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ABSTRACT

A site specific assessment is required prior to deployment of a jack-up rig at each new
location to ensure the platform’s ability to withstand the design load conditions on site.
During preloading in soft clays, the spudcan foundations penetrate deeply. Soil backflow
around the spudcan occurs, sealing the cavity. While it is generally believed that backflow
provides benefit in terms of increased stiffness and bearing capacity under combined
loading, no comprehensive guidance is available to date. This may result in undue rejection
of rigs. The importance is therefore clear in removal of excessive conservatism through
thorough understanding of the foundation performance where backflow occurs. If the
additional capacity can be accurately defined and confidently relied on, jack-ups should no
longer be rejected for sites they can safely work on. In this thesis, the behaviour of buried
spudcans in soft clay soils under combined vertical (V), horizontal (H) and moment (M)
loading is investigated in detail. On the basis of the accumulated evidence, a force resultant
model is developed for predicting the load-displacement response of spudcans in soft clays.
A complementary numerical and experimental research approach has been adopted to
develop the force resultant model. The elastic stiffness of the spudcan under VHM loading
is studied by finite element analyses, taking account of the influence of increasing shear
modulus with depth, backflow and embedment depth. The bearing capacity surface of the
spudcan in the VHM load space is first estimated numerically, assuming “wished in place”
foundations with complete backflow. Centrifuge experiments are then performed to
evaluate the VHM bearing capacity surface with realistic simulation of the large
deformation installation process. As expected, the bearing capacity surface that is indicated
by the experimental results is smaller than that predicted by the wished in place numerical
analyses. However, considerably larger bearing capacity than previous results in stiff clay
without backflow is confirmed. Further numerical analyses are performed with explicit
consideration of the spudcan installation effects on the VHM bearing capacity surface.
These also expand the database to include a wider range of soil sensitivities and
embedment depths. The plastic displacement flow rule is evaluated from dedicated
centrifuge experiments. These model components (elastic stiffness, VHM yield surface and
plastic flow rule) are combined with an existing method for predicting the load-penetration
response (hardening law) of spudcans in soft clay to propose a plasticity model that
describes the soil-foundation interaction in terms of force resultants and corresponding
displacements.
i

The force resultant model is implemented numerically in FORTRAN and can readily be
incorporated in a general structural finite element program, which allows integrated soilstructure analyses to be performed. Such integrated analyses of plane frame jack-up
structures under quasi static push-over load are performed. Backflow is shown to result in
significantly higher push-over capacity as well as a stiffer system response of the jack-up.
The proposed model has significant implications for jack-up site specific assessment in soft
clay.
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NOTATIONS

Symbols used in this thesis
A

vertical bearing area of the footing

Ah

projected horizontal area of the spudcan

Aleg

equivalent cross-section area of the jack-up leg

Ahull

equivalent cross-section area of the jack-up hull

b

depth of backflow

c1, c2, c3

shape parameters of the VHM bearing capacity surface

cv

coefficient of consolidation

D

diameter of the footing

E

elastic modulus

e, e1, e2

eccentricity parameters of the VHM bearing capacity (yield) surface

Fb

buoyancy force

f

VHM bearing capacity (yield) surface

fV, fH, fM, fC

stiffness enhancement functions due to backflow

G

shear modulus of soil

Gsteel

shear modulus of steel

g

plastic potential surface

H

horizontal load on the footing

Hc

critical cavity depth

Henv

applied environmental load

Hmax

maximum horizontal capacity (when rotation of d.o.f. is constrained)

Hult

ultimate uniaxial horizontal capacity

h0

peak ratio of H/V0 in the VH (M = 0) plane

Ileg

second moment of area of the jack-up leg

Ihull

second moment of area of the jack-up hull

Ir

rigidity index

Ke

elastic stiffness matrix

Kep

elasto-plastic stiffness matrix

KV, KH, KM, KC dimensionless elastic stiffness coefficients
k

undrained shear strength gradient with depth

L1

distance from the fixed end to the top bending strain gauge

L2

distance between top and bottom bending strain gauges

L3

distance from the bottom bending strain gauge to the top of the spudcan
iv

L4

distance from the top of the spudcan to the LRP position

LRP

load reference point of the footing

M

moment load on the footing

MB

measured moment at bottom bending strain gauge location

MLRP

extrapolated moment at the footing’s LRP location

Mmax

maximum moment capacity (when the horizontal d.o.f. is constrained)

MT

measured moment at top bending strain gauge location

Mult

ultimate uniaxial moment capacity

m0

peak ratio of M/DV0 in the VM (H = 0) plane

Nc

vertical bearing capacity factor

Ncd

deep vertical bearing capacity factor

Ncd_ideal

deep vertical bearing capacity factor in an ideally non-strain softening soil

NcH

horizontal bearing capacity factor

NcM

moment bearing capacity factor

NcV

vertical bearing capacity factor (Chapter 3 and Chapter 4)

Ncs

shallow vertical bearing capacity factor

Ncs_ideal

shallow vertical bearing capacity factor in an ideally non-strain softening soil

NT-bar

bearing capacity factor for the miniature T-bar penetrometer

Q

generalised non-vertical force

qp

plastic non-vertical displacement conjugate to Q

R

radius of the footing

Rv

reduction factor for vertical capacity due to soil sensitivity

St

sensitivity of the soil

su

undrained shear strength of the soil

sui

initial intact undrained shear strength of the soil

sum

undrained shear strength at the seabed surface

su0

undrained shear strength at the depth of the footing’s LRP

T

thickness of the footing

u

horizontal footing displacement

ue

elastic horizontal footing displacement

up

plastic horizontal footing displacement

̇

horizontal displacement velocity

V

vertical load on the footing

Vol

volume of soil displaced by the spudcan

VolB

volume of soil displaced by the embedded part of the spudcan

VolT

total volume of the spudcan
v

V0

peak vertical compressive capacity at current plastic embedment

V0′

dummy peak vertical compressive capacity for the plastic potential surface

VT

peak vertical tensile capacity

Vtotal_C

vertical capacity available to the footing to resist compressive external load

Vtotal_T

vertical capacity available to the footing to resist tensile external load

Vult

ultimate uniaxial vertical capacity

v

normalised vertical load level

w

vertical footing displacement

we

elastic vertical footing displacement

wp

plastic vertical footing displacement

̇

vertical penetration velocity

z

soil depth

αh

power of the H term in the VHM surface equation (Chapter 3)

αm

power of the M term in the VHM surface equation (Chapter 3)

αh, αm, αv

non-association parameters (Chapter 6 and Chapter 8)

β1, β2

shape parameters for the yield surface

β3, β4

shape parameters for the plastic potential surface

βV, βH, βM, βC

parameters for stiffness enhancement functions

χ

ratio of peak tensile capacity to peak compressive capacity

δrem

the inverse of soil sensitivity

ε

spudcan displacement vector (w, u, θ)T

γ′

effective unit weight of the soil

ν

Poisson’s ratio

σ

spudcan load vector (V, H, M)T

σv0′

effective vertical consolidation pressure

θ

rotation of the footing

θe

elastic rotation of the footing

θp

plastic rotation of the footing

̇

rotational velocity

ξ

accumulated shear strain

ξ95

cumulative shear strain required for 95% remoulding

ξb

average cumulative shear strain experienced by the soil as it traverses the
flow mechanism around the spudcan
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CHAPTER 1 : INTRODUCTION

1.1 OFFSHORE MOBILE JACK-UP PLATFORM
Mobile jack-up platforms are popular drilling rigs that are extensively used in the offshore
oil and gas industry. A modern jack-up platform typically consists of a floatable platform
(hull) and three independent truss-work legs (Figure 1.1). Each leg is equipped with a
circular saucer shaped foundation known as a spudcan (Figure 1.2). During operation, the
spudcan footings are embedded in the seabed, supporting the superstructure.

Figure 1.1. Image of a modern jack-up (source Rigzone.com)
A jack-up platform is deployed multiple times throughout its life. Figure 1.3 illustrates a
complete cycle of a deployment at one site. The platform is towed to the target site with
the legs retracted. The spudcans are then lowered and jacked into the seabed while the hull
is elevated out of the water through a rack and pinion system. The platform is further
preloaded to typically twice the self weight of the structure by pumping seawater into the
hull. The spudcans are further penetrated into the soil until the resistance provided by the
soil is equal to the applied load. Once installation is completed, the ballast is dumped and
the jack-up operates under its self weight. This creates a safety margin for the spudcan to
resist operational and environmental loading (wind, wave and current). A jack-up normally
operate at a site for a few weeks to a few months. After the work is completed, the jack-up
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is extracted from the site by lowering the hull into water, thus creating a buoyant force. The
jack-up is then towed to the next location.

lattice leg
spudcan
footing
(a)

(b)
Figure 1.2. (a) A spudcan footing with the jack-up leg on the barge; (b) Example
geometries of spudcan footings (after Teh 2007)
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Figure 1.3. Operation of a jack-up rig (after Kong 2012)
1.2 SITE SPECIFIC ASSESSMENT
In the offshore environment, a jack-up platform is subjected to significant environmental
loading along with its self weight. This transfers combinations of vertical (V), horizontal
(H) and moment (M) loading to the spudcan footings (see Figure 1.4 for sign conventions
for positive loads and conjugate displacements). Before every installation at a new location,
a site specific assessment must demonstrate its stability in large storms (SNAME 2008; ISO
2012). This requires understanding of the bearing capacity of each spudcan under
combined VHM loading, as well as their interaction with the jack-up structure.

Figure 1.4. A spudcan under combined VHM loads and associated displacements
1.3 MODELLING OF SPUDCAN FOUNDATIONS
Traditionally, the spudcan footings were simply treated as pin joints or a set of springs in
the jack-up structural analysis, with foundation ‘failure’ under the storm evaluated
separately using capacity surfaces written in terms of the VHM loads on the spudcan (see
SNAME 2008, ISO 2012 for example). A significant improvement has been the
development of force resultant foundation models based on plasticity theory (Schotman
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1989; Nova and Montrasio 1991; Dean et al. 1997; Gottardi et al. 1999; Martin and
Houlsby 2001; Cassidy et al. 2002a; Houlsby and Cassidy 2002; Bienen et al. 2006).
The majority of force resultant models have been based on single surface displacementhardening plasticity theory. These have four components:
i)

a yield surface written directly in VHM load space;

ii)

a hardening law that establishes the yield surface size as a function of the
plastic vertical footing displacement (wp);

iii)

an elastic matrix for describing any increment of load within the yield
surface; and

iv)

a flow rule to describe the elasto-plastic displacements during incremental
expansion and contraction of the yield surface.

Figure 1.5 schematically illustrates the yield surface and its expansion according to the
vertical displacement hardening law.

VV0
Vertical plastic
displacement (wp)
Expansion
of surface

H
M/2R
M/D

Vertical load
penetration
curve

Yield surface

Yieldsurface
surf aceinin
Yield
inM/D)
(V, M/2R, H)
(V,
H,
(V,M/2R,H) load
load
load
space
load spacespace
space

V

Figure 1.5. Illustration of a theoretical vertical hardening law (after Cassidy et al. 2002b)
Foundations described by force resultant models can be readily incorporated into finite
element structural analysis program as ‘macro elements’ as they are directly written in terms
of force resultants and displacements about the footing’s load reference point (LRP, Figure
1.4). This avoids any complex discretization of the soil. Such integrated soil-structure
analyses can be found, amongst others, in Thompson (1996), Williams et al.(1998), Martin
1-4

Centre for Offshore Foundation Systems

Chapter 1

The University of Western Australia

and Houlsby (1999), Houlsby and Cassidy (2002b), Cassidy et al. (2001; 2002b), Bienen and
Cassidy (2006, 2009) and Vlahos et al. (2011).
1.4 REQUIREMENT OF RESEARCH
Figure 1.6 illustrates two idealised scenarios after spudcan installation in clay. Figure 1.6a
shows a situation that occurs in stiff clay where an open cavity is formed above the
spudcan governed by a general shear mechanism. Figure 1.6b, on the other hand, illustrates
complete backflow due to a continuous flow-around mechanism. The latter occurs in
normally consolidated or lightly over-consolidated clay, which is widely encountered, such
as in Gulf of Mexico and offshore West Africa. In those soft clayey seabeds, the undrained
shear strength of the soil (su) usually increases linearly with depth, with a strength gradient
(k) typically in the range of 0.6 to 3.0 kPa/m and low strength (less than 15 kPa) at the
seabed surface (Tani and Craig 1995). Jack-up operation in these soft clays normally
requires deep penetration of the spudcan footings to provide sufficient resistance to the
preload. During the installation, soil backflow might occur immediately or beyond a critical
depth of penetration, which has been recently studied by Hossain et al. (2005) and Hossain
and Randolph (2009a). Their studies also show that along with the onset of backflow, there
is a gradual transition from the general shear mechanism to the continuous flow-around
mechanism.
(a)

(b)

Seabed

Seabed

Figure 1.6. Two idealised scenarios after spudcan installation in clay
The current state-of-the-art force resultant model for predicting spudcan load-displacement
behaviour in clay was developed by Martin and Houlsby (2000, 2001) and was based on a
series of 1 g laboratory tests in over-consolidated clay. Because of the soil strength profile
and low level of in situ stress in those tests, no significant backflow was present even at
relative large embedment up to 1.6 footing diameters. Therefore, the model’s yield surface
only accounts for the contribution from the underside of the spudcan and is most
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appropriate for the scenario shown by Figure 6a. However, in soft clays, the backflow soil,
though remoulded during the installation process, potentially provides additional bearing
capacity, especially for moment and horizontal loading. Furthermore, the backflow soil acts
as a ‘seal’ on top of the spudcan, allowing suction to be developed, as shown in the
centrifuge tests of Cassidy et al. (2004), Purwana et al. (2005) and Gaudin et al. (2011). This
may considerably change the foundation behaviour under combined loading at very low or
even tensile vertical load. Experimental push-over tests of a scaled model jack-up in clay
have shown that a spudcan can sustain significant horizontal and moment reactions under
tensile vertical load (Vlahos et al. 2008). Besides that, the backflow soil is likely to enhance
the foundation stiffness, importantly the rotational stiffness, which is beneficial for
reducing the stress level in critical parts of the jack-up structure, such as the leg-hull
connection, as illustrated in Santa Maria (1988). Confirming and quantifying these
perceived benefits has significant economic implications to the offshore industry. It is an
area where improvement on the site specific assessment practice can be made through
detailed research.
1.5 AIM OF RESEARCH
The aim of this research is therefore to identify and quantify the impact of backflow on the
behaviour of spudcans in soft clay. The ultimate goal is to develop a force resultant model
that is appropriate for predicting the load-displacement response of spudcans in soft clay.
Demonstrative push-over analyses with the proposed model will be performed to highlight
the application of the model for jack-up site specific assessment in soft clay.
Table 1.1 sets out the research strategy and its complementary use of the techniques of
small strain and large deformation finite element analysis as well as centrifuge
experimentation in achieving the overall aim of developing a force resultant model for
spudcans in soft clay.
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Hossain and Randolph
(2009a; 2009b)

—

Hardening law

Flow rule

—

Further validation of the
existing solution
Tests that expand the
theoretical yield surface
to be used to calibrate a
flow rule

Vertical bearing capacity
without modelling of
installation

—

Further validation of the
existing solution

Combined bearing
capacity with realistic
simulation of footing
installation process

First estimate of the
combined bearing
capacity in idealized
conditions: spudcan
‘wished in place’, intact
soil, complete soil
backflow

Parametric studies on soil
sensitivities and
embedment depths,
complement the
centrifuge database

—

Load-unload loops,
calibrate the shear
modulus G of the
Kaolin clay tested

Analyses to establish the
coefficients for the
embedded spudcan,
accounting for the
backflow and linear
increasing shear
modulus profile

LDFE analysis

Centrifuge testing

SSFE analysis

Research strategy

Chapter 1

×

×

Bell (1991)
Ngo-Tran (1996)
Doherty and Deeks (2003)

Martin and Houlsby
(2000, 2001)

partially

Existing solution

Yield surface

Elastic
behaviour

Adequate for
the new
model?

