4. Once the suction caisson has been properly installed, the pump is removed from the lid.

5. A small gap is usually maintained between the seabed and the bucket lid in order to deal
with seafloor irregularities. This remaining space can be grouted under high pressure to
improve the moment capacity and the resistance to vertical settlements, when subjected
to cyclic loading [59].

(a) Pumpinﬁg Ou’|cerpre‘ssure (b) Pumping Ou’|cerpre|ssure
ﬁ
'4/ A 4 H 4/ vV VY \l/\JL
rAAA rAAA

Inner pressure Inner pressure

FIGURE 3-3 :Installation of a suction caisson in: (a) sand and (b) clay
3.5.4. Analytical approach

The analytical approach for the suction caisson installation offers a way to assess the penetra-
tion depth h that is reached in each of the two phases of the procedure, namely the self-weight
penetration and the suction-assisted penetration respectively. It is based on an effective stress-
approach whose principle is to calculate all the components involved in the penetration re-

sistance as a function of the effective stresses [58].
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For the initial stage, the self-weight penetration depth his calculated by solving the relation
between the driving force consisting of the self-weight of the submerged caisson, and the re-
sistance forces including the inside and outside skirt frictions and the end bearing and overbur-
den pressures on the annular tip, as expressed in Equation 3-7 and displayed in Figure 3-4 (a).
There is intrusion of the caisson into the seabed as soon as the downward penetration force
surpasses the counteracting resultant force [58][60]. The effects of stiffeners are not considered

here.
Qphase1 = Qi + Qo + Quip EQUATION 3-7
Where
Qphase 1 Vertical capacity during the self-weight installation
Qi Qo, Qtip Friction acting respectivelyon the inside and outside surfaces of the cais-

son, and end bearing capacity and overburden pressure on the skirt tip

In homogeneous clay, the unknown parameter h, is assessed by making the assumptions that
the submerged self-weight is equal to the penetration resistance, and that the strength of the
clay is undrained and linearly increasing with depth [61]. Equation 3-7 can then be rewritten as
Equation 3-8.

W'=  Aaisshe  + Acagsyhe + (sule + ViheNy)Awy EQUATION 3-8
—_—— —_—
Friction resistance Friction resistance End bearing on the skirt tip
on the inside on the outside
Where

w’ Submerged self-weight of the caisson

A; =nD; Inside surface area of the skirt (per linear meter of penetration)

Ao, = 7D, Outside surface area of the skirt (per linear meter of penetration)

Agip = Dt Tip area

a; =a Adhesion factor assumed to be equal on the inner and outer surfaces

— p_hc Average undrained shear strength over the penetration depth

Su = Suo T Phc  Undrained shear strength at the skirt tip level

N¢ End bearing parameter (cohesion) equal to 6.2 for shallow penetration
and 9 for deep penetration
Ng End bearing parameter (overburden) assumed to be equal to 1 for the

undrained analysis

In homogeneous sand, the unknown parameter hgis derived from the same principle, by using
Equation 3-7 restated as Equation 3-9. Here the sand material is assumed to have a drained
behaviour. The skirt friction terms are therefore function of the horizontal effective stress which
can be calculated by multiplying the lateral earth pressure coefficient K times the vertical effec-
tive stress [62].
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1 1 t
w' = EAiK tan(@,)ysh2 + EAOK tan(@,)ysh2 + (ys’z N, + ys’hqu>An-p EQUATION 3-9
Friction resistance Friction resistance End bearing on the skirt tip
on the inside on the outside
Where
P, = 0,99; External friction angle obtained from the internal friction angle whose
value results from a drained triaxial test
K Lateral earth pressure coefficient
Ny Bearing capacity factor (self-weight)

For the second stage, the suction-assisted penetration depth his calculated by solving the same
kind of vertical equilibrium, and by considering that an additional term of suction is acting as
driving force within the caisson. This required suction Sy is applied as soon as the penetration
under the submerged self-weight W' equals to the penetration resistance of the caisson in the
initial phase Qppgse1 and will help mobilizing a greater penetration resistance Qppgse 2- The
additional vertical load Qgyct originates from the pressure differential across the tip of the cais-
son given by the applied suction times the internal cross-section area. This is formulated by
general Equation 3-10 and illustrated in Figure 3-4 (b) [52][60].

Qphasez — W' EQUATION 3-10
Sreq = A—
base,i
Where
Sreq Required suction for the installation of the suction caisson
Qphasez Vertical capacity during the suction-assisted penetration
Apase,i Internal cross-section area of the caisson base

In homogeneous clay, the unknown parameter h. is derived in a similar way as for the initial
phase, by considering the additional effect of the suction and reorganizing Equation 3-10. This
leads to final Equation 3-11 [61].

Qphasel + Sreq Abase,i = Qphasez

nD? _ _ )
W' + Syeq <Tl> = A;ja;Syh. + Aya,Syhe + (suNC + ycheNg — s)Atip
, mD? _ _ , EQUATION 3-11
= W'+ Sreq (—4 > = A;aq;S h. + Ay,a,5,h + (suNC + ycthq)An-p

In homogeneous sand, the unknown parameter hgis derived in a similar way as for the initial
phase, by considering the additional effect of the suction and the resulting seepage flows that
lower the tip resistance. According to HOULSBY and BYRNE [62], this capacity reduction can
be taken into acount by applying to each term a weighting factor that varies with the embed-
ment depth. This leads to final Equation 3-12 [56][58][62].
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D¢ EQUATION 3-12
w'+S — | =
ain(2) X @Jl + aouc(2) X Qg + agip(2) X Qtip
TAK tan(De)yih? TAoK tan(9.)yih? (Vi Ny + VNG )Acip
Where
ain(z) = f(z,4;,a) Reduction factor applied to the inside resistance that depends

on the penetration depth z, on the inner surface of the skirt 4; ,
and on a dimensionless factor a considering the excess PWP

ot (2) = f(2,4,a) Reduction factor applied to the outside resistance

@tip(2) = f(@in, @out)  Reduction factor applied to the tip resistance

Qp?msel =W

Valve open | \L | Valve cl.osed W
| Pumping

%

%

N Qphasez

o |

FIGURE 3-4 : Forces during installation: (a) Self-weight penetration, (b) suction-assisted penetration
3.5.5. Issues during installation

Clay soil conditions require the installation of a suction caisson with a relatively small ratio %

In this case, the slenderness of the foundation unit, the lateral resistance of the soil and the
pressure differential between the inner and outer skirt surfaces are all the parameters potential-
ly leading to buckling of the thin circular wall of the caisson. The skirt thickening, for example
with concrete, and the caisson reinforcement by having recourse to stiffeners are two potential
options that may avoid a local plastic failure, while adding an extra resistance against penetra-
tion [40][61].

In sandy soil conditions, the application of suction introduces a pore water pressure gradient in
the soil plug, which makes the penetration easier. However, this pressure differential is restrict-
ed to a critical gradient in such a way as to avoid the development of negative effective stresses.
Otherwise, the sand grains partly liquefy and which might induce the development of channels
due to erosion along the skirt, leading to piping failure together with significant water inflows
inside the caisson. This local liquefaction mechanism may interrupt the caisson installation by
seriously degrading the on-site behaviour of the foundation. This phenomenon may also be en-
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countered in clay, and manifests itself through a global uplift of the whole clay plug. This soil
heave subsequently prevents the caisson from reaching the target penetration depth. This ma-

jor issue may be mitigated by a careful control of the pumping [40][61].

3.6. Design principles of suction caisson foundations

In this section, the baseline rules for the design of loaded OWTs are outlined. Since design is-
sues faced during the installation process have already been tackled in section 3.5.5, this section
rather deals with the working conditions, such as the caisson capacity. The structural integrity
of suction caissons at the ULS is basically assessed in an analytical way by limit equilibrium
methods. These are based on the soil — foundation interactions and on the potential soil failure

mechanisms. A numerical analysis using finite element methods may also be implemented.

As a result from section 3.4, it is now established that the suction caissons are devised to with-
stand axial loads, lateral loads and a combination of both. Horizontal capacity is often of a
critical nature for the floating OWT structures secured by mooring lines laterally fixed at the
side of a suction caisson. On the other hand, the vertical capacity is proved to be the critical
design criterion in case of monopod or tripod foundation structures. In particular, given that
suction caissons for OWTs deal with relatively small dead-weight loads and may therefore be
considered as a so-called reversible technique, the pull-out failure mechanisms are more likely
to occur apart from the traditional push failure mechanisms. Since it refers to the main subject
of this dissertation, a special attention will be dedicated to this concern.

Also the constraint imposed by the offshore environment requires investigating the drained,
partially drained and undrained behaviours of the seabed soil. In a drained configuration, a
complete drainage of the pore water pressure (PWP) from the soil plug to the surrounding soil
usually occurs under long-term and slow rate loading. In a partially drained configuration, the
rate of loading is speeded up. In an undrained configuration, there is no migration of the pore
water from the soil plug to the surrounding soil under short-term and rapid rate loading [63].

3.6.1. Vertical bearing capacity
3.6.1.1. Drained response

The ultimate bearing capacity of the suction caissons in drained homogeneous soils V41 is
derived from the equilibrium between the downwards vertical load applied on the upper part of
the lid of the caisson and the upwards reaction components, as translated in Equation 3-13.
Since the exerted load is slowly increased, it firstly mobilizes the friction over the entire outer
skirt surface of the caisson. Another fraction of the load is transferred to the soil plug inside
the caisson by the lid. It follows an enhancement of the soil confinement and the development
of inner skirt friction. A final part of the compressive load is withstood by a skirt tip compo-
nent. All these considerations are illustrated in Figure 3-5 (a) [62][63].

Viiear = Qi + Qo + Qtip + Quia EQUATION 3-13
WI
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Where
Va1 Vertical ultimate bearing capacity in drained conditions
Qlia Bearing capacity of the lower part of the lid of the caisson
Qtip Bearing capacity of the skirt tip
Q Friction on the inside of the caisson
Qo Friction on the outside of the caisson
w' Submerged self-weight of the caisson

3.6.1.2. Partially drained response

The ultimate bearing capacity of suction caissons in partially drained homogeneous soils
Viitpais also derived from the equilibrium between the downwards vertical load applied on
the upper part of the lid of the caisson and the upwards reaction components, as formulated in
Equation 3-14. Under a compressive loading, the outer skirt friction still accounts in the total
resistance. Due to the partially drained behaviour of the soil plug, PWP variations appear be-
tween the inner confined environment and the outside of the caisson. As a result the soil
trapped in the skirt constitutes an almost monolithic block with the caisson reducing signifi-
cantly the contribution of the lid, of the skirt tip and of the inner friction components. This
mechanism showed in Figure 3-5 (b) provides a greater resistance of the caisson in comparison
with the drained scenario [62][63].

Vuitpal = Qi + Qo + Qrip + Quia + Qpw EQUATION 3-14
WI
Where
Vuitpal  Vertical ultimate bearing capacity in partially drained conditions
Qpw PWP distribution on the lower part of the lid of the caisson
3.6.1.3. Undrained response

Undrained homogeneous soil conditions are characterized by a really low permeability and
PWP accumulations that cause the soil plug to settle uniformly with the caisson. This mono-
lithic mass can therefore be analysed as a gravity foundation with its based at the skirt tip
level which is described by the conventional three-term Equation 3-15 from the theory of Ter-

zaghi [66].
B EQUATION 3-15
q= Sq 6qdq 0 Ny +sy6ydyy§Ny+sCSC dc.cN, 3
N—— — | —
depth or overburden term W cohesion term
Where
p=vL Overburden pressure at skirt tip level
B=D Foundation embedment equal to the caisson diameter
L Embedded skirt length

Sq=1;5,=06;s.=13 Shape factor for circular foundations [19]



CHAPTER 3. SUCTION CAISSONS FOR OFFSHORE WIND TURBINES|36

6\ Load inclination factors {19

5 =0: = (1-g7) . 1]
A
dg=dc=d, =1 Depth factors conservatively taken equal to 1
|4 soil weight
¢ Cohesion of the soil
¢ Soil friction angle
N, = e™n9 tan? ( 450 & 9) Bearing capacity factor (Prandtl) [67]
2

N, = 1,5(N; — 1) tan ¢ Bearing capacity factor (Caquot & Kerisel) [68]
N, = (N, —1) cot¢ Bearing capacity factor (Prandtl) [67]

In saturated undrained soil conditions encountered in the offshore environment, it is common
practice to consider the effective soil weight (y'), and to set the cohesion ¢ equal to the un-
drained shear strength s, and ¢ to 0°[63], leading to adapted Equation 3-16 for the end bearing

capacity.
B - B
q=  5q64dgY'LNy  +5,8,dyy' SN, + Sc6.dcc N, FQUATION 3-16
N—— —_—
depth or overburden term Surface term cohesion term

=0

The ultimate bearing capacity of the suction caissons in undrained homogeneous soils Vyt ,, 1 is
calculated by the equilibrium between the downwards vertical load applied on the upper part
of the lid of the caisson and the sum of the contributions of the end bearing resistance q and
the outer skin friction resistance. It is expressed in Equation 3-17 and represented in Figure 3-5
(¢). It should be noticed that the overburden pressure term, corresponding to the gravity force
of the soil column adjacent to the suction caisson is cancelled from the formula by the equal
and opposite weight of the soil plug inside the caisson. The failure behaviour in this mechanism
is divided into three zones. The soil wedge I under the foundation is assumed to be elastic and
to shift jointly with the foundation. The soil zones II are transitional between elastic and plas-
tic ground conditions. The soil zones III refer to plastic passive blocks pushed back upwards at
failure [19].

Vult,u,l =Qo+q Abase,o EQUATION 3-17
Vult,d,l Vult,pd,[ Vult,u,I
[ | | |
ii‘: AAA J; & AR
‘ (\)1511 i' ‘ |
| q I q
22| NIV (NS vy ved N0 VY
T o T e /4
Q[fp ()up \\ = ! . “
(@ (b) (c)

FIGURE 3-5 :vertical bearing capacity in : (a) drained, (b) partially drained, (c¢) undrained conditions
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3.6.2. Vertical pull-out (tensile) capacity
3.6.2.1. Drained response

The ultimate pull-out capacity of suction caissons in drained homogeneous soils Vi 47 is de-
rived from equilibrium between the upwards vertical load applied on the upper part of the lid
of the caisson and the downwards reaction components, as translated in Equation 3-18 and
represented in Figure 3-6 (a). Since the tensile load is slowly increased, the long-term drained
conditions lead to a complete dissipation of PWP and no generation of passive suction inside
the soil plug which will remain in place. The soil — caisson contact is lost at the level of the lid,
and there is a sliding of the skirt in the soil. Therefore, only the inner and outer skin friction
components are actively mobilized in the total capacity, with the weight of the submerged
caisson playing a negligible role [15][61][62][63].

Viean = Qi + Qo + W' EQUATION 3-18
Where

Viit,an Vertical ultimate pull-out capacity in drained conditions

Figure 3-7(a) proposes the failure mechanism associated with the fully drained tensile configu-

ration.
3.6.2.2. Partially drained response

The ultimate pull-out capacity of suction caissons in partially drained homogeneous soils
Vit pan is derived from the equilibrium between the upwards vertical load applied on the upper
part of the lid of the caisson and the downwards reaction components, as translated in Equa-
tion 3-19 and illustrated in Figure 3-6 (b). The application of a tensile load in not fully drained
soil conditions generates negative variations of PWP in the soil plug, known as passive suction,
that remains trapped inside the skirt during the uplift movement. An increase of the pull-out
resistance is then noticed by mobilizing the passive suction, the submerged weights of the cais-
son and the soil plug and skin friction on the outer skirt surface [15][61][62][63].

Vult,pd,ll =(Qp + pr + W'+ Wz;lug EQUATION 3-19
Where
Vit paun Vertical ultimate pull-out capacity in partially drained conditions
Wpiug Effective submerged weight of the soil plug

Figure 3-7(b) proposes the failure mechanism associated with the partially drained uplift.
3.6.2.3. Undrained response

The ultimate pull-out capacity of suction caissons in undrained homogeneous soils Vi, 11 is
derived from equilibrium between the upwards vertical load applied on the upper part of the
lid of the caisson and downwards reaction components, as translated in Equation 3-20 and il-
lustrated in Figure 3-6 (c). The application of a short-term rapid tensile loading in a low per-
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meability medium has the consequence to develop passive suction in the soil plug. As a func-
tion of the degree of consolidation, the suction caisson and the soil plug will behave as a mono-
lithic mass, and mobilize a reverse end bearing mechanism in the surrounding soil at the skirt
tip level. This bearing resistance q together with the skin friction on the outer skirt surface
and the submerged weight of the caisson contribute to the two-term pull-out capacity. Here
again, the overburden pressure term included in the bearing resistance and the weight of the
soil plug within the caisson cancel each other out [15][61][62][63].

Vit = Qo + qA, + W' EQUATION 3-20

The vertical tensile capacity is generally lower than the vertical compression capacity. This
may come from the reverse end bearing mechanism in tension which mobilizes less resistance in
comparison with the end bearing mechanism in compression. A partial dissipation of the nega-
tive excess PWPs during the swelling of the soil during soil swelling may explain this reduction
[67]. The development of cavitation during large pull-out rates further to very negative varia-
tions of PWP is another phenomenon susceptible to reduce the ultimate pull-out capacity of
the suction caissons [61][62][67].

Figure 3-7(c) proposes the failure mechanism associated with the fully undrained uplift.
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FIGURE 3-6 : vertical pull-out capacity in: (a) drained, (b) partially drained, (c¢) undrained conditions
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FIGURE 3-7 : failure mechanisms during fully drained, partly drained and fully undrained uplift

3.6.3. Horizontal capacity

The ultimate horizontal capacity of suction caissons Hy;; is greatly dependent on the point of
application of the horizontal load.
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In case of a suction caisson used as an anchor for a floating OWT, the ultimate lateral re-
sistance of the caisson can be maximized by selecting an optimum attachment depth for the
padeye z,, in such a way that the failure mechanism only involves a pure horizontal translation
without forward and backward rotations. This attachment point is generally located at around
70 percents of the embedded skirt length, which allows to obtain the maximum possible value

for the lateral bearing capacity factor.

This way, the ultimate horizontal capacity can be formulated as Equation 3-21 [20]. In such a
case, the soil failure mode around the suction caisson comes from laterally loaded pile analysis
and is twofold. It includes a conical wedge extending from the side of the caisson in its upper
part and a flow field in the skirt tip area below the wedge. It is illustrated in Figure 3-8 (a).

Hyy = N, LD, S, EQUATION 3-21
Where
Hye Ultimate lateral capacity of the caisson
N, =f (£ ) Lateral bearing capacity factor varying with the slenderness ratio
P2 \D
L Embedded skirt length
D, Outer caisson diameter
Su Average undrained shear strength over the penetration depth

For suction caissons incorporated in monopod and tripod substructures, the point of applica-
tion of the horizontal load is located above the optimal depth, which prevents from monopoliz-
ing the full horizontal capacity and allows the rotation of the foundation. Since the centre of
rotation of the foundation goes up within the caisson, in addition to the conical wedge mecha-
nism, a scoop failure mechanism develops in place of a flow field in the lower part of the skirt,
as depicted in Figure 3-8 (b).
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FIGURE 3-8 : Soil failure mechanism under horizontal loading : (a) caisson anchor with optimal attach-

ment depth, (b) monopod suction caisson [15]

It is still important to note that the suction caisson failure under a horizontal load is common
in monopod configurations but is less likely to occur in multi-pod configurations. Indeed, the
latter arrangement has a much greater rigidity, so that if the structure tends to rotate under
the applied horizontal loads, it gives birth to a counteracting bending moment on the top of
the caisson that sets the total angular rotation to zero. On the contrary, the former foundation
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arrangement allows free rotation which results in a 50-percent reduction of the possible maxi-
mum horizontal capacity [20][65].

