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Abstract

Suction caissons are increasingly becoming the foundation of choice for offshore structures in
deep water. They are used extensively in Tension Leg Platforms and provide the most efficient
foundations for many offshore wind turbine structures. One of their major advantages is the
ability to withstand large uplift forces by mobilizing shear on their external and internal surface
and by the suction forces induced in the enclosed soil plug. These suction forces can be relied
upon for short-term loading, while the behaviour of the soil remains undrained, but are more
questionable for the sustained loading induced by storms and loop currents. This study uses
finite element analysis to investigate the uplift capacity of suction caissons under three loading
conditions: a) short-term undrained loading, b) long-term drained loading and c) sustained
loading for short and long periods of time. The study compares the capacity from 5 different
geometries with length to diameter ratios, L/d = 0.5,0.65,1,2 and 3 under these three loading
conditions. For the sustained loading case, a minimum time under which the load can be
sustained is established for different load levels. The commercial finite element program Plaxis
is used and a Mohr-Coulomb model is assumed for the soil. Comparisons are presented
between the results of this study, the theoretical Mohr-Coulomb model predictions and other
finite element analysis found in the research for undrained and drained loading.
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1. Introduction

1.1Suction piles

Over the last decades, oil and natural gas exploration and production have been moving into
deeper waters (depths from 1,000 to 2,500m). This transition became technologically and
economically viable through the development of innovative structures and foundations,
including suction caissons and anchors. At the same time, there is large growth in wind turbine
projects which are being planned further offshore where the winds are stronger and more
reliable. Here the use of anchors can provide a technical and cost effective solution to make

these projects financially viable.

Suction caissons are hollow cylindrical foundations with a closed top. They are installed by the
action of their buoyant self weight and by applying differential pressure between the caisson
chamber and the surrounding ocean. The terms suction anchors, skirted and bucket
foundations refer to the same general configuration as suction caissons. Details about their

differences are provided in Section 1.2.

Suction caissons and anchors have proven to be competitive alternatives to more traditional
foundation solutions such as piles and drag anchors in various types of soils and for a wide
range of fixed and floating offshore structures. Firstly, there are significant cost savings
compared to traditional piles and anchors. The fabrication costs are usually lower and due to
their small weight, the installation equipment needed is less expensive, while the installation
times become significantly shorter compared to piles. Simplified installation procedures lessen

the risk from storms hence increase installation safety.

At the same time, suction piles have a number of operational advantages over traditional
foundations. In short term loading they can provide a significant uplift resistance due to the

development of suction pressures which can be sustained over significant time periods.



Another advantage of suction foundations is that they can be positioned very accurately and do
not require drag-in operation or proof loading and thus when they are used to anchor floating
structures they help reduce interference issues between the moorings of adjacent structures.
This is particularly important for wind farms, where there is a large density of mooring cables.
Furthermore, suction foundations have environmental and economic benefits as they can be

retracted and potentially redeployed at different sites (Andersen and Jostad, 1999).

1.2History and types

Shallow water oil production structures historically comprised jacket foundations with steel
frame superstructures which were fixed to the sea floor through driven cylindrical open-ended
steel piles. The discovery of oil in the North Sea, where the soil is generally stiffer than in other
areas such as the Gulf of Mexico, allowed the use of shallow foundations in the design of
massive gravity structures that rely on deadweight for stability. The design of the gravity
platforms introduced the use of vertical walls-called skirt piles- which extended into the
foundation soils in order to increase the lateral stability. A pump was used to remove the water
trapped between the sea floor and the base of the gravity foundation. At the same time, in
Norway, smaller steel tubes with closed tops and open bottoms-termed bucket foundations-
were placed under the legs of the traditional jacket foundations and installed with the aid of
suction (Tjelta, 1994). These first bucket foundations, had depth to diameter ratios that ranged
between 0.5 and 1.5 and were designed to act in compression while tensile loading was

resisted by surcharge applied at their top.

At deeper water sites, the use of jacket foundations became uneconomical and led to the
design of tension leg platforms (TLPs) which are floating structures supported by buoyancy and
tethered to the sea bed. Initially, driven pile foundations were used to anchor TLP structures,
but the evolution from bucket foundations has also led to the deployment of suction caissons

as permanent foundations for TLPs.



The Snorre platform in the North Sea was the first TLP to implement the suction caisson
concept (Fines et al., 1991). The Snorre platform is located in soft clay at a water depth of
310m. The foundations consist of four legs, each one having three bucket foundations as shown
in Figure 1.1. During the design of the platform, two large scale offshore installation trials were
conducted using instrumental steel cylinders that penetrated 22m into the ground. Dead
weights were placed on top of the suction foundations in order to ensure that the loading
remained purely compressive thus leaving the tensile capacity un-utilized (Iskander et al.,
2002). Since then, many studies have examined the potential of suction piles to provide

significant tensile capacity.

In 1995, the piles at the end of the Europipe jacket structure were replaced with bucket
foundations Tjelta (1994). The significance of this project lies in the fact that it was the first time
that bucket foundations were used as the only permanent foundation with suction providing
the primary foundation installation system in dense sand. Similar structures had only been

installed in soft to firm clays (for example Snorre).

The Europipe site in the North Sea consists or a 25m layer of dense to very dense sand overlying
stiff to hard clay at a water depth of 70m. Four suction piles were used at the legs of the jacket
as shown in Figure 1.2. Their diameters were 12m and the skirt length 6m. The largest tensile
load was 13.9MN and the largest compressive load 56.7MN (Bye et al., 1995). Tjelta (1994,
1995) performed a series of field tests, FE analysis and used previous field experience to prove
the feasibility of using suction caissons to provide tensile resistance in dense to very dense

sands.

The Na Kika Floating Development System (FDS) is located in the Gulf of Mexico and was built
to handle oil and gas production from five independent fields located at water depths between
1,400 and 2,300m (Newlin, 2003). As shown in Figure 1.3 it is supported by a semi-taunt
mooring system with suction piles at the bottom which are being loaded predominantly in the

lateral direction. Suction is only used as an installation technique and the underpressure is not

10









piles they replaced. Chen and Randolph (2007) report that for suction caissons the ratio of

diameter to thickness, d/t is in the range 60-200 while for piles the equivalent range is 30-50.
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Figure 1-4 . Examples of typical diameter and skirt depths reported in the literature. Source: Houlsby and Byrne
(2004)

Suction anchors can be used separately or clustered and have a number of structural features
that improve their performance. Figure 1.5 shows some of the most common designs (Delft
University of Technology). One variation to the original caisson design are flat back anchors
which can be either triangular or square in order to provide horizontal stability during
transportation and prevent deck skidding. As shown in Figure 1.5 internal stiffeners or external
flaps can be used to increase the caisson soil interface area and hence increase the frictional

resistance.
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Figure 1-5 Common suction caisson designs (Source: Delft University of Technology)

1.3 Detailed description, installation and loading conditions

During the first stage of the installation, suction caissons penetrate into the soil under their self
weight. Further penetration is achieved by pumping water out of the top part of the caisson
thus creating an underpressure inside the caisson. The difference between the hydrostatic
water pressure outside the caisson and the pressure below its lid induces a penetration force
that pushes the caisson into the required depth. The forces that act on the caisson during

installation are shown in Figure 1.6.
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load can be supported by caisson self weight and friction, the caisson lid is retrievable
(Andersen and Jostad, 1999). Since the underpressure is not necessary for the operation of the

foundations, the lid can be retrieved to reduce fabrication costs.

In many cases tethers are attached on the external surface of the caisson which is inside the
soil. A pad-eye is used for that purpose. In addition, caissons can have pad eyes near the lid that

are used during the installation process as shown in Figure 1.7.

Punp urt r vent wahes

Top plate = ..

