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Abstract

Finite Element Limit Analysis of Offshore Foundations on Clay
A thesis submitted for the degree of Doctor of Philosophy

Helen Patricia Dunne
Mansfield College, Oxford
Trinity 2017

Capacity analysis is a common preliminary step in the design of offshore foundations.
Inaccuracies in traditional capacity analysis methods, and the advancement of numerical
modelling capabilities, have increasingly led designers to optimise foundations using more
complex methods. In this thesis, the ultimate limit state capacity of a range of foundation

types is investigated using finite element limit analysis.

Novel three-dimensional finite element limit analysis software is benchmarked against
analytical solutions and conventional displacement finite element analysis. It is then used to
find lower and upper bounds of foundation capacity, with adaptive mesh refinement used to
reduce the bound gap over successive iterations of the solution. Rigid foundations subjected
to short term loading on clay soil are analysed. The undrained soil is modelled as a
rigid—plastic von Mises material, and attention is given to modelling any normal and/or shear

stress limits at the foundation/soil interface.

Shallow foundations, suction anchor foundations, and hybrid mudmat/pile foundations are
considered. Realistic six degree-of-freedom load combinations are applied and results are
reported in the form of normalised design charts, and tables, that are suitable for use in
preliminary design. Relationships between loading combinations and failure mechanisms are
also explored. A number of case studies based on authentic foundation designs are analysed.
The results suggest that finite element limit analysis could provide an attractive alternative to

displacement finite element analysis for preliminary foundation design calculations.
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Notation

Symbols used in this thesis, excluding those which only appear in one location

o

A
Aj
A
B

B*

bearing area of a foundation/cross sectional area

void area of a perforated foundation

gross area of a perforated foundation

foundation breadth in the x direction

effective width of a perforated foundation

diameter

mudmat embedment

depth factors for general bearing capacity equation
eccentricity of horizontal load in the xy plane

maximum feasible eccentricity of horizontal load
undrained Young’s modulus

horizontal loads along the x and y axes

uniaxial horizontal capacities

vetical load

uniaxial vertical capacity

length of a pile when used as part of a hybrid foundation
height of a load application

soil stiffness under normal and shear loading respectively
foundation length in the y direction, or

length of a pile/caisson

length from the mudline to the load application point for a suction caisson
optimal load point for a suction caisson

overturning moments about x and y axes

uniaxial overturning moment capacities

torsional moment

uniaxial torsional moment capacity

v



Notation

N
Ne,Ng, Ny
O
P1,P2,P3
qu

number of sides in a polygonal pile/caisson section
bearing capacity factors for general bearing capacity equation
load reference point

lever arms from pile centres to hybrid foundation rotation point
vertical bearing capacity

perforation ratio

peroration factor

shape factors for general bearing capacity equation
undrained shear strength

average undrained shear strength

undrained shear strength at the mudline

tensile capacity at foundation/soil interface
thickness of mudmat skirts or caisson wall, or
UINTER subroutine tension capacity input
roughness factor at foundation/soil interface
inclination of load in the z direction from horizontal
submerged unit weight of the soil

angle of horizontal load angle from the x-axis
undrained Poisson’s ratio

ground inclination

rate of soil strength change per unit depth of soil
soil principal stresses

shear stress

shear stress components in the x and y directions

Abbreviations used in this thesis

2D
3D
ALS
CPT
DLO
FE
FEA
FELA
FPSO

two-dimensional
three-dimensional

accidental limit state

cone penetration test
discontinuity layout optimisation
finite element

finite element analysis

finite element limit analysis

floating production storage and offloading
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LB
LE
LF

LP
MoC
NC
NLP
PLA
PLEM
PLET
RFEA
SOCP
SP

UB
ULS

lower bound

limit equilibrium

load factor

linear programming

method of characteristics
normally consolidated
non-linear programming

plastic limit analysis

pipe line end manifold

pipe line end termination

rigid finite element analysis
second-order cone programming
singularity planes (present in mesh)
unstructured (mesh)

upper bound

ultimate limit state
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Chapter 1

Introduction

In this thesis, recently developed three-dimensional (3D) finite element limit analysis
(FELA) software is benchmarked against analytical solutions and conventional displacement
finite element analysis, before it is used as the primary analysis tool for assessing the ultimate
bearing capacity of various types of offshore foundation. A range of foundation design
problems are investigated, with a focus on undrained soil response and the application of
combined loading (vertical, horizontal, moment, torsional) to the foundation. ~Some
noteworthy advantages of FELA in comparison to other analysis methods, such as having a
directly quantifiable error measure, are highlighted. Insight is provided into the capacities of
offshore foundations under complex loading, with attention also drawn to foundation failure

mechanisms.

1.1 Offshore foundations and loading conditions

A wide range of foundations is used in the offshore oil and gas industry and in the offshore
wind industry. This thesis considers three foundation types: shallow foundations, caisson
foundations (used as suction anchors), and hybrid foundations comprising shallow foundations
with short piles at the foundation corners. Offshore foundations are commonly founded in
clay. The loading applied to these foundations is often sufficiently rapid that the ultimate

undrained capacity is a critical aspect of design.
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Figure 1.1: Typical offshore arrangement of subsea equipment for an FPSO installation

1.1.1 Shallow foundations

Shallow rectangular foundations, termed mudmats, are frequently used to support subsea
infrastructure such as pipeline end terminations and pipeline end manifolds (PLETs and
PLEMs). A typical subsea arrangement of flowlines and risers from a floating production
storage and offloading (FPSO) installation is shown in Figure 1.1; some items of subsea
equipment supported on mudmat foundations are circled in black.

Mudmats used offshore are generally equipped with underbase skirts which penetrate into
the soil, confining a soil plug. A mudmat attached to infrastructure being hoisted into
position before installation is shown in Figure 1.2(a) and the underbase skirts can be viewed
in Figure 1.2(b). Figure 1.2(b) also highlights the size of these foundations; notice workers
towards the top of the figure. Typical mudmat dimensions are 5—10 m in breadth by
10—20 m in length. The embedment to breadth ratio is typically in the range of 0.025-0.2,
depending on the soil and loading conditions (Feng et al., 2014).

Short pipes, termed jumpers, connect PLETs and PLEMs to pipelines. Jumpers can be
situated at a height above the mudmat and are often not aligned along its plan view axes.

Jumpers experience horizontal expansion and contraction forces from pipelines as they



Chapter 1. Introduction

Figure 1.2: Rectangular mudmat foundation: (a) PLEM with mudmat foundation being
hoisted before installation; (b) a view of the underbase skirts

undergo temperature changes during operation. Depending on the jumper arrangement, this
can induce biaxial horizontal loads in conjunction with biaxial overturning moments and
torsional loading on the mudmat. Vertical loading is predominantly due to the self-weight of
the supported infrastructure and is typically small compared with the ultimate vertical
bearing capacity of the foundation (Feng et al., 2014, 2017). However, sometimes it is
necessary to install mudmats on a sloping seabed, and in this case vertical loads, combined
with other loads, need consideration (Dunne et al., 2015).

As offshore oil and gas developments move to deeper reservoirs, pipelines are subjected to
increasing levels of temperature and pressure change, leading to larger loads for mudmats to
resist. In practice, mudmat dimensions are restricted by the size of their installation vessels,
thus increasing the importance of accurate bearing capacity analysis.

Larger gravity base foundations used offshore are sometimes designed with a central
perforation. Advantages of using a perforated foundation include increased moment capacity
per unit bearing area, reduced cost of materials, and easier offshore handling (due to reduced

weight). Large perforated foundations can be used to support wind turbines, or oil and gas



Chapter 1. Introduction

Bearing area, A

Void area,
A

Gross area, A, =A + A

Perforation ratio, R = A/A,
(a) (b)

Figure 1.3: Perforated foundations: (a) the Maari wellhead platform, supported on a gravity
base foundation with a central perforation (Arup, 2009); (b) plan view of foundation showing
definition of perforation ratio, R

platforms, such as the Maari wellhead platform shown in Figure 1.3(a). Foundations for this
type of structure may be in excess of 50 m wide. Like mudmats, these foundations often have
steel skirts designed to confine a soil plug, and embedment to breadth ratios typically range
from 0.2-0.5. A ratio of perforation area, A;, to gross foundation area, A,, is often used to
help categorise perforated foundations (see Figure 1.3(b)). The perforation ratio, R, is defined
as

R =A;/A, . (1.1)

1.1.2 Suction caisson foundations

Suction caissons are widely used offshore to anchor floating structures such as spars and
FPSOs (Figure 1.4(a)). Also known as suction anchors, or suction piles, they have a thin,
typically steel, embedded cylindrical wall and a circular top cap. Self-weight causes a
caisson to partially embed when it is lowered into position. Water is then pumped out from

inside the caisson through valves in the top cap. This lowers the pressure inside the caisson,

4
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FPSO

Catenary line Taut line

(b)

Figure 1.4: Suction caisson: (a) before installation; (b) loading inclination when used as part
of catenary or taut mooring systems

causing a net downwards force and resulting in further embedment. Pumping stops when the
desired penetration has been reached, and at this point the valves in the caisson lid are sealed.
Caissons are typically 4.5 —6 m in diameter and their length to diameter ratios can range from
one to ten, but are generally less than six (Andersen et al., 2005).

When used as anchors, suction caissons are subject to large mooring loads that are
transferred to the caisson at the mooring attachment point (or ‘padeye’). The position of the
mooring attachment point along the caisson’s length can be optimised for maximum holding
capacity. The vertical and horizontal components of the mooring load can vary and are
particularly dependent on the type of mooring system; loading from catenary mooring
systems is predominantly horizontal, while loading from taut and semi-taut mooring systems

may have a substantial vertical component (Figure 1.4(b)).

1.1.3 Hybrid mudmat-pile foundations

There are some situations in which a mudmat alone may not provide adequate capacity; in
very poor soils, in brownfield sites where space is limited, or where available installation

vessels limit foundation size. Recent studies have highlighted that combined horizontal and
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Figure 1.5: Hybrid mudmat—pile foundation

torsional loading of mudmat foundations often represents the governing load case in mudmat
design (Martin et al., 2015; Feng et al., 2017; Dunne and Martin, 2017b). Mudmat capacity,
particularly under horizontal and torsional loading, can be significantly increased by installing
piles at the mudmat corners (sometimes referred to as ‘pin piles’), thus resulting in a hybrid
mudmat—pile foundation (Figure 1.5).

While piled raft foundations are commonly used onshore, the use of hybrid mudmat—pile
foundations offshore is relatively new. Hybrid foundations with pinned mudmat/pile
connections can significantly increase horizontal and torsional capacity when compared with
mudmats alone (Dimmock et al.,, 2013). Recent studies have shown that the degree of
rotational and translational restraint at the mudmat/pile connection (pile head) can strongly

influence the lateral capacity of hybrid foundations (Won et al., 2015; Hossain et al., 2015b).

1.2 Capacity analysis

Capacity analysis is undertaken in order to find the maximum load or combinations of loads
that can be applied to a foundation before the soil is expected to fail in shear. For the analysis
of offshore foundations, consideration must be given to the rate of load application when
compared with the rate of water movement in the soil, as this will determine whether the
response of the soil is likely to be drained or undrained. Clays and silts, commonly found in
deep waters and considered in this study, typically have low permeability. When foundation

loading is sufficiently rapid, it can be assumed that the soil remains undrained for foundation
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|-
» 0,

(compression positive)

Figure 1.6: Results of unconsolidated, undrained triaxial tests showing Mohr’s circles of stress
and undrained shear strength, s,

capacity analysis, such that a total stress analysis is appropriate and the undrained shear
strength, sy, is the governing soil strength parameter.

Interface shear strength and tension capacity need consideration at foundation/soil
boundaries. In undrained capacity analysis the available shear strength at an interface is
commonly modelled as a roughness factor, o, times s,. A fully rough foundation can utilise
the full shear strength of the adjacent soil (o« = 1) while a fully smooth foundation has no
shear resistance at the interface (¢ = 0). In practice, o can lie anywhere between these
bounds. The development of negative excess pore water pressures between a foundation and
the soil can prevent contact breaking, allowing for unlimited tension capacity at the interface
(T = o). It is more conservative to assume that a water-filled gap may form between the
foundation and the soil; this can be achieved by imposing a tension cutoff (7" = 0) on the
interface.

Undrained triaxial tests can be undertaken on clay samples to determine undrained shear
strength. In this test, a confining pressure 03 is applied to a cylindrical sample of soil with
cross sectional area A. Axial loading P is then applied to the sample until ‘failure’ occurs. The

undrained shear strength is then

01 — O3
Su = T (12)
where 0] = 03 + P/A. For an unconsolidated undrained test, the undrained shear strength is
not dependent on the confining pressure (as the void ratio remains unchanged) and typically a

series of tests at a range of confining pressures are undertaken to estimate s, (Figure 1.6). In
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A
shear stress,

/ — Real soil behaviour
/]  mmme- Idealised elastic—plastic

- Idealised rigid—plastic

|-
shear strain, ¢

Figure 1.7: Realistic and idealised stress—strain curves for undrained clay

situ tests can also be used to find sy, such as the shear vane test or, more commonly offshore,
the cone penetration test (CPT).

For capacity analysis, the stress—strain behaviour of the soil is commonly simplified as
elastic—plastic or rigid—plastic (Figure 1.7). Rigid—plastic behaviour assumes that elastic
strain at failure is insignificant when compared to the total plastic strain and has negligible
effect on bearing capacity. This common assumption is necessary for plastic limit analysis
(PLA), but can be difficult to implement using conventional displacement finite element
analysis (FEA). When using FEA to find foundation capacity, it is common to assume that
the stress—strain response is elastic—plastic. The elastic response of the soil is governed by its
undrained Young’s modulus, E,, and undrained Poisson’s ratio, v, =~ 0.5. However, it is
common when using FEA to assign a value of E; in excess of 500s, (Taiebat and Carter,
2000; Gourvenec et al., 2006; Yun and Bransby, 2007; Feng et al., 2014; Vulpe, 2015). In
this case, the soil is so stiff that the elastic—plastic soil model is essentially equivalent to
rigid—plastic. For both stress—strain simplifications, the soil is assumed to behave perfectly
plastic; once plastic yielding (failure) has occurred there is no change in stress with

increasing strain.

1.2.1 Yield functions

The two most common failure criteria used to model perfect plasticity of metals and undrained

soils are the Tresca criterion (a special case of the Mohr—Coulomb criterion) and the von Mises
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von Mises

0,=0,= 0,
o,
Tresca
Lo-2
. L
von Mises
04
(b)
03
Tresca
\l 0,50,= 0,
: o,
L
(a)

O

(c)

Figure 1.8: Tresca and von Mises failure criteria (when matched for deformation in plane
strain): (a) yield surfaces in the deviatoric plane, (b) von Mises criterion in 3D principal stress
space; (c) Tresca criterion in 3D principal stress space

criterion. For the Tresca criterion, yield occurs when the maximum shear stress reaches s, such

that the yield function is

f=01—03—-25,=0 (1.3)

where 07 = 0, = 03 along the space diagonal, as shown in Figure 1.8. The von Mises yield

function can be expressed as
2
f= (61—62)2+(62—G3)2+(G3—61)2—2(\[35‘11) =0 (1.4)

when the von Mises criterion and the Tresca criterion are matched for deformation in plane
strain (and for shearing of an interface layer). For the analysis of 3D shallow foundation
problems this has been found to provide better agreement between the predicted bearing
capacities, when compared with matching the strengths of the two criteria under triaxial
conditions (Gourvenec et al., 2006).

As a result of assumed associated flow, the plastic potential function matches the yield
function. This makes for easy implementation of the von Mises criterion in FEA as there are
no singularities in the plastic potential function. When used in lower bound (LB) and upper

bound (UB) FELA, analyses with von Mises materials can be cast as standard second-order

9
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cone programming (SOCP) problems. However the Tresca failure criterion is more difficult
to implement in FEA due to the singularities in the plastic potential function at the corners of
the yield surface (Figure 1.8). When using FELA, 3D analysis of Tresca materials requires
semi definite programming, which is a more challenging class of numerical optimisation than
SOCP. For these reasons the von Mises criterion is used throughout this thesis, while noting

that for plane strain analysis the Tresca and von Mises criteria are equivalent.

1.2.2 Failure envelopes

A failure envelope is defined in load space and describes the ultimate capacity of a foundation
under the simultaneous action of two or more load components. This approach is advantageous
as it allows for the exploration of foundation capacity under different loading combinations
(see Gottardi and Butterfield (1993)). Loading combinations which are located within the
envelope are viable and outside are unviable. Numerous failure envelopes have previously
been determined by fitting expressions to experimental (Tan, 1990; Martin, 1994; Gottardi
et al., 1999) or numerical results (Taiebat and Carter, 2005; Gourvenec, 2008; Feng et al.,

2014, and others).

1.3 Motivation

Classical bearing capacity theory for the analysis of shallow foundations, stemming from the
methods of Brinch Hansen (1970) and Vesic (1975), has been adopted into design codes such
as DNV (1992) and ISO (2003). In this approach, vertical bearing capacity is presumed to be
the primary design consideration and semi-empirical reduction factors are used to account for
load inclination and eccentricity. It is well known that this can be inaccurate and is often
excessively conservative, particularly for clay soils where the undrained shear strength
increases with depth or where under-base skirts prevent foundation detachment under
short-term moment loading (see Martin, 1994; Ukritchon et al., 1998; Bransby and
Randolph, 1998; Gourvenec and Randolph, 2003).

Current oil and gas developments in deep water often comprise a large number of

identical mudmat foundations and the current design approach is to optimise the critically

10
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loaded mudmat. Classical bearing capacity theory is used to determine conservative failure
envelopes for the critical foundation any load cases which fall outside the envelope are
analysed using 3D displacement FEA. As offshore oil and gas developments continue to
move into deeper water, pipelines are subjected to increasing levels of temperature and
pressure change. This leads to larger mudmats being specified, with mudmat size controlling
the vessel requirement for installation, and larger vessels inducing larger costs. Optimisation
of the critical foundation can lead to savings that are scaled up considerably.

There exists no consensus on an accepted method for calculating the holding capacity of
a suction caisson (Andersen et al., 2005). Two-dimensional (2D) limit equilibrium (LE)
methods are commonly used, with 3D effects taken into account using empirical factors
(Eltaher et al., 2003). Another common analysis approach employs simplified UB methods
(e.g. Aubeny et al., 2001, 2003a). The suitability of these approaches needs confirmation.
Results from field tests undertaken by Keaveny et al. (1994) showed that significant
additional capacity is gained when caissons are loaded laterally at half the embedment
length, compared with lateral loading at the mudline. Since then it has been generally
accepted that the optimal load attachment point varies from half to three quarters of the
caisson embedment length (Deng et al., 2001; Randolph and House, 2002; Eltaher et al.,
2003; Andersen et al., 2005; van Dijk, 2015). When loaded optimally, a caisson translates at
failure. This is a result of zero net moment acting on the caisson, when considering the line
of action of the load with the caisson centreline, as opposed to the caisson wall.

The use of hybrid mudmat—pile foundations is relatively recent and as such there is limited
design guidance. An analytical model for estimating the capacity of hybrid foundations was
developed by Dimmock et al. (2013). This study considered the mudmat/pile connection as
providing no rotational restraint at the pile head. The interaction of loads between the mudmat
and the piles was somewhat simplified, with the piles alone assumed to resist horizontal and
torsional loads, and the mat alone assumed to resist vertical loading. Recent publications
have offered offered insight into specific hybrid foundation design cases, while recognising

the requirement for additional study (Hossain et al., 2015b; Won et al., 2015). As the use of

11
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hybrid foundations offshore is relatively new, and due to the complex nature of the foundation,
further analysis is required (Hossain et al., 2015b).

Traditional capacity analysis methods can provide a quick but conservative bearing
capacity estimate for simple foundation geometries and loadings. More detailed analysis of
offshore foundations is often undertaken using 3D displacement FEA. This can be accurate,
but can also be time-consuming, as a mesh refinement study is required to verify the quality
of the solution. As such, a major disadvantage of conventional FEA is the lack of a direct
error measure associated with the solution. Capacity analyses using FELA differ from those
using FEA in that strict LB and UB plasticity solutions are obtained for the collapse load.
This allows for a directly quantifiable error measure to be associated with the average bound
solution. Furthermore, an adaptive mesh refinement strategy could be used to facilitate bound
convergence over successive iterations of the solution. A limitation of FELA is the need to
adopt a simple rigid—plastic soil model. However, as previously mentioned, this is essentially
equivalent to the elastic—plastic soil models typically used in capacity analyses undertaken
using conventional FEA. Ultimately, FELA could provide an attractive alternative to
displacement finite element analysis for capacity analysis of offshore foundations on clay.

This research has been funded by Subsea 7, a subsea engineering company serving the
offshore energy industry (Subsea 7, 2017), to ascertain if FELA is a viable alternative to

conventional FEA for a range of offshore design problems.

1.4 Research objectives

This thesis contributes to research into novel numerical modelling techniques and to research
into ultimate limit state analysis of offshore foundations. FELA is performed using the
in-house software OxLim, which has recently been extended to solve 3D problems. There is
currently limited information available on the implementation of 3D FELA, thus one aim of
this research is to provide a description of the method and of its advantages/disadvantages for
foundation capacity analysis. In this thesis, 3D OxLim is benchmarked against analytical

solutions and against displacement FEA, and the application of 3D FELA to offshore
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foundations (shallow foundations, suction anchors and hybrid foundations) is described in
detail. This research sets out to demonstrate that 3D FELA with adaptive mesh refinement is
a viable preliminary design tool. This will be achieved by considering a number of authentic
design case studies, where non-trivial foundation geometries, soil strength profiles, loading
conditions, and foundation/soil interface conditions are analysed.

The foremost aim of this thesis is to provide research that is practical for incorporation
in current design methods for offshore mudmats, suction caissons, and mudmat—pile hybrid

foundations. Three independent studies of mudmat foundations will provide insight into:

e The effect of seabed inclination on planar mudmat capacity.

e Mudmat capacity under realistic 3D load combinations (based on the combined loads

generated by a horizontal force applied within the envelope of the mudmat).

e Vertical bearing capacity factors for surface and embedded square foundations with a

range of perforation ratios.

This thesis also aims to improve understanding of suction caissons used as anchors for
catenary or taut mooring systems, by providing a comprehensive and systematic analysis of
their capacity. The influence of design parameters (such as length to diameter aspect ratio,
interface conditions, and load angle) on caisson capacity will be quantified and the optimal
load location will be found for an extensive range of caissons.

The final aim of this thesis is to obtain, though FELA, the contribution of the constituent
foundation parts (mudmat base, mudmat side, pile base, pile side) to the total capacity of a
hybrid mudmat—pile foundation under uniaxial loads. The effects of pile length, diameter, and
head fixity, on hybrid foundation capacity are quantified.

Throughout this thesis, examining numerically predicted foundation failure mechanisms
is given importance. An objective of this research is to take a holistic approach to foundation
analysis, linking foundation capacity to the corresponding collapse mechanism in the soil in

order to best improve understanding of foundation behaviour.
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1.5 Thesis outline

The early chapters provide context to the analysis problems considered later in the thesis.
Chapter 2 provides background information on the undrained analysis of foundations in
clay. A state of the art review of numerical techniques and of capacity analysis studies of
mudmats, caissons, and hybrid foundations is provided. In Chapter 3, the FELA
implementation (OxLim) is detailed and discussed. A displacement FEA model, using the
commercial software Abaqus (Dassault Systemes Simulia Corp., 2014), is also described.
OxLim is benchmarked against analytical solutions, results obtained using FEA, and results
available in the literature.

Analysis of specific foundation types is undertaken in the subsequent chapters. In
Chapter 4, shallow rectangular foundations are analysed. The chapter begins with plane
strain analysis of mudmats, and considers the effect of a possible seabed inclination on
mudmat capacity. A case study is presented which is based on a recent mudmat design where
seabed inclination was of significant concern. A second design case considers a rectangular
mudmat under 3D combined loading. This informs a study in which focus is placed on
horizontal loads applied within the plan area of a mudmat which, if applied at an eccentricity
from the centre, may transfer a torsional load to the mudmat. Loads applied at a height above
the mudmat, inducing overturning moments, are subsequently considered. The effect of a
vertical dead load on the combined loading capacity is assessed. This chapter concludes with
research into the vertical capacity of square perforated footings. Capacities of surface and
embedded perforated footings are compared with a recently developed design formula
(Tapper, 2013; Tapper et al., 2015). A modification to this design formula for use with
embedded footings is outlined.

Suction caissons are analysed in Chapter 5. Capacities under horizontal loading are found
for caissons loaded at a range of attachment points along the embedded length of the caisson.
An extensive parametric study considering caisson length to diameter aspect ratio, soil strength
profile and unit weight, load attachment point and angle, and wall/soil contact breaking is

undertaken. Capacity charts showing the variation in caisson capacity with load attachment
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location are presented, and tabular results summarise maximum capacities and corresponding
load points. Failure mechanisms obtained using plane strain and 3D analyses are presented and
discussed. The chapter concludes with a case study, where capacities of a caisson in layered
soil are ascertained under two design conditions—ultimate limit state (ULS) and accidental
limit state (ALS).

Chapter 6 contains the results of UB analyses of the most complex foundation type
considered in the thesis, hybrid mudmat—pile foundations. The contribution of the constituent
foundation parts (mudmat base, mudmat side, pile base, pile side) to the total hybrid
foundation capacity is quantified, and the influences of pile length, pile diameter, and pile
head fixity on the total capacity are examined. A case study is presented which investigates
the effect of seabed inclination on hybrid foundation capacity under six degree-of-freedom
loading.

Chapter 7 summarises the main findings and suggests areas in which further research

would be beneficial.
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Background

2.1 Introduction

This chapter provides background information pertaining to offshore foundation capacity
analysis. Analysis methods and software implementations are introduced and described.
State of the art research into shallow foundations, caisson foundations, and hybrid
foundations is reviewed in detail. Unless stated otherwise, the literature relates to foundations
idealised as rigid, founded on undrained clay soil idealised as an elastic—plastic or

rigid—plastic material.

2.2 Review of numerical methods
2.2.1 Limit analysis

Limit analysis refers to the use of the lower bound (LB) and upper bound (UB) plasticity
theorems, which together place limiting values on the theoretical plastic collapse load of a
foundation (or other structure) subject to live loading. The plasticity theorems were developed
by Drucker et al. (1952) and Gzodev (1960), amongst others. Assumptions such as perfect
plasticity and an associated flow rule are required in order to apply these theorems. It is
also assumed that the material’s yield function is convex (which is true for Tresca and von
Mises yield functions). Once these assumptions have been made, the method is rational and
consistent and the bound theorems can be used to obtain foundation collapse loads directly,
without intermediate steps.

To satisfy the LB theorem, a stress field must be found which satisfies the equations of
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equilibrium, the boundary conditions, and is everywhere below yield. The UB theorem
requires an admissible velocity field (mechanism) with compatible plastic deformation (no
gaps or overlaps), a rate of external work equal to or exceeding the rate of internal plastic
energy dissipation, and for deformations to satisfy the (associated) flow rule. LB limit
analysis, by definition, must underestimate or equal the collapse load, while UB limit

analysis must overestimate or equal the collapse load.

2.2.2 Finite element limit analysis

Finite element limit analysis (FELA) refers to numerical implementations of the LB and UB
theorems through a finite element discretisation of the problem stress and velocity fields. The
LB and UB are independent problems but can be formulated using the same element
discretisation (although different element types are used). Plasticity bound analyses are

undertaken using the following general steps:

1. The problem domain is discretised into elements.

2. The constraints required by the LB or UB theorem are enforced within and between

connected elements.

3. The variables and constraints are arranged as an optimisation problem. In general, this

problem will involve both linear and nonlinear constraints.

4. A numerical optimisation technique is used to find the optimal LB or UB collapse load

multiplier, or load factor.
2.2.2.1 Lower bound FELA

To implement LB FELA, a piecewise continuous stress field is usually introduced in the
elements of a discretised domain. An early implementation of LB FELA was undertaken by
Belytschko and Hodge (1970). Belytschko and Hodge used quadratic triangle elements,
which can cause difficulty in enforcing the yield criterion throughout the element. Analysis

undertaken by Lysmer (1970) used linear triangle elements, which have the advantage that
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the yield criterion will be satisfied everywhere in the element if it is enforced at the vertices.
For this reason, three-noded elements are commonly used in the analysis of 2D problems
(e.g. Pastor, 1978; Sloan, 1988; Makrodimopoulos and Martin, 2006). The three-noded
triangle used in 2D can be extended to a four noded tetrahedron in 3D without complication
(e.g. Pastor et al., 1990; Lyamin and Sloan, 2002a; Yang et al., 2003; Martin and
Makrodimopoulos, 2008). Linear extension elements have also been developed which allow
for admissible stress fields to be constructed for unbounded domains (Pastor, 1978; Lyamin
and Sloan, 2003; Makrodimopoulos and Martin, 2006).

The type of optimisation required is dependent on the yield function. The yield function
was linearised in early FELA implementations, allowing for well established linear
programming (LP) algorithms to be used (Maier, 1969; Anderheggen and Kndopfel, 1972).
Non-linear programming (NLP) was used by Zouain et al. (1993) to model a yield function
directly without first linearising it (also Yang et al., 2003; Li and Yu, 2005). Second-order
cone programming (SOCP) was used by Ciria and Peraire (2004) and Bisbos et al. (2005),
amongst others, to model von Mises materials. The implementation of the Mohr—Coulomb
criterion in plane strain using SOCP is described in Makrodimopoulos and Martin (2006) and
Krabbenhgft et al. (2007).

A notable algorithm for the analysis of SOCP problems, described in Andersen et al.
(2003), is implemented in the commercially available software MOSEK (2014). Other
noteworthy algorithms for solving SOCP problems include SeDuMi (Sturm, 1999) and
SDPT3 (Tiitiincii et al., 2003). The problem constraints must be formulated appropriately
before optimisation can be undertaken. Commercially available limit analysis software,
OptumG2 (Krabbenhgft et al., 2015), formulates analysis based on the implementation
outlined in Krabbenhgft et al. (2007). OptumG?2 has recently been used for the LB and UB
analysis of plane strain and axisymmetric geotechnical problems (Keawsawasvong and
Ukritchon, 2016; Ukritchon and Keawsawasvong, 2016).

OxLim, used in this thesis, is formulated based on the LB implementation described in

Makrodimopoulos and Martin (2006).  The linear triangle stress elements used by
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Figure 2.1: Elements in 2D mesh used for LB analysis (Makrodimopoulos and Martin, 2006):
(a) interior edge nodes; (b) exterior edge nodes on a traction boundary
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Figure 2.2: Plane strain Tresca yield criterion

Makrodimopoulos and Martin are shown in Figure 2.1. To enforce a rigorous LB it must be

ensured that;

e cach element is in equilibrium,
e interior edges between elements are in equilibrium (Figure 2.1(a)), and

e exterior edges are in equilibrium (Figure 2.1(b)).

For plane strain conditions, the Mohr—Coulomb yield criterion can be expressed as a linear
equality constraint coupled with a second-order cone constraint. The Tresca special case with

unlimited tension capacity (see Figure 2.2) can be expressed in the form

/St ts%, <z o

7 =S8y, Oy = free

Oxx 1 O Oxx — O . - .
Tyy, S = —— I Sxy = Tyy, and z is an auxiliary variable.

where 6, = 5
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The resulting optimisation problem, after applying the equilibrium and material yield
constraints, can be solved using MOSEK (2014). Makrodimopoulos and Martin (2006) noted
that this approach to LB FELA can be used to handle many popular yield functions, such as
Mohr—Coulomb (and Tresca) in plane strain and Drucker—Prager (and von Mises) in 2D or
3D. It was found that SOCP is a powerful technique for non-linear optimisation that allows

for accurate LB solutions to difficult classical plasticity problems to be obtained.
2.2.2.2 Upper bound FELA

When implementing UB FELA it is often difficult to ensure that the associated flow rule is
satisfied throughout the discretised domain. Constant strain elements (three-noded triangles
with a linear variation of velocity) have been used to satisfy this requirement (e.g. Bottero
et al., 1980; Abdi et al., 1994; Sloan and Kleeman, 1995; Pastor et al., 2000) and have been
combined with discontinuities in the velocity field to help to compensate for poor accuracy
when using linear elements. Analysis of incompressible materials (such as undrained clay) can
lead to a ‘locking’ of the failure mechanism (Nagtegaal et al., 1974), but using a constant strain
element with discontinuities overcomes this. Just as for LB FELA, early implementations used
LP (Bottero et al., 1980; Pastor et al., 2000). More recent implementations have used NLP,
the most notable for geomechanics problems has been Lyamin and Sloan (2002b), which is an
advancement of an algorithm outlined in Zouain et al. (1993).

An alternative to the constant strain element approach is outlined in Makrodimopoulos
and Martin (2007) (first suggested for purely cohesive materials by Yu et al. (1994)). It was
found that six-noded triangles could be used to obtain strict UB solutions in plane strain,
provided that the sides of the elements were straight. This element is termed a ‘simplex
strain element’ and is shown in Figure 2.3. Because the strains vary linearly, the flow rule
need only be enforced at the three triangle vertices to ensure that it is satisfied throughout
the triangle. Makrodimopoulos and Martin found that this element type performs better than
constant strain elements at similar computational cost. This element, and the method described
in Makrodimopoulos and Martin (2007), is implemented in plane strain analyses using OxLim.

3D OxLim analyses use constant strain elements (four-noded tetrahedra) with discontinuities
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Figure 2.3: 2D UB simplex strain displacement elements used by Makrodimopoulos and
Martin (2007): (a) 6-node element with straight sides; (b) notation of area coordinates

in the velocity field between elements, as it has been found that the failure mechanism is prone
to locking when 3D simplex strain elements (ten-noded tetrahedra) without discontinuities are
used (C.M. Martin, personal communication, 2017).

The optimisation of UB FELA, just as for the LB, can be formulated as a SOCP problem,
provided that the yield criterion can be expressed as a quadratic cone constraint. To find an
UB solution, a kinematically admissible displacement field (mechanism) must be found that
minimises the work done by the applied forces or boundary tractions. To solve this problem
using SOCP it is computationally more efficient to solve the dual optimisation problem, as
outlined in Makrodimopoulos and Martin (2007). As the dual solution is a maximisation
problem where the optimal load multiplier is approached from below over the course of
several iterations, it is necessary to check that the optimisation has converged, to ensure that
an UB solution has been found. If the optimisation has not converged then the load multiplier

obtained may in fact underestimate the exact collapse load.

2.2.3 Previous applications of 3D FELA

Axisymmetric FELA, using SOCP optimisation, has recently been used to find capacities of
footings and caissons in clay soil obeying the Tresca criterion (e.g. Kumar and Chakraborty,
2014; Chakraborty and Kumar, 2015; Ukritchon and Keawsawasvong, 2016). 3D FELA has
been applied to slope stability problems for a number of years (e.g. Chen et al., 2001a,b; Li

et al., 2009; Lim et al., 2015). Other (geotechnical) capacity problems have sporadically been
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Extension mesh

(a)

Figure 2.4: 3D FELA undertaken by Salgado et al. (2004): (a) typical LB mesh for circular
footing; (b) UB deformation pattern for rectangular footing under vertical loading

examined using 3D FELA.

3D LB FELA was undertaken by Yang et al. (2003). Non-linear programming was used
to find the vertical bearing capacity of a smooth rectangular footing resting on the surface
of a Drucker—Prager material. Symmetry allowed for one quarter of the soil domain to be
modelled; the domain was discretised into a structured mesh comprising 90 elements.

Salgado et al. (2004) used 3D FELA to find the vertical bearing capacity of circular,
square, and rectangular footings in clay. The FELA LB and UB implementations followed
Lyamin and Sloan (2002a,b). The soil was modelled as a Tresca material, and was discretised
into a structured mesh of four-noded tetrahedra. The LB and UB optimisation problems were
solved using non-linear programming. Symmetry allowed for 15° of the circular footing
problem domain and one quarter of the rectangular footing problem domain to be analysed
(see Figure 2.4). Capacity analyses using 3D FELA were subsequently undertaken for
circular and rectangular footings on sand (modelled as a Mohr—Coulomb material), as
outlined in Lyamin et al. (2007).

Martin and Makrodimopoulos (2008) undertook 3D FELA of Mohr—Coulomb materials
by using semidefinite optimisation. Two example problems were considered; the compression

of a square block and the expansion of a thick spherical shell. Symmetry allowed for one
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eighth of the problem domains to be modelled, and the regular meshes of tetrahedral elements
contained up to 3700 elements. The LB analyses employed linear stress elements, while
simplex strain elements (without discontinuities) were used in UB analyses.