3.6.4. Inclined capacity

In practice, the general loading case on the OWT foundation system consists of a combination
of axial and lateral loads. Under these circumstances, the maximum capacities of a suction
caisson under the uniaxial vertical or lateral loads are degraded by the presence of forces in the
orthogonal direction. This interaction between the orthogonal loads is modelled through a fail-
ure envelope in the (V, H) loading plane. For the suction caissons, the failure envelope is shaped
by an elliptical relationship, which is formulated by Equation 3-22 [20][63].

( H )a ( \% )b 1 EQUATION 3-22
+ |— =
I_lult Vult
Where
Huie , Ve Ultimate lateral and vertical capacities of the caisson
H,V Horizontal and vertical loads
a,b Exponents varying with the slenderness ratio %

Under an inclined uplift loading, one of the conceivable failure mechanisms is rather similar to
the failure mode under horizontal loading. It involves a two-sided conical wedge, pushed later-
ally and upwards by the inclined translational and possibly rotating motion of the caisson. Be-
low the caisson, a soil flow field is here again assumed to develop, as sketched in Figure 3-9
[65][69].
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FIGURE 3-9 : Soil failure mechanism under inclined loading: (a) elevation, (b) in-plane views [67]
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Chapter 4
2D Finite Element Analysis

4.1. Introduction

This chapter aims at apprehending the finite-element software packages LAGAMINE employed
for the simulations and to present the numerical results. Firstly, the initial 2D model used as
reference for the simulations is defined, and its initial rest state is properly characterized in
order to highlight all the key components involved in the extraction resistance of the caisson
(section 4.2). After that, the numerical analysis of the caisson under a tensile load is carried
out for a primary scenario, dealing with drained conditions and with an elastic soil behaviour
(section 4.3). The investigation is subsequently extended to a second partially drained scenario
(section 4.4). For both configurations, two sub-cases are treated: in a first phase, the soil is
held in place during the extraction and in a second phase it is free to move. In each case, the
FE model and the potential related assumptions are outlined, the numerical results are dis-
played, discussed, and then compared to analytical calculations, proposed in the literature.

4.2. Definition of the reference FE model

4.2.1. Problem statement

The real life example that will be investigated by means of the finite element software is one
single caisson under an uniaxial tensile load that is part of a multipod substructure for an
OWT. In the specific case of Figure 4-1 (a), a triopod foundation is sketched. As discussed in
chapter 3, such support structures cope with large overturning moments coming from the envi-
ronmental loading, and which are transferred to the foundation level through a push and pull
mechanism. From then on, the caisson is only submitted to a prevailing vertical force and a
minor horizontal component, allowing to reduce the system to a 2-degree of freedom loading.
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“ Leeward
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Seabed

FIGURE 4-1: typical tripod foundation: (a) Elevation view, (b) Plane view with the modelled part (red)[56]



CHAPTER 4. 2D FINITE ELEMENT ANALYSIS|42

In the problem under discussion, the wave and wind-induced horizontal loads are supposed to
be applied in the same single direction on the leeward side of the foundation system, as col-
oured in red in Figure 4-1 (b). Only this part of the substructure will be modelled, and the

group effect is neglected as a first assumption.

Moreover, a non-linear analysis of the problem is required. Indeed, soils can undergo high de-
formations through their behaviour. Apart from this material non-linearity, contact non lineari-
ties can also arise at the interface between the two dissimilar materials, namely the soil and the
caisson. The area of contact is a function of the deformation and the relative motion along a
joint surface, i.e. the debonding, makes the joint segment non-linear. This leads to a nonlinear
relation between the force F' and the displacement fields u, as depicted in Figure 4-2. The tan-
gent to this curve represents the integration matrix K, that varies with the imposed displace-
ments, and that gives the general formulation of Equation 4-1.

{u} =[K u |"HF} EQUATION 4-1

To solve this problem, an iterative process must be performed to progressively reduce the out-
of-balance nodal forces (i.e. the difference between the external solicitations and the internal
forces) and to converge to a more accurate solution. It is done in LAGAMINE by applying a
linearization process on the basis of a Taylor series expansion of the out-of-balance nodal forces,
around the last known approximation of the displacement. The solution is obtained once the
increment of displacement becomes negligible and the results between the iterations does not

evolve anymore .

Force F' |\ /IS,
FEIL'f / . & /’j’—__]
/ . ! Fob‘Z ob,1 Fob,[]
/ :
!/
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v~ Displa u

duY du" + du'

FIGURE 4-2 : Iterative resolution of the non-linear force-displacement relationship

In the LAGAMINE environment, it is allowed to select its own consistent system of units for
the analysis. The International System of units (SI) recalled in Table 4-1 will be adopted as set

of basic units.

TABLE 4-1 : System of units used in the LAGAMINE program

QUANTITY  Length Mass Time Force Stress Density
ST m kg s N Pa (N/m?) kg/m?
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4.2.2. Numerical model implementation
4.2.2.1. Initial geometry

At the start of the input of the reference geometry, it is decided to implement a two-
dimensional (2D) model considering that the main loads only act in two well-defined directions.
In such a case, a unique and representative vertical cross-section of the situation is analysed.
Two types of model are susceptible to be used, either an axisymmetric or a plane-strain model.
Plane-strain models, as illustrated in Figure 4-3 (a), are more common in case of geometries
with a regular cross-section, and with a uniform stress state and loading along a length perpen-
dicular to the z — axis. In a state of strain-plane, displacements and strains only take place in
the xy — plane (¢, = 0), whereas normal stresses are accounted for along the z — axis. As for
the axisymmetric models displayed in Figure 4-3 (b), they are suitable for circular structures
with a uniform radial cross-section as well as a uniform loading around the central y — axis.
The stress state and deformations are here considered equal in any radial direction,
ly €, = €,. Since the geometry of the suction caisson is circular and symmetrical with respect
to the y — axis, this second model appears to be the most suitable solution for the case under
study. Moreover, the second assumption implying to neglect the low horizontal load is raised to
justify the use of an axisymmetric analysis for the caisson and its surrounding soil.

()
FIGURE 4-3: (a) Plane-strain model and (b) axisymmetric model [80]

The geometry of the caisson is represented as a simplified hollow cylinder, without stiffeners
along the inner face of the skirt, despites these reinforcements play a role in the behaviour of
the caisson. This simplification must be kept in mind since it has an influence on the results.
The diameter D, the skirt length L, and the thickness of the skirt tip ¢ are the geometric pa-

rameters that fully define the caisson.

As a first step, the suction caisson is assumed to belong to shallow foundations which are spe-
cifically defined by Terzaghi [66] for % < 1, and thus the initial geometry is implemented for a
slenderness ratio % = 1. Further on, other aspect ratios of 0,5 - 0.75 - 1.5 and 2 will be imposed
in order to investigate the influence of the penetration depth and the size of the soil plug in the
mobilization of the extraction resistance. The thickness of the skirt defined by the aspect ratio
% is slightly oversized compared to the usual values previously mentioned, in order to get rid of

numerical issues. The ratio adopted for the reference geometry is given by Equation 4-2.

t=0,012x D EQUATION 4-2

The geometry of this reference case is sketched in Figure 4-5, with the dimensions summarized
in Table 4-2.
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4.2.2.2. Mesh

The whole of the caisson and the surrounding soil is implemented as a 2D axisymmetric model
in the finite element code. Prior initialisation procedures have revealed that a domain depth of
three times the caisson diameter under the skirt length, namely L + 3D = 32m, and a domain
width of three times the caisson diameter D, namely 3D = 24m, were sufficient to eliminate
the impacts and the impositions of the boundary conditions on the results. The study focuses
on the soil behaviour and its interactions with the foundation, and so the caisson is assumed to
be in place and neither the installation phase nor the superstructure are modelled. The FE
mesh is presented in Figure 4-5.

Around the caisson skirt, which is especially the zone to be analysed, a refinement of the mesh
is applied, whereas near the boundaries, the mesh is let coarser. In total, the 24 x 32 domain
comes to 10803 nodes and 3566 finite elements, as mentioned in Table 4-2. It should finally be
noted that the origin of the axes is located in the bottom left-hand corner of the domain.

TABLE 4-2: Geometrical parameters of the reference FE model

Diameter D [m] Skirt length L [m] Thickness ¢ [m] No. nodes [-] No. elements [-]

Inner Outer
7.8 8 8 0.096 - 0.1 10803 3566

Similar eight-noded hydro-mechanical elements are employed to mesh the soil and the caisson.
These quadratic elements are based on a parabolic interpolation of the degrees of freedom. Two
mechanical degrees of freedom, that is the displacement in the z — and in the y — directions,
and one hydraulical degree of freedom that is the water pressure, are assigned to each node.

The soil-caisson contact zones [64] are defined by bi-dimensional interface elements having their
own mechanical and flow constitutive laws, and using a two-point Gaussian integration scheme.
The other side of the contact zone is discretized by using foundation elements. As the two sur-
faces of the interface never match perfectly, the global behaviour of this zone is characterized
by the normal effective contact pressure py’ and the shear stress 7. The first component is
responsible for the interpenetration in the contact zone. If the interface is open, i.e. there exists
a gap between both sides, no contact pressure will develop. On the contrary, in case the inter-
face is closed, i.e. the contact holds between both sides, the normal pressure progressively ap-
pears at the interface. Mathematically the penalty Equation 4-3 is used for the detection of the

contact.
Py =Ky ey EQUATION 4-3
Where
Py Normal effective contact pressure
Ky Normal penalty coefficient taken as large as possible
EN Normal strain rate

The second component 7 describes the shear behaviour of the interface. The shearing or sliding

at the interface level is defined by a similar penalty Equation 4-4.

T=Kpep EQUATION 4-4
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Where
T Shear stress
Ky Tangential penalty coefficient taken as large as possible
Er Tangential strain rate

A Coulomb’s criterion (Equation 4-5) is assumed to govern the maximum shear stress.

Tinax — M p?\/ EQUATION 4-5

Where
o Friction coefficient of the interface

To fully characterize the hydro-mechanical behaviour of the contact elements, fluid flows
through (f,, ) and along (f,, ) the interface should also be considered since these zones con-
stitute a preferred path for the groundwater. The transversal fluid flow is characterized by a
first flow from the interface element to the inside and a second one from the inside to the foun-
dation element, described by Equation 4-6.

Juw.n = PuT,AD, EQUATION 4-6
Where
fu;,N Normal fluid flow
Pu Density of water
T, Transmissivity
Ap,, Variation of water pressure

To be consistent with reality, the foundation is supposed to be impermeable, cancelling the

second transversal flow, while the first one is initiated by a transmissivity 7}, initialized

to 107 5. As for the longitudinal flow, it is in most cases characterized by the well-known

hydrogeology Equation 4-7, where the minus sign stands for a flow from high to low pressures.

k
fw,L = Py —+ va + pu;gvz EQUATION 4-7
w

Where

fu:,L Longitudinal fluid flow
k= €nx Longitudinal intrinsic permeability assumed to fluctuate conforming to a
12 cubic law while the gap between the soil and the foundation is progressively
widening and is thus filled in with water
Vi, Gradient of water pressure (longitudinal)
Pw9IV7Z  Gradient of static pressure (longitudinal)

In the present work, the longitudinal fluid flow is set equal to the transverse one. All these
information regarding the definition of the contact zones can be retrieved in Figure 4-4.

Based on this contact zone characterization, an hydro-mechanical coupling, described by Ter-

zaghi’s postulate (Equation 4-8) arises at the interfaces to give the total normal pressure py.
g

Py = va +p, EQUATION 4-8
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FIGURE 4-5 : Meshed geometry of the axisymmetric FE model with the mechanical and the hydraulic
boundary conditions, as well as some details of the caisson lid and of the interfaces
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4.2.2.3. Boundary conditions

Specific boundary conditions are imposed to the domain, as presented in Figure 4-5. Regarding
the mechanical ones, no displacement is allowed in the out-of-plane tangential direction by
definition. In addition, the horizontal displacements along the x — azis are fixed on the two
lateral sides, while the lower limit of the mesh is confined in both the horizontal x — and the

vertical y —directions.

As far as the hydraulic boundary conditions are concerned, the symmetry axis of the axisym-
metric model is supposed to be an impermeable boundary and the bottom edge of the model
can be seen as a layer of consolidated clay having a so low permeability that it is set to zero.
Through these sides of the domain, no water flows can be transmitted. Also no water flows can
go through the surfaces of the caisson to be consistent with the physical properties of steel. On
the contrary, the upper boundary, that is in contact with free water from the sea and the right
boundary that corresponds to the continuity of the clay soil are both assumed to be drained.
Along these sides, the water pressure is maintained constant and some fluid flows are initiated.

For the definition of this reference FE model, all the nodes that compose the caisson have been
fixed horizontally to ensure numerical stability in the zone where the tensile load is applied.

4.2.2.4. Initial material parameters

The suction caisson is made of steel with a bulk density p, of 7800 %]g This material is assumed
to have a linear elastic behaviour, characterized by a Young’s - or elastic - modulus E, of
210 GPa and a Poisson’s ratio v, of 0,2. The acceleration due to the gravity in the y —direc-

tion is assigned a value of 1033.

Concerning the soil conditions, the caisson is set up in normally consolidated clay (NC) condi-
tions, that is broadly defined in the literature [70][71][72], and that is representative for various
sites in European seas. The Poisson’s ratio takes a constant value in the range [0.3 ;0.5] in case
of saturated clay. For this particular type of soil conditions, it is also common practise to con-
sider a frictionless material with both the friction and the dilation angles equal to zero
(¢ =1 =0) and to set the cohesion equal to the undrained shear strength (¢ = s,,). The av-
erage undrained shear strength is often assumed to increase linearly with depth, as formu-
lated in Equation 4-9.

Sy = Syo + kz EQUATION 4-9
Where
< Soil depth below the seafloor
Su0 Undrained shear strength at the seafloor level, e.g. 5 kPa
k Gradient of the undrained shear strength with depth, e.g. 1,5 kPa/m

Despites its variation throughout the soil profile, the Young modulus is assumed to have a con-
stant value around 10MPa. The value of the particle density of the saturated clay is assigned
to Py cray = 2650 % Assuming a fully saturated soil material with a porosity of 50 percent (for

a sandy clay [72]), respectively S, =1 and n = 0.5, and knowing that the density of water
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P, is approximately equal to 1000 % , then it is possible to assess the saturated unit weight
and the effective unit weight of the clayey soil, thanks to Equation 4-10 and Equation 4-11.
Finally, the soil permeability is set at 1077 2 for the considered sandy clay [70].

f)/su,t,(:la,y =1-n f)/s,(:la,y +n S‘r Yw = 18.25 kN/mS EQUATION 4-10
7(/:111,;1/ = Ysat,clay — Tw — 8.25 kN/mi EQUATION 4-11

All material parameters and properties are summarized in Table 4-3.

TABLE 4-3 : Parameters of: reference geometry, steel caisson, elastic clay soil and contact elements

COMPONENT PROPERTY SYMBOL VALUE UNIT
Steel caisson  Elastic modulus E, 210 [GPa]
Poisson’s ratio Ug 0.2 [
Bulk density Ps 7800 [kg/m?]
NC clay Elastic modulus E. 10 [MPa]
Poisson’s ratio Ve 0.3 [
Bulk density Psclay 2650 [kg/m?]
Porosity n 50 (%]
Horizontal earth pressure coefficient at rest K, 1 -]
Friction angle ¢ 0 °]
Dilatation angle (0 0 °]
Coefficient of permeability k 1x10°7  [m/s]
Coefficient of consolidation G 0.3 [mm? /s
Average effective unit weight Yelay 8.25 (kN /m?]
Interfaces Transmissivity T, 103 [m/(Pa.s)]
Friction coefficient of the interface M 0.5 -]
Normal penalty coefficient Ky 4x10°  [N/m?]
Tangential penalty coefficient Kr 4x10%  [N/m?]

4.2.3. Initial stress state in the soil

Throughout the domain, an effective stress component arises from the self-weight of the soil.
At the bottom edge of the domain, the overlying soil depth gives rise to initial effective stresses
a0 of Yipayh = 264 kPa with an effective stress variation Ao, , of —8.250 ko An average
water depth of 20m is considered for the simulations which results in the imposition of a verti-
cal water presure p,, of v,z = 200 kPa at the mudline level. A horizontal water pressure, line-
arly increasing between z = 19.9m and z = 20m is also applied on the small vertical surface of
the caisson lid outside the soil and is approximated by a constant pressure of 200 kPa as well.
These two water pressures are implemented in the model through a mechanical constitutive law

defining an uniformly distributed load on a line element [75].

The loading of the caisson is carried out by means of a displacement-controlled process imposed
to the upper part of the lid. Initially, the vertical movement of the caisson is prevented. Then
the caisson is progressively extracted from the ground at a constant rate, until an imposed dis-
placement is reached. By working in this way, it should be taken into account that the total
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reaction assessed by the software encompasses both the downward weight of water and the
upward force required to assign the displacement (Figure 4-6).

Considering saturated soil conditions, the pore water pressure u is initiated hydrostatically on
the basis of the water level, and the initial stress field in the vertical direction can then be cal-
culated by Terzaghi’s Equation 4-12.

/
Ov,0 = Ou,0 + U EQUATION 4-12
Where
04,0 Initial total stress in the vertical direction
g ’Z‘,U Initial effective stress in the vertical direction
Ug Initial pore water pressures in the vertical direction

Lateral stress state in the soil (Equation 4-13) and around the interfaces is assessed by the pore
water pressures and the lateral earth pressure coefficient at rest K, that is the ratio of the ver-
tical and the horizontal effective stresses.

/7
T,0 = 0yt U EQUATION 4-13
Where
05,0 Initial total stress in the horizontal direction
/ ’/
0n0 = Kyo 0,0 Initial effective stress in the horizontal direction
o Initial pore water pressures in the horizontal direction

The empirical Jacky’s formula, given in Equation 4-14, is often used to estimate the coefficient

of earth pressure at rest, as a function of the friction angle ¢.
Ky=1-sin¢ EQUATION 4-14

In the situation under study, the initial state of the soil is supposed to be isostatic, which
gives K; = 1. Moreover, it is assumed that the caisson installation process does not cause any
disruption of the initial stress field in the soil.

I | Total reaction Weight of water

Displacement fore A VAR A A A R A

+
Weight of water

Initial stresses

< e

FIGURE 4-6 : Loading applied to the caisson and initial stresses at the beginning of the extraction phase

4.2.4. Initial loading state of the caisson

At the initial stage (initial time step At) no displacement d of the caisson is expected (initial
displacement step Ay = 0m). This means that a state of equilibrium should exist between the
different components of the reaction when a zero-displacement is considered. All the compo-
nents included in the uplift resistance of the caisson are listed in the present section.
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4.2.4.1. Downward-acting components

Among these components, the weight of the steel caisson W,,,, as well as the hydrostatic
weight of water W, both belong to the downward acting forces, and are expressed by Equation

4-15 and Equation 4-16 respectively.
(Abu‘sa,() t+ (Abu‘sa,(') - Abase,i) L)

Comp 1 Weais = Vsat.clay 100 EQUATION 4-15
= 0,4565 MN
Abu‘sc 0 hw lid(t) —dt T
Comp 2 W, =Y ( 05 ) EQUATION 4-16
= 10,0028 MN
Where
hy i (1) Height of the water column above the lid (as a function of the time)
d(t) Imposed displacement on the lid (as a function of the time)

The integral of the shear stresses along the inner and outer interfaces of the caisson skirt, de-
noted ®;, and ®,,, respectively constitutes the two other components directing downward at
the initial point of the simulation. Numerically, these friction forces are reconstituted by a
Gaussian quadrature, i.e. a numerical integration based on the values of the shear stresses
known at two integration points (IP) for each element of the skirt. This results in the generic
formula of Equation 4-17. The factor 27 allow to convert the 2D problem into the initial circu-

lar geometry of the caisson.

Comp 3a & 3b P = 2 (@rpzip [ Jim |+ Prpy @i |Jiml) X 27) EQUATION 4-17
ELEM
=0MN
Where
o Value of the shear stresses at the integration point
x Abscise coordinate of the integration point
J

Jacobian of the integration point

Naturally, as there is no motion of the caisson at the beginning of the displacement controlled
process, friction on the inner and outer faces of the skirt is not mobilized yet. However, it is
already possible to obtain an analytical estimation of the maximum friction resistance that can
be activated at the soil-caisson interface along the skirt. It is expressed by Equation 4-18 taking
into account the horizontal soil pressure distribution and the friction coefficient at the interface.