Pad-eys notalistion —

7~ Pad-ere andol kne

[~ seabed

Figure 1-7 Typical elements of suction caissons Figure 1-8 Nkossa suction foundation
(Source: Delft University of Technology) prior to installation (Source: Colliat, et a/. 1995)

Suction foundations may be subjected to permanent loads and high and low frequency cyclic
loads. Loads include vertical, horizontal and moment components. Permanent loads usually
consist of the weight of the caisson structure and the weight or pretension loads from the
platform. High frequency cyclic loads are caused by waves that occur during the design storm.
The design storm is composed of a number of cyclic loads with varying magnitudes (See Section

2.3 for more discussion).
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Low frequency cyclic loads can be caused by wind, current, tide, storm surge and waves.
Resonance oscillations may also cause low frequency cyclic loads. The period of these loads is
higher than the wave period and may be several hours or more. Loop current loads may also be
classified as a low frequency load. Due to rate effects, the shear strength of clays may be lower
for long duration loads and low frequency cyclic loads than for high frequency cyclic loads

(Andersen and Jostad, 1999).

1.4Literature review

Understanding about the behaviour of suction caissons has been obtained by field
measurements, model caisson experiments and finite element analysis. Field tests on small and
full scale caissons have been used to determine the effects of caisson installation and the
subsequent caisson performance. Field tests can provide reliable data given the specific site
characteristics, but have high costs. Examples of field tests include Hogervorst (1980), Tjelta et

al. (1986) and Tjelta (1995) for the purposes of Europipe.

A large number of laboratory tests on suction caissons can be found in the literature. One
category are centrifuge tests which simulate the stress conditions and soil response at the field
scale. Examples of centrifuge caisson tests include Clukey et al. (1995) and Randolph et al.

(1998).

Another category, are tests on model suction caissons under 1-g and controlled laboratory
conditions. (Wang et al. 1977, Steensen-Bach 1992, Rao et al. 1997, El-Gharbawy and Olson
1999, El-Gharbawy et al. 1999, Whittle et a/. 1998, Byrne and Houlsby 2002). The caissons
studied were of L/d ratio in the range of 2-12 and were tested under various loading conditions.
Some of the early laboratory tests on model suction caissons conducted (for example Finn and
Byrne, 1972 and Wang et al. 1977) were focused on studying caisson feasibility and identifying
important parameters governing their performance. More recent laboratory tests (Rao et al.

1997, El-Gharbawy and Olson 1999) focus on optimizing their design.
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One of the first publications on suction caisson was an experimental and theoretical and finite
element study by Finn and Byrne (1972) which is further discussed in Chapter 2. Recent finite
element studies of caisson behaviour involve axisymmetric and three-dimensional numerical
simulations. Some examples include Sukumaran et al. (1999), Erbrich and Tjelta (1999), EI-
Gharbawy and Olson (2000), Zdravkovic et a/. (2001) and Deng and Carter (2002). Most of
these studies attempt to determine the caisson capacity under different loading and drainage
conditions. Sukumaran et al. (1999) and Erbrich and Tjelta (1999) used the commercial finite
element code ABAQUS, El-Gharbawy and Olson (2000) used the commercial finite element code
PLAXIS developed for geotechnical computations, Zdravkovic et al. (2001) used the three
dimensional Fourier series aided finite element method (FSAFEM) and Deng and Carter (2002)

used the finite element software AFENA.

In all cases the suction caisson was wished in place, with no attempt to simulate the
installation process. In addition, a perfectly rigid interface was assumed between the caisson
and the surrounding soil skeleton. The initial state of stress in the soil skeleton was typically
estimated in terms of the submerged unit weight and the lateral earth pressure coefficient at

rest, K.

Chen and Randolph (2007) note that currently there are no established design guidelines for
the uplift capacity of suction caissons in marine clays. Calculations are usually based on
conventional design methods for open-ended driven piles (e.g. APl, 1993) and also on the

results of an industry sponsored study (Andersen et a/,. 2005).

1.5Scope of this study

The purpose of this study is to conduct finite element analysis of the response of suction

caisson subjected to tensile vertical loading under three loading conditions:

(a) undrained loading representing the short term performance of suction caissons in clay

18



(b) drained loading representing the long term performance of suction caissons

(c) constant sustained loading; in this case excess pore pressures are let to dissipate with

time and this loading condition represents the caisson behaviour in the medium term

Theoretical limit equilibrium models for loading conditions (a) and (b) are presented in
Chapter 2. These solutions are used as a reference when assessing the results of the finite
element analysis. In addition, a number of significant theoretical and finite element studies

on these 3 loading cases are discussed in Chapter 2.

Chapters 3, 4 and 5 present the results of the finite element analysis for each of the three

loading cases. The finite element code Plaxis v.8.5 is used for all the analyses.

Chapter 6 discusses the findings and presents the conclusions of this study.
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2. Background, soil model and limit calculation analysis

2.1 Problem description

This research uses finite element analysis to model the response of suction caisson subjected to

tensile vertical loading under three loading conditions:

(a) continuous monotonic tensile loading applied within a relatively short time, such that

there is no migration of pore fluid within the surrounding soil (undrained shear)

(b} continuous monotonic tensile loading, such that the response is fully drained and excess

pore pressure never develop or dissipate instantaneously (drained conditions)

(c) sustained tensile loading such that excess pore water pressures develop instantaneously

after the full load is applied and are allowed to dissipate over time

The caisson is modelled as wished-in-place so that the surrounding soil remains undisturbed
(i.e. no deformations or change of in-situ stresses, pore pressures or soil properties).
Furthermore it is assumed that the shear resistance at all soil-caisson interfaces is controlled by
the shear strength of the soil adjacent to the caisson. A perfectly rough interface is assumed
such that tand'=tang', where d'is the interface friction angle and ¢' the internal friction

angle.

The finite element analyses assume that the soil is isotropic and can be characterized by the
Mohr-Coulomb, elastic-perfectly plastic soil model. The Mohr-Coulomb model is generally
considered a rather crude approximation of the behaviour of typical marine clays and the use of
Modified Cam Clay (MCC) or MIT-E3 models has been preferred in similar analysis found
recently in the literature (Deng and Carter, 2002 (MCC) and Zdravkovic et al., 1998 (MIT-E3)).

One of the purposes of this research is to assess the effectiveness of using a simple Mohr-
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Coulomb model to predict the ultimate caisson capacity by comparing the results with previous

studies that use more complex models.

An undrained shear strength ratio s, /o' ,=0.33 is used. This ratio is typical of low plasticity K,

-normally consolidated clays (such as Boston Blue Clay) in triaxial compression (Zdravkovic et al.
2001, Hight et al. 1987). It should be noted that anisotropic models would use a much smaller
undrained shear strength ratio in triaxial extension or direct simple shear modes. Ladd (1992)
shows that medium to high plasticity K,-normally consolidated clays have on average

undrained strength ratio s, /o' ,=0.2. The effective stress and shear strength profiles for the

current numerical experiments are shown in Figure 2.1.
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Figure 2-1 Undrained shear strength (s,) and initial effective stress (¢’ ,o) profiles, y’=11.2kN/m’
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The soil strength can also be expressed in terms of the Mohr-Coulomb effective stress
parameters (c',¢'). For undrained shearing with dilation angle y =0° and cohesion ¢'=0 in
plane strain conditions, the following relationship can be used to represent undrained strength

using effective stress parameters:

U

Sy _ (1+K,)sing'

2.1
=N 5 (2.1)

The derivation of this relationship is shown in Appendix A.

The soil is assumed to have a friction angle ¢'=28°. The friction angle chosen is typical of high
to medium plasticity normally consolidated clays found in the marine environment (Poulos,

1988). The coefficient of lateral earth pressure K|, is obtained by solving Equation 2.1 for the
specified friction angle and undrained strength ratio. This yields K,=0.49. The assumed
submerged unit weight of the soil, y'=11.2 kN/m>. It was assumed that the soil is saturated

and that Darcy’s law governs flow of pore fluids through the voids of the soil skeleton. In

offshore problems, the pore pressures at the mudline (u ) are very large. Therefore, for the

mudline

calculations we define a pore pressure u=u—u Thus initial pore pressure is hydrostatic

mudline *

with the groundwater table located at the top of the soil surface.