3D FELA of Mohr—Coulomb materials using semidefinite optimisation was also
undertaken by Krabbenhgft et al. (2008). For this study, the vertical bearing capacities of
circular and square footings were found using structured meshes comprising approximately
4000 elements. Symmetry allowed for 15° of the circular footing problem domain and one

quarter of the rectangular footing domain to be analysed.

2.2.4 Displacement finite element analysis

The finite element method has been used extensively in many fields of engineering for over
40 years. The application of FEA to geotechnical engineering is described in detail by Potts
and Zdravkovi¢ (1999) and Potts and Zdravkovi¢ (2001). FEA seeks to satisfy equilibrium,
compatibility, material constitutive response, and boundary conditions. An elastic—plastic
constitutive model is commonly applied in undrained finite element analysis of foundations
on clay. As the response of the material is initially elastic, the plastic failure load is only
reached after a number of solution increments. This is a significantly different approach to

limit analysis.

2.2.5 Discontinuity layout optimisation

Discontinuity layout optimisation (DLO) was developed for plane strain by Smith and Gilbert
(2007) to solve for translational failure mechanisms. The formulation was later extended to
include rotational mechanisms in cohesive media (Gilbert and Smith, 2013). The stages in
the DLO procedure considering translational failure only are outlined in Figure 2.5(a)—(d);
rotational slip lines are also considered in Figure 2.5(e)—(f).

When using DLO, UB analysis is formulated in terms of rigid sliding blocks separated
by velocity discontinuities. Nodes are spaced across the problem domain with potential lines
of discontinuity created to connect each node to every other node. The problem is optimised

using LP to find the solution of discontinuities which produces a compatible mechanism with
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Figure 2.5: Stages in the DLO procedure (Gilbert and Smith, 2013): (a) initial problem
(eccentric rigid load applied to block of soil close to a vertical cut); (b) discretisation of
soil using nodes; (c) interconnection of nodes with potential straight-line discontinuities
interlinking all nodes; (d) identification of critical subset of potential discontinuities using
optimisation (giving layout of slip-lines in the critical translational failure mechanism);
(e) interconnection of nodes with potential linear and curved discontinuities (for clarity only a
small subset of possible curved discontinuities are shown); (f) identification of critical subset
of potential discontinuities using optimisation (giving the layout of slip-lines in the critical
rotational failure mechanism)

the lowest energy dissipation. The accuracy of the UB solution can be improved by increasing
the nodal density. Unlike combined LB and UB FELA, the solution does not have a directly
quantifiable error measure, as only an UB solution is found. A nodal refinement study is
recommended to check convergence of the collapse load, which is broadly equivalent to a
mesh refinement study when using FEA.

The commercial software LimitState:Geo (LimitState Ltd, 2016) implements DLO for the
analysis of planar geotechnical problems. Failure mechanisms and corresponding load factors
for a strip footing on soil with uniform strength are shown in Figure 2.6(a) using a ‘medium’
nodal distribution and Figure 2.6(b) using a ‘very fine’ nodal distribution in LimitState:Geo.
As expected, both capacity values (5.19Bs, and 5.16Bs,) lie above the theoretical collapse

value of 5.14(2 + 7)Bs, from Prandtl (1920).
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Figure 2.6: Failure mechanisms for a rough (¢ = 1) strip footing under vertical loading on
soil with uniform shear strength s, using LimitState:Geo: (a) ‘medium’ nodal distribution;
(b) ‘very fine’ nodal distribution

A 3D formulation of DLO has recently been implemented (Hawksbee et al., 2013). A
similar solution procedure is followed in 3D. First the problem is discretised into a grid of
nodes, nodes are then connected to make edges, these edges are joined to create polygonal
discontinuity facets, and the problem is set up in SOCP form and solved using optimisation
software. The bearing capacity of a perfectly rough rigid footing resting on the surface of a
purely cohesive Tresca material was considered as a benchmarking exercise, amongst other
problems, in Hawksbee et al. (2013) and the failure mechanism is shown in Figure 2.7. The
authors noted that the failure mechanism extends to the fixed problem bounds, but extending
the problem domain further would result in an impractically large problem. This highlights
the present numerical inefficiency of 3D DLO, and as such it is possibly limited in its potential

applications.

2.2.6 Rigid finite element analysis

Rigid finite element analysis (RFEA) is a discontinuous method where the problem domain
comprises rigid elements and interfaces. Deformations are only permitted along interfaces
between elements. The method originates from a rigid body and spring method proposed by
Kawai (1977). RFEA is often used for slope stability analysis of soils, rocks, or discontinuous

media (e.g. Chen et al., 2004; Liu and Zhao, 2013) but more general discrete element slip
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Figure 2.7: Punch indentation using DLO: representative failure mechanism (dashed lines
indicate extent of domain modelled) (Hawksbee et al., 2014)

models have also been developed (Alwis, 2000). This method finds collapse mechanisms

using defined equilibrium equations and linear programming.

2.2.7 Method of characteristics

The method of characteristics (MoC), also known as the slip line method, can be used to find
bearing capacity solutions based on the stress characteristics in the soil. The free computer
program ABC for shallow foundation analysis (Martin, 2004) calculates an ‘incomplete’ LB
collapse load (incomplete as only part of the stress field is computed, without extending it
throughout the soil). Vertical capacities obtained using ABC have been shown to provide

exact bearing capacity calculations for problems in plane strain (Martin, 2005).

2.3 Shallow foundation vertical capacity analysis

Shallow foundation capacity has been extensively researched. Terzaghi (1943) proposed an
equation to determine the ultimate vertical bearing capacity, gy, of a strip footing of width, B,
using the superposition of bearing capacities from the soil cohesion, ¢, surcharge pressure, g,
and soil unit weight, y. The soil is assumed to act as a rigid—plastic Tresca material in
undrained conditions (¢ = s,) and a Mohr—Coulomb material in drained conditions. A

modified version of the original equation is still used today and is shown in Equation 2.2:
Gu = Scdcic - €N, + s4dgiq - GNy + Sydyiy - sBYNy (2.2)
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Bearing capacity factors N. and N, can be derived from analytical equations. There are
various numerical approximations for Ny, most notably from Brinch Hansen (1970) and
Vesic (1975). Empirical modification factors accounting for various foundation shapes by
using shape factors, s., s4, sy, and foundation depths by using depth factors d., d,, dy, were
found by Skempton (1951). Loads inclined to the vertical can be accounted for by using the
factors ic, iy, iy. Moment loading can be considered by analysing an ‘effective width’ of the
footing, with combined vertical and moment loading transformed into an equivalent eccentric
vertical force (from Meyerhof, 1951).

Classical bearing capacity theory, stemming from the Brinch Hansen (1970) method, has
been adopted into design codes and is conventionally used for preliminary mudmat design in
industry (e.g. DNV (1992), ISO (2003), and API (2011)). The design code API RP 2A-WSD
(2000) differs in that it is based on the bearing capacity equation proposed by Vesic (1975).

For a surface strip foundation on weightless soil under purely vertical loading, the bearing

capacity equation can be simplified to
Gu = Ncsu 2.3)

N, for a strip footing resting on the surface of uniform cohesive soil is an exact solution
(N, = 2+ ), first found by Prandtl (1920) (for a large block of metal subjected to a flat rigid
punch). N, can vary for foundations with different shapes and interface conditions. While N,
for a strip footing is a known exact solution, an exact N, has not been found for square surface
foundations. N, values obtained in the literature for square foundations with rough and smooth
foundation/soil interfaces are listed in Table 2.1.

The N, values in Table 2.1 assume that the foundation is resting on uniform soil. A linear
variation of strength with depth is often considered by introducing a dimensionless soil
strength heterogeneity factor, pB/sym, where sy is the soil strength at the mudline and p is
the strength change per unit depth of soil. Many studies have considered the effect of soil
strength heterogeneity on N, e.g. Davis and Booker (1973), Tani and Craig (1995),
Gourvenec and Mana (2011) and Tapper et al. (2015).

Foundation capacity increases with increasing embedment, d. Gourvenec and Barnett
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Table 2.1: Bearing capacity factors (N,) for square surface foundations on uniform soil

Study Method Failure criterion N,
Rough interface (@ = 1)
Yu et al. (2016) UB PLA von Mises 5.78 (UB)*
Tapper (2013) FEA Tresca 5.76
Gourvenec et al. (2006) FEA Tresca' 591
von Mises 5.74
Salgado et al. (2004) FELA Tresca 5.22 (LB)
6.22 (UB)
Michalowski (2001) UB PLA Tresca 6.56 (UB)

Smooth interface (a0 = 0)

Yu et al. (2016) UB PLA von Mises 5.48 (UB)*
Tapper (2013) FEA Tresca 5.44
Gourvenec et al. (2006) FEA Tresca' 5.56
Puzrin and Randolph (2003) UB PLA Tresca 6.13 (UB)
Michatowski and Dawson (2002) Finite difference Tresca 5.43

* Not a ‘strict’” UB solution as flow rule not enforced throughout the domain
T FEA Tresca implemtation uses von Mises flow rule, discussed further in Section 3.5.3.1

(2011) considered foundations with depth to breadth embedment ratios d/B < 1 and soil
strength heterogeneities 0 < pB/sym < 6. Algebraic expressions were fitted to capacities of
foundations under combined loads obtained using FEA. It was found that foundation capacity

is dependent on embedment ratio and degree of soil strength heterogeneity.

2.3.1 Perforated foundations

Early theoretical analysis of perforated foundations on undrained clay showed that beneficial
interaction effects are negligible, between vertically loaded foundations spaced closely
together in uniform strength clay (Mandel, 1963). For foundations on clay with a linear
increase in strength with depth, Hazell and Martin (2005) used MoC and UB analysis to find
the vertical bearing capacity of rigidly connected, parallel strip footings. The simplified plane
strain geometry of two strip footings of width, B*, with a gap between them, S, can be used to
represent a mudmat with a central perforation, shown in Figure 2.8(a). It was found that the

bearing capacity of closely spaced footings can be larger than that for isolated footings, thus
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Figure 2.8: A pair of parallel strip footings modelled in plane strain (Hazell and Martin, 2005):
(a) notation; (b) variation of efficiency with spacing. Results from MoC shown as solid and
simple UB calculations shown as dotted. pB/sym = 5

increasing the ‘efficiency’ of the design (where efficiency is the ratio of the overall capacity
to the sum of the individual capacities). Increased efficiency is due to soil arching over the
gap which results in no reduction in ultimate capacity but a reduction in the bearing area,
leading to a higher capacity per unit foundation area. This beneficial increase in capacity
increases with soil strength heterogeneity and is larger for rough footings than smooth
footings. Figure 2.8(b) shows efficiency increasing to 1.3 when a perforation is introduced to
a foundation on soil with pB/sym = 5.

Parallel strip footings on uniform soil under combined loading were analysed using plane
strain FEA by Gourvenec and Steinepreis (2007). It was found that under vertical loading
there is a small increase in capacity (< 5%) when footings are spaced with S/B < 1. It was
also found that considerable additional moment capacity can be acquired due to the kinematic
constraint provided by the rigid connection between the footings.

White et al. (2005) undertook small-scale tests in order to examine the downwards
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Figure 2.9: Experimental investigation of vertical capacity of perforated foundations (White
et al., 2005): (a) results of test bed characterisation showing soil strength profile; (b) peak N,
against perforation ratio, R

vertical and uplift capacities of square foundations with central perforations. The soil used in
the experiments had a strong ‘crust’ and below this the strength was relatively low, before
increasing with depth (Figure 2.9(a)). It was found that installation resistance decreased in
proportion to perforation area (Figure 2.9(b)) and that there was minimal capacity
enhancement at low perforation ratios due to arching.

A comprehensive study of perforated foundations was undertaken by Tapper (2013) and
Tapper et al. (2015). Surface and embedded foundations were modelled using FEA and the
soil was modelled as an elastic—plastic Tresca material. A range of perforation ratios, R, and
soil strength heterogeneity factors were considered, and centrifuge test data was used to verify
the numerical results. For surface foundations, it was found that as R increases N, decreases
asymptotically to N, for a strip footing on uniform soil. In order to derive an expression
for estimating the bearing capacity of perforated foundations, a perforation factor, r., was
introduced where

re =se+VR(1—s.). (2.4)

Shape factors, s., were found for a range of soil strength heterogeneities (using FEA) and

are shown in Figure 2.10 for square foundations. A vertical bearing capacity equation was
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Figure 2.10: Shape factor, s., for a square foundation on soil with a range of strength
heterogeneity factors (Tapper, 2013)

proposed,
Gu = SumN,red. +7vd (2.5)

where V' is the effective unit weight of the soil (rendering y'd the effective overburden stress).

To account for foundation embedment, Tapper (2013) found (using FEA) depth factors, d_,
for perforated foundations in soil with various strength heterogeneities (shown in Figure 2.11).
It was suggested, for simplicity, that d. for a solid foundation could be used for all values of
R, although this would become increasingly conservative as R increases.

Tapper (2013) also found that the vertical capacity of a foundation with one central
perforation is approximately the same as that for a foundation with multiple equally spaced
perforations, provided R is the same. As such, the design expression in Equation 2.5 can be
used to give a reasonable prediction for the capacity of foundations with numerous

perforations.
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Figure 2.11: Depth factors, d., for embedded square foundations (rough base, smooth sides)
with a range of embedment to breadth ratios on soil with a range of soil strength heterogeneity
factors (Tapper, 2013): (a) R=0; (b) R=10.16; (c) R=0.36; (d) R =0.64
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2.4 Rectangular mudmats under combined loading

It is well known that failure of mudmats can be significantly influenced by horizontal and
torsional loading (Finnie and Morgan, 2004; Murff et al., 2010; McDonald et al., 2014;
Martin et al., 2015; Feng et al., 2017). This has been further highlighted by the development
of hybrid mudmat—pile foundations to improve foundation capacity (Dimmock et al., 2013).
Vertical loading on mudmats is predominantly due to the self-weight of the supported
infrastructure, and is typically small when compared with the ultimate vertical bearing
capacity of the mudmat (Feng et al., 2017). However, when a mudmat is located on sloping
ground, vertical loading, particularly when applied in combination with other loading, needs
additional consideration.

Murff and Miller (1977) used UB limit analysis to study the bearing capacity of offshore
structures and found that torsion significantly reduced the sliding resistance of their example.
Finnie and Morgan (2004) studied the effect of torsional loads on subsea foundations,
including shallow foundations. It was demonstrated that the governing load case for a
shallow foundation can be the torsional effect of a horizontal load applied at an eccentricity
from the foundation’s centre. A limit equilibrium (LE) method was used to determine the
factor of safety against torsional failure for a square surface footing.

This analysis was expanded upon by Yun et al. (2009) where it was supplemented by
3D FEA. Failure envelopes for circular, square, and rectangular surface footings subjected
to combined vertical, horizontal, and torsional loading were presented. It was found that
FEA overestimated the torsional capacity of a square footing by 11% when compared with
the analytical solution. This was due to the fully bonded connection between the foundation
and the soil in the FEA model. When the foundation and the soil are fully bonded, interface
shearing is prevented, forcing failure into the soil domain and artificially increasing the bearing
capacity.

Murff et al. (2010) applied UB limit analysis to shallowly embedded square and
rectangular footings subjected to combined horizontal and torsional loading. The footing was

modelled as a rigid body, displacing wedges of soil along planes at 45° from the base of the
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Figure 2.12: Failure mechanism for a rectangular footing under horizontal and torsional
loading as described in Murff et al. (2010): (a) plan view of mechanism; (b) elevation view of
section H-H'; (c) elevation view of passive wedge A1B|C;

foundation to the soil surface. The failure mechanism studied involved an active wedge of
soil being pulled behind the footing and a passive wedge of soil being pushed in front
(Figure 2.12). The solution presented is capable of considering surface and embedded
footings on heterogeneous soil strength profiles when subjected to combined horizontal and
torsional loading.

Results from 3D FEA undertaken by Nouri et al. (2014) were found to match the UB
PLA equations derived by Murff et al. (2010) reasonably well (Figure 2.13). The FEA was
limited to horizontal loads applied parallel to the plan view axes. It was found that although
the size of the horizontal-torsional failure envelope increased with embedment depth, its
shape remained similar (Figure 2.13(a)). The study found that the eccentricity of lateral
loading begins to significantly affect ultimate capacity of square footings at eccentricities
greater than approximately 0.1 times the footing breadth. However, increasing the aspect
ratio of the footing helps to negate this, particularly when loading is aligned parallel to the
short axis.

Feng et al. (2014) used 3D FEA to study six degree-of-freedom loading on shallowly
embedded mudmats (Figure 2.14(a)). The focus of this study was on simplifying the failure

envelopes for various loading combinations into algebraic expressions (Figure 2.14(b)
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Figure 2.13: Capacities of a rectangular footing under horizontal and torsional loading from
Nouri et al. (2014): (a) comparisons of FEA and PLA (from Murff et al. (2010)) horizontal—
torsional capacities; (b) capacity reduction versus load eccentricity

and (c)). These expressions can easily be implemented in a spreadsheet, or other software,
for use in preliminary design. From the analyses undertaken, a series of design steps for the

analysis of rectangular footings was proposed:

1. For a given foundation geometry, evaluate the shear strength at skirt tip level and
non-dimensional quantities: breadth to length, embedment depth to breadth, and soil

heterogeneity.

2. Evaluate uniaxial capacities for vertical, horizontal, moment, and torsional loading.

3. Reduce ultimate horizontal, moment, and torsional capacities to maximum values
available, according to the mobilised (design) proportion of the uniaxial vertical

capacity.

4. For a given angle of resultant horizontal load, evaluate corresponding ultimate

horizontal capacity, and similarly, ultimate moment capacity.

5. Evaluate reduced ultimate horizontal and moment capacities due to normalised torsional

loading.
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Figure 2.14: Rectangular footing under six degree-of-freedom loading from Feng et al. (2014):
(a) notation and sign conventions; (b) FEA results and fit for torsional-horizontal failure
envelopes; (¢) FEA results and fit for vertical-horizontal failure envelopes

6. Evaluate the extent to which the applied (design) loading falls within the horizontal—

moment failure envelope, and thus establish design safety factors.

A realistic design case study of a mudmat subject to six degree-of-freedom loading was also
presented in Feng et al. (2014).

Feng et al. (2015) builds on the work of Feng et al. (2014) and considers the effect of a
surface crust of strong soil on mudmat capacity. An example shear strength profile for a soil
with a crust layer is shown in Figure 2.15(a). The research provides algebraic expressions
for mudmat capacity under combined loading once functions of relative crust depth, skirt
embedment, and shear strength ratio of the upper crust and underlying soil layer are defined
(Figure 2.15(b)). It was found that larger mudmats are required if a strong surface crust is
neglected. A no tension interface between the mudmat and the soil was considered by Shen
et al. (2017). Reductions in capacity under moment loading, due to detachment of the mudmat

from the soil (see Meyerhof (1951)), were quantified. Under combined vertical, horizontal,
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Figure 2.15: Study into capacity of mudmats in soil with a surface crust (Feng et al., 2015):
(a) Evidence of surficial crust zone based on in situ investigations in deep water offshore
Nigeria; (b) soil strength profile notation

and torsional loading the effect of a no tension interface was found to be negligible. Just as
in Feng et al. (2014) and Feng et al. (2015), expressions were proposed for predicting failure
envelopes, which can easily be implemented in a spreadsheet.

Research by Feng et al. (2017) focuses on the horizontal-torsional capacity of mudmats.
The UB PLA solution presented by Murff et al. (2010) was extended to fully define the
failure envelopes for translational and torsional sliding of mudmats. The complex effects of
foundation aspect ratio and embedment ratio, skirt roughness, direction of horizontal loading,
soil strength heterogeneity, and gapping adjacent to the mudmat skirts were considered. It
was found that the shape of the horizontal-torsional failure envelope when normalised by the
maximum uniaxial capacities is insensitive to skirt roughness and soil strength heterogeneity,
although foundation aspect ratio and the angle of horizontal loading do affect the shape of the

failure envelope.
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2.4.1 Foundations on sloping ground

There have been several studies of strip footing capacity when located on flat ground at, or
near, the crest of a slope, or cut into a slope (e.g. Figure 2.16), but there does not appear to
have been any corresponding work for the case of a footing on the slope itself, with inclined
ground extending in both directions.

Footings near sloping ground have been considered by Brinch Hansen (1970) and Vesic
(1975) through modification factors to the N, term of Equation 2.2. Kusakabe et al. (1981)
and Michalowski (1989) analysed the stability of locally loaded purely cohesive slopes using
UB PLA. More recently, Michalowski and Drescher (2009) undertook 3D UB PLA of slope
stability problems using a curvilinear cone failure mechanism.

Georgiadis (2010a,b) used FEA to determine the response of undrained slopes to loading
by a foundation situated at or near the crest of a slope. It was concluded that the methods of
Brinch Hansen (1970) and Vesic (1975) did not consider enough parameters to produce
accurate results for many combinations of geometric parameters and soil properties.
Georgiadis presented a design proposal for calculating the bearing capacity of strip footings
on the crest of or near slopes based on undrained shear strength, bulk unit weight, footing
width, the distance of the footing from the slope, the slope angle, the slope height, and load
inclination.

Shiau et al. (2011) used plane strain LB and UB FELA (based on procedures described
by Lyamin and Sloan (2002a,b) and Krabbenhgft et al. (2005)) to analyse the vertical
capacity of foundations at or near the crest of a slope. The effects of slope angle, foundation
distance to the slope crest, soil heterogeneity, footing roughness, and surface surcharge were
quantified. Results were presented in the form of normalised design charts. It was found that
the soil strength to weight ratio is an important parameter when considering the capacity of
foundations near slopes as this often defines whether slope failure or local foundation failure

occurs.
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Figure 2.16: Meshes used in Shiau et al. (2011): (a) for LB FELA; (b) for UB FELA
2.5 Caisson capacity analysis

Much research into caisson foundations used as suction anchors offshore stems from the
analysis of pile foundations. Murff and Hamilton (1993) describe a 3D collapse mechanism
for piles laterally loaded at the mudline, based on UB plasticity theory. The model can
incorporate heterogeneous soil strength, a pile plastic hinge failure mechanism, pile/soil
adhesion and suction, and tip rotational resistance. A wedge mechanism is proposed near the
soil surface, with a gap on the trailing side of the pile (an active soil wedge is also easily
included in the model), while a flow around failure mechanism based on Randolph and
Houlsby (1984) is modelled at depth (Figure 2.17).

Large scale field model tests of suction caissons were undertaken Keaveny et al. (1994).
It was noted that significant additional capacity is gained when caissons are loaded at half the
embedment length, when compared to loading at ground level. Andersen and Jostad (1999)

also acknowledged that the holding capacity of an anchor is significantly higher if the load is
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Figure 2.17: Translation mechanism from Murff and Hamilton (1993): (a) elevation view;
(b) plan view

applied at an ‘optimal’ depth below the mudline, when compared with loading at the mudline.
It was noted that the location of the optimal load point can depend on the soil profile, the
available shear strength along the caisson/soil interface, the load inclination, and the caisson
length to diameter aspect ratio.

FEA was used by Sukumaran et al. (1999) to determine the capacity of suction caissons
when loaded at various points along the embedded length. Analyses in 2D, 3D, and a pseudo
3D analysis using Fourier conditions to approximate 3D conditions, were undertaken. It was
concluded that a pseudo 3D analysis provides accurate results while taking less time than a
full 3D analysis. It was found that caisson capacity is maximised when the caisson fails by
translating as opposed to rotating (in agreement with Keaveny et al. (1994)). It was also found
that the lateral resistance of suction caissons is not affected by installation disturbance of soil
near the caisson wall (which reduces the effective interface roughness), as capacity is gained
in the soil active and passive failure zones, which are not disturbed. This research focused on
a specific case study and the effects of caisson aspect ratio, or a heterogeneous soil strength
profile, on caisson capacity were not considered.

Deng et al. (2001) used semi-analytical (Fourier series aided) FEA to investigate the

capacity of suction caissons under horizontal loading. A horizontal load was applied at
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various points along the embedded length in soil with uniform strength or linearly increasing
strength with depth. Fully rough caissons with length to diameter aspect ratios ranging from
1.0-2.5 were considered. It was found that the optimum load point was at 0.6 —0.7 times the
caisson length. A simplified method for calculating the maximum capacity, based on an
algebraic expression derived from the FEA results, was outlined. Capacity predictions using
the simplified equations presented were compared with field tests on caissons in uniform and
normally consolidated clay.

Zdravkovi¢ et al. (2001) investigated the pull-out capacity of caissons loaded at the
mudline (along the caisson centreline) using Fourier series aided FEA. The effect of load
inclination, caisson/soil interface roughness, and soil strength anisotropy on caisson capacity
was quantified. The study considered caissons with length to diameter aspect ratios in the
range 0.48 —1.4. It was found that a roughness factor of 0.5 reduced the capacity by 10— 15%
when compared to a fully rough interface. A more recent study used the same analysis
method to consider caissons in normally consolidated clay loaded at four locations along the
caisson wall (Zdravkovi¢ and Potts, 2005). It was found that the optimum load point is at mid
caisson length, and for this attachment point a mooring line inclination of 45° to the
horizontal is optimal. This study considered length to diameter aspect ratios in the range
2-5.

Aubeny et al. (2001) proposed a simplified UB method to determine caisson horizontal
capacity, based on the Murff and Hamilton (1993) method. The caisson was assumed to be
fully rough and embedded in uniform soil or soil with a linear strength profile. The mechanism
was divided into two parts: side resistance and end resistance (Figure 2.18). The energy
dissipation at the side of the caisson due to translational and rotational caisson rigid body
motion, Dy, is

&z
) Ly D
Dg = vOD/O N1 —Noe ($u0 + $u12) dz (2.6)

1=
Ly

where v, D, Ly, Lo, and z are as shown in Figure 2.18. Ny is the limiting lateral pile resistance

(from Randolph and Houlsby (1984)) and N; — N, is the lateral pile resistance at the free
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Figure 2.18: UB solution for caisson capacity from Aubeny et al. (2001), extended in Aubeny
et al. (2003a): (a) simplified two-part mechanism; (b) caisson rigid body motions

surface. & is a curve fitting factor described in Murff and Hamilton (1993), and s, and s; are
the soil strengths at the mudline and the caisson base respectively.

The energy dissipation at the end of the caisson, D, is

mw e o (k)
2vo / / Rl/Rz [su0 + (Lo + R sin @)sy]
¢0=0Jw=0

\/(sin wsin@)?+ (cosw)?sinw dodg (2.7)

where R is the radius of the caisson, Ry = Ly — Ly (distance from rotation point to caisson
base) and Ry = /R? +R% (distance from rotation point to corner of caisson). ® is the angular
coordinate from the caisson rotation point in the vertical plane (varying from 0 to sin"' (R/R3))
and ¢ is the angular coordinate from the caisson centreline in the horizontal plane (varying
from O to 27).

For the case of a translational failure mechanism (corresponding to maximum caisson
capacity), Ly = oo, and the term |1 —z/Lg| in Equation 2.6 becomes unity. The dissipation at

the end of a caisson failing through translation, D, is therefore

nD?
Det = vo(su0 + su1Lf) —— 1 (2.8)

The total caisson capacity can be found by equating the external work rate to the internal

42



Chapter 2. Background

0 : : 0
g 45°,75°
) gt 1 S 0.2
15% i '
< : B X <
o 10a.8 D/S =0 1 "
o) J| S : 06 4l
08} 4 0.8
i l' I
1 ' : L el 1
0 02 04 06 08 1 12 0 1.2
F/F

max

(a)

Figure 2.19: Effect of load attachment point on caisson capacity for a range of load
inclinations, ¥ (Aubeny et al., 2003a): (a) uniform soil; (b) normally consolidated soil

dissipation rate, giving an upper bound capacity, F, where

F— 5T
|1 —L;/Ly

(2.9)

The only parameter needed to describe the mechanism is Ly, which can be varied to find
the lowest UB solution for F'. This simplified approach was found to compare favourably with
capacities obtained using 2D and 3D FEA for caissons with length to diameter aspect ratios
in the range 1—10 (Aubeny et al., 2001). A parametric study was undertaken to identify the
effect of caisson base resistance, tensile gapping behind the caisson, caisson/soil roughness,
and load attachment point, on caisson capacity. A further study considered the effects of soil
strength anisotropy (Aubeny et al., 2003b). Inclined loading was examined in Aubeny et al.
(2003a), and normalised caisson capacities for various load points are shown in Figure 2.19(a)
and (b) for uniform and normally consolidated soil respectively. It was found that horizontal
load capacity was largely unaffected by vertical load components for load inclinations up to
15° from horizontal.

Caisson capacities obtained using FEA and centrifuge model tests undertaken by Clukey
et al. (2004) suggest that the UB PLA approach in Aubeny et al. (2003a) overpredicts holding

capacity by up to 9% (Figure 2.20). The PLA model was more accurate under horizontal
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Figure 2.20: A comparison of caisson capacities obtained using FEA and using the limit
analysis method described in Aubeny et al. (2003a) (Clukey et al., 2004)

loading ( 3% error) when compared with inclined loading.

Software for UB capacity analysis of suction anchors, AGSPANC (Advanced
Geomechanics, 2001), is described in Randolph and House (2002). The mechanism for a
caisson under inclined loading was idealised into three main regions. At shallow depths the
mechanism comprises a conical wedge (as suggested by Murff and Hamilton (1993)). Below
this, lateral soil flow around the caisson is assumed and at the base of the caisson an internal
soil plug shears along a spherical surface centred on the centre of rotation (Figure 2.21). This
solution is not a strict UB as there is incompatibility at the upper and lower surfaces of the
flow region. Figure 2.21 shows double sided mechanisms but cases where a gap extends to
the base of the conical wedge were also considered. Caisson capacities were computed for
caisson length to diameter aspect ratios 0.5 —4 and the effects of wall/soil interface roughness
and shear strength anisotropy were considered. It was concluded that the non-rigorous
AGSPANC capacities were a good match to capacities obtained using FEA, but that further
3D analyses of suction caissons with aspect ratios 4 —6 are needed. It was also concluded that
the roughness factor is likely to be 0.5—0.6 after full consolidation.

The effect of torsional loading on vertical and lateral caisson capacity was considered by
Taiebat and Carter (2004, 2005) and Carter and Taiebat (2005). These studies used Fourier
series aided FEA to find caisson capacity under vertical, horizontal, and torsional loading.

3D failure envelopes for foundations under combined vertical, horizontal, and torsional loads
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Figure 2.22: Effect of torsional loads on caisson capacity: (a) 3D vertical-horizontal-torsional
failure envelope in non-dimensional load space (Carter and Taiebat, 2005); (b) effects of the
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were presented (Figure 2.22(a)). It was found that the effects of torsional loads on the lateral

capacity of caissons can be ignored if the torsional loads are applied to the caisson at a

misalignment angle, 8, of 25° or less (Figure 2.22(b)).

An extensive industry-sponsored study on suction anchors for deepwater applications is

summarised in Andersen et al. (2005). Detailed reference data for installed caissons were

compiled and prediction methods related to installation performance and holding capacity of

suction caissons were identified and summarised. For caisson capacity analysis, three general

methods were categorised as FEA, LE or PLA methods, and semi-empirical methods. It was

found that plane strain LE and plane strain FEA generally agreed well with 3D FEA capacities

when 3D effects were accounted for by use of a “side shear factor” calibrated using 3D FEA.

45



Chapter 2. Background

Ultimate Lateral Capacity (kN)
0 10000 20000 30000 40000 50000

K\ Flow-around Mechanism

External Scoop Mechanism
=&=—No Detachment

——Detachment

Padeye Depth (m)
L]
'
'
[
'
'
[
'
[
'
'
'
'
[

/‘\i
L]
L
'
[}
'
'
'
1
'
'
1]
'
'
L}
[
'
.

25 / Flow-around Mechanism

(a) (b)

Figure 2.23: LE design software CAISSON: (a) side shear components calibrated using 3D
FEA (Kennedy et al., 2013); (b) variation in lateral capacity with load point (padeye depth),
length to diameter aspect ratio = 4 (Kennedy et al., 2015)

It was found that LE methods based on mechanisms described in Murff and Hamilton (1993)
gave good agreement with 3D FEA capacities for longer caissons, but overestimated capacity
for shallow caissons.

The methods used in LE based suction caisson design software, CAISSON, are outlined in
Kennedy et al. (2013, 2015). 2D FEA was first used to identify failure mechanisms before LE
equations were developed based on these mechanisms. The mechanisms identified included
a short caisson mechanism, a translation mechanism, a flow around mechanism, an external
scoop mechanism, and a counterclockwise mechanism. A side shear component, calibrated
using caisson capacities from 3D FEA (Figure 2.23(a)), was added to the LE equations to
account for 3D effects. Identified mechanisms for various load points, along with caisson
capacities, are shown in Figure 2.23(b).

Keawsawasvong and Ukritchon (2016) used LB and UB FELA to find vertical pull-out
capacities of planar caissons in clay. This was later extended to axisymmetric caissons
(Ukritchon and Keawsawasvong, 2016). Soil with a linear increase in strength with depth
was modelled, and the caisson was modelled as a rigid plate element with full tension
capacity assumed between the caisson and the soil. The focus of the study was on

quantifying the effects of caisson/soil interface roughness and caisson length to diameter
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aspect ratio on caisson capacity. The results were compared to a conventional method used to
find pullout capacity, where the general bearing capacity equation (Equation 2.2) is used with
appropriate depth and shape factors to find the base uplift capacity and this is summed with
the external wall friction capacity. It was found that the conventional method was
unconservative when the length to diameter aspect ratio was less than 1.7. An algebraic
expression for reverse end bearing capacity was presented.

Zhang et al. (2010) used 3D UB limit analysis to find the capacity of a caisson with a length
to diameter aspect ratio of 1.2, loaded horizontally above the mudline. Capacities were found
for an assumed failure mechanism and were compared with capacities obtained in centrifuge
model tests. It was found that UB FELA provides a relatively simple basis for finding caisson
capacity. However, it was noted that further investigation is needed to identify critical failure

mechanisms.

2.6 Hybrid mudmat-pile capacity analysis

Hybrid subsea foundations are a novel type of offshore foundation used to support PLETs and
PLEMs. However, piled raft foundations have been used extensively onshore and there has
been much research into their design (e.g. Poulos, 1994; Clancy and Randolph, 1996; Poulos,
2001). These studies focus on the vertical stiffness and capacity of a piled raft group. In many
of these applications, the piles are slender and can be approximated as one-dimensional spring
elements (Clancy and Randolph, 1996).

For piled raft foundations used onshore it has been found that the pile head can provide
some restraint, but restraint which falls short of complete fixity (Gerber and Rollins, 2009).
The influence of pile head fixity on foundation response under lateral loading was studied by
Mokwa and Duncan (2003). Full scale lateral load tests of pile groups in partially saturated
sandy clay soil were undertaken. It was found that assuming a fixed head can underestimate
the deflection at the pile head, while assuming a free head can result in excessive deflections
(Figure 2.24).

An analytical model for estimating the capacity of offshore hybrid mudmat—pile
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foundations under combined loading was developed by Dimmock et al. (2013). This study
considered the mudmat/pile connection as providing no rotational restraint at the pile head. A
design guideline was outlined where the interaction of loads between the mudmat and the
pile was somewhat simplified, depending on the loading condition. It was assumed that the
mudmat alone resists vertical loads, the piles alone resist horizontal and torsional loads, and
overturning moments are resisted by both the mudmat and piles. Pile capacity under
horizontal loading was calculated according to the Murff and Hamilton (1993) method,
extended by Aubeny et al. (2003a), as described in Section 2.5. Under torsional loading
capacity was estimated by summing, for each pile, the lateral resistance times the distance to
the rotation centre. Overturning moment capacity was found by summing the moment
capacity of the mudmat, augmented by the axial ‘push pull’ capacity of the piles (both
calculated using the design code API (2000)) times the distance to the rotation centre. A
schematic of the pile moment resistance model is shown in Figure 2.25. Tension capacity at
the base of the mudmat is conservatively neglected. The vertical capacity, which considers
the mudmat only, was obtained using the solution presented in Davis and Booker (1973) for
soils with increasing strength with depth, along with appropriate shape and depth factors
found using API (2011). The design method proposed gives a conservative ‘lower bound’
estimation of capacity when compared with 3D FEA also undertaken. The foundation
geometry and soil strength profile used by Dimmock et al. (2013) were representative of
current designs in the Gulf of Mexico.