Table 1.1. Research strategy required for developing a force resultant model for spudcan footings in soft clay
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1.6 THESIS OUTLINE
The body of this thesis is presented as a collection of technical papers with each chapter
comprising a different journal paper. Each chapter begin with an introduction and review
of current practices and literature relevant to the particular topic. These introductory
sections do have some recurring material, reflecting the “Thesis by paper” format.
Conclusions relevant to each section, as submitted in the journal publication, are provided
in each chapter. Adding to this, however, are conclusions relevant to the entire thesis,
which are presented along with recommendations for future work in a final chapter
(Chapter 9). Chapter 2-8 form the thesis body and address the research aims as follows.
Chapter 2. Elastic stiffness coefficient of a spudcan under combined loading
Chapter 2 presents a comprehensive numerical study on the elastic stiffness
coefficients of a typical spudcan footing under combined VHM loading. The study
considers the impact of increasing soil strength with depth, different degrees of
backflow and embedment depths.
Chapter 3. The wished in place bearing capacity of deeply embedded circular foundations under combined
loading
Chapter 3 presents a numerical investigation of the combined bearing capacity of
circular flat footings in clay. The spudcan is wished in place, assuming undisturbed
soil profile. The foundations are embedded deeply to ensure localised soil failure
mechanisms under VHM loading. The focus of this chapter is to investigate the
impact of the thickness to diameter ratio on the bearing capacity of the footing.
Chapter 4. The wished in place bearing capacity of a spudcan under combined loading
Chapter 4 presents a numerical investigation of the combined bearing capacity of a
typical spudcan foundation in soft clay. The wished in place assumption is made.
The bearing capacity surface of the spudcan is calculated for a range of embedment
depths, from surface to very deep. The purpose of this study is to provide an upper
bound estimation of the capacity surface of a spudcan in soft clay.
Chapter 5. Development of a combined VHM loading apparatus in a geotechnical drum centrifuge
Chapter 5 presents the development of a combined VHM loading apparatus for
the geotechnical drum centrifuge at the University of Western Australia. The design
aspects of the experimental equipment are covered, including the hardware and
software developments, calibration of the apparatus and balance control of the
centrifuge. Example centrifuge results of combined loading tests on a spudcan in
normally consolidated Kaolin clay are presented for demonstrative purposes.
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Chapter 6. Centrifuge combined loading tests of a spudcan in normally consolidated Kaolin clay
Chapter 6 presents the comprehensive results of the centrifuge tests performed in
normally consolidated Kaolin clay, using the combined loading apparatus described
in Chapter 5. The yield surface and the plastic flow rule at different depths are
evaluated experimentally. The results are interpreted in the plasticity framework and
a force resultant model is formulated. The model is implemented in a FORTRAN
program and retrospective simulations of the centrifuge experiments were
performed to demonstrate the predicting capability of the model.
Chapter 7. Numerical investigation of the combined bearing capacity of a spudcan in soft clay while
accounting for installation effects
In Chapter 2 and Chapter 3, the embedded foundations were wished in place; the
capacity was therefore overestimated. This is confirmed by comparing the
numerical results with the centrifuge experimental results. In Chapter 7, a
numerical study of the combined bearing capacity of a spudcan in soft clay is
performed with the spudcan installation process explicitly considered. The
continuous spudcan penetration is simulated by a large deformation finite element
method as an axisymmetric problem using a strain softening soil model. The
undrained shear strength at the end of penetration is then mapped to a threedimensional mesh, with which small strain finite element analyses are subsequently
performed to investigate the combined bearing capacity. The purpose of this
chapter is to expand the database of the centrifuge tests to cover a wider range of
soil properties and embedment depths. The chapter concludes with size and shape
of the combined bearing capacity surfaces for soil sensitivity up to five and
embedment depth up to three footing diameters.
Chapter 8. A force resultant model for spudcan in soft clay and application to soil-structure analysis
Based on the results from the numerical and experimental investigations reported
in previous chapters, Chapter8 presents a complete force resultant foundation
model for a typical spudcan in soft clay. The model has the flexibility to cover a
range of soil sensitivities and embedment depths. The model is implemented in
FORTRAN and coupled with the jack-up structural analysis program SOS_3D
(Bienen and Cassidy 2006). Example jack-up structural analyses are performed to
show the application of the proposed model for jack-up site specific assessment in
soft clay.
Chapter 9. Conclusions and recommendations for future research
Chapter 9 concludes the thesis with a summary of the main findings.
Recommendations for future research are provided.
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CHAPTER 2 : ELASTIC STIFFNESS COEFFICIENTS FOR AN EMBEDDED
SPUDCAN IN CLAY

2.1 ABSTRACT
The spudcan footings of mobile jack-up platforms have been known to embed several
diameters during their installation in soft clay soils. During penetration soil can flow
around the spudcan back filling the cavity above. This chapter provides the elastic stiffness
coefficients for surface to deeply embedded spudcan, as required for predicting the in-situ
load-displacement behaviour of a jack-up from the wind, wave and currents loading of a
large storm. Results from 264 finite element analyses provide 352 dimensionless
coefficients for the combined vertical, horizontal and moment elastic stiffness matrix.
Coefficients are provided for (i) a representative spudcan shape, (ii) seabed with linearly
increasing shear modulus with depth, (iii) spudcan embedment from the surface to up to
five diameters, and (iv) the limiting conditions of either an open and completely filled
cavity above the spudcan. These improve the coefficients provided in existing jack-up site
assessment guidelines, which do not account for spudcan shape or an increasing strength
soil profile.
2.2 INTRODUCTION
An accurate estimation of the stiffness of the spudcan footings is a critical component of
the structural analysis of a mobile jack-up platform under in-situ storm loading. Under
prediction of stiffness leads to higher stresses in critical structural components, such as at
the connection between the jack-up legs and hull (as illustrated by Santa Maria, 1988,
amongst others), whilst over prediction can also cause inaccuracies in the load paths
followed for these dynamically sensitive structures (Cassidy et al., 2001; 2002a; 2010,
amongst others).
This chapter provides dimensionless coefficients for the elastic stiffness matrix for a typical
spudcan shaped footing under combined vertical (V), horizontal (H) and moment (M)
loading (Figure 2.1). The elastic relationship between the increments of load (δV, δH, δM)
and the corresponding elastic displacements (δw, δu, δθ, see Figure 2.1) is defined as:
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where R is the spudcan radius, G the shear modulus of the soil and KV, KH, KM and KC the
dimensionless coefficients requiring definition. The values of these depend on the
Poisson’s ratio (v) of the soil (though only undrained coefficients for incompressible soils
are investigated here) and the shape and embedment of the spudcan footing.

Figure 2.1. Spudcan foundation and sign conventions for loads and displacements
The most fundamental solutions for the coefficient were presented by Poulos and Davis
(1974) for a rigid circular footing on the surface of a homogeneous elastic half space.
However, they do not account for either embedment or spudcan shape. More appropriate
solutions derived using three dimensional finite element analysis are provided by Bell
(1991) and Ngo-Tran (1996). These account for embedment and a conical underside.
Results showed that elastic stiffness increases with depth of penetration and that cross
coupling between the horizontal and rotational footing displacements is of importance.
Although formulae are provided by Ngo-Tran to estimate the stiffness of conical footings,
no spudcan shaped footing was studied. Furthermore, only a homogeneous soil profile was
considered. Doherty and Deeks (2003) extended the results by investigating the effect of
the shear modulus profile using the scaled boundary finite element method. However,
some of their results are outside the comparative trends found by Bell, Ngo-Tran and the
results to be presented in this chapter.
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The current jack-up industry guidelines SNAME (2008) and ISO (2011) assess the elastic
stiffness of an embedded spudcan by modifying the Poulos and Davis (1974) solutions of a
rigid circular plate on a homogeneous isotropic elastic half space with Bell’s (1991)
empirical embedment factors relevant to a thin plate footing. Zhang et al. (2010) recently
showed that spudcan shape significantly enhances the ultimate bearing capacity when
compared to a thin plate, though the effect of spudcan geometry on elastic stiffness has yet
to be quantified. Further, for jack-ups in soft clay, the seabed soil is not homogeneous but
typically exhibits increasing undrained shear strength with depth. The stiffness coefficients
derived from the homogeneous soil profile, as recommended in SNAME and ISO/FDIS,
are not appropriate for these conditions.
The purpose of this chapter is to provide elastic stiffness solutions for a typical spudcan
shaped footing under combined VHM loading in soil profiles with linearly increasing shear
modulus with depth. The full range of relevant embedment depths and soil backflow
conditions are accounted for. These are required as assessment of whether soil backflow
above the spudcan occurs during jack-up installation procedure is now standard within the
SNAME (2008) and ISO/FDIS guidelines (2011). If backflow occurs these guidelines also
allow use of enlarged VHM capacity surfaces explicitly derived for embedded spudcans
(see ISO, 2011 and also discussion in Cassidy et al., 2004; Templeton et al., 2005;
Templeton, 2009; Zhang et al., 2011). However, the elastic assumptions have not been
updated to include the conditions of buried spudcans in soft soils, and this is the major aim
of this chapter. The results, therefore, have applications for jack-up site specific assessment
in soft clay.
2.3 PROBLEM DEFINITION
2.3.1 SPUDCAN SHAPE AND SIGN CONVENTIONS
Figure 2.1 shows the spudcan footing geometry adopted in this study. It represents a
generic spudcan used in the field. It is 18 m in diameter (D) and 7.2 m tall (T). The top and
bottom slope angles are 30° and 15° from the horizontal, respectively. Also shown in
Figure 2.1 is the sign convention for the footing loads and displacements (following the
convention established by Butterfield et al., 1997). The load reference point (LRP) is
chosen at the centre of the lowest cross section with maximum radius (Figure 2.1), which is
typical for spudcan analysis and consistent with industry SNAME and ISO guidelines.
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2.3.2 EMBEDMENT CONDITIONS
Spudcans are initially pushed vertically into the seabed during the installation and
preloading of the mobile jack-up platform. This initial foundation embedment is defined by
w in this chapter (Figure 2.1 and Figure 2.2). Depending on the soil conditions and the level
of vertical load applied, a cavity may be left above the spudcan footing or a backflow of
soil may flow around the penetrating spudcan filling the void. Hossain and Randolph
(2009) proposed convenient analytical expressions for predicting the onset of backflow,
and these are now incorporated into industry guidelines (ISO, 2011).
In this study, the two extreme scenarios were considered. They are illustrated in Figure
2.2(a) and (b), representing the “no backflow” and “complete backflow” conditions
respectively. The truss-work legs shown in the figures were not included in the analyses,
with the results deriving the spudcan stiffness only. Embedment ratios of w/D = 0, 0.25,
0.5, 1, 1.5, 2, 2.5, 3.5, 5 were considered for both backflow conditions. In order to provide
suggestions on how to interpolate between the extremes for the partial backflow conditions
(Figure 2.2(c)), some extra analyses with various backflow to embedment ratios (b/w) were
also performed.

(b)
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(d)

(c)

su

sum

1

w
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D

Figure 2.2. (a), (b) and (c) three backflow conditions: no backflow, complete backflow and
partial backflow; (d) variation of soil strength with depth
2.3.3 SOIL PROFILES
Soil profiles with linearly increasing shear modulus with depth were considered in this
study. Assuming a constant rigidity index Ir, defined as shear modulus over undrained shear
strength ratio G/su, throughout the depth, these corresponded to linearly increasing
undrained shear strength profiles as shown in Figure 2.2(d). The undrained shear strength
at depth z has been assumed as:
su = sum + kz

(2.2)

where sum is the undrained shear strength at mudline and k the strength increase per unit
depth.
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In total seven values of dimensionless heterogeneity were simulated (kD/sum = 0, 1, 2, 3, 4,
5, ∞), covering the practical range of clayey soil profiles in the field. Note that when kD/sum
= 0 (i.e. k = 0), the soil profile is homogeneous; while when kD/sum = ∞ (i.e. sum = 0), the
soil profile corresponds to an ideally normally consolidated profile with zero shear strength
at the soil surface. Although undrained shear strength was not a model parameter in the
elastic analyses performed here, these soil profiles were simulated by assigning the shear
modulus profile to the model. A constant Poisson’s ratio v = 0.49 was used to simulate the
undrained loading conditions in clay.
Note that for partial and complete backflow conditions, the backflow soil is assumed to
have the same strength as the intact soil at the same depth. In this study, no attempt is
made to consider the strength reduction that may be caused by soil remoulding during
spudcan installation. The stiffness of the footing for these conditions therefore might be
overestimated. Nevertheless, this study for the first time systematically considers the effect
of backflow. Future research can further build on this by investigating the effect of soil
remoulding.
2.4 NUMERICAL METHOD
The finite element analyses were carried out using the commercial finite element software
Abaqus 6.9 EF (Dassault Systèmes, 2009). The spudcan footing was modelled as a rough
rigid body bonded with the soil. This was implemented in Abaqus using the “tie”
constraint, simulating fully rough spudcan soil interaction that does not allow separation.
The soil was modelled as a weightless, isotropic elastic material. Following the suggestion
of Bell (1991), a semi-cylindrical finite element mesh of 100D in diameter and 100D in
depth was adopted to minimise boundary effects (Figure 2.3). Close to the spudcan
footing, considerably finer mesh was used in a semi-cylindrical zone of 6D in diameter and
2.5D + w in depth (for the case shown in Figure 2.3, w = D). The mesh shown in Figure
2.3 is for the embedded spudcan with complete backflow. The mesh was convergent as
results were found not to change with further mesh refinement. For no or partial backflow
conditions, the mesh principles were similar. First order, reduced integration hex elements
(C3D8R) were used in the analyses. Displacement controlled tests were performed to
derive the stiffness matrix, with the G value at the depth of the spudcan LRP used to
evaluate the dimensionless coefficients of Eq. 2.1.
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3.5 D
100 D