The following section describes each of the three loading conditions and provides a limit
equilibrium analysis which is used to assess the results of the finite element analysis in Chapters
3-5. We expect the limit equilibrium solutions presented here to give the same capacity as the

finite element analysis in Chapters 3-5 apart from the K issue and the neglect of the tip

resistance.
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2.2 Limit equilibrium solutions

2.2.1 Undrained response

Uplift Force
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Soil Plug
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Figure 2-2 Forces acting on the caisson under undrained loading

At the end of the caisson installation, the caisson is forced to remain at the soil surface because
of the pressure differential induced during suction installation. In clays, as soon as there is an
uplift force, the suction caisson mobilises significant pullout capacity through the development
of negative changes of pore water pressure inside the soil plug and at the bottom of the
caisson. The length of time these suction changes can be maintained depends on the loading
conditions and the drainage properties of the soil. When the caisson is loaded at a sufficiently

high rate so that fully undrained conditions apply the suction will in theory not break down.

Most previous studies suggest that the undrained response provides the upper limit to the
pullout capacity of suction caissons (ex. Finn and Byrne, 1972 and Deng and Carter, 2002). It is
generally accepted that the ultimate capacity under undrained conditions can be calculated by
assuming a reverse bearing capacity failure mechanism as shown in Figure 2.2. Finn and Byrne

(1972) were the first to suggest this mechanism and argued that the response should be
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equivalent in tension or compression, the same way it is for a flat punch welded on an identical
material. Subsequent experimental and finite element studies widely confirmed the reverse
bearing capacity theory for suction caissons (for example Wang et al. 1977, Andersen et al.

1993 and others).

The caisson self weight (P,) also contributes to resisting the uplift forces. Under undrained

conditions there is no drainage or change of volume and the soil inside the caisson remains
attached to the lid and the skirt. As the caisson fails forming a reverse bearing capacity

mechanism, the soil plug, which has a weight P remains attached to the caisson and

contributes to the caisson resistance. At the same time frictional resistance develops at the

external caisson-soil interface ( P, ,,, ).

Then the ultimate capacity of the caisson ( 2, s ) iS €Xpressed as:

P

ult undrained = Pb + Pf + ‘Pc + Ps (2'2)

Jext

The bearing capacity ( 2, ) of the caisson is obtained from the classical bearing capacity theory

(Skempton, 1951).

Pb = Aé’sgeNcs (23)

u(tip)
Where: A :caisson base area

¢, : shape factor
¢, : embedment factor

N, : bearing capacity factor

§,=1+02*D/D=1.2

¢, =1+/0.053(L/d) =1.18
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The external friction is obtained from:

Pf,ext: Ls,axt f:vdAs Jext

Where f, is the skin friction per unit area along the caisson wall, and 4, the area of the

s, ext

external caisson surface. Assuming the soil caisson interface is rough: f, =s, at failure. Thus

the external friction at failure is expressed as:

1
Pf,exr = 5 ﬂ'dLsu(tip) (2.4)
In order to compare the results with existing research, it is useful to define the net pullout
capacity:
1
Pult(net),undrained = Pult,undrained - })ult - IJC = EMLsu(ﬁp) (2'5)

Finite element analysis was used for five different geometries. The base case geometry is a
cylindrical caisson (y.=24kN/m>) with length L = 11m, diameter d = 17m and thickness t=

1m. The caisson axial capacity is calculated using limit equilibrium:

Fy = A ,E N 5, = 62,210kN
1
Py = 7L = 10,870KN

P, =y a[R*L-(R-1)*(L-1)]=17,510kN
P, =y'm(R-t)*(L-t)=18,010kN

Pynery = By + P, ., =73,080kN
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2.2.2 Drained response
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Figure 2-3 Forces acting on the caisson under drained loading

When the caisson is pulled at a sufficiently slow rate or when long term conditions are
considered then excess pore water pressures dissipate fully and the response is drained. In
order to simulate the drained capacity of the caisson, the first scenario in the analysis assumes
that no passive suction develops at the bottom of the caisson after installation and the
application of the full anchor load. Thus, when the drained capacity is reached, the soil plug
inside the caisson remains in its initial position and the caisson slides upwards. In this case the
pull out force is resisted by friction on the internal and external walls of the caisson as well as
by a small force at the tip. Experimental studies in the literature (ex. Luke et al., 2005) find that

the tip resistance is very small in practice. Then the ultimate capacity of the caisson (P, ;i )

is expressed as:

P

ult drained

=P

foext

+P

fint +Pc (26)

Where P

' ex @nd P, are the skin friction on the external and internal walls and P, is the

submerged weight of the caisson.

26



Then the net pullout capacity is:

Pult(ne:),drained = Pf,ext +Pf,int (2'7)

The external and internal skin frictions are obtained from:
Pf,ext: Ls,exrfsﬂs,exl (288)
Pf,int: Ls int fsdAs,int (2'8b)

Where f, is the skin friction per unit area along the caisson walls and 4

5, ext

and 4,;, the areas of

the external and internal caisson surface. Atany depthz, f, can be expressed as:

f, =0, tand’ (2.9)

Where o', is the effective horizontal stress acting on the soil caisson interface friction angle.

At failure: o', =Ko’ (2.10)

It is difficult to estimate the exact value of K considering that the soil has been disturbed and
then reconsolidated. Even when the caisson is assumed to be wished in place, there is some

initial settlement as a result of the caisson self weight. Here it will be assumed K, conditions

continue to apply during failure and that the vertical effective stress o' remains constant:

c',=K,0o', (2.11)
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After solving Equations 2.8-2.9, the external and the internal frictions are:

1
Pf’ext=5ﬂdLK0 tang'c’,| (2.12a)
Pt int= %ﬂ'(d -20K,tan¢'(Lo',| _ —to',| ) (2.12b)
Thus the net pullout capacity is:
1 (W] 2 2 2
Pult(net),drained = Pf,ext + Pf,im = EﬂKO tan ¢ 7 [dL + (d - 2tXL -t )] (2'13)

Finite element analysis was used for five different geometries. The base case geometry is a
cylindrical caisson (y. = 24kN/m?) with length L = 11m, diameter d = 17m and thickness t = 1m.

The caisson axial capacity is calculated using limit equilibrium:

1
Py = —2—7rdLK0 tang'c’,

_, =8,650kN

P = -;—ﬂ(d -20)K,tan¢'(Lo’,

_~ta',|._)=7,570kN

z=

P, =y, a[R*L—-(R-t)*(L~1t)]=17,510kN

c

P =P, +P

ult(net),drained fLext f.int

=33,730kN
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2.3 Drained capacity; sustained tensile loading

The maximum tensile load applied to the suction caisson is associated with the maximum wave
in the most extreme storm. These loads will typically occur in just a few seconds (Clukey et al,,
2004) and the response in clays will remain undrained. A further consideration is the cyclic
nature of the storm load and in some cases (e.g. the Gulf of Mexico) loop current loading which
can be sustained for several days or even weeks (Clukey et al., 2004). Cyclic loading can be dealt
with by considering the effects of a characteristic storm to the shear strength of the soil. Det
Norske Veritas (2005) recommendations for the design of suction piles in clays uses a
characteristic storm with a constant wave height that produces the 100-year reduction in shear

strength, and duration of 3 to 6 hours.

For loop current loading the period over which the load is sustained is even longer and the
capacity of the caisson is expected to be between the undrained and the drained capacities

depends on the drainage properties of the soil.

The third loading scenario examined in this study is that of the sustained constant tensile
loading. Immediately after the application of the load, the resisting forces are the ones
described in the undrained loading scenario. During the sustained loading, significant pore
pressure dissipation can occur. This reduction in pore pressures can enhance the external skin
friction (Clukey et al., 2004), but may decrease the influence of the pore pressure reductions
that mobilize the full reverse bearing capacity. Since in many cases the contribution of the
reverse bearing to the overall capacity can be as high as 50%, the dissipation of excess pore
water pressures can have a critical impact on the caisson performance. The finite element
analysis in Chapter 5 examined this reduction in the caisson capacity for a number of different
geometries and predicts the maximum time that a certain load can be sustained before caisson

pull-out occurs.
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2.4 Literature review

As discussed in Chapter 2, a significant number of field tests, experimental, finite element and
theoretical research have been reported in the last three decades. Here we introduce the
assumptions and the results of five finite element studies which attempt to establish the
capacity of suction caissons in clays while providing different approaches and looking at

different aspects of caisson behaviour under tensile loading.