The effect of pile head restraint on the response of hybrid mudmat—pile foundations used
offshore was considered by Won et al. (2015). A specific hybrid foundation design used for the
Julia Field development project in the Gulf of Mexico was presented (Figure 2.26(a)). It was
found that pile head fixity can strongly influence the lateral response of hybrid foundations
(Figure 2.26(b)). It was concluded that employing a pile head locking system to allow full
transfer of moment loads from the mudmat to the piles can significantly improve the vertical
and moment capacity of hybrid foundations. Also, the pile dimensions can be governed by the

vertical capacity requirements of the foundation.
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Figure 2.26: Study into the effect of pile head restraint on foundation response (Won et al.,
2015); (a) schematic drawing of the Julia Field hybrid foundation; (b) normalised load—
displacement curves for foundations under lateral loading

Hossain et al. (2015a,b) considered the pile head both as fully fixed and as a sliding
connection (no restraint in the vertical direction) in FEA of the Julia Field hybrid foundation.
The authors noted that fully fixed and sliding connections have been used in actual hybrid
foundation design. A fixed connection is achieved by using a “pile to mudmat locking
mechanism” which enforces load sharing between the mudmat and the piles. This study
considered the effect of pile length on foundation capacity. A linear elastic material was used
to model slender piles, with length to diameter aspect ratios in the range 14 —30. The study
offered insight into the specific design case considered, while recognising the requirement for

additional research into general hybrid foundation behaviour.

2.7 Summary

In the past, 3D FELA has been used to solve slope stability and vertical bearing capacity
problems, but analyses considering complex loading of foundations (which may require a
large number of elements) have not been undertaken.

Until recently, there has been little consideration of the effect of perforations on the

capacity of shallow foundations. A design formula proposed by Tapper et al. (2015) has not
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been verified for embedded foundations with perforation ratios exceeding 0.36.

Generally speaking, previous research focusing on mudmat capacity under combined
horizontal and torsional loading has not considered the additional effect of biaxial
overturning moments. Research on combined six degree-of-freedom loading has not been
performed with a focus on practically relevant levels of torsion and overturning moment.
There has been little interpretation of failure mechanisms for foundations under complex
loading (e.g. combined horizontal, torsional, and moment loading).

There have been several capacity studies of foundations located on flat ground at or near
the crest of a slope, but there has not been any corresponding work for the case of a foundation
located on the slope itself, with inclined ground extending in both directions.

UB limit analysis methods are commonly used in the analysis of suction anchors. To
use these methods, a failure mechanism is first assumed. 3D FEA has been used to identify
caisson failure mechanisms, however, one disadvantage of the use of FEA is the lack of a
direct error measure associated with the solution. This makes it difficult to determine if the
critical failure mechanism has been identified. Another common design method is to use plane
strain analysis coupled with a suitable correction factor applied to the calculated capacity. The
suitability of this approach is still uncertain. Bounded 3D FELA capacities have not previously
been obtained for caissons used as suction anchors.

In the literature, a simplified analysis approach has been recommended for the design of
hybrid mudmat—pile foundations. Studies have shown that pile length and the fixity of the
mudmat/pile connection can have a significant effect on mudmat capacity. These studies have
considered specific design cases. A parametric study which considers various idealised soil
strength profiles, foundation geometries, and mudmat/pile connections has not been

undertaken.
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3.1 Introduction

This chapter describes the numerical methods used in this thesis. In the first section, features
of the FELA software OxLim are described and its implementation in this thesis is detailed.
Displacement FEA using the commercial software Abaqus (2014) is also described, including
a user subroutine capable of modelling undrained foundation/soil interfaces. The differences
between FEA and FELA are highlighted.

The subsequent sections verify the OxLim FELA and Abaqus FEA implementations used

as part of this research. Three verification exercises are undertaken:

e Strip footings under vertical loading are modelled using 3D FEA and using two FELA

meshes. The capacities obtained are compared with known exact solutions.

e Polygonal approximations of circular piles are modelled using plane strain and 3D
FELA. Lateral pile capacities are compared with UB capacities available in the

literature.

e Uniaxial and combined vertical, horizontal, and moment capacities of circular surface
footings are found using FELA and FEA. Capacities and failure mechanisms are

compared with results available in the literature.
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3.2 OxLim FELA software

Plane strain and 3D limit analysis is undertaken using the software OxLim. This program has
been developed at the University of Oxford since 2009. It has previously been used extensively
for the analysis of plane strain problems (e.g. Martin, 2011; Martin and White, 2012; Mana
et al., 2013; Dunne et al., 2015) and recently for 3D problems (e.g. Martin et al., 2015; Dunne
and Martin, 2017b,a; Dunne et al., 2017). While the steps involved in undertaking plane strain
and 3D OxLim analyses are similar, there are differences in how these steps are implemented.

For both analysis types:
1. Open source code is used to generate a mesh.

2. The LB and UB variables and constraints (Section 2.2.1) are arranged as separate

optimisation problems.
3. MOSEK optimisation software is called to perform the optimisations.

4. UB element dissipation rates are used to determine target element sizes for a refined

mesh.
5. Steps 1—4 are repeated until a predefined condition is met.

OxLim models foundations as rigid bodies, and loading is applied to a foundation
according to the sign conventions shown in Figure 3.1. Undrained clay is modelled as a
rigid—plastic von Mises material.

The best estimate OxLim solution (the load factor) is taken as the average of the lower and

upper bounds,
LB+ UB

LF 3.1
> (3.1
and the associated bracketing error is quantified as
UB —-LB
ERROR % = ——— x 1 2
OR % UB+LBX 00 (3.2)

OxLim uses adaptive mesh refinement (if required) to improve the bracketing of the exact

collapse load multiplier. The adaptivity strategy used is based on the spatial variation of the
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Figure 3.1: Sign conventions for loads applied to foundation: (a) 2D; (b) 3D
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Figure 3.2: Quadrant of a failure envelope found using FELA load-controlled probes

maximum shear strain rate in the UB velocity field. This results in an output mesh refined
along mechanism slip-lines, aiding visualisation of the failure mechanism. This strategy has
been used in several previous studies of plane strain problems (e.g. Martin, 2011; Martin and
White, 2012; Mana et al., 2013), and a similar technique has been implemented for 3D analysis
(Martin et al., 2015; Dunne and Martin, 2017a,b; Dunne et al., 2017).

Failure envelopes for foundations under combined loading are found using OxLim by
probing outwards in load space. A series of combined loading ratios are applied to the
foundation and load factors are determined for each probe to make up the full failure
envelope. Figure 3.2 shows a quadrant of a failure envelope found using 10 load-controlled

probes. Once a loading ratio is defined, the load path travels directly from the origin in the
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direction of the load until the failure envelope is reached. The bracketing range associated
with the failure envelope is shown as the shaded band in Figure 3.2.

A script written in the general-purpose programming language Python (2016) facilitates
OxLim analyses by generating the required input files and processing the output files. The
implementation of plane strain and 3D analyses is outlined schematically in Figure 3.3, which

should be consulted for Sections 3.2.1 -3.2.2.

3.2.1 Plane strain analysis

A script is not required for a plane strain OxLim analysis, but it can be useful in reducing the
time between multiple analyses by allowing batches of analyses to be undertaken
consecutively. Input parameters required by OxLim include the dimensions of the problem
domain, boundary and interface conditions, dead and live traction loading, soil properties
(e.g. strength, dead and live unit weight), the target bracketing error, and the maximum
number of elements. These parameters are input to the script which creates an OxLim input
file (or multiple files for a batch analysis). The script then calls OxLim to undertake the
analysis.

OxLim uses the open-source mesh generation code Triangle (Shewchuk, 1996) to generate
an unstructured mesh of triangles. OxLim arranges the limit analysis constraints in SOCP
form before calling the optimisation solver MOSEK to find the optimal LB and UB. The LB
and UB are solved for in parallel, speeding up analysis time (typical analysis times to +1%
error are in the range 10—45 s). If the bracketing error obtained with the initial mesh is larger
than that required, OxLim provides Triangle with target element areas for a refined mesh. The
process of problem analysis and mesh refinement is repeated until the target bracketing error
is reached or until a predefined maximum number of elements is exceeded. The maximum
number of elements prevents excessively long analysis times if the bounds do not converge to
the required level of accuracy for a reasonably sized mesh. In this work the maximum number
of elements was set at 20 000, although in all cases the target bracketing error (in all cases at
most £1%) was achieved before this number of elements was exceeded.

The control script generates a summary file at the end of each analysis, which is
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INPUTS

plane strain 3D
domain dimensions domain dimensions
boundary conditions boundary conditions
soil properties soil properties
loading loading
target bracketing error target bracketing error
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write OxLim input file
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write Triangle input file write OxLim input file
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Figure 3.3: Flow chart describing the steps involved in plane strain and 3D OxLim analyses
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particularly useful for batch analyses. OxLim outputs LB stress field and UB velocity field

data which can be visualised using the post-processing code GiD (CIMNE, 2006).

3.2.2 Three-dimensional analysis

Unlike for plane strain analyses, for 3D analyses the number of mesh refinement iterations
and the approximate number of elements in each iteration are predefined in the control script
(see Figure 3.3). The control script is more intrinsic to 3D analysis as the 3D OxLim code
does not conduct mesh generation or refinement. The decision to remove the task of mesh
generation from 3D OxLim was made deliberately (C.M. Martin, personal communication,
2017). While finesse is not needed for plane strain mesh generation (a brute force unstructured
mesh refinement approach proves to be adequate), for 3D analysis run times are far higher
(analysis time for a 40 000 element mesh is ~600 s). The script can readily be altered, giving
the user flexibility to customise the mesh refinement strategy for specific problems. For a
similar reason, a wholly unstructured initial mesh is not always used for a 3D OxLim analysis.
It has been found that if certain prescribed facets are added to an otherwise unstructured mesh,
then the bounds converge more rapidly when compared with a completely unstructured mesh.
This is described in more detail in Section 3.5.1.

The control script is used to generate OxLim input mesh generation files. In this thesis,
all 3D mesh generation is performed using the open-source code TetGen (Si, 2013). The
mesh input file contains the coordinates of vertices, and their connectivity to make facets,
which define the problem domain. Boundary labels are assigned to facets and region labels
are assigned to volumes enclosed within facets. Attributes are assigned to these labels in the
OxLim input file. For example, boundary labels can be specified as rigid bodies (with
interface strength properties), free/fixed surfaces, or planes of symmetry/antisymmetry.
Material properties are assigned to region labels. Just as for plane strain analysis, OxLim sets
up the optimisation problem, and calls MOSEK to find the optimal LB and UB solutions.
OxLim outputs an element dissipation file, and a summary of the current analysis.

If the bracketing error is lower than that required, then a summary file is generated by the

script. If the error is higher than required, then the script checks if the analysis has completed
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all of the predefined mesh refinement cycles. If it has not then a mesh refinement function
generates a TetGen input file. The process of analysis and mesh refinement is repeated until
either the target bracketing error has been reached, or the predefined sequence of mesh
refinement iterations has been exhausted. OxLim outputs UB velocity field data which can be

visualised using the open-source code ParaView (Ayachit, 2015).
3.2.2.1 Maesh refinement

The 3D mesh refinement process used in this study generally follows that used for OxLim
plane strain analyses (e.g. Martin (2011)). However, 3D mesh refinement is undertaken
through the control script and the mesh refinement process is subsequently described.

At the end of a solution iteration (for a mesh comprising n elements), for each element, i,

3D OxLim outputs the element volume, V;, and the element dissipation, D;:
D; = E"V; (3.3)

where €7 is the von Mises equivalent plastic strain rate, £” = %el’; . 85. ). The target number
of elements for a refined mesh, nt, is input from the control script at the start of each solution
iteration (Figure 3.3). The average element dissipation across a mesh is D. Target element
volumes for the new mesh are generated by comparing the dissipation in each element of the
old mesh to the average dissipation across all elements of the old mesh:
Vaew; = Vi X b X B; (3.4)
D;
where B is a scaling factor initially set to ; = 1. Excessive refinement is prevented by
imposing a limit on the refinement ratio such that D/D; > 0.1.
TetGen generates a refined mesh accounting for the target element volumes found using

Equation 3.4. This mesh is deemed acceptable if the number of elements in the mesh, nyia, 1S

within 5% of the target number of elements, n.¢. Otherwise, f is updated, such that

Miri
Bi1 = B x (3.5)

Nyef

and new target volumes are found using Equation 3.4. A trial-and-error process of mesh
generation is followed until the mesh generated contains the required number of elements, to

within the allowable range of +5%.
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A coarse mesh is analysed initially, but after several iterations of adaptivity the
concentration of elements in the refined mesh reflects the intensity of €”. This can aid
identification of the failure mechanism, as plastically yielding regions in the soil can be

identified as regions of dense refinement.

3.2.3 Contact modelling

Foundation/soil interface properties are specified in the OxLim input file. Limiting values
of shear stress, os,, and tensile stress in the normal direction, 7, can be enforced on an
interface. An interesting consequence of enforcing a tension cutoff with associated flow is that
when o > 0, non-zero shear stresses may continue to act even when separation is occurring
at the foundation/soil interface (Houlsby and Puzrin, 1999). These so-called ‘phantom’ shear
stresses were encountered by Martin and White (2012) when analysing the bearing capacity
of offshore pipelines.

Rigid bodies can be connected in OxLim 3D by specifying relative translational and
rotational degrees of freedom as free or fixed. This feature is only available for UB analysis
and is only used to model connections between piles and mudmats in Chapter 6. Where
multiple rigid bodies are defined, OxLim outputs the resultant forces acting on each rigid
body. This allows for the contributions of constituent foundation parts to the total foundation

capacity to be easily identified.

3.3 Displacement FEA using Abaqus software

As discussed in Chapter 2, elastic—plastic FEA is used extensively for the analysis of offshore
foundations. In this thesis, FEA is undertaken using the commercial software Abaqus (version
6.14-1). In keeping with previous studies (e.g. Gourvenec, 2008; Feng et al., 2014; Nouri
et al., 2014; Vulpe, 2015), undrained clay is modelled as a linearly elastic—perfectly plastic
material. Poisson’s ratio, vy, is set to 0.49 in order to approximate the elastic incompressibility
of soil in undrained conditions without encountering the numerical difficulties associated with

vy = 0.5. Young’s modulus, E, is set to a relatively high value (E, = 1000s,) to ensure that
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negligible strains and displacements occur before plastic failure (E, /s, values of 500, 1000,
and 2000 are considered in Section 3.5.1). A von Mises failure criterion is adopted.

For 3D analysis a structured mesh of fully integrated, hybrid, eight-noded brick elements
are used to model the soil (Abaqus element type C3D8H). Hybrid elements are
recommended for modelling (near) incompressible materials (such as undrained clay).
Foundations are modelled as rigid surfaces with associated reference nodes that can be
assigned displacements and queried for reactions. Manual mesh refinement is undertaken
until foundation capacity is unaffected by further refinement.

Failure envelopes for combined loading are found by probing in displacement space.
Displacement-controlled probes are more popular than load-controlled probes for FEA
because of their good convergence properties. When an FEA load probe reaches the failure
envelope, the analysis will fail to converge as the perfectly plastic soil is unable to support
additional load. As such, it must be ensured that very small load increments are used in order
to accurately find the point on the failure envelope. When displacements are applied to a
foundation, the soil initially responds elastically before reaching plastic yielding. In all
analyses with displacement probes it was ensured that the prescribed displacements were
sufficiently large to create a state of fully developed soil failure. The final load state at the
end of a displacement-controlled probe is located on the failure envelope at a point where the
direction of the displacement probe is normal to the failure envelope.

A number of displacement-controlled probes can be used to define a failure envelope
(Figure 3.4). A disadvantage to using displacement controlled probes is that the resulting
load path cannot be specified, and is hard to predict. This is particularly apparent when
comparing Figure 3.2 with Figure 3.4. However, FEA is very popular for the analysis of
offshore foundations and displacement-controlled probes are the most common method for
determining failure envelopes (e.g. Bransby and Randolph, 1999; Gourvenec and Barnett,

2011; Feng et al., 2014).
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Figure 3.4: Quadrant of a failure envelope found using FEA displacement controlled probes

3.3.1 Contact modelling

There are various methods for approximating foundation/soil interface conditions in FEA
simulations. A rough foundation (¢ = 1) with unlimited tension capacity (7 = <o) is often
modelled by tying the foundation to the adjacent soil (e.g. Gourvenec and Barnett, 2011;
Feng et al., 2014). A smooth (¢ = 0) or partially rough (@ < 1) foundation/soil interface
with 7 = oo can be approximated by assigning soil strength s, to a thin layer of elements
next to the interface (e.g. Kay and Palix, 2010, 2011). These techniques can lead to
overestimation of foundation capacity because the failure mechanism is forced into the soil
domain if the critical failure mechanism involves shearing at the interface.

A Coulomb friction model is available in the standard Abaqus library. Coulomb friction

relates contact pressure to the maximum allowable shear stress, Tmax, such that

Tmax = UPp (36)

where u is the coefficient of friction and p is the contact pressure. A limiting, critical shear
stress, T, can also be set. If 7.4 = sy and u is set to a high value, this model can be
used to approximate an o s, interface with 7 = 0 (Figure 3.5). This approach was found to

work well in a recent study of the capacity of strip footings under planar loading (Shen et al.,
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Figure 3.5: Coulomb friction model with critical shear stress, 7.yt = o¢sy, and UINTER user
defined interface with T = o s, and unlimited tension capacity 7 = oo or tension cutoff 7 =0

2016). However Figure 3.5 shows that this contact method does not match the theoretically
correct o s, interface at low contact pressures. It is also not possible to model an interface
with unlimited tension capacity, 7" = oo.

A foundation/soil interface with shear strength « s, and tensile capacity 7' = 0 or e can be
implemented in Abaqus by supplying the interface constitutive behaviour in a user subroutine,
UINTER. UINTER is written in the FORTRAN language and can interface with the Abaqus
model. A UINTER subroutine for a plane strain zero-tension interface is presented in Shen
et al. (2016). A UINTER subroutine has also been written as part of this research. It models
the asy and T = 0 or o interfaces shown in Figure 3.5. To use the subroutine the user must

specify four interface parameters in the Abaqus input file;

the soil normal stiffness, &,

the soil shear stiffness, ks,

the interface shear strength, o s, and

a ‘switch’, ¢, identifying if 7 = 0 or T = oo is required.

The increments in relative positions between the two surfaces are retrieved from Abaqus. With
this information the interface stiffness matrix and the stress vector can be defined, and these

values returned to Abaqus. The subroutine is described in further detail in Appendix A.
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3.4 Differences between the FELA and FEA models

The FEA parameters selected for this study result in a model that closely resembles the FELA
model. However, there are still differences between the models and the most noteworthy of

these are:

e The soil model. A rigid—plastic soil model is implemented in FELA and elastic—plastic

in FEA. In FELA the soil is incompressible while in FEA it is near incompressible.

e The mesh. An unstructured mesh that undergoes automated refinement over successive
iterations of the solution is implemented in the FELA model. A regular mesh is

manually refined in the FEA model.

e The application of loads. Loads are applied directly to foundations in the FELA model
while displacements are applied to foundations in the FEA model (the load state is

obtained at the end of the displacement step).

e The analysis timestep. There is no time step in FELA (and there is no stress history)

while the governing equations of FEA are solved at a number of time step increments.

3.5 Verification of 3D OxLim

3D OxLim has been verified by analysing three separate problems with known solutions or
benchmark solutions available in the literature; vertical capacity of a strip footing, lateral

capacity of a pile section, and capacity of a circular surface footing under general loading.

3.5.1 Strip footing

The vertical capacity of a rigid surface strip footing on uniform cohesive soil is an exact
plasticity solution (2 + 7, Prandtl (1920)). A section of strip footing with breadth, B, and
arbitrary thickness, also chosen as B, was modelled using 3D FELA (two different initial
meshes considered) and FEA, and is shown in Figure 3.6(a). Symmetry boundary conditions

were applied on the plane x = 0, y = 0, and y = B, the sides of the soil block at z = —2.5B
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Figure 3.6: Strip footing under vertical loading: (a) notation and sign conventions;
(b) singularity facets added to FELA model

and x = 3B were modelled as rigid boundaries, and a free surface was modelled adjacent to
the footing. The footing was constrained against all movement other than vertical translation.
The footing/soil interface was modelled as either fully rough (a = 1) or fully smooth (& = 0).

The soil was weightless (Y = 0) and had constant undrained shear strength (s, = constant).

FELA: A downwards unit vertical live load was applied to the footing. An initial wholly
unstructured mesh (termed U mesh) comprising ~50 tetrahedral elements was generated and
automated adaptive mesh refinement was used to refine the mesh to ~10 000, ~20 000, and
~40 000 elements on successive iterations of the solution. Separately, an initial mesh was
generated which contained a fan of five prescribed ‘singularity planes’ stemming from the
footing edge (termed SP mesh). Prescribed facets are shown in Figure 3.6(b)). This initial
mesh comprised ~550 elements and, again, automated mesh refinement was used to refine the

mesh to ~10 000, ~20 000, and ~40 000 elements over successive solution iterations.

FEA: A downwards vertical displacement was imposed on the footing. The initial coarse,
regular mesh comprised ~500 elements and three stages of mesh refinement were manually
undertaken (to refine the mesh to ~10 000, ~20 000, and ~40 000 elements). The reaction

force from the soil was checked to have reached a steady state at the end of the displacement
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history of the foundation. The elastic stiffness of the soil was varied in order to quantify any
effect on the foundation capacity. E /s, values of 500, 1000, and 2000 were considered. The
foundation/soil interface was modelled using the UINTER subroutine described in

Section 3.3.1.

3.5.1.1 Results

Capacities obtained for each mesh discretisation of the FEA and FELA analyses are shown in
Figure 3.7(a) and (b) for rough and smooth footings respectively. E /s, values of 500, 1000,
and 2000 used in the FEA model were found to have no effect on foundation capacity.

It is clear from Figure 3.7 that the FELA bracketing error reduces as the number of
elements increases. The Prandtl (1920) failure mechanism for a rough footing is shown in
Figure 3.8(a). Figure 3.8(b)—(e) shows the FELA SP mesh after each iteration of mesh
refinement. The mesh refinement strategy is evidently working; the mesh is refining in areas
where high shear strain rates are expected. The FELA SP mesh analyses achieve lower
bracketing errors than the FELA U mesh analyses, particularly for the smooth footing. The
analysis time is mostly dependent on the number of elements in the mesh, which makes the
SP mesh advantageous when compared to the U mesh due to its greater accuracy. Tighter
FELA bounds are achieved for the smooth footing when compared with the rough footing,
with 1.9% and 2.6% bracketing errors respectively (for the SP mesh).

Table 3.1 compares capacities obtained using FELA (SP mesh) and FEA. FELA average
capacities are close to the exact solution, even with coarse mesh discretisations. In contrast,
the capacities obtained using coarse FEA meshes (6.30 and 6.36B% s, for rough and smooth
footings respectively) considerably overestimate the theoretical capacity (5.14B%s,). As
mesh refinement is undertaken the FEA capacities reduce. The difference between capacities
obtained using FELA (SP mesh) and FEA models with 40 000 elements is small (< 1%) for
both rough and smooth footings. FELA and FEA failure mechanisms for rough footings are
shown in Figure 3.9(a) and (b) respectively. The mechanisms compare favourably with the

Prandtl failure mechanism (shown in Figure 3.8(a)).
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Figure 3.7: Vertical capacities of surface strip footings on uniform soil modelled in 3D FELA
and FEA; (a) rough footing (o = 1); (b) smooth footing (&« = 0)
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(@) (b)

(c) (d) (e)

Figure 3.8: FELA SP mesh refinement, rough footing (o = 1): (a) Prandtl (1920) failure
mechanism; (b) ~550 elements; (¢) ~10 000 elements; (d) ~20 000 elements; (e) ~40 000
elements

The FELA LB performs very well and LB capacities for a mesh comprising 10 000
elements are only marginally lower than the exact solution (Figure 3.7). The relatively
inaccurate UB solution leaves an average capacity value that is marginally higher than the

theoretical value for both interface conditions.

3.5.2 Pile section

The plastic capacity of a rough circular pile section of diameter, D, translating laterally in
cohesive soil was found by Randolph and Houlsby (1984) using the method of
characteristics. The UB solution presented by Randolph and Houlsby for a pile with @ < 1
was originally believed to be exact, but was subsequently improved by Martin and Randolph
(2006). This problem was modelled using plane strain FELA and using 3D FELA, where an
arbitrary thickness of the pile, chosen as D, was modelled. A curved pile wall is
approximated in OxLim as a series of planar facets. As an additional verification exercise, the

number of facets required to accurately represent a circular pile section was calibrated against
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Table 3.1: Comparison of 3D FELA (SP mesh) and FEA solutions for a vertically loaded
surface strip footing on uniform soil

Elements FELA LB FELA UB Error FELA average FEA
(approx.) (32 Su) (32 Su) (+%) (32 Su) (B2 Su)

550 4.59 6.01 14.0 5.30 6.30

-1 10 000 5.09 5.57 4.4 5.33 5.35
20 000 5.11 5.47 34 5.29 5.24

40 000 5.12 5.40 2.6 5.26 5.23

550 4.55 5.62 10.6 5.09 6.36

=0 10 000 5.39 5.07 3.0 5.23 5.32
20 000 5.09 5.31 2.2 5.20 5.20

40 000 5.10 5.29 1.9 5.20 5.17

(a) (b)

Figure 3.9: Failure mechanisms of a rough (o = 1) surface strip footing: (a) FELA refined
mesh (~40 000 elements). Shaded by UB velocity magnitude; (b) FEA final mesh (~40 000
elements). Shaded by displacement magnitude

the Randolph and Houlsby (1984) and Martin and Randolph (2006) plasticity solutions.

The pile cross sections were modelled as regular N-sided polygons that inscribe the ‘true’
circular pile. The number of facets was varied from N = 4 (a square pile) to N = 240 and the
facets were oriented such that the pile is loaded ‘point on’ rather than ‘flat on’ (Figure 3.10(a)).
For plane strain analysis, planes of symmetry along x = 0 and antisymmetry along z = 0 were
exploited and for 3D analysis planes of symmetry along y = 0 and y = D were also exploited
(Figure 3.10(b)). Automated adaptive mesh refinement was undertaken in the plane strain
analysis until the bracketing error was < 1%. In the 3D analysis, three iterations of mesh
refinement were undertaken and the final mesh comprised ~40 000 elements. Three pile/soil

roughness factors were considered: o = 0, 0.5, and 1. An unlimited tension interface was
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Figure 3.10: Pile section loaded laterally: (a) two pile polygonal approximations; (b) notation
and sign conventions

modelled between the pile and the soil, in keeping with the solutions outlined in Randolph

and Houlsby (1984) and Martin and Randolph (2006).
3.5.2.1 Results

The capacities of the pile polygonal approximations when loaded laterally are shown in
Figure 3.11. The capacity of a square pile is lower than the true circular pile capacity.
However once N > 8 the capacity obtained using plane strain FELA overestimates the
capacity when o = 0 and 0.5, but matches the UB solution in Randolph and Houlsby (1984)
when a = 1. For piles with ¢ = 0.5 and 1, as N increases the accuracy of the polygonal
approximation increases and the capacity approaches that of the true piles. When N = 90 the
capacity obtained by the polygonal approximation closely matches the capacities for circular
piles available in the literature for all values of o. These capacities are summarised in
Table 3.2.

The bracketing errors associated with the 3D analyses range from £2.9% for @ = 1 to
+4.4% for o = 0. Unlike the strip footing problem, tighter bounds are achieved for a rough
interface when compared with a smooth interface (comparing Table 3.2 with Table 3.1). The
LB solution again proves to be very accurate while the UB solution is relatively inaccurate,

causing the average of the bounds to marginally overestimate the true capacity. The failure
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Figure 3.11: Lateral capacities of N-sided polygonal pile sections

Table 3.2: Comparison of 3D FELA solutions with known plasticity solutions for laterally
loaded circular pile sections (N = 90)

FELA LB FELA UB Bracketing FELA average Exactsolution FELA

(D%sy) (D%sy) error (%)  (D?sy) (D%sy) error (+%)
1.0  11.88 12.60 2.9 12.24 11.94 2 +2.5
0.5 10.80 11.46 2.9 11.13 10.82° +2.8
0.0 9.13 9.97 4.4 9.55 9.20" +3.7

2 Houlsby and Randolph (1994)
b Martin and Randolph (2006)
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(a) (b)

Figure 3.12: Failure mechanisms of half-rough (ox = 0.5) pile sections: (a) FELA refined
mesh (~40 000 elements). Vectors and shading show UB velocity magnitudes; (b) mechanism
described in Martin and Randolph (2006)

mechanism for a 3D pile section with & = 0.5 and N = 90 is shown in Figure 3.12(a) (only one
quarter of the doubly symmetric mechanism shown). Strong similarities are visible between

this mechanism and that described in Martin and Randolph (2006), shown in Figure 3.12(b).

3.5.3 Circular surface footing

Many previous studies have analysed capacities of circular surface footings on cohesive soil
under vertical (F;), horizontal (F}), and moment (M,) loading (e.g. Shield, 1955; Eason and
Shield, 1960; Gourvenec and Randolph, 2003; Gourvenec, 2007; Gourvenec and Mana,
2011; Shen et al., 2016; Fu et al., 2017). A circular surface footing of diameter, D, resting on
weightless soil with uniform strength was modelled using 3D FELA and FEA. Uniaxial
capacities Fy, Fyo, and M, are compared with capacities available in the literature. The sign
conventions follow Figure 3.1 and the load reference point was at the centre of the foundation
at the mudline.

Combined F;—F;, F,—M, and F,-M, loading was also considered with the results
presented in the form of normalised failure envelopes. Finally, failure envelopes for footings
under combined F;—F,—M, loading were found and are compared with failure envelopes

presented in Gourvenec (2007).
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Figure 3.13: Quarter model mesh: (a) initial FELA mesh (singularity facets shown as bold
lines); (b) FEA mesh

The footing/soil interface was modelled as either rough or smooth (&t = 1 or 0). The tensile
capacity at the footing/soil interface was modelled using two extreme values; unlimited tensile
capacity (T = o0) and no tension capacity (7" = 0). The curved footing edge is approximated
as an N-sided polygon that inscribes the true circular footing. A polygonal refinement study
was undertaken to ensure that sufficient planar facets were used. It was found that a 96-
sided polygon is sufficient, the area of a 96-sided polygon is only < 0.08% smaller than the
circle that it inscribes. For the analysis of uniaxial capacity when T = oo, two planes of
symmetry/antisymmetry (depending on the loading) were exploited (Figure 3.13). In all other
cases, half of the soil domain was modelled and symmetry was only exploited along y =
0. A soil domain of depth 3D and radius 4D was found to be sufficiently large. An initial
FELA mesh and a refined FEA mesh of a quarter model soil domain exploiting two planes of

symmetry are shown in Figure 3.13.

FELA: Uniaxial capacities were found by applying unit loads to the footing and determining
the corresponding load factors. Failure envelopes were analysed by applying numerous load-
controlled probes. The directions of the probes were chosen to give an accurate definition of
the full failure envelope, with particular attention given to extremities and sharp apex points —

at least 36 load-controlled probes were used to obtain each failure envelope. Initial meshes
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comprised ~5000 elements and were unstructured except for a fan of prescribed singularity
planes which stem from the edge of the foundation (shown as bold lines in Figure 3.13(a)).
Just as for the analysis of strip footings in Section 3.5.1, it was found that when these planes
are present the bounds converge much more rapidly than when a completely unstructured
mesh is used. For half models, automated mesh refinement was used on successive iterations
of the solution to generate meshes of ~10 000, ~20 000, and ~40 000 elements. Meshes of
half this size were generated for quarter models. Mesh refinement was not undertaken if the

bracketing error was < £1%.

FEA: Uniaxial capacities were found by applying displacements to the footing and obtaining
the load states at the end of the displacement steps. Failure envelopes were determined by
applying numerous displacement-controlled probes. =~ When using this method, higher
resolution of the failure envelope is naturally obtained around any apexes in a failure
envelope as the final load state reached is dependent on the plastic potential gradient, which
is prescribed in the analysis (and is normal to the failure envelope). Structured FEA meshes
comprising ~40 000 elements for half models and ~20 000 elements for quarter models
were used. A process of manual mesh refinement was undertaken to ensure that the solution
had converged. The foundation/soil interface was modelled using the UINTER subroutine

described in Section 3.3.1.
3.5.3.1 Results: uniaxial loading

Table 3.3 compares uniaxial capacities obtained using FELA and FEA with capacities
available in the literature. Capacities are normalised using the foundation area, A = 7D’ /4.
First, considering the ultimate vertical capacity of a rough footing (@ = 1) with unlimited
tension capacity (T = o0), it is shown that the FELA average capacity and the FEA capacity
compare well, only differing by < 0.5%. The exact solution for a rough circular footing on
Tresca soil (6.05As,) was first found by Eason and Shield (1960). The capacities obtained
using FELA and FEA are lower than this (even the FELA UB) but this is simply due to the

von Mises failure criterion used in the simulations. It may at first seem surprising that FEA
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Table 3.3: Uniaxial capacities of circular surface footings. Fy and Fy, normalised by undrained
shear strength and footing area (Asy), My normalised by ADs,

FELA FEA From the literature
LB UB Ave

Fo 545 576 561 566 6.05!,594%3 587

a=1 Fgo 100 1.00 1.00 1.00 1.0%, 1.0224
My, 0.66 0.70 0.68 0.71 0.67%,0.712
T = o
Fo 5.17 541 529 535 5.697,5.543
a=0 Fo 0.00 0.00 0.00 0.00 0.0°
My 0.67 070 0.68 0.70 —
a=1 My 058 0.63 0.60 0.60 0.614
T=0

oa=0 My, 054 058 056 0.57 —

I'Exact solution (Tresca criterion) - Eason and Shield (1960)

2 FEA (Abaqus Tresca implementation) - Fu et al. (2017)

3 FEA (Abaqus Tresca implementation) - Gourvenec and Mana (2011)
4 FEA (Abaqus Tresca implementation) - Shen et al. (2016)

> Exact solution = A s,

6 UB solution (Tresca criterion) - Randolph and Puzrin (2003)

7 Exact solution (Tresca criterion) - Shield (1955)

results obtained in the literature using a Tresca criterion underestimate the true capacity (by
2.8%), but this is likely to be due to the implementation of the Tresca criterion in the Abaqus
FEA software. Abaqus uses a Tresca/von Mises hybrid whereby the Tresca yield function is
implemented with a von Mises surface used for the plastic potential, resulting in lower
capacities than for a foundation on a ‘true’ Tresca soil (Tapper et al., 2014).

The failure mechanisms observed in the FELA and FEA models compare favourably and
are shown in Figure 3.14(a) and (b) respectively. These mechanisms can be compared with
the axisymmetric failure mechanism obtained using the MoC software ABC (Martin, 2003)
which is shown in Figure 3.15(a). The FELA adaptive mesh refinement captures the failure
mechanism and the FELA and FEA mechanisms both closely resemble the mechanism in
Figure 3.15(a). A ‘false head’ of soil directly under the footing (shown as red shading in
Figure 3.14(a) and (b)) is also visible in Figure 3.15(a).

The exact vertical capacity of a circular smooth foundation on Tresca soil (5.69A s,) was
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Figure 3.14: Circular footing failure mechanisms
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(a) (b)

Figure 3.15: Circular footing —F;o failure mechanisms using the method of characteristics
(Martin, 2003): (a) rough footing (@ = 1); (b) smooth footing @ = 0

found by Shield (1955). Again, the FELA (average) and FEA capacities, obtained with the von
Mises criterion, underestimate this value by 7% and 6% respectively (5.29A s, and 5.35A sy).
An FEA study undertaken by Gourvenec and Mana (2011) (which used the Abaqus Tresca
implementation) obtained a capacity that lies between the values obtained here and that from
Shield, at 5.54A s, (Table 3.3). Failure mechanisms from the FELLA and FEA simulations
are shown in Figure 3.14(c) and (d). These compare favourably with the MoC mechanism
obtained using ABC and shown in Figure 3.15(b).

Exact horizontal foundation capacities are easily found, as the capacity is simply the
roughness factor times the foundation area times the soil shear strength at the mudline
(xAsy). A rough footing therefore has capacity Fygp = Asy, and a smooth footing has no
capacity. The exact solution obtained using FEA highlights the effectiveness of the UINTER
subroutine (described in Section 3.3.1). Capacities obtained for rough and smooth footings
using FELA also match the exact solutions (Table 3.3). Some previous FEA studies of rough
footings have tied the footing base to the soil surface, which prevents relative movement at
the interface and results in a slight overestimation of capacity (e.g. Gourvenec and Mana,
2011; Fu et al., 2017).