Figure 2.3. Example of finite element mesh for the spudcan embedded 1D below the soil
surface with complete backflow
2.5 VALIDATION
As there are no existing solutions available for spudcan shaped footings, the finite element
model was validated by analyses of a surface circular plate footing. Table 2.1 compares the
calculated elastic stiffness coefficients based on a model using the finite element mesh
principles as described above with available analytical and numerical solutions. Note when
the footing base is smooth, horizontal load could not be applied thus KH and KHM are not
available. The calculated results compare closely with existing solutions. A possible
exception is the cross-coupling factor KC derived for ν = 0.49. The large difference in
percentage is likely to be caused by the small value of KC.
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Table 2.1. Validation of the numerical model with existing solutions
Poisson’s ratio ν

0.49

0.4

0.2

7.843

6.667

5.000

7.954

6.717

5.012

1.4

0.8

0.2

5.229

4.444

3.333

5.189

4.411

3.310

Difference (%)

-0.8

-0.8

-0.7

Spencer (1968)

7.844

6.729

5.256

This study

7.955

6.782

5.270

1.4

0.8

0.3

Bell (1991)

5.474

5.145

4.639

This study

5.310

5.055

4.572

Difference (%)

-3.0

-1.7

-2.6

Bell (1991)

5.410

4.628

3.716

This study

5.19

4.48

3.605

Difference (%)

-4.1

-3.2

-3

Bell (1991)

-0.0144

-0.2590

-0.5682

This study

-0.0329

-0.2684

-0.5704

128.5

3.6

0.4

KV

Poulos and Davis
(1974)
This study

KM

Difference (%)
Poulos and Davis
(1974)
This study

Smooth
base

KV

Difference (%)
KH
Rough
base
KM

KC

Difference (%)
2.6 RESULTS

The calculated elastic stiffness coefficients are tabulated in Table 2.2 to 2.8 for soil profiles
of different dimensionless heterogeneity factors. Note that for kD/sum = 1, 2, 3, 4, 5, the
range of embedment ratios (w/D) are limited to 2 as the effects of soil heterogeneity
become insignificant and the stiffness coefficients only change slightly at greater
embedment, as will be shown later. Stiffness coefficients are not available for the spudcan
resting on the soil surface (w/D = 0) in the soil profile with kD/sum = ∞ as the near zero
shear modulus at the soil surface results in meaningless normalised results.
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Table 2.2. Elastic stiffness coefficients for soil profile with kD/sum = 0 (homogeneous)
w/D

KV

KH

KM

KC

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

0

7.972

/

5.800

/

5.235

/

-0.1354

/

0.25

8.601

9.000

7.813

8.515

6.265

7.745

-0.2088

0.5696

0.5

9.146

9.877

8.398

9.801

6.813

9.791

-0.4071

1.0602

1

9.982

11.490

8.962

11.039

7.370

11.209

-0.5911

1.0891

1.5

10.482

12.608

9.170

11.629

7.520

11.514

-0.6910

1.0139

2

10.829

13.354

9.315

11.966

7.598

11.602

-0.7395

0.9780

2.5

11.076

13.873

9.411

12.180

7.634

11.636

-0.7690

0.9615

3.5

11.368

14.478

9.519

12.412

7.662

11.657

-0.7991

0.9502

5

11.673

15.096

9.624

12.634

7.674

11.667

-0.8227

0.9469

Table 2.3. Elastic stiffness coefficients for soil profile with kD/sum = 1
KV

KH

KM

KC

w/D

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

0

14.884

/

7.981

/

6.887

/

0.0958

/

0.25

15.006

15.553

9.966

10.818

7.834

9.124

0.0067

0.8627

0.5

14.817

15.837

10.177

11.712

8.049

10.696

-0.2012

1.2463

1

14.436

16.268

10.249

12.292

8.161

11.462

-0.3914

1.2283

1.5

14.185

16.420

10.159

12.494

8.106

11.589

-0.5122

1.1634

2

13.824

16.451

10.102

12.591

8.042

11.624

-0.5625

1.1260

Table 2.4. Elastic stiffness coefficients for soil profile with kD/sum = 2
w/D

KV

KH

KM

KC

No
backflow

Complete
backflow

No
backflow

Complete
Backflow

No
Backflow

Complete
Backflow

No
Backflow

Complete
Backflow

0

19.922

/

9.512

/

8.311

/

0.3139

/

0.25

18.067

18.615

10.895

11.731

8.721

9.863

0.1313

0.9635

0.5

16.797

17.813

10.743

12.210

8.570

11.007

-0.0999

1.2621

1

15.434

17.182

10.516

12.461

8.386

11.495

-0.3200

1.2457

1.5

14.760

16.898

10.312

12.560

8.226

11.585

-0.4594

1.1870

2

14.214

16.730

10.200

12.617

8.120

11.617

-0.5234

1.1475
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Table 2.5. Elastic stiffness coefficients for soil profile with kD/sum = 3
w/D

KV

KH

KM

KC

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

0

24.532

/

10.876

/

9.641

/

0.4897

/

0.25

20.079

20.611

11.483

12.287

9.314

10.345

0.2171

1.0197

0.5

17.896

18.889

11.048

12.458

8.866

11.169

-0.0394

1.2630

1

15.899

17.588

10.638

12.527

8.494

11.505

-0.2836

1.2525

1.5

15.004

17.089

10.376

12.580

8.279

11.581

-0.4347

1.1971

2

14.371

16.834

10.239

12.623

8.152

11.613

-0.5063

1.1565

Table 2.6. Elastic stiffness coefficients for soil profile with kD/sum = 4
w/D

KV

KH

KM

KC

No
Backflow

Complete
Backflow

No
Backflow

Complete
Backflow

No
Backflow

Complete
Backflow

No
Backflow

Complete
Backflow

0

28.922

/

12.154

/

10.917

/

0.656

/

0.25

21.523

22.037

11.897

12.670

9.743

10.686

0.2804

1.0558

0.5

18.600

19.572

11.240

12.608

9.057

11.268

0.0010

1.2610

1

16.169

17.817

10.708

12.561

8.557

11.509

-0.2614

1.2561

1.5

15.138

17.190

10.411

12.589

8.308

11.578

-0.4203

1.2028

2

14.457

16.887

10.260

12.625

8.169

11.610

-0.4966

1.1615

Table 2.7. Elastic stiffness coefficients for soil profile with kD/sum = 5
KV

KH

KM

KC

w/D

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

0

33.174

/

13.378

/

12.155

/

0.8164

/

0.25

22.617

23.112

12.207

12.951

10.068

10.941

0.3291

1.0811

0.5

19.092

20.044

11.372

12.708

9.191

11.334

0.0298

1.2584

1

16.345

17.965

10.753

12.581

8.598

11.510

-0.2465

1.2583

1.5

15.224

17.254

10.433

12.594

8.327

11.575

-0.4109

1.2064

2

14.510

16.920

10.273

12.625

8.181

11.608

-0.4904

1.1646
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Table 2.8. Elastic stiffness coefficients for soil profile with kD/sum = ∞
w/D

KV

KH

KM

KC

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

No
backflow

Complete
backflow

0.25

30.698

30.964

14.413

14.846

12.473

12.732

0.7092

1.2196

0.5

21.863

22.645

12.101

13.210

9.947

11.661

0.2054

1.2260

1

17.183

18.633

10.963

12.657

8.793

11.507

-0.1698

1.2676

1.5

15.598

17.518

10.529

12.605

8.411

11.562

-0.3653

1.2232

2

14.741

17.052

10.329

12.622

8.229

11.599

-0.4619

1.1787

2.5

14.269

16.801

10.258

12.648

8.125

11.621

-0.5305

1.1440

3.5

13.737

16.592

10.095

12.692

8.018

11.646

-0.6040

1.1017

5

13.260

16.430

9.989

12.756

7.917

11.660

-0.6778

1.0584

2.7 DISCUSSION
2.7.1 EFFECT OF SPUDCAN GEOMETRY
Previous numerical studies did not consider spudcan shaped footings. Bell (1991) and
Doherty and Deeks (2003) modelled a thin circular plate footing for embedment
conditions relevant to spudcan application. While not considering a spudcan geometry,
Ngo-Tran (1996) accounted for circular footings with a conical underside. To examine the
effect of spudcan geometry, Figure 2.4 compares the calculated stiffness coefficients of the
spudcan with the coefficients of Bell (1991) and Doherty and Deeks (2003) for a thin
circular plate, and Ngo-Tran (1996) for a conical footing with cone angle of 150° (only
available for no backflow conditions) in homogeneous soil (kD/sum = 0). Note that the
solid lines with filled markers are for the complete backflow conditions while the dashed
lines with hollow markers are for the no backflow conditions. While the vertical and
rotational stiffness coefficients of the spudcan compare closely with the thin plate results of
Bell (1991), the horizontal stiffness of the spudcan is considerably higher than that of the
thin plate (by about 15% at w/D = 2 for complete backflow conditions). The crosscoupling stiffness factor KC of the spudcan compares closely with Bell’s solution when
there is no backflow. However, it is significantly larger than the value applicable to the thin
plate when there is backflow. The 150°conical underside alone seems not to enhance the
conical footing’s stiffness significantly when compared with the thin plate. However, the
spudcan footing shows higher horizontal stiffness than the conical footing. The above
observations reveal that the spudcan geometry does not enhance its vertical and rotational
stiffness significantly, but it does considerably increase the horizontal stiffness and cross2-10
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coupling stiffness (when there is backflow). Similar observations on the effect of spudcan
geometry on ultimate plastic bearing capacity have also been reported in Zhang et al.
(2010).
It is noted that at embedment ratios (w/D) greater than 1, the horizontal stiffness
coefficients reported by Doherty and Deeks (2003) are significant higher than the results of
Bell (1991) and this study. They also are contrary to the expectation that the effect of
embedment diminishes with penetration. Following this, the vertical and rotational stiffness
coefficients of Doherty and Deeks (2003) also seem to be overestimated at w/D > 1.
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(d)
Figure 2.4. Effect of footing geometry on elastic stiffness (solid lines for complete
backflow conditions, dashed lines for no backflow conditions): (a) KV; (b) KH; (c) KM; (d) KC
2.7.2 EFFECT OF SOIL PROFILE
To illustrate the effects of increasing soil strength under the spudcan, the stiffness
coefficients reported in Table 2.8 for the soil profile with kD/sum = ∞ are compared with
those reported in Table 2.2 for the homogeneous soil profile (kD/sum = 0) in Figure 2.5,
represented by the dashed and solid lines respectively. The results for other intermediate
heterogeneity (kD/sum) values are bounded by these two extremes and therefore are not
plotted in Figure 2.5 for clarity. At the same backflow conditions, the stiffness coefficients
in the soil profile with linearly increasing shear modulus are generally higher than those in
the homogeneous soil profile, particularly at relatively shallow embedment. With depth, the
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difference between the two soil profiles diminishes and becomes insignificant at
embedment depth greater than 2D. This could be explained that the local soil heterogeneity
(kD/su0, su0 as defined in Figure 2.2d) around the footing decreases with increasing
embedment depth in the soil with linearly increasing strength. Therefore, stiffness available
to the footing is similar to that in the homogeneous soil at depth. Similar observations have
also been found for the ultimate plastic bearing capacity of plate footings in Zhang et al.
(2012). The stiffness coefficients only changes slightly with depth after w/D = 2.
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Figure 2.5. Comparison of spudcan elastic stiffness coefficients for different soil and
backflow conditions: (a) KV; (b) KH; (c) KM; (d) KC

2-14

Centre for Offshore Foundation Systems

Chapter 2

The University of Western Australia

2.7.3 EFFECT OF BACKFLOW
Figure 2.5 also provides insights into the effects of backflow on the spudcan’s elastic
stiffness coefficients. The filled markers are for complete backflow conditions, while the
hollow markers are for no backflow (an open cavity). It is clear that regardless of the soil
profile, KV, KH and KM are all significantly higher for the complete backflow conditions.
This is most obvious for the rotational stiffness, with the enhancement more than 50% for
the homogeneous and 30% for the non-homogeneous soils for w/D > 1. The backflow soil
above the spudcan not only changes the value of the cross-coupling stiffness factor KC but
also its sign. This is due to the additional constraint applied above the spudcan by the soil
backflow.
In order to provide advice on interpolation of the results provided in Table 2.1 to 2.8
(which correspond to the limiting conditions of either complete backflow or no backflow)
for partial backflow conditions, extra analyses were performed for cases including:
i)

four embedment ratios (w/D = 0.5, 1.0, 1.5, 2)

ii)

two soil profiles (kD/sum = 0, ∞)

iii)

a range of backflow ratios (b/w = 0.125 to 0.75).

The elastic stiffness coefficients from the extra analyses are tabulated in Table 2.9 and 2.10
for kD/sum = 0 and ∞, respectively (the coefficients for no backflow and complete
backflow conditions are also included for completeness). The extra analyses show that the
spudcan’s elastic stiffness increases with the backflow depth b. Particularly for spudcan
embedments greater than one footing diameter (w/D > 1), the stiffness available to the
footing is similar to the complete backflow conditions once the backflow depth is greater
than 1D (b/D > 1). Moreover, the enhancement ratio, which is defined as:

f 

K partialflow  K noflow

(2.3)

K completeflow  K noflow

shows a consistent relation with b/D, regardless of the spudcan embedment ratio and soil
profile. The following expressions are therefore proposed to describe the enhancement of
stiffness due to partial backflow for spudcans with embedment ratios w/D >1:

  πb  β

f  sin 2 D  ， 0 < b/D < 1
(2.4)



1，
b/D  1

The values of β were determined by least squares regression and are listed in Table 2.11,
with the subscripts represent the vertical, horizontal, moment and cross-coupling stiffness
respectively.
2-15

Centre for Offshore Foundation Systems

Chapter 2

The University of Western Australia

For spudcan embedment ratios equal to or less than one (w/D ≤1), the enhancement ratio
is taken to be a function of the backflow ratio (b/w, ranges from 0 to 1). A similar
expression is proposed:
  b 
f  sin 

  2 w 



(2.5)

The values of β were determined by least squares regression and are listed in Table 2.11.
The stiffness coefficients for partial backflow conditions therefore can be determined by
rearranging Eq. 2.3:
K partialflow  K noflow  ( K completeflow  K noflow) f

(2.6)

Table 2.9. Elastic stiffness coefficients under partial backflow conditions for soil profile
with kD/sum = 0 (homogeneous)
w/D

0.5

1.0

1.5

2.0

backflow ratio
(b/w)

backflow depth
(b/D)