Finn and Byrne (1972) were among the first to investigate the performance of suction piles and
set the framework for much of the future research. They conducted laboratory model studies in
order to establish the factors that affect the pullout capacity of the suction caisson and the
mechanisms that develop under different conditions. They suggested two possible failure
mechanisms: a general shear failure and a local shear failure depending on whether drainage
was allowed or not. The general shear failure was a reverse bearing failure which occurred
under undrained conditions. When the sealing against drainage was not perfect or when the
rate of load application was small partial drainage occurred and eventually the caisson slid
upwards. Finn and Byrne observe that the mechanism of general shear failure cannot usually
occur in complete form because the elastic deformations necessary are quite large and

eventually lead to a breakdown in the suction during shallow depth tests.

A large proportion of the research on the axial tensile capacity of suction caissons examines the
axial capacity with the horizontal capacity and investigates the effects of combined horizontal
and vertical loading. One of the first studies to attempt this was by Zdravkovic et al., 2001

followed by a number of papers by Deng and Carter.

Zdravkovic et al. (2001) present a parametric short term pullout capacity analysis and examine
the effects of load inclination, skirt length, caisson diameter, soil adhesion and anisotropy. They
plot combinations of vertical and horizontal loading at failure and examine how horizontal

loading reduces the vertical capacity and vice versa. They find that the vertical and horizontal
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capacity curves for different lengths and identical diameters are self similar, and that
controlling for the L/d ratio forces all curves to collapse to a single vertical against horizontal
capacity curve. One of the findings of their finite element analysis is that for tether inclination
smaller than 10 degrees to the horizontal, the vertical capacity can reduce by 20%.
Furthermore, Zdravkovic et al. (2001) is one of the first studies to look at the effects of
anisotropy. They compare results from the anisotropic MIT-E3 and the Modified Cam Clay

models and find that anisotropy reduces the capacity by approximately 22%.

Deng and Carter (2002) present a theoretical investigation of suction caissons under axial
tensile loading for three different soil conditions; undrained, drained and partially drained.
Theoretical limit equilibrium solutions are derived, based on the results of a finite element

study and then validated by previous field experiments and model test results.

Deng and Carter (2002) express the undrained capacity as a function of the caisson L/d ratio
and the characteristics of the soil. Starting from the theoretical limit equilibrium model shown

in section 2.2.1 they transform the equations as follows:

Equation 2.4 can be expressed as P

foext =aA§s§esu(tip) where o is a

S oext

=%7rdLsu(,,p) or P

constant of proportionality. Then the net caisson capacity can be written as:

P

ult(net),undrained

= f)b + Pf,ext + AgsgeNcSu(trp) +aAé,s§esu(tip) = Npgs;esu(tzp) (2143)

From finite element predictions the value of N ,was expressed as:

L -0.18
N, = 7.9(2] (2.14b)

This result is used to compare the results of the finite element analysis under undrained

conditions presented in Chapter 3.
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For the drained case, Deng and Carter (2002) transform Equation 2.9 by introducing a drained

uplift factor (77) to take account of the relationship between the interface angle (4') and the

'

soil friction angle (¢'), and the difference between K, and g;"—.
c

v

The dimensionless factor n is introduced to take account of the relationship between the

interface friction angle &' and the soil friction angle ¢', as well as the correlation between the
horizontal effective stress in the soil o', to the original in situ vertical effective stress o’yo. For
normally consolidated soil Mayne et.al. (1982) approximation is used: K, =1-sing'. Then

Equation 2.9 may be written as:
f, =o', tan8'= nkK, tan ¢'= ny'z(l —sin ¢')tan ¢' (2.15)

By combining Equations 2.8 and 2.15, the net capacity per unit area is expressed as:

(2.16a)

z=L

L : ' [
pu(net),drained = 477(;)(1 —Ssin ¢ )tan ¢ o,

It is assumed that n depends only on the L/d ratio and the results of a finite element analysis

are used to obtain an expression for n:

L -0.46
n= 0-91(5] (2.16b)

In Chapters 3 and 4 we use Equations 2.14 and 2.16 and compare the net pullout capacity with

the results from our finite element analysis.

One of the more recent and advanced finite element studies is presented by Maniar et al.
(2005). The authors developed a computational procedure which attempts to accurately

simulate the behaviour of suction caisson, including the effects of self-weight and suction

32



installation into clayey soils. The soil is treated as a two-phase medium consisting of a porous
solid and water. The nonlinear behaviour of the soil skeleton is described by means of a
bounding surface plasticity model. A frictional contact algorithm is used to describe the caisson-
soil interaction and this is based on a slide-line formulation that allows large relative
displacement between the caisson and the soil. Among other results, Maniar et al. (2005)
predict the axial capacity of suction caisson under all three loading conditions described in this
thesis and comparisons with laboratory measurements are provided. In most cases finite
element predictions underestimated experimental results by about 15%. The differences were
generally higher for the undrained loading conditions compared to the drained cases. Their
finite element results for undrained loading indicate that 42-44% of the caisson capacity is due
to forces at the base. In addition the interior friction was assessed to be significantly lower than

the exterior friction and more specifically 3 to 6 times lower.

Clukey et al. (2004) perform centrifuge tests and finite element analysis on typical Gulf of
Mexico clayey soils. Their purpose is to examine the caisson capacity under a sustained tensile
load which is some percentage of the vertical uplift undrained capacity. Their centrifuge tests
find that caissons with smaller L/d ratios under the same P/Pyp undraines €Xperience the same

normalized displacements after shorter holding periods.

The centrifuge results suggest that for an L/d ratio of approximately 4, the displacements are
less than 5% of the diameter for a time period of about 2 months with a sustained load of 81%
of the ultimate undrained capacity. This time increases to about 9 months for displacements
equal to 10% of the diameter. Furthermore, for L/d ratios of about 5, the displacements were
below 5% of the diameter for a time period of about 2 months and a sustained load of 87% of
the ultimate undrained capacity. However, for a displacement of 7%d the holding times for

these tests increased to nearly 2 years.

The results of the finite element study are consistent with the centrifuge tests. The simulations

were performed in ABAQUS using the Modified Cam Clay soil model and a coupled pore
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pressure and effective stress solution. The caisson capacity was recorded as the pullout load
when the uplift displacement reached 10% of the caisson diameter. For L/d ratios of
approximately 5 and a loads of 81-87% of the undrained capacity, the holding times are
between 1 and 2 years. Overall the results of this study suggest that for caissons with L/d of 5
the effect of pore pressures dissipation on the foundation holding capacity appear negligible for

holding periods relevant to the loop currents and the cyclic storm loading.
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5-noded plate elements. The interfaces are represented by 5-noded lines. Boundary conditions

include full fixities at the bottom and vertical rollers at the vertical sides.
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Figure 3-2 Base case geometry and finite element mesh

The caisson is modelled as an elastic material. The unit weight is assumed to be y.=24kN/m’
and Poisson’s ratio v=0.15". The caisson is represented by 2D plate elements and a uniform
caisson thickness of t=1m is assumed for both the walls and the lid of the caisson. The caisson is
loaded in tension by applying a single force at the caisson centreline. A condition of no
separation is imposed between the soil and the caisson lid. An interface is assumed between
the soil and the external wall of the caisson. The adhesion coefficient is set to unity so that all of

the shear stresses in the soil are transferred to the caisson wall.

The analyses were performed using 5 different caissons geometries. In order to investigate the

effect of different length (L) to diameter (d) ratios, L/d=0.5, 0.65, 1, 2 and 3. These L/d ratios are

' The Young's modulus was set to 35*10° GPa' in order to ensure that the lid remains rigid during loading such that
all points on the lid undergo equal increments of vertical displacement.