D L
Pmazr — 27T§ L <K07(/tla,y 5) tan ¢ EQUATION 4-18

Where

D =D;orD, Inner or outer caisson diameter
L Skirt length
tan¢ = p Coulomb’s friction coefficient (along the interfaces)
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This gives maximum values of ®'** = 3,2784 MN and ®7* = 3,3625 MN.

in out

The integral of the pore water pressure distribution P,,,, on the lower part of the lid of the
caisson is one additional component orientating downwards. It can be quantified numerically
by the following Equation 4-19, and will be taken into account as a variation term to the initial
quantity. Initially, as the caisson is kept at rest, there is no generation of negative excess pore
pressures (i.e. suction) relative to the ambient water pressure below the caisson lid, and thus

the variation of this 4® component is null: AP?, =0 MN.

pwp
Comp 4 Powp = E (PI)WI),IPI Xipy [Jrpy| + P hwp,1p2 Xip2 [Jipal) x 2w EQUATION 4-19
ELEM
Where
Ppwp Value of the pore water pressures at the integration point
x Abscise coordinate of the integration point
J

Jacobian of the integration point

Finally, the soil encapsulated inside the skirt of the caisson and the soil below the skirt tip level
will contribute to the general uplift resistance of the foundation, as a function of the applied
suction effect. In the presence of a partially drained soil, the suction is prone to develop and to
make a certain amount of soil be pulled out with the foundation, while for an undrained soil,
an extra contribution from the soil at the bottom of the caisson is taken into account in the
same way as a reverse end bearing mechanism. In this particular case, it is common practise to
account for the total bearing pressure by dividing it into its independent contributions above
and below the skirt tip level [81]. However, since performing real undrained simulations is not
as easy as it sounds, the emphasis will be solely on the contribution of the soil plug in the
scope of this study. The last component oriented upwards thus encompasses the effects of the
soil plug within the skirt and will be denoted AW, .

The weight of the soil plug at the initial rest phase is given by Equation 4-20. As this compo-
nent directly depends on the appearance of suction underneath the lid of the caisson, it will
also be formulated as a variation term from the initial state. Initially, the contribution of this

term is naturally equal to zero : AWz?lu ;=0 MN.

’
Abasc,i x L x Velay _

Comp 5 Witug = TG = 3.175 MN EQUATION 4-20
Where

Aba,sa,i Inner cross section area of the caisson base

L Skirt length

Velay Effective unit weight of the clay
4.2.4.2. Upward-acting components

The upward-acting force group mainly includes the resistance due to the buoyancy force
P, and the effective stresses of the in-situ soil ¥’ under the caisson lid and at the skirt tip
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level. These components are here again evaluated on the basis of a quadrature rule at two spec-
ified integration points, as stated in Equation 4-21 and Equation 4-22.

Comp 6a & 6b P, = E (Pu,py ren e+ Py Tipe [Jrm) X 27 EQUATION 4-21
ELEM
Comp Ta & b X = 2 X o1 o | el F 2 0 i |im|) X 27 EQUATION 4-22
ELEM
Where
Fu, Value of the buoyancy force at the integration point
b Value of soil pressure at the integration point
x Abscise coordinate of the integration point
J

Jacobian of the integration point

The derived values of these forces acting on the lid are the following: P, ;4 = 9,5567 MN and
1iq = 0,00095 MN. Under the skirt tip, the following results are got: P = 0,6963 MN
and X7, = 0,1649 MN.

tip

w,tip

Finally the total reaction R,,, corresponding to the external load that needs to be applied to
the caisson in order to obtain the imposed displacement, also points upwards since extraction
of the caisson is simulated. Originally, the value of this resultant should be zero given that the
caisson is embedded at rest in the soil. All the reaction contributions at the nodes that consti-
tute the foundation can be extracted from the FE code and then sum up to obtain the global

reaction R,,, on the caisson.

Comp 8 R, = } R EQUATION 4-23
NODES

4.2.4.3. Equilibrium

Now that all the components involved in the initial loading state of the caisson have been de-
fined, the starting equilibrium can be expressed by Equation 4-24. The corresponding initial
error is given by Equation 4-25 and might point out that a negligible tension must be kept
initially in order to satisfy the forces equilibrium and to keep the caisson in a zero displacement
state. Figure 4-7 specifies the initial orientation of all these components and illustrates the col-
our code that will be used throughout this work, whereas the upward or downward contribu-
tions of each reaction component in the initial state are sketched on the bar diagrams of Figure
4-8.

Comp 1+ Comp 2 + Comp 3a + Comp 3b + Comp 4 + Comp 5

Downward—acting components 3 ,wn

= Comp 6a + Comp 6b + Comp Ta + Comp 7b + Comp 8

Upward—acting components 3,

EQUATION
+ AVVplug = Pw,lid + Pw,tip + ZZ'Z'd + Z1/ﬁ'z'p + R 3

<~ W*ais + Ww + q:)in + Qout + APP 4 24

c wp
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FIGURE 4-8 : Contribution of each component
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£ = |Sgown — Sup| = 4.0653 x 107+ MN ~ 0,41kN EQUATION

4-25
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FIGURE 4-7 : Orientation and colour code of the reaction components in the initial state
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As it might be expected, the absence of movement of the caisson during the first time step
avoids the development of shear stresses and thus of friction forces along the inner and the
outer skirt interfaces. Similarly, since the caisson remains motionless, the state of initial
stresses within the soil stays unchanged which inhibits the appearance of excess pore water
pressures. The same goes for the resistance component due to the weight of the soil plug, that
is not taken into account in the absence of uplift of the caisson. As it can be seen from Figure
4-8, the prevailing contributions that act upon the caisson come from the selfweight and the
hydrostatic pressure and buyoancy. A small contribution of the effective stresses in the soil

’

arises at the skirt tip level ¥, whereas under the lid, these effective contact stresses are really

close to zero, making this component ¥;;, negligible.

4.3. 1% Scenario - Drained conditions and linear-elastic soil

4.3.1. Assumptions

Numerical simulations of the reference model are first performed for an idealised system that
makes the assumption of an elastic soil behaviour. By definition, this means that the stress is
directly proportional to the strain according to Hooke’s law. This linear relationship makes the
principle of superposition valid, by which the stresses from two applied loads can simply be
added up. Two main parameters are associated with the linear-elastic theory, namely the
Young’s modulus E and the Poisson’s ratio v providing an estimation of the expansion of the
material in the two directions perpendicular to the direction of the applied load. It is obvious
that real soils do not cope with Hooke’s law, given that an enhancement of the load will actual-
ly go hand in hand with a reduction of the stiffness and thus with an increase of the (plastic)
deformations. However, such basic theory furnishes a first useful estimation of the problem
despite its roughness and may help to understand which mechanisms develop in the soil under
a tensile load. As the stress-strain response of a soil under loading often starts with a constant
elastic modulus, Hooke’s law is supposed to be valid at the very beginning of the loading pro-
cess. For the executed simulations, the elastic modulus and the Poisson’s ratio are kept con-
stant over the entire domain, and typical values for the clay under study can be as high as
E.=1x 107 Pa and v, = 0.3 respectively [73][74].

In addition to its linear elastic behaviour, the soil is also assumed to be drained. This means
that the water pressure degree of freedom is not activated for all the nodes of the geometry,
leaving a purely mechanical system.

About the 2D interface elements, these are characterized by unilateral contacts between the
soil and the caisson which is implemented by a Mohr-Coulomb dry friction law. The non-
linearitiss that are likely to manifest during the idealized case under study come therefore from
the behaviour of these contact elements, where shearing is progressively mobilised.

4.3.2. The FE model

The Finite Element model is based on the one defined as reference in the previous section. In-
vestigations will also be carried out for smaller (% = 0.5 and 0.75) and larger (% = 1.5 and

2) aspect ratio’s, while keeping the skirt length constant and preserving the set of imposed
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conditions at the boundaries. To ensure a permanent drainage across the domain, the water
pressure degree of freedom is imposed at each individual node, thus preventing any variation of
water pressure during the extraction of the caisson. The main mechanical parameters of the
linear-elastic soil model and the Mohr-Coulomb interface model are summarized in Table 4-4.

The parameters of the steel of the caisson are the same as in the reference model.

Since the maximum tensile capacity is rapidly reached in the idealized case being studied,
simulations will be run in small displacements, for a total imposed displacement d of 0.03m or
0.05m (according to the case). These numerical simulations are executed using an automatic
strategy. It consists in defining the general parameters of the strategy, as well as the character-
istics of the first calculation step. Afterwards, the program manages to converge automatically
based on the implemented parameters, and using the default implicit integration scheme. Table
4-4 summarizes the main execution data for the present simulation.

TABLE 4-4: Set of simulation input values: parameters of the mechanical constitutive law of the interface
elements, of the soil and the caisson materials and execution data

MATERIAL  LAW PARAMETERS SYMBOL VALUE UNIT
Interface Mohr- Penalty coefficient on the contact pressure K, 4 x 107 [
Coulomb  Penalty coefficient on the shear friction K. 4 x 108 ]
stress
Coulomb’s friction coefficient H 0.5 [
Soil Elastic-  Cohesion c 0 [kPa]
Linear Poisson’s ratio Ve 0,3 [-]
Young’s modulus E, 1 x 107 [MPal
Steel Elastic-  Poisson’s ratio U 0.2 [
Linear Young’s modulus E, 210 [M Pal
Imposed displacement d 0.03-0.05  [m]
Simulation parameters  Time increment (initial value) DELTAT  0.001 [s]
Final value of the imposed displacement ALAMBF 1.0 [

multiplier

Min value of the increment of the imposed DMINMU 1x10°¢  []
displacement multiplier

Max value of the increment of the imposed DMAXMU 0.05 ]
displacement multiplier

Maximum number of steps to perform during ISAME 9999 [
the present execution

Maximum number of iterations per step MAXIT 15 [-]

Within these first simulations, four sub-cases will be considered to apprehend as well as possi-
ble the behaviour of the caisson in the presence of a linear-elastic soil and drained conditions.
At first, a rigid body motion is examined for which all the nodes of the caisson are fixed in
the & — direction, and all the nodes of the soil at the interfaces with the caisson are fixed along
z — and y — directions. The displacement of the caisson is imposed for each individual node of
the foundation. In a second phase, the same configuration is used but only the top of the cais-
son will be assigned the required displacement. In the third configuration, soil nodes at the
interface will be released in both x — and y — directions, and in the fourth configuration, the
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caisson nodes will also be made free in order to take into consideration a possible Poisson’s
effect. A characterization of these specific sub-cases is proposed in Figure 4-9.

1T A4 A A
caisson soil caisson soil caisson soil caisson soil
Sub-case 1 Sub-case 1bis Sub-case 2 Sub-case 2bis

FIGURE 4-9: Definition of the four sub-cases examined in the 1% scenario

4.3.3. Results

First of all, one can have an idea of the scale of the problem on the basis of the main attributes
of the performances of the FE program for the different sub-cases, summarized in Table 4-5. Tt
appears logically that the magnitude of the problem is in correlation with the number of free
degrees of freedom.

TABLE 4-5: Linear elastic soil behaviour & drained configuration: simulation attributes

SUB-CASE  NO. NODES [-] NoO. ELEMENTS [-] RUNNING TIME [s] NoO. STEPS [-] NO. ITERATIONS[-]

1 27 34 69
1bis 10803 3566 37 34 73
2 78 34 96
2bis 127 51 118

Now that the simulations are executed for specific displacement-controlled cases, the various
contributions to the extraction resistance will be progressively mobilised to a certain extent.
Therefore, the different components of the reaction can be denoted as positive or negative vari-
ation terms from the initial state, that balance the variation of the total vertical tensile load
AR, applied to the lid of the caisson. From Equation 4-24, it can be derived the general
equilibrium equation in terms of variation of each component for a vertical uplift motion of the
caisson d(t) # 0, given by Equation 4-26 and sketched in Figure 4-10 (b). As this equation is
expressed in terms of variation components, the total contribution of the water pressure can be
cancelled out since the downward acting and the upward acting water components are applied
to an exactly identical surface. This point is illustrated in Figure 4-10 (a). Also the variation of
the weight of the caisson is set to zero and the term of negative excess pore water pressures can
be omitted since drainage is initiated for the current simulations. The ensuing suction effect
will thus not occur, leaving the soil within the caisson in place and eleminating the component
AW 1, from Equation 4-26. It will be exhibited further in this section that the soil plug is still
subjected to a slight uplift motion because of other physical phenomena. Anyway, this
contribution will be assumed to be low enough to be neglected in this first scenario.
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A}ztot = AWcais + AI/Vw + A(I)in + A out + A‘Pp’w}o + A‘/Vplug
< ° — - —_— N _ ———
=0 <0 >0 >0 =0 =0
- (APw,lid + AEZ’L(I) - (APw,tip + Azrim)
<0 <0
< AR, = Ady, + AD,, — AX}, — A, EQUATION 4-26
Where

AW s/ AW, Resultant of the variation of the weight of the caisson/ water column
above the lid of the caisson

Ad; /AD Resultant of the variation of the total shear stresses along the skirt in-
terface inside/ outside the caisson

AP, Resultant on the lower part of the lid of the variation of the pore water
pressure distribution inside the caisson

AW g Resultant of the variation of the uplift movement of the soil plug con-
fined within the skirt

AP, 1;a/ AP, i, Resultant of the variation of the buoyancy pressure on the lower part of
the lid / on the skirt tip

AYy,/ AXY, Resultant of the variation of the total effective contact stresses of the

soil on the lower part of the lid/ on the skirt tip

X 107 Variation of water components x10"°
%
z
= k5
I = AP,
< E
=}
=
w1
i
I
I
I
I
I
I
I
I
. : I
i i t
2 1 2 3 | Hﬂ AP, i
Ay [m] x10" - A%y,
(a) (b)

FIGURE 4-10: (a) Cancellation of the variation of water components, (b) variation of the reaction compo-
nents during an imposed displacement

The displacement-load curves of both the total and the normalised variation of the reaction

components for the drained traction simulations are illustrated in Figure 4-11(a) in case of a
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rigid body movement (sub-case 1bis) and in Figure 4-11(b) in case of free soil and caisson
nodes (sub-case 2bis). The same charts for the two other intermediate sub-cases are attached in
Appendix B. The normalisation is done according to the variation of global load AR,,, at the
considered step, which gives an overview of the influence of each reaction component over the
total tensile capacity.

The progressive mobilisation of the reaction components appears distinctly [77]. For both cases,
the trend shows that the main part of the variation of the total reaction AR, is almost only
counterbalanced by friction components A®,, and A®_; throughout the simulation. As previ-
ously noticed in the initial loading of the caisson, the effective stresses in the soil under the lid
are so low that the related soil pressure component can be cancelled AXj,; = 0. At the skirt tip
level, the contact is progressively lost between the skirt annulus and the soil as soon as a mo-
tion of the caisson is initiated, which gives rise to a small contribution AX}; to the total re-
sistance. From Figure 4-11 (a) and (b), the soil and the skirt tip are totally unstuck almost
instantly (Ay = 0.5 x 10~*m) for a rigid body motion and for a greater uplift movement
(Ay = 0.01m) when the soil is free to move. However, this component does not play a signifi-
cant role in the resistance since it accounts for about 5% and 10% of the resistance at the be-
ginning of the process (for subcases 1bis and 2bis respectively) and then rapidly decreases to
less than 5%. By contrast, at the starting point of sub-case 2bis, the shares of the inner and
outer friction components weight respectively 20% and 70% of the total resistance and then
converge each towards the value of 50% as friction is completely mobilised over the inner and
outer skirt surfaces under the imposed displacement. As for sub-case 1bis, both the inner and
the outer frictions amount to nearly 50% of the total resistance. This underlines the fact that
shears along the inner and outer skirt interfaces of the caisson A®,,, and A®,,, are the prevail-
ing resistance mode during a drained extraction of the foundation, as given by Equation 4-27.

AR, ~ AD, + AD EQUATION 4-27

out -

Subcase 2:Ay = 0.0003m Subcase 4: Ay = 0.05m
Variation of reaction components To variation of the total load Variation of reaction components To variation of the total load
: : 100 . . 7 ‘ : 100
—— AZ,
' 90 L
6 —e— AZW :
o A@m s 80
5 Aq;out .
—e— AR
ot
g 4
[N

3 0o 0.02 0.04 ) 0.02 0.04
Ay [m] x10° Ay [m] x10* Ay [m] Ay [m]

(a) (b)

FIGURE 4-11: Drained traction simulations: variations of the reaction components and variations of the
reaction components to variation of the total load for (a) subcase 1bis and (b) subcase 2bis
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By analysing more in details the shape of mobilisation of the friction components depicted in
Figure 4-12 (a) and (b) for the different sub-cases, it can be first noticed that the stiffness (the
slope) tends to decrease while the system is progressively released (from sub-case 1bis to sub-
case 2bis). Thus, the maximum available friction over the inner and the outer skirt is mobilized
almost instantly with rigid body movement, namely after Ay = 0.85 x 107* m and Ay = 1.4 x
10~* m for the first two sub-cases, whereas it is more progressive in the case of a soil free to
move, namely after Ay = 0.042 m for the last two sub-cases.

As the inner friction is mobilised over a smaller surface than the outer friction, a small offset
between the two related curves arises in both cases of Figure 4-12 (a). This difference of stiff-
ness is much more pronounced in Figure 4-12 (b). Since the soil is enclosed inside the caisson,
it is not able to spread the stresses laterally, and keeps the contact with the skirt, leading to an
upward displacement of this soil plug. Consequently, the activation of the shear stresses along
the inner skirt surface is shifted as the relative displacement between the soil and the caisson is
reduced. Once the maximum friction is reached on the outside of the caisson, a plateau devel-
ops and the value of AP, remains almost constant. At that particular time, any further in-
crease in loading can only be withstand by the development of extra inner friction, which is
reflected by an enhancement of the angle of inclination of the solid curve, displayed in yellow
in Figure 4-12 (D).

A slight decrease in the outer friction in the case of a released soil is also observed and high-
lighted in orange in Figure 4-12 (b), after the maximum available resistance is reached, which
reflects the partial loss of contact at the top right interface of the caisson due to the lateral
diffusion of stresses, previously outlined. At the top left of the caisson, this phenomenon is not
visible because the soil remains confined by the enclosing caisson. These considerations are ap-
parent in Figure 4-13 showing the soil-caisson behaviour under a controlled-displacement of
0.05m in both the rigid body motion and the released soil cases. As expected, in the case of an
extraction of a rigid body (Figure 4-13 (b)), no vertical displacement field develops around the
caisson. On the contrary, when the soil particles are free to move (Figure 4-13 (c)) an overall
upward displacement of the soil inside the caisson is distinctly observed. The confinement state
of the soil within the skirt leads to a vertical drive of the particles with the caisson that is
about two times higher than outside the caisson where the stresses can freely spread through
the domain. It is obvious that this soil mass forced to move will play a role in the resistance to
the extraction of the caisson, analogous to AW, ,. As this contribution remains significantly
low and is moreover rather difficult to quantify, the effect of the pulling out of the soil will be

neglected in the assessment of the total resistance, as stated in Equation 4-27.

Figure 4-14 characterizes both the shear stresses and the normal stresses along the inner and
the outer interfaces of the skirt for the sub-cases 1bis and 2bis. Logically, when a rigid motion
of the caisson is considered, there is no notable variation of the stress distributions among all
simulations since maximum shear stresses are mobilised almost instantaneously and there is no
soil disruption to alter the normal stress distribution, as indicated in Figure 4-14 (a) and (b).
However, when the soil is free to move, different stress profiles develop on both sides of the
caisson due to the stress state disruption under an external loading. On the outside of the cais-
son, the loss of soil-caisson contact over about 2m appears clearly between the initial and final
steps, whereas on the inside, this detachment is reduced because of the constraint on the stress
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diffusion. This dissimilarity in the relative upward displacement between the soil and the cais-
son explains why the mobilized friction resistance is lower on the inside than on the outside of
the caisson. Furthermore, the normal stress distribution takes a triangular shape with depth
and has an influence on the shear stress distribution once the maximum available friction re-
sistance is activated. In such a case, the shear stress profile along the skirt simply results from
a uniform change of scale of the normal stress profile, as previously mentioned in Equation 4-5
and described in Figure 4-14 (e) and (f).