KV

KH

KM

KC

0
0.5

0
0.25

9.146
9.487

8.398
9.517

6.813
8.154

-0.4071
0.4640

0.75

0.375

9.649

9.740

9.118

0.8916

1

0.5

9.877

9.801

9.791

1.0602

0

0

9.982

8.962

7.370

-0.5911

0.25

0.25

10.544

10.405

8.775

0.2073

0.5

0.5

10.911

10.959

10.333

0.9538

0.75

0.75

11.182

11.028

10.987

1.0986

1

1

11.490

11.039

11.209

1.0891

0

0

10.482

9.170

7.520

-0.5911

0.167

0.25

16.408

12.051

9.770

0.4892

0.333

0.5

11.741

11.489

10.565

0.8464

0.667

1

12.293

11.622

11.401

1.0309

1

1.5

12.608

11.629

11.514

1.0129

0

0

10.829

9.315

7.598

-0.7395

0.125

0.25

11.674

11.053

9.103

0.0268

0.25

0.5

12.285

11.786

10.662

0.7919

0.5

1

12.973

11.957

11.476

0.9892

0.75

1.5

13.193

11.962

11.589

0.9851

1

2

13.354

11.966

11.602

0.9780
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Table 2.10. Elastic stiffness coefficients under partial backflow conditions for soil profile
with kD/sum = ∞
w/D

backflow ratio
(b/w)

backflow depth
(b/D)

KV

KH

KM

KC

0

0

21.863

12.101

9.947

0.2054

0.5

0.25

22.418

13.089

11.116

1.0024

0.75

0.375

22.577

13.191

11.548

1.1940

1

0.5

22.65

13.210

11.661

1.2260

0

0

17.183

10.963

8.793

-0.1698

0.25

0.25

17.897

12.272

10.070

0.6756

0.5

0.5

18.297

12.621

11.176

1.2143

0.75

0.75

18.539

12.648

11.462

1.2715

1

1

18.633

12.657

11.507

1.2676

0

0

15.598

10.529

8.411

-0.3653

0.167

0.25

16.408

12.051

9.770

0.4892

0.333

0.5

16.914

12.538

11.025

1.1265

0.667

1

17.397

12.602

11.534

1.2285

1

1.5

17.518

12.605

11.562

1.2232

0

0

14.741

10.329

8.229

-0.4619

0.125

0.25

15.667

11.953

9.634

0.3740

0.25

0.5

16.255

12.523

10.961

1.0557

0.5

1

16.836

12.616

11.544

1.1873

1

2

17.052

12.622

11.599

1.1787

0.5
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2.0

1.1
1.0
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0.9
0.8

0.7
0.6
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Figure 2.6. Enhancement of stiffness due to partial backflow for w/D > 1: (a) fV; (b) fH; (c)
fM; (d) fC
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Table 2.11. Best-fit β values
w/D

βV

βH

βM

βC

Equation

>1

1.080

0.325

0.850

0.602

Eq. 2.4

≤1

1.168

0.309

0.882

0.629

Eq. 2.5

2.8 RECOMMENDATION OF APPLICATION IN INDUSTRY PRACTICE
In the current jack-up industry guidelines SNAME (2008) and ISO/FDIS 19005-1 (2011),
the initial elastic stiffness of a spudcan foundation is assessed based on elastic solutions for
a rigid surface circular plate on a homogenous elastic half space (Polous and Davis, 1974)
with modifications to account for spudcan embedment. The use of KC is omitted. The
empirical embedment modification factors are according to the study by Bell (1991) for a
thin plate footing in isotropic elastic, homogenous soil. They are available for either
complete backflow or no backflow conditions.
The results and discussions of this chapter indicate that i) it is important to include the
cross-coupling stiffness factor KC for correct footing modelling due to the non-trivial
values of KC reported in Table 2.2 to Table 2.8; ii) for more accurate assessment of spudcan
initial stiffness, the effect of spudcan geometry should not be neglected; iii) in soil profiles
with increasing strength with depth, the elastic stiffness of the spudcan could be
significantly underestimated if the stiffness coefficients derived from a homogeneous soil
profile are used. In summary adoption of the stiffness coefficients relevant to the spudcan
geometry and soil conditions is recommended.
For practical applications of the stiffness coefficients presented in this chapter, Eq.s 2.4 –
2.6 should be used to derive the stiffness coefficients for partial backflow conditions.
Simple linear interpolation is suggested for embedment ratios (w/D) and soil heterogeneity
(kD/sum) within the parametric range covered in this chapter. When the spudcan
embedment ratio (w/D) is greater than 2 and stiffness coefficients are not available, the
values for w/D = 2 could be used as the stiffness coefficients does not change significantly
for greater embedment depths.
It is worth reiterating that these coefficients are only applicable for the initial and small
displacement analysis of spudcans. For a structural analysis of a jack-up during storm
loading they are used in combination with an appropriate shear modulus G of the soil to
develop a stiffness matrix representing the spudcan-soil interaction. Current industry
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guidelines use shear modulus based on back-analysis of case records of jack-up platforms
in the North Sea (Cassidy et al. 2002b; Noble Denton Europe and Oxford University
2005). These represent the averaged mobilised shear stiffness of the soil in small to
moderate storms (Nelson et al, 2000; Cassidy et al., 2002b). With application to larger wind,
wave and current loading during a jack-up site specific assessment (or design) these values
reduce with accumulation of plastic strain, with SNAME and ISO recommending
modification of the initial rotational stiffness in proportion to proximity to a combined
VHM failure surface. Other so-called force resultant plasticity models use displacementhardening plasticity theory to evaluate the reduction in stiffness during an incremental
elastic-plastic step (see Martin and Houlsby, 2001; Houlsby and Cassidy, 2002; Bienen et
al., 2006 for spudcan examples).
2.9 CONCLUSIONS
This chapter reports a comprehensive set of dimensionless elastic stiffness coefficients
calculated by three dimensional finite element analyses. The results were derived for a
representative spudcan shape in soil profiles with constant or linearly increasing shear
modulus with depth. Coefficients for the limiting conditions of an open cavity and a
completely buried spudcan are provided and together with recommendations for an
interpolation procedure for partial backflow conditions. The significant differences in the
dimensionless values highlight the importance of accounting for spudcan geometry,
embedment, soil backflow and non-homogeneous soil conditions. These new coefficients
define the initial stiffness of spudcan-shaped footings and therefore provide for more
accurate site specific assessment of jack-up platforms on soft clay sites under storm loading
conditions.
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CHAPTER 3 : UNDRAINED BEARING CAPACITY OF DEEPLY BURIED FLAT
CIRCULAR FOOTINGS UNDER GENERAL LOADING

3.1 ABSTRACT
Estimation of a footing’s bearing capacity under general loading is a topic of wide interest,
especially for the offshore energy industry. While there have been several studies in the past
few decades on shallow footings under general loading, limited work has been done for
deeply buried footings. This chapter presents results of a numerical investigation into the
undrained bearing capacity of deeply buried flat circular footings in clay of both uniform
and linearly increasing shear strength profiles. The footings’ uniaxial bearing capacities and
failure surfaces under combined vertical, horizontal and moment loading are reported. The
results are analysed in the context of application by the mobile jack-up industry, for which
understanding of their circular spudcan footings’ bearing capacity under general loading is
required for site specific assessments. The chapter includes a parametric study on the effect
of the footing’s aspect ratio (thickness/diameter) on its bearing capacity. To conclude, a
closed form expression is proposed to formulate the failure surfaces of the footings under
general loading.
3.2 INTRODUCTION
In the offshore industry, structures are typically subjected to significant environmental
loads (wind, wave and current) besides their self weight. As a result, combined vertical (V),
horizontal (H) and moment (M) loading is a common scenario for their footings.
Traditionally, combined loading problems have been addressed by the classic bearing
capacity design approach of Meyerhof (1953) or Brinch-Hansen (1970), which modifies a
footing’s vertical bearing capacity to allow for the influence of load inclination and
eccentricity. However, an alternative yet more accurate approach is to express a footing’s
bearing capacity under general loading explicitly in terms of a surface written directly in
VHM loading space. Load combinations inside the surface are considered safe, while those
outside the surface cause footing failure. Adopting this approach, various numerical and
experimental studies have been carried out for different types of footings under combined
loading in clay: for surface footings (Bransby and Randolph 1998; Taiebat and Carter 2000;
Gourvenec and Randolph 2003); for skirted footings in plane strain (Yun and Bransby
2007; Gourvenec 2008; Bransby and Yun 2009; Gourvenec and Barnett 2011); for
embedded footings with an open cavity (Martin 1994; Martin and Houlsby 2000).
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In some situations, especially in soft clay seabed soil, offshore footings can become deeply
embedded. The large circular ‘spudcan’ footings of mobile jack-up platforms, for instance,
can embed several diameters into soft clay seabeds. Their failure mechanisms and thus their
bearing capacity differ from footings with shallow failure mechanisms studied previously
(as shown for vertical loading in Hossain and Randolph 2009a). Relevant studies for buried
objects include O’Neill et al. (2003) and Elkhatib (2006) who considered bearing capacity
of plate anchors under general loading. However, they are limited to strip and square plate
anchors while a circular geometry is more relevant for analysis of spudcan footings.
Templeton et al. (2005) and Templeton (2009) studied the moment and horizontal
capacities of a buried circular spudcans using finite element analyses. While suggesting
expressions for moment and horizontal capacities, coupled VHM interaction was not
considered.
This chapter presents results of a systematic numerical investigation of the undrained
bearing capacity of flat circular footings deeply buried in clay deposits with uniform and
linearly increasing shear strength profiles under general VHM loading. The footing’s
uniaxial bearing capacities as well as the failure surface in the VHM loading space are
presented. Results from a parametric study on the influence of the footing’s thickness to
diameter aspect ratio on its bearing capacity are also presented.
3.3 FINITE ELEMENT MODEL
The undrained bearing capacity of a footing already installed in the soil only requires small
displacement excursions to be mobilised. Therefore, small strain finite element analyses
were performed for the purpose of this study. The large strain event of footing installation
is covered elsewhere (for jack-ups see Hossain and Randolph 2009a for instance) and is not
modelled here. The analyses were carried out by the commercial software Abaqus version
6.7 (Dassault Systèmes, 2007). The following section details the finite element model.
3.3.1 FOOTING MODEL
This study considered flat circular footings (Figure 3.1). The diameter (D) was kept
constant at 18 m, which is representative of a typical spudcan. The thickness (T) of the
footings was varied. Four thickness to diameter aspect ratios (T/D = 0.05, 0.1, 0.2, 0.4)
were investigated. This range of aspect ratios was chosen as a survey of the spudcan
footings used by some common jack-up rigs in the field revealed that a spudcan footing’
aspect ratio is normally not larger than 0.4. However, to illustrate some of the trends of a

3-2

Centre for Offshore Foundation Systems

Chapter 3

The University of Western Australia

footing capacity with respect to aspect ratio further, a footing with T/D = 1 was also
studied in the uniform soil profile.

D = 18 m

V
M
H

T = 0.9 ~18 m
LRP

w
LRP
θ

u
Figure 3.1. Footing model and sign conventions adopted in this chapter
The footings were modelled as rigid bodies, with loads and displacements relating to a
single load reference point (LRP). As commonly adopted for flat circular footings, the LRP
was chosen at the centre of the footing base, as shown in Figure 3.1.
Note for the application of jack-up rigs, the footings are normally connected to the
superstructure by truss work legs. The legs are not simulated in this study, with the focus
solely on the capacity of the footings. This is considered conservative, as one can
reasonably expect the legs to provide the jack-up system additional horizontal and
rotational resistance. It is also a common assumption in jack-up site specific assessment to
separate the capacity of the spudcan from that of the leg (SNAME, 2008).
3.3.2 SOILS
Both a uniform shear strength profile and a linearly increasing shear strength profile were
considered in this study. The latter was modelled on a typical offshore normally
consolidated (NC) clay deposit.
A shear strength su = 50 kPa was assigned for the uniform shear strength soil (although the
magnitude does not affect the normalized results presented in this chapter). For the nonuniform shear strength soil, su increased linearly with depth at a strength gradient k of 1.2
kPa/m. The mudline shear strength (sum) was idealized to be zero. However, for numerical
reasons a small non-zero value of 0.1 kPa, was used, giving a normalized profile of kD/sum
= 216. An effective unit weight (γ') of 6 kN/m3 was assigned to the soils. The soils were
modelled as linearly elastic, perfectly plastic material, governed by the Tresca criterion, with
the yield stress solely determined by the undrained shear strength (su). A constant,
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artificially high E/su ratio of 10,000 was chosen in both soils. This high rigidity ratio was
found to reduce the computational cost significantly as smaller displacements were needed
to reach failure in the analyses. However, as only the ultimate footing capacities were of
interest, this high rigidity ratio does not influence the ultimate capacity mobilized as
confirmed by running cases with lower values of E/su and obtaining the same uniaxial V, H,
M capacities..
This study investigates the combined bearing capacity of deeply buried footings with fully
localised and confined failure mechanisms. The footings were all embedded deeply enough
to guarantee fully localised mechanisms. However, the footing installation process was not
simulated explicitly. The footings were simply “wished in place” at the target embedment.
This neglected the influence of the footing installation process, which in the offshore
environment could have affected the soil profile through remoulding (strain softening),
installation rate and subsequent load holds, or even trapping of softer soil under the
installing footing (for the linearly increasing profile). The above mentioned effects decrease
the footing’s bearing capacity, as was shown for vertical bearing capacity by Hossain and
Randolph (2009a, b). The calculated capacity for the deeply buried footings therefore may
be overestimated. However, this can be overcome by choosing an appropriate undrained
shear strength (su) profile to account for these effects when applying the results of this
study.
3.3.3 MESHES
Three-dimensional meshes were necessary to accommodate the footing geometry and
general loading. Semi-cylindrical models were used taking advantage of the symmetric
feature of the problem about the vertical face. Both the vertical and horizontal boundaries
were placed 2.5D away from the footings, which was found sufficient to avoid boundary
effects. At the sides of the model, no horizontal movement was permitted while the model
base was fixed in all three coordinate directions. The mesh was initially developed and
benchmarked for the thinnest footing (T/D = 0.05). After accuracy and convergence of the
solution were shown, the footing was amended to represent footings of higher aspect ratios
while the same mesh density and mesh principles were maintained. This ensures similar
levels of accuracy were achieved in all analyses. Figure 3.2 shows the finite element mesh
for the footing of T/D = 0.2. It consists of about 38,000 first order hexahedral (C3D8)
elements.
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LRP