36



are representative of the suction caisson L/d ratios used in the offshore industry. The diameter
was held constant at d = 17m and the skirt length was varied between L = 8.5m and L = 51m.
The Snorre TLP (see Chapter 1) used suction caissons with similar dimensions (d = 17m and L =
12m) and the intention is to make further comparisons of the predictions of these studies, with

studies on the predicted Snorre platform performance.

The first part of this chapter presents the full results for a base case geometry. The following
sections describe the effects of the different geometries and finally, comparisons are made with

existing literature.
3.2 Results of base case geometry analysis

A base case geometry (d = 17m, L = 11m) was chosen to illustrate the full results of the

numerical analysis.
3.2.1 Load-deformation response

The load-displacement curve is shown in Figure 3.3. At the first stage of the calculations, the

caisson was wished-in-place. The caisson self weight caused an initial settlement of J,= 0.15m.

After the uplift force was applied, this initial displacement is reversed. This initial stage is
omitted in Figure 3.3 and the load deformation curve is plotted from the point at which the
initial installation displacements are reversed. Yielding occurs for loads larger than 70 MN and

the lid displacement at that point is approximately O, = 0.14m. This corresponds to
deformation to diameter ratio of J,/d = 0.8%. The ultimate capacity of the caisson is estimated

=110 MN. The net pullout capacity, p

ult(net),undrained

as p is defined as the pullout capacity

ult ,undrained

less the caisson self weight and the weight of the soil inside the caisson. Here p =

1t (net ),undrained -

74.4 MN.
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Figure 3-3 Load deformation response for base case geometry

3.2.2 Breakdown of reaction forces

As discussed in Chapter 2, we expect the following forces to be acting on the caisson at failure:

o Caisson self weight P =17,510 kN
o Weight of the soil plug inside the caisson P.= 18,010 kN

o External wall friction P,  =10,870 kN

faext

o Base resistance due to the development of the reverse bearing mechanism P, =

62,210kN

Figure 3.4 shows the relative magnitude of the side friction (P, ,,) compared to the total

Lext

resistance of the caisson ( P,

otal

), and the sum of the caisson self weight ( P.) and the weight of
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the soil plug inside the caisson (P,). The friction force magnitude was obtained at various

stages during the loading of the caisson, by integrating the shear stress along the external soil-

caisson wall interface. At failure, the external wall friction force is P, = 11,060kN, within 2%

of the predicted pullout capacity. As shown in Chapter 2, we expect the magnitude of the side
friction to reach 10,870kN. This small deviation could be attributed to resistance along the
internal wall of the caisson and resistance at the caisson tip, both of which are neglected in the

theoretical limit analysis calculations.

In the analysis of the finite element results, it was assumed that at all points during loading the
full caisson weight and the full weight of the soil plug are acting on the caisson. Thus the base

resistance ( P, ) was calculated by subtracting the friction force (P, ,,. ) and the plug and caisson

ext

weights ( P, + P.) from the applied uplift force (P, ).

39



140

120

100

Anchor Load, P [MN]

0.20 0.30 0.40 0.50 0.60

—— Ptotal —— Pfext
Ps¢Pe: = emeeee Pf,ext theoretical prediction
---------- Ov at Ptotal=Pc+Ps —&—Pb

Lid Displacement &, [m]

Figure 3-4 Built-up of friction and base resistance forces as applied uplift force increases

3.2.3 Failure mechanism

The initial phase of the calculations results in a net upward side friction due to the caisson self
weight. The remaining part of the caisson self weight is resisted by the forces at the base of the
caisson. Thus, during the first stages of the uplift loading, there is some residual upward
frictional resistance as well as an upward base resistance. These are plotted on Figure 3.5.
Eventually, as the applied anchor force increases, the shear stresses acting on the interface

gradually reverse in direction, Figure 3.6.
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Figure 3-6 Shear stresses on external caisson wall corresponding at stage G in Figure 3.4
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The vertical dotted line on Figure 3.4 indicates the point at which the applied force is exactly
equal to the combined weight of the caisson and soil plug. If there were no time lag between
the wished-in-place installation and the application of the uplift force, then, the friction and
base resistance would be zero at this point. However, as shown in Figure 3.4 some of the
friction resistance is mobilized to balance the residual base force. This effect is more

pronounced in higher L/d caisson geometries which are discussed in Section 3.3.

Figure 3.7 shows the plastic points in the soil at each of the different stages in the loading
process (A,B,C,D,E and F) indicated in Figure 3.4. After the residual friction force is overcome,

the first plastic points appear at the top and the bottom of the external caisson-soil interface,

stage A (P/ P, ,pqminea = 0-32). Plastic points keep developing on that interface until the full
friction capacity in reached, stage D (P/P,, s = 0-54). Thereafter the reverse bearing
capacity mechanism starts to develop, stage E (P/P,, ;s = 0.87). It can be seen that

eventually the reverse bearing capacity mechanism reaches the soil surface. The base force at

that point is P, = 69.6 MN, 12% higher than estimated by limit equilibrium (Chapter 2, P, =
62.2 MN). The caisson lid displacement at that point is d, = 0.6m which corresponds to 3.5% of

the caisson diameter.
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Figure 3-7 Development of plastic points during undrained loading for base case geometry
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Figure 3.8 shows the incremental displacements and the mesh deformation for the base case
analysis when the caisson has reached its ultimate capacity. The caisson lid moves vertically
upwards. The soil inside the caisson remains attached to the caisson lid and walls and moves

upward as a plug, as assumed by mechanics of reverse bearing failure.
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Figure 3-8 Incremental total displacements and deformed mesh at failure
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3.3 Effect of caisson geometry in undrained response

The effect of caisson geometry has been established by comparing the results from analyses of
caissons with different length to diameter ratios, L/d. More specifically, the diameter was held
constant at d = 17m and the length was L = 8.5, 11, 17, 34, and 51m. Figure 3.9 compares the
load-deformation responses of the five different geometries. From Figure 3.9 it is apparent
that all of the load-displacement curves have the same characteristic form. The displacement at

yield shows little variation between the different geometries and varies between ¢, = 0.13m

(for L/d =0.5) and 6, = 0.19m (for L/d = 3).
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Figure 3-9 Effect of caisson geometry on undrained load-deformation response
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Figure 3.10 shows the relative importance of the friction force ( P, ) and the base resistance (
P,) for different L/d ratios, at different loading stages. The exact values of the forces at
different loading stages for each geometry are shown in Appendix B. For small L/d ratios, P,

is only 10-15% of the total caisson capacity. For the L/d = 3 geometry, side friction comprises

50% of the total load when P/P, = 0.6, before falling to about 40% at failure. Figure

it ,undrained
3.11 shows that the relative importance of the base resistance decreases with L/d. Such a
variation is expected as the side friction is proportional to the square of the caisson length (L}

whereas the base resistance is proportional to the length (L).
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3.4 Comparison of results with existing research

Figure 3.12 summarizes the ultimate pullout capacity predictions from the current analysis with
results from two recent finite element analyses discussed in Chapter 2. Zdravkovic et al. (2001)
predict significantly lower failure loads than Deng and Carter (2002) and significantly lower than
the results of this study. Differences between Zdravkovic et al. (2001) and Deng and Carter
(2002) could be attributed to the respective use of the anisotropic MIT-E3 and isotropic
Modified Cam Clay models respectively. Zdravkovic et a/.(2001) use the same undrained

strength ratio in triaxial compression as the current study (s, /o' ,= 0.33).

The current analysis shows net capacities below the Deng and Carter prediction for L/d<1.5.
This could be attributable to the fact Deng and Carter apply a generalized empirical formula
based on MCC analyses to obtain uplift capacity as a function of L/d ratio. Finite element data
presented in their publication, suggest that their relationship over-predicts the capacity at L/d
ratios smaller than 1. The deviation of Deng and Carter from the results of this research
increases significantly for L/d ratios greater than 2. This could be attributed to the increasing

importance of the friction resistance which is sensitive to the choice of soil model.