Under moment loading with 7 = o the capacities obtained using FELA and FEA are
1.4% and 5.8% higher than the UB solution found by Gourvenec and Randolph (2003). The
FEA value is slightly higher than the FELA UB at 0.71Ds, compared with 0.70Ds,. FEA

and FELA failure mechanisms are shown in Figure 3.14(e) and (f). The FELA mesh
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refinement highlights the slip line of the simple scoop failure mechanism described by Murff
and Hamilton (1993) and implemented by Gourvenec and Randolph (2003). There is no
relative slip at the footing/soil interface (Figure 3.14(g) and (h)) and as a result the capacity is
independent of interface roughness.

When tension is not permitted at the interface (7" = 0) the footing has no capacity when
loaded with +F; as a gap forms over the full footing area. The —F,y capacity is equal to that
when T = oo, and F, is unaffected by interface tension capacity. These cases were analysed
but are omitted from Table 3.3 for the sake of brevity.

Footing capacity under moment loading is affected by interface tension capacity. If the
footing is free to move vertically then under moment loading it can pivot about its edge, thus
avoiding failure in the soil or at the footing/soil interface (the foundation then has no capacity).
If the foundation is free to rotate but prevented from displacing in the vertical direction then it
is forced to penetrate the soil at failure, and this is the case considered here. The M, capacity
of a rough footing with 7" = 0 reduces by approximately 15% compared with the unlimited
tension case. Figure 3.16(a) and (b) show FELA and FEA mechanisms for a rough footing.
The failure mechanisms are virtually identical and both show a gap forming where the footing
lifts from the soil. The matching mechanisms highlight the ability of the Abaqus UINTER
subroutine to model 7' = 0O interfaces.

The M, capacity when T = 0 is no longer independent of interface roughness, and the
failure mechanisms for rough and smooth footings are quite different. = Comparing
Figure 3.16(a) and (b) with (c) and (d) shows that the failure mechanism is much shallower
for the smooth footing. Table 3.3 shows that the capacities obtained using FEA and FELA
are marginally lower for a smooth footing than for a rough footing, although results were not

found in the literature to compare with the results obtained here.
3.5.3.2 Results: combined loading

As this is a verification exercise, known symmetrical planes of some failure envelopes were
not exploited. Figure 3.17(a) shows the F,—F, failure envelope for a rough footing with

unlimited tension capacity in black and with no tension capacity in red. The FELA bounds
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() (d)

Figure 3.16: Circular footing M, failure mechanisms. Half model shown. T'= 0. FELA mesh
shaded by UB velocity magnitudes, FEA mesh shaded by deformation magnitudes: (a) FELA,
a=1; () FEA, oo = 1; (c) FELA, a = 0; (d) FEA, «x =0

agree well with the capacities obtained using FEA. When F;, < 0 (downwards vertical
loading) the interface tension capacity does not effect the failure envelope. Also, as expected,
when F, > 0 (upwards vertical loading) there is no capacity when 7" = 0 because a gap forms
at the footing/soil interface. A smooth footing has no capacity when F; # 0. The resulting
F. — F, failure envelope degenerates to a line that extends from +F,o to —F,y when 7" = o and
from 0 to —F,p when T = 0 (Figure 3.17(b)).

F,—M, failure envelopes for rough and smooth footings are shown in Figure 3.17(c)
and (d) respectively; FELA and FEA capacities show good agreement. The 7" = o envelopes
are a similar shape but the vertical capacity is lower when o = 0. The failure envelopes when
T = 0 have an apex at F;, = M, = 0. For these analyses the footing is free to move vertically
and, as already mentioned, the footing can pivot about its edge avoiding failure in the soil or
at the footing/soil interface. In order to probe outwards and reach the failure envelope, it was
first necessary to apply a downward vertical dead load to the foundation. Probes then began
from the dead load point instead of from the origin. Figure 3.17(c) and (d) show that the

maximum moment capacity is achieved when the downward vertical load is approximately
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Figure 3.17: Normalised failure envelopes for circular footings with 7 =ccand T =0: (a) F, —
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half of the vertical capacity (F, = —2.8As, for a rough footing and F, = —2.65A s, for a
smooth footing).

Figure 3.18(a) and (b) show F,—M, failure envelopes for rough and smooth footings
respectively. For a rough footing with 7 = oo, the failure envelope is not symmetric about
F,. = 0. This well established failure envelope (e.g. Gourvenec, 2007) shows that combining
horizontal and moment loading can be beneficial as it can provide additional capacity when
compared with pure moment loading. For a rough footing with 7" = 0 the failure envelope is
not quite symmetric about Fy = 0. Under the sign conventions adopted here, the combined
load capacity is slightly higher when two positive, or two negative, loads are (Fy, My or —Fy,
—M,) applied when compared with one positive and one negative (—Fy, My or F,, —My)

(Figure 3.18(a)). Just as for F,—F; loading, the failure envelope for a smooth footing is
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Figure 3.18: Normalised Fy — M, failure envelopes for footings with 7' =ocand T = 0: (a) o =
I;(b)yaa=0
simply a line extending from +M,( to —M, for both cases T = oo and T' = 0 (Figure3.18(b)).
Finally, the 3D F, - F, — M, failure surface was obtained for a circular footing with @ = 1
and T = oo. The full failure surface was found by taking F,—M, ‘slices’ at fixed F; values.
Dead F, loads were applied to the footing in ratios of the ultimate vertical capacity
F./F =0, 0.25, 0.5, 0.75, and 0.875 (F,y values obtained using FELA and FEA can be
found in Table 3.3). At each dead load level, load-controlled (FELA) or
displacement-controlled (FEA) probes were used to define the F,—M, failure envelope.
Figure 3.19(a) shows that looser FELA bounds are achieved as the vertical dead load
increases. However, the FELA average still compares favourably with the capacity obtained
using FEA. FELA average capacities are compared with FEA capacities from Gourvenec
(2007) (where the Abaqus Tresca implementation was used) in Figure 3.19(b). The failure
surfaces are a very close match despite the differing yield criterion (von Mises in this work

and (Abaqus) Tresca in Gourvenec (2007)).
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Figure 3.19: Normalised F; — F —M,, failure surface for circular footing with 7' = o« and o =
1: (a) FELA and FEA capacities. Red and black colours are alternated to increase clarity;
(b) surface obtained using FELA averages compared with surface obtained using FEA from
Gourvenec (2007)

3.6 Summary

In this chapter the implementation of FELA used in the thesis was outlined, the FEA features
used in this thesis were described in detail, and the main differences between FELA and FEA
were highlighted. Three verification exercises have shown that the FELA and FEA
implementations are working as desired.

Analysis of a 3D model of a strip footing under vertical loading using 3D FELA and 3D
FEA gave capacities that compared well with exact theoretical solutions. The introduction
of singularity planes in the FELA mesh was shown to assist convergence of the bounds. For
the second exercise a circular pile section under lateral loading was modelled. Capacities
obtained using plane strain FELA and 3D FELA showed a good match to solutions available
in the literature. The number of planar facets required to represent a circular pile section under

lateral loading was investigated for three pile/soil roughness conditions. Finally, 3D FELA and
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3D FEA models of a circular strip footing under a range of uniaxial and combined load cases
were shown to provide similar results to each other, and to results in the literature.

For each verification exercise, failure mechanisms obtained using FELA and FEA have
matched those available in the literature. Inspection of FELA mechanisms has shown that
adaptive refinement of the mesh is occurring in areas where high shear strain rates are

expected.
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Shallow rectangular foundations

4.1 Introduction

This chapter considers the capacity of shallow rectangular foundations under a range of
loading conditions. In the first section, plane strain FEA and FELA are used to investigate
how the ultimate bearing capacity of a skirted shallow foundation (mudmat) is affected by
seabed inclination. Sometimes it is necessary for mudmat foundations to be sited in areas
where the seabed has a gradient, perhaps up to 10°. Failure envelopes are found for a range
of seabed inclinations, soil unit weights, and interface behaviours. This section concludes
with a case study based on a real design scenario, which involves a skirted mudmat on an
inclined seabed with a linear increase in strength with depth.

The next section opens with a typical design example of a rectangular mudmat under
complex 3D loading. Observations made in the analysis of this design case lead to a
comprehensive study involving complex loading of rectangular mudmats resting on the
surface of, or embedded in, homogeneous undrained clay. Realistic 3D load combinations are
applied, based on the combined horizontal, moment, and torsional loading generated by a
horizontal force applied within the envelope of the mudmat and the equipment that it
supports. The study begins by considering combined horizontal and torsional loading. As it
is deemed improbable that a mudmat would be loaded from outside its plan area, emphasis is
given to horizontal loads applied at points within the plan area of the mudmat, which
generate what are referred to here as ‘feasible’ levels of torsion. Next, horizontal forces

applied at an eccentricity from, and a height above, the load reference point are considered.
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This results in five degree-of-freedom loading. The capacity of surface and embedded
mudmats under pure vertical loading is then closely bracketed using 3D FELA. A prescribed
fraction of the ultimate vertical capacity is applied to the mudmat as a vertical dead load, and
horizontal forces are again applied at a range of eccentricities from, and heights above, the
load reference point.

The final section considers capacity analysis of square foundations with a central
perforation. The vertical bearing capacity factor for surface and embedded footings with a
range of perforation ratios is found. Results obtained using FELA are compared with FEA
and experimental results available in the literature. The efficacy of a design formula outlined
in Tapper (2013) and Tapper et al. (2015) is assessed, and a modification to the design

formula is proposed for the analysis of embedded perforated foundations.

4.2 Mudmat capacity on sloping ground
4.2.1 Problem overview

The bearing capacity of skirted mudmats on sloping ground under combined loading was
investigated using FELA. Analysis of surface (unskirted) foundations was also undertaken
using displacement FEA for comparison and verification. A mudmat of breadth, B, and skirt
embedment depth, d, was modelled in plane strain and is shown in Figure 4.1. The analyses
mainly focused on combined F; — F loading, with some analyses considering My, loading also
undertaken.

Referring to Figure 4.1, analyses were performed for the reference case of level ground
(¢ = 0) and for two ground inclinations (§ = 5° and 10°). Two mudmat geometries were
considered; an unskirted mudmat (d = 0), and a mudmat with perimeter skirts of embedment
d = 0.2B and thickness t = 0.005B. The skirted mudmat geometry is representative of typical
mudmat designs (Subsea 7, personal communication, 2014). The mudmat was modelled as
rigid. For analyses where the soil was modelled as weightless, a soil domain of width 7B
and depth 3.5B was found to be sufficiently large (Figure 4.2). The base and the sides of the

soil block were modelled as rigid boundaries. In cases where soil submerged unit-weight,
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Load reference point O is at
level of soil surface; mudmat is
embedded by d

E

Figure 4.1: Mudmat on sloping ground notation and sign conventions

B

3.5B

7B

Figure 4.2: FEA mesh for a surface mudmat on flat ground

Y, was modelled, the soil domain was made as large as possible without inducing problems
with global slope stability of the model. The FEA structured mesh comprising ~3 600 second-
order quadrilateral hybrid elements (Abaqus element type CPESH) is shown in Figure 4.2. The
FELA mesh, initially coarse and unstructured, underwent automated adaptive mesh refinement
until the bracketing error reached < +1%.

In the main parametric study, soil of uniform strength was assumed. However, in the design
case study, soil with linearly increasing strength with depth was modelled. The submerged unit
weight was initially taken as zero and was then increased to give normalised weight to strength
ratios ¥'B/ sy as large as 10. Once soil weight was incorporated in the model, it was necessary
to check for global slope stability before attempting to analyse the bearing capacity of the
mudmat.

Various values of mudmat/soil interface roughness and interface tensile capacity were

85



Chapter 4. Shallow rectangular foundations

considered. The main parametric study used the extreme conditions of fully rough (a = 1)
and smooth (o = 0), with an intermediate value (o = 0.5) added for the case study. The
tensile capacity at the interface was also predominantly modelled using two extreme values;
unlimited tensile capacity (T = o), and no tension capacity (T = 0). A third case, with 7' =0
on the outside of the skirts and T = oo elsewhere, was considered in the case study. The
interface conditions were incorporated in the FEA model using the UINTER subroutine
described in Section 3.3.1.

In the main study using FELA, failure envelopes for combined loading were generated
using load-controlled probes and the directions of these load-controlled probes were chosen
to give an accurate definition of the full failure envelope. Displacement-controlled probes

were used in the FEA modelling.

4.2.2 Combined vertical and horizontal loading

4.2.2.1 Surface mudmat

Initially, surface (unskirted) mudmats were analysed and the effect of soil weight was
excluded. Figure 4.3 shows the normalised F;, — F; failure envelope for a fully rough (ot = 1)
surface mudmat with full tension capacity (T = =) on weightless soil (¥ = 0). On flat
ground (§ = 0), this envelope is the well known solution of Green (1954), with vertical and
horizontal capacities of (2+ m)Bs, and Bs, respectively.

When a ground inclination, &, is introduced and the soil remains weightless, the failure
envelope retains the same shape, but rotates through an angle £&. When & is small (< 10°,
say) the horizontal capacity increases very slightly but the vertical capacity can decrease
significantly. To highlight this effect, Figure 4.3(b) shows a zoomed view of the failure
envelopes for ground inclinations of 0 and 10°. The capacity normal to the ground surface is
the same in both cases (5.14Bs,) but the vertical capacity when & = 10° is 20% smaller
(4.12Bsy). Furthermore, it is clear from Figure 4.3 that F,—F, loading of a mudmat on
inclined (but weightless) ground can readily be analysed by considering the same foundation
on flat ground, with loads applied in a suitably rotated axis system. Figure 4.3 also shows

that the results of the FELA load-controlled probe and the FEA displacement-controlled
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Figure 4.3: Normalised F, — F, failure envelopes for weightless soil (yYB/sy =0). d/B =0,
o= 1’ T — o0

probe match very closely. The exact horizontal capacities achieved using FEA highlight the
effectiveness of the UINTER subroutine.

Soil weight was then added to the analysis. It was first necessary to check that undrained
slope failure of the modelled soil domain would not interfere with the failure envelope
calculations for the foundation. A uniform vertical body force was applied (as a live load) to
5° and 10° slopes with no foundation present, thus determining the critical submerged unit
weight (7.;,) that would cause global slope failure. The aspect ratio of the soil domain was
fixed at 2W wide and W high along the centreline (Figure 4.4). The value of W was then

varied from B to 15B and for each case the ratio 7. B/s, was found using FELA. In the

crit
subsequent analyses with mudmats on inclined ground, the soil weight ¥ was always set

some way below Y. . and it was checked that the local failure mechanisms formed by bearing

crit
capacity failure of the mudmat were comfortably contained within the boundaries of the soil

domain. The limiting ratios of ¥/ .. for a range of W /B ratios are shown in Figure 4.4.

crit

For a mudmat on inclined ground with soil weight present, the simple analytical approach
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Figure 4.4: Limiting values of YB/s, as a function of soil domain size for two ground
inclinations

outlined above (rotated Green’s envelope) is no longer valid as the body force vector from the
soil weight does not act perpendicular to the ground surface. Instead the problem must be
analysed directly, ensuring that the global slope stability precautions in the previous
paragraph are observed. Figure 4.5 shows the F, — F, failure envelopes obtained for various
ground inclinations and a normalised soil weight of ¥B/s, = 5. The capacities obtained
using FEA again show good agreement with with the FELA capacities. Comparing these
capacities with those in Figure 4.3, it can be seen that the larger the ground inclination, the
greater the deviation of the failure envelope from the rotated Green’s envelope that is
obtained when soil weight is neglected.

The failure mechanisms for a foundation under vertical loading on flat ground with
weightless soil (Y = 0) and soil with normalised weight YB/s, = 5 are shown in
Figure 4.6(a) and (c) respectively. These asymmetric mechanisms highlight that at the cusps
of the F; — F, failure envelope, a range of asymmetric mechanisms, not just the iconic Prandtl
(1920) mechanism, gives the same collapse load. Figure 4.6(b) and (d) show the
corresponding failure mechanisms for mudmats on ground with & = 10°. In this case the two
mechanisms are different; a larger section of soil is mobilised in the soil with weight
(Figure 4.6(d)). For a ground inclination of 10°, the capacity normal to the slope is reduced

from 5.14Bs, in weightless soil to 3.79Bs, in soil with weight ¥B/s, = 5. Figure 4.5(b)
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Figure 4.5: Normalised F, — F; failure envelopes for soil with weight (YB/sy =5). d/B =0,
o =1, T = oo: (a) full envelopes (b) zoomed view comparing failure envelopes for weightless
soil and soil with YB/s, =5

shows that the uniaxial downwards vertical capacity (F,)) reduces from 4.12Bs, in
weightless soil to 3.52Bs, in soil with weight YB/s, =5, giving F,0/F0, weightiess = 0.854.
The variation of the F;o/F.o, weightless Tatio was explored further using FELA. The results are
shown in Figure 4.7 for a range of inclinations and normalised soil weight values. On flat
ground, Fyo/Fy, weightless 1S €qual to 1; the capacity is independent of the soil weight. For low
values of YB/sy the F.o/F.0, weightless Tatio drops very gradually as the ground inclination
increases from 0 to 10°. For higher values of Y'B/ sy, Fyo/ F0, weightless decreases more rapidly

with increasing inclination.
4.2.2.2 Skirted mudmat

The above analyses were repeated with perimeter skirts of embedment d = 0.2B added to the
mudmat. A normalised soil weight of B/ s, =5 was adopted for these analyses. Figure 4.8

shows that when skirts are introduced, the increase in horizontal capacity is greater for loading
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Figure 4.6: Failure mechanisms for surface mudmat under vertical loading: (a) & =0, ¥/
1, T

0,
() E=10°7 =0;(c) E=0,YB/sa=5,(d) E=10°, YB/sy=5.d/B=0,00=1,T =0

into the slope than loading away from the slope. The addition of skirts also increases the
mudmat’s capacity under vertical loading, though this effect is more pronounced on flat ground
than on inclined ground.

Thus far, the perimeter skirts and the underside of the mudmat have been treated as fully
rough (o = 1), with unlimited tension capacity (T = o). Figure 4.9 shows the effect of a
smooth interface between the skirts and the adjacent soil (& = 0 on all interfaces) for a skirted
mudmat (d/B = 0.2) on soil with YB/s, = 5. Note that a smooth foundation without any
skirts only provides bearing capacity normal to the slope. Comparing the two sets of failure
envelopes in Figure 4.9, it is apparent that smooth interface behaviour decreases the horizontal
capacity by a greater amount for loading into the slope than loading away from the slope.

If it is assumed that no tension can be sustained (7" = 0), the only source of uplift capacity
is interface shearing on the skirts and on the underside of the mudmat. Figure 4.10 shows that
even with fully rough behaviour (& = 1) assumed on all interfaces, the change from T = oo
to T = 0 causes an almost complete loss of uplift capacity, as well as a decrease in horizontal

capacity.
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Figure 4.7: Reduction of capacity under purely vertical loading. d/B=0, 0t =1, T = oo
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Figure 4.8: Effect of skirts on normalised F; — F, failure envelopes. @ =1, T = oo, YB/ sy =5
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Figure 4.9: Effect of interface roughness on normalised F; — F, failure envelopes. d/B = 0.2,
T=c,YB/sy=5
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Figure 4.10: Effect of interface tensile capacity on normalised F; — F; failure envelopes. d/B =
02, a=1,YB/sy =5

92



Chapter 4. Shallow rectangular foundations

075 ——FELA¢=0, F/Bs, =0
05 FELA (=5, F/Bs, =0
' ——FELA¢=10", F/Bs, =0
2 0.25 - + FEAE=0, F/Bs, =0
o .
C\Dx 0F FEA£=5,F2/BSU=0
s 025 - + FEA¢=10",F/Bs, =0
— — -FELA£=0, F/Bs, =-2.57
05 .
FELA £=5", F /Bs, =-2.57
0.75 | — —-FELA¢=10", F /Bs, = -2.57
_1 1 1 1 1 1 1 1
15 -1 0.5 0 0.5 1 1.5
F/Bs
X u

Figure 4.11: Normalised F; — M, failure envelopes for two levels of vertical loading. d/B =0,
oo=1,T =00, YB/sy, =0

4.2.3 Combined horizontal and moment loading

Combined Fy—M, loading with F; = 0 was analysed for an unskirted mudmat resting on
weightless soil. All interfaces were modelled as fully rough with unlimited tensile capacity.
Figure 4.11 shows that there is good agreement between capacities obtained using FELA and
FEA. The solid lines in Figure 4.11 show that the F,—M, failure envelope is only very
marginally affected by ground inclination; this is because the moment M, is unchanged by a
rotation of axes, and for a small inclination the component of F acting tangential to the slope
(Fccos &) is virtually identical to F,. The well-known analytical ‘scoop’ mechanism predicts
M, = 0.69B s, for the case of pure moment loading with F, = 0. This result (which formally
is only an upper bound plasticity solution) was confirmed by OxLim to within +1% for all

three values of ground inclination, and would appear to be exact.

4.2.4 Combined vertical, horizontal, and moment loading

A vertical dead load equal to half of the ultimate bearing capacity on flat ground (i.e. F,o =
2.57Bsy) was then applied, and the F,— M, failure envelope calculations were repeated. As
the ground inclination increases, the component of F; acting tangential to the slope (F;sin&)
increases. From the dashed lines in Figure 4.11, it can be seen that this causes translation of

the F, —M, failure envelope to the left. The horizontal capacity for loading away from the
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Table 4.1: Input parameters for case study of a mudmat on sloping ground

Breadth of mudmat (B) 5m
Length of foundation (out of plane) (L) 10 m
Embedment depth of skirts (d) 1.3m
Thickness of skirts (1) 0.025 m
Soil submerged unit weight (Y) 3 kN/m?
Mudline strength (sym) 0.77 kPa
Vertical strength gradient (p) 1.05 kPa/m
Seabed inclination (&) 0, 5°

slope is reduced by ~55% and there is a similar increase in horizontal capacity for loading
into the slope. These results are consistent with the F,—F; failure envelopes in Figure 4.3
where at the same level of vertical load (F,/Bs, = —2.57) the horizontal capacity ranges from

+O.45B Su tO - 1 .47B SU'

4.2.5 Case study

Plane strain FELA was applied to a recently completed mudmat design undertaken by Subsea
7 (a subsea engineering company serving the offshore energy industry) where seabed
inclination was a concern (Subsea 7, 2013). The design parameters are summarised in
Table 4.1. Roughness factors of a = 0, 0.5, and 1 were considered in the analysis. Three
different assumptions about interface tension were considered; 7' = oo on all interfaces: 7 =0
on all interfaces, and 7' = 0 on the outside faces of the skirts only (with 7 = oo elsewhere).

The vertical and horizontal capacities obtained with the various combinations of ¢ and T
are summarised in Table 4.2. Upper bound failure mechanisms for the case of full roughness
(ax = 1) are presented in Figure 4.12 (vertical loading) and Figure 4.13 (horizontal loading).
F, - F, failure envelopes for 7' = oo are shown in Figure 4.14.

Figure 4.12 shows failure mechanisms for vertical loading, assuming 7 = o. On flat
ground the mechanism shows similarities to the Prandtl (1920) mechanism as it comprises a
rigid wedge of soil directly under the foundation with fan zones of diffuse shearing next to this.
On sloping ground the mechanism is more one-sided and corresponds to an 18% reduction in

vertical capacity (Table 4.2). A similar reduction in vertical capacity is observed for the other
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Table 4.2: Effect of seabed inclination on case study vertical and horizontal capacities

104 Fz slope/Fz flat Fy slope/Fx flat
[KN/KN] [KN/KN]
T =00 0 771/971=0.79 114.5/121.6=0.94

0.5 823/1014=0.81 149.9/157.5=0.95
1 848/1031=0.82 168.9/181.5=0.93

T=0 0 748/964=0.78 0.0/41.6=0.00
0.5 789/1012=0.78 115.1/135.4=0.85
1 817/1031=0.79 148.8/160.0=0.93

T=0T=0c" 0 749/964=0.78 104.4/110.0=0.95
0.5 790/1011=0.78 134.3/140.2=0.97
1 817/1031=0.79 149.5/160.4=0.93

* T = 0 on outside of skirts, 7 = oo elsewhere

Figure 4.12: Failure mechanisms under pure vertical loading: (a) £ =0, ¢ =1, T = oo;
M E=5°0=1,T =0

combinations of & and 7.

Figure 4.13(a) and (b) and Figure 4.13(c) and (d) confirm the expectation that under
horizontal loading, the elimination of interface tension causes a gap to form on the trailing
side of the mudmat. Table 4.2 shows that the associated loss of capacity is around 12%:
160.0/181.5 = 0.88 on flat ground and 148.8/168.9 = 0.88 on sloping ground.
Figure 4.13(e) and (f) are very similar to (c) and (d) and Table 4.2 shows that the
corresponding capacities are virtually unchanged, but this only holds for the illustrated case
of full roughness (¢ = 1). If it is pessimistically assumed that the whole of the
foundation/soil interface is both smooth (¢ = 0) and unable to sustain tension (7" = 0) then

very low capacities are calculated. This includes a predicted capacity of zero for pure
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(a) (b)

(©) (d)

(e) V)

Figure 4.13: Failure mechanisms under pure horizontal loading: (a) { =0, a =1, T = oo;
ME=5,a=1,T=x,0)E=0,a=1,T=0;,(d)EE=5a=1,T=0;()E=0,ax=1,
T = 0 on outside of skirts, T = o elsewhere; (f) £ =5°, o = 1, T = 0 on outside of skirts,
T = oo elsewhere

horizontal loading on sloping ground in which case the mudmat slips out of the ground,
normal to the slope, with no resistance encountered.

The failure envelopes in Figure 4.14 (for T = oo) show that the roughness factor can
significantly influence capacity, particularly when the mudmat is on sloping ground and is
loaded horizontally.

This case study highlights that it is not straightforward to predict the capacity of a
mudmat on sloping ground under combined vertical and horizontal loading. FELA can
provide a quick capacity estimate, and adaptive mesh refinement has been shown to be a

useful aid in identification of the failure mechanism.
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Figure 4.14: F,—F, failure envelopes for case study (T = o on all interfaces): (a) full failure
envelopes; (b) zoomed view of failure envelope for predominantly vertical loading; (¢) zoomed
view of failure envelope for predominantly horizontal loading

4.3 Rectangular mudmat capacity under combined loading

4.3.1 Design case

An example design case of a rectangular mudmat, previously analysed by Feng et al. (2014),
is the starting point for this section. The mudmat notation, geometry, loading, and soil
parameters are shown in Figure 4.15. It is assumed that the mudmat skirts and the confined
soil plug act as a rigid body, and that the mudmat base is fully rough with unlimited tension
capacity (Opase = 1 and Thae = o). The skirt walls are modelled as half-rough with no
tension capacity (Ogkirx = 0.5 and Ty« = 0). The design input parameters match those in
Feng et al. (2014) and are listed in Table 4.3.

Analysis was undertaken using 3D FELA. An initial unrefined mesh is shown in
Figure 4.16(a) and Figure 4.16(b) shows additional prescribed planes in the mesh. As well as
‘fans’ of planes at the mudmat base, planes were added from the mudmat base rising at 45° to
the soil surface.

The bracketing error obtained using the initial unrefined mesh was

sufficiently small (£2.4%), and resulted in a very quick analysis time (< 20 seconds, when
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Figure 4.15: Rectangular mudmat design case notation, geometry, loading, and soil parameters

Table 4.3: Design case input data (from Feng et al. (2014))

Mudmat geometry Soil and interface properties Loading

B 6m Sum 3.4 kPa F; (live) —100 kN

L 12m p 1.5 kPa/m F, (live)  +120 kN

d 05m Okirt 0.5 F; (dead) —700 kN
Y 6 kPa/m M, (live) —200 kNm
Opase 1 M, (live) —360 kNm
Tire O M, (live) —640 kNm
Thase o0
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Figure 4.16: Rectangular mudmat soil domain and boundary conditions: (a) initial unrefined
FELA mesh; (b) a cutaway view of the soil domain showing prescribed planes in the mesh

LB and UB analyses were solved in series on a 3.1 GHz machine with 32 GB RAM). The
tight bracketing obtained is somewhat explained by visualising the failure mechanism
(Figure 4.17). The mechanism involves interface shearing at the foundation base and the
displacement of wedges of soil next to the foundation skirts. The prescribed planes in the
mesh rising from the base of the foundation at 45° help to capture this component of the
mechanism. Figure 4.17 shows that the foundation is rotating about a vertical axis axis
through a point near its back right corner. The FELA calculated load factor is 1.53, which is
almost identical to the load factor of 1.54 obtained using by Feng et al. (2014). Feng et al.
followed a design methodology based on a series of expressions for foundation capacity
derived using FEA (the methodology is outlined in Section 2.4). Both FELA and the Feng
et al. design approach provide very quick capacity estimates.

The loads on the mudmat were varied from the base case (Table 4.3) in order to quantify
any effect on the load factor. The results are summarised in Table 4.4. The load factor is
very sensitive to doubling or removing the torsional load on the mudmat (0.974 when M, is
doubled and 2.413 when M, is removed). However, there is little, or no, change to the load
factor when the overturning moments are doubled or removed. This highlights the significance
of torsional loads on mudmat capacity. These results informed a study that focuses on the

combined horizontal and torsional capacity of mudmats, and is subsequently described.
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Figure 4.17: Failure mechanism for the design case. Shaded by UB velocity magnitude

Table 4.4: Design case load factors

Load case Load factor
Design case 1.535
M doubled 0.974
M removed 2413
M, doubled 1.535
M, removed 1.535
M,, doubled 1.513
M, removed 1.535
M, and M,, doubled 1.513
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Load reference point O is at
level of soil surface; footing
is embedded by d.

Figure 4.18: Mudmat notation and sign conventions

4.3.2 Problem overview

As shown in Figure 4.18, a skirted mudmat is modelled as an embedded rigid body of breadth,
B, along the x-axis, length, L, along the y-axis, and depth, d, along the z-axis. The length to
breadth aspect ratio was fixed at L/B = 2 as this is a typical value adopted in practice (Subsea
7, personal communication, 2014). In treating the embedded mudmat as a rigid body it was
tacitly assumed that sufficient interior skirts are present to fully confine the soil plug (Mana
et al., 2013). The base of the rigid body was modelled as fully rough, with unlimited interface
tension capacity. The soil was modelled as having homogeneous undrained shear strength.
Along the mudmat sides, both unlimited-tension and zero-tension interfaces with the adjacent
soil were considered.

Previous research has shown that the inclusion of soil weight in the model does not affect
the calculated capacity of an embedded mudmat on flat ground if an unlimited-tension
interface is assumed along the sides, while it does when a zero-tension interface is assumed.
If a zero-tension interface is assumed and the soil is modelled as weightless, a gap forms
behind the mudmat if it displaces horizontally. Consequently, there is no active soil
mobilisation. If a zero-tension interface is assumed and soil weight is included in the model
then the soil may remain attached on the active side, which leads to enhanced capacity, but
this is dependent on the dimensionless soil weight to strength ratio ¥/B/ sy. It is shown here

that if a mudmat is modelled in weightless soil with unlimited-tension and zero-tension
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Figure 4.19: Mudmat loading arrangement: (a)—(c) feasible eccentricity e of horizontal
loading; (d) — (f) horizontal loading applied at height &

interfaces along the sides, the resulting capacities bracket the corresponding capacity of a

mudmat in soil with weight, irrespective of the assumed interface tension capacity on the

sides.

Complexity is added to the analysis in three stages.

Stage 1.

Stage 2.

Horizontal and torsional loading: When considering combined horizontal and
torsional loading (Fy, Fy, M;), emphasis was given to horizontal loads generating
‘feasible’ levels of torsion as defined in Figure 4.19(a)—(c). The largest feasible
eccentricity emax occurs when a force is applied at the mudmat corner at an angle

6 = tan~'(B/L), which is 26.6° due to the 2:1 aspect ratio considered.

Horizontal, torsional, and moment loading: Horizontal forces were applied at a

height, s, above the mudmat, resulting in combined horizontal and moment loading
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on the foundation (Figure 4.19(d)—(f)). Forces applied at both an eccentricity, e,
and a height, s, with respect to the mudmat centre result in five degree-of-freedom

loading (F,, Fy, My, My, M).

Stage 3. Horizontal, torsional, moment, and vertical loading: The ultimate vertical
capacity (F,9) was calculated using a refined FELA mesh to closely bracket the
solution. A vertical dead load equal to 0.5F,y was then applied while the mudmat
was again subjected to five degree-of-freedom live loading (Fy, Fy, My, My, M;) as

outlined in Stage 2.

The soil domain was sized such that it comfortably contained the soil failure mechanism
for all of the load combinations considered. For a surface foundation (d = 0), a soil domain
7B x 7B in plan and 3.5B deep was sufficient, with larger domains used for embedded
foundations (d > 0). As in the design case, additional prescribed planes were attached to the
edges of the mudmat base and for embedded mudmats, planes rising at 45° from the mudmat
base to the soil surface were also included. Initial unrefined FELA meshes for surface and
embedded foundations are shown in Figure 4.20.

The interface at the base of the embedded rigid foundation was modelled as fully rough,
with unlimited tensile capacity. The mudmat sides were conservatively modelled as fully

smooth with either unlimited tensile capacity, T = oo, or zero tensile capacity, T = 0.

4.3.3 Surface mudmats (d = 0)

4.3.3.1 Horizontal and torsional loading

A surface mudmat under combined horizontal and torsional loading was analysed using two
independent approaches: by applying the LB and UB plasticity theorems to the interface, and
using 3D FELA.

Analytical LB values for Fy, Fy, and M, were found by numerically integrating the shear
stress components T, and 7, that would be induced by foundation rotation about a prescribed

point (xo,yo), as shown in Figure 4.21(a):

L/2 B)2
F, = / T, dxdy 4.1)
—L)2J)-B)2
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(a) (b)

Figure 4.20: Initial FELA mesh of quarter model showing prescribed planes in the mesh as
bold lines: (a) surface mudmat; (b) embedded mudmat

L/2 rB/2
- 7, dxd 42
B / L/Z/ g T +2)
L/2 rB/2
/ (¥, — y,) dady 4.3)
128

where 7, = sy cos & and T, = sy sin &, with cos & and sin & calculated as shown in Figure 4.21.
The analytical UB solution was formulated by equating the internal and external work

rates when the mudmat rotates with a virtual angular velocity @ about (xg,yp), as shown in

Figure 4.21(b):
L2 B)2
Wint = su (1)/ / rdxdy 4.4)
122
Wext = Fryo — waxO +M;® 4.5)

with r calculated as shown in Figure 4.21. The 3D failure surface obtained by evaluating these
equations numerically for a range of rotation centres is shown in Figure 4.22(a). It should be
noted that the complete failure surface is symmetrical about the Fy—Fy, Fx—M,, and F,—M,
planes. The LB equations produced results which matched precisely with the UB equations,
indicating an exact theoretical solution. The circular contour in the plane M, = O confirms

that the horizontal capacity of the mudmat in this case is always equal to the interface shear
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Figure 4.21: Analytical solution for combined horizontal and torsional loading of a surface
mudmat: (a) lower bound shear stresses; (b) upper bound velocities

Analytical solution

— — - FELA solution
Infeasible torsion

M_/B%Ls =0,
V4 u

0.2
0 |
0 0.2 0.4 0.6 0.8 1
F IBLs
X
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Figure 4.22: Failure envelope for a surface mudmat under combined horizontal and torsional
loading, showing region of feasible torsion: (a) 3D failure surface from analytical solution;
(b) 2D contour plot comparing analytical solution with FELA solution
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capacity, BLsy, irrespective of the relative magnitudes of Fy and F,.

Figure 4.22(b) shows that excellent agreement was found between the analytical solution
and the results obtained using 3D FELA. The FELA results for combined horizontal loading
(Fy, F)) with M, = 0 solved to £0.01% error without any mesh refinement, while in pure
torsion (M, with Fy = F,, = 0) an unrefined mesh solved to +=2% error. Each analysis completed
in less than 10 seconds and the failure mechanism was always confined to interface shearing
between the mudmat and the soil. The feasible torsion limit increases as the loading direction
6 is varied (Figure 4.18); from M, = 0.48B>Ls, when 6 = 0 (pure F, loading), to a maximum
of M, = 0.5B’Ls, when 6 = 26.6°, before reducing to M; = 0.38B%Ls, when 6 = 90° (pure

F, loading).
4.3.3.2 Combined horizontal, torsional, and moment loading

Figure 4.23 shows the capacity of a surface mudmat subjected to horizontal forces applied at
a range of eccentricities from, and heights above, the load reference point (O in Figure 4.18).
When ¢/B =0 and i/B = 0 the capacity of a surface mudmat is the same whether the mudmat
is loaded by F, Fy, or Fg_s¢ (corresponding to the circular failure locus when M; = 0 in
Figure 4.22). When these forces are applied at a normalised height /B = 0.5 there is no
reduction in capacity compared with 4/B = 0 and failure still occurs though interface shearing
between the mudmat and the soil. When F, and Fg_y¢ ¢ are applied at a height #/B = 1 there
is a small reduction in capacity compared with the same forces applied at 4/B = 0, but no
reduction for F,,. When //B = 2 the reduction in capacity is substantial for F; and Fg_y¢ ¢°,
but there is still only a minor reduction in capacity for a mudmat subjected to Fy, at this height.