Variation of friction components

Subcases 1 and 1his : AY€ [0 0.0003] Subcases 2 and 2bis: Ay € [0 0.05]
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FIGURE 4-12 : Comparison of the mobilisation of friction components in the case of (a) a rigid body mo-
tion and (b) a soil free to move
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FIGURE 4-13: Soil-caisson behaviour in the initial phase (a, black) and variation of vertical displacement

in both rigid body movement (b) and released soil cases (c¢), Amplification Factor = 25%
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Sub-case 1bis: Rigid body motion

(a) Friction profile with depth (All Ay) (b) Pressure profile with depth (All Ay)
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(c) Friction profile with depth (Ay = 0.12mm) (d) Pressure profile with depth (Ay = 0.12mm)
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FIGURE 4-14: Distribution of the shear and normal stresses along the caisson skirt in the cases of a rigid
body motion (a)-(b) and of a soil free to move (c)-(d)-(e)-(f), 1% scenario
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4.3.4. Influence of the main parameters

This section aims at highlighting the principal parameters that play a key role in the response
of the soil-caisson system. Performing such a study is crucial to understand how the tensile
capacity of the caisson will be affected by either soil parameters or geometrical parameters of
the model. Parameters will be analysed for the sub-case 2bis, dealing with a soil free to move.

Figure 4-15 (a) presents the influence of the aspect ratio % of the caisson on the outer and the
inner friction components. An extraction of 0.05m of the caisson is tested for five slenderness
ratio having a constant skirt length L = 8m. Not surprisingly, the wider the suction caisson,
the higher the resistance components. This comes basically from the larger inner and outer
surfaces on which friction can be developed. It can also be noticed that for high values of % the
maximum friction is almost equal on the inside and on the outside of the caisson because of the
limited confinement of the soil plug inside the caisson. All these curves are governed by a ho-
mothetic ratio in such a way that if the ratio % =1 is taken as reference, then the curves gen-

erated for the other ratio’s % can be computed as a fraction of the reference curve of % =1

Figure 4-15(b) illustrates the influence of the Poisson’s ratio v, of the soil on the outer and the
inner friction components. An extraction of 0.045m of the caisson is tested for three values of
v, = 0.2,0.3,0.4 respectively. It appears that the friction is mobilized in a similar way for the
different values of v, both inside and outside. Distinctive behaviours arise at the mobilization
of the maximum friction. On the outer surface, it can be seen that a similar maximum value is
reached but then the post-peak decrease is all the more marked that a low value of v, is con-
sidered, owing to the more important loss of contact. On the inside surface, a high value of
v, will help to keep the contact between the soil and the caisson, leading to a reduced friction.

Figure 4-15(c) displays the influence of the Young’s modulus E, of the soil on the outer and
the inner friction components. Simulations are carried out for an imposed displacement of
0.1m and three orders of magnitude of the elastic modulus. Generally speaking, it appears that
the parameter F, controls the speed at which maximum friction is reached. The higher the
value of ., the steeper the slope of the A® — Ay curve, and the sooner the peak is got to.

Figure 4-15(d) gives an overview of the influence of the shear constant K. on the friction com-
ponents. It seems that this parameter does not impact the extraction resistance that much
since really slight variations are noted when three orders of magnitude of K are considered.

In Figure 4-15(e), the influence of the horizontal earth pressure at rest K is assessed. Accord-
ing to the displayed curves, the parameter K, does not play a role in the progressive mobiliza-
tion of friction but governs the maximum friction that can be reached. Thus the higher the
value of K, the more important the effective stress in the x —direction and the greater the

extraction resistance.
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FIGURE 4-15: Influence of the main parameters on the friction components
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4.3.5. Comparison between numerical and analytical results

Now that the numerical results have been generated and interpreted for a drained and linear-
elastic soil configuration, the next step consists in formulating and validating analytical equa-
tions that reproduce as closely as possible the numerical solutions. From the previous section, it
can be assumed that the predominant components contributing to the total uplift resistance in
the studied scenario are the shear stresses acting upon the inside and the outside of the skirt.
Therefore, the analytical calculations will focus on the prediction of the inner and the outer
friction involved in the drained tensile capacity under the hypotheses of a rigid body movement
and of a released soil at the interfaces respectively.

4.3.5.1. Rigid body motion (sub-cases 1 and 1bis)

Regarding the case of a purely rigid body motion with a displacement imposed to all the cais-
son nodes (sub-case 1), the manual computation method to assess friction is simply based on
the integration of the shear distribution along the skirt interface. The value of the shear stress-
es along the profile 7 = K_Ay is directly related to the tangential penalty coefficient K_ and
the imposed displacement step Ay. However this shear stress state is assumed to be bounded to
the maximum mobilisable friction 7,,,, = uK,Ac, ,z which is a linear function of the depth
z as shown in Figure 4-16. This means that the total friction force is obtained by integrating a
triangular shear stress profile between 0 and z,, and then a rectangular shear stress profile be-
tween z, and the total length L, all integrated over the cylindrical surface, as stated in the
final Equation 4-28. To attest of this evolution of the shear profiles with depth, it is put into
perspective with the profiles obtained numerically, and provided in Figure 4-16 (c). All the
computation steps are detailed in Appendix C.1. The expression for the maximum available
friction derived previously in section 4.2, is recalled in Equation 4-29.
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FIGURE 4-16: (a) Linearly increasing shear stress profile with depth and (b) real shear stress profile

bounded to the maximum available shear stress 7,,,.,
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= 27R ( K_AyL — lﬂ) EQUATION 4-28
2 IU‘KOAO—I',O
¢ D L EQUATION 4-2
mar _ 271_3[/ <K()7:;lay 5) 1 QUATION 9

An enlargement of the first point of the numerical and the analytical load-displacement curves
for both the inner and the outer friction components is proposed in Figure 4-17 (a) and (b).
The good concordance between the results derived by both methods can be directly observed
from the graphs. This correlation can also be highlighted by using an indicator to quantify the
error, namely the relative error defined by Equation 4-30. The relative error in the sub-case 1
amounts to less than 1% over the entire friction mobilisation profile, which attests of the relia-
bility of the proposed analytical method in the case of a purely rigid body motion.
|AD, . — AP

E, = a|nz(1) num| [%] EQUATION 4-30

ana |

Rigid body motion (Sub-case 1) : Analytical vs Numerical results

Inner friction component Outer friction component
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FIGURE 4-17: Comparison between the numerical and the analytical computations of friction components

for a purely rigid body movement (sub-case 1): Inner available friction (a) and outer available friction (b)

Regarding the sub-case 1bis, for which only the top nodes of the caisson are assigned a dis-
placement, Figure 4-18 (a) and (b) gives the plot of the inner and the outer friction compo-
nents. It is shown that the slope of the numerical curves is gentler than that of the analytical
ones, and that the maximum available friction is thus mobilized under a slightly larger dis-
placement. In terms of relative error, this is expressed by a deviation of 40% that progressively
decreases until almost 0% once both curves have reached the maximum mobilisable friction.
Physically, when a displacement is imposed at the top, the whole capacity of each element will
be consumed one after the others from the top to the bottom of the caisson skirt, which will
require a greater relative displacement to mobilise the maximum friction than in the case of an
overall motion of all the caisson nodes.
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Rigid body motion (Sub-case 1bis ) : Analytical vs Numerical results
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FIGURE 4-18: Comparison between numerical and analytical computation of friction components for a
rigid body movement (sub-case 1bis): Inner available friction (a) and outer available friction (b)

4.3.5.2. Soil free to move (Sub-cases 2 and 2bis)

Regarding the configurations of a soil free to move, the friction components are assessed on the
basis of the analytical expression derived by Randolph & Wroth [75] to analyse the defor-
mation of vertically loaded piles. This expression formulated in Equation 4-31 furnishes an ex-
plicit value for the shear constant K, which links the shear stresses to the displacement of the
foundation. The details of all the intermediate calculation steps leading to this final equation
are proposed in Appendix C.2. This approach is based on the hypothesis of a homogeneous
linearly elastic soil that does not take the effects of the installation of the foundation into ac-
count. The application of this method to suction caissons is all the more valid as the slender-

ness ratio % of the caisson is high which is related to a behaviour close to the one of piles.

(Ay) = K, Ay
- 1 EQUATION 4-31
= T(Ay) T Ay
o)

Where

r=D/2 Radius of the suction caisson

G Shear modulus

T = 2.5L(1 —v,) Parameter defined as the radius at which the shear stress be-

comes negligible in [75]
K, Shear constant

The expression for the shear constant K, is then substituted instead of K. in Equation 4-28, in
order to obtain the relationship between the variation of the total friction force and the vertical
displacement, given by Equation 4-32.
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EQUATION 4-32

AP =27R (K,AyL 1 K20 )

1
2 uK Ao

),0

Quter friction component

Using this Equation 4-32 to estimate the friction on the external interface of the caisson for the
setting parameters (E. = 107 MPa, K, = 4.10% MPa,v, = 0.3) furnishes the analytical curve
in Figure 4-19 (a). Compared to the numerical curve, a progressive divergence occurs for in-
creased displacements, leaving a significant underestimation of the mobilised outer friction.

In response to this, a first calibration parameter C,,; 4 is included in the expression of r,, (and
thus in K,) as expressed in Equation 4-33. This parameter is adjusted by means of a first ro-
bust condition that the maximum analytical friction is activated at the same imposed dis-

placement as numerically. Mathematically, this requirement is formulated as Equation 4-35.

Tm =25L | Couupa | 1—7, EQUATION 4-33

It gives rise to the analytical curve displayed in Figure 4-19 (b). If the overall trend of this
manual approach looks quite good, the relative error between the two lines is rather high, espe-
cially due to the overestimation in the phase of mobilisation of friction. To refine the superposi-
tion between the analytical and the numerical results, a second calibration parameter &,,; 4 is
introduced in Equation 4-34 in such a way that the relative error is reduced by about 10 and
becomes negligible, as stated in Figure 4-19 (c). Here again, the parameter §,,, 4 requires a
second robust condition to reach a suitable value. This will be done by supposing that the ini-
tial slope of the analytical curve, i.e. the 1* derivative of the function, is set equal to the initial
declivity of the numerical curve, as expressed mathematically by Equation 4-36.

1 K2Ay?
A(I)out = 271—R0 ( gouf d K‘; AyL - _Siy ) EQUATION 4-34
K ’ 2uK,Ao;,

v,0

K2ZAy2
1 M) - Q""L(I,fl; E(QL‘ATI()N 4_35

Qe Unear) = Prow = 27R KAy, ol — =
(J,H,(l,(ypca,k) Mmaxr T, (Emtl,,d 8 ypea,k QMK()AO-;,-,()

1st condition

8(I)an,a (y)l _ 8<I)num(3/>| - 27TR0 (5( .y 1K5L> _ a(I)num (y)‘ EQUATION 4-36
dy |0 Ay |o e Ay

2nd condition

0

Inner friction component

An accurate estimation of the friction on the inside of the caisson is pretty much tricky com-
pared to the outer friction. Indeed, it has been showed in section 4.3.3 that the inner friction is
mobilised in two stages. From then on, a precise analytical reconstruction of this curve will
require a lot of calibration parameters. However, during the first stage, the activation of the
inner friction is governed by the mobilisation of the outer friction that mainly contributes to
the tensile capacity. Once the maximum available friction is reached on the outside of the cais-
son, only then the mobilisation of the inner friction becomes the main mechanism. Since this
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work aims at developing a simplified calculation method, the analytical curved of A®,,, will be
assessed using only one calibration parameter (;, 4 included in the expression of r,, based on
the second part of the numerical curve, where the inner friction becomes predominant. Equa-
tion 4-37 furnishes the analytical expression for the friction on the inside of the caisson. As for
the parameter (4 , it is rather logical to use the 1st condition of Equation 4-35 to calibrate
the parameter (y, 4. Figure 4-20 gives an overview of the superposition between the numerical
and the analytical curves of the inner friction. A general evidence is that the trend of the ana-
lytical curve is rather good despites it does not match the real curved shape of the numerical

results.
2 2
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FIGURE 4-19: Superposition of the numerical and analytical curves when (a) no parameter, (b) 1 parame-
ter and (c¢) 2 parameters are considered in the analytical formula (Outer friction component)
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4.4. 2" Scenario - Partially drained conditions and elastic soil

4.4.1. Assumptions

In this second scenario, the numerical simulations of the reference model are carried out for the
same linear-elastic soil configuration as in the first scenario. The initial representative values
for the elastic modulus and the Poisson’s ratio are defined identically as in the drained scenario,
namely E, =1 x 107 Pa and v, = 0.3 respectively.

In addition to its linear elastic behaviour, the soil is assumed to be made of small-sized clay
particles establishing an undrained or at least a partly drained soil behaviour, giving rise to an
hydro-mechanical system. In accordance with the implementation of the reference model, the
clayey material is assigned a porosity n of 0.5 and a coefficient of permeability k of 107 = The
associated intrinsic permeability k;,,, which regulates water movements across the domain is

assessed according to Equation 4-38.

Eipy = R 1071 [m?] EQUATION 4-38

w

Where

f, = 107% [Pa s] Fluid dynamic viscosity for water at 20°C

As specified in the reference model, the contact zones are governed by a mechanical law, which
is a Mohr-Coulomb dry friction, and also a flow law which characterizes the way in which wa-
ter flows are distributed at the soil-caisson interfaces. These laws have their own associated

parameters tabulated in Table 4-6.
4.4.2. The FE model

The Finite Element model is still based on the one defined as reference with an aspect ratio
% = 1. In contrast to the previous scenario, the water pressure degree of freedom is here free to
vary by means of the fluid flows across the domain, except at the left and bottom edges and
around the caisson. These zones are supposed to be impermeable and thus to prevent water
flows. The main initial parameters of the soil, the caisson and the interfaces for this second

scenario are summarized in Table 4-6.

In the present partly drained configuration, the value of the imposed displacement will have a
direct impact on the duration of the simulation. Consequently, the displacement at the top of
the caisson is assigned a value of d = 0.3 mm for the 1% sub-case and a value of d = 0.05m for
the second sub-case. Since the loading of the caisson is performed by means of displacement-
ontrolled simulations, a first reference value of 1 x 10*6% for the loading rate is considered.
Such a small value is required in order to ensure the convergence of the code. If a greater rate
of loading was applied, it would become essential to envisage a refinement of the mesh inside
the caisson to cancel out the numerical oscillations under the lid. The simulations will be exe-
cuted by an automatic strategy making use of the same parameters as for the 1* scenario.
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In line with the numerical simulations conducted in the 1% scenario, the four sub-cases will be
here reduced to two main ones. First a rigid body motion with all the nodes of the caisson fixed
in the x —direction, all the soil nodes at the interfaces with the caisson fixed in both z — and
y — directions, and a displacement imposed to all caisson nodes (sub-case 3). Then a soil free to
move around and inside the caisson is assumed with a vertical upward displacement applied at
the top of the caisson (sub-case 4), as depicted in Figure 4-21.

1.1 11

caisson soil caisson soil

Sub-case 3 Sub-case 4

FIGURE 4-21: Definition of the two sub-cases examined in the second scenario

TABLE 4-6: Set of the simulation input values: parameters of the mechanical constitutive law of the inter-
face elements, of the soil and caisson materials and execution data

MATERIAL  LAW PARAMETERS SYMBOL  VALUE UNIT
Interface Mohr- Penalty coefficient on the contact pressure K, 4 x 107 -]
Coulomb  Penalty coefficient on the shear friction stress 7 4x10% [
Coulomb’s friction coefficient H 0.5 []
Transmissivity T, 1077 [ m }
Pa.s
Soil Elastic-  Cohesion c 0 [kPa]
Linear Poisson’s ratio Ve 0,3 []
Young’s modulus E, 1 x 107 [MPa)
Intrinsic permeability Kin 10 [m?]
Steel Elastic-  Poisson’s ratio Ve 0.2 [-
Linear Young’s modulus E, 210 [MPal
Loading rate LR 1x107  [m/s]
Imposed displacement d 0.05 [m]
0.0003
Simulation parameters Identical to the 1% scenario (see Table 4-4)

4.4.3. Results

As a first step, the scale of the problem can be visualized on the basis of the main FE model
features for the two sub-cases which are given in Table 4-7.

TABLE 4-7: Linear elastic soil behaviour & drained configuration: simulation attributes

SUB-CASE NO. NODES [-] NoO. ELEMENTS [-] RUNNING TIME [s] NoO. STEPS [-] NO. ITERATIONS[-]
3 10803 3566 67 22 64
4 187 22 94
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As for the fully drained configuration, the various contributions to the variation of the total
extraction resistance AR, can be highlighted. The general equilibrium Equation 4-39 in terms
of variation components for a vertical uplift motion of the caisson d(t) # 0 in a partially
drained configuration, is derived from Equation 4-24. Here again the total contribution of the
water pressure involving AW, acting downwards and AP, ;;; and AP, ;. acting upwards, as

well as the variation of the weight of the caisson AW,,;, can be cancelled out. This leaves a

a8

system with the main components depicts in Figure 4-22.

A]—ztot = AWcais + Ava + A(I)in + ACI)out + APpwp + Avalug
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FIGURE 4-22: Variation of the reaction components during an imposed displacement, 2" scenario

To be able to discern to what extent the remaining compoents are applied, the displacement-
load curves of both the total and the normalised variations of the reaction components for par-
tially drained traction simulations are illustrated in Figure 4-23 (a) in the case of a rigid body
movement (sub-case 3) and in Figure 4-23 (b) in the case of free soil and caisson nodes (sub-
case 4). The normalisation is still done according to the variation of the global load AR, at
the considered step, which gives an overview of the influence of each reaction component over
the total tensile capacity in percent.

The progressive mobilisation of the reaction components appears distinctly, with features al-
ready noted for the drained elastic scenario [77]. The shares of the soil pressure components

under the lid AX};; and at the skirt tip level AX},  are still really limited, as already discussed
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in the drained configuration. Similarly to the 1% scenario, the contributions of these compo-
nents to the total reaction are assumed to be small enough (at most equal to 5%, Figure 4-23
(a) and (b)) to be neglected. Concerning the weight of the soil that is driven with the caisson
AW 145 it is logical to note from Figure 4-23(a) and (b) that this component is zero when the
soil is held in place. This means that the tensile load is almost only sustained by the three re-
maining components for the extraction of the rigid body, namely the friction components
AP, and AD,,, and the variation of PWPs inside the caisson AP,
4-40. When the soil is released, the contribution of the soil plug AW, takes a really low val-

as stated in Equation

ue (because the study is conducted in small displacements) that slightly increases with the im-

posed displacement. Contrary to the effects of the contact pressure AX},; and AXy, | this term

ips
will not be neglected in the general equilibrium equation, despites its low weight, because it
will directly influence the way in which the inner friction will be mobilised. Indeed, the higher
the uplift movement of the soil plug, the smaller the relative displacement between the con-
fined soil and the caisson, and thus the lower the amount of inner shear stresses. This way, the
general equilibrium equation includes one more term, as stated in Equation 4-41.The magni-
tude of the soil heave will rely on the accumulation of negative excess PWPs underneath the
lid, which is a function of the permeability of the soil and the drainage paths. For low permea-

ble clayey soils, the suction effect will develop faster under tensile loading.

Sub-case 3 AR, ~ AD, + AD,, , + AIDP"“P EQUATION 4-40
Sub-case 4 ARtut ~ Aé1r1 + Agpuu,t + A‘Ppwp + AW[}l’ug EQUATION A-41

Compared to the drained scenario, an increase in the total resistance of the caisson is noticed
(Figure 4-24 (a) for the held in place soil, subcase 3), which is a consequence of the appearance
of the suction effect mobilised over the entire cross-sectional area and produced by the varia-
tion of fluid pressures. When considering a partly drained configuration, this total resistance
becomes transient and is dependent on the loading rate and the permeability. This will be in-
vestigated further on in section 4.4.4, influence of the main parameters.