Figure 3.2. Finite element mesh for T/D = 0.2 footing
A “bonded” footing-soil interface was assumed, which allowed tensile stress to be
developed between the soil and footing. This is considered reasonable for the deeply buried
footing in clay, as the soil weight and the suction force developed behind the footing
prevents the separation of the footing and soil. The tangential property of the footing-soil
contact was assumed fully rough. The examination of the tensile stress and shear stress in
the Vult and Hult tests respectively show that both the tensile stress and shear stress on the
interface are in reasonable range of suction and rough friction.
3.3.4 LOAD PATHS
The failure envelopes were investigated by two types of displacement controlled tests,
namely “swipe” tests and constant displacement ratio “probe” tests. In a numerical swipe
test the footing is displaced to the ultimate load in one degree of freedom (usually vertical)
before that displacement is held constant and the other displacement(s) applied. The load
path of a swipe test closely tracks the failure locus in one plane of VHM space. On the
other hand, a probe test increases displacements at a fixed ratio (for instance u/θD =
constant) until the load state does not increase with any further displacement, which
represents one point on the failure surface. The detailed description of these two types of
tests used in numerical simulations are provided, among many others, by Gourvenec and
Randolph (2003) and Yun and Bransby (2007) and are therefore not elaborated further
here.
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For combined vertical, horizontal and moment (VHM) loading, a proportion of the
ultimate vertical load (0.25, 0.50, 0.75, 0.90) was applied as a direct force and held while
constant displacement ratio probes were carried out to establish the failure envelope in that
HM plane. These procedures allow the complete failure surface in the VHM loading space
to be explored.
3.3.5 SIGN CONVENTIONS AND NOMENCLATURE
The sign convention for loads and displacements adopted in this study follows the
standardized convention proposed by Butterfield et al. (1997) for combined loading
problems, as shown schematically in Figure 3.1 (for positive loads and displacements). The
notations used to describe the loads are summarized in Table 3.1 and shown in Figure 3.3.
The footing’s uniaxial bearing capacities, which are for loading in a single direction (for
example, H = M = 0 for ultimate vertical capacity), are denoted by Vult, Hult and Mult for
pure vertical, horizontal and moment loading respectively. Due to the cross-coupling of the
horizontal and rotational degrees-of-freedom, the maximum horizontal and moment
capacities are mobilized when a moment and a horizontal force respectively acting in the
same direction (as shown in Figure 3.1), and are denoted as Hmax and Mmax accordingly (see
Figure 3.3). The normalized peak capacities on the VH (M = 0) and VM (H = 0) planes
respectively are denoted h0 and m0 respectively, and are defined as in Table 3.1.
Table 3.1. Summary of notations adopted in this study
Vertical

Horizontal

Rotational

Load

V

H

M

Ultimate load

Vult

Hult

Mult

_

Hmax

Mmax

NcV = Vult/Asu0

NcH = Hult/Asu0

NcM = Mult/ADsu0

Normalized peak capacity

_

h0 = Hult/Vult

m0 = Mult/DVult

Displacement

w

u

θ

Maximum load
Bearing capacity factor

πD2/4,

Note: A =
bearing area of the footing; su0 is the soil undrained shear strength at the LRP, and in
uniform shear strength soil, su0 = su.
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H
M

Hult

Mmax
Mult

Vult

Hmax

V

M
Hult

H

Mult

Vult

V

Figure 3.3. Schematic of the notations for loads adopted in this study
3.3.6 VALIDATION
The accuracy of the finite element results are validated by comparison to known theoretical
solutions. For an infinitely thin flat circular plate with a rough interface that is deeply
buried in homogenous rigid plastic soil (analogous to the conditions modelled in this
study), Martin and Randolph (2001) provided a theoretically exact solution of 13.11 for the
vertical bearing capacity factor NcV. This was derived from bound theorems. Elkhatib
(2006) provided an upper bound solution of 1.57 for the moment bearing capacity factor
NcM of the same footing. For the thinnest footing (T/D = 0.05) consider in this study, the
finite element model gives 13.23 and 1.63 for NcV and NcM respectively. This is a difference
of only 0.9% and 3.4% for the vertical and rotational directions respectively, part of which
may be due to the influence of the footing’s finite sidewall height. These close comparisons
between the theoretical solutions and the finite element results confirm the reasonable
accuracy of this model.
3.4 RESULTS
This section first presents the finite element results in the uniform shear strength soil
profile. A detailed interpretation of the uniaxial and combined bearing capacity is included.
The results in the linearly increasing shear strength soil profile are then reported and
compared with those in the uniform shear strength soil. As will be found later, the results
in the two soil profiles are similar due to the low soil non-homogeneity (kD/su0) in the
linearly increasing shear strength soil; therefore the interpretation of the soil failure
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mechanisms detailed in the uniform soil is similarly relevant to the linearly increasing shear
strength soil.
3.4.1 RESULTS IN UNIFORM SHEAR STRENGTH SOIL
3.4.1.1 Uniaxial bearing capacities
Vertical bearing capacity
Table 3.2 and Figure 3.4 summarize the calculated vertical bearing capacity factors (NcV) for
the footings of different aspect ratios. For the lowest aspect ratio footing (T/D = 0.05), the
calculated bearing capacity factor NcV of 13.23, compares well with the theoretical value of
13.11, as just discussed above. For the thicker footings, the vertical bearing capacity factors
NcV increase significantly with their aspect ratio T/D, with NcV for T/D = 1 being 58%
higher than that for T/D = 0.05. There are two mechanisms for this trend. As T/D
increases, the friction along the vertical footing-soil interface increases. Besides that, the
sidewall height also leads to a “shading” effect where the sidewall deters the soil from
flowing around from below the footing via the footing edge to the top; and as a result, soil
is forced to take a deeper and longer route to flow around (shown in Figure 3.5). This
mobilizes more soil surrounding the footing in the mechanism. Thus higher vertical
capacity is predicted for higher aspect ratio footings. In Figure 3.4, an estimation of the
increase in capacity solely due to the sidewall friction is also shown (assuming the shear
stress developed at the footing-soil interface equals the undrained shear strength of the soil,
as appropriate for the fully rough assumption, NcV(T/D) = NcV(infinitely thin) + Frictionsidewall/Asu
= 13.11 + TπDsu/0.25πD2su = 13.11 + 4T/D). The difference between the finite element
results and the estimate line illustrates the influence of the shading effect.
Table 3.2. Summary of normalized vertical bearing capacity in uniform shear strength soil
T/D

0.05

0.1

0.2

0.4

1

NcV = Vult/Asu0

13.23

13.72

14.69

16.47

20.96

13.11 + 4T/D

13.31

13.51

13.91

14.71

17.11

Figure 3.5 compares the vertical mechanisms of footings with aspect ratios of 0.05 and 0.4
respectively. For the low aspect ratio footing (T/D = 0.05), the soil mechanism below and
above the footing is integrated. However, for the high aspect ratio footing (T/D = 0.4), the
shading effect separates the mechanism into two independent parts. The soil on the side of
the footing displaces vertically at a small magnitude, with the footing stopping the soil from
flowing around.
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FE results
18

16
estimate, based on f lat
plate + side f riction

14

Theoretical
(Martin and Randolph 2001)

12

10
0.0

0.2

0.4

0.6
0.8
Aspect ratio T/D

1.0

1.2

Figure 3.4. Trend of NcV with T/D in uniform shear strength soil

LRP

LRP

(a)
(b)

Figure 3.5. Comparison of the vertical mechanisms between footings: (a) T/D = 0.05; (b)
T/D = 0.4
As the main applications of this chapter’s results is for spudcan footing, it is of interest to
compare the calculated vertical bearing capacity factor (NcV) of the T/D = 0.05 footing
(which has the least capacity for footings studied in this work) with some commonly used
solutions in the jack-up industry - which are based on shallow failure mechanisms.
Skempton (1951), for instance, provided a maximum value of NcV = 9.0, which is being
applied in jack-up analyses for embedment depths greater than 2.5D. The bearing capacity
factors adopted by the SNAME (2008) guideline are based on lower bound solutions
(Houlsby and Martin 2003) and give NcV = 8.99 for embedment of 2.5D, which is the
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largest embedment ratio the method was intended for. It is important to note that these
two methods are for footings with an open cavity above (and were not formulated
explicitly for the buried case studied here). A recent study by Hossain and Randolph
(2009a) considering deep failure mechanisms through large deformation finite element
analyses found that a spudcan footing of thin upstand height (comparable to the T/D =
0.05 footing of this study) achieved a limiting vertical bearing capacity factor of 12.0 and
13.1 for smooth and rough footing bases respectively. This was also in homogeneous soil
at deep embedment. The small strain finite element analysis result of this study for
T/D = 0.05 compares closely to their large deformation finite element result. Both results
show deep failure mechanisms therefore highlight that the methods based on ‘shallow
foundation’ mechanisms underestimate a buried footing’s vertical bearing capacity
significantly.
Horizontal bearing capacity
Table 3.3 summarizes the normalized ultimate and maximum horizontal capacities of the
footings of different aspect ratios in the uniform shear strength soil.
Figure 3.6 shows the soil mechanisms corresponding to the ultimate and maximum
horizontal capacities for T/D = 0.4. For Hult, the mechanism is not pure sliding (as would
be observed for an infinitely thin plate) but a rotational scoop (Figure 3.6a). This implies
that the footing not only translates horizontally but also rotates under a horizontal load
(applied at the LRP, located at the base of the footing). This phenomenon is due to the
cross-coupling of the horizontal and rotational degrees-of-freedom. It is observed that,
when a positive horizontal force (i.e. left to right, as defined in Figure 3.1) is applied to the
footing through the selected LRP, the footing has the tendency to rotate negatively
(anticlockwise). This is because a negative moment relative to a point (rotation centre,
about which the footing rotates) above the top of the footing (infinitely far at the very
beginning) is created. The soil around the footing is then mobilised to balance this
moment. As horizontal force builds up gradually, the rotation centre lowers accordingly,
with more soil mobilised and a balance achieved. Finally the rotation centre stabilizes at the
top surface of the footing, for footings of an aspect ratio T/D less than 0.4, or at a point
close to the footing centre for T/D = 1, so far as studied. Figure 3.6b shows the
mechanism corresponding to Hmax, which is the case when the footing is loaded
horizontally through the selected LRP, whilst having rotation restricted. The soil resistance
on the sides of the footing is much larger than when the footing is not restricted from
rotating, and therefore, higher horizontal capacity is obtained. However, a positive moment
must be applied so that the footing’s tendency to rotate is constrained.
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Table 3.3. Summary of normalized ultimate and maximum horizontal capacities in uniform
shear strength soil
T/D

0.05

0.1

0.2

0.4

1

NcH = Hult/Asu0

3.51

4.58

6.34

8.05

8.72

Hmax/Asu0

3.52

4.64

6.72

10.37

20.63

Hmax/Hult

1.00

1.01

1.06

1.29

2.37

Center of rotation

(a)

LRP

LRP

(b)

Figure 3.6. Comparison of mechanisms: (a) Hult; (b) Hmax for the T/D = 0.4 footing
Figure 3.7 shows the trends of Hult and Hmax with footing aspect ratio T/D. For low aspect
ratio footings (T/D no larger than 0.1), Hult and Hmax are similar and the difference is not
apparent. However, as T/D increases, the difference between Hult and Hmax increases. It is
also observed that as T/D increases from 0.05 to 0.4, the ultimate horizontal bearing
capacity factor NcH increases quickly from 3.51 to 8.05, by ~129%. This is because more
soil is mobilised in the scoop mechanism for a higher aspect ratio footing with the
rotational centre of soil mechanism stabilizing at the top of the footing. However, NcH only
increases slightly from 8.05 to 8.72, by ~8%, when T/D is increased from 0.4 to 1. Some
insight can be drawn from the comparison of soil mechanisms for the two footings of T/D
= 0.4 and 1 (Figure 3.8). As the rotation centre of the T/D = 1 footing stabilizes at a point
close to the footing centre rather than the top of the footing, the two mechanisms are of
not too dissimilar size. Therefore, their ultimate horizontal capacities are close to each
other. However, for the maximum horizontal capacity Hmax, it increases roughly linearly
with T/D and is comparable with Vult when T/D is equal to 1.
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Figure 3.7. Trend of Hult/Asu0 and Hmax/Asu0 with T/D in uniform shear strength soil

Center of rotation

Center of rotation

(a)

LRP

(b)

LRP

Figure 3.8. Comparison of ultimate horizontal mechanisms between footings: (a) T/D =
0.4; (b) T/D =1
Moment bearing capacity
Table 3.4 summarizes the normalised ultimate and maximum moment capacities of the
footings of different aspect ratios in the uniform shear strength soil.
Figure 3.9a shows the mechanism corresponding to Mult for the T/D = 0.4 footing. It is
found that the rotational centre of the soil mechanism is not at the selected LRP but at the
footing centre. This is because during a pure moment loading, the footing translates
backwards gradually as the footing rotates under the moment load. When the moment
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builds, the centre of rotation gradually moves from the LRP to the centre of the footing.
Physically, this occurs as it is an easier way for the footing to fail, since less rotational
resistance is encountered from the sides of the footing. For the maximum moment loading,
as the horizontal movement is restricted, the footing rotates about the LRP and a higher
moment capacity is mobilised. This is shown in Figure 3.9b. However, a horizontal force
load must be applied at the same time to balance the soil pressure developed on the
sidewall.
Table 3.4. Summary of normalised ultimate and maximum moment capacities in uniform
shear strength soil
T/D

0.05

0.1

0.2

0.4

1

NcM=Mult/ADsu0

1.63

1.66

1.74

2.05

4.44

Mmax/ADsu0

1.64

1.71

2.00

3.22

11.83

Mmax/Mult

1.01

1.03

1.15

1.57

2.67

Center of rotation

Center of rotation

LRP
LRP
(a)

(b)

Figure 3.9. Comparison of mechanisms for footing with T/D = 0.4: (a) Mult; (b) Mmax
Figure 3.10 shows the trend of Mult and Mmax with the footing aspect ratio. It can be seen
that both normalised ultimate and maximum moment capacities increase with footing’s
aspect ratio T/D and the rate of increase accelerates with increasing T/D. For example,
NcM only increases by about 26% when T/D is increased from 0.05 to 0.4. However, it
more than doubles its value when T/D is further increased from 0.4 to 1. Similar to
observed in the results of horizontal capacity, when the footing aspect ratio is relatively low
(T/D no larger than 0.1), Mult/ADsu0 and Mmax/ADsu0 are similar. However, as T/D
increases, their difference increases rapidly. This again signifies the increasing significance
of HM cross-coupling with increasing footing aspect ratio T/D.
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Figure 3.10. Trends of Mult/ADsu0 and Mmax/ADsu0 with T/D in uniform shear strength soil
3.4.1.2 Bearing capacity in the combined VH (M = 0) and VM (H = 0) planes
The bearing capacity of a footing under the interaction of multiple load components can be
expressed as failure envelopes. Figure 3.11 shows the examples of a T/D = 0.05 footing’s
failure envelopes in the combined VH (M = 0) and VM (H = 0) loading planes. As shown
in each graph, several constant displacement ratio probes were carried out in each plane in
order to obtain the complete failure envelope. The load path registered in the swipe test is
also shown is each graph. It can be seen that although the swipe test captures the overall
trend in the VH (M = 0) plane, it undercuts the failure points of the probes. In the VM (H
= 0) plane, the load path of the swipe test matches the failure envelope established by the
probe tests exactly. Since the swipe test is more efficient than the constant displacement
ratio probes, as only one test is needed to establish the failure envelope in that plane, the
failure envelopes in the VM (H = 0) plane reported in the remainder of this chapter are all
obtained by swipe tests. However, the results reported for the VH (M = 0) plane are based
on probe tests.
The failure envelopes in the two planes bear some similar features. Under a non-zero
vertical load, the footing’s horizontal capacity or moment capacity decreases when the
vertical load is increased. The rate of decrease is very slow when V is less than 0.5Vult. This
implies that the footing’s horizontal capacity or moment capacity is not sensitive to the
vertical load when the vertical load level is low. However, the footing’s horizontal or
moment capacity reduces rapidly when V approaches its ultimate value. It is found that, in
the VH (M = 0) and VM (H = 0) planes, the peaks occur at zero vertical load, i.e. the peak
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horizontal and moment capacities are all mobilised when there is no vertical load on the
footing. This is different from the failure envelopes reported by Martin and Houlsby (2000)
for 1 g tests of an embedded model spudcan without soil backflow in heavily
overconsolidated clay. For their failure envelopes, the peaks in the two planes are both
mobilized at 0.46Vult and the footing’s horizontal or moment capacities diminishes to zero
as the vertical load approaches zero.
envelope
swipe
Hult
w/u=0.05
w/u=0.1
w/u=0.2
w/u=0.4
w/u=1
w/u=2
w/u=3