The reduction in capacity when the mudmat is subjected to F or Fg—_s6.6° at /B > 0.5 can
be attributed to the increased overturning moment acting on the mudmat, and the effect can be
seen in the failure mechanism. Figure 4.24 shows failure mechanisms for a mudmat subjected
to forces in various directions at a height #/B = 2. F, and Fg_y¢ ¢ cause failure by ‘rolling’
about the y-axis (Figure 4.24(a) and (c)), whereas F, predominantly causes failure through
translation in the y-direction with very little rotation (Figure 4.24(b)). This is consistent with

the increased moment capacity associated with ‘pitching’ rotation about the x-axis.
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Figure 4.23: Capacity charts for surface mudmats under horizontal loading in various
directions, applied at a range of normalised eccentricities (e/B) and heights (h/B): (a) Fy;
(b) Fy; (c) Fg—26.6°- Lines representing the lower values of /B may overlap
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(c)

Figure 4.24: Failure mechanisms for a surface mudmat subjected to horizontal loading in
various directions, applied at a normalised height 4/B = 2: (a) Fy; (b) Fy; (¢) Fo—6c. T =0
on sides. Shaded by UB velocity magnitude
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Figure 4.25: Failure mechanisms for a surface mudmat subjected to horizontal loading
Fg—26.60, showing effect of eccentricity and height of application: (a) ¢/B =0, h/B = 0;
(b) ¢/B=10.5, h/B=0; (c) ¢/B=1.12, h/B=10; (d) ¢/B=0, h/B=2; (e) ¢/B = 0.5,
h/B=2;(f)e/B=1.12, h/B = 2. Shaded by UB velocity magnitude

For a given height of load application, the capacity reduces as the normalised eccentricity
e/B increases due to the additional torsional moment acting on the mudmat. This reduction is
less apparent when the mudmat is loaded at a height 2/B = 2 by F or Fg—_y ¢, as failure is
still dominated by rolling about the y-axis and not twisting about the z-axis. Failure
mechanisms are presented in Figure 4.25 for a mudmat subjected to loading by Fg—»6.6°.
When Fy_y¢.¢> loading is applied at #/B = 0 and e¢/B = 0 failure occurs through translation
with no rotation or twist (Figure 4.25(a)). When Fp_j6¢6° 1s applied with increasing
eccentricity the mudmat fails through translation as well as increasing amounts of twist
(Figure 4.25(b) and (c)). This corresponds to the steep reduction in capacity when /B =0
and 0 < e/B < 1.12 in Figure 4.23(c). A mudmat under to Fy_y¢ ¢ loading at #/B = 2 and
e/B = 0 fails through rotation about the y-axis (Figure 4.25(d)). The failure mechanism does

not change significantly as e¢/B increases to 0.5 (Figure 4.25(e)) which corresponds to the
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constant capacity when #/B =2 and 0 < ¢/B < 0.5 in Figure 4.23(c). When ¢/B = 1.12
twisting is visible in the failure mechanism (Figure 4.25(f)) and the capacity reduces slightly

(Figure 4.23(c)).

4.3.4 Embedded mudmats (d > 0)

4.3.4.1 Combined horizontal and torsional loading

Embedded mudmats under combined horizontal and torsional loading mobilise wedges of
soil adjacent to the mudmat at failure, and this significantly increases their capacity when
compared with surface mudmats. Because of the 2:1 aspect ratio considered, embedded
mudmats have a larger capacity under pure F; loading than under pure F; loading. This is
shown in Figure 4.26(a), where the failure envelopes for combined Fy—F, loading (with
M, = 0) are no longer circular when the mudmat is embedded. Failure envelopes for surface
and embedded mudmats subjected to three cases of combined horizontal loading (Fr, F,
and Fy_y6.¢°) and torsional loading are shown in Figure 4.26(b) — (d), with zones of infeasible
torsion shaded.

Comparing the solid and dotted lines in Figure 4.26, it can be seen that imposition of a
tension cutoff on the sides of the mudmat reduces the resistance to combined horizontal and
torsional loading, but the shape of the failure envelope does not change appreciably. The
failure mechanism for an embedded mudmat with 7" = o on the sides, subjected to F, loading,
is shown in Figure 4.27(a). Wedges of soil are displaced on either side of the mudmat in the
direction of the horizontal load. Figure 4.27(b) shows the failure mechanism when 7' = 0 on
the sides. In this case, a wedge of soil is only displaced in front of the mudmat and a gap
forms behind. The mudmat in Figure 4.27(a) mobilises more soil at failure than the mudmat
in Figure 4.27(b), which results in a higher capacity.

Plastic displacement vectors which are inclined at angle, {, to the F, axis are plotted in
Figure 4.26(a) for a mudmat subjected to horizontal loading in the direction 6 = 45° (equal
components of F, and ). As expected, a surface mudmat (d /B = 0) has a plastic displacement
direction { = 0 and the failure mechanism shows the mudmat translating in the direction of the

load (Figure 4.28(a)). As the embedment ratio increases, however, the mudmat translates more
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Figure 4.26: Failure envelopes for surface and embedded mudmats subjected to combined
horizontal and torsional loads: (a) Fx—F, (M, = 0); (b) Fx—M,; (¢c) F,—M ; (d) Fo—26.60 —M;
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Figure 4.27: Failure mechanisms for an embedded mudmat (d/B = 0.1) loaded horizontally
(Fy), showing the effect of interface tension capacity on the mudmat sides: (a) T =o0; (b) T =
0. Shaded by UB velocity magnitude

(a)

Figure 4.28: Failure mechanisms for mudmats loaded horizontally (Fg—45-) showing effect of
embedment: (a) d/B=0; (b) d/B=0.2; (c) d/B=0.5. T =0 on sides. Shaded by UB
velocity magnitude
in the y-direction than the x-direction even though the direction of loading remains the same.
A mudmat embedded with d/B = 0.5 has a displacement vector at { = 84° when subjected to
loading at 6 = 45°. This corresponds to translation that is predominantly in the y-direction,
as is clear from the failure mechanism (Figure 4.28(c)). The failure envelope for a mudmat
embedded with d/B = 0.5 and T = oo on the sides comprises linear sections parallel to the
axes when F < 2.3BLs, and also when F,, < 1.7BLs, (Figure 4.26(a)). In general, the failure
mechanism for a mudmat under combined F} — Fy loading changes from oblique translation at
lower embedments towards axis-aligned translation as the embedment ratio increases.

Figure 4.29 shows capacity charts for an embedded mudmat with d/B = 0.2 subjected to

horizontal forces applied at a range of eccentricities from the mudmat centre. The capacity of a
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foundation embedded in weightless soil is considerably larger with 7' = oo along the sides than
with T = 0 along the sides. When the submerged unit weight of the soil, ¥/, is included in the
analysis, the capacity with T = oo remains unchanged but the capacity with 7" = O increases.
The capacity when T = 0 increases with increasing normalised soil weight, ¥'B/ sy, but it
never exceeds the capacity when T = o (which is independent of Y').

This can be explained by considering the corresponding failure mechanisms. In
weightless soil, when T = 0 a gap forms behind the mudmat when it is loaded horizontally
(as in Figure 4.27(b)), while when T = o a gap cannot form (as in Figure 4.27(a)) and an
active region of soil is mobilised behind the mudmat. When soil weight is included in the
analysis, the failure mechanism when 7 = oo is unchanged, while when 7" = 0 soil may
mobilise behind the mudmat. Whether soil mobilises behind the mudmat is dependent on the
normalised soil weight ¥'B/ sy, with heavier soil more inclined to mobilise. As more soil
cannot be mobilised than when T = o, this provides an upper limit for the capacity of a
mudmat in soil with weight. Less soil cannot be mobilised than when T = 0 in weightless
soil, and as such this provides a lower limit for the capacity of a mudmat in soil with weight.
For this reason, in all subsequent analyses the soil is modelled as weightless with either
T = o or T = 0 on the mudmat sides.

Failure mechanisms for an embedded mudmat with d/B = 0.2, loaded both
concentrically and at the maximum feasible eccentricity, are shown in Figure 4.30.
Comparing Figure 4.30(a) and (c), a mudmat subjected to F; loading mobilises larger wedges
of soil than a mudmat subjected to Fy loading and this results in greater capacity (compare
Figure 4.29(a) and (b)). A mudmat subjected to F, loading at the maximum feasible
eccentricity has significant twisting visible in the failure mechanism, and the capacity
reduces by nearly 50% (Figures 4.30(b) and 4.29(a)). A mudmat subjected to F, loading has
a smaller maximum feasible eccentricity and torsion causes only a 12% reduction in capacity
(Figures 4.30(d) and 4.29(b)). The largest reduction in capacity due to eccentric horizontal
loading occurs for a mudmat subjected to Fg—_»¢ ¢o loading, with significant twisting visible in

the failure mechanism and a 55% reduction in capacity (Figures 4.30(f) and 4.29(c)).
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Figure 4.29: Capacity of an embedded mudmat (d/B = 0.2) subjected to horizontal loading
at a range of eccentricities, showing effect of normalised soil weight ¥B/sy: (a) Fy; (b) Fy;

(¢) Fo—26.6°
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(a) (b)

(d)

Figure 4.30: Capacity of an embedded mudmat (d/B = 0.2) subjected to horizontal loading
at a range of eccentricities showing effect of normalised soil weight ¥B/sy: (a) Fy; (b) Fy;

(©) Fo=26.6°
4.3.4.2 Combined horizontal, torsional, and moment loading

Figure 4.31 shows capacity charts for surface and embedded mudmats when subjected to
horizontal loads Fy, Fy, and Fg_»6 6> at a range of normalised eccentricities and heights. When
a mudmat is loaded by F; or Fg_s¢¢° at h/B = 0, mudmat embedment does not significantly
influence the rate of reduction in capacity as the eccentricity of the horizontal load increases.
For example, a surface mudmat subjected to Fg_r¢ 6o loading undergoes a 55% reduction
in capacity as e/B increases from 0 to 1.12 (Figure 4.31(i)) and a mudmat embedded with
d/B = 0.5 undergoes a 53% reduction in capacity (Figure 4.31(1)). However, an embedded
mudmat subjected to F, loading shows better performance under torsional loading. In this

instance, a surface mudmat subjected to Fy loading undergoes a 26% reduction in capacity as

115



Chapter 4. Shallow rectangular foundations

deproao Aew g /y Jo sanfea 1omof oy Sunuasaidar

sour] G001 0 =g/p 9901 G000 =g/p U (W-() 00 0=4g/p U (P)—(e) :(g/y) SWSIY PuE (g/2) SANIOLNUIS PASI[EULIOU
Jo d3ue1 ® je pardde ‘suonoalrp snouea ur 3UIpeo[ [BIUOZIIOY 0) pAdalgns sjewpnw pappaquia pue ddelIns I0J sueyd Ayoede)) :1¢'4 23

(1 (1) O 0]

g/e g/e g/e g/e
ZL L 80 90 ¥0 Z0 O ZL L 80 90 ¥0 Z0 O ZL L 80 90 ¥0 Z0 O ZL L 80 90 ¥0 Z0 O
— 0 - 0 — 0 — : 0
. . 0=4/p
. 0'L0'20's0‘L‘z=49/y 120
0 ﬂ:_._ ) na:_._
90 10 &
80 @, 190 o,
L@ {go ®
vl 7L o o
vl F
9l Iz
(9)
g0=gip o Z0=g/p 0 1'0=gip 0 0o=gp 0
0 z0 .
. : {zo
0 -
. 04020°S0°L2=9 |4
90 _m -
. tA/ . rA/
80 © 190 @
F ns - ns
{80
zl
vl F
9l Iz
(e)
0 0=4g/p 0
z0 |70
0 0'10°20'g0'L Z=8am1 |
90 . =70 .
80 © 190 ©
X |
80
oz
vl b
9l Iz

uoIS.I0} 9|qISeaju| SOPISUO Q= [ «+vovvee SOpPISUO 0 = | ——

116



Chapter 4. Shallow rectangular foundations

Figure 4.32: Failure mechanisms for mudmats subjected to horizontal loading F, applied at
a normalised height #/B = 1, showing effect of embedment: (a) d/B = 0; (b) d/B = 0.2;
(¢)d/B=0.5. T = on sides. Shaded by UB velocity magnitude

e/B increases from 0 to 0.5 (Figure 4.31(e)), but if the mudmat is embedded with d/B = 0.5,
the capacity does not change over the same range of ¢/B (Figure 4.31(h)).

As was the case with a surface mudmat, when an embedded mudmat is subjected to a
horizontal force applied at a height above the load reference point there is generally no
reduction in capacity until a critical height is reached, whereupon the capacity reduces
rapidly. However, the critical height reduces with increasing mudmat embedment. This can
be attributed to the increased lever arm from the load to the base of the mudmat. Figure 4.32
shows failure mechanisms for mudmats with various embedment ratios, subjected to F,
loading applied at 7/B = 1. A surface mudmat fails through interface shearing between the
mudmat and the soil, and the foundation translates horizontally (Figure 4.32(a)). A mudmat
embedded with d/B = 0.2 also translates horizontally at failure, but displaces wedges of soil
(Figure 4.32(b)). However, the failure mechanism for a mudmat embedded with d/B = 0.5

changes to ‘pitching’ about the x-axis.
4.3.4.3 Combined horizontal, torsional, moment, and vertical loading

The ultimate vertical bearing capacities, F, of surface and embedded mudmats (assuming
unlimited tension capacity on the sides) were closely bracketed using FELA and the results
are presented in Table 4.5. A vertical dead load of magnitude 0.5F, was applied to the

mudmat while it was again subjected to live horizontal loads applied at a range of
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Table 4.5: Normalised vertical bearing capacities (F.o/BLs,) for surface and embedded
mudmats obtained using FELA. T = oo on sides

Embedment ratio (d/B) 0 01 02 05

LB 533 577 6.13 6.78
UB 573 634 6.70 7.38
Average 5.53 6.06 6.42 7.08

Bracketing error =% 36 47 45 43

eccentricities from, and heights above, the load reference point. Capacities for mudmats with
and without a vertical dead load are presented in Figure 4.33 for the two extreme cases of
embedment considered here (d/B = 0 and 0.5). It is apparent that the addition of a substantial
vertical dead load has no significant effect on the capacity under horizontal loading in
conjunction with feasible levels of torsional and moment loading. Note that because the base
and sides of the mudmat have been assumed to have unlimited tension capacity, the results in

Figure 4.33 are unaffected by the direction of the vertical dead load (upward or downward).
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Figure 4.33: Capacity charts for surface and embedded mudmats subjected to horizontal
loading in various directions, applied at a range of normalised eccentricities (¢/B) and heights
(h/B), in conjunction with a vertical dead load F, = 0 or F, = 0.5F: (a) Fy, d/B =0; (b) F,,
d/B=0.5;(c) Fy,d/B=0;(d) Fy,d/B=0.5; (¢) Fg—26.6°, d/B = 0; (f) Fg—26.60, d/B=0.5.
Lines representing the lower values of /B may overlap
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4.4 Capacity analysis of square perforated foundations

4.4.1 Problem overview

The problem geometry and notation for the analysis of square perforated foundations is shown
in Figure 4.34. The foundation is modelled as a rigid body of overall breadth, B, and depth,
d. Perforated foundations can be categorised by their perforation ratio, R, which is the ratio of
the perforated area to the gross foundation area (R = A;/A,, see Figure 4.34). This study uses
3D FELA to consider the vertical capacity of surface and embedded square footings with a
range of perforation ratios (R = 0—0.95). Uniform soil and soil with increasing strength with

depth are modelled, in accordance with

Su = Sum — P2 (4.6)

where sy, is the mudline strength and p is rate of strength increase with depth (Figure 4.34).
To allow comparison with previous studies available in the literature (Tapper, 2013; Tapper
et al., 2015), the strength profile is characterised by a dimensionless strength heterogeneity
factor pB/sym which was modelled at pB/sym = 0 (uniform soil), 1, 2, and 5.

Surface footings were considered first, before analysing footings embedded at ratios
d/B = 0.1, 0.2, 0.3, and 0.5. Surface footings were modelled as fully rough (o = 1) or
smooth (¢ = 0). Embedded footings were modelled as having a fully rough base and smooth
sides. Interface tension capacity and soil weight were excluded from the analysis, as for the

load cases considered (vertical loading only) their inclusion does not affect foundation

Bearing area, A

Az z
central ;
perforation |F
24 B* | Void area,
e ] X sum Su A\
e 3
C{ B Il Gross area, A, =A + A,
0

Perforation ratio, R = A/A,
(a) (b)

Figure 4.34: Perforated square mudmat notation: (a) foundation geometry. Load reference
point O level with the soil mudline; (b) plan view of perforated foundation
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capacity. Bracketed FELA capacities are compared with capacities derived from FEA
presented in Tapper et al. (2015), although it should be noted that this study idealises the soil
as a rigid—plastic von Mises material whereas Tapper et al. assumed an elastic—plastic Tresca
material.

A design formula for estimating the vertical bearing capacity of foundations with
perforations is presented in detail in Tapper (2013) (also published in Tapper et al. (2015))
and is summarised in Section 2.3.1. The design formula uses analytical expressions derived
from an extensive FEA study, and was verified using centrifuge test data.

The efficacy of this design formula was examined for surface and embedded footings with
a large range of perforation ratios. A modification to this design formula is proposed for
capacity analysis of embedded perforated footings.

This study considers vertical capacity (capacity under F in Figure 4.34) of square
footings, which allows for planes of symmetry to be exploited such that only one eighth of
the problem needs to be modelled. An unrefined mesh for an embedded perforated footing is
shown in Figure 4.35. As with previous analyses, additional prescribed planes were added to
an otherwise unstructured mesh as it was found that this was beneficial for convergence of
the FELA bounds. These planes are shown as bold lines in Figure 4.35. Three iterations of
automated adaptive mesh refinement were undertaken for each analysis and the final refined

mesh comprised ~40 000 elements.

4.4.2 Surface perforated footings

The results are presented in the form of the dimensionless bearing capacity factor N., where
N, = F /Asyn (see Figure 4.34). FELA bounds for N, are shown in Figure 4.36 for surface
foundations with a range of perforation ratios. First, considering rough foundations
(Figure 4.36(a)), it is shown that the average of the FELA bounds is in good agreement with
the FEA results and the centrifuge test data obtained by Tapper et al. (2015). The bearing
capacity factors found using FEA remain within the FELA bounds. The bearing capacity
factors found using centrifuge tests are marginally higher than the FELA UB when R = 0.36

but are within the FELA bounds when R = 0.64. Bearing capacity factors obtained using the
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Symmetry

Figure 4.35: Initial FELA mesh of one eigth of the soil domain (symmetry exploited) showing
prescribed planes in the mesh as bold lines

design formula proposed by Tapper (2013) are within the FELA bounds.

The bearing capacity factor for a strip footing, from Prandtl (1920), is also shown in
Figure 4.36(a). As the perforation ratio R increases, N, approaches that for a strip footing on
uniform soil (N, = 2 4 7) regardless of the soil strength gradient. This trend can be easily
explained by considering the relevant foundation failure mechanisms. The UB mechanism
for a rough surface footing with R = 0.3 is shown in Figure 4.37(a). Similarities to the
Prandtl (1920) failure mechanism are visible in that a central wedge of soil is displacing
vertically downwards under the effective foundation bearing width, B*. At this perforation
ratio, there is interaction between the mechanisms formed under the bearing areas on either
side of the perforation. When R = 0.4 there is less interaction between the mechanisms on
either side of the perforation (Figure 4.37(b)).

A footing with a large perforation (R = 0.95) is shown in Figure 4.37(c). The failure
mechanism is very shallow when compared with Figure 4.37(a) and (b). The zoomed view in
Figure 4.38(a) shows that the mechanism closely resembles the Prandtl (1920) failure
mechanism for a strip footing. The plan view highlights that at this perforation ratio, the
mechanism is that of a strip foundation of width B* and length roughly equal to the perimeter

of the footing (Figure 4.38(c)). This very shallow mechanism at high R demonstrates why,
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3D FELA bound difference
—+—3D FELA average
— — Design formula (Tapper et al., 2015)
O FEA (Tapper et al., 2015)
O Centrifuge test (Tapper et al., 2015)
-------- Strip footing, N, =2 + = (Prandtl, 1920)

pBls, =0,1,2,5

R
(@)

pBls, =0,1,2,5

(b)

Figure 4.36: Bearing capacity factors N, for surface footings (d = 0) with a range of
perforation ratios (R) on soil with a range of strength heterogeneity factors (pB/suym): (a) rough
footings (¢ = 1); (b) smooth footings (o = 0)
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(c)

Figure 4.37: Failure mechanisms for rough (o = 1) perforated surface footings on uniform
soil (pB/sym = 0) under vertical loading showing effect of perforation ratio (R): (a) R = 0.3;
(b) R=0.4; (c) R =0.95. One eighth of the soil domain shown. Shaded by UB velocity
magnitude

(b)

(c)

Figure 4.38: Zoomed view of failure mechanisms for perforated (R = 0.95) surface footings
on uniform soil (pB/sym = 0) under vertical loading: (a) rough foundation (o = 1), elevation
view ; (b) smooth foundation (o = 0), elevation view; (c) rough foundation (& = 1), plan view.
Shaded by UB velocity magnitude

for all soil strength profiles, N, converges to that for a footing on uniform soil.

Figure 4.36(b) shows N, for smooth footings (&« = 0). When comparing Figure 4.36(b)
to (a), it is apparent that smooth square footings have lower capacities than rough square
footings. The same overall trend as Figure 4.36(a) can be seen in Figure 4.36(b), in that,
as the perforation ratio increases the bearing capacity factor decreases, although the factors
seem to converge more rapidly to the Prandtl (1920) capacity. Failure mechanisms for smooth
perforated footings are shown in Figure 4.39. Comparing Figure 4.39(b) to Figure 4.37(a)
(both R = 0.3), the smooth footing has a more shallow mechanism. It is for this reason that
there is less interaction between the mechanisms formed on either side of the perforation for

a smooth footing. Figure 4.38(b) and Figure 4.39(c) show that the mechanism for a smooth
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(a) (b) ()

Figure 4.39: Failure mechanisms for smooth (& = 0) perforated surface footings on uniform
soil (pB/sym = 0) subject to vertical loading, showing effect of perforation ratio (R): (a) R =
0.1; (b) R =0.3; (c) R =0.95. One eighth of the soil domain shown. Shaded by UB velocity
magnitude

footing with a high perforation ratio resembles the Hill-type mechanism of a smooth strip
footing of width B* (Hill et al., 1947).

The very shallow failure mechanisms at high R gives rise to an increase in FELA
bracketing error when R > 0.8 (see the shaded bands in Figure 4.37). A large adaptively
refined mesh with many elements directly under the footing bearing area would be needed to
improve the FELA bounds. However, the large bracketing error associated with the results
for R > 0.8 demonstrates a significant advantage of LB and UB FELA over FEA. When
using displacement FEA, N, may not appear to approach the (Prandtl, 1920) solution at high
perforation ratios, due to inaccuracies associated with an overly coarse mesh. When using
FELA, inaccuracies due to an inadequate mesh are highlighted by a large bracketing error,
but from the coverage of the bounds it can still be seen that N, approaches Prandtl’s solution

as R increases.

4.4.3 Embedded perforated footings

FELA bounds for N, are shown in Figure 4.40 for embedded perforated footings with depth
to breadth embedment ratios d/B = 0.1, 0.2, 0.3, and 0.5. Consider the bearing capacity
factors obtained using FELA for a footing with d/B = 0.1 in soil with pB/sy;m = 5
(Figure 4.40(a), black line). Initially as R increases, N, reduces, as expected from the
behaviour seen in Figure 4.36. However, N, then remains approximately the same until
R =0.7. When R > 0.7, N, increases. The same general trend can be seen for all footing

embedments and soil strength heterogeneities, although the trend is more pronounced in soil
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Chapter 4. Shallow rectangular foundations

Table 4.6: Depth factors, d., for embedded square footings in soil with various strength
gradients (data from Tapper (2013))

pB/sum d/B=0.1 d/B=02 d/B=03 d/B=05

0 1.13 1.21 1.28 1.37
1 1.24 1.43 1.61 1.96
2 1.31 1.61 1.88 245
5 1.53 2.01 2.53 3.59

with high strength heterogeneity when compared with uniform soil.

It might initially seem surprising that N, increases at high R as the opposite was shown
to happen for surface footings (Figure 4.36). Tapper et al. (2015) considered footings with
R < 0.64 (Figure 4.40). At R < 0.64 the upwards trend in N, is not obvious and the slight rise
in N, when R = 0.64 could have been attributed to numerical errors at high perforation ratios.
It is shown in Figure 4.40 that the design formula proposed by Tapper et al. (2015) follows the
same trend in N, as was the case for surface perforated footings although (Figure 4.36) this is
not a good fit for N, values found using FELA for embedded footings with R > 0.6.

An important input into the Tapper et al. (2015) design formula is the depth factor, d,
(defined in Section 2.3.1), which is associated with the footing depth to embedment ratio
(d/B). For surface footings d. = 1 and embedded footings have d. > 1. As already covered in
Section 2.3.1, Tapper et al. (2015) used FEA to determine d. factors for solid square footings
in soil with pB/sym =0, 1, 2, and 5 (also, see Figure 2.11). Table 4.6 shows that d, increases
as d/B increases. It is also shown that d. increases more rapidly with d/B in soil with high
strength heterogeneity. The design formula proposed by Tapper conservatively uses d,. for
foundations without perforations, as given in Table 4.6. However for a given embedment ratio
and strength profile d, increases with increasing R, as shown in Figure 4.41.

To help understand the reason for the increase in d. (and consequently N.) with
increasing R, it is useful to consider foundation failure mechanisms. Figure 4.42 shows
failure mechanisms for footings with R = 0.025, 0.3, 0.6, and 0.9 at a constant embedment
ratio d/B = 0.5. These diagrams show that the failure mechanism for an embedded

perforated footing is dependent on the embedment ratio d/B*, not d/B. As the perforation
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Figure 4.41: Depth factors (d.) for embedded footings with a range of perforation ratios (R)
in soil with a range of strength heterogeneity factors (0B/sum): (a) d/B =0.1; (b) d/B =0.2;
(c)d/B=0.3;(d) d/B = 0.5. Data from Tapper (2013)
ratio increases B* becomes smaller, and as such d/B* is different for every perforation ratio.
For surface footings at high R the failure mechanism (and bearing capacity factor) becomes
similar to that for a strip footing (Figure 4.37 and Figure 4.39). For an embedded footing the
failure mechanism becomes equivalent to that for a strip footing embedded d/B*, not d/B.
For this reason, d. formulated based on d/B becomes increasingly inaccurate as the
perforation ratio increases.

Figure 4.40 shows that for all values of d/B and pB/syn the formula proposed by Tapper
et al. (2015) underestimates N, when R > 0.6. It is proposed here that a simple empirical

modification is made to d, to account for its change with increasing R:
der = de+0.5Rd,.. 4.7)

The bold line in Figure 4.40 shows the ‘modified design formula’, which is the Tapper et al.
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(d)

Figure 4.42: Failure mechanisms of embedded (d /B = 0.5) perforated foundations on uniform
soil (pB/sum = 0) subject to vertical loading, showing effect of perforation ratio (R): (a) R =
0.3; (b) R=10.4; (c) R =0.95. One eighth of soil domain shown. Shaded by UB velocity
magnitude

(2015) design formula used with d g replacing d.. The modified formula does not provide a
perfect match to the FELA data, but it does offer a closer fit than the original design formula,

particularly in soils with high strength heterogeneity.

4.5 Summary

In this chapter rectangular foundations were analysed using displacement FEA, analytical limit
analysis solutions, and FELA. The chapter was divided into three sections which considered;
mudmat capacity on sloping ground, rectangular mudmat capacity under combined loading,
and bearing capacity analysis of square perforated footings.

For the study into mudmat capacity on sloping ground emphasis was placed on combined

F,—F, loading. It was found that if soil self-weight is neglected then the problem can be
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analysed as an equivalent foundation on flat ground, with the applied loads suitably rotated.
When soil weight is included then a direct analysis is required. The parametric study
conducted here revealed some potentially significant reductions in the vertical capacity of a
mudmat on sloping ground. The addition of perimeter skirts can offset this effect to some
degree while also providing much improved horizontal capacity. Various values of interface
roughness and interface tensile capacity have also been studied in detail. In the analysis of a
case study based on a recent project it was found that a small ground inclination (5°) caused a
~20% reduction in vertical capacity and a ~6% reduction in horizontal capacity.

The second section opened with a typical design case of a rectangular mudmat, where it
was demonstrated that torsional loading can significantly affect mudmat capacity. This led to a
study where rigorous 3D limit load analyses were carried out using both analytical calculations
and FELA. Horizontal forces were applied to a mudmat at a range of eccentricities from,
and heights above, the load reference point (encompassing five degree-of-freedom loading).
Particular attention was given to identifying the levels of torsion and overturning moment that
may realistically arise from horizontal loading applied within the envelope of a mudmat and
the equipment that it supports. The final stage of the study considered the effect of a concurrent
vertical dead load. A range of parameters were considered, including the embedment ratio,
the interface tension capacity on the sides of a mudmat, and soil unit weight.

The results quantify the gradual reduction in capacity as the eccentricity of a horizontal
force increases. Depending on the degree of embedment, the failure mechanism in this case
can change from pure translation to combined translation and twisting. Mudmat embedment
helps to negate the reduction in capacity due to eccentric loading, particularly when the load
is aligned with the longer side of the mudmat. A horizontal load applied at a height above
the mudmat causes no reduction in capacity until a critical height is reached, whereupon the
capacity reduces rapidly. This threshold was found to be higher when the horizontal force
is aligned parallel to the longer side of the mudmat. The failure mechanism changes from
pure translation to combined translation and rotation once the threshold has been reached.

Mudmat embedment causes a reduction in the threshold height, since the effective lever arm
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from the load to the mudmat base is larger. A vertical dead load equal to (or less than) half
of the ultimate vertical capacity has minimal effect on the resistance to horizontal loading in
conjunction with practically feasible levels of torsional and moment loading.

The final section studied the bearing capacity of square perforated footings. The bearing
capacity factor N, (based on the actual bearing area, A) was tightly bracketed using FELA for
foundations with a range of perforation ratios, in soil with a range of strength heterogeneity
factors. It was found that for surface foundations, bearing capacity factors found using FELA
correspond well with values obtained using a design formula proposed by Tapper et al. (2015).
For embedded foundations, it was found that the design formula proposed by Tapper et al.
is conservative for foundations with large perforation ratios, particularly in soil with high
strength heterogeneity. A modification to this design formula was proposed which provides a

better approximation to the bearing capacity factors obtained using FELA.
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Suction caissons

5.1 Introduction

In this chapter analysis is undertaken on caisson foundations used offshore as suction anchors
(also known as suction caissons or suction piles). A range of parameters that may affect
caisson capacity are considered, such as: caisson length to diameter aspect ratio, load
attachment point, and load angle. Attention is given to identifying the load attachment point
that results in maximum caisson capacity, termed the optimal load point. The main
parametric study considers two soil strength profiles; uniform soil and soil with a linear
increase in strength with depth. A case study considers a caisson in layered soil.

The first section describes and validates assumptions made in the FELA models specific to
caisson analysis. The subsequent section considers suction caissons under horizontal loading.
The effect of contact breaking between the caisson and the soil on the holding capacity and
optimal load point is quantified for a range of soil weight to strength ratios. In the final section,
suction caissons under inclined loading are analysed. Again the effect of contact breaking on
caisson capacity and optimal load point is quantified.

Capacity charts showing the variation in caisson capacity with load attachment point are
presented, and maximum caisson capacities with corresponding optimal load points are
summarised in tabular form. The efficacy of a plane strain analysis, approximating a full 3D
analysis, is explored. Caisson failure mechanisms are presented and discussed.

This chapter concludes with a case study of a suction anchor in layered soil. FELA is

used to find the caisson’s capacity under two design conditions; ultimate limit state (ULS) and
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accidental limit state (ALS). The ULS capacity is confirmed using the derived capacity charts.

5.2 Problem overview

Caissons of length, L, and diameter, D, are modelled using plane strain and 3D FELA
according to the notation and sign conventions shown in Figure 5.1(a) and (b) for plane strain
and 3D analyses respectively. This study considers six caisson length to diameter aspect
ratios, L/D =1, 2, 3, 4, 5, and 6. It is assumed that the caisson caps are sealed such that
negative excess pore water pressures can develop along the internal caisson wall, which
prevents contact breaking. Along the external wall it is either assumed that negative excess
pore pressures can develop, preventing contact breaking (7' = o), or that they cannot develop
and a gap can form between the caisson and the soil (7" = 0). The wall/soil interface
roughness factor (&) can range from 0.5-0.7 in practice (Randolph and House, 2002), but
Kennedy et al. (2013) found that caisson capacity was insensitive to a +=25% change in the
roughness factor. As such an interface roughness factor o = 0.5 is adopted for all analyses.

As shown in Figure 5.1 the two strength profiles considered are uniform soil (s, =
constant) and soil with no strength at the mudline and a linear increase in strength with depth,
which represents a normally consolidated (NC) soil (s, = —pz, where p = D). In the latter
case it is convenient to normalise the holding capacity with respect to the average shear
strength, sy av, at z = —L/2. Capacities of caissons modelled in plane strain are extrapolated
for a slice of thickness D in the y-direction, as shown in Figure 5.1(b)). The 3D FELA
models exploit symmetry about the plane y = 0.

Horizontal live loading (8 = 0, Figure 5.1) is applied to the caisson at intervals of 0.1L
along the caisson length. Capacity charts are produced to show the effect of load location on
the holding capacity. Soil weight does not affect caisson capacity when contact breaking is
prevented, but it does when contact breaking can occur. For this case, three normalised soil
weight to strength ratios are considered; in uniform soil YD/ s, = 0 (weightless), 1, and 5 and
in NC soil ¥ /p = 0 (weightless), 1, and 5. The analysis is then repeated for caissons under

inclined loading at B = 15°, 30°, and 45° (see Figure 5.1).
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Figure 5.1: Notation and sign conventions: (a) for plane strain analysis; (b) for 3D analysis
5.3 Model assumptions and validation

The curved caisson wall is approximated in the 3D FELA model as a series of planar facets
that inscribe the circular caisson. The number of facets required to accurately represent the
caisson was calibrated against known plasticity solutions for a laterally loaded circular pile in
Section 3.5.2. For a half-rough caisson a discetisation of 90 facets for a full circular caisson
is sufficient (from Figure 3.11). Capacities obtained using 3D FELA for a pile comprising 90
facets are summarised in Table 3.2. This discretisation is used to model caissons for the rest
of this study.

It was ensured that the plan dimensions of the modelled soil domain were sufficiently large
as to comfortably contain the failure mechanism, and the depth of the soil domain was varied

depending on the caisson aspect ratio. Analysis of the mooring line was not undertaken; a unit
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(c) (d)

Figure 5.2: Initial FELA mesh domains: (a) plane strain FELA, L/D =1 and t = 0.01B
(deformable soil plug); (b) plane strain FELA, L/D = 6 (rigid soil plug); (c) 3D FELA with
L/D =1 and t = 0.01B (deformable soil plug); (d) 3D FELA with L/D = 6 (rigid soil plug)
live load in the appropriate direction was applied at the attachment point. Initial (unrefined)
meshes of planar caissons and 3D caissons with L/D = 1 and L/D = 6 are shown in Figure 5.2.
Automated mesh refinement was undertaken in plane strain analyses until the bracketing error
was < £1%. For 3D analyses, three iterations of adaptive mesh refinement were undertaken
with the final mesh comprising ~55 000 elements.

Previous studies have idealised caissons with L/D > 1.5 as rigid bodies comprising the soil
plug, such that the soil plug is not explicitly modelled (e.g. Kay and Palix, 2010; Palix et al.,
2010). Kennedy et al. (2015) found that the failure mechanism of a caisson with L/D < 2
could contain a shear zone within the soil plug, and as such a deformable soil plug should
be modelled in this case. The suitability of modelling a caisson as a rigid body comprising
the soil plug, in contrast to modelling the caisson as rigid and the soil plug as deformable,
is briefly investigated here as a precursor to the main study. The base of the soil plug was
modelled as fully rough (& = 1) with infinite tension capacity (7" = o) (to replicate a soil/soil
interface).