The outer friction along the skirt A®,,, is mobilised identically to the fully drained configura-

ou
tion. Outer shear stresses increases progressively until the maximum available friction is
reached symbolised by an almost constant limit. At this time, any increase in loading should be
withstood by the other reaction components since sliding arises at the outer soil-caisson inter-
face. If no quantitative variation of the outer friction component appears when the soil remains
in place (sub-case 3), a slight increase in this component is noticed when the soil is free to
move, as reported in Figure 4-24 (c). This mainly comes from the enhancement of the outer

surrounding effective stresses under the hydrodynamic flows that gradually set up.

The inner friction along the skirt A®,, is mobilised in the same way as the outer friction when
a rigid body motion is considered, as illustrated in Figure 4-23 (a). It is not a surprise since the
soil remains in place in such a configuration. When the soil is released, the results differ from
those obtained in the 1* scenario for a drained configuration, as highlighted in Figure 4-24 (D).
Indeed, the development of the suction effect under water pressure variations tends to stick the
soil plug to the caisson. This way, the relative soil-caisson displacement, and the related inner
friction component, is reduced to such a degree that will depend on the variation of the pore
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water pressures inside the caisson and thus on the loading rate and the permeability. The re-
duced effect of the inner friction is visible in Figure 4-23 (b) where it accounts for about 10% of
the total resistance. An increase in the slope of the inner friction component is still apparent
from the moment when the outer friction has been completely mobilised.

Sub-case 3: Free to move soil for Ay = 0.0003mand k=107 1./s

(@) Variation of reaction components

(1) To variation of total load

— ARtnt
&0 ‘ AT,
8l - — Azup —_— tin
. o A;I:in — APPWP
r 1 50
—a— AD —— AW
6 L -
— 40 4
= 5r 7 £
= s
B dr 1 g 30 1
; g
3 L o0 B O B o O o dJ B 0 =2 9 o ki
20 1
2 ..................................... -
1 PP P -
0 :
1 L G H
0 1 2 3 05 1 15 2 25 3
&5 [m] x10* 4y [m] x10°
Sub-case 4: Free to move soil for Ay = 0.05m and k=10 “m/s
(¢) Variation of reaction components ((l) To variation of total load
°— ARt I ‘ ‘ I
. 60+
8| — Azhd 4
o AT,
7 Bp T 4
—a— AdD 50
mn
6| —— Ad il
out
—5 APpp ] 5 40
&7 | — =
= AWeen ﬁa
% TSP TEPIPRTPRSS FSPPPP P il 4 3pk
% P!
3 .................................... E
20+ : 1
Db S 4
. I e B R
! a oo B o ° b 10 m o = N
i H ; i 0
0 0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05
Ay [m] Ay [m]
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The variation of the PWPs inside the caisson is a new component of the reaction that occurs
when an undrained or a partially drained state of the system is considered. It is the vector of
an increased resistance of the caisson with respect to the drained configuration. For a loading
rate of 1 x 1076% and considering a displacement of 0.0003m in the sub-case 3 and a displace-
ment of 0.05m in the sub-case 4, it can be seen in Figure 4-23 (a) and (b) that the contribution
of the PWPs to the total resistance amounts to nearly 20% and a bit more than 50% respec-
tively. Compared to the results obtained for the drained scenario (see Figure 4-11), this leads
to an enhancement of the tensile capacity from 6.8MN to 8.3MN in the case of a rigid body
motion, and from 5.4MN to 9MN in the case of a soil free to move. As previously mentioned,
the magnitude of the PWP contribution and thus of the total tensile load sustained for a given
displacement will be directly dependent on the system parameters, namely the displacement,
the soil permeability, the loading rate, and the aspect ratio %. The influence of the main system
parameters will be investigated in the next section. From Figure 4-23 (a) and (b), it appears
that the share of the PWP component first declines during the activation of the outer friction,
reaches its minimum value once the maximum available outer friction is mobilized and then
starts to increase from this point. When the soil is fixed in place, the evolution of the PWP
contribution takes a curved shape, while for a released soil the trend is more linear including a
slope break at the point where the outer friction component is fully mobilized.

Figure 4-25 shows the distribution of the PWPs in the form of contour lines for a displacement
of the lid of the caisson of 0.0003m (sub-case 3, (a)) and of 0.05m (sub-case 4, (b)). For both
cases, a negative pore pressure field develops inside the skirt of the caisson during the pull sim-
ulation and rapidly dissipates beyond the skirt periphery. This is responsible for the appearance
of the suction effect in sub-case 4, i.e. the negative variations of PWPs cause the rise of the
effective normal stresses along the inner skirt interface, and with them the increase of the max-
imum available inner friction. This way, the soil plug has a tendency to follow the movement of
the caisson, impeding the extraction of the caisson and explaining why the variation component
of the inner friction AF}, is greatly reduced in a configuration of a soil free to move. In the
case of a rigid body motion, a gap opens under the lid that is progressively filled with water
flows from the soil and along the interstices at the soil-caisson interfaces, giving birth to under-

pressures.

The consistency between the curves of pressure obtained in Figure 4-23 (a) and (b) and the
distribution of PWPs from Figure 4-25 (a) and (b) can be easily assessed by the following cal-
culations from Table 4-8.

TABLE 4-8: Check of the consistency of the results
SUB-CASE FIGURE 4-23 FIGURE 4-25

D;\?
3 AP,,, ~ |—29500| x 7 X <7L> —1.41 MN ¢ 145 MN

p

D;\? -
4 AP,,, ~ |—90 700| x 7 x <7‘> — 433 MN < 4.65 MN

P




CHAPTER 4. 2D FINITE ELEMENT ANALYSIS|75

* 100. [Pa] * 100, [Pa)

0 0
-29 -15
-59 -151
-88 -226

-118 -302
-147 -378
-171 -453
-206 -529
-236 -605
-266 -680
-295 -156
-325 -832
-354 -%01

(a) (b)

FIGURE 4-25: Distribution of pore water pressures around the caisson for (a) a rigid body motion and (b)
a soil free to move, rate of loading = 1 x 1072 and k = 10~ m/s

Wishing to highlight the failure modes occurring during a partly drained uplift of the caisson,

the simulations of sub-case 4 are carried out for a coefficient of permeability of 5.107° m? and

of 5.107%m?, with the results presented in Figure 4-26 and Figure 4-27 respectively.

When the caisson is extracted from a higher permeable soil, drainage is more susceptible to
establish under the loading and thence only small variations of the water pressure appear inside
the caisson. The total load is mainly sustained by the inner and the outer friction, similarly to
a fully drained configuration. Several failure modes follow one another, as made explicit in Fig-
ure 4-26 (a). First the contact is lost between the caisson lid and the soil, while at the same
time, the outer shear stresses are mobilized up to the limit of maximum available outer friction.
When the soil starts to slide on the outside of the caisson, any increase in loading is transferred
to the inner friction component which rises up until it is also fully mobilized. When sliding
occurs on the two interfaces, then the variation of PWPs becomes the only component that can
sustain additional loading increments. As displayed in the color scheme of Figure 4-26 (b), the
same model of vertical soil deformations under uniaxial tensile load can be ascertained as in the
literature [47] for a partially drained configuration tending to a drained one.

When the caisson is extracted from a low permeability soil, drainage has no time to properly
establish under the loading, and the variations of PWPs become a dominant contribution to
the pull-out resistance, together with the outer friction, as stated in Figure 4-27 (a). The effect
of suction owing to the under-pressures keeps the soil and the caisson in contact, thereby near-
ly cancelling out the contribution of the inner friction and the variation of the soil pressure
under the lid. As soon as the outer friction reaches its limit of resistance, any extra load ap-
plied will almost only be sustained by the increase in the PWP contribution. Here again, it is
possible to match the obtained pattern for the variations of vertical displacements, with what
is already defined in the literature [47], Figure 4-27 (b).

The plug uplift mechanism is directly dependent upon the suction effect that exerts an upward
attraction force on top of the soil plug. For a first infinitesimal extraction step of the caisson,
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small gaps will be created at the micro-scale under the lid. Instantaneously, the PWPs will
decrease in this zone, and this negative variation of pressure (suction) will force the soil plug to
move upwards, in such a way that the corresponding volume reduction above the plug brings
the underpressures back to its initial equilibrium. The uplift of the soil plug goes hand in hand
with the seepage flows through the confined soil from the surrounding soil and free water. Basic
diagrams of Figure 4-28 give a qualitative overview of the coupling between the two phenome-
na. An undrained soil configuration is characterized by low permeable soil conditions or by a so
fast loading rate that it does not allow the seepage flows to re-establish the initial water pres-
sure under the lid. Under these conditions, significant negative excess PWPs will cause im-
portant soil heaves to occur inside and below the caisson in a so-called reverse end bearing fail-
ure mode, as illustrated in Figure 4-27 (b). When the drainage is more incline to set up, the
combination of higher permeability with slower extraction rate exploits much more the seepage
flow mechanism, which limits the development of negative excess PWPs and this way lowers
the plug uplift mechanism, as exemplified in Figure 4-26 (b). In these conditions, the more the
partially drained configuration tend towards a drained behaviour, the more the soil plug re-
mains in place, leading to a sliding failure mode.

When the caisson is rigidly extracted from the ground held in place, the balancing of pressures
in the gap between the soil and the lid comes solely from the seepage flows through the soil.

As the soil is assumed to be linear elastic in the present analysis, elastic deformations will occur
in the soil during plug uplift by suction. Whatever the drainage conditions, it can be seen from
Figure 4-26 (b) and Figure 4-27 (b) that the main soil deformations are concentrated at the
base of the caisson where the displacement contours are the closest.

Sub-case 4 : Free to move soil for Ay = 0.05m and k = 5*1 o'

Variation of reaction components
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FIGURE 4-26: Results of the sub-case 4 for k = 5.107!2 : (a) Load-displacement curves and (b) variations
of vertical displacement, Amplification factor = 25%
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Sub-case 4: Free to move soil for Ay = 0.05m and k = 5*1 0"

Variation of reaction components

AF [MN]
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FIGURE 4-27: Results of the sub-case 4 for k = 5.107% : (a) Load-displacement curves and (b) variations
of vertical displacement, Amplification factor = 25%
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FIGURE 4-28: Coupling between the plug uplift and the seepage flow mechanism

Figure 4-29 characterizes both the shear stresses and the normal stresses along the inner and
the outer skirt interfaces in the case of a partly drained scenario. Consistently to the results of
the 1% drained scenario for a rigid body motion, the maximum friction is mobilized almost in-
stantaneously, which explains that the shear stresses at the initial stage (Ay = 0.015mm) al-
ready encompass a significant part of the friction resistance at the last stage (Ay = 0.3mm),
see Figure 4-29(a). The absence of soil disturbance in this configuration is responsible for the
uniformity of the normal stress diagrams during the pull test (for all Ay), see Figure 4-29(b)
When the soil is free to move, different normal stress profiles develop on both sides of the cais-
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son due to the stress state disruption under external loading, as displayed in Figure 4-29(d)
and (f). At the outer interface, the results are rather identical to those of the first drained sce-
nario, with a distribution of the shear stresses at the last stage of the pull test that is homo-
thetic to the distribution of the normal stresses. At the inner interface, the shear stresses are
slightly negative on the upper part of the caisson which corresponds to stresses pointing up-
wards, and helping to extract the caisson, visible in Figure 4-29(c) and (e).

Sub-case 5 : Rigid body motion
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FIGURE 4-29: Distribution of the shear and the normal stresses along the caisson skirt in the case of a

rigid body motion (a)-(b) and of a soil free to move (c)-(d)-(e)-(f), 2™ scenario
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4.4.4. Influence of the main parameters

As for the drained scenario, this section aims to emphasize the principal parameters that affect
the response of the soil-caisson system, in the present case of a partially drained soil. The pa-
rameters will be investigated by considering first a soil held in place, and then switching to the

configuration of a soil free to move.

Figure 4-30 (a) and (b) gives a preview of the influence of the permeability & on the behaviour
of the caisson when the sub-case 3 and 4 are respectively considered. Four orders of magnitude
of the coefficient of permeability are tested upon traction. From these graphs, it is apparent
that the lower the permeability of the soil, the higher the applied tension to obtain a given
uniaxial uplift Ay of the caisson. It seems to be logical since a higher coefficient of permeability
enables a more important dissipation rate of the under-pressures that accumulate below the lid
of the caisson, and thus the development of variations in pressure AP, is lower as illustrated
in Figure 4-30 (a) and (b), right. The bifurcation point in the displacement Ay - load
AR,,, curves of Figure 4-30 (a, left) and (b, left) stands for the fully mobilisation of friction on
the outer interface in the case of a soil free to move and on both faces of the caisson in the case
of a soil held in place. This change of slope associated to sliding is much more pronounced in
Figure 4-30 (a) where only the contribution of the PWPs can withstand the load than in Fig-
ure 4-30 (b) where the contribution of inner friction can also be mobilised to resist the load
increments. As a conclusion, a system with a high permeability should converge towards a fully
drained configuration where the friction is prevailing and the excess PWPs are dissipated
whereas in the presence of a low permeability, the system tends to become undrained with a
significant contribution of the variation of fluid pressure AP, .

Figure 4-30 (c) and (d) displays the effect of the loading rate LR on the displacement - load
curves as well as on the pore pressure component, in sub-cases 3 and 4 respectively. It is obvi-
ous that the impacts of the variations of the pullout rate are strongly correlated to those of the
coefficient of permeability. Similar conclusions can then be drawn as for the permeability. A
fast loading restricts the drainage and the dissipation of the under-pressures, resulting in a
large PWP contribution, while a slow loading speed will enable the progressive drainage of ex-
cess PWPs similarly to a high coefficient of permeability.

The geometric parameters of the caisson also directly affect the extraction resistance as well as
the variations of the pore water pressure inside the caisson. The influence of the aspect ratio
% is illustrated in Figure 4-30 (e) and (f) and the effects of increasing the skirt length L are
shown in Figure 4-30 (g) and (h). Not surprisingly, the wider the suction caisson, the larger the
amounts of PWP variations that can arise inside the caisson and the greater the total pull-out
resistance. In a quantitative manner, if the aspect ratio is doubled, the total resistance is in-
creased almost by 3, and the contribution of PWP variations amounts to more than 50% in
this total. The same principle is observed in Figure 4-30 (g) and (h), i.e. when the length of the
skirt is increased for the same imposed displacement, a greater contribution of the PWPs ema-
nates from the system but to a lesser extent in comparison to the influence of the aspect ratio.
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Rigid body motion (Sub-case 3) : Influence of k [m?] for Lr =105, T, =103 and D/L =1 Free to move soil (Sub-case 4) : Influence of k [m?] for Lr =105, T, =10~ and D/L =1
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Rigid body motion (Sub-case 3) : Influence of the skirt length [m] for LR =10-¢, k=107  Free to move soil (Sub-case 4) : Influence of the skirt length [m] for LR = 10-¢, k =107
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FIGURE 4-30: Influence of the main parameters on the friction components

4.4.5. Comparison between numerical and analytical results

In line with what was achieved for the 1* scenario, the analysis of the numerical results for a
partially drained and a linear elastic soil configuration will be used to formulate and validate
the analytical equations that replicate as accurately as possible the behaviour of the caisson.
From the previous section, it is apparent that the prevailing components to the total uplift
resistance are the shear stresses on the inner and the outer soil-skirt interfaces, as well as the
variations of the pore water pressures under the lid and in a lesser extent the uplift movement
of the soil plug. Depending on whether the sub-case 3 (rigid body motion) or the sub-case 4
(soil free to move) is studied, the resistance components will be mobilised in a different way,
requiring the adaptation of the analytical computation methods. This will be used to develop a
simplified design method in the next chapter.

4.4.5.1. Rigid body motion (Sub-case 3)

The case of a purely rigid body motion with a displacement imposed to all the caisson nodes is
first considered. As the soil is held in place, there is no movement of the soil particles within
the skirt and thus no effect on the total resistance. The friction components are assessed simi-
larly to the drained scenario by integrating the shear distribution along the soil-skirt interface
between 0 and 7,,,,- This gives Equation 4-42, which is identical to Equation 4-27 derived for
the 1°' scenario. All the calculation steps are listed in appendix C.1. The superposition of the
inner and the outer friction curves obtained analytically and numerically is proposed in Figure
4-31 (a) and (b). The perfect concordance between the two sets of results can be attested

through the relative error plotted in blue in Figure 4-31, and which remains less than 1% for all
Ay.

1 K2Ay?
P =2 K AyL ———— 2 EQUATION 4-42
mob 7TR ( T Y 2 ,UK()AO'; ) b}

7,0

The suction component that arises from the variation of the negative excess PWPs between the
underside of the caisson lid and the soil plug is responsible for the emergence of seepage flows
through the confined soil from the surrounding soil and free water. These internal hydraulic
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gradients will help to progressively fill the gap that appears under the lid. The analytical as-
sessment of the suction component will thus first be based on the well-known Darcy’s law fur-
nishing an expression for the seepage velocity, as reminded in Equation 4-43 [78].

A ] N 4-
v="2Y_ 1« EQUATION 4-43
At
Where
v [m/s] Seepage velocity
k [m/s] Coefficient of permeability
i [-] Hydraulic gradient

The hydraulic gradient may be expressed as Equation 4-44 [78].

. q
i= ;
L. v EQUATION 4-44
Where
q=s [Pa] Applied load per unit area (here the suction)
L, [m] Seepage length
Vo [N /m?] Unit weight of water

The critical hydraulic gradient occurs when the seepage flows become equal to the effective
weight of the soil, cancelling the contact forces between the grains. It is mathematically
formulated as Equation 4-47. The corresponding critical suction pressure is then assessed by
Equation 4-46.

’

i

1, = — = 0.8250 EQUATION 4-45
Yw
Serit — icrLs’Yw = LS’Y, EQUATION 4-46
Where
v [kN/m?] Effective unit weight of the soil

In Equation 4-44, an accurate estimation of the average seepage length for the range of aspect
ratio 2 of practical interest is provided in the literature [79], and defined as Equation 4-47. In
order to fit the non-linear PWP-displacement response obtained numerically, the expression of
L, will be slightly adapted to incorporate a dimensionless factor F' and can then be rewritten
as Equation 4-48. The factor F'is given as a function of a calibration parameter §,,,, , ; and
the displacement step Ay normilized by the imposed displacement d. The parameter §,,,, , s is
adjusted by means of a robust condition previously encountered, i.e. the maximum analytical
contribution of the PWPs is activated at the same imposed displacement as numerically.

L\ Y? EQUATION 4-47
L.=14+02(—= '
o =1 (D>
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—0.9 Ay 0.5
L,=140.2 <5> Epwp oI <7> EQUATION 4-48

Expression from [79] F

By combining Equation 4-43, Equation 4-44 and Equation 4-48 it is possible to get the
relationship between the resultant force applied on the lower part of the lid by the variations of
the PWP distribution inside the caisson AP, ,
Equation 4-49. This second order formula, derived thanks to the adjustements made on the

and the displacement step Ay, as formulated in

expression of the seepage length, captures rather well the partially drained behaviour of the
caisson under a rigid body motion, as illustrated in Figure 4-31 (c). Taking the relative error as
indicator, it appears indeed that the deviation between numerical and analytical curves remains
below 1%.

Ls w Ay

AP = Aba,se,i X [ . _]
kAt

pwp

EQUATION 4-49

Rigid body motion (Sub-case 3} : Analytical vs Numerical results

Inner friction component OQuter friction component PWP component
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FIGURE 4-31: Comparison between the numerical and the analytical computations of the friction
components for a purely rigid body movement (sub-case 3): Inner available friction (a) outer available
friction (b) and PWP component (c), 2nd scenario

4.4.5.2. Soil free to move (Sub-case 4)

With respect to the configuration of a soil free to move, the resistance depends on the three
same components as for the rigid body extraction (A®;, — AP, — APpwp) to which must be
added the component emerging from the uplift movement of the soil particles AW, . This
latter contribution appears as a result of the negative variation of the water pressures under-
neath the lid, and will significantly impact the mobilisation of the inner friction.