48



700

600

500

400

300

200

Net Pullout Capacity, P, ... (MN)

100

=== Current Study

== Limit Equilibrium Eq.2.15

—=pe=Deng & Carter (2002)

—>¢=7Zdavkovic et al. (2001)

T L T

1.5 2 2.5
Length to diameter aspect ratio, L/d

35

Figure 3-12 Comparison of results from current studies with existing literature for undrained loading
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4. Numerical Analysis of Suction Caisson Model under Drained
Conditions

This chapter describes the axial uplift load response of wished-in-place suction caissons under

drained conditions, using finite element analysis.

The fully drained response of the suction caisson provides a theoretical lower limit to its uplift
capacity. Drained conditions approximate the caisson behaviour when the uplift load is
sustained until all the excess pore water pressures have dissipated. Given sufficient time, water
flows in from the surrounding soil in order to balance the excess pore water pressures induced
during the caisson installation. Eventually, as pore water pressures dissipate, the suction
between the lid and the soil underneath will break down and the only resisting forces will be
the side friction on the internal and external walls and the caisson self-weight. Thus, under
drained conditions, there is no adhesion between the top or the tip of the caisson and the

adjacent soil element.

The drained response might not accurately represent the long term capacity due to the creep
effects. Experimental evidence (El-Gharbawy, 1998) has shown that prolonged application of
load magnitudes greater than approximately 80% of the measured maximum pullout capacity

under drained conditions resulted in progressive caisson pullout, possibly due to creep effects.
4.1 The finite element model

A number of theoretical drained case scenarios were examined using finite elements analysis
based on the soil model and assumptions described in Chapter 2. The analysis was performed
with caisson length to diameter aspect ratios, L/d = 0.5, 0.65, 1, 2 and 3. The finite element

model assumptions are the same as those described for the undrained loading in Chapter 3.
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Interfaces are used to model the interaction of the caisson walls and the soil. At the same time,
interfaces make it possible to monitor the stresses on the outer and inner caisson walls
throughout the loading stages. Interface elements are defined by 5 pairs of nodes as shown

below.

soil element
4  stress points

. ® nodes
interface element

Figure 4-1 Distribution of nodes and stress points in interface elements and their connection to soil elements

The roughness of the interaction between soil and caisson is defined in Plaxis by the interface

strength reduction factor (R._ ). For the purposes of this research, R_ ., = 1 so that the

inter inter —

interface has the same properties as the adjacent soil and the full friction coefficient tan ¢' acts

on the caisson wallsi.e. tand'=tang'.

4.2 Results of Base Case geometry analysis

The base case geometry (d = 17m, L = 11m) was chosen to illustrate the full results of the
numerical analysis. Appendix C shows the geometry and the mesh that was used. As in the
undrained case, a single uplift point force ( P ) was applied on the caisson lid along the caisson

centreline. The load was increased until the caisson pull-out occurred.
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4.2.1 Load-deformation response

The load-displacement curve is shown in Figure 4.2. At the first stage of the calculations, the

caisson was wished-in-place. The caisson self weight caused an initial displacement of ¢, =

0.15m. After the uplift force was applied, this initial displacement is reversed. This initial stage
is omitted in Figure 4.3 and the load deformation curve is plotted from the point at which the
initial installation displacements are reversed. Yielding occurs for loads larger than 31 MN and

the lid displacement at that point is approximately &, = 0.1m. This corresponds to deformation

to diameter ratio of 0, /d = 0.6%. The ultimate capacity of the caisson is estimated as P,

It drained

= 34.4MN. For the drained analysis, the net pullout capacity, P, .., suns i defined as the

1

pullout capacity less the caisson self weight. Here P, =16.9MN.

ult (net).drained
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0 T U T 1 T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Lid displacement, 6, [m]

Figure 4-2 Load-deformation response for L/d=0.65
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During the analysis it was observed that the use of interfaces in the finite element program
affects the load deformation response and the ultimate capacity of the caisson. Figure 4.2

shows how the response varies when different interfaces are active.

40
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=
=
o 25
T
3
S 20 A
} %
2 - —e— All interfaces active
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& —3— External and lid interfaces
10 A Internal and lid interfaces
5 ——Only lid interface
—¥— No interfaces active
O 1 T T T T 1

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Lid Displacement &, [m]

Figure 4-3 The effect of interfaces on the load-displacement response

4.2.2 Breakdown of reaction forces

As discussed in Chapter 2, we expect the following forces to be acting on the caisson at failure:

o Caisson self weight P. =17,511 kN

o External wall friction P, .. =8650 kN

Lext

o Internal wall friction Pf!im

=7,570 kN

53



These results assume that the horizontal stresses at the interface at failure are o', = 0", K, .

Figure 4.4 shows the distribution of the horizontal stress along the external caisson wall at
failure, as obtained by the finite element program. Three sets of data for the horizontal stress
are shown in Figure 4.4. The first set is the stress on the soil-caisson interface. The second and
third set of data was obtained by drawing a cross section within the soil, 0.07 and 0.5 meters
from the interface. Since in Plaxis the caisson is modelled as a dimensionless plate element of
thickness 1m and radius 8.5m, the horizontal stress at x=8.57m falls within the plate element.
The horizontal stress at x=8.9 should be closer to the realistic value. Nevertheless, Figure 4.4

shows that the x=8.57 set of data is in better agreement with the interface data.

The &', K, line is also plotted and it is higher than the finite element prediction. This is due to
the reduction in the vertical effective stress, o', which is belowo'  due to acting of stresses

around the caisson. Up to a depth of approximately 6m, the horizontal and vertical stresses on

the external interface at failure are related through K. After that, the horizontal stress
increases aboveo', K. At depths above approximately 8m there is a rapid increase in the

horizontal stress.

We observe very large fluctuations at the tip of the caisson and this is most likely caused by the
complexity of the failure mechanism in this area. These fluctuations reduce the accuracy of the
friction force obtained from the analysis. The same is true for the horizontal stress on the

internal wall shown in Figure 4.5.
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Figure 4-4 Horizontal effective stress distribution on the external caisson wall
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Figure 4-5 Horizontal effective stress distribution on the internal caisson wall
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Figure 4.6 shows arrows of horizontal displacements. There is a pivotal point at around z=8
where the horizontal stresses on the external wall increase and reverse in direction. This helps

explain the sudden increase observed on the horizontal stress in Figure 4.4.
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Figure 4-6 Horizontal displacements at failure

The shear stress on the external interface at failure is obtained from: f =o', tan §'= o', tan ¢'

. Figure 4.7 shows the shear stress on the external wall as obtained from the above equation
and the shear stress as obtained directly from the interface. Figure 4.8 shows the shear stress
obtained directly from a cross section 0.1m from the caisson wall and the shear stress obtained

by multiplying the horizontal effective stress on the interface by tan ¢'.
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Figure 4-8 Shear stress on external caisson wall
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The friction resistance on the external and internal walls can be obtained by integrating the

shear stress along the interface as shown in Equation 2.3. The resulting forces are P, ,, = 7.5MN

and P

i = 7MN. The total pullout capacity of the caisson is 34.1MN and the sum of the caisson

self weight and the side friction is P, +P

et T Pri + B, = 17.547.5+47= 32MN. The differences

between the pullout capacity and the sum of the forces could stem from the fluctuations on the

shear stress diagrams and resistance at the caisson tip.

Figure 4.9 shows the relative magnitude of each of the forces at different stages of the loading.
It can be observed that the external wall reaches its frictional capacity before the internal. The

tip resistance remains almost constant.
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Figure 4-9 Build-up of friction resistance as applied uplift force increases
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4.2.3 Failure mechanism

Similarly to the undrained case, the initial phase of the calculations results in a net upward side
friction due to caisson self weight. Thus, during the first stages of the uplift loading, there is
some residual upward friction resistance as shown in Figure 4.9. Eventually, as the applied

anchor force increases, the shear stresses acting on the interface gradually reverse in direction.