The full range of caissons in the parametric study was modelled using plane strain FELA
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22 1 — Rigid soil plug . LF/L =05
20 b — — - Deformabile soil plug

Figure 5.3: Normalised capacities of 3D caissons modelled with a deformable soil plug and
t = 0.01D, and with a rigid soil plug. § =0,s, = —pz, T =0,y /p =0
as (a) plates of thickness 0.01D with a deformable soil plug (Figure 5.2(a)) and (b) rigid
bodies comprising the soil plug (Figure 5.2(b)). It was found that the largest discrepancy
between capacities of caissons modelled with a rigid soil plug and with a deformable soil
plug occurs when T' =0, sy, = —pz, ¥/p =0, and f = 0. This case was modelled using 3D
FELA. Caissons of all aspect ratios were modelled as (a) plates of thickness 0.01D with a
deformable soil plug (Figure 5.2(c)) and (b) rigid bodies comprising the soil plug
(Figure 5.2(d)). Capacities for both models are shown in Figure 5.3 when the caissons are
loaded at Lp /L =0, 0.5, and 1. When L/D = 1 there is a significant difference between the
capacities of caissons modelled with a rigid soil plug and those modelled with a deformable
soil plug. When a caisson with a deformable soil plug is loaded at the mudline (Lg/L = 0)
failure is as described in Kennedy et al. (2015) and involves a shear zone within the soil plug
(Figure 5.4(a)). This shear zone cannot be present when the soil plug is modelled as rigid,
which results in a substantially different mechanism involving a shear zone below the caisson
(Figure 5.4(b)) and leading to an artificially increased capacity (Figure 5.3).

As L/D increases, the difference between the capacities of caissons modelled with a rigid
soil plug and with a deformable soil plug decreases; there is no difference when L/D > 3
(Figure 5.3). Caissons with L/D = 4 that are modelled with deformable and rigid soil plugs

and loaded at the mudline (Lr/L = 0) fail as shown in Figures 5.4(c) and (d). The failure
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(c) (d)

Figure 5.4: Failure mechanisms of 3D caissons when loaded horizontally (8 = 0) at the
mudline (Lr/L =0). sy = —pz, T =0, ¥ /p = 0. Shading and vectors show UB velocity
magnitudes and directions: (a) L/D = 1 and t = 0.01D (deformable soil plug); (b) L/D =1
(rigid soil plug); (¢c) L/D = 4 and ¢t = 0.01D (deformable soil plug); (d) L/D = 4 (rigid soil
plug)

mechanisms are essentially identical, showing the suitability of modelling the soil plug as
rigid for this case. For the rest of this study caissons with L/D = 1, 2, and 3 are modelled
as rigid plates of thickness 0.01D with a deformable soil plug, and caissons with L/D =4, 5,
and 6 are modelled as rigid bodies comprising the soil plug (with & = 1 and 7 = 0 modelled at

the soil plug base/soil interface). If an analysis includes soil weight then a vertical dead load

equivalent to the weight of the soil plug is applied to caissons modelled as a rigid body.

5.4 Horizontal loading

5.4.1 Contact breaking prevented between caisson and soil

Normalised capacities of caissons when loaded horizontally at various points along the caisson
length, obtained using 3D FELA, are shown in Figure 5.5(a) and (b) for uniform soil and NC

soil respectively. It is shown that 3D FELA with adaptive mesh refinement can produce quite
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close bounds on caisson capacities. The optimal depth of the attachment point (to the nearest
0.1L) obtained using 3D FELA is referred to as Loy The solid black lines in Figure 5.5
indicate that caissons in uniform soil have Ly, = 0.6L when L/D <5 and a slightly higher
Lopt = 0.5L when L/D = 6. For caissons in NC soil the optimal load location is deeper,
at Lope = 0.7L, and is independent of caisson aspect ratio. The optimal load point can also
be found using moment equilibrium, by assuming that the caisson translates at failure when
loaded optimally.

Also shown (in blue) are capacities obtained using the approximate UB method described
in Aubeny et al. (2003a) (see Equations 2.6—-2.9). The UB capacities compare favourably
with the FELA capacities. In uniform soil the optimal load point is slightly higher than that
found using FELA, at 0.5L for all aspect ratios. Surprisingly, the Aubeny et al. capacities
marginally underestimate FELA estimated capacities when Ly /L > 0.6 (Figure 5.5(a)). In
NC soil the Aubeny et al. capacities also marginally underestimate FELA capacities when
L/D =35 and 6, but FELA capacities are overestimated at lower caisson aspect ratios (L/D =2
and 3, Figure 5.5(b)). Capacities obtained in field model tests undertaken by Keaveny et al.
(1994) are also shown in Figure 5.5(a) and these also compare favourably with the capacities
obtained using FELA.

From Figure 5.5 it is apparent that when L/D = 1 the trend in capacity for different values
of Lr is quite different to that when L/D > 2. When L/D > 2 the normalised caisson capacities
are very similar and follow the same trend as Ly is varied. The solid lines in Figure 5.6 show
the average normalised capacities of caissons with L/D =1, 2, and 3 (L/D =4, 5, and 6
removed to increase clarity). It is shown that the capacity of a caisson reduces rapidly when
it is loaded away from Lgy. The rate of reduction in capacity is more severe in NC soil than
in uniform soil. The maximum capacity of a caisson with L/D = 3 embedded in soil with
sy = —pzis 10.1DLsy oy. When the same caisson is loaded just 0.1L above the optimal load
location Loy, the capacity reduces by 24% to 7.7DLsy .y (see Figure 5.6(b)).

Capacities obtained using plane strain FELA for caissons with L/D =1, 2, and 3 are shown

as dashed lines in Figure 5.6. A caisson with L/D = 1 loaded at the mudline (Lr /L = 0) has
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Figure 5.5: Normalised capacities of caissons when loaded horizontally (8 = 0) at intervals
of 0.1L along the caisson length. T = o, ¥ = any: (a) s, = constant; (b) s, = —pz
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Figure 5.6: Normalised capacities of caissons modelled in 3D and plane strain when loaded
horizontally (8 = 0) at intervals of 0.1L along the caisson length. T = oo, ¥ = any: (a) s, =
constant; (b) sy = —pz
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(@)

Figure 5.7: Failure mechanism of a caisson with L/D = 3 when loaded horizontally (8 = 0)
at the mudline (Lg/L = 0). s, = constant, T = o, ¥ = any. Shading and vectors show UB
velocity magnitudes and directions: (a) 3D FELA; (b) plane strain FELA

a plane strain capacity that is only 13% lower than the corresponding 3D capacity in uniform
soil and 10% lower in NC soil. However as Lg increases from zero to Loy the difference
between the plane strain and 3D capacities increases. In NC soil (Figure 5.6(b)) the trend of
the plane strain capacities matches the trend of the 3D capacities reasonably well, while in
uniform soil (Figure 5.6(a)) the plane strain analysis predicts an optimal load location that is
marginally higher (by 0.1L) than that found using 3D analysis. For both soil strength profiles,
particularly when L/D > 1, there are large differences between the simplified plane strain and
3D capacities. For example, a caisson with L/D = 3 in uniform soil has a maximum plane
strain capacity that is less than half of the maximum 3D capacity.

The plane strain and 3D capacities compare most favourably when the caisson is loaded
at the mudline and least favourably when it is loaded at Loy. The 3D failure mechanism
for a caisson with L/D = 3 in uniform soil loaded at the mudline is shown in Figure 5.7(a).
The caisson rotates clockwise at failure, with active and passive wedges of soil developing
near the mudline. Below these a circular flow pattern is visible. The 3D mechanism involves
minimal lateral soil flow around the caisson, and consequently the plane strain mechanism in
Figure 5.7(b) closely resembles the 3D mechanism in the plane y = 0.

A caisson loaded below Lgy rotates counter-clockwise at failure, though the failure

mechanism in the soil depends on the caisson aspect ratio. The 3D mechanism for a caisson
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(b) - @ R

Figure 5.8: Failure mechanisms of caissons (antisymmetrical about x = 0 and symmetrical
about y = 0) when loaded horizontally (8 = 0) at the caisson base (Lr/L = 1). s, = constant,
T = oo, ¥ = any. Shading and vectors show UB velocity magnitudes and directions: (a) L/D =
1, 3D FELA; (b) L/D = 1, plane strain FELA; (c) L/D = 3, 3D FELA; (d) L/D = 3, plane
strain FELA; (e) L/D = 6, 3D FELA; (f) L/D = 6, plane strain FELA
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with L/D = 1 in uniform soil loaded at its base is shown in Figure 5.8(a). In the plane y = 0,
a circular flow pattern is visible and there is negligible lateral soil flow around the caisson.
The corresponding plane strain mechanism (Figure 5.8(b)) is similar to the 3D mechanism in
the plane y = 0. The 3D mechanism when L/D = 3 is shown in Figure 5.8(c). This
mechanism is more complex than the one in Figure 5.8(a) as it involves additional deforming
regions near the mudline and towards the base of the caisson. At the mudline, active and
passive wedges of soil are mobilised, and below the centre of rotation the predominant
mechanism 1is lateral soil flow around the caisson. These features are not identifiable in the
failure mechanism from the corresponding plane strain analysis (Figure 5.8(d)). When
L/D = 6, the wedges of soil displaced at the mudline and the lateral soil flow around the
lower part of the caisson are more prominent in the 3D mechanism (Figure 5.8(e)). The plane
strain mechanism has not changed substantially with increasing L/D (Figures 5.8(b), (d),
and (f)) and as such the plane strain mechanism when L/D = 6 (Figure 5.8(f)) is a poor
representation of the 3D failure mechanism (Figure 5.8(e)).

When a caisson is loaded at the optimal location Ly the failure mechanism is again
dependent on the aspect ratio. When L/D = 1 there is negligible lateral soil flow around the
caisson, and the caisson translates at failure (Figure 5.9(a) and (b)). When L/D > 1 the 3D
mechanism is dominated by lateral soil flow around the caisson at depths below z = —L/2
(Figure 5.9(c)). Clearly this behaviour cannot be captured by the corresponding plane strain
analysis (Figure 5.9(d)).

The failure mechanism changes considerably when a caisson is loaded just above or just
below Lopi. In Figure 5.10(a) a caisson in uniform soil with L/D = 6 is loaded at 0.1L above
Lopt. The caisson rotates clockwise at failure, pivoting about a point near its base, and shows
similarities to a caisson loaded at the mudline (Figure 5.7(a)). The mechanism of a caisson
with L/D = 6 loaded at Loy is similar to that for a caisson with L/D = 4 (comparing
Figure 5.10(b) and Figure 5.9(c)). When the load is applied just 0.1L below L, the
mechanism changes and is now similar to that for a caisson loaded at its base (comparing

Figure 5.10(c) and Figure 5.8(e)).
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()

Figure 5.9: Failure mechanisms of caissons (antisymmetrical about x = 0 and symmetrical
about y = 0) when loaded horizontally (8 = 0) at the optimal point (Lp = Lopt = 0.6L). s, =
constant, T = o, ¥ = any. Shading and vectors show UB velocity magnitudes and directions:
(a) L/D=1,3DFELA; (b) L/D = 1, plane strain FELA; (¢c) L/D =3, 3D FELA; (d) L/D = 3,
plane strain FELA
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Figure 5.10: Failure mechanism of a caisson with L/D = 6 when loaded horizontally (8 = 0).
sy = constant, T = o, ¥ = any. Shading and vectors show UB velocity magnitudes and
directions: (a) Lr/L = 0.6; (b) Lr = Lopy = 0.7L; (¢) L /L =10.8
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Figure 5.11: Maximum normalised capacities of caissons with roughness factor o¢ = 0.5.
B=0,T =00,y = any

As the caisson aspect ratio L/D increases, the maximum normalised 3D capacity
increases, but the maximum normalised plane strain capacity decreases (Figure 5.6). Upon
consideration of the corresponding failure mechanisms, the increase in normalised capacity
with increasing aspect ratio in a 3D analysis can be attributed to increased lateral soil flow
around the caisson. In a plane strain analysis lateral soil flow around the caisson is not
possible. For this case increasing the caisson aspect ratio results in a lower normalised
capacity as the relative contribution of base shear to the overall capacity is reduced.

The capacity of horizontally loaded caissons is highest when, at failure, the caisson
undergoes translation without any rotation. As previously discussed in Section 3.5.2, UB
solutions for the plastic capacity of a circular pile section with @ = 0.5 translating in
cohesive soil can be found in Martin and Randolph (2006). Figure 5.11 shows the maximum
normalised capacities of horizontally loaded caissons obtained using 3D FELA, UB
capacities using the Aubeny et al. (2003a) method, and the capacity of a translating pile
section with o = 0.5 from Martin and Randolph (2006). As the aspect ratio L/D increases,
the maximum normalised capacity of a caisson in uniform soil (obtained for loading applied
at Lop) approaches the theoretical limit. This increase in capacity as L/D increases

corresponds to a failure mechanism that becomes increasingly dominated by lateral soil flow
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around the caisson. The normalised capacity of a caisson in NC soil shows similar behaviour,
although the average FELA maximum capacity is slightly higher than the theoretical UB
capacity from Martin and Randolph (2006) when L/D > 4, when the capacity is normalised
by the average shear strength along the caisson length sy ay. Capacities obtained using the
Aubeny et al. (2003a) method do not exceed the capacity of a pile translating from Martin

and Randolph (2006).

5.4.2 Contact breaking allowed between caisson and soil

This section introduces the possibility of contact breaking between the external caisson wall
and the soil (7' = 0). This allows a gap to form between the caisson and the soil if it is optimal
to do so and results in a reduction in capacity. Whether a gap forms or not is dependent on the
weight to strength ratio of the soil. A caisson loaded horizontally at Loy translates horizontally
at failure. Irrespective of caisson aspect ratio, when contact breaking is prevented (7' = o),
an active wedge of soil is pulled behind the caisson (Figure 5.10(b)). When contact breaking
is allowed, a gap forms along the full caisson length on its active side if the soil is weightless
(Y = 0) (Figure 5.12). The soil weight to strength ratio determines whether soil fails actively
or not, as gravity encourages active failure of a relatively heavy soil, which prevents a gap
from opening (also discussed in Section 4.3.4.1). This study considers three soil weight to
strength ratios, YD /s, = 0, 1, and 5 in uniform soil and ' /p =0, 1, and 5 in NC soil.

The capacities of caissons with L/D =1, 2, and 3 loaded horizontally at various points
along the caisson length are shown in Figure 5.13(a), (c), and (e) for uniform soil and
Figure 5.13(b), (d), and (f) for NC soil. Inspection shows that for all load locations, the
capacity of a caisson with 7 = 0 in weightless soil is lower than that for a caisson with
T = oo. It is also apparent that when L/D = 1 the shape of the normalised caisson capacity
curve is quite different to those when L/D = 2 and 3. Accordingly, when L/D =2 and 3, the
capacity curves are similar. As might be expected, when 4 < L/D < 6 the shapes of the
curves match those for L/D = 2 and 3, and for the sake of brevity these results are not shown
as capacity charts. However, maximum capacities with corresponding optimal attachment

points for all caisson aspect ratios, soil strength profiles, wall/soil interface conditions, and
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Figure 5.12: Failure mechanism of a caisson with L/D = 3 loaded horizontally (f = 0) at
Lp = Lopt = 0.6L. sy = constant, T =0, Y = 0. Deformation and shading show UB velocity
magnitudes and directions

soil weights are listed in Table 5.1.

The maximum capacities of caissons with L/D = 1, 2, and 3 in weightless soil of uniform
strength with 7 = 0 are 5.2, 5.7, and 6.2DLs, respectively, about 40% lower than the
corresponding capacities with T = o (8.6, 9.8, and 10.3DLs,, see Figure 5.13(a), (c),
and (e)). The capacity of caissons with 7" = 0 increases with increasing soil weight to
strength ratio.

A caisson with L/D =1 and T = 0 in uniform soil with normalised weight ¥ /Ds, =5
has a maximum capacity that is lower than that of a caisson with T = o (Figure 5.13(a)).
However, when L/D = 3, the maximum capacities are the same for caissons with 7 = oo and
T =0, yYD/s, =5 (Figure 5.13(e)). The mechanisms in Figure 5.14(a)—(c) show that a gap
forms on the trailing side of the caisson with L/D =1, T =0, and YD/ s, = 5 whether it is
loaded above, below, or at Loy Soil is consequently not mobilised on the active side of the
caisson and the capacity is lower than that for a caisson with 7" = oo,

When L/D > 2, caissons in soil with ¥ /Ds, = 5 have the same maximum capacity as a
caisson with 7" = oo (Figure 5.13(c) and (e)). But careful inspection of Figure 5.13(c) and (e)
shows that there is a slight reduction in the capacity of a caisson with 7 =0 and ¥ /Ds, = 5

when compared to a caisson with 7' = o when it is loaded away from Lop. This reduction in
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Figure 5.13: Normalised capacities of caissons when loaded horizontally (8 = 0) at various
points along the caisson length showing the effect of contact breaking: (a) L/D =1, sy, =
constant; (b) L/D =1, s, = —pz; (¢) L/D =2, s, = constant; (d) L/D =2, s, = —pz;
(e) L/D =3, sy = constant; (f) L/D =3, s, = —pz
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Table 5.1: Maximum capacities (F in table = F /DLs, ,y) and corresponding optimal load
points to the nearest 0.1L (Lqp in table = Loy /L) for caissons loaded horizontally (f = 0)

Sy = constant T=0 T =
')//Su:() ')//Su:1 7//Su:5 '}/:any
L/D F Lope F Loy F Lopt F Lopt
1 520 0.6 569 06 768 0.6 859 0.6
2 567 06 668 06 966 0.6 9281 0.6
3 6.18 06 770 0.6 1027 0.6 10.30 0.6
4 660 06 857 0.6 10.16 0.6 10.17 0.6
5 696 0.6 9.18 0.6 1003 0.6 10.05 0.6
6 728 0.6 946 0.6 10.05 0.5 10.26 0.5
Sy = —pZ T=0 T = o0
Y/p=0 7Y/p=1 Y/p=5 Y=any
L/D F Lopx F Loy F Lopt F Lopt
1 566 08 665 0.7 884 0.7 884 0.7
2 555 07 658 0.7 935 0.7 940 0.7
3 581 07 686 0.7 1005 0.7 10.11 0.7
4 621 07 724 0.7 1059 0.7 10.79 0.7
5 648 0.7 752 0.7 1090 0.7 11.19 0.7
6 675 07 7.81 0.7 11.11 0.7 1145 0.7

capacity can be attributed to the opening of gaps between the caisson and the soil at failure.
A caisson loaded above Lo rotates clockwise at failure and a deep gap opens up at the
mudline behind the caisson (Figure 5.14(d)). When the caisson is loaded at Loy it tilts
counter-clockwise at failure and this prevents a gap from forming; the mechanism is very
similar to that of a caisson with T = o (comparing Figure 5.14(e) to Figure 5.10(b)). When
the caisson is loaded below Loy a shallow gap opens at the mudline in front of the caisson
(Figure 5.14(f)).

Comparing Figure 5.14(a) to (d) it is apparent that as caisson length increases, the size of
any gap relative to the overall caisson length decreases for any given normalised soil weight.
This leads to capacities of caissons (with 7 = 0) in soil with weight that tend towards the
capacity of a caisson with T = oo as L/D increases. This can be demonstrated by considering

the capacities of a caisson in uniform soil with 7 =0 and YD/ s, = 1 in Figure 5.13. As L/D
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Figure 5.14: Failure mechanisms of caissons loaded horizontally. s, = constant, 7 =
0, ¥YD/sy = 5. Deformation and shading show UB velocity magnitudes and directions:
(@ L/D =1, Lp/L =0.5; (b) L/D =1, L = Lopy = 0.6L (¢c) L/D =1, Lg/L = 0.7,
(d)L/D=3,Lr/L=0.5;(e) L/D=3,Lr = Lopy =0.6L (f) L/D =3, Lr/L=0.7

increases (moving from Figure 5.13(a), to (c), to (e)), these curves are further from the curve
for T =0, ¥ = 0 and closer to the curve for T = oo,

In NC soil, for all L/D and L, capacities when T =0 and y'/p = 5 are the same as
when T = oo. The effect of tension breaking on the capacities as Lg is varied, for a given

normalised soil weight, is very similar for all caisson aspect ratios (Figure 5.13(b), (d), and (f)

and Table 5.1).

5.5 Inclined loading

5.5.1 Contact breaking prevented between caisson and soil

In this section loading is applied to caissons at angles B = 15°, 30°, and 45°. Capacities of
caissons subjected to an inclined load applied at various points along the caisson length are
shown in Figure 5.15(a), (c), and (e) for uniform soil, and (b), (d), and (f) for NC soil.

Maximum caisson capacities and corresponding load locations are also summarised in
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Table 5.2: Maximum capacities (F in table = F /DLs, ,y) and corresponding optimal load
points to the nearest 0.1L (Lop in table = Loy /L) for caissons loaded loaded at angles f = 0,
15°,30°, and 45° (B = 0) when T = oo

sy = constant B=0 B =15° B =30° B =45°
L/D F Ly F Loy F Ly F Loy
1 858 0.6 890 04 9.60 03 9.87 0.1
2 981 0.6 995 05 9.14 04 7.63 0.3
3 10.30 0.6 10.17 05 832 04 6.35 0.3
4 10.17 0.6 1024 05 7.64 04 555 0.3
5 1005 0.6 1025 05 7.03 04 5.03 0.3
6 1026 0.5 1024 05 656 04 4.67 0.3
Su=—p2z B=0 B=15°  B=30° B=45°
L/D F Ly F Loy F Ly F Lo
1 884 0.7 9.15 0.6 1020 04 12.21 0.2
2 940 0.7 939 0.7 1033 0.6 10.58 0.5
3 10.11 0.7 1023 0.7 1036 0.6 9.23 0.5
4 10.79 0.7 10.71 0.7 9.78 0.6 8.01 0.5
5 11.19 0.7 1085 0.7 926 06 7.15 0.5
6 1145 0.7 1083 0.7 876 0.6 6.52 0.5

Table 5.2.

What is immediately visible in Figure 5.15 is that the load angle significantly affects the
optimal load point. For inclined loads, Randolph and House (2002) state that the critical
dimension is not the external padeye location (Lr), but the length to the intersection of the
loading vector with the caisson centreline (¢ in Figure 5.16). When 8 = 0 the loading vector
intersects with the caisson centreline at L, g—o. In Figure 5.16 inclined loading vectors are
applied to caisson centrelines at L, g—o for caissons in uniform soil. The optimal load point
for an inclined load, Ly g, is simply the location at which the load vector crosses the caisson
wall. Comparing the Loy values for f = 15°, 30°, and 45° in Figure 5.16(a) to the FELA-
calculated values in Table 5.2, it is shown that this reasoning works well for a caisson with
L/D = 1. As L/D increases, Loy values from Figure 5.16 compare less favourably with FELA
values from Table 5.2. It is interesting that for the range of caisson aspect ratios considered
here, Table 5.2 shows that for each load angle, the optimal load point (to the nearest 0.1L) is

independent of caisson aspect ratio when L/D > 2.
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Figure 5.15: Normalised capacities of caissons when loaded at various points along the caisson
length. T = oo, ¥ = any: (a) B = 15°, s, = constant; (b) § = 15°, sy, = —pz; (¢) B = 30°, sy =

constant; (d) B = 30°, sy
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Figure 5.16: Optimal load points found by applying loads at the caisson centreline (¢) at
Lopi, g—0- Su = constant, T = oo, Y =any: (a) L/D=1;(b)L/D=2;(c)L/D=3;(d)L/D =4,
(e)L/D=5;(f)L/D=6

From Figure 5.15 it is shown that the capacity curve is quite different for L/D = 1 than for
L/D > 2. Considering a caisson with L/D = 1, it is shown in Figure 5.15 (and Table 5.2) that
increasing the load angle beyond 15° results in an increased capacity when compared with
horizontal loading. The mechanisms for caissons with L/D = 1 in uniform soil loaded at Lopt
(shown in Figure 5.17(a) and (b)) are very similar although the optimal attachment point is
marginally higher when B = 15°. In both cases the caisson is translating in the direction of the
load, with active and passive wedges of soil developing next to the caisson walls. There is no
soil mobilised below the caisson. When 8 = 30° (Figure 5.17(c)) the caisson is still translating
in the direction of the load but soil is now also mobilised below the caisson. This resembles a

partial reverse end bearing mechanism. When 8 = 45° the reverse end bearing component of
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Figure 5.17: Failure mechanisms of caissons with L/D = 1 loaded at Ly = Lopt. su = constant,
T =oo, ¥ =any: (a) B =0, Lopt = 0.6L; (b) B = 15°, Lopy = 0.4L; (c) B = 30°, Lopi =
0.3L; (d) B =45°, Lopt = 0.1L. Deformation and shading show UB velocity magnitudes and
directions

the mechanism is more obvious (Figure 5.17(d)) and this mechanism yields a higher capacity
than the active and passive wedge mechanism formed when 8 = 0 (Figure 5.17(a)).

For caissons with L/D > 2, the maximum normalised capacity reduces as the load angle
increases (Table 5.2). By comparing Figure 5.5(a) and (b) to Figure 5.15(a) and (b) it is shown
that a 15° inclination of the load makes very little difference to the caisson capacity (at any
Lr) when compared with a horizontally loaded caisson. This was also noted by Aubeny et al.
(2003a). It is shown in Figure 5.15(c) and (e) for uniform soil and (d) and (f) for NC soil
that when 8 = 30° and 45° the maximum normalised capacity reduces as caisson aspect ratio
increases. When 3 = 45° The capacity of a caisson in uniform soil with L/D = 6 does not
vary significantly as Lr is varied, but the capacity varies by a factor of 2.5 depending on Lr
for a caisson with L/D = 1 (Figure 5.15(e)).

The failure mechanisms for a caisson with L/D = 1 in uniform soil loaded at f = 45° at the
mudline and at the caisson base vary considerably (comparing Figure 5.18(a) and (b)). When

loaded at the mudline, the mechanism involves a reverse end bearing component and is similar
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Figure 5.18: Failure mechanisms of caissons loaded at B = 45°. s, = constant, T = oo, ¥ =
any. Deformation and shading show UB velocity magnitudes and directions: (a) L/D = 1,
Lr=0;(b)L/D=1,Lp=L;(c)L/D=6,LF =0;(d)L/D=6,Lr =L

to Figure 5.17(d). When loaded at the caisson base, the caisson rotates counter-clockwise and
the mechanism is similar to that of a caisson loaded horizontally at its base (Figure 5.8(a)).
As the mechanisms are so different it is understandable that the corresponding capacities are
also quite different (9.78DLs, when loaded at the mudline and 3.89DL s, when loaded at the
caisson base, shown in Figure 5.15(¢e)). For this caisson aspect ratio and loading direction, the
load location significantly affects caisson capacity.

The mechanisms for a caisson with L/D = 6 loaded at 8 = 45° at the mudline and at the
caisson base are shown in Figure 5.18(c) and (d). These mechanisms are somewhat similar
as in both cases the caisson translates predominantly upwards at failure and a reverse end
bearing mechanism is visible at the caisson base. For these two load points the capacities
are reasonably close: 4.60DLs, when loaded at the mudline compared with 4.41DLs, when
loaded at the caisson base. These values are also close to the maximum capacity, namely

4.67DLsy at Lopy = 0.3L (Table 5.2), and it can be concluded that load location does not
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effect capacity in this case. The effect of load location on caisson capacity in NC soil when
B = 45° is also reduced as L/D increases, when compared with a horizontally loaded caisson
(comparing Figure 5.5(b) and Figure 5.15(f)).

Capacities obtained using plane strain and 3D FELA are compared for caissons with
L/D =1, 3, and 6 in Figure 5.19 ((a), (c), and (e) for uniform soil and (b), (d), and (f) for NC
soil). As for a horizontally loaded caisson, when 8 = 15° the plane strain capacities become
increasingly inaccurate as L/D increases for both soil strength profiles (Figure 5.19(a)
and (b)). However the optimal load point for a caisson under inclined loading can be
estimated reasonably accurately by using a plane strain analysis.

When B = 45° the capacities obtained using a plane strain analysis are closer to the 3D
capacities than when the caisson is horizontally loaded (comparing Figure 5.6(a) and (b) to
Figure 5.19(e) and (f)). The maximum capacity is still underestimated by ~30% when
compared with the 3D capacity. Unlike a horizontally loaded caisson, the capacities compare
most favourably when the caisson is loaded at its base. As Lr decreases from L to zero, the

difference between the plane strain and 3D capacities increases.

5.5.2 Contact breaking allowed between caisson and soil

This section considers the effect of contact breaking between the external caisson wall and the
soil for a caisson loaded at inclinations 8 = 15°, 30°, and 45°. Capacities of a caisson with
L/D = 1 loaded at various points along the caisson length are shown in Figure 5.20(a), (c),
and (e) for uniform soil and Figure 5.20(b), (d), and (f) for NC soil. Capacities of caissons
with L/D = 3 and 6 are shown in Figure 5.21 and Figure 5.22 respectively. Maximum caisson
capacities and corresponding optimal load points for all caissons with 7 = 0 in weightless soil
are summarised in Table 5.3. Table 5.4 shows the percentage reduction in the capacity of a
caisson with 7 = 0 in weightless soil when compared to a caisson with 7" = oo (in which case
capacity is independent of soil weight).

From Table 5.4, it can be seen that as the load inclination increases the reduction in
capacity due to contact breaking reduces in uniform soil, but remains approximately the same

in NC soil. A caisson with L/D = 1 undergoes a 30 —40% reduction in capacity when 7' = 0
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Figure 5.19: Normalised capacities of caissons modelled in 3D and plane strain when loaded
at intervals of 0.1L along the caisson length. T = o, ¥ = any: (a) § = 15°, sy = constant;
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Table 5.3: Maximum capacities (F in table = F /DLs, ,y) and corresponding optimal load
points to the nearest 0.1L (Lopt in table = Lop; /L) for caissons loaded loaded at angles 8 = 0,
15°,30° and 45° (B =0)when T =0and ¥ =0

sy = constant B=0 B =15° B =30° B =45°

1 520 0.6 534 04 58 03 677 0.0
2 567 06 578 05 581 04 369 03
3 6.19 06 595 05 563 05 499 04
4 6.60 0.6 6.11 05 561 05 468 0.4
5 6.96 0.6 636 0.6 546 05 430 0.4
6 728 06 658 0.6 528 05 396 0.4
Su = —pz B=0 B=15° B=30° B=45°
L/D F Lp F Ly F Ly F Loy
1 566 0.8 587 0.6 652 05 791 02
2 555 07 571 07 631 06 7.15 05
3 582 0.7 598 0.7 640 06 654 05
4 621 0.7 629 0.7 624 06 627 0.6
5 647 0.7 652 0.7 614 07 584 0.6
6 6.75 0.7 671 0.7 611 07 545 0.6

Table 5.4: Percentage reduction in capacity of caissons with 7' = 0, ¥ = 0 when compared
with T = oo, ¥ = any

Sy = constant Sy = —pPz

L/D B=0 B=15 [=30° B=45 B=0 B=15 B=30° B=45°

1 39% 40% 39% 31% 36% 36% 36% 35%
2 42% 42% 36% 52% 41% 39% 39% 32%
3 40% 41% 32% 21% 42% 42% 38% 29%
4 35% 40% 27% 16% 42% 41% 36% 22%
5 31% 38% 22% 15% 42% 40% 34% 18%
6 29% 36% 20% 15% 41% 38% 30% 16%
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Figure 5.20: Normalised capacities of a caisson with L/D = 1 when loaded at various points
along the caisson length showing the effect of contact breaking: (a) B = 15°, s, = constant;
(b) B =15°, sy = —pz; (¢) B =30°, sy = constant; (d) B =30°, sy = —pz; (e) B =45°, 5y =
constant; (f) B =45°, sy = —pz
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Figure 5.21: Normalised capacities of a caisson with L/D = 3 when loaded at various points
along the caisson length showing the effect of contact breaking : (a) B = 15°, s, = constant;
(b) B =15°, sy = —pz; (¢) B =30°, sy = constant; (d) B =30°, sy = —pz; (e) B =45°, 5y =
constant; (f) B =45°, sy = —pz
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Figure 5.22: Normalised capacities of a caisson with L/D = 6 when loaded at various points
along the caisson length showing the effect of contact breaking : (a) B = 15°, s, = constant;
(b) B =15°, sy = —pz; (¢) B =30°, sy = constant; (d) B =30°, sy = —pz; (e) B =45°, 5y =
constant; (f) B =45°, sy = —pz
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Figure 5.23: Failure mechanism of a caisson with L/D = 3 loaded at L = Lopt = 0.5L and
B =45°. s, = —pz. Deformation and shading show UB velocity magnitudes and directions:

@T=0,7/p=0,0)T=0,7/p=1;(c)T=0,Y/p=5;(d) T =oo, Y = any

(Figure 5.21 and Table 5.4). Figure 5.20 shows that the trend of the capacity as Lr is varied
remains approximately the same when 7' = 0, as when T = o and as such Loy does not
significantly change when 7' = 0 compared with 7' = oo.

A caisson in weightless, NC soil with L/D = 3 loaded at B = 45° and Loy = 0.5L fails
as shown in Figure 5.23(a). A deep gap opens up behind the caisson, and the corresponding
capacity is 6.54DLsy ay (shown in Figure 5.21(f)). When normalised soil weight Y/p=1is
added to the model, the mechanism does not change significantly (comparing Figure 5.23(b)
to (a)), but the capacity rises to 7.42DLsy ay. A gap cannot be seen in the mechanism for a
caisson when ¥’ /p =5 (Figure 5.23(c)). The mechanism is almost identical to that when T =
oo, as are the corresponding capacities, 8.73DLs, oy When T =0and ¥ /p =5 and 9.23DLs, 4y
when 7' = o (Figure 5.21(f)).

A caisson in relatively light NC soil (¥ /p = 1) with L/D = 3 loaded at § = 45°, below its
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Figure 5.24: Failure mechanism of a caisson with L/D = 3 loaded at Lr /L = 0.8 and 8 = 45°.
sy = —pz . Deformation and shading show UB velocity magnitudes and directions: (a) 7' = 0,

Y/p=1®T=0,7/p=5(c)T =00,y =any

optimal point (Lr/L = 0.8), fails as shown in Figure 5.24(a), with deep gaps behind the base
of the caisson and at the mudline in front of the caisson. It should be noted that for undrained
analysis a gap can only open if there is a flow path, perhaps arising from preferential drainage
at the caisson/soil interface, that allows water to fill the void. Assuming that a gap can open
up at the base of the caisson is, as such, conservative. If the soil weight to strength ratio is
increased, the extent of gapping at the base of the caisson is reduced and no gap opens at
the mudline (Figure 5.24(b)). The mechanism when 7 = o is shown in Figure 5.24(c). The
mechanisms in Figure 5.24(a) and (c) correspond to capacities of 5.5DLsy ay and 7.4DLsy ay

respectively (Figure 5.21(f)) which shows a reduction in capacity when gapping occurs.

5.6 Case study

3D FELA was applied to a recent design of a spar mooring anchor in layered clay soil
(Subsea 7, personal communication, 2015). The design parameters are summarised in
Table 5.5, and the soil strength profile is shown in Figure 5.25. The stepped soil strength
profile was modelled in 3D FELA as four separate soil layers, each with a linear strength
variation sy, = sym — P2, shown in Figure 5.25. An approximate NC soil strength profile was
also fitted to the stepped soil profile, and from this, an average soil shear strength over the

length of the caisson was determined as sy oy = 29 kPa.
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Table 5.5: Input parameters for caisson case study

Diameter of caisson (D) 6m
Length of caisson (L) 18.5m
Padeye location (LF) 12m
Load inclination from horizontal 30°

Submerged pile weight (F; geaq) 1200 kN
Submerged soil unit weight (¥) 6 kN/m?