4.0
3.5
3.0

H/As u0

2.5
2.0
1.5
1.0
0.5
0.0
0

2

4

6

8

10

12

14

V/As u0

(a)

envelope
swipe
Mult
w/Dθ=0.1
w/Dθ=0.2
w/Dθ=0.4
w/Dθ=0.6
w/Dθ=1

1.8

1.6

M/ADs u0

1.4
1.2
1.0
0.8
0.6
0.4

0.2
0.0
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V/As u0
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(b)
Figure 3.11. Failure envelopes of T/D = 0.05 footing in uniform shear strength soil: (a)
VH (M = 0) plane; (b) VM (H = 0) plane
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The reasons for the different envelope shapes in the two planes are as follows. For the
combined vertical and horizontal loading, as fully rough contact is assumed for the footingsoil interface in the numerical model, full friction force can be mobilised at the top and
bottom of the footing, irrespective of normal pressure at the interface. Moreover, for
footings of significant aspect ratio, for which a scoop mechanism is formed under
horizontal load, soil resistance from the soil on the side of footing is mobilized to its
maximum capacity when there is no vertical load. However, for the model footing in
Martin and Houlsby’s (2000) 1 g laboratory floor tests, the footing’s horizontal resistance
arises solely from the friction on the footing bottom. At zero vertical load, no horizontal
resistance is available. The peak horizontal capacity is therefore mobilised at an
intermediate level of vertical load.
For the combined vertical and moment loading, the difference on the occurrence of peak
moment capacity is because full tensile capacity is assumed for the deeply buried footings
in this study, which is considered reasonable as discussed earlier. Under zero vertical load,
the footing sustains the largest moment loading. However, for the Martin and Houlsby’s
footing tests, the footing cannot sustain any overturning moment at zero vertical load.
Figure 3.12 presents the failure envelopes for the footings of different aspect ratios (as
marked by the number) in the VH (M = 0) and VM (H = 0) planes. The sizes of the
failure envelopes in both planes increase unanimously with footing aspect ratio T/D, which
implies the footing’s combined bearing capacity increases with its thickness. However, the
pattern of increase shows some differences in the two planes. In the VH (M = 0) plane,
the increase is steady, while in the VM (H = 0) plane, the increase is minimal initially,
before the rate of increase accelerates with T/D. The T/D = 1 case has not been shown on
Figure 3.12 as the significantly larger magnitudes dominate, rendering the differences
between the other cases illegible. Furthermore, as the main application of the results are for
spudcans that exhibit ratios less than 0.4, the failure surface expressions developed
concentrate on these cases.
Failure envelopes of deeply embedded square anchors of fluke thickness (equivalent to T)
to fluke length (equivalent to D) of 0.14 (1/7) and 0.05 (1/20) are shown in the figure for
comparison. These envelopes were developed by Elkhatib and Randolph (2004) and Elkhatib
(2006) using similar numerical analysis techniques in ABAQUS. Uniform soil conditions
were assumed. The envelopes for the square anchor are consistent with the envelopes of
the flat circular plate footings presented in this chapter, although the end points on the axis
are different due to different shapes and aspect ratios. Also shown for comparison is the
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failure envelope of the surface circular footing reported by Taiebat and Carter (2000). As
expected the surface footing has a significant smaller bearing capacity to the deeply
embedded footings. This is important in the analysis of spudcans as a range of failure
envelopes for different embedment depths require determination.
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square anchor T/D = 0.14: Elkhatib (2006)
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Figure 3.12. Failure envelopes with aspect ratio T/D in uniform shear strength soil: (a) VH
(M = 0) plane; (b) VM (H = 0) plane
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Figure 3.13 presents the failure envelopes normalised by respective ultimate capacities in
the two planes, illustrating the shape changes with footing aspect ratio (as marked by the
number) and between the two planes. In the VH (M = 0) plane, the shape of the failure
envelope contracts at the shoulder as T/D increases (Figure 3.13a). However, in the VM
(H = 0) plane, the envelope expands at the shoulders for the same change of footing aspect
ratio (Figure 3.13b). As in Figure 3.12, the normalised envelopes of Elkhatib (2006) and
Taiebat and Carter (2000) are included for comparison.
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Figure 3.13. Normalised failure envelopes with aspect ratio T/D in uniform shear strength
soil: (a) VH (M = 0) plane; (b) VM (H = 0) plane
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Figure 3.14 shows the trends of normalised peak capacities h0 and m0 (the ratios of Hult/Vult
and Mult/DVult respectively) with footing aspect ratio T/D. The theoretical value of h0 is
0.153 for an ideally infinitely thin flat circular footing (h0 = Hult/Vult = NcH/NcV = 2/13.11)
and increases to 0.489 at T/D = 0.4. A slight reduction of h0 is observed for T/D increasing
from 0.4 to 1. This is because although the absolute value of Hult increases, the magnitude
of increase is not as large as that for Vult. The theoretical value of m0 is 0.120 for an
infinitely thin footing (m0 = Mult/DVult = NcM/NcV = 1.57/13.11) and it is found to be
relatively stable for T/D ranging from 0.05 to 0.4, fluctuating only slightly around 0.121.
However, a significant rise is observed for T/D increasing from 0.4 to 1.
The values of normalised capacities h0 and m0 are useful for developing force resultant
footing models, such as Model B for spudcans in overconsolidated clay (Martin and
Houlsby 2001) and Model C for spudcans in sand (Houlsby and Cassidy 2002), which
normally assume a hardening law that correlates the size of the yield surface solely with the
footing’s plastic vertical penetration (therefore with Vult). Note the term “yield surface” is
used purposely for force resultant models as the surfaces can expand with further
penetration, representing a displacement hardening model. The failure surfaces numerically
derived with constitutive models with no hardening, as is the case in this work, can be
assumed to represent a yield surface at a particular vertical penetration in a force resultant
model (examples include Cassidy et al., 2006).
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Figure 3.14. Trend of h0 and m0 with T/D in uniform shear strength soil
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Figure 3.15. Failure envelope of T/D = 0.1 footing in HM (V = 0) plane in uniform shear
strength soil
3.4.1.3 Bearing capacity in the combined VHM loading space
The bearing capacity of the footings under combined VHM loading is illustrated here as
slices of the failure envelopes in HM planes at discrete vertical load levels. Figure 3.15
shows an example of the failure envelope of the T/D = 0.1 footing in the HM plane, with
V = 0. Constant displacement ratio probes were performed to obtain the complete failure
envelope. Also shown in the figure are the load paths from two swipes: swipe 1, pure
rotation (u = 0) to ultimate state (Mmax), then positive translation (+u); swipe 2, pure
rotation (u = 0) to ultimate state (Mmax), then negative translation (-u). It can be seen that
the load paths followed in the swipe tests undercut the true failure envelope. Hence the
failure envelopes in the HM planes reported in the remainder of this chapter are based on
constant displacement ratio probes.
Figure 3.16 shows the failure envelopes in the HM (V = 0) plane for footings of varying
aspect ratios (T/D = 0.05 - 0.4 as marked by the number) in two normalisations; (i) in
terms of footing geometry and soil shear strength (Figure 3.16a) and (ii) in terms of
ultimate uniaxial limit states (Figure 3.16b). It can be seen that the failure envelopes are
eccentric, which is due to the HM cross-coupling. For the lowest aspect ratio footing (T/D
= 0.05), as cross-coupling of the horizontal and rotational degrees-of-freedom is not
apparent, the failure envelope is roughly symmetric about the moment axis (it would be
fully symmetric for an infinitely thin footing). However, as the cross-coupling of the
horizontal and rotational degrees-of-freedom increases with T/D, the failure envelope in
the HM plane becomes increasingly eccentric. For the (T/D = 0.4) footing, for example,
the failure envelope is so eccentric that Mmax is 1.57 times the size of Mult (Table 3.4).
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Figure 3.16. Failure envelopes in the HM (V = 0) plane with aspect ratio T/D in uniform
shear strength soil
Figure 3.17 presents the failure envelopes in the combined VHM loading space for
footings of different aspect ratios in the uniform shear strength soil. Five curves are shown
in each of the graphs, corresponding to vertical load ratios V/Vult = 0, 0.25, 0.50, 0.75,
0.90 from outside to inside respectively. The complete failure surface in the VHM space
can be constructed through interpolation between these curves. Failure surfaces formulated
by the analytical expression proposed later in this chapter are also shown by the dashed
lines.
It can be seen that a footing’s HM bearing capacity diminishes with increasing vertical load
level, as shown by the reducing size of the HM envelopes with vertical load. When the
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vertical load is small, the reduction is not obvious. However, once V/Vult is beyond 0.5,
the reduction becomes rapid. The eccentricity of the envelopes, however, is shown to be
relatively independent of the vertical loads level.
FE results

Eq. 3.1
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Figure 3.17. Failure envelopes in combined VHM space in uniform shear strength soil
3.4.2 EFFECTS OF SOIL STRENGTH PROFILE
In this section, the results in the linearly increasing shear strength profile are presented and
comparisons of the results between the uniform and linearly increasing shear strength
profiles are made.
3.4.2.1 Uniaxial bearing capacities
Table 3.5 summarises the calculated uniaxial bearing capacity factors for linearly increasing
and uniform shear strength profiles. In the linearly increasing shear strength profile, su0
denotes the undrained shear strength at the LRP. It is found that in all three VHM
directions, the bearing capacity factors of a footing in linearly increasing shear strength soil
are lower than those in uniform shear strength soil. The differences in the vertical and
rotational directions are comparable, while the difference for the horizontal capacity is
about twice as large as for the vertical capacity. The differences between the two soil
profiles also increase with the footing’s aspect ratio. Overall, however, the differences are
relatively small. This is mainly because the footings are deeply buried (3.5D in linearly
increasing shear strength soil) and the local heterogeneity kD/su0 of the soil is small (only
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0.286). At shallower footing embedment depth (smaller su0) or in soil of higher shear
strength gradient (k), which results in higher a kD/su0 value, the influence of strength
profile is expected to increase.
Table 3.5. Comparison of normalised uniaxial bearing capacities in two soil profiles
NcV = V/Asu0

NcH = H/Asu0

NcM = M/ADsu0

T/D

Uniform

Linear

∆
(%)

Uniform

Linear

∆
(%)

Uniform

Linear

∆
(%)

0.05

13.23

13.06

-1.3

3.51

3.41

-2.9

1.63

1.61

-1.4

0.1

13.72

13.50

-1.6

4.58

4.41

-3.7

1.66

1.63

-1.8

0.2

14.69

14.25

-3.0

6.34

5.90

-6.9

1.74

1.69

-2.8

0.4

16.47

15.50

-5.9

8.05

7.23

-10.3

2.05

1.93

-5.7

The comparisons between the two soil profiles may seem contradictory to the normally
held impression that an increasing shear strength profile under the footing increases its
vertical bearing capacity. This is true for a shallow footing mechanism and analytical
solutions are available to account for this effect (Davis and Booker, 1973, Houlsby and
Martin, 2003). However, for a deeply buried footing, the vertical mechanism involves soil
both under and above the footing (mechanism for uniform soil shown in Figure 3.5). As
the LRP is selected at the footing bottom, the mechanism hence contains larger amount of
softer soil above the LRP than stronger soil below the LRP. Since the bearing capacity
factor NcV is derived by normalising the ultimate vertical load (Vult) by the footing’s bearing
area (A) and shear strength at the LRP (su0), the value of NcV is therefore smaller in the
linearly increasing shear strength soil than in uniform shear strength soil. For an infinitely
thin footing, there should be no difference, as the amount of stronger soil below the LRP
is equal to the softer soil above the LRP. However, for a footing of defined T/D, the
difference increases with T/D. This is shown in Table 3.5.
3.4.2.2 Bearing capacity under combined loading
Figure 3.18 compares the normalised failure envelopes of the T/D = 0.4 footing in the VH
(M = 0), VM (H = 0) and HM planes for the two soil profiles. It can be seen from the
figure that although the normalised failure envelopes in the linearly increasing shear
strength soil all lie slightly inside of those in the uniform shear strength soil, the shapes of
the envelopes in the VH (M = 0) and VM (H = 0) planes are largely similar. In the HM
plane, the shape of the two failure envelopes are also roughly the same, except that the
envelope in the linearly increasing shear strength soil is slightly larger (the ratios of
Hmax/Hult and Mmax/Mult are higher). This is due to the linearly increasing shear strength
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profile enhancing the HM cross-coupling (through HM cross-coupling, the footing
mobilises a higher proportion of softer soil in its failure mechanisms).
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Figure 3.18. Comparisons of failure envelopes for T/D = 0.4 footing between uniform and
linear increasing shear strength soils: (a) VH (M =0) plane; (b) VM (H = 0) plane; (c) HM
plane
The above observations for the T/D = 0.4 footing also apply to the lower aspect ratio
footings (T/D = 0.2, 0.1, 0.05).
3.4.3 ANALYTICAL EXPRESSION FOR VHM FAILURE SURFACE
An expression to describe the failure surfaces for the buried flat circular footings under
combined VHM loading has been fitted to the finite element results. The expression
essentially describes an inclined ellipse, following on from similar expressions for surface
3-24

Centre for Offshore Foundation Systems

Chapter 3

The University of Western Australia

flat footing (Taiebat and Carter 2000), embedded footings (Gourvenec and Barnett 2011),
for spudcans shallowly embedded in clay (Martin 1994, Martin and Houlsby 2000, 2001,
Vlahos et al. 2008) as well as for deeply embedded anchors (O'Neill et al. 2003, Elkhatib
2006). Written directly in terms of the loads on the footing, the expression has the
following form:
h

m

 H 
 M 
2c c eHM
  c2 
  12
f  c1 



H ult M ult
 H ult 
 M ult 

2

V 
    1  0
 Vult 

(3.1)

where αh and αm are variables of the footing’s aspect ratio T/D. This allows more flexibility
in fitting the results for footings of different aspect ratios. The parameter e determines the
eccentricity of the surface in the HM planes and has the form
e = e1 + e2v2