Figure 4.10 shows the plastic points in the soil at each of the different stages in the loading
process (A,B,C,D,E and F) indicated in Figure 4.10. During first loading stages, stage A (P/Py. =
0.18), plastic points appear at the caisson tip and at the top of the external wall. The plastic
points then extend upwards and downwards on the external wall and then less rapidly on the
internal wall, stage B (P/P, = 0.83-0.87). Only after the full frictional resistance on the outside

wall is mobilized, stage E (P/P,:= 0.92) does the friction on the internal wall build up.
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Figure 4-10 Development of plastic points during drained loading. Red points are Mohr Coulomb plastic points

and black are tension cut-off points
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Figures 4.11, 4.12 and 4.13 show the mesh deformation, the vertical displacements and the
vertical incremental displacements for the base cse analysis when the caisson has reached its
ultimate capacity. The caisson lid slides vertically upwards and the soil below the lid is

detached.

Figure 4-11 Deformed mesh at failure-drained loading case
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Figure 4-13 Incremental vertical displacements at failure-drained analysis for base case geometry
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4.3 Effect of wall length

The effect of caisson geometry has been established by comparing results from analyses of
caissons with different length to diameter ratios, L/d. Figure 4.14 compares the load-
deformation responses of the five different geometries. All the load-displacement curves have

similar form.

The displacement at yield shows little variation between the different geometries and varies
between &, = 0.09m (for L/d = 0.5) and J, = 0.3m (for L/d = 3). Compared to the undrained
loading case the response is stiffer. Also, it was not possible to get the load deformation

response for large deformations because the finite element program indicated a sudden failure,

unlike the undrained case where much larger pre-failure deformations were mobilized.
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Figure 4-14 Effect of caisson geometry on drained load-deformation response
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1t was observed in the base case analysis that the horizontal force on the external caisson wall is very

close to o', K, up a certain depth. In addition, there is a significant fluctuation at larger depths. Figure
4.15 shows the normalized horizontal stress (o', / L ) for the different caisson geometries in order to

investigate how these two effects vary with caisson geometry. For all caisson geometries at depths
smaller than 75% of the total length, the horizontal stress at failure varies linearly with depth according

to approximately o', K. For caissons L/d = 0.5,2 and 3, fluctuations start at a depth of approximately

75% of the total caisson length. For caissons L/d = 1, 0.65, they start at a depth of 94% of the total
caisson length. Therefore, the depth at which the fluctuations occur does not appear to be related to

the caisson geometry.
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Figure 4-15 Normalized external wall horizontal stress

Figures 4.16 and 4.17 show the effect of caisson geometry on the mobilization of external and internal
wall friction resistance. For all geometries, the full internal friction is mobilized only after the external
friction reaches its maximum value. Eventually, the internal friction will reach the same value as the
external friction. Nevertheless, this can happen at very large displacements at which point the caisson is

considered to have already reached its maximum capacity. Therefore for some of the geometries the
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maximum internal side friction shown is not equal to the maximum external friction shown. Caissons
with larger L/d ratios have larger external and internal friction as a percentage of the total load at
failure. The rate at which the internal and external friction build up is approximately the same for all

geometries since the curves have similar shapes.
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Figure 4-16 Mobilization of external side friction
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Figure 4-17 Mobilization of internal side friction
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4.4 Comparisons of results with existing research

Figure 4.18 compares the results of current drained analyses with those predicted by the Deng and
Carter (2002) study. The Deng and Carter predictions are obtained by applying Equation 2.16 to each of
the 5 geometries considered. The net ultimate pullout capacity from these 2 studies are in very good
agreement, with a maximum difference of 9% for L/d = 3. This occurs despite the fact that Deng and

Carter (2002) use the Modified Cam Clay model.

The deviation from the limit calculation is due to the reduction in the vertical stress discussed in section
4.2.2. The difference between the limit calculation prediction and the results of the current study is
highest for L/d = 2 and 3. This is because the reduction in the vertical stress is more significant for these

geometries as shown in Figure 4.15.
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Figure 4-18 Comparison of results from current studies with existing literature for drained loading
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5. Numerical Analysis of Suction Caisson under Sustained
Loading

The finite element analysis in Chapters 3 and 4 established the upper and the lower limits of the
caisson capacity by calculating the capacity under undrained and drained conditions. This part
of the study examines the performance of suction caissons when a tensile load is sustained for

a period of time while pore pressures are allowed to dissipate.

5.1 The finite element model

Finite element analyses are based on the soil model and assumptions described in Chapter 2.
The analyses were performed on different caisson geometries with length to diameter aspect
ratios, L/d = 0.5, 0.65, 1, 2 and 3. The finite element model assumptions are the same as those
described for the undrained loading in Chapter 3. The permeability of the soil is set to

k = 8.64*10° m/day’.

The first stage of the calculations is the instantaneous loading of the caisson with an uplift force
equal to a percentage of the undrained capacity established in the undrained analysis. This
generates an initial displacement of the caisson and the development of a field of negative
excess pore pressures (Figure 5.4, t = 0). The second stage of the calculations is consolidation
while the initial load is sustained. It is expected that if the load is held for a sufficient time
period, the pore pressures will dissipate and hence the capacity will be below the undrained

loading predictions.

5.2 Base case analysis

The same base case geometry (d = 17m, L = 11m) used in the undrained and drained analyses is

used here. Four load levels are applied to the caisson equal to 57, 69, 80 and 91% of P,

ult .undrained *

® A typical range for marine clays is 10° to 10° m/day.
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5.2.1 Load deformation response

As discussed in Chapter 2, Det Norske Veritas suggest designing suction caissons by using a
characteristic storm that lasts between 3 and 48 hours. Figure 5.2 shows the lid displacement

after the load has been sustained for 48 hours. Even for a load level of P =91% P the

ult .undrained *
caisson displacement after 2 days is very small. Figure 5.2 also shows as a reference the

displacement if the load is sustained for 20 days. At the highest load level (P =91% P,

wlt .undrained )

the displacement is below 2% of the caisson diameter which suggests that loads very close to
the undrained capacity may be safely sustained for higher periods than those associated with

storms and loop currents.
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Figure 5-1 Sustained loading displacements for different load levels.
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5.2.2 Capacity under sustained loading

Figure 5.2 shows the finite element prediction of the lid displacement if P = 69% F,

ult .undrained iS
sustained for very long periods, in order to examine the conditions under which failure will
eventually occur. Figure 5.2 indicates that the caisson will continue to displace at a constant
rate as the loading period increases, without pullout occurring. As the tensile load is sustained
and the caisson displaces upwards, negative pore pressures increase continuously and
separation between the lid and the soil underneath does not occur. The displacement of the
caisson induces additional negative pore water pressures underneath the caisson lid. The
constant rate at which the caisson displaces indicates that the rate at which excess pore water
pressures dissipate underneath the caisson lid is smaller than the rate at which they increase as

a result of the caisson upward displacement.
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Figure 5-2 Time displacement curve for P/Pult,undrained=69%
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Figure 5.3 shows the displacement of the lid and the excess pore pressures (at a reference point
1.7m below the lid at the centreline). The results in Figure 5.3 show that at each load level it is
possible to identify a time after which the excess pore pressures increase (become more

negative) and at the same time, the caisson starts to displace at a constant rate.

Until this occurs, we consider that the caisson is stable that the load can at least be sustained
for that period of time without causing failure of the foundation. Table 5.1 shows the time at
which the pore pressures begin to increase and the displacement at that point. As expected,

the minimum time over which the load can be sustained decreases with increasing load levels.
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Figure 5-3 Lid displacement and excess pore water pressure with time for base case geometry. The

displacements shown here for Time>0 are the incremental displacements after Time=0.
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P/Pult, undrained Time (days) 6v (m) 6v/d
57% 39 0.157 0.9%
69% 13 0.184 1.1%
80% 8 0.241 1.4%
91% 7 0.326 2%

Table 5.1 Time for excess pore pressure increase, L/d=0.65

5.2.3 Failure mechanism

The process that results in the behaviour observed above is investigated with plots of the

excess pore pressures and other characteristics at different locations and at different times for

a specified load level P=69% P

Figure 5.4 shows the excess pore water pressures at t=0,5,15 and 45 days. The pore pressures
are dissipating inside the caisson for the first 15 days. At t=45 days all the pore pressures have
increased approximately by the same amount throughout the internal part of the caisson. The

pullout movement of the caisson increases the excess pore water pressures at a rate larger

ult .undrained *

than the rate at which they can dissipate.
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Figure 5-4 Development of excess pore pressures with time for P/Pyi,undrainea=69%
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Figure 5.5 shows the development of plastic point inside the soil with time. Initially, most
plastic points develop on the external caisson wall and the plastic points at the tip are the
beginning of the reverse bearing capacity mechanism observed in Chapter 2. With time, the
shearing capacity of the internal caisson wall is reached and plastic points continue to develop
inside the caisson starting from the internal wall and moving towards the centre. As the soil is
allowed to consolidate, plastic points develop directly underneath the caisson lid as increasingly

larger depths.