Outer friction component

Regarding the outer friction, it is still assessed on the basis of the analytical expression used in
the first scenario [75], which gives the second order relationship between the variation of the

total outer friction force and the vertical displacement, recalled in Equation 4-50.
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K2 Ay?
AP =21R (KSAyL — %W) EQUATION 4-50
K = 1 = 1 EQUATION 4-51
S (Tm) 2.5 L [Courd 1—v ’ C
Gln( 7(") %ln( out;nu c >
— 2 2
Adsout - 27TR0 guut,u K AyL _ l Ks Ay EQUATION 4-52
° 2 /LK(')AO-:;,U

Applying this equation in a partially drained configuration for the setting parameters
(k=10"T"2  loading rate of 10 °2) leads to the results depicted in Figure 4-32 (a). Clearly
the basic analytical formula has a tendency to underestimae the contribution of the outer
friction to the total resistance. Similarly to the procedure performed for the 1st scenario, a first
calibration parameter C,,, , is introduced in the analytical expression of K by means of the
first robust condition (cfr. 4-35) in order to straighten up the initial slope of the curve. It is
reminded in Equation 4-51. The load-displacement curve obtained in this case offers a rather
good estimation of the development of shear stresses on the outside. Only a low overestimation
of the numerical results persists during the mobilisation of friction, as indicated in Figure 4-32
(b). Depending upon the level of accuracy desired, this first approximation could of course be
implemented as it is in the macro-element. However, in a perspective of minimizing the differ-
ence between the two approaches, a second calibration parameter &,,;, can be employed, so

that the relative error becomes nearly negligible, as reported in Figure 4-32 (c).
Inner friction component

Regarding the inner friction component during partly drained conditions, the analytical recon-
struction of the curve is conducted similarly to the drained scenario based on the expression
detailed in the literature [75] and recalled in Equation 4-53. When the soil is free to move, the
development of the negative excess PWPs under the suction caisson lid will tend to move the
confined soil upwards and this way, will affect and restraint the mobilisation of the inner fric-
tion. As proposed in the literature [76], a linear reduction of the inner friction can be assumed
between the fully drained conditions (no suction effect) and the point at which the critical suc-
tion pressure s..; is reached. The ratio between the applied suction s and the critical suction
S 18 thus implemented in Equation 4-54 in order to make it possible to distinguish between
the sliding mechanism and the plug uplift mechanism in the component response.

One fitting parameter & is included in this expression, and is calibrated according to the

inyu
suction pressure. As long as this applied suction s remains below the critical suction s < s_.; ,
the condition for setting the value of ;,, , will be that the maximum analytical friction is acti-
vated at the same imposed displacement as numerically (Figure 4-33 (a)). When the applied
suction reaches the critical one s =s.. , the parameter is calibrated on the basis of the dis-
placement for which s, is obtained (Figure 4-33 (b)). It appears from these figures that the
matches between analytical and numerical curves are basically not quite perfect, but the offsets
are assumed to be sufficiently small to accept these results. After this point, the failure of the
soil should normally occur in normal (elasto-)plastic soil conditions. However in the case of an
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elastic soil, the rupture mechanisms are not expected to arise since the deformations are infi-

nitely reversible.

1 K2Ay? . )
Ad. =27R (KSAyL _ 1 B y/ ) EQUATION 4-53
QMK()AJ’zﬁ,o
1 K2Ay?2 s )
Ady, =21R¢; KAyl — ——*2 7 _ EQUATION 4-54
in ™ zfm,u ( sy QNKOAU;;,O> (1 Scrit>

Soil free to move (Sub-case 4) : Analytical vs Numerical results

Quter friction - No calibration parameter

Outer friction - 1 parameter C, .,

Outer friction - 2 parameters Cope 0 & Eout,u
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FIGURE 4-32: Superposition of the numerical and the analytical curves considering (a) no calibration
parameter, (b) 1 parameter and (c) 2 parameters in the analytical formula

Soil free to move (Sub-case 4 ) : Analytical vs Numerical results
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FIGURE 4-33: Superposition of the numerical and the analytical curves considering 1 parameter in the
analytical expression: (a) the friction is fully mobilised and (b) the critical suction is reached

PWP component

The suction component that arises from the development of the negative excess PWPs under
the lid of the caisson is assessed analytically on the basis of the same expression as the one
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used for a rigid body motion. As a reminder, this Equation 4-55 has been derived from the def-
inition of the velocity v, of the seepage flows through the soil plug, and of the expression of the
hydraulic gradient 4. It incorporates the factor L, referred to as the seepage length in the liter-
ature [79] and which expression will be slightly adjusted in order to optimize the curve fitting
on the numerical results. Equation 4-56 gives the adapted expression of the seepage length in-
cluding the dimensionless factor F' that still depends on the normalized displacement step and
on a calibration parameter §,,,,, , ;7. The power of this factor is here changed from 0.5 to 0.75,
since a more linear response of the PWP component has been noticed in comparison to the
rigid body motion. If no calibration parameter is taken into account, the analytical results
drastically underestimate the real influence of the PWP component as depicted in Figure 4-34
(a), whereas a rather good estimation of the numerical results is provided when one fitting pa-
rameter is considered, as illustrated in Figure 4-34 (b). The recourse to a calibration parameter
makes it possible to reduce the relative error by more than half.

Ls Yw Ay ] J 4-
AP])wp = Abase,i X [ - k - E] EQUATION 4-55
—-0.9 Ay 0.75 )
L,=140.2 D Epwpon IT i EQUATION 4-56
Expression from [T9] F

The adjustment of this parameter is performed by applying the robust condition that the max-
imum of the analytical contribution of the PWPs coincides with the maximum of the numerical
curve. The critical hydraulic gradient 7., and the related critical suction pressure s, defined
in Equation 4-45 and in Equation 4-46 respectively remain identical with refernce to sub-case 3.

Soil free to move (Sub-case 1) : Analytical vs Numerical results
(a) PWP component - No calibration parameter

(b) PWP component - 1 parameter £pup,u, 11
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FIGURE 4-34: Superposition of the numerical and the analytical curves considering (a) no calibration
parameter and (b) one parameter &, , r; in the analytical formula
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Plug uplift component

The resistance component coming from the uplift of the soil plug is analytically assessed on the
basis of the procedure specified in [58] for the installation of a caisson in non-standard soil con-
ditions. In this report, the principle of the mechanical work is used to solve the iterative pro-
cess of the plug uplift mechanism under suction only. By definition, a force is said to do work
when it acts on a body so that there is a displacement of the point of application of the force.
For the case of a suction caisson subject to an imposed vertical displacement, the force refers to
the applied suction s multiplied by the inner cross-section area of the lid A, ;, while the dis-
placement of the point of application corresponds to the unknown, namely the uplift length of

the plug L as reported in Equation 4-57.

plug>
AW@) = s(t>Abase,'L’ X ALplug EQUATION 4-57
Where
AW (t) Increment of mechanical work at the time-step ¢
s(t) Applied suction at the time-step ¢
ALy, Increment of the uplift length of the plug during the time step ¢

In this equation, the generated work W t for an increment of imposed displacement Ad t oc-
curring during a time-step At is calculated as the product of the increments of the suction and
of the volume with respect to the previous time-step, as stated in Equation 4-58.

AWt =Ast | XAV, t 4 EQUATION 4-58
Where
Ast Variation of applied suction between the time steps t and £_;
AV g t1 Variation of uplift volume of the plug between ¢ and £_;

Combinig Equation 4-57 and Equation 4-58 directly provides an expression for the increment of
the uplift length of the soil plug, under an imposed displacement applied during a time-step At
(Equation 4-59). This value is then used in Equation 4-60 in order to determine the total plug
uplift component. Appendix E gives a flow chart of the iterative process to assess the plug uplif

mechanism.

AL CAst oy XAVt EQUATION 4-59
plug = st A
g base,i
A‘/Vpl’u,g = Splug,u X (Abasc,iﬂ/(/’,laprlug) EQUATION 4-60

It can be seen from Figure 4-35 (a) that the analytical results based on Equation 4-60 minimize
quite strongly the numerical results. One possible track of interpretation of this
underestimation would be that a non-negligible part of the total plug heave is not due to the
suction but to the confinement state of the soil that is encompsulated within the skirt. This
phenomenon restrains the lateral diffusion of stresses and maintains the contact between the
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soil and the inner interface of the caisson. The calibration parameter & will be used to

plug,u
account for this mechanism, which allows to greatly reduce the offset between the curves, as
depicted in Figure 4-35 (b).

Soil free to move (Sub-case4) :

Plug uplift - No parameter
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Chapter 5

Macro-element

5.1 Introduction

The purpose of this chapter is to provide a simplified design method for computing the Load -
Displacement V —d response of a suction caisson under an uniaxial tensile load. The elabora-
tion of this calculation method is conducted in parallel to the previous chapter, starting with a
basic fully drained case and going afterwards more and more into complexity. To that end, the
specific soil-caisson behaviour as well as the key physical factors highlighted by the 2D numeri-
cal analysis are used to formulate a macro-element of the suction caisson foundation. This me-
chanical model aims at reproducing the tensile behaviour of the caisson by combining various
rheological elements such as springs, sliders or dampers, so that for a specific implemented con-
figuration of the caisson, it would be possible to predict the extraction resistance R,,, (resp.
the imposed displacement) for any imposed displacement d (resp. extraction resistance).

A standardisation of the results is adopted in order to provide the representative quantities for
both the displacement and the resistance that can be straightforward compared with the values
obtained in other configurations. The imposed displacement will be expressed as a dimension-
less coefficient by normalising it to the caisson diameter, whereas the extraction resistance will
be given in terms of stresses by reducing it to the circular outer cross section area of the lid.
Table 5-1 summarizes this normalisation of the main study parameters.

TABLE 5-1 : Normalisation of the main study parameters

PARAMETER SYMBOL UNIT NORMALISATION
Imposed displacement d [m] d/D
Global resistance Ry [N] Riot/Apase.o

5.2 1% Simulation - Drained conditions and linear-elastic soil
5.2.1. Model

From section 4.3, it appears that for a drained configuration and a soil behaviour that is linear
elatic, then the uplift resistance of the caisson is mainly governed by the variation of friction on
the inner A®,, and the outer AP, ,, surfaces of the caisson, as expressed in Equation 4-24, and

recalled below in Equation 5-1 .

AR, ~ AD;, + AD,,, . EQUATION 5-1
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The progressive mobilisation of friction along the caisson skirt when the foundation undergoes
a tensile loading can be modelled by a spring of stiffness x, according to the constitutive
relationship AF = k x Ay. In practise, the interfaces display a non-linear behaviour meaning
that the response of the springs will be modelled by a curve and not by a straight line, and
that the spring stiffness also depends upon the displacement increment, i.e. & = k(Ay). The
physical significance of this coefficient of proportionality is that the higher its value, the more
difficult it is to initiate displacement between the contact surfaces of solid bodies. So far, the
concept of time is not taken into account. Since friction is not infinitely available, a slider < is
put in series with the spring to limit the elongation of the spring once the maximum available
friction is reached, as illustrated in Figure 5-1(a) and mathematically formulated in Equation
5-2 and Equation 5-3. This characterizes the perfectly plastic behaviour of the caisson once the
maximum load threshold is reached.

Under a tensile load, the friction components will arise simultaneously on both the internal and
the exernal interfaces of the caisson skirt, and thus the mechanical model will include two sets
of serial spring-slider as depicted in Figure 5-1 (b) [76]. Mathematically, the spring-slider cou-
pling for the inner and the outer friction is translated into Equation 5-5, after having rear-
ranged Equation 5-2 and Equation 5-3 on the basis of the displacement and load relationships
expressed in Equation 5-4.

AD 0 AD AP
Louz‘, — - out + { out < out,max EQL‘ATI()N‘ 5.9
ut
- le'/ﬁde'r,o'u,t A(P(m,t 2 A(I)o'u,t,'rn,a,fl;
A(I)'in 0 A(I)/n < A(p'i,'n,,'m,a,fl;
Liyy=—" + EQUATION 5-3
Kin leidcr,in Aq)'in > Aq)in,mam
Considering Riot = APy + APy,
L= Lout = L’in = Ay EQUATION 5-4
le'idcr = Ay - Aymam
(K:out + K:in,)Ay A(I)out < Aq)out,max
Aq’m < Aq)m,m(m
Reor A Ay— A AD,,, > AD
Kout + Kin, Yy — Hout( Yy— y’m,(l,:r:) out = out,mazx
Sor Aq’m < Aq)m,m(m
Kout + Kin Ay — Kout Ay - Aymaw — Kin Ay - Aymam A(ﬁuut = Aq)nfu,t,'m,a,:::
Sout Sin AD, > AD

in,max

EQUATION 5-5
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FIGURE 5-1: (a) Mechanical behaviour of a spring and a slider - (b) Rheological model for the 1st fully

drained scenario [76]

5.2.1.1. Rigid body motion

Regarding the case of a purely rigid body motion with a displacement imposed to all the nodes
of the caisson (sub-case 1), the implementation of the behaviour of the springs, i.e. the
progressive mobilisation of friction along the skirt, is performed by means of the second degree
Equation 4-28 derived in section 4.3 and recalled hereafter in Equation 5-6.

1 K2Ay
Ad =27R KIL—-—-—__—_T“ A i
" ( ! QMK()AO';,7()> . Y EQUATION 5-6
Kk Ay

The expression for the sliders that is the maximum inner and outer friction resistance has been
derived in section 4.3. This Equation 4-18, recalled below in Equation 5-7, is directly dependant
on the geometrical parameters (), the friction angle (:) and the horizontal soil pressure distri-

bution ().

D L 2
APTAT — ¢ — 271'5.[4 K(’Jf)/é:lay 5 tan§¢ EQUATION 5-7

~—_— | — e | ——

=) ) )

5.2.1.2. Soil free to move

Regarding the configurations with a soil free to move (sub-cases 2 and 2bis), distinct responses
between the inner and the outer interfaces of the caisson have been highlighted in section 4.3.3.
Expressions employed to model the springs adjustments are thus slightly different from each

other, as recalled in Equation 5-8 and Equation 5-9.

: 1 KAy
Outside AD . =27R, fout,szL - §m x Ay EQUATION 5-8

Kout DY
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1 K2Ay
54 A®. =27R, | K. AyL ————2% " A . [ 5-
Inside in TR, ( JAY 2 iKyAc! >>< Y EQUATION 5-9

v,0

Kin Ay

One fitting parameter &,,; 4 is directly present in the first expression and a second parameter
(4 is incorporated into the expression of K, for both the inner and the outer friction compo-
nents, as shown in Equation 5-10 just below. It should be noted that it was also possible to do
it well with only two calibration parameters (¢, 4 outside and (;, 4 inside the caisson) if one

is satisfied with a slightly larger error.

1 1

1

T

Q=

21+ v,)

EQUATION 5-10

This way, the variations of the inner and the outer friction, idealized by spring elements explic-
itly incorporate the parameters v, and E, and are also implicitly dependant on the tangential
penalty coefficient K.

With regards to the behaviour of the sliders, it has been noted in section 4.3.3 that in the pre-
sent specific case, the soil has a tendency of keeping some physical contact with the foundation,
leading to a reduction of the maximum friction resistance. In the present investigated scenario
of a suction caisson extracted of 30 cm from the ground, the drop in the total mobilisable re-
sistance is taken into account by a factor &,,,, 4 which is given as a function of the aspect ratio
2 for the inner and the outer friction in Figure 5-2(a) and in Figure 5-2 (b) respectively. Based
on this parameter and on Equation 4-18, the slider behaviour in case of surrounding soil free to
move will simply be implemented as Equation 5-11.

Variation of & ... s With LD Variation of &, .. s with LD
20 85 T .
-0.7574 :
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FIGURE 5-2: Variation of the calibration parameter of the slider with the aspect ratio: (a) outer friction
and (b) inner friction

D L - .
AB™ =€,y X 20 L <K0’Yézay 5) i EQUATION 5-11

AP™ar (rigid body motion)
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5.2.2. Parametric study in the case of a soil free to move

To reproduce as accurately as possible the response of the soil-caisson system under loading,
the main parameter v,,E, and K_ having an influence on the calibration factors
Eout.ds Sout.d s Cin,a involved in the analytical reconstruction of the friction curves are investigat-
ed through a parametric study. The purpose is to be able to approximate the values of the cal-
ibration parameters for different aspect ratio’s % and for one parameter differing from the refer-

ence values of the system parameters.

First a variation of the Poisson’s ratio v, in the range [0.2 — 0.4][—] and for five slenderness
ratio’s (2 =0.5—0.75—1—1.5—2) is conducted. The curves showing the evolution of the
calibration parameters for an imposed displacement of 0.03m are presented in Figure 5-3. A
first finding is that the calibration parameters for the friction on the outside are decreasing for
an increased value of the Poisson’s ratio. The higher the slenderness ratio, the bigger the value
of §,ut.q and (4 4 and the steeper the falling-off of these values. For the friction on the inside
on the contrary, the higher the value of v, , the greater the value of (;, 4, except for % =0.5.
Trend lines are then fitted on each of these curves to enable an estimation of the calibration

parameters for any given value of the Poisson’s ratio, as described in Appendix D.1.
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FIGURE 5-3 : Variations of the calibration parameters &,,,; 4, Cour.a @0d ¢, 4 With v, for 5 aspect ratio’s

In a second phase, the same procedure is undertaken to assess the variability of the calibration
parameters with the shear constant K., considering the same five slenderness ratio as before.
Three orders of magnitude for K_ are investigated, in the range [4.107 — 4.10°]. The curves
showing the evolution of the calibration parameters for an imposed displacement of 0.03m are
presented in Figure 5-4. A common tendency is emerging from these graphs, namely that all
the parameters decrease progressively while increasing K. and that the variation of the param-
eters remains really limited compared to the variation of K. The values of (,,; 4 and
out,q diminish with a growing ratio % while considering (;, 4 it is the other way around. Trend
lines, collected in Appendix D.2, are then fitted on each of these numerical curves to enable an
estimation of the calibration parameters for any given value of K.
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Finally, the variability of the calibration parameters relative to the Elastic modulus F, is ex-
amined for the same aspect ratio’s. The Young’s modulus is taken in the range [5.10° —
108][7%] and the curves showing the evolution of calibration parameters with E, are displayed
in Figure 5-5. Basically, the calibration parameters have a tendency to grow with E.. The pa-
rameters for the outside friction ¢,,; 4 and &, 4 slightly increase with the slenderness ratio
% whereas the parameter for the inside friction (;, ; progressively diminishes with %. Trend
lines, collected Appendix D.3, are then fitted on each of these curves to enable an estimation of

the calibration parameters for any given value of F,.
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FIGURE 5-4 : Variations of the calibration parameters &, ,; 4, Cput g and ¢, 4 with K for 5 aspect ratio’s
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FIGURE 5-5 : Variations of the calibration parameters &,,; 4, Cour,q and G, ¢ wWith E, for 5 aspect ratio’s
All the generated trend lines will be implemented in the macro-element, so that for any given

values of the system parameters v, , K and E,, it will be possible to obtain an estimation of

the calibration parameters, and thus to derive the equation of the friction components.
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5.3. 2" Scenario - Partially drained conditions and elastic soil

5.3.1. Model

5.3.1.1. Rigid body motion (Sub-case 3)

From section 4.4, it appears that for a partially drained configuration and a soil behaviour that
is linear elatic and held in place, then the uplift resistance of the caisson is mainly governed by
the variations of friction on the inner A®;, and the outer AP, surfaces of the caisson, and
the generation of negative excess PWPs under the lid of the caisson as expressed in Equation
4-30, and recalled in Equation 5-12.

AR, ~ AP, + AD,,, + AP, EQUATION 5-12

out

Quter friction component

Outside the foundation, the resistance to the uplift of the caisson under an imposed displace-
ment comes solely from the progressive mobilisation of friction along the outer soil-caisson in-
terface. Similarly to the drained configuration of scenario 1, the sequence of a non-linear behav-
iour and a plateau will be modelled by a spring of displacement-dependent stiffness ,,;(Ay)
put in series together with a slider ¢,,; that establishes the activation of the maximum availa-
ble friction and the initiation of the sliding along the external interface.