Internal wall/soil roughness (o) 0.5
Outer wall/soil roughness (o) 0.6
Wall/soil interface tension (77) oo
Cap/soil interface tension (T¢ap) 0, o

m— Caisson
—— FELA soil strength profile
= = =Linear approximation of soil strength

s, [kPa]
20 40 60 80 100

Layer 1 0<z<74 s,=0.79 - 1.59z

Layer 2 74<z<12 s§,=17.4-1.78z

Layer 3 12<z<175 5,=23.0-112z

Layer4 175<z<30 s,=29.2-1.65z

Figure 5.25: Soil strength profile used in caisson case study
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Table 5.6: ULS (T¢sp = o, soil strength safety factor = 1.3) and ALS (T¢ap = 0, soil strength
safety factor = 1.0) capacities and bracketing errors

ULS ALS
Elements Average (kN) Error (%) Average (kN) Error (%)
10 000 25768 14.2 19 135 3.0%
25000 25593 7.4 — —
45 000 25510 5.8 — —

Ultimate limit state (ULS) and accidental limit state (ALS) caisson capacities were
determined. For both cases, gapping was prevented at the wall/soil interface (T = o). The
internal wall/soil roughness factor was modelled as o = 0.5 and the outer wall/soil
roughness factor was modelled as o, = 0.6. For ULS calculations a material safety factor of
1.3 was applied to the soil strength. For ALS calculations, it was assumed that the seals at the
caisson top cap might allow water to leak, thus preventing the development of negative
excess pore water pressures, and allowing a gap to form at the cap/soil interface. This was
modelled as a no-tension interface at the cap, Tcop = 0.

Capacities found at each 3D FELA solution iteration, for both ULS and ALS design cases,
are presented in Table 5.6. For ULS cases, it is clear that the capacity estimate does not
change significantly as the mesh is refined (although the bracketing error reduces). This is an
advantageous consequence of inaccuracies in both the LB and UB analyses, which provides
a representative foundation capacity in an analysis time of under two minutes. In contrast,
use of an initial overly coarse mesh in conventional FEA results in an overestimation of the
capacity, which is not representative of the capacity found using a refined mesh. However,
when using FELA, mesh refinement is still necessary in this instance to confirm the accuracy
of the solution. This is more computationally expensive; the ULS capacity found using FELA
and a refined mesh (~45 000 elements) was found in ~20 minutes (LB and UB analyses were
solved in series on a 3.1 GHz machine with 32 GB RAM).

Capacity charts derived in Section 5.5.1 (specifically Figure 5.15(d)) can also be used to
estimate ULS capacity. For this case study, L/D ~ 3 (18.5/6 = 3.08), and the caisson is
loaded at Lrp/L = 0.65 (12/18.5). From Figure 5.15(d), the capacity is ~10DLsy ay.
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Figure 5.26: Case study failure mechanisms: (a) ULS (Ttyp = ); (b) ALS (Tcyp = 0).
Deformation and shading show UB velocities

Applying the material factor of safety (1.3), this gives a capacity
F =10 x 6 x 18.5 x 29/1.3 = 24 762 kPa, which delivers a very accurate capacity
assessment in this case (only 3% lower than the capacity calculated directly using 3D FELA
(25 510 kPa, from Table 5.6)).

The ALS capacity was bracketed to 3% after the first iteration of the solution (Table 5.6),
deeming mesh refinement unnecessary. The ULS and ALS failure mechanisms are shown in
Figure 5.26(a) and (b) respectively. When the cap is sealed (ULS, Figure 5.26(a)), the trapped
soil plug moves rigidly with the caisson, which is translating and slightly rotating counter-
clockwise; the mechanism involves a large body of soil. However, when the cap is not sealed
(ALS, Figure 5.26(b)), the caisson moves vertically at failure and a gap forms at the cap/soil
interface. The soil plug is not mobilised, and the capacity is primarily derived from wall/soil

interface shearing.

5.7 Summary

This chapter has focused on the analysis of offshore suction caissons in clay, where undrained
capacity is critical for preliminary design. Rigorous 3D limit load analyses were carried out
using FELA. Parameters such as caisson length to diameter aspect ratio, soil strength profile

and submerged unit weight, load attachment location and angle, and wall/soil contact breaking
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were studied in detail. Loading was applied to caissons at a range of attachment points along
the caisson length. Four load angles from horizontal to 45° above horizontal were considered.
Attention was given to generating capacity charts which locate the optimal attachment point
and thus the maximum capacity of the caisson. Parameters that affect the optimal attachment
point were identified.

A summary of the results is presented in Figure 5.27. Caisson maximum capacities in
uniform and NC soil, with and without contact breaking, are shown. The capacities in
Figure 5.27 are normalised by D? Su,av (instead of DL s, .y used previously in this chapter) to
highlight the increase in capacity as caisson length increases (for a given caisson diameter).
The corresponding L, for each capacity is provided in Tables 5.2 and 5.3. Figure 5.27
shows that there is a reduction in the maximum capacity achievable as f increases. It also
shows that increasing caisson length (aspect ratio) to add capacity is more beneficial when a
horizontal load is applied (8 = 0); when B increases the additional capacity gained with a
larger aspect ratio decreases.

It has been shown that for a horizontally loaded caisson, the optimal loading location
is generally independent of aspect ratio over the range considered here (L/D = 1-6). In
uniform soil the optimal location (to the nearest 0.1L) is 0.6L from the mudline and in NC soil
it is 0.7L from the mudline. The optimal load location is, however, affected by the loading
angle. The optimal loading point for a caisson with L/D = 1 under inclined loading is the
point where a load vector applied at the caisson centreline at L,y g—o crosses the caisson
wall (Figure 5.16(a)). For caissons with L/D > 2, the optimal loading point was found to be
largely independent of aspect ratio, and values of L for caissons under inclined loading are
summarised in Table 5.2.

Capacities found using a simple UB based method outlined in Aubeny et al. (2003a)
provide a reasonably accurate estimate of caisson capacity under horizontal loading. The
effectiveness of using plane strain analyses to identify 3D caisson failure mechanisms has
also been explored. It was found that in many instances, in particular when L/D > 1 and

when loading is applied away from the mudline, the failure mechanism obtained from a plane
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Figure 5.27: Normalised maximum capacities of caissons (F) when loaded optimally in
uniform (s, = constant) and NC soil (s, = —pz), with and without contact breaking (7'):

(@) B =0; (b) B =15%(c) p =30% (d) p =45°
strain analysis is not representative of the 3D failure mechanism. However, as the loading
angle increases the appropriateness of a plane stain analysis increases. This is because the
failure mechanism comprises less out of plane soil flow around; it is more akin to a planar
reverse end bearing mechanism.

It has been shown that as the aspect ratio L/D increases, the maximum normalised capacity
of a caisson loaded horizontally in uniform soil approaches that of a circular pile section
translating horizontally. In NC soil, when L/D > 4 the capacity marginally exceeds that of

a circular pile section translating horizontally when the average soil strength sy ay 1s used for
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normalisation (Figure 5.11).

Contact breaking between the caisson and the soil can lead to significant reductions in
holding capacity (up to 40%). The reduction in capacity was found to be dependent on the
weight to strength ratio of the soil. A gap is more likely to open when the soil is relatively light,
resulting in a lower capacity than when a caisson is in relatively heavy soil. The location of the
optimal load point does not change significantly when contact breaking can occur between the
caisson and the soil. This is in line with Supachawarote (2006), where it was also found that
the optimal load point is similar for cases with and without a gap forming behind the caisson.

A case study used 3D FELA to investigate the capacity of a suction anchor in layered
clay under ULS (7, = o) and ALS (Ttyp = 0) design conditions. Under ULS conditions,
the capacity obtained using a coarse mesh discretisation was found to give a good estimate of
that obtained when using a more refined mesh, but with a significantly quicker analysis time.
The ULS capacity was also estimated by approximating an NC soil strength profile and using
the relevant capacity chart (Figure 5.15(d)). The ALS capacity was closely bracketed using a

coarse 3D FELA mesh, as the mechanism primarily involved wall/soil interface shearing.
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Hybrid mudmat—pile foundations

6.1 Introduction

This chapter considers hybrid foundations comprising a mudmat with four corner piles. It
has been noted in the literature that the rotational fixity of the mudmat/pile connection (pile
head) can significantly affect foundation capacity (Won et al., 2015; Hossain et al., 2015b).
This study compares capacities obtained for three idealised connection types: fixed, fully
pinned, and horizontally pinned with vertical movement allowed. Two soil strength profiles
are considered: uniform soil and normally consolidated soil (strength proportional to depth).

In the first section, plane strain FELA is used to verify the number of facets needed to
accurately model a pile section under combined lateral and torsional loading. Following this,
uniaxial vertical, horizontal, moment, and torsional capacities of mudmat and hybrid
foundations are determined using UB FELA for the three pile head fixity conditions. The
contributions of the constituent foundation parts (mudmat base, mudmat sides, pile base, pile
sides) to the total hybrid foundation capacity are analysed. Pile length and pile diameter are
varied in order to quantify their effect on foundation capacity.

In some cases a simplified analytical approach can accurately estimate hybrid foundation
capacity. FELA results are compared with capacity predictions found using a simplified
approach outlined in Dimmock et al. (2013), and other simplified methods for predicting
foundation capacity are presented.

Finally, a case study considers a hybrid foundation under six degree-of-freedom loading,

and compares the design load factor found using LB and UB 3D FELA with the design load
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factor obtained using displacement FEA (undertaken by Subsea 7, personal communication,

2015). FELA is also used to quantify a reduction in capacity due to an inclined seabed.

6.2 Problem overview

The notation and sign conventions adopted are shown in Figure 6.1. Certain dimensionless
groups were kept constant throughout the analysis: the mudmat length to breadth aspect ratio
(L/B), the mudmat embedment ratio (d/B), and the eccentricity of the pile edge from the
mudmat edge (e/B). The variable parameters considered in detail are the pile length, H,
and pile diameter, D. The pile diameter was maintained at a base value D/B = 0.175 in
analyses where the pile length was varied, and similarly the pile length was maintained at
a base value H/B = 1 in analyses where the pile diameter was varied. These base values
are typical encountered in design (Subsea 7, personal communication, 2016). The full set of
parameters considered is listed in Table 6.1.

It was assumed that interior skirts justify treating the mudmat as a rigid embedded
foundation. The corner piles were also modelled as rigid bodies, assuming a plugged pile
response. The mudmat/pile connection (pile head) was modelled as fixed, fully pinned, or
horizontally pinned. A fixed connection prevents any relative translation or rotation between
the pile head and the mudmat, a fully pinned connection only prevents relative translation,
and a horizontally pinned connection only prevents horizontal translation (the pile is free to
move vertically relative to the mudmat). The pinned pile head connections were modelled at

skirt base level (z = —d).

Table 6.1: Hybrid foundation dimensionless geometric parameters. Bold values indicate base
values

Dimensionless group Values considered
L/B 2
D/B 0, 0.125, 0.15, 0.175, 0.2
H/B 0,0.25,0.5,0.75, 1, 1.25
d/B 0.05
e/B 0.025
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Figure 6.1: Notation used for hybrid foundation analysis showing soil strength profiles and
eccentricities of pile heads from the mudmat centre: (a) plan view; (b) front elevation view;
(c) side elevation view

As shown in Figure 6.1, two soil strength profiles were considered: soil with uniform
undrained shear strength (s, = constant) and soil with no mudline strength but a linear increase
in strength with depth (s, = —pz, where p = B), which is referred to as normally consolidated
soil. The mudmat sides were assumed to be fully smooth (& = 0) and the mudmat base fully
rough (o = 1). The pile sides and base were also assumed to be fully rough (& = 1). Unlimited
tension capacity was assumed at all soil/foundation interfaces. The soil was modelled as
weightless because when contact breaking is suppressed (7' = o), soil weight has a negligible
effect on the computed horizontal and torsional capacities.

Ultimate uniaxial foundation capacities Fyy, Fyo, Fz0, Mo, My, and My were determined

using 3D UB FELA. As discussed in Section 3.2.3, rigid bodies can be connected in UB

172



Chapter 6. Hybrid mudmat—pile foundations
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Figure 6.2: Meshed soil domain (5B x 5B x 5B) exploiting symmetry (quarter model)

OxLim analyses by specifying relative translational and rotational degrees of freedom as free
or fixed. Symmetry and/or antisymmetry allowed for one quarter of the soil domain to be
analysed in all cases. An initial (unrefined) FELA mesh showing boundary conditions applied
to the model is shown in Figure 6.2. Additional planes that rise at 45° from the base of the
mudmat to the mudline were prescribed in the otherwise unstructured mesh (downwards fans
were not added at the mudmat base as these would intersect with the corner piles). Four
iterations of adaptive mesh refinement were undertaken for each analysis and the final refined

mesh contained ~40 000 elements.

6.3 Model assumptions and validation

Plane strain FELA was used to determine the number of facets required to accurately discretise
a rough circular pile section under combined horizontal and torsional loading. An additional
exercise considered the number of facets required to discretise a circular pile section with
interface roughness factors @ = 0, 0.25, 0.5, 0.75, and 1 when subjected to pure torsional
loading. The pile cross-sections were modelled as regular N-sided polygons that inscribe
a true circular pile (of diameter, D). The number of facets required to accurately capture

rough (o = 1) circular pile response under combined F, — M; loading was considered for piles
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Figure 6.3: Capacity of a fully rough (o = 1) N-sided pile section under combined F, —M,
loading

comprising polygons with N =4, 6, 8, 10, 12, and 24 sides. The piles were loaded at two
extreme orientations: ‘point on’ and ‘side on’ (see Figure 6.3).

Figure 6.3 shows that even a fairly coarse polygonal discretisation with N = 12 allows for
an accurate estimation of the lateral and torsional capacities for a rough pile. For F; loading,
the previously benchmarked UB capacity of a circular pile translating laterally in cohesive
soil (Randolph and Houlsby, 1984) is shown to compare favourably with the corresponding
FELA capacity for N > 12 at both pile orientations. Fully rough pile sections under pure
F, point on and side on loading fail as shown in Figure 6.4(a) and (b) respectively. These
mechanisms and the capacities in Figure 6.3 are virtually identical when N > 12 and closely
match the deformation mechanism described by Randolph and Houlsby (1984) and shown in
Figure 6.4(c).

Under M, loading, the FELA capacities obtained for all values of N (1.58D?s,) only
marginally overestimate the theoretical torsional capacity for a rough circular pile
(tD? s, /2= 1.57D?s,). Failure mechanisms for a square pile (N = 4) and piles with N = 12

and N = 24 under pure M, are shown in Figure 6.5(a). A segment of rigidly rotating soil can
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Figure 6.4: Failure mechanisms for fully rough (o¢ = 1) pile sections under pure F;
loading. Contoured by velocity magnitude: (a) oriented ‘point on’; (b) oriented ‘side on’;
(c) deformation mechanism from Randolph and Houlsby (1984)

circular pile

Di2

(c)

Figure 6.5: Failure mechanisms for pile sections under pure M, loading. Contoured by velocity
magnitude: (a) rough pile (o = 1), various N; (b) N = 4, various «; (c) smooth pile (¢ = 0),
one segment of N = 12 polygon
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antisymetry

Nincreasing

Figure 6.6: Planar segments of piles modelled under torsional loading

be seen between the facets of the polygon and the circle that it inscribes. The circular slip
line in the soil is identical for all values of N, which leads to the identical M, capacities in
Figure 6.3.

The effect of pile roughness on the number of facets required to accurately represent a
circular pile section under lateral loading has been calibrated in Section 3.5.2. In this section
it is calibrated for a pile under pure torsional loading. In order to investigate this effect the
ultimate torsional capacity (M) of pile sections with a range of interface roughness factors
was found. Plane strain FELA was used to model a domain segment of angle 8 =27 /N which
contains a single facet of the pile (see Figure 6.6). Antisymmetry boundary conditions were
applied at 6 =0 and 6 =2x/N.

Figure 6.7 shows tightly bracketed capacities (+£0.25%) of the pile sections with a range
of roughness factors. It is clear that any number of facets can be used to model a fully rough
pile under torsion (also shown in Figure 6.3). However, if the pile is not fully rough many
more facets are needed to accurately approximate a circular pile. Figure 6.7(b) highlights
some potentially large approximation errors when N < 16 and o < 1. For example a pile with
N =15 and @ = 0.25 has a torsional capacity that is twice the theoretical value for a circular
pile (0.79D? s, compared with 0.39D%s,).

Consideration of the failure mechanisms in Figure 6.5(b) and (c) helps to illustrate the
cause of the high calculated capacities at low o and N. Figure 6.5(b) shows that the slip line
of a smooth square pile (N = 4, ov = 0) does not follow the shape of the circular pile (unlike

when N =4 and o = 1, Figure 6.5(a)). It extends deeper into the soil domain and has a
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Figure 6.7: Ultimate torsional capacity (M) of polygonal pile sections with various interface
roughness factors: (a) full range of facet numbers N ; (b) zoomed view showing N < 16

centre of rotation somewhere between the pile centre the pile edge. There is, as such, relative
slip between the pile and the soil block. The corresponding pile capacity is 1.19D?s,, which
is only 24% lower than the capacity of a rough square pile. When N = 12 the mechanism
becomes shallower but still comprises segments of rigidly rotating soil adjacent to the pile
(Figure 6.5(c)). The corresponding capacity is surprisingly high (0.51D?s,) considering that
a smooth circular pile has no torsional capacity and a fully rough circular pile has a torsional
capacity of 1.57D?s,.

This study of hybrid foundations considers only fully rough (&« = 1) piles and as such a
12-sided polygonal cross-section can accurately model the pile section (Figures 6.3 and 6.7).
A consequence of this discretisation is that the area of the 12 sided polygon used is
marginally smaller than the circular pile represented (0.05% smaller) which causes a very
slight underestimation of the base shear resistance and bearing capacity of the piles. More
facets would be required in order to accurately model a pile that is not fully rough, as

highlighted in Figure 6.7.
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6.4 Horizontal and torsional capacities

The contributions of the constituent components of a hybrid foundation (mudmat base,
mudmat sides, pile base, and pile sides) to the total foundation capacity were first evaluated
for foundations under uniaxial horizontal and torsional loading (Fy, Fy, M;). The effect of pile
length, and subsequently pile diameter, on foundation capacity was quantified.

First, the pile diameter was maintained at D/B = 0.175 and the pile length was varied.
Figure 6.8 shows foundation component contributions to the ultimate horizontal and torsional
capacities of foundations for various pile head fixities. It is immediately apparent that under
horizontal and torsional loading, vertical pile restraint does not affect pile capacity (comparing
columns in Figure 6.8 for fully pinned and horizontally pinned piles). However, rotational
restraint significantly affects foundation capacity (comparing columns in Figure 6.8 for fixed
and pinned piles).

In uniform soil, a mudmat without piles (H/B = 0) has slightly more capacity when
loaded by F; than by F, due to the mudmat aspect ratio and slight embedment. Figure 6.8(a)
shows the ultimate horizontal capacity F;o of a foundation with fixed piles of various lengths.
The capacity derived from the mudmat base increases considerably when H/B = 0.75
compared with when H/B = 0.5. The failure mechanisms for both of these foundation
geometries are shown in Figure 6.9. In Figure 6.9(a) (H/B = 0.5) the foundation is
translating at failure. There is minimal interaction between the soil failure mechanisms
associated with the mudmat and the piles, and the capacity of the hybrid foundation could be
estimated by summing analytical solutions for a mudmat under horizontal loading (Murff
et al,, 2010) and for a finite length pile/caisson undergoing translation without rotation
(Aubeny et al., 2003a). The capacity of the hybrid foundation was calculated as 3.07BLs,
using FELA, and as 3.05BLs, using this simplified approach. Figure 6.9(b) (H/B = 0.75)
shows that the foundation ‘rolls’ about the y-axis under F, loading. By comparison with
Figure 6.9(a), there is no lateral soil flow around the full length of the pile. The mudmat is
pushing down into the soil (rather than just across) thus increasing the contribution of the

mudmat base to the total capacity. The unlimited-tension interface between the mudmat and
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Figure 6.8: Ultimate uniaxial capacities Fyo, Fyo, and M for a hybrid foundation with a range
of pile lengths in uniform soil split into component contributions: (a) Fy, fixed piles ; (b) Fyo,
fully pinned piles; (c¢) Fyo, horizontally pinned piles; (d) Fyo, fixed piles; (e) Fyo, fully pinned
piles; (f) Fyo, horizontally pinned piles; (g) M, fixed piles; (h) M., fully pinned piles; (i) M,
horizontally pinned piles
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HIB=0.75

Figure 6.9: Failure mechanisms for hybrid foundations with fixed piles in uniform soil under
F loading: (a) H/B = 0.5; (b) H/B = 0.75. Original foundation position drawn in light grey
the soil means that the other half of the foundation (out of view in Figure 6.9(b)) pulls soil up
and across as it rotates about the y-axis. The simple decoupled analytical approach described
above would not be valid in this case.

The same trend in capacity with pile length can be seen for foundations with fixed piles
loaded by F,. However, due to the aspect ratio of the mudmat, failure does not involve
‘pitching’ about the x-axis until higher values of H/B (comparing Figure 6.8(d) to (a)). A
hybrid foundation with fixed piles under pure M, loading does not rotate about the x- or
y-axes at failure (Figure 6.10(a)) and the overall capacity of the foundation increases almost
linearly with additional pile length (Figure 6.8(c)).

For fully pinned piles (and horizontally pinned piles), relative rotation can occur at the
pile head and the mudmat does not rotate about the x- or y-axes at failure. Figure 6.11 shows
slices through the failure mechanism along the pile centreline for foundations with fixed and
fully pinned piles under F; loading. Figure 6.11(a) and (b) show that the response of fixed
piles is dependent on the pile length (also shown in Figure 6.9). The pinned pile behaviour is
independent of pile length (Figure 6.11(c)) and is similar to that of a pile or caisson loaded at
the mudline (as described by Randolph and House (2002)); the pile rotates at failure and the

mechanism can be idealised as a soil wedge extending downward from the mudline (cf.
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Fixed piles M, Fully pinned piles

Figure 6.10: Failure mechanisms for hybrid foundations with H/B = 1 under M, loading in
uniform soil: (a) fixed piles; (b) fully pinned piles. Original foundation position drawn in light

grey

Murff and Hamilton, 1993), with a spherical shearing surface below this which encompasses
the pile. The failure mechanism for a hybrid foundation with fully pinned piles under M,
loading is shown in Figure 6.10(b). When compared to a foundation with fixed piles
(Figure 6.10(a)), the mudmat mechanism is the same but the pile mechanism matches that for
a pile loaded horizontally at the mudline (also shown in Figure 6.11(c)). This shows that
pinned pile behaviour is essentially the same irrespective of F, Fy or M, loading.

When the pile heads are fully pinned (or horizontally pinned), for all pile lengths there is
minimal interaction between the soil failure mechanisms induced by the mudmat and the piles,
for all pile lengths. The overall foundation capacity can be estimated by summing analytical
solutions for the capacity of a mudmat under pure horizontal or pure torsional loading (Murff
etal., 2010) and for a pile or caisson loaded at the mudline (Aubeny et al., 2003a). Under pure
torsion each pile acts at a lever arm to the centre of the foundation, p, defined in Figure 6.1.
The dashed lines in Figure 6.8 for fully pinned and horizontally pinned piles show that the
superposition of these analytical approximations provides a reasonable estimation of the total
capacity, although conservatism in the approach increases with increasing pile length.

Figure 6.12 shows the variation of the uniaxial horizontal and torsional capacities with
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Figure 6.11: Failure mechanisms for hybrid foundations in uniform soil under F, loading.
Cross-section at pile centre: (a) fixed piles, H/B = 0.5; (b) fixed piles, H/B = 0.75; (c) fully
pinned piles, H/B = 0.75. Original foundation position drawn in light grey

pile length for hybrid foundations in normally consolidated soil. The contribution from the
shallowly embedded mudmat is, unsurprisingly, very low, and the capacity of the hybrid
foundation is derived primarily from the piles. However, as was the case in uniform soil, a
foundation with fixed piles and H/B > 0.5 rotates about the x- or y-axes when loaded
horizontally, and this increases the contribution of the mudmat to the overall capacity
(Figure 6.12(a) and (d)). Just as in uniform soil, there is no significant capacity difference
between foundations with fully pinned piles and those with horizontally pinned piles.

For a foundation with pinned piles in normally consolidated soil, Figure 6.12 shows that
the capacity contributed by the mudmat is negligible, irrespective of pile length. Capacities
obtained using the analytical approach taken by Dimmock et al. (2013) are shown in
Figure 6.12 for fully pinned and horizontally pinned piles. This approach ignores the
capacity of the mudmat and uses the Aubeny et al. (2003a) method to find approximate UB
capacities of the piles. Figure 6.12 shows that this approach works reasonably well and only
marginally underestimates the total capacity when compared with 3D FELA.

It is evident from Figure 6.8 and Figure 6.12 that the capacity of a hybrid foundation is
much larger when the piles are fixed than when they are pinned. The capacity of a foundation
in uniform soil under F;, loading with fixed H/B = 0.5 piles is 3.05BLs, (Figure 6.8(d)). The
same foundation with pinned piles has 40% lower capacity, 1.81BLs, (Figure 6.8(e)). Even

if the pile length is doubled (to H/B = 1) for the foundation with pinned piles, the capacity
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Figure 6.12: Ultimate uniaxial capacities Fyo, Fyo, and Mo for a hybrid foundation with a
range of pile lengths in normally consolidated soil split into component contributions: (a) Fyo,
fixed piles ; (b) Fy, fully pinned piles; (c) Fyo, horizontally pinned piles; (d) Fyo, fixed piles;
(e) Fyo, fully pinned piles; (f) Fy, horizontally pinned piles; (g) M., fixed piles; (h) My, fully
pinned piles; (i) Mg, horizontally pinned piles
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is still lower than that with fixed H/B = 0.5 piles (2.71BLs, compared with 3.05BLs,). The
difference between the capacities of pinned pile and fixed pile foundations is largest under
torsional loading.

In normally consolidated soil, see Figure 6.12, the capacity of a foundation under F,
loading with fixed H/B = 0.5 piles is 0.67B?>Lp. The same foundation with pinned piles has
a capacity that is over 60% lower (0.24B*Lp). If the pile length is doubled (to H/B = 1) for
the foundation with pinned piles then the capacity is marginally higher (0.72B?Lp) than that
with fixed piles of length H/B = 0.5 because the additional pile length is in stronger soil.
The biggest difference between the capacities of foundations with pinned and fixed piles is,
again, under M, loading. A foundation with pinned H/B = 0.25 piles has an M,y capacity
~55% lower than the same foundation with fixed piles. The difference between the
capacities increases as the pile length increases; a foundation with pinned H/B = 1.25 piles
has a capacity ~75% lower than the equivalent foundation with fixed piles (see
Figure 6.12(g) and 6.12(h)).

For the next part of the parametric study, the pile length was fixed at H/B = 1 and the
pile diameter was varied. Table 6.2 shows uniaxial horizontal and torsional capacities of a
mudmat foundation (no piles) and hybrid foundations with horizontally pinned, fully pinned,
and fixed piles, of various diameters in uniform soil (s, = constant) and normally consolidated
soil (s, = —pz). The capacities of foundations with horizontally pinned piles and fully pinned
piles are very similar.

For a hybrid foundation with pinned piles there is no significant difference between the
capacities under F or F; loading. When the pile diameter is increased by 60% (D/B = 0.125
to D/B = 0.2) there is only a 10% increase in F, capacity for fully pinned piles (2.44BLs, to
2.78BLsy). A hybrid foundation with fixed piles shows larger relative increases in Fy, Fy, and
M. capacity as the pile diameter is increased, but these increases are still relatively modest (no
more than 25% as D/B increases from 0.125 to 0.2).

For foundations in normally consolidated soil, an increase in pile diameter results in a

proportionally larger increase in capacity when compared with uniform soil. However, the
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Table 6.2: Uniaxial Fy, Fy, and M, capacities for hybrid foundations with a range of pile

diameters in uniform soil (s, = constant) and normally consolidated soil (s, = —pz)
sy = constant Su=—pz
D/B  Fy Fyo My Fyo Fyo My
(BLsy) (BLsy) (B’Lsy)  (B’Lp) (B’Lp) (B’Lp)

No piles 0 1.20 1.10 0.73 0.06 0.05 0.03

0.125 2.43 2.38 1.99 0.53 0.55 0.51

Horiz. pinned piles 0.15 2.56 2.55 2.10 0.59 0.62 0.56

(PINCEPEES 0175 266 268 2.19 0.64 069 061

0.2 2.76 2.80 2.25 0.69 0.76 0.65

0.125 2.44 2.39 2.01 0.53 0.56 0.51

Fully pinned piles 0.15 2.57 2.60 2.12 0.59 0.66 0.57

Y pinecp 0.175 268 271 222 065 072 062

0.2 2.78 2.81 2.29 0.69 0.79 0.66

0.125 3.44 3.96 4.11 0.86 1.40 1.90

. ) 0.15 3.63 4.25 4.57 0.98 1.59 2.18
Fixed piles

0.175 3.79 4.51 4.92 1.08 1.78 2.35

0.2 3.92 4.76 5.14 1.18 1.98 2.47

capacity increases much more rapidly when the pile length (rather than the pile diameter)
increases, due to the higher average soil strength along the length of the pile (as discussed

above and shown in Figure 6.12).

6.5 Overturning moment capacities

The contributions of the constituent components of a hybrid foundation to the total
foundation capacity were evaluated for foundations under uniaxial moment loading (M, or
M,). The effect of pile length, and subsequently pile diameter, on foundation capacity was
quantified. Figure 6.13 shows the effect of pile length on the uniaxial capacities My and M,
for foundations in uniform soil, for various pile head fixities. It is clear that fixed piles and
fully pinned piles give a different response to moment loading, and furthermore that the use
of horizontally pinned piles has no beneficial effect on the moment capacity of a mudmat

alone (piles need vertical restraint to be beneficial to mudmat capacity).
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Figure 6.13: Ultimate uniaxial capacities M,y and M, for a hybrid foundation with a range of
pile lengths in uniform soil split into component contributions: (a) Mg, fixed piles; (b) M.,
fully pinned piles; (c) M,o, horizontally pinned piles; (d) My, fixed piles; (¢) My, fully pinned
piles; (f) M, horizontally pinned piles

Due to the aspect ratio of the mudmat the capacity M,o is over twice My (2.22B%Ls,
compared with 0.90B?Ls,). There is a linear increase in capacity with additional pile length
for foundations with pinned piles (Figure 6.13(b) and (e)) but the increase is nonlinear, and
larger, for foundations with fixed piles (Figure 6.13(a) and (d)). The failure mechanisms
in Figure 6.14(a) and (b) show that fixed piles rotate at failure, which causes the sides of
the piles to bear into the soil. As pile length increases, the length of pile bearing into the
soil, and the lever arm from the bearing force to the centre of rotation of the foundation,
both increase. This gives rise to the non-linear increase in moment capacity as pile length
increases (Figure 6.13(a) and (d)). The mechanism extends deeper into the soil domain when
the foundation is under M, loading compared with M, loading, due to the aspect ratio of the

mudmat, and this is clearly shown in the mechanisms for foundations with horizontally pinned
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piles (Figure 6.14(e) and (f)). In this case, no capacity is provided by the piles and the failure
mechanism resembles a simple ‘scoop’ mechanism (Bransby and Randolph, 1998).

There is less interaction between the pile and mudmat mechanisms when piles are fully
pinned compared with fixed (comparing Figure 6.14(a) and (c) with (b) and (d)). In this case
the mudmat mechanism resembles the scoop mechanism shown in Figure 6.14(e) and (f).
The piles are moving vertically at failure and the vectors in Figure 6.14(c) and (d) show
vertical bearing at the pile base. As the pile translates vertically there is pile/soil interface
shearing along the rough pile walls. The pile bearing and shear resistance act at lever arms to
the rotation centre p, and p3 for M, and M, loading respectively (p, and p3 are defined in
Figure 6.1). Figure 6.13(b) and (e) shows that the capacities attributed to pile end bearing are
independent of pile length (as the soil strength, pile base area, and lever arm remain the
same) but the capacity attributed to the pile sides increases linearly with pile length. The
overall pile contribution to capacity under M, is roughly twice that under M, as the lever arm
P2 is roughly twice ps.

The most simple mechanism for hybrid foundations under moment loading is when the
pile head is horizontally pinned. As previously mentioned, the mechanism resembles a plane
strain simple scoop mechanism. The scoop mechanism for a strip footing of width B yields
a capacity 0.69B2s,, which underestimates the rectangular mudmat moment capacities by
~35% (M = 1.1BL? s, and My = 0.90B2Ls,). For a rectangular mudmat with L/B = 2, the
uniaxial capacities Mg = 1.02B%Ls, and My = 0.84BL? s, have previously been found using
3D FEA (Feng et al., 2014) and 3D UB FELA (Martin et al., 2015). These capacities compare
favourably with the capacities of foundations with horizontally pinned piles (of any length)
in Figure 6.13(c) and (f) (note that M, capacities are normalised by B2Ls, and not BL? s, in
Figure 6.13).

As already discussed, the mudmat and pile response is somewhat decoupled when the
piles are fully pinned (mechanisms shown in Figure 6.14(c) and (d)). The combined mudmat
and pile end bearing contribution to the overall moment capacity is roughly equal to the

mudmat capacities found by Feng et al. (2014) and Martin et al. (2015) (M,o = 1.1BL2s, and
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Fixed piles

(b)

Fully
pinned piles

Horizontally
pinned piles

(e) ()

Figure 6.14: Failure mechanisms for hybrid foundations with H/B = 1 in uniform soil:
(a) My, fixed piles; (b) My, fixed piles; (¢) My, fully pinned piles; (d) My, fully pinned piles;
(e) My, horizontally pinned piles; (e) My, horizontally pinned piles. Original foundation
position drawn in light grey
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Myy = 0.90B*Ls,). The contribution of the pile sides to the overall moment capacity can be
estimated for each pile as the pile/soil interface shear capacity times the lever arm to the
foundation centre, pxwDL and p3amDL for M, and M, loading respectively. Superposition
of the mudmat and pile side capacities provides an accurate estimate of the FELA UB
capacities (dashed lines in Figure 6.13(b) and (e)). A similar approach also using
superposition of mudmat and pile capacities was taken by Dimmock et al. (2013). The more
complex mechanism for a foundation with fixed piles does not lend itself to an obvious
decoupled solution (Figure 6.14(a) and (b)). The approach outlined above would provide a
conservative estimate of capacity, particularly when the overturning moment is applied about
the foundation’s weaker axis.

For a foundation with piles of length H/B = 1.25 there is a 23% reduction in M,
capacity if the piles are fully pinned as opposed to fixed (4.69B°Ls, compared with
3.58B2Lsy, Figure 6.13(a) and (b)). The capacity reduces to 2.31B2Ls, if the piles are only
horizontally pinned (Figure 6.13(c)). For foundations with H/B = 1.25 under M, loading, the
difference in capacities for fixed and fully pinned pile foundations is higher (3.28BLs, for
fixed compared with 1.52LB? s, for fully pinned piles).

Figure 6.15 shows the variation of the M,y and M, capacities with pile length for
foundations in normally consolidated soil. The capacity derived from the mudmat base is
independent of the pile length, and for all pile head fixity conditions is 0.39B3Lp and
0.15B3Lp respectively under M, and M, loading. Just as for foundations in uniform soil, no
additional moment capacity is gained when horizontally pinned piles are added to the
mudmat foundation (Figure 6.15(c) and (f)).

For foundations with fixed and fully pinned piles, the relative contribution of the piles to
the total moment capacity is much higher in normally consolidated soil than in uniform soil
(comparing Figure 6.15 with Figure 6.13). This is simply because a foundation in normally
consolidated soil has piles which are located in relatively stronger soil than the soil in which
the mudmat is located. Figure 6.15 shows that the capacity from the pile base increases linearly

with depth (as the soil strength at the pile base increases linearly). As fixed piles increase in
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Figure 6.15: Ultimate uniaxial capacities Mo and M, for a hybrid foundation with a range of
pile lengths in normally consolidated soil split into component contributions: (a) M., fixed
piles; (b) M,o, fully pinned piles; (c) My, horizontally pinned piles; (d) My, fixed piles;
(e) My, fully pinned piles; (f) My, horizontally pinned piles

length there is a nonlinear increase in moment capacity from the pile wall as the pile lateral
bearing area, the force lever arm to the foundation rotation centre, and the average soil strength
along the pile length increases. There is also a nonlinear increase in the capacity attributed to
fully pinned pile sides as pile length increases. This is because the average shear strength at
the pile/soil interface, and the pile surface area are both increasing.