(3.2)

where e1 and e2 are also variables of T/D. The factors c1 and c2 are employed to adjust the
shape in the VH (M = 0) and VM (H = 0) planes. Factor c1 is a constant and equal to 1.
However, it is still introduced here for flexibility. For instance, it was used in Zhang et al.
(2010) to account for spudcan shaped footings. Factor c2 is related to V by defining
c2 = 1 - c3(v3-v4)

(3.3)

v = V/Vult

(3.4)

and the value of c3 depends on T/D. Accordingly, c1 and c2 are added to the HM crosscoupling term.
Least square regressions were performed to obtain the best-fit parameters, which are
summarised in Table 3.6 for the uniform shear strength soil (these can also be used for the
linearly increasing shear strength soil, as discussed below). Least square regressions were
first performed in the VH (M = 0) and VM (H = 0) planes to obtain the best-fit values for
αh and αm, and c3 respectively for different footing aspect ratios. Regression was then
performed in the HM (V = 0) plane (e = e1 for this case) to obtain the best-fit value of e1.
However, the values of e2 obtained from least square regression in HM planes with V ≠ 0
produced unconservative predictions of footing capacities at high V/Vult levels, especially
for high T/D ratios, such as T/D = 0.4. A constant value of e2 = 0.1 for all footing
thicknesses (except T/D = 0.05) was found to give a reasonable fit overall. This is shown in
Figure 3.17, in which the analytical failure surfaces of Eq. 3.1 for T/D = 0.05 to 0.4 are
provided in comparison with the finite element results in the uniform shear strength soil. It
is noted that Eq. 3.1 under-predicts the bearing capacity of a footing of T/D = 0.4 at high
V/Vult levels due to limitations of the form of equation. However, as the form of Eq. 3.1
gives an excellent fit for footings of lower aspect ratios and the prediction of Eq. 3.1 for
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T/D = 0.4 is conservative, a different form of analytical expression is not sought solely for
the case of T/D = 0.4. A consistent form of the analytical expression for all different
aspects ratios is desirable for interpolation of the results for footing aspect ratios between
0.05 and 0.40.
Table 3.6. Summary of fitting parameters
T/D

0.05

0.1

0.2

0.4

αh

4

4

3

2

αm

1.50

c1

1

c3

1.5

2.0

2.5

3.0

e1

0.02

0.10

0.30

0.63

e2

0

0.10

As c2 is not an independent variable (c2 = 1 – c3(v3-v4)), it is not listed in the table.

As discussed earlier, the similarity of the shape of the surfaces in linearly increasing shear
strength soil to those in the uniform shear strength soil makes it convenient to fit the
results in the two soil profiles by the same expression. The best-fit parameters derived from
the uniform shear strength soil, as tabulated in Table 3.6, are also found to fit the results in
the linearly increasing shear strength soil well as the degree of shear strength heterogeneity in
the locality of the footing is very small (i. e. similar to the uniform condition). While the shape of

the surfaces is determined by parameters αh, αm, c1, c2, c3 and e, the size is scaled by the
ultimate values of Vult, Mult and Hult. Therefore, the parameters tabulated in Table 3.6 apply
to both soil profiles. These shape factors are only relevant for footings with aspect ratios
within the range of 0.05 to 0.4 studied, which covers the practical range of aspect ratios for
spudcan foundations of jack-up rigs. For values within this range but not exact the values
studied, the parameters for the shape of the surfaces can be determined by linear
interpolation through the values listed in Table 3.6 and the values of Vult, Mult and Hult can
also be roughly determined by the same principle.
It must also be noted that the results of this study should not be extrapolated to conditions
of soil local heterogeneity kD/su0 out of the range studied (0 – 0.286) in this study. For
greater local soil heterogeneity, the influence of the soil profile is expected to increase.
3.5 CONCLUSIONS
The bearing capacity of deeply buried flat circular footings with varying thickness to
diameter aspect ratios (T/D) were investigated using three dimensional finite element
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analysis. The footings’ uniaxial bearing capacities as well as failure envelopes under
combined vertical, horizontal and moment loading are reported for both uniform and
linearly increasing shear strength profiles.
The deep embedment was shown to offer increased capacity, as expected, which varies
with the loading direction. Both size and shape of the failure envelope were found to be
influenced by the footing aspect ratio. The envelope shape was shown to be similar for
uniform soil and the linearly increasing shear strength profile investigated. This allows
formulation of the failure envelope with the same expression for both soils.
The proposed analytical expression is capable of describing the VHM failure surface for
footings of T/D ranging from 0.05 to 0.4. These are aspect ratios of interest to deeply
buried spudcan footings for offshore jack-up platforms. The closed form of the analytical
expression will allow its eventual application in the development of a force resultant
footing model within a plasticity framework. This will extend the suite of existing force
resultant models for shallow footings to soft clay soils.
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CHAPTER 4 : THE UNDRAINED BEARING CAPACITY OF A SPUDCAN
FOUNDATION UNDER COMBINED LOADING IN SOFT CLAY

4.1 ABSTRACT
Mobile jack-up drilling rigs are typically supported by individual, large diameter spudcan
foundations. Before deployment, the suitability of a jack-up to a location must be shown in
a site specific assessment under loads associated with a 50 year return period storm, which
ultimately need to be resisted by the foundations. The capacity of the spudcans under
combined vertical, horizontal and moment loading is therefore integral to the overall site
specific assessment of the jack-up.
In soft clays, spudcans can penetrate deeply into the seabed, sometimes up to several
footing diameters, with soil flowing around the downward penetrating footing, sealing the
cavity. Although this is generally believed to provide some additional bearing capacity to
the footing, no detailed study or formal guidance is available to date. This study, therefore,
investigates the influence of soil backflow on the failure mechanisms and quantifies the
effect on the capacity of a spudcan under general loading through finite element analyses.
A closed-form analytical expression is developed that describes the capacity envelope under
combined loading, applicable to embedment depths ranging from shallow to deep.
4.2 INTRODUCTION
4.2.1 SITE SPECIFIC JACK-UP ASSESSMENTS
In the offshore industry, most of the drilling activities in water depths less than 150 m are
performed by mobile jack-up drilling rigs due to their proven mobility and costeffectiveness. These platforms are not permanent structures and before a jack-up is
installed a site specific assessment must demonstrate its stability in large storms (with the
50 year return period used in current industry guidelines SNAME (2008)). This requires
understanding of the bearing capacity of each spudcan under combined vertical (V),
horizontal (H) and moment (M) loading (Figure 4.1), as well as their interaction with the
jack-up structure.
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Figure 4.1. Spudcan geometry and sign convention adopted in this study
An appropriate footing model that incorporates the spudcan load-displacement behaviour
in the structural analysis is therefore important. Traditionally, the spudcan footings were
simply treated as pin joints or a set of springs in the jack-up structural analysis, with
foundation ‘failure’ under the 50 year storm evaluated separately using capacity surfaces
written in terms of the VHM loads on the spudcan (see SNAME 2008, for example). More
sophisticated models assume these as VHM yield surfaces that can expand (or contract)
according to displacement-hardening plasticity theory. These force resultant models
incorporate the spudcan-soil interaction as “macro elements” in a structural analysis
program (see, for example, Thompson 1996; Williams et al. 1998; Martin and Houlsby
1999; Bienen and Cassidy 2006; Bienen and Cassidy 2009).
Surfaces of the current SNAME guideline and state-of-the-art force resultant models in
clay, such as Model B (Martin 1994; Martin and Houlsby 2001), only account for the
contribution of the soil capacity from the underside of the spudcan. This is a reasonable
and conservative assumption in stiff overconsolidated clays as the cavity is likely to remain
open. However, in soft clays, soil has been shown to encase the spudcan by flowing from
the base of the footing around to the top during spudcan penetration (Endley et al. 1981;
Hossain et al. 2005). A method to predict onset of soil backflow is already incorporated in
new draft ISO guidelines (ISO 2011). This backflow of soil, though remoulded during the
installation process, may also change the failure mechanisms under combined loading and
thus provide additional VHM bearing capacity.
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Additional capacity was observed experimentally in geotechnical centrifuge tests in
normally consolidated kaolin clay (Cassidy et al. 2004). However, no alternative VHM
surface formulation was suggested. Numerical studies of the moment and horizontal
capacities of deeply embedded spudcans were undertaken by Templeton and his coworkers (Templeton et al. 2005; Templeton 2009). Complete soil backflow was assumed in
elastic-perfectly plastic clay soil. While recommendations were made for moment and
horizontal capacities, and these will be compared to results of this study, coupled VHM
combined loading was not considered.
4.2.2 AIMS OF THE STUDY
For improved assessments of jack-up stability under storm loading it is reasonable to
account for the additional capacity of a buried spudcan. This chapter presents results of a
numerical investigation into the bearing behaviour of an embedded spudcan in normally
consolidated soil. Different embedment depths from shallow to deep are considered. The
spudcan’s uniaxial capacities as well as the failure surface under combined VHM loading at
each embedment are presented. This study aims to identify the changes in failure
mechanisms for combined loading at different spudcan embedment depths and to provide
guidelines of the VHM failure surface size and shape for a spudcan in soft clay.
4.2.3 NUMERICAL APPROACH
In practice, spudcan foundations are pushed into the soil under predominantly vertical
force during the jack-up installation before they are subjected to combined VHM loading
during the jack-up operation. To assess the combined bearing capacity of a spudcan
foundation numerically, there are two possible approaches. The first is a small strain finite
element (SSFE) approach that assumes the spudcan is ‘wished in place’, i.e. neglecting the
footing installation process, as many people have done for different objects, such as plate
anchors by O’Neill et al. (2003) and Elkhatib and Randolph (2006). The SSFE approach
essentially calculates the capacity of an installed spudcan, where only small displacement
excursions are required to mobilise the ultimate footing capacity. This is therefore
computationally efficient. The other is a large deformation finite element (LDFE) approach
that also simulates the footing installation process before the capacity under combined load
is assessed. This approach, however, normally requires significant finite element code and
model development, and is also very computationally costly. However, the benefits of the
LDFE approach is that the footing installation process can be properly simulated and
relevant effects on footing capacity considered. For instance, it is well established that
softer clay can be pushed down beneath the spudcan during the installation process.
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Further, remoulding of the soil occurs during the footing installation. These changes in the
soil shear strength will affect the capacity of the spudcan. For the current study, the SSFE
approach is adopted. This allows a systematic estimate of the combined bearing capacity of
a deeply embedded spudcan and the influence of backflow soil, even if limitations still
exist. To consider the effects of spudcan installation, geotechnical centrifuge testing and
more advanced LDFE analyses are planned. This will build on the SSFE results presented
in this chapter.
4.3 FINITE ELEMENT MODEL
Only relatively small displacement excursions are required to mobilise the initial undrained
bearing capacity of a footing already installed in the soil and located at a particular depth.
Therefore, small strain finite element (SSFE) analyses were performed for the purpose of
this study. The analyses were carried out with the commercial software Abaqus version 6.7
(2007).
4.3.1 FOOTING MODEL AND SOIL PROPERTIES
The footing geometry (as shown in Figure 4.1) adopted in the finite element model
represents a generic spudcan used in the field (rather than a specific design). It is circular in
plan, 18 m in diameter (D) and 7.2 m tall (T), giving an aspect ratio (T/D) of 0.4. The
spudcan model is made up of a top cone, a thin upstand and a bottom cone, as labelled in
Figure 4.1. The top and bottom slope angles are 30° and 15° from the horizontal,
respectively. The top cone and upstand account for 70% of the total height, and the
bottom cone for the remaining 30%. Spudcan foundations are usually connected to the
platform by truss work legs. However, in this study, the legs are not modelled, with the
focus solely on the capacity of the spudcan. A separate evaluation of spudcan and leg
capacity is recommended practice in site specific assessment guidelines SNAME (2008).
The spudcan was modelled as a rigid body, with loads and displacements relating to a single
load reference point (LRP). As common practice in jack-up analysis, the LRP was chosen
at the centre of the section of lowest maximum bearing area (Figure 4.1).
This study considers a normally consolidated clay profile. This soil strength profile is
representative of the soil conditions encountered in the Gulf of Mexico and offshore
Western Africa and typically results in deep spudcan embedment. The soil was modelled as
a linearly elastic, perfectly plastic material, governed by the Tresca criterion, with the yield
stress solely determined by the undrained shear strength (su). In this study, su increased
linearly with depth at a strength gradient (k) of 1.2 kPa/m. The mudline shear strength (sum)
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was idealized to be zero (though a small non-zero value, 0.1 kPa, was used for numerical
reasons), giving a normalized profile of kD/sum = 216. However, the local degree of
heterogeneity (kD/su0 where su0 is the undrained shear strength at the LRP) quickly
decreases with embedment. To obtain meaningful normalised results and also to facilitate
validation of the finite element model with known solutions, as discussed below, sum is
increased to 5 kPa for the surface footing (w/D = 0). An effective unit weight (γ′) of 6
kN/m3 was assigned to the soil, though the value of γ' does not influence the failure load
due to the ‘bonded’ footing-soil interface, as will be detailed in 4.3.2. Similar behaviour is
also observed in the studies of the behaviour of plate anchor when an unvented or ‘no
breakaway’ anchor-soil interface is considered (Song et al. 2008; Wang et al. 2010). A
constant, artificially high E/su ratio of 10,000 was chosen. This high rigidity ratio was found
to reduce the computational cost significantly as smaller displacements were needed to
reach failure in the analyses. However, as only the ultimate footing capacities were of
interest, this high rigidity ratio does not influence the ultimate capacity mobilized as
confirmed by analyses performed with E/su = 500, which resulted in the same uniaxial V,
H, M capacities at displacement excursions within the scope of SSFE analysis.
Using the method of Hossain and Randolph (2009a), complete backflow (i.e. a cavity depth
of zero) is predicted for the linearly increasing soil strength profile with zero strength at the
surface. Therefore, complete backflow is assumed for the embedded conditions in this
study. To explore the influence of embedment depth on the spudcan’s bearing capacity
under combined loading, six discrete embedment depths, ranging from shallow to deep,
w/D = 0, 0.5, 1, 1.5, 2, 2.5, 3.5 were considered (measured from the soil surface to the
footing LRP). The installation process was not simulated in the analyses, with the footing
simply wished in place at the target embedment with undisturbed soil assumed to encase it.
The implication of the full backflow and the wished in place assumption is addressed later
in this chapter.
4.3.2 GEOMETRY, MESHES AND VALIDATION
Semi-cylindrical models were necessary to accommodate the footing geometry and
combined loading while taking advantage of the symmetry about the vertical cross-section.
Both the vertical and horizontal boundaries were placed 2.5D away from the footings,
which was found sufficient to avoid boundary effects. At the sides of the model, no
horizontal movement was permitted while the model base was fixed in all three coordinate
directions. The footing-soil interface was treated as fully rough and bonded using the ‘tie
constraint’, which is more computationally efficient and less prone to convergence problem
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than the ‘surface to surface contact’. Therefore, the maximum shear stress allowable at the
footing-soil interface was equal to the soil’s undrained shear strength and tensile stress was
allowed to develop at the contact interface, simulating the interface adhesion/suction
which has been observed in geotechnical centrifuge testing (Purwana et al. 2005).
The finite element model was benchmarked against a surface spudcan resting on the soil
surface. At zero penetration (the LRP aligns with the soil surface), Houlsby and Martin
(2003) provide analytical lower bound bearing capacity factors for conical footings in soils
of heterogeneity kD/sum up to 5. Given sum = 5 kPa, k = 1.2 kPa/m, and an enclosed angle
of the bottom cone of 150°, a bearing capacity factor NcV of 9.30 is interpolated from
Houlsby and Martin’s solutions. The result provided by the finite element model of this
study is 9.10, a difference of only 2%. The slightly lower value obtained through the finite
element analysis is probably due to details of the implementation of the Tresca yield surface
in Abaqus (Taiebat and Carter 2008).
Exact theoretical solutions for deeply embedded spudcans are not available. However, the
accuracy of the finite element mesh was shown against known solutions for circular
footings. For a deeply buried fully rough and infinitely thin circular footing in
homogeneous rigid plastic soil, Martin and Randolph (2001) provided a theoretically exact
solution of 13.11 for NcV based on bound theorems. Using a similar mesh and a uniform
shear strength profile, but a circular plate of finite thickness (T/D = 0.05) embedded 3.5D,
the finite element model gave NcV = 13.23 (Zhang et al. 2010), which compares well with
the theoretically exact solution.
For the spudcan modelled in this study, the mesh below the footing is kept the same as in
the surface model. Similar meshing principles are followed above the spudcan for
embedded cases. Figure 4.2 shows one example mesh for the spudcan at 3.5D embedment.
It consists of about 43,000 first order full integration hexahedral (C3D8) elements, which
were found to provide slightly better accuracy than C3D8R elements.
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LRP