Based on the findings from section 4.4.5.1, the behaviour of the spring that represents the pro-
gressive mobilisation of friction along the skirt is performed by means of the second degree
Equation 5-13.

1 K2A ] [ 5-
A@()m _ 27rR0 KTL ot LY % Ay EQUATION 5-13
’ 2uKyAoy,,
Kk Ay

Still on the basis of the results from section 4.3, an analytical expression for the maximum
available friction is known, which is recalled in Equation 5-17.

D L ; -
APTaT = ¢ = 27‘(7” <K('J7élay 5) H EQUATION 5-14

Inner friction component

Simultaneously, the extraction of the caisson is controlled inside by the two other resistance
components. The modelling of the activation of inner shear stresses along the skirt is strictly
similar to that of the outer friction that is to say a spring of stiffness #,,(Ay) to represent the
rising development of shear stresses and a slider g;,, to take over from the spring when the in-

ner friction is fully mobilised.

From the previous formula’s, it is easy to realise that the difference between the development

of the inner and the outer friction will solely come from the geometrical parameter (D = ).
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And thus the response of the spring and the slider for the inner friction component can be also
assessed from Equation 5-16 and Equation 5-17 respectively.

PWP component

Regarding the partly drained scenario, another part of the resistance to uplift is attributable to
the water seepages that occur during a certain time step At and gradually update the under-
pressures underneath the lid, as a function of the seepage length and the permeability. This
time dependent behaviour can be captured by means of a non-linear damper with a coefficient
of viscosity 7, according to the constitutive relationship AF =7 x Ay% between the load and
the displacement rate. Physically, the viscosity characterizes the flow resistance that will fur-
ther restrict the fluid flow as its value is great.

To estimate the transient behaviour of the damper, one has to refer to the analytical develop-
ments performed in section 4.4, where an expression for the variation of the negative excess
PWPs has been derived and is recalled in Equation 5-15. It is formulated as a function of the
coefficient of viscosity m which depends upon geometrical parameters (*.), the ratio of the unit
weight of water to the coefficient of permeability (.-) and a dimensionless factor (*). This factor
F includes a calibration parameter &,,,, , ;r which variation in relation to the main system

parameters is analysed in the next section 5.3.2.

Yw Ay EQUATION 5-15
APp’LU]) - Abase,i LS X ]:; X E X E 2
() Ay?lv

Where

—0.9
L,=1L (1 +0.2 <5> ) Seepage length

AP . .
F =&, (%) Factor to account for the non-linear behaviour of the damper

fpu;p,u,,H Calibration parameter

Combination of the components

Since the evolution of the seepage flow over a time lapse At will happen concurrently to the
rise of the inner friction with a displacement increment Ay, these two resistance components
from inside will be put in parallel in the mechanical model. Furthermore, considering the case
of a soil held in place with a rigid body subjected to tensile load, the friction components will
develop simultaneously on both the internal and the external interfaces of the caisson skirt.
Thence, the mechanical model will be made up of two sets of serial spring-slider and one non-
linear damper, all three assembled in parallel as depicted in Figure 5-6 [76]. Mathematically,
the coupling between the two sets of spring-slider and one damper is translated by Equation
5-20, after having rearranged Equation 5-16, Equation 5-17 and Equation 5-18 on the basis of
the displacement and load relationships of Equation 5-19.
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()’Il,f,'(l’l,(l,fl/'

EQUATION 5-16

slider.out AcI)ouz‘, 2 Aq)out,mam
AD. 0 A®i7z < A(@in,mam
L. = L EQUATION 5-17
" Kip Lshﬁ(]ei’r.i’n A(ﬁi" Z A(ﬁin,mam
PR i
pwp 0 x EQUATION 5-18
Considering R, =A49,, + AP, + AP,
EQUATION 5-19
L= Lu’u,t = L’i,’n, = Lp'u;p = Ay
Lshﬁdéi’r = Ay - Aymn;l:
Bout T Fin Ay +n X Ay ~ A(I)m:,t < A(b(mtﬂn,u,.l:
A(I)m < A(pi,n,m(u:
1
Rtot = Kout + Kin Ay — Kout Ay - Aymau: +n X Ay N A(I)()Ut = A(I)(;utmuw
Sout A(I)m < A(I)’[/n,m(u'
L AD, . > AD, .
Kout T Kin Ay — Kout Ay - Aymu,,r — Kin Ay - Aymu,:l: +n X Ay N out = out,maz
Sout Sin Aq)m > A(pin,mu,m

EQUATION 5-20
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FIGURE 5-6: Rheological model for the 2" partly drained scenario in the case of a rigid body motion [76
g y

5.3.1.2. Soil free to move

From section 4.4, it has been demonstrated that for a partially drained configuration and a soil
behaviour that is linear elastic and free to move, then the uplift resistance of the caisson is

mainly governed by the variation of friction on the outer surface of the caisson A®,,, and the
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generation of negative excess PWPs under the lid of the caisson AP,,,. The latter component

wp-
directly influences the way in which the two other contributions to resitance are activated,
namely the friction on the inner surface of the caisson A®,, and the plug uplift AW, .
Basically, the global extraction resistance includes four major terms, as expressed in Equation
4-41 and recalled in Equation 5-21.

ARtut ~ A@ + A@out pwp plug

in

Outer friction component

Outside the foudation, the resistance to the uplift of the caisson under an imposed displace-
ment comes solely from the progressive mobilisation of friction along the outer soil-caisson in-
terface. Despite the slightly higher shear stress values in relation to the drained conditions, the
outer friction response is still made up of a first non-linear behaviour, followed and bounded by
a plateau. As described in such previous cases, this sequence is modelled by a spring of dis-
placement-dependent stiffness &, Ay serially combined with a slider ¢,,; denoting the limit

of maximum mobilizable friction.

Based on the findings from section 4.4.5.2, the assessment of the response of the spring schema-
tizing the outer friction mobilisation is performed by means of the second degree Equation 5-22.
This analytical formulation incorporates explicitly a first fitting parameter €, , and a second
parameter C,,, , is included in the expression of K. As previously mentioned, the recourse to
this single second parameter C,,; , already provides satisfactory analytical results. The varia-
tion of this parameter with respect to the main system parameters is examined in depth in the
next section 5.3.2.
1 K:Ay

AP, =€ X 2R, | K, L —————— | x Ay EQUATION 5-22
” o ) QMKOAUHO

Kout AU

With regards to the slider behaviour, a reduction of the maximum friction resistance has been
noticed compared to the case of a pull-out of a rigid body. It is due to the tendency of the soil
to keep some physical contact with the foundation when the latter is progressively extracted
from the ground. Thus the value of the slider for the outer friction when the soil is released will
be expressed as a percentage &,,; max, Of the corresponding slider in the case of a rigid body

motion, as mentioned in Equation 5-11. The parameter & depends on the geometrical

out,mar,u
dimensions of the caisson, and varies according to a 2-terms power equation as illustrated in
Figure 5-7 (a).

. D , L EQUATION 5-23
Admar — fout,max,u X QWTOL <K()7(:l(1,y §> 1 2

out

AD™AT (rigid body motion)
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PWP component

Inside the caisson, the resistance to the uplift of the caisson under an imposed displacement is
threefold. A first part of the tensile capacity arises from the water seepage that sets up during
a certain time step At and gradually fills the gaps between the soil plug and the lid, lowering
thereby the underpressures that have been generated underneath the lid. As for the rigid body
motion modelling, this time-dependent behaviour can be schematized by a non-linear dashpot
with a coefficient of viscosity 7. The relationship between the load and the displacement rate
will be assessed according to the constitutive law AF =7 x Ay.

The transient behaviour of the damper can be schematized on the basis of the analytical devel-
opments performed in section 4.4.5.2, where an expression for the variation of the negative ex-
cess PWPs has been derived and is recalled in Equation 5-29. This expression is similar to the
one used for the partially drained rigid body motion, except for the formula of the dimension-
less factor F' which differs slightly. This formula includes a calibration parameter
pup.u,11 Which variation in relation to the main system parameters is analysed in the next sec-
tion 5.3.2.

L v, Ay EQUATION 5-24
APp’wp = Abase,i X B x [TU] X E !
n ijlv
Where
L —0.9 ) )

L =L(1+02 (_) Seepage length

s D
r— A\ Factor to account for the non-linear behaviour of the damper

— gp’w[),/u,,II T
fpmp,u,,H Calibration parameter

Plug uplift component

Depending on the magnitude of the tensile force (i.e. the suction pressure) acting on top of the
confined soil, a plug uplift mechanism will be initiated. As highlighted in section 4.4.3, the
more the partially drained conditions tend towards a drained behaviour (higher permeability,
slower loading speed), the more the soil plug remains in place, leading to a sliding failure mode.
On the contrary, in case of a more undrained soil behaviour (lower permeability, faster loading
speed), the soil plug as well as soil accumulations from below the skirt tip level are gathered
together and pulled out with the caisson, establishing a so-called reverse end bearing mecha-
nism. In the present work, the focus is on an intermediate failure mode, for which only a cer-
tain portion of the soil plug moves upwards with the suction caisson. This plug uplift compo-
nent is assumed to be directly and linearly proportional to the applied suction pressure, and is
thus modelled on the basis of a spring of stiffness %,,,,. The soil plug behaves as an Hookean
body, meaning that potential energy is stored in the spring for the elastic deformations of the

soil under uplift.

The behaviour of the spring that idealises the response of the soil plug can be approximated by
the empirical Equation 4-60 established in section 4.4.5.2. It is formulated as a linear density
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(°) transposed vertically by a distance L that is directly dependent on the applied suction.

plug

One fitting parameter & is implemented to capture the plug uplift due to the confinement

plug,u
state, and its dependency to the main system parameters will be treated in the next section
5.3.2.

AI/Vplug = fplug,u X (Abase,ify(/:la,y) X Lplug EQUATI()N 5-25
—,—/

()

Kpl,'u,y

In normal soil conditions, a tensile strength failure is expected to happen all the more quickly
as the permeability is low or the loading rate is high, which would be characterized by a slider.
Since the present case deals with an elastic soil behaviour, large reversible deformations are
prone to occur without failure, and thus the slider would correspond to the complete extraction
of the caisson which is does not need to be considered in a analysis in small displacements.

Inner friction component

The suction pressure and the related plug uplift highly influence the way the inner friction is
mobilised. The inner shear stresses will develop as long as sliding occurs at the soil-caisson in-
terface, which is not the case when the soil plug is moving upwards with the suction caisson.
To account for this specific response along the inner interface, the inner friction will be schema-
tised by means of a spring of displacement-dependent stiffness x;,, (Ay), slightly adapted com-
pared to the drained behaviour. Here again, a slider g;,, is implemented in series of the spring

to materialize the maximum mobilizable friction.

Based on the findings from section 4.4.5.2, the assessment of the response of the spring repre-
senting the inner friction mobilisation is performed by means of the second degree Equation
4-54. This expression is similar to the one employed in the drained configuration (<), with the
exception of an additional factor (>) pointing out the reliance on the applied suction. The cali-

bration parameter &;,, ,, ;; will be investigated in the next section 5.3.2.

K2Aq s
ACI)in = fin,’u,,ll X 27rRi, (KSL - %;LK[;TO:I{> (1 - %) X Ay EQUATION 5-26

v,0 Serit

(<) (>)

K'l','r:(Ay)

With regards to the slider behaviour, a reduction of the maximum inner friction resistance has
been noticed compared to the case of a pull-out of a rigid body, and thus the expression of the
slider will be given as a fraction &, 4. Of the corresponding slider in the case of a rigid body
motion, as mentioned in Equation 5-27. The parameter &;, ;4. depends on the geometrical
dimensions of the caisson, and varies according to a 2-terms power equation, according to a

trend contrary to &,,s maz.u, a8 reported in Figure 5-7 (b).

, D, , L
AT =&, X 27r7‘L <Ko%my 5) j EQUATION 5-27

AP (rigid body motion)
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FIGURE 5-7: Variations of the calibration parameters of the sliders with the aspect ratio: (a) outer friction
and (b) inner friction

Combination of the components

Inside the caisson, the evolution of the seepage flow over a time lapse At governs the extent of
the plug uplift mechanism. Logically, these two components will operate in series, to material-
ise this balance between the soil heave and the size of the gap between the top of the soil plug
and the underside of the lid. The rise in the inner friction for a displacement increment Ay co-
incides with the updating of the seepage over a time step At, and is also restricted by the
magnitude of the plug uplift. Therefore the mechanical model will be made up of a set of
spring-slider put in parallel with a non-linear dashpot and this assemblage will be connected in
series with another spring, in order to fully characterize the extraction resistance part arising
from inside.

Outside the caisson, the fraction of the total resistance comes solely from the friction that de-
velops simultaneously on the external interface of the skirt. This spring-slider set is thus ar-
ranged in parallel to the whole inner component of the model, as depicted in Figure 5-8[76].

Mathematically, the coupling between the two sets of spring-slider, one single spring and one
damper is translated by Equation 5-33, after having rearranged Equation 5-28, Equation 5-29,
Equation 5-30 and Equation 5-31 on the basis of the displacement and load relationships of
Equation 5-32.

R B
(d=0) T
-
z L, L] Loyt
jal = : L K
= k3] Kin pwp vout
= _—— = =
g A & 1
= < =
E ﬂ 5 Sout
Z
=
=
. H
plug
Ko
plug

uplift

Sin

Plug

I

FIGURE 5-8: Rheological model for the 2nd partially drained scenario in the case of a soil free to move [76]
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AD AP . < AD
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in
= + EQUATION 5-29
in
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pup = ” EQUATION 5-30
I - AVVplug
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plug
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\

EQUATION 5-33

As previously exposed, the implementation of the mechanical model gives an approximation of
the components that govern the uniaxial tensile behaviour of the suction caisson. Depending on
the way these components are mobilised, the different drainage conditions can be schematized.

In the case of a fully drained uplift (Figure 5-9 (a)), the seepage flow counterbalances exactly
the negative excess PWP emerging from the upward movement of the caisson, which means

that the shift of the damper is equal to the total displacement (L = Ay). Since the plug

pwp
uplift component is controlled by the development of differential pressures, the related spring
does mnot contribute to the total displacement (L, = 0). From this, it results in a purely
shearing failure mode, for which the sum of the inner and the outer friction components gives

the total tensile strength.

In the case of a partially drained uplift (Figure 5-9 (b)), the setting up of the seepage flow is
limited, which will induce the activation of the plug uplift mechanism. The summation of the

displacements of the related damper and spring is equal to the total displacement of the caisson

(Lywn, + L = Ay). In parallel, there is a full mobilisation of outer friction L, = Ay while

pwp plug
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the upward movement of the soil lowers the contribution of the inner friction L;, < Ay . The
activation of all rheological elements will give the total load-displacement response.

In the case of an undrained uplift (Figure 5-9 (c)), the seepage flow is severely restricted, and

thus the displacement of the damper is almost zero (L, ~ 0) and equal to the displacement

pwp
of the slider characterizing the inner friction. This latter component is indeed nearly cancelled
out by the large uplift of the soil plug, which completely describe the reverse end bearing fail-

ure mode in combination with the outer friction component (Ay = Ly, = L)

ET ) =" |

FIGURE 5-9: Activation of the rheological elements for (a) fully drained, (b) partly drained and (c) un-

drained conditions

5.3.2. Parametric study

To reproduce as accurately as possible the response of the soil-caisson system under loading,
the main parameters having an influence on the calibration factors involved in the analytical
reconstruction of the curves of the components are investigated through a parametric study. In
particular, attention is paid to the effects of the coefficient of permeability, the loading rate
and the aspect ratio.

5.3.2.1. Rigid body motion

In the case of an extraction of a rigid body from the soil, it is only a question of estimating how
the calibration parameter of the excess PWP component &, , ; evolves with the system pa-

rameters.

First the variability of §,,,, , ; relative to the permeability & is tested. The simulations are
carried out for values of the coefficient of permeability in the range [107 —107*][2] and for
five specific slenderness ratio’s % =0.5—-0.75—=1—1.5—2. The curves showing the evolution
of the calibration parameter for an imposed displacement d of 0.0003m are given in Figure 5-10
(a). A global exponential increase of the parameter is noted, and for a defined permeability,
lower values of the parameter are obtained when higher aspect ratio’s are considered. To be
able to estimate the calibration parameter as accurately as possible for any given value of the
permeability, trend lines are fitted to the set of data of Figure 5-10 (a). The results are collect-
ed in Appendix D.4.
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Then the variability of ,,,, , ; as a function of the loading rate LR is examined. In this case,
the simulations are performed for values of the extraction rate in the range [5.1077 —
5.10 %][2] and for the same five aspect ratio’s £. In Figure 5-10 (b), the curves showing the
variation of the parameter under an imposed uplift d of 0.0003m are presented. Similarly to the
evolution of ,,,, ; with k, a decreasing exponential tendency is noticed, which seems to be
logical since reducing the loading rate has more or less the same effects on the PWP generation
as an increase in the permeability. Again the values of the calibration parameter are inversely
related to the aspect ratio %. Trend lines that fit the set of data of Figure 5-10 (b) are attached
in Appendix D 4.

{a} Variation of the calibration parameter &, , , With the permeability (L) Variation of the calibration parameter &, ; with the loading rate
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FIGURE 5-10: Variation of the calibration parameter &, , ; with (a) the permeability and (b) the load-

ing rate, for 5 distinct slenderness ratio’s
5.3.2.2. Soil free to move

When the extraction of a suction caisson from a soil free to move is considered, the variation of

multiple calibration parameters according to the main system parameters needs to be analysed.

First the parameter §,,,,, ;; that calibrates the excess PWP component is investigated. The
variability of this parameter relative to the permeability k is tested by varying the value of the
coefficient of permeability in the range [10°7 — 10 *][Z}] and by considering five specific slen-
derness ratio’s % =0.5—-0.75—1—1.5 — 2, while leaving the other system parameters to their
initial values. Figure 5-11 (a) gives the evolution of the parameter for an imposed displacement
d of 0.05m. A growing exponential trend is noticed with higher values of ,,, , ;s for lower
aspect ratio’s. To be able to estimate the calibration parameter as accurately as possible for
any given permeability, trend lines are fitted to the set of data of Figure 5-11 (a). The results
are collected in Appendix D.5. The variability of £,,,, , ;r as a function of the loading rate is
also examined for extraction speeds in the range [5.1077 — 5.10_6][%] and for the same five as-
pect ratio’s %. Figure 5-11 (b) gives the evolution of the parameter for an imposed displacement
d of 0.05m. Compared to the evolution of £,,,, , ;; with k, here a decreasing exponential trend
is obtained with still higher values related to lower aspect ratio’s. Trend lines that fit the set of
data of Figure 5-11 (b) are attached in Appendix D.5.
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Secondly, the parameter £, , governing the outer friction component is considered. The vari-
ability of this parameter relative to the permeability k is depicted in Figure 5-12 (a) for an
imposed displacement d = 0.05m and evaluating five slenderness ratio’s. It appears that the
value of £, , first slightly decreases until k = 1077% and then starts to go up. Moreover, the
higher the aspect ratio % the higher the value of the parameter. The estimation of the parame-
ter &,,;,, for any given permeability is done through the equations of trend lines that are fitted
to the present set of data, and collected in Appendix D.6. The same procedure is applied to the
variation of ,,; , with the loading rate. Here, the trend seems to be more constant, showing a
very slight increase in the value of the parameter, as illustrated in Figure 5-12 (b). Thus, linear
straight trend lines are fitted to these curves, as reported in Appendix D.6.

Thirdly, the parameter &;,, , governing the inner friction component is considered. The variabil-
ity of this parameter relative to the permeability k is depicted in Figure 5-12 (a) for an im-
posed displacement d = 0.05m and evaluating five slenderness ratio’s. It appears that the value
of &, ., is highly dependent on k and grows exponentially while increasing the coefficient of
permeability. The higher the aspect ratio % the lower the value of the parameter. Here again,
the evolution of the parameter &;, , is approached by trend lines presented in Appendix D.7.
The dependence of §;, , on the loading rate shows a decreasing tendency, as exhibited in Fig-

ure 5-12 (b) and that can be approximated by specific trend lines given in Appendix D.7.