Simple superposition of mudmat and pile capacities can once again be used to estimate
the total moment capacity. For a foundation with horizontally pinned piles, the capacity of the
mudmat alone is representative of the overall foundation capacity in some cases. The mudmat
uniaxial moment capacities Myy and M,y were found using UB FELA to be 0.39B3Lp and
0.15B3Lp respectively. The moment capacity derived from shearing at the pile/soil interface

for each pile is prTDLsy 5y and p3TDLsy .y for M,y and My, respectively (where sy ay is
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Table 6.3: Uniaxial Mo and M,o capacities for hybrid foundations with a range of pile

diameters in uniform soil (s, = constant) and normally consolidated soil (s, = —pz)
sy = constant Sy = —pz
D / B Mo MyO Mo MyO
(BLs) (BLs))  (B’Lp) (B’Lp)
No piles 0 2.22 0.90 0.39 0.15
0.125 0.95 1.25 0.38 0.15
Horiz. pinned piles 0.15 0.95 1.23 0.37 0.14
(PIBCEPEES 0175 094 120 037 0.14
0.2 0.94 1.18 0.36 0.14
0.125 3.03 1.28 1.09 0.46
Fullv vinned biles 0.15 3.16 1.35 1.27 0.52
Y pinecp 0.175 327 141 146 058
0.2 3.38 1.46 1.65 0.65
0.125 3.75 2.29 1.28 0.70
Fixed piles 0.15 3.87 2.40 1.47 0.80
P 0.175 3.96 2.49 1.66 0.88
0.2 4.05 2.55 1.85 0.95

the average shear strength along the length of the pile). In uniform soil the capacity due to
end bearing at the pile base was not considered separately, rather it was included with the
mudmat capacity. In normally consolidated soil the piles are bearing into relatively stronger
soil than the mudmat, and including the contribution of end bearing at the pile base level gives
a more accurate representation of the FELA moment capacities. The modified general bearing
capacity equation (Equation 2.3) was used to obtain estimates for the pile bearing capacity,

where ¢, = sy at z = —d — H and shape and depth factors (as suggested by Skempton (1951))

/ H
1+ 0.053><B] <9 (6.1)

Figure 6.15 shows that superposition of capacity estimates gives a good match with the overall

were used to find bearing capacity factors:

Ne=5.14(1.2)

moment capacities obtained using FELA.
Finally, the pile length was fixed at H/B = 1 and the pile diameter was varied. Table 6.3

shows uniaxial moment capacities of a mudmat foundation (no piles) and hybrid foundations
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with horizontally pinned, fully pinned, and fixed piles, of various diameters in uniform soil
(sy = constant) and normally consolidated soil (s, = —pz). For horizontally pinned piles, as
expected, a longer pile diameter does not result in any increase in capacity. In fact, there is
a trivial decrease in capacity, because the mudmat bearing area becomes smaller as the pile
diameter increases. For foundations with fixed and fully pinned piles there is a linear increase
in capacity with increasing pile diameter, and this increase is larger for M,y compared with
M. In uniform soil, a 60% increase in pile diameter (from D /B =10.125to 0.2) leads to a
modest ~15% increase in the overall moment capacity. In normally consolidated soil there is
a larger increase in capacity when the pile diameter is increased (~40% increase in capacity

when the pile diameter is increased from D/B = 0.125 to 0.2).

6.6 Vertical capacity

Figure 6.16 shows the contributions of the constituent components of a hybrid foundation to
the uniaxial vertical foundation capacity. In uniform soil the capacity is contributed
predominantly by the mudmat. Foundations with fully pinned and fixed piles have essentially
equal capacities, and an increase in pile length results in a linear increase in capacity
(Figure 6.16(a) and (b)). As expected, there is no contribution from the piles to the
foundation capacity when the pile head is free to move vertically relative to the mudmat
(pinned against horizontal translation only, Figure 6.16(c)).

The mechanisms in Figure 6.17(a) and (b) for a foundation with fixed or fully pinned piles
(of length H /B = 1) show that at failure the mudmat and the pile bases are bearing into the soil.
The failure mechanism for horizontally pinned piles in Figure 6.17(c) shows that the piles do
not move at failure. Dimmock et al. (2013) recommend a simplified design approach where the
mudmat alone is assumed to carry the entire vertical load. For foundations in uniform soil, this
assumption provides a reasonable estimate of foundation capacity, particularly for foundations
with horizontally pinned piles. Dimmock et al. also note that prior to the installation of the
piles, the mudmat alone must carry vertical self-weight loads.

The capacities of foundations with pinned and fixed piles can be matched more closely to
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Figure 6.16: Ultimate uniaxial capacities Fyy for a hybrid foundation with a range of pile
lengths in uniform soil split into component contributions: (a) fixed piles; (b) fully pinned
piles; (c) horizontally pinned piles

the FELA capacities by using simple superposition of the estimated mudmat and pile
capacities. The combined mudmat and pile base contribution to capacity was estimated using

the general bearing capacity equation (Equation 2.3) with N, found using shape and depth

factors for a rectangular embedded foundation, as suggested by Skempton (1951):

0.2B / d
Ne=514|14+4——) |1 ) =
c=5 ( + 7 ) + 0053><B

The capacity due to shearing along the pile/soil interface for each pile is 7wDLsy.

<9 (6.2)

Figure 6.16 shows that combining these capacities provides a reasonable estimate of the
vertical capacity, although the method slightly underestimates the UB FELA results.

Figure 6.18 shows that additional pile length results in a large increase in vertical capacity
for foundations in normally consolidated soil (provided the pile heads are fixed or fully
pinned). Mudmat capacity alone is 0.91B?Lp. When corner piles with length H/B = 1.25 are
added, the capacity is over 2.5 times higher, at 2.65B*>Lp (Figure 6.18(a) and (b)). The
increase in capacity with additional pile length is large because the pile bases are bearing into
increasingly stronger soil (than the mudmat base), and the average strength along the pile
sides is increasing.

Assuming that only the mudmat contributes to capacity is somewhat conservative in this

instance. Superposition of mudmat and pile end bearing and shear capacities provides a more
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Horizontally pinned piles
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Figure 6.17: Failure mechanisms for hybrid foundations with H/B = 1 under F, downwards
loading in uniform soil: (a) fixed piles; (b) fully pinned piles; (c) horizontally pinned piles.
Original foundation position drawn lightly
accurate estimate of the overall vertical capacity. An estimate of mudmat capacity was found
using the MoC software ABC (Martin, 2004) assuming plane strain conditions. The pile
end bearing and shear capacities were calculated in the same way as for a foundation under
moment loading (Section 6.5). The superimposed approximate solutions compare favourably
with the FELA capacities (Figure 6.18).

Capacities of foundations with a range of pile diameters are shown in Table 6.4. In uniform
soil, an increase in diameter results in an almost negligible increase in capacity — when pile
diameter increases ~60% the capacity increases < 10%. This is because very little of the

overall capacity is contributed by the piles. In normally consolidated soil, an increase in pile
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Figure 6.18: Ultimate uniaxial capacity F;g for a hybrid foundation with a range of pile lengths
in uniform soil split into component contributions: (a) fixed piles; (b) fully pinned piles;
(c) horizontally pinned piles

diameter results in a larger increase in foundation capacity.
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Table 6.4: Uniaxial F;y capacities for hybrid foundations with a range of pile diameters in

uniform soil (s, = constant) and normally consolidated soil (s, = —pz)
D/B sy =constant sy = —pz
(BLs.) (BLp)
No piles 0 6.19 091
0.125 6.31 0.90
0.15 6.29 0.90
Horiz. pi il
oriz. pinned piles ) |5 6.25 0.89
0.2 6.22 0.88
0.125 7.16 1.70
0.15 7.33 1.92
Fully pinned pil
WY PIEEPIES 6 175 7.49 2.15
0.20 7.65 2.40
0.125 7.20 1.70
0.15 7.40 1.92
Fixed pil
IReCpIes 0.175 7.60 2.16
0.2 7.79 2.40

6.7 Case study

A recently completed design of a hybrid foundation with fixed piles under six
degree-of-freedom loading was analysed using 3D LB and UB FELA, and compared with 3D
displacement FEA undertaken by Subsea 7 (personal communication, 2015). FELA was
undertaken for a foundation on flat ground and ground with a slight inclination (5°). The
input design parameters are listed in Table 6.5, and the soil strength profiles used in the
FELA and FEA models are shown in Figure 6.19. A four-layered soil was implemented in
the FEA model, but this was simplified in the FELA model as a heterogeneous soil profile,
Sy = Sum — PZ-

A rough interface (o = 1) with unlimited tension capacity (T = o) was modelled at the
mudmat base and pile bases (where there is a soil/soil interface). The mudmat sides and pile
sides were modelled as half-rough (o = 0.5). Unlimited tension was modelled at the pile sides
(T = =) and a no-tension interface (7' = 0) was modelled at the mudmat sides.

The design loads are shown in Table 6.6 (for sign conventions see Figure 6.1). On inclined
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z [m]

Table 6.5: Input parameters for hybrid foundation case study

-1.75 ¢

-10

-15

-20 -

Mudmat breadth (L) 8 m
Mudmat length (B) 17m
Mudmat skirt embedment (d) 03m
Pile length (H) 9.7m
Pile diameter (D) 1.5m
Pile offset from mudmat edge (e) 0.25m
Mudline strength (sym) 0.69 kPa
Vertical strength gradient (p) 0.93 kPa/m
Pile/mudmat connection fixed
Submerged soil unit weight (y) 4.5 kN/m?
Seabed inclination (&) 0, 5°

5

s, [kPa]
10

15

20

Soil strength profile used in FEA
— — - Soil strength profile used in FELA

Figure 6.19: Soil strength profiles used in hybrid foundation case study
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(a)
Figure 6.20: Case study loading in the plane y = 0: (a) flat ground; (b) ground inclined & = 5°

Table 6.6: Loading and and soil weight

¢ K Fy F, M, M, M, Y. Y.
(kN) (kN) (kN) (kNm) (kNm) (kNm) (kN/m?) (kN/m?)
0 200 269 -1974 -3498 1033 -2576 -4.5 0

5° 372 269 -1967 -3498 1033  -2576 -4.48 0.39

ground, the piles were installed perpendicular to the seabed to ensure that the mudmat skirt
penetrates fully into the soil, as shown in Figure 6.20(b). As the ground inclination in this
case is quite small (5°), equipment on the mudmat was not levelled, and horizontal loads
from the connected equipment are applied parallel to the seabed (Figure 6.20(b)). Partly for
this reason, and partly due to the somewhat complicated foundation geometry, inclined ground
was modelled in OxLim by manipulating the vertical loads, rather than changing the geometry,

and updating the forces such that,

¥, =7 cos(§)
Y ="Vsin(§)

F; = F:cos(&)

(6.3)

F.=F,—F;sin(&)
Plaxis 3D (Plaxis, 2016) was used by Subsea 7 to undertake displacement FEA. The soil
was modelled as a linear elastic—perfectly plastic Tresca material. The problem domain was
discretised as an unstructured mesh of 10-noded tetrahedra. Zero-thickness elements were

used to model foundation/soil interface shear and tension behaviour. Manual mesh refinement
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was undertaken until the solution converged; the final mesh comprised 110 000 elements.
Poisson’s ratio was set to v, = 0.49 (simulating near incompressibility) and Young’s modulus
was set to Ey = 1000s,. Load factors at each solution increment were found using a ‘phi-c
reduction approach’ (see Plaxis, 2016). This approach considers the load factor as the ratio of

the soil strength to the computed minimum soil strength required for equilibrium,

F—_ v (6.4)

Su, equilibrium

FELA analyses were undertaken for polygonal pile discretisations N = 12 and 24. For
analyses where N = 12, the initial mesh comprised ~15 000 elements and three iterations of
automated adaptive mesh refinement were performed (to ~30 000, ~45 000, and ~65 000
elements). For analyses where N = 24, the initial mesh comprised ~25 000 elements, and
again three iterations of mesh refinement were performed. Load factors obtained for
foundations on flat ground using both pile discretisations are shown in Table 6.7. There is no
significant difference between the capacities when N = 12 and 24. The large bracketing error
(~10%) for both pile discretisations, even for analyses with a large number of elements
(65 000), highlights the complexity of the problem.

Similar to the caisson design case study in Section 5.6, the load factor obtained using a
coarse mesh is found to give a good estimate of the load factor when a more refined mesh is
analysed (1.53 and 1.56 for coarse and fine meshes respectively when N = 12, Table 6.7).
However, the analysis time for a coarse mesh was under 2 minutes, while analysis of a fine
mesh (65 000 elements) took just under 40 minutes (LB and UB analyses solved in series on
a 3.1 GHz machine with 32 GB RAM). Load factors found at each FELA mesh refinement
iteration (when N = 12) and FEA load factors are shown to compare favourably in
Figure 6.21. The rigid—plastic FELA load factors are independent of the foundation
displacement, in contrast to FEA load factors, which are shown in Figure 6.21 at incremental
foundation displacements. Failure appears to onset when the FEA load factor ~ 1.4.

3D FELA was subsequently used to quantify the reduction in capacity caused by an
inclined seabed, for a foundation with a pile discretisation N = 12. Suitably adjusted loading

was applied to model the sloping seabed, as outlined in Table 6.6. After three iterations of
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Table 6.7: Load factors and bracketing errors for flat ground (£ = 0)

N=12 N =24
Elements LB UB Average % Error Elements LB UB Average % Error
10000 1.22 1.84 1.53 20.1 25000 1.26 1.89 1.57 20.1
30000 1.32 1.76 1.54 14.1 30000 1.34 1.80 1.57 14.8
45000 1.37 1.74 1.55 11.7 45000 1.39 1.76 1.57 11.7
65000 139 1.71 1.56 10.4 65000 142 1.73 1.58 10.1
2 -
18+
L S ———— A
141 PR
B 12+ 1
S 1
s 1r
s I
=08 1
1 = = = 3D FEA (Subsea 7, personal communication, 2015)
061 3D FELA average iteration 1
N - 3D FELA average iteration 2
041! — — — 3D FELA average iteration 3
J' —— 3D FELA average iteration 4
0.2 | 3D FELA bound difference iteration 4
0 1 1 1
0 0.5 1 1.5 2

Displacement [m]

Figure 6.21: Capacity on flat ground found (§ = 0) using FELA (N = 12) and FEA
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Figure 6.22: Case study failure mechanism: (a) flat ground (§ = 0; (b) inclined ground (§ =
59)

adaptive mesh refinement, a load factor of 1.39 (+11%) was found. This shows ~10%
capacity reduction due to the sloping seabed. Failure mechanisms for the foundation on flat
ground and on sloping ground are shown in Figure 6.22. On flat ground, the mechanism is
largely dominated by the vertical load, although the mudmat also pivots slightly about a point
towards its back left corner. On sloping ground, the mechanism becomes more one-sided,
and the effect of a near doubling of the force tangential to the seabed is clearly visible (for F;
loads see Table 6.6 and Equation 6.3). Parallels can be drawn between the mechanisms in
Figure 6.22 and those for a planar mudmat on inclined ground under vertical loading
(Figure 4.12); in both cases a more one sided mechanism becomes dominant on inclined

ground and signals a significant reduction in capacity.

6.8 Summary

It has been shown that for a rough circular pile section under combined horizontal and torsional
loading, a rather coarse (N = 12) polygonal discretisation of the pile is sufficient to capture
the failure envelope accurately. Under pure torsion a rough square pile has the same capacity
as a circular pile that it inscribes. A polygonal approximation of a smooth pile requires many

more facets in order to accurately capture behaviour under torsional loading.
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The capacities of hybrid mudmat—pile foundations under uniaxial vertical, horizontal,
moment, and torsional loads have been studied using 3D FELA (UB only). The capacities
contributed by the constituent components of hybrid foundations (mudmat base, mudmat
sides, pile base, and pile sides) under uniaxial loads have been determined. The effects of
pile length, pile diameter, and pile head fixity have been quantified by means of parametric
studies. For each load case considered, a change in pile length had a much more significant
effect on foundation capacity when compared with a similar relative change in pile diameter.

Hybrid foundations with fully pinned piles and horizontally pinned piles have equal
capacities when subjected to horizontal or torsional loading. For a foundation with pinned
piles the capacity contributed by the mudmat does not change as the pile length increases,
and the soil failure mechanism shows little interaction between the mudmat and the piles.
Irrespective of global horizontal or torsional loading, the pile failure mechanism is that of a
pile loaded horizontally at the mudline. The analytical approach adopted by Dimmock et al.
(2013), which ignores the capacity contributed by the mudmat, was shown to work
reasonably well for foundations in normally consolidated soil. In uniform soil, it was shown
that a more accurate capacity estimate can be obtained by including an analytical
approximation of the mudmat contribution to the hybrid foundation capacity. The behaviour
of a hybrid foundation with fixed piles is more complex. When loaded horizontally, this type
of foundation may roll or pitch at failure. Whether the foundation slides or rotates is
dependent on the relative length (H /B) of the piles.

Under moment loading, the addition of horizontally pinned piles to a mudmat does not
increase its capacity. A foundation in uniform soil with fully pinned piles shows a linear
increase in moment capacity as pile length increases. As for a foundation under horizontal
or torsional loading, there is little interaction between the soil failure mechanism induced
by the mudmat and the piles. The mudmat scoops a segment of soil, while the piles bear
vertically downwards or upwards. The overall moment capacity with fully pinned piles can
be estimated by combining the mudmat moment capacity with vertical pile capacities (due to

both interface shearing at the pile wall/soil interface and end bearing) acting at a lever arm
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from the load reference point. The failure mechanism under moment loading is more complex
for a foundation with fixed piles, and the superposition of easily calculated mudmat and pile
capacities is less appropriate, particularly when the foundation is loaded about its weaker axis.

Under vertical loading, the capacities of hybrid foundations with fully pinned and fixed
piles are equal under vertical loading, for all pile lengths. In uniform soil the capacity is
predominantly contributed by the mudmat, and increasing pile length results in a relatively
small increase in capacity. In normally consolidated soil, mudmat capacity can be improved
substantially through the addition of fully pinned or fixed piles.The vertical capacity of a
hybrid foundation with fixed piles or fully pinned piles can be estimated by summing suitable
approximations of the mudmat and pile bearing capacities.

This chapter concluded with a complex design case which considered a hybrid foundation
under six degree-of-freedom loading on flat and inclined ground. On flat ground, the average
capacity obtained using 3D FELA corresponded well with the capacity obtained using FEA.
However, the complexity of the problem was highlighted by a large bracketing error (+10%),
even for analysis of a mesh containing 65 000 elements. It was shown that the load factor
obtained using a coarse mesh gave a good estimate of that found when a more refined mesh
was analysed, but with a substantially shorter analysis time. A sloping seabed caused a 10%

reduction in capacity, and induced additional rotation of the foundation at failure.
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Conclusions

This thesis has investigated the ultimate capacity of several types of foundation founded on
offshore clay under various loading conditions. The primary analysis tool has been the
relatively novel 3D finite element limit analysis (FELA) software, OxLim. OxLim has been
benchmarked against analytical solutions, proving itself as an accurate analysis tool. Insight
into capacities of a range of offshore foundations has been provided through a series of
parametric studies. Failure mechanisms have been interpreted to assist understanding of
foundation behaviour. Case studies have demonstrated that 3D FELA with adaptive mesh
refinement can be usefully applied to realistic foundation designs. The following sections list

the key findings from each study undertaken. Areas for future research are also highlighted.

7.1 Main findings
7.1.1 Finite element limit analysis

e 3D FELA with adaptive mesh refinement has been shown to be a viable alternative to

conventional FEA for a range of offshore design problems.

e The method has been used to find rigorous lower and upper bound capacities of
shallow foundations, caisson foundations, and hybrid mudmat—pile foundations, in
undrained clay. The method is capable of modelling large-scale problems with mesh
discretisations that exceed 60 000 elements. Six degree-of-freedom limit load analyses
have been undertaken for complex foundation geometries, in soil with various strength

profiles (homogeneous, heterogeneous, stepped), with attention also given to modelling
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foundation/soil interface properties.

e A key advantage of combining LB and UB FELA is that a quantifiable error measure
is associated with the solution. In some instances, the error found when using a coarse
mesh was sufficiently small that mesh refinement was not needed. Design case studies
have highlighted that a quick initial capacity estimate can be found using a coarse mesh,
as this capacity is usually very similar to that found after several iterations of mesh

refinement.

7.1.2 Shallow rectangular foundations

7.1.2.1 Foundations on sloping ground

e The vertical capacity of a mudmat on sloping ground can be significantly less than that
of an equivalent footing on flat ground. Foundation embedment can offset this reduction,
while also providing improved horizontal capacity. Analysis of a recent mudmat design
showed that a seabed slope of only 5° caused an 18% reduction in vertical capacity —

this is enough to warrant consideration in design.
7.1.2.2 Rectangular mudmats

e The gradual reduction in capacity with increasing lateral eccentricity of a horizontal
force was quantified. Under combined horizontal and torsional loading, failure
mechanisms were shown to change from pure translation to combined translation and
twisting, depending on the level of embedment. The reduction in capacity due to
eccentric loading can be reduced by embedding a mudmat, particularly when the

horizontal force is aligned with the longer side of the mudmat.

e There is no reduction in capacity due to a horizontal force applied at a height above the
mudmat until a critical height is reached, whereupon the capacity reduces rapidly. The
critical height is lower when the horizontal force is aligned parallel to the shorter side
of the mudmat. The failure mechanisms presented show a change from pure translation

to combined translation and rotation once the critical height has been reached.
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e A vertical dead load up to half of the ultimate vertical capacity can be applied to the
mudmat with minimal effect on the live load capacity for horizontal loading in

conjunction with practically feasible levels of torsional and moment loading.
7.1.2.3 Perforated footings

e For embedded foundations, the Tapper et al. (2015) design formula is conservative for
foundations with large perforation ratios, particularly in soil with high strength
heterogeneity. A modification to this design formula has been proposed which provides

better estimates of bearing capacity factors found using 3D FELA.

7.1.3 Suction caissons

e A horizontally loaded suction caisson has an optimal load attachment point that is
independent of the length to diameter aspect ratio over the range considered here
(L/D = 1-06). The optimal location (to the nearest 0.1L) is 0.6L from the mudline for
caissons in uniform soil and 0.7L from the mudline for caissons in normally
consolidated soil. The optimal load point location varies with the load angle. For a
given load angle, the optimal location is largely independent of aspect ratio for

caissons with L/D =2 -6.

e Capacity was significantly reduced (by up to 40%) when contact breaking was permitted
at the wall/soil interface. The reduction in capacity can be attributed to gapping at the
wall/soil interface, and is dependent on the weight-to-strength ratio of the soil, with

gapping more likely to occur in a relatively light soil.

e Failure mechanisms obtained using a plane strain analysis are often not representative
of 3D failure mechanisms, as lateral soil flow around the caisson is often a prominent
mechanistic feature. However, as the load inclination from the horizontal increases, the

effectiveness of a plane stain analysis increases.
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7.1.4 Hybrid mudmat-pile foundations

e The addition of corner piles to a mudmat can lead to a significant increase in capacity

when compared with the mat alone.

e When subjected to horizontal or torsional loading, hybrid foundations with fully
pinned piles and horizontally pinned piles have equal capacities. An analytical
approach adopted by Dimmock et al. (2013) provides an accurate estimate of capacity
for foundations with pinned piles in normally consolidated soil, but is somewhat
conservative in uniform soil. For this case the inclusion of an analytical approximation
of the mudmat’s contribution to the hybrid foundation capacity improves the accuracy

of the analytical approach.

e Under moment loading, piles must be restrained against vertical movement (relative to
the mudmat) to contribute to the total foundation capacity. A foundation with fully
pinned piles gives rise to soil failure mechanisms induced by the mudmat and the piles
that are essentially decoupled, and the moment capacity can be estimated by summing

capacities attributed to these independent failure mechanisms.

e Vertical capacities of hybrid foundations with fixed piles and fully pinned piles are
equal. Fixed or fully pinned pile foundations have a capacity in uniform soil that is
predominantly contributed by the mudmat, and a simple analysis method that neglects
pile capacity (from Dimmock et al. (2013)) is appropriate. In normally consolidated
soil the total vertical capacity is better approximated by including both the mudmat and

pile capacities.

7.2 Areas for future research

The FELA code used in this thesis is under active development. Connectivity between rigid
bodies (used in Chapter 6) is a recently added feature that shows much potential. This feature

could be used to model pile (or caisson) foundations modelled as a series of rigidly connected
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pile segments. Capacity contributions could be found for each pile segment, which could
facilitate the production of ‘p—y’ style curves.

This thesis considered foundations on undrained clay (acting as a purely cohesive
material). Further research is needed for foundations in sand, or sand/clay layered soil.

FELA is a relatively simple plastic technique that is limited by a number of assumptions.
A useful extension of this research could consider effects that cannot be handled using limit
analysis, for example, cyclic loading, rate effects, and installation effects. This would require
the use of displacement FEA rather than FELA.

Specific extensions to studies undertaken in this thesis are subsequently listed.

7.2.1 Analysis of mudmats

e The main study of planar mudmat capacity on inclined ground considered soil with
uniform strength. Analysis of foundations with a range of embedment depths, in soil
with strength that varies with depth, would provide further insight. This research could

also be extended to consider 3D rectangular mudmat capacity on inclined ground.

e Capacity analysis of rectangular mudmats with a length to breadth aspect ratio of 2
could be extended to include mudmats with a range of aspect ratios. Also, the effect of
soil strength heterogeneity on mudmat capacity under combined horizontal, torsional,

moment, and vertical loading needs further consideration.

e Perforated mudmats were only considered under vertical loading. Examination of

embedded foundations with large perforations under combined loading is needed.

7.2.2 Analysis of caissons

e The methodology used for the analysis of suction caissons could be extended to consider
caissons used as foundations for offshore wind turbines, where horizontal loading is

applied above the mudline.

e This research considered load angles from horizontal to 45° above horizontal. A further

study should be undertaken that considers load angles greater than 45°.
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e The results have highlighted that a caisson with a length to diameter aspect ratio equal
to 1 behaves somewhat differently to caissons with aspect rations greater than 2. A more
detailed analysis of caissons with embedment aspect ratios ranging from L/D = 0.5-2

might provide interesting results.

7.2.3 Analysis of hybrid mudmat—pile foundations

e An obvious extension of the current research is a systematic study that considers
hybrid foundations under combined loading. This could be achieved by following the
methodology adopted for a rectangular mudmat under combined loading, as set out in

Section 4.3.2.

e Hybrid foundations may have slender piles, which should not be considered as fully
rigid. An extension of the current research which uses an FEA technique capable of

modelling elastic piles would be useful.

e Achieving a fully fixed pile head connection is unlikely to be achievable in practice.
Field data, or laboratory testing, of hybrid foundation pile heads would provide

necessary information on realistically achievable pile head fixity conditions.

7.3 Final comments

While 3D FELA is not a new analysis method, previous implementations were restricted to
simple cases where multiple planes of symmetry could be exploited, and these analyses
generally contained less than 6 000 elements (e.g. Martin and Makrodimopoulos, 2008;
Krabbenhgft et al., 2008)). What this thesis has shown is that 3D FELA is now capable of
handling real design problems that may not contain symmetric planes, and that these
problems can be analysed using over 60 000 elements, if needed.

This development is partly due to the advancement of optimisation software. Commercial
software (e.g. MOSEK (2014)) is now proficient at handling large SOCP problems, and further

improvements in the speed and robustness of optimisation algorithms are likely.
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Adaptive mesh refinement over successive solution iterations has led to efficient tightening
of FELA bounds. Analysis of an initial coarse mesh has also, somewhat unexpectedly, proven
to be extremely advantageous. It allows for a quick capacity approximation to be ascertained,
and this quick approximation has been found to give a good estimate of the capacity obtained
when a more refined mesh is analysed. For determining if 3D FELA will emerge as a design
tool, this is a key finding. What has been presented in this thesis is a quick analysis method
which can be used to inform a design at an early stage, and the results can subsequently be
confirmed by (adaptive) mesh refinement.

FELA also has much academic merit, in that the method produces rigorously bounded
capacities. The bounded capacities in this thesis can be used as benchmarks for future FELA
and FEA studies. Also, the overall approach of 3D FELA with adaptive mesh refinement has
been shown to produce sufficiently tight bounds for use in design practice, and this approach
is ready to be used for the analysis of a wide range of foundations, under manifold loading

conditions.
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Appendix A
UINTER user subroutine

This appendix gives further details of, and provides the source code for, the UINTER
subroutine described in Section 3.3.1. The subroutine was used as part of analysis undertaken
in Abaqus/Standard 6.14—1 (Dassault Systemes Simulia Corp., 2014); it defines the
constitutive behaviour at a foundation/soil interface. The subroutine was called by Abaqus at
each contact pair in each iteration of the solution. It specifically models available shear
strength (as,) and allows for tension breaking (7 = 0) at a foundation/soil interface. It is
called in the Abaqus input file under *SURFACE INTERACTION and requires four inputs

from the user;

the soil normal stiffness, &,

the soil shear stiffness, ks,

the interface shear strength, o sy, and

a ‘switch’, 7, identifying if T =0 or T = oo.

In all analyses undertaken, k, and ks were set to 1000s,, as this was the stiffness of the soil
domain. The interface shear strength, o sy, can be set to any value, values of 0 < o < 1 were
used in analyses in this thesis. If the tension capacity switch is set equal to zero (t = 0) then
a zero tension interface is modelled. An input = 1 specifies that the interface mimics an
interface modelled in OxLim. In this case, ‘phantom’ shear stresses can still exist in the soil

after a gap has formed at the foundation/soil interface (see Section 3.2.3). Any other ¢ input
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models a full tension interface. Inputs are required from Abaqus at each increment of the

solution, namely;

e a vector containing the relative positions of each constraint point on the soil with respect
to the closest point on the foundation, R ([2 x 1] in a plane strain analysis, [3 X 1] in a

3D analysis), and

e a vector containing the incremental relative displacement between the two points, r

([2 x 1] in a plane strain analysis, [3 x 1] in a 3D analysis).
The subroutine supplies Abaqus with;

e the stress vector, @, ([2 X 1] in a plane strain analysis, [3 x 1] in a 3D analysis).

e the interface stiffness matrix, K, ([2 X 2] in a plane strain analysis, [3 X 3] in a 3D

analysis).

To determine 6 and K, the following steps are undertaken by the subroutine in a plane strain

analysis:
1. K and o are initialised to zeros.

2. The normal stress is calculated and the stiffness matrix is updated:

01 = Rikn (A.1)
K11 = kn (A.2)

3. A trial shear stress is calculated:
Tirial = T0 + ks72 (A.3)

where 7y is the shear stress at the end of the previous increment.

4. If 744 < sy, the interface responds elastically and the stress vector and stiffness matrix
are updated:

02 = Tirial (A.4)
Koy = kg (A.5)

224



Appendix A. UINTER user subroutine

OR

If Tyia > o sy, the maximum shear stress has been exceeded by the trial stress and the

interface is behaving plastically. The stress vector and stiffness matrix are updated:

Or = O sy (A.6)

K» =0 (A.7)

5. The zero tension switch, #, is inspected. If r = 0, full contact breaking is enforced. If

o1 < 0, the stress vector and stiffness matrix are updated:

o=0 (A.8)
K=0 (A9)
OR

If t = 1, contact breaking which mimics OxLim is enforced. If o7 < 0 the stress vector
and stiffness matrix are updated:

o1=0 (A.10)
Ki1=0 (A.11)
The same methodology is undertaken for a 3D analysis, but in a 3D analysis the shear
stresses along two planes are resolved. The FORTRAN code for the UINTER subroutine for
a 3D analysis is as follows:
'DEC$ FREEFORM
module mymod
implicit none
! real constants

real (8), parameter :: zero = 0.0_8
real (8), parameter :: inc = 1.E-7_8
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contains

subroutine main(props ,rdisp ,drdisp ,lopenclose ,tau0x ,tauly, &
statev ,ddsddr , stress , tautrialx , tautrialy ,dplasOx ,dplasOy, &
taulimx ,dplasx , dplasy ,taulimy, tautrial ,taulim, &
tautrialxp , tautrialp , taulimxp ,taulimyp , tautrialyp)

real (8) :: tautrialx

real (8) :: tautrialy

real (8) :: tautrial

real (8) :: tauOx

real (8) :: tauOy

real (8) :: dplasOx

real (8) :: dplasOy

real (8) :: dplasx

real (8) :: dplasy

real (8) :: taulimx

real (8) :: taulimy

real (8) :: taulim

real (8) :: tautrialxp

real (8) :: tautrialp

real (8) :: taulimxp

real (8) :: taulimyp

real (8) :: tautrialyp

integer :: 1

integer :: ]

real (8), intent(inout) :: statev (:)

real (8), intent(in) :: props(:)

real (8), intent(in) :: rdisp (:)

real (8), intent(in) :: drdisp (:)

integer , intent(out) :: lopenclose

real (8), intent(out) :: ddsddr(3,3)

real (8), intent(out) :: stress (:)
lopenclose = 1

! state variables saved between increments
tau0x = statev (1)

dplasOx = statev (2)

tauQy = statev (3)

dplasOy = statev (4)
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stress (i) = zero
do j =1 ,3
ddsddr (i, j)=zero
end do
end do

! normal direction
ddsddr (1,1)=props (1)
stress (1) = props(1l) *x rdisp (1)

! trial stress

tautrialx = tauOx + (props(2)xdrdisp(2))
tautrialy = tauOy + (props(2)xdrdisp(3))
tautrial = sqrt((tautrialx *x2) + (tautrialy xx2))

taulimx = props(3)*tautrialx/tautrial
taulimy = props(3)*tautrialy/tautrial

taulim = props(3)

! shear direction

if (tautrial <= taulim) then ! elastic contact
stress (2) = tautrialx
statev (1) = tautrialx

statev (2) = dplasOx

stress (3) = tautrialy
statev (3) = tautrialy
statev (4) = dplasOy

ddsddr(2,2)= props(2)
ddsddr (3,3)= props(2)

else ! plastic contact
stress (2) = taulimx
statev (1) = taulimx

dplasx = dplasOx + drdisp(2)
statev (2) = dplasx

stress (3) taulimy
statev (3) taulimy
dplasy = dplasOy + drdisp(3)
statev (4) = dplasy

tautrialxp = taulimx + inc
tautrialp = sqrt((tautrialxp*%2) + (taulimyxx2))
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props(3)*tautrialxp/tautrialp
props(3)*taulimy/tautrialp

taulimxp
taulimyp

ddsddr(2,2)
ddsddr(3,2)

(taulimxp — taulimx)/incxprops(2)
(taulimyp — taulimy )/inc*xprops(2)

tautrialyp = taulimy + inc

tautrialp = sqrt((taulimx**2) + (tautrialyp *x2))
taulimyp = props(3)xtautrialyp/tautrialp
taulimxp = props(3)xtaulimx/tautrialp

ddsddr (2,3)
ddsddr (3,3)

(taulimxp — taulimx )/incxprops(2)
(taulimyp — taulimy )/inc*xprops(2)

end if

if (props(4) == 0) then ! T =0
if (stress (1) < zero) then
do i =1, 3
stress (i) = zero
do j =1 ,3
ddsddr(i,j)=zero
end do
end do
end if

else if (props(4) == 1) then
!' T = 0, shear stress neq O
if (stress (1) < zero) then
ddsddr(1,1)=zero
stress (1)=zero
end if
end if

end subroutine main
end module mymod
! interface with Abaqus

subroutine UINTER(STRESS ,DDSDDR, DVISCOUS,DSTRUCTURAL, &
FLUX, DDFDDT, DDSDDT, DDFDDR, STATEV, SED, SFD,SPD, &
SVD, SCD,PNEWDT, RDISP , DRDISP, &
TEMP,DTEMP, PREDEF, DPRED, TIME , DTIME , FREQR, &
CINAME, SLNAME ,MSNAME, &
PROPS ,COORDS, ALOCALDIR, DROT, AREA ,CHRLNGTH,NODE, &
NDIR ,NSTATV,NPRED, NPROPS ,MCRD, KSTEP, KINC, KIT, &
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LINPER ,LOPENCLOSE, LSTATE, LSDI, LPRINT)
use mymod, only: zero, inc, main
include ’aba_param.inc’

dimension STRESS(NDIR) ,DDSDDR(NDIR,NDIR) ,FLUX(2), &
DDFDDT(2 ,2) ,DDSDDT(NDIR, 2) ,DDFDDR(2 ,NDIR) , &
STATEV (NSTATV) , RDISP (NDIR ) ,DRDISP(NDIR) , &
TEMP(2) ,DTEMP(2) ,PREDEF (2 ,NPRED) ,DPRED(2 ,NPRED) , &
TIME (2) , PROPS (NPROPS ) , COORDS (MCRD) , ALOCALDIR (3 ,3), &
DROT(2 ,2) ,DVISCOUS (NDIR, NDIR ) , DSTRUCTURAL (NDIR , NDIR )

call main(props,rdisp ,drdisp ,lopenclose tauOx, &

tauOy , statev ,ddsddr , stress , tautrialx , tautrialy , &
dplasOx ,dplasOy , taulimx ,dplasx ,dplasy , taulimy , &
tautrial ,taulim , tautrialxp , tautrialp ,taulimxp, &
taulimyp , tautrialyp)

end subroutine uinter
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