Figure 5-5 Development of plastic points with time for P/P, undrainea=69%
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Figures 5.6 to 5.8 describe the behaviour of the caisson after pore pressures begin to increase.
The plots are at time t=45days. Figure 5.8 indicates that only the upper part of the soil plug
displaces and the rest of the soil plug has very little displacement. The area over which the
plastic points develop (Figure 5.5, t=45days) is consistent with the area of the soil plug which
undergoes large displacements. The caisson has a total vertical displacement of 0.79 m (Figure

5.7) and the caisson lid does not separate from the adjacent soil (Figure 5.6).

I 0.79m

Figure 5-6 Deformed Mesh at t=45 days Figure 5-7 Vertical displacement of caisson
at t=45 days

Figure 5-8 Vertical Displacement at t=45days
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5.3 Sustained loading capacity for L/d ratios = 0.5,1,2 and 3

Figures 5.9 to 5.16 and Tables 5.2 to 5.5 summarize the effect of the sustained loading on each
of the 4 additional geometries considered. Like in the base geometry case, the excess pore
pressures at a reference point on the caisson centreline and 1.7m underneath the lid, are
shown. It is assumed that the load can at least be sustained until the time when the pore
pressures begin to increase. For all the geometries considered, the displacements at that point
are within 7% of the caisson length. In some cases it is not possible to explain the pattern than
the excess pore water pressures follow. For example, in some cases (L/d = 1 and L/d= 2) the
pore pressures increase twice. Furthermore, finite element results indicate that relatively low
load levels can be sustained for an infinite amount of time. For example, for load levels

P/P = 70% and L/d = 2 or L/d = 3, the excess pore water pressures dissipate after

. s
ult undrained

periods in the order of 1000 days and the lid undergoes very small displacements.
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Figure 5-9 Sustained loading displacements for different load levels.
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Figure 5-10 Lid displacement and Excess Pore Water Pressure with time for L/d=0.5 geometry. The
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displacements are absolute in this case and not incremental.

P/Put undrained Time (days) 8, (m) 0, /L
60% 64 0.167 2%
70% 36 0.192 2%
80% 15 0.241 3%
91% 20 0.328 4%

Table 5.2 Time for excess pore pressure increase, L/d=0.5
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Figure 5-11 Sustained loading displacements for different load levels.
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Figure 5-12 Lid displacement and Excess Pore Water Pressure with time for L/d=1 geometry.

P/Puﬂ undrained Time (days) ﬁv (m) 6V L
68% 25 0.931 5%
78% 13 0.981 6%
91% 4 1.250 7%

Table 5.3 Time for excess pore pressure increase, L/d=1
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Figure 5-13 Sustained loading displacements for different load levels.
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Figure 5-14 Lid displacement and Excess Pore Water Pressure with time for L/d=2 geometry. The displacements
are absolute in this case and not incremental.

P/Puh. undrained Time (days) 6\' (m) 6\1 /L
60% inf 0.700 2%
70% 142 0.430 1%
81% 92 0.606 2%
91% 66 0.905 3%

Table 5.3 Time for excess pore pressure increase, L/d=2.
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Figure 5-15 Sustained loading displacements for different load levels, L/d=3.
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Figure 5-16 Lid displacement and Excess Pore Water Pressure with time for L/d=3 geometry. The displacements
are absolute in this case and not incremental.

P/Puli undrained Time (days) 6\! (m) 6‘1 L
62% infinite 0.300 1%
70% 609 0.533 1%
80% 231 0.572 1%
92% 92 1.006 2%

Table 5.5 Time for excess pore pressure increase, L/d=3.
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Figure 5.17 summarizes the minimum holding periods and provides comparisons between caissons of
different geometries. The general trend is for the period to increase with increasing L/d ratio. Increasing
the caisson length, increases the drainage path and this makes the dissipation of excess pore water
pressures increasingly harder. The rate at which drainage occurs is related to L* and this is why caissons

with larger lengths have significantly longer minimum holding periods.
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80% -
3
g 70% -
& ——1/d=05
—8—1/d=0.65
60% -
——1/d=1
== /d=3
S0% 4 —¥=L/d=2
40% . :
1 10 100 1000

Minimum period over which load can be sustained [days]

Figure 5-17 Effect of caisson geometry on minimum period over which loads can be sustained
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6. Results and Recommendations

This finite element study examined the capacity of suction caissons under three loading
conditions. The undrained and drained loading analyses established the upper and lower
capacity limits for the 5 geometries examined. It was found that the undrained capacity can be
between 3.6 and 2.3 times the drained capacity for the geometries considered and this ratio
reduces as L/d decreases. This is due to the fact that a large component of the undrained
capacity comes from the base resistance which varies with Lz, whereas the internal wall friction

force-unique to the drained case- varies with only with L.

It was found that the predicted undrained capacity matches perfectly the limit equilibrium
solutions and for L/d<1.5 is in very good agreement with the Deng and Carter (2002) results.
For larger L/d ratios, the difference can increase up to 30%. This can be attributed to the fact
that Deng and Carter provide an experimental formula depending only on L/d and to the fact

that they use the MCC model.

The finite element prediction for the drained case is significantly lower than the capacity
estimated by limit equilibrium. An important parameter neglected in the limit calculations is the
reduction in vertical and horizontal effective stresses on the caisson walls that result in an
equivalent reduction to the downward shear force resisting the uplift loading. Nevertheless, the
predicted capacities are in very good agreement with the result of the Deng and Carter (2002)
solution. One of the critical parameters in the drained analysis was the use of interfaces and
their impact on caisson behaviour. An interface had to be introduced between the caisson lid

and the top of the internal soil plug in order to ensure separation occurred during loading.

The final part of this study examined the behaviour of suction caissons under sustained loading
by assuming one of the highest permeabilities encountered in marine clays. The rate at which
negative excess pore pressures develop underneath the caisson lid was found to be smaller

than the rate at which they dissipate and thus the caisson continues to displace at a constant
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rate for very large time periods. By establishing the times at which the excess pore pressures
start to increase, it was possible to identify minimum periods over which the load may be safely

sustained by the caisson which are below the duration of storms and loop current loads.

It was found that the displacements of caissons of all geometries are under 3% the diameter for
the maximum period relevant to storm loading (2 days). The only exception is the 5% the

diameter displacement for the 92% P/ P,

 tanaraines 102ding of the L/d = 3 caisson. Although it was
not possible to make direct comparisons with the Clukey et al. (2004) results, the results of this
study do not contradict the general findings such as that as L/d increases so does the period

over which specific load levels can be sustained.

Further research could examine the effects of highly permeable layers within the soil as well as
the effects of increasing the overall soil permeability. The presence of a drainage layer within
the soil could have a critical impact on the drainage properties and hence on the capacity of the

caisson under sustained loading.
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Appendix A

ESP

CI

4

1 ] v
G'ho 0"\,0 o 1+O- 3

For plane stain conditions the effective stress path (ESP) is vertical. In plane strain, £,=0 and Ao’ + A0”,=0

and the parameter A=0.5.

Assuming such an ESP path yields the following relationship:
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Appendix B: Breakdown of undrained loading forces for L/d=0.5,1,2,3
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Appendix C: Breakdown of drained loading forces for L/d=0.5,1,2,3
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