Finally, the parameter &,,,, ,, implemented in the plug uplift component is assessed. The varia-
bility of this parameter as a function of k is displayed in Figure D- 16 (a) for five aspect ratio’s.
The values of &,,,, reach an explicit peak for a coefficient of permeability in the range
[10°7 — 107°][%] and then decrease steeply. Higher values go hand in hand with higher aspect
ratio’s. These observations are used to assess trend lines that capture the evolution of the pa-
rameter for any given permeability, cf. Appendix D.8. By applying the same procedure to the
variability of £, ., with the loading rate, the exponential decreasing curves of Figure 5-14 (b)

are obtained which can be approximated by the fitting lines given in Appendix D.8.

(a) Variation of the calibration parameter Cpr,UJI with the permeability (1) Variation of the calibration parameter prp 1 With the loading rate
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FIGURE 5-11: Variations of the calibration parameter &,,,, , ;y with (a) the permeability and (b) the

loading rate, for 5 distinct slenderness ratio’s
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Chapter 6

Conclusion

6.1. Summary and conclusions

In conclusion, this master thesis aimed at investigating the behaviour of suction caisson foun-
dations embedded in an elastic soil and subjected to a monotonic axial tensile load in order to
formulate a practical prediction method of the uplift resistance in the form of a macro-element.
To pursue this objective and to bring this work to an end, the following three-step procedure

was carried out:

- The deepening of the knowledge of the topic through a scientist literature review;

- The implementation of the 2D axisymmetric FE model, the simulations for different
soil-foundation configurations, the analysis of the numerical results and their compari-
son to some analytical formulations;

- The development of a macro-element on the basis of the previous findings with the aim

of establishing the tensile behaviour of the caisson;

In the first instance, a purely mechanical system assuming fully drained conditions was studied,
while in a second phase, the hypothesis of partially drained conditions gives rise to an hydro-

mechanical system. From this, four specific cases were investigated as recalled in Table 6-1.

TABLE 6-1: Summary of the different specific cases and their features

SCENARIO SUB-CASE  DRAINAGE CONDITION  SOIL CONDITION RESISTANCE
1 1-1bis Drained Rigid body motion Pout = Pin
2-2bis Drained Free to move Doyt — Pin — (Wplug)
9 3 Partly drained Rigid body motion Pout = Pin — Fwp
4 Partly drained Free to move Dour — Pin — Bowp — Wpig

The examination of the sub-case 1-1bis has revealed a purely frictional mode of reaction. In
particular, the shear stresses are progressively and concurrently mobilised to the same extent
along the inner and the outer skirt interface of the caisson. The response of the system is thus
straightaway computed by integrating the shear stress profiles along the skirt up to the full

mobilisation. This results in a model made up of two parallel springs bounded by a slider.

If the soil is made free to move (sub-cases 2-2bis), the friction represents still the predominant

share of the reaction but two major distinctions from the previous case are observed.
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- On the one hand, the internal and the external friction mechanisms are no longer syn-
chronous since the inner friction component is shifted towards greater displacements;

- On the other hand, the confined state of the soil encapsulated within the skirt limits
the free lateral diffusion of the stresses in the soil upon traction. As a result, the soil
plug keeps physical contacts with the surrounding foundation and there is a reduction
of the total mobilisable inner friction which is all the more pronounced that the aspect

ratio %is low and the confinement is large. Outside the caisson, a partial loss of contact

between the soil and the caisson occurs just under the mudline and has the consequence

of partially reducing the maximum outer friction that is mobilisable.

The mechanical model still consists of two parallel springs followed by a slider. The analytical
formulation from [75] has been successfully implement to schematize the non-linear springs’
behaviour using one or two calibration parameters to improve the consistency with the numeri-
cal results. As for the sliders, they capture the drop of resistance with the help of an additional
reduction parameter compared to the 1% case.

From the study of the sub-case 3, it appears that the mobilisation of the friction components
remains exactly similar to the drained configuration and can be described by the same spring-
slider assembly. However, it has been noted that the combination of a reduced permeability
with a higher rate of loading leads to the generation of underpressures below the lid of the cais-
son. The effect of suction arises from the emergence of this differential of pressure with the
outside, and insures a rise in the tensile capacity. The evolution of this phenomenon takes place
on a transient basis with the development of seepage flows. It is modelled by a dashpot put in
parallel with the two frictional springs and assessed by coupling Darcy’s law, the hydraulic
gradient, the definition of the seepage length given in [79], and one calibration parameter.

Finally, from the investigation of the sub-case 4, it has been established that an extra contribu-
tion to the tensile resistance is due to the plug uplift mechanism. This component is governed
by the applied suction and is thus coupled with the components of PWP generation and of
inner friction by an inversely proportional relationship. The lower the seepage flow initiation,
the greater the negative variations of PWPs under the lid and therefore the higher the upward
movement of the soil. This reduces the relative displacement between the soil and the caisson
and the development of friction. As a result, the plug uplift component is modelled as a spring
that is placed in series with the other two contributions to the extraction resistance and that
can be analytically derived by the principle of the mechanical work according to [58]. Along the
external interface of the caisson, the friction is modelled similarly to the sub-case 2.

Table 6-2 summarizes the different components activated in each configurations as well as the
related mechanical elements and calibration parameters, highlighted in this work.

6.2. Perspectives

The writing of a master thesis is a long-run process which implies that some of the initial ob-
jectives have inevitably been redefined, refined or prioritized at the expense of some others
throughout the life of the project to finally come up with the present work.
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This being said, a non-exhaustive list of six paths that would have been interesting to explore
is provided here below, and can be seen as possible future contributions to enlarge the scope of
the present study.

1. Performing an analysis of the FE model closer to reality by including a plastic soil behav-
iour, and testing the influence of various constitutive laws. This should be the very first
step to treat as a continuation of the present work;

2.  Extending the study to the case of non-standard soil conditions such as layered soil con-
sisting of clay and sand;

3. Integrating the unloading stage of the caisson as well as the compressive loading into the
numerical modelling and inferring the adjustments of the mechanical elements included in
the macro-element;

4. Switching to a cyclic loading of the caisson in place of a monotonic one since it is more in
line with the kind of solicitations encountered in an offshore environment;

5. Performing a refined parametric analysis by investigating the variation of two or more
parameters from the setting values at once time;

6. Improving the accuracy of the macro-element by implementing some neglected contribu-
tions such as the soil pressure at the skirt tip level or the development of differential pres-
sure due to the expansion of water in the voids above the soil plug (gap, valves,...).

TABLE 6-2: Summary of the different components of the resistance and their related mechanical elements
COMPONENTS OF THE RESISTANCE

SUB-CASES Inner friction Outer friction PWP Plug uplift

1-1bis Spring - Spring - — — — _
Slider - Slider -

2-2bis Spring  Sina Spring  outa - — Not modelled

Slider Srmax,in,d Slider Emax,out,d

3 Spring Spring

Damper  $pwpus  Spring  $piugul
Slider Srmax,in,d Slider Emax,out,d

4 Spring Cina Spring Cout.a — Soutu Damper gpwp‘u'” Spring gplug’u,”

Slider Emax,in,u Slider fmax,in,u
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Appendix A

Combinations of solutions for

the OWT supports
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Appendix B
Variation of the global reaction

components

Subcase 1:3x € [0 0.0003]

Variation of reaction components Variation of reaction components to variation of total load
T T 100 i T
—— /_\Zhd [=Te]" 4
ZHF GO e e d
o /_\CI:‘m
Rtut =
] &£ 80y ]
; ;éé 50
e =n B8 —H- R BB B L 3 BB BB CEEE B R B BB R B R
N = i
20} 1
10F 1
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1 2 3 o} 1 2 3
Ay [m] x10* Ay [m] x10*

FIGURE B- 1 : Drained traction simulations: variations of the reaction components and variations of the
reaction components to variation of the total load for the sub-case 1

Subcase 1bis: x € [0 0.0003]

Variation of reaction components Variation of reaction components to variation of total load
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FIGURE B- 2: Drained traction simulations: variations of the reaction components and variations of the
reaction components to variation of the total load for the sub-case 1bis
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Subcase 2:x€[00.05]

Variation of reaction components Variation of reaction components to variation of total load
7 . . , 100 : : ;
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FIGURE B- 3 : Drained traction simulations: variations of the reaction components and variations of the

reaction components to variation of the total load for the sub-case 2

Subcase 2his: x € [0 0.05]

Variation of reaction components Variation of reaction components to variation of total load
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FIGURE B- 4: Drained traction simulations: variations of the reaction components and variations of the
reaction components to variation of the total load for the sub-case 2bis
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Appendix C

Friction - Displacement curves

C.1 Calculation of the maximum available friction under the

assumption of a rigid body movement (sub-cases 1 and 1bis)

Given

Ay Displacement increment

¢ Friction coefficient at the interface

K, Horizontal earth pressure coefficient at rest
K

T Tangential penalty coefficient

’ . . .
Ao v,0o  BEffective stress variation

T Shear stress at the interface

Timob Mobilised shear stress at the interface

Tmax Maximum available shear stress a the interface

® Shear force component along the skirt of the caisson

D00 Mobilised shear force at the interface
P

maz  Maximum available shear force at the interface

Identification of the depth z; of mobilisation of the maximum available shear stress T, ..,

Equation C- 1.
¢K()AU;,7()Z = K

T
———

(1) (2)

_ KAy EQUATION C- 1
pK, Ao,

v,0

Expression of the final displacement step on the basis of the calculated value of z,, Equation C-
2.

Zmam = zO<L>
K. Ao/,
< AYpgr = ML EQUATION C- 2

K

T
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Tmaz - I Trnobilised

........ OK Ao, = !

(a) (b)

FIGURE C- 1 : Shear stress profile

Calculation of the shear stress associated to each displacement step by integrating a triangular
shear stress profile between 0 and z,, and then a rectangular shear stress profile between
7, and the total length L all integrated over the cylindrical surface, Equation C- 3.

20 L
TAy = / K Ao, = dz + / K_Ay
0 2o
%
= oK, Aoy b} + K Ay(L — z)

v,0

Aol K2 K2Ay?
= K, Rr LK AyL -T2V
¢ 0 2 ¢2K5A0';]’02 Y ¢K0AO-;),()
1 K2Ay? EQUATION C- 3
N s e
T T S UK Ao

v,0

Calculation of the mobilised shear force at the interface by integrating the shear stress over the
cylindrical surface, Equation C- 4.

) =21R 17 Ay

mob

EQUATION C-4

1 K2Ay?
= 27R (KTAyL— T7y>

2pK,Ao!

’,0

Calculation of the maximum available shear force at the interface, Equation C- 5.

<I)'m,a,m = (I)mob<Ayma$)
=2rR T Ayma:l:

1
=21R (5 10316 UAO';’O[P) EQUATION C- 5
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C.2 Analytical calculation of the friction-displacement curves

for a linear elastic soil

From: Randolph M. F. & Wroth C. P. (1978),’Analysis of deformation of vertically loaded piles’, Jour-
nal of the geotechnical engineering division, No. 12, pp. 1465 - 1488 [75]

I (r+dr)d &

FIGURE C- 2 : Stresses in soil element [75]

Given

T Shear stress at the interface
T Radius of the suction caisson
g Stresses on soil element

u

Radial displacement
Vertical displacement

Deformation due to shear

Q= £

Shear modulus
=2L(1—v)

<

m

Step 1: Moment equilibrium around centre O gives Equation C- 6.

or
<T+Ed7’> dddy r+dr —7dfdyr

do

dr
Yy =
+<ay+ By dy) dr do (r—l-z)

—o, df dr (r—ﬁ—%) =0

or d .
& rdidy r+dr +—drdody r+dr —7d0dyr+o, drdf (r + l) Cancellation of
or ’ 2 similar terms
9% e ao (r—l—@) — o df dr <r+ﬁ> —0
ay Y 2) % 2) =
or or 9o, 9o, dr? ;
& rdodydr +r2drdody+ T dr? o dy+roatdy dr o+ Yy do®l-  Neglecting second
or or Ay oy 2 order terms
PN or Oo Cancellation of

or 9oy _
T ey T d6 dy dr



APPENDIX C |116

< 9drr 0o, EQUATION C- 6 Derivation of a
+—Lr=0
or dy product

=

Step 2: Simplification formulated on the basis of the assumption that the rate of change of ver-
tical stress with respect to depth is much less than the rate of change of the shear stress with
respect to radial distance, during the axial loading. This leads to Equation C- 7:

< orr 0 EQUATION C- 7
=

Step 3: Integration of Equation C-7 between the caisson’s radius 7, and a radial distance

r from the centreline of the caisson gives Equation C- 8.

r

/d(rT):O

To

& Trr—1ryry=0

T
S s =7 ro — EQUATION C- 8
Sor
Where
To=TTy Shear stress at the soil - caisson interface

T =TT, Shear stress at the radial distance r from the centreline of the caisson
L) Caisson’s radius

Step 4: Deformation due to shear is expressed by Equation C- 9.

Al
tan'y:TN'y

(u+@dz)—u (w—i-@rdr) —w

_ 0z 0
7= &z * dr
.

& _Ou ow EQUATION C- 9

=t

0z Or

Where

u Radial displacement

w Vertical displacement
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Step 5: By making the assumption of a negligible radial displacement compared to vertical dis-
placement of the soil, Equation C- 9 becomes Equation C- 10.

Y= o EQuATION C- 10
Step 6: By analogy to Hooke’s law, it is possible to rewrite Equation C-10 as a shear stress-
strain relationship for linear elastic soils denoted by Equation C- 11.

Tr =Gryr

< _aw_Tr V
Y= o ar EQUATION C- 11

Step 7: By substituting Equation C- 8 into Equation C- 11, one can obtain Equation C- 12.

0w Ty Iy

“or Gr ot

NT EQUATION C- 12

Step 8: The extraction length of the caisson shaft wg is given by the integration of previous
Equation C- 12 assuming a linear elastic soil on the one hand and no radial variation of G on
the other hand, meaning that G r =r (Equation C- 13).

‘,4771,
dr
W,=71r, 1, ar
r

To
= ToTo Tm
w,=—7—In(— EQUATION C- 13
G Ty

Step 9: Finally, knowing w, from previous step, the final relation between shear stress T and
vertical displacement Ay, is given byEquation C- 14.

<~ T ) N
= K ,Ay EQUATION C- 14

T max
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Appendix D
Trend lines of the variation of

the calibration parameters

D.1 Variation of the calibration parameters (,,; 4,&out.qa and
Cin,a With v,

As a general rule, the variation of the calibration parameters (,,; 4 and &,,; 4 with v, on the

outside of the caisson can be interpolated by using second order polynomial equations, whose

generic formula is given in Equation D- 1. The exact equations are indicated in Figure D- 1(a)

and (b) respectively

fx =pa®+px+p,y EQUATION D- 1
As far as the variation of the parameter ¢;, 4 is concerned, it is fitted by a general exponential
model including two terms as stated in Equation D- 2. Equations are given in Figure D- 2.

[z =aexp(bxr) + cexp(dx) EQUATION D- 2
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Trend lines : variation of ¢ with v
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Trend lines : variation of &,,; ; with v,
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FIGURE D- 1 :Trend lines for the variation of (,,; 4 and &, 4 with v,

Trend lines : variation of ¢,,, 4 with v
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D.2 Variation of the calibration parameters ¢, ; ;&4 and

Cin.q With K

2

As a general rule, the variation of the calibration parameters C,,s 4, €pur.q and C;, 4 with K for
both the outside and the inside friction along the skirt of the caisson can be interpolated by
using a fitting curve having a 2-terms power Equation D- 3. The exact equations are indicated
in Figure D- 3, Figure D- 4 and Figure D- 5 for Cyui.q » Sout.a and ¢, ¢ respectively. [25]

fax =ax’+c EQUATION D- 3

Trend lines : variation of ¢, ,with KT
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FIGURE D- 4 : Trend lines for the variation of §,,, 4 with v,
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Trend lines : variation of (.., . with K|
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FIGURE D- 5: Trend lines for the variation of (;,, ; with v,
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D.3 Variation of the calibration parameters (,,; 4 ,§

Cin.a With E_

out,d and

As a general rule, the variation of the calibration parameters C,,; 4,8out.q and ¢, 4 with E, for
both the outside and the inside friction along the skirt of the caisson can be interpolated by
using a fitting curve having a 2-terms exponential Equation D- 4. The exact equations are indi-
cated in Figure D- 6, Figure D- 7 and Figure D- 8 for ¢ 4 , &out,a and Cy, 4 respectively.

fx =aexp(bzr)+ cexp(dr) EQUATION D- 4

Trend lines : variation of ¢, , with EE
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variation of {;,, , with E
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D.4 Variation of the calibration parameter §,,,,, ; with k and

the loading rate

As a general rule, the variation of the calibration parameter &,,, , ; with the permeability
kE and the loading rate for the estimation of the excess negative PWPs below the lid can be
interpolated by using a fitting curve having a 2-terms power Equation D- 5, with the exact
formula’s for the different aspect ratio’s depicted in Figure D- 9, and Figure D- 10.

fax =ax’+c EQUATION D- 5

i Trend lines: Variation of &,.,. with k
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FIGURE D- 9 : Trend lines for the variation of §,,,, , ; with k

Trend lines: Variation of &, .  With the loading rate
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FIGURE D- 10 : Trend lines for the variation of &, , ; with the loading rate
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D.5 Variation of the calibration parameter &, ;7 With

k and the loading rate

As a general rule, the variation of the calibration parameter &,,,, , ;; with the permeability
k and the loading rate for the estimation of the excess negative PWPs underneath the lid can
be interpolated by using a fitting curve having a 2-terms power Equation D- 5, with the exact
formula’s for the different aspect ratio’s depicted in Figure D- 9, and Figure D- 10.

fax =ax’+c EQUATION D- 6

Trend lines: Variation of £,,,,,,, ,with k
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FIGURE D- 11 :Trend lines for the variation of £, ,, ;y with k
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FIGURE D- 12 : Trend lines for the variation of §,,,,, , ;; with the loading rate
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D.6 Variation of the calibration parameter & with k and

out,u

the loading rate

As a general rule, the variation of the calibration parameter &,,, , with £ on the outside of the
caisson can be interpolated by using a combination of a power term and an exponential term
according to the generic formula expressed by Equation D- 7. The exact expressions for the
different aspect ratio’s are depicted in Figure D- 13.

fr =az’+expexa +d EQUATION D- 7

As far as the variation of the parameter &,,, , with the loading rate is concerned, it is fitted by

a linear straight line as stated in Equation D- 8, and displayed in Figure D- 14.

fxz =ax+b EQUATION D- 8
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FIGURE D- 14 :Trend lines for the variation of &,,, , with the loading rate
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D.7 Variation of the calibration parameter & with k and

in,u

the loading rate

As a general rule, the variation of the calibration parameter &;,, , with £ and the loading speed
on the inside of the caisson can be interpolated by a fitting curve having a 2-terms power

Equation D- 9, with the exact formula’s for the different aspect ratio’s depicted in Figure D- 15
and Figure D- 16.

?

fax =ax’+c EQUATION D- 9
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D.8 Variation of the calibration parameter ,,,,, with k and

the loading rate

As a general rule, the variation of the calibration parameter ., with & can be interpolated

by using a combination of a power term and an exponential term according to the generic for-
mula expressed by Equation D-10, and depicted in Figure D-17.

fx =ax+b fx :ax”+expcxx +d EQUATION D- 10

As far as the variation of the parameter ,,,, , With the loading rate is concerned, it is interpo-

lated by a fitting curve having a 2-terms power Equation D-11, with the exact formula’s for the
different aspect ratio’s depicted in Figure D-18.

fx =ax+b EQUATION D- 11
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Appendix E
Flow chart for plug uplift
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FIGURE E- 1 : Flow chart to assess the plug uplift mechanism
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