Figure 4.2. Finite element model (3.5D embedment)
4.3.3 LOAD PATHS
The failure envelopes were investigated by two types of displacement controlled tests,
namely “swipe” tests and constant displacement ratio “probe” tests. In a swipe test the
footing is displaced to the ultimate load in one degree of freedom (usually vertical) before
that displacement is held constant and the other displacement(s) applied, with the resulting
load path expected to trace the failure locus in one plane of VHM space. On the other
hand, a probe test prescribes displacements at a fixed ratio (for instance u/θD = constant)
until the load state does not increase with any further displacement, which represents one
point on the failure surface in VHM load space. The detailed description of these two
types of tests used in numerical simulations are provided, among many others, by
Gourvenec and Randolph (2003) and Yun and Bransby (2007) and are therefore not
elaborated on further here.
Zhang et al. (2010) found that swipe tests were only appropriate to probe the failure
envelopes in the VM (H = 0) plane for buried footings as the load paths followed in the
swipe tests undercut the failure envelopes in the other planes. Therefore, in this study,
swipe tests were used in the VM (H = 0) plane, while in VH (M = 0) and HM planes,
constant displacement ratio probes were carried out to establish the failure envelopes. For
HM planes of nonzero vertical load, a proportion of the ultimate vertical load (0.25, 0.50,
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0.75, 0.90) was initially applied as a direct force and held constant while displacement ratio
probes were carried out to establish the failure envelope in that HM plane. These
procedures allow the complete failure surface in the VMH loading space to be constructed.
4.3.4 SIGN CONVENTIONS AND NOMENCLATURE
The sign convention for loads and displacements adopted in this study follows the
standardized convention proposed by Butterfield et al. (1997) for combined loading
problems, as shown schematically in Figure 4.1 (for positive loads and displacements). The
footing’s ultimate uniaxial bearing capacities, which are for loading in a single direction (for
example, H = M = 0 for ultimate vertical capacity), are denoted as Vult, Hult and Mult for
vertical, horizontal and moment directions respectively. Due to the cross-coupling of the
horizontal and rotational degrees-of-freedom, the maximum horizontal or moment
capacity is mobilized when the horizontal force and the moment act in the same direction
(i.e. from left to right and clockwise or vice versa, as shown in Figure 4.1). These are
denoted Hmax and Mmax respectively and are depicted in Figure 4.3. The bearing capacity
factors NcV, NcH and NcM are derived with respect to the undrained shear strength at the
LRP (su0). The normalized peak horizontal and moment capacities on the VH (M = 0) and
VM (H = 0) planes are denoted h0 = Hult/Vult and m0 = Mult/DVult. All the notations
adopted in this chapter are defined in Table 4.1.
Table 4.1. Summary of notations adopted in this study
Vertical

Horizontal

Rotational

Load

V

H

M

Ultimate bearing capacity

Vult

Hult

Mult

―

Hmax

Mmax

NcV = Vult/Asu0

NcH = Hult/Asu0

NcM = Mult/ADsu0

Normalized peak capacity

―

h0 = Hult/Vult

m0 = Mult/DVult

Displacement

w

u

θ

Maximum bearing capacity
Bearing capacity factor
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H
M

Hult

Mmax
Mult

Vult

Hmax

V

M
Hult

H

Mult

Vult

V

Figure 4.3. Schematic of the notations for loads adopted in this study
4.4 RESULTS AND DISCUSSION
The following section presents the results of the study in the sequence of uniaxial loading,
two directional combined loading and then three directional combined loading. The
influence of embedment depth on the spudcan’s bearing capacity is described and the
results are discussed in the context of previous studies where appropriate.
4.4.1 UNIAXIAL BEARING CAPACITY
Table 4.2 summarises the spudcan footing’s uniaxial vertical, horizontal and moment
bearing capacities at different embedment depths. As this study investigates the bearing
capacity of the spudcan foundation at different embedment depths including the surface
spudcan in a normally consolidated shear strength profile, with nominal zero undrained
shear strength at mudline (0.1 kPa actually). In such a profile, as the soil on the top is so
soft that during pre-loading the spudcan footing easily penetrates through the top few
meters. Therefore providing a solution for the surface spudcan in a normally consolidated
soil profile has less of practical importance but is included for theoretical completeness.
Further, normalisation by low values of su results in numerically high bearing capacity
factors (tending to infinity at the surface in normally consolidated soil). In the field, the soft
clay seabed is often likely have a small strength intercept at the soil surface, it is therefore
more meaningful to provide a solution for the surface footing in a similar soil profile but
with a small mudline shear strength (such as sum = 5 kPa). In Figure 4.4, the vertical bearing
capacity factors NcV of the spudcan footing at various embedment depths in the two soil
profiles with sum = 0.1 and 5 kPa respectively are compared. It is found that the difference
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is limited to shallow embedment depth (less than 0.5D). For greater embedment depths,
the difference is minimal. Therefore, in the remainder of this chapter, the surface spudcan
results are reported for the profile with sum = 5 kPa. The following sections discuss the
results in separate loading directions.
Table 4.2. Summary of uniaxial bearing capacities with embedment depth
w/D
Vertical
Horizontal

Rotational

0*

0.5

1

1.5

2

2.5

3.5

NcV = Vult/Asu0

9.10

10.90

11.87

12.70

12.87

12.93

12.99

NcH = Hult/Asu0

1.46

2.81

3.75

4.43

4.67

4.80

4.93

Hmax/Asu0

1.99

3.47

4.28

4.86

5.04

5.12

5.21

Hmax/Hult

1.36

1.23

1.14

1.10

1.08

1.07

1.06

NcM = Mult/ADsu0

1.12

1.34

1.54

1.58

1.59

1.60

1.61

Mmax/ADsu0

1.36

1.60

1.62

1.62

1.62

1.62

1.63

Mmax/Mult

1.21

1.19

1.05

1.03

1.02

1.01

1.01

*Results for the soil profile with sum = 5 kPa, k = 1.2 kPa/m.

4.4.1.1 Vertical bearing capacity
As illustrated in Figure 4.4, the vertical bearing capacity factor NcV of the spudcan increases
rapidly when the embedment (w/D) increases from zero to 1.5D. However, at w/D greater
than 1.5, the value of NcV approaches a limiting value gradually. Reasons for this trend in
NcV can be found in the evolution of the soil failure mechanism with embedment depth,
from a surface mechanism to a fully confined failure mechanism at deep embedment, as
shown in the displacement amplitude contour plots in Figure 4.4. At w/D = 0.5, the
mechanism is shallow, tracing back to the soil surface, with a cylindrical soil block of the
same diameter as the spudcan moving downwards with the footing. When the embedment
is increased to 1D, a transitional failure mechanism of a localised flow-around combined
with continued downward movement of the soil column is observed. At w/D = 1.5, the
soil mechanisms above and below the footing are practically localized, with only some
minor boundary effect from the soil surface. As the embedment increases further, the
boundary influence diminishes gradually. At w/D = 3.5, the soil mechanism is entirely
localized and roughly symmetric about the footing (though not completely as the spudcan
is not symmetric in elevation and the soil strength is not homogeneous).
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This study, SSFE , s um = 5 kPa

Figure 4.4. Trend of horizontal bearing capacity factor with embedment depth
Also shown in Figure 4.4 are solutions of undrained vertical bearing capacity for embedded
foundations in the literature. These include the following:
i) The classical method of Skempton (1951) that is based on the solution for a surface
strip footing, modified with shape and embedment factors. The vertical bearing
capacity factor NcV has a value of 6 at the surface, and increases linearly to 9 at
embedment depths of 2.5D or greater. The method does not account directly for
spudcan shape or the effect of soil strength variation under the footing. It is shown
here as it is widely used in the jack-up industry.
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ii) The lower bound bearing capacity factors of Houlsby and Martin (2003) are
axisymmetric solutions that explicitly consider cone angle, footing roughness, shear
strength profile and embedment depth. The cavity above the footing is assumed to
remain open such that any bearing capacity contribution from soil backflow at deep
penetration is not considered.
iii) Large deformation finite element (LDFE) solutions in ideal Tresca soil (2009a) and
Tresca soil modified for strain softening and strain rate effects (2009b). These
analyses illustrate changes in soil failure mechanisms with spudcan penetration,
results confirmed through visualisation PIV experiments in a geotechnical
centrifuge (Hossain et al. 2005). The LDFE also showed softer soil is trapped
under the advancing spudcan.
The results of this study provide the higher vertical bearing capacities factors than those
predicted by the LDFE because of the ideal conditions simulated – the footing is wished in
place with soil uninfluenced by soil remoulding or being carried deeper by the penetrating
spudcan. The results of this study are also higher than the lower bound solutions of
Houlsby and Martin (2003) because of both the numerical finite element method used and
the assumption of complete closure of the cavity above the spudcan.
Bearing capacity factors back calculated from a spudcan centrifuge test of similar soil
conditions and spudcan shape are also shown in Figure 4.4 (T8, for test details see Table 5,
Hossain and Randolph 2009a). The experimental curve is bracketed by the LDFE results
with and without stain softening and rate dependency. Similar results are shown for
thirteen normally consolidated or lightly over-consolidated clay sites in the Gulf of Mexico
(Menzies and Roper 2008).
The influence of changing soil properties around the spudcan due to the installation
procedure should be kept in mind when evaluating the foundation’s load capacities.
Further interpretation of the results presented in this chapter is provided when discussing
an appropriate analytical expression for the VHM envelope.
4.4.1.2 Horizontal bearing capacity
Figure 4.5 illustrates the trend of the spudcan footing’s horizontal bearing capacity factor
NcH with embedment depth w/D. Similar to the vertical capacity, NcH increases significantly
with embedment depth, due to changes in the failure mechanism (Figure 4.5). At shallow
embedment (less than 1.5D), a combination of a sliding mechanism at the base of the
footing and a scoop mechanism beside and above the footing is observed. The mechanism
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is shallow and affected by the soil surface boundary. With increasing embedment depth,
the influence of the soil surface decreases and more soil is mobilised in the mechanism,
which causes higher capacity with embedment. For embedment greater than 1.5D, the
footing’s failure mechanism becomes fully localized and thus does not change with any
further increase in embedment depth.
Correspondingly, at the soil surface, the horizontal bearing capacity factor NcH is only 1.46.
However, at w/D = 3.5, the value has more than tripled to 4.93. At deep embedment with
associated localised failure mechanisms, the value of NcH approaches a constant value,
increasing only slightly with depth due to the decreasing local heterogeneity kD/su0 of the
soil around the footing.
NcH = Hult /As u0
0

1

2

3

4

5

6

0.0
Centre of scoop mechanism

soil surf ace
0.5

soil surf ace

embedment, w/D

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Figure 4.5. Trend of horizontal bearing capacity factor with embedment depth
The existence of the scoop mechanism indicates the cross-coupling of the horizontal and
rotational degrees-of-freedom of the footing (HM cross-coupling), i.e. that the footing not
only translates horizontally, but also rotates under a horizontal load. This is because the
footing encounters less soil resistance along its sides by a small concurrent rotation than by
pure horizontal translation of the footing. In Table 4.2, the ratio of Hmax/Hult, which can be
used as an indicator of the magnitude of HM cross-coupling, is shown to reduce with
increasing embedment depth. This trend can be attributed to two reasons. With increasing
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embedment depth, on the one hand, the local heterogeneity (kD/sum) of soil around the
footing reduces; on the other hand, the influence of soil surface boundary decreases.
However, HM cross-coupling will not fully cease even at very deep embedment for the
chosen spudcan due to its asymmetric shape in elevation and the LRP location.
4.4.1.3 Moment bearing capacity
Similar observations are made for the moment bearing capacity. In this loading direction
the mechanism is localized for embedment equal to or greater than 1D (Figure 4.6) with
the value of NcM at greater depth increasing only slightly as a result of decreasing local nonhomogeneity (kD/su0) of soil around the footing with embedment. When comparing the
displacement contour plots of 1D and 3.5D, it is found that the centre of rotation of the
ultimate moment mechanism gradually moves closer to the LRP. This is a further
indication of the decreasing magnitude of HM cross-coupling with embedment depth.
Therefore, the ultimate and maximum moment mechanisms approach each other and the
ratio of Mmax/Mult becomes close to unity at deep embedment (Table 4.2), (though unity
will not be reached due to the asymmetrical shape of the spudcan).
As shown in Table 4.2, the normalized maximum moment capacity Mmax/ADsu0 remains
roughly constant for embedment depths greater than (or equal to) 0.5D. This is because for
the maximum moment mechanism, the rotational centre of the scoop is locked at the LRP.
The effect of increased capacity due to the stronger soil in the lower half of scoop roughly
cancels out the effect of reduced capacity due to the softer soil in the upper half. The local
heterogeneity (kD/su0) of the soil around the spudcan therefore does not significantly
influence the value of Mmax/ADsu0 in this example.
Table 4.3 summarises the transition of the footing’s failure mechanisms in the vertical,
horizontal and rotational directions with embedment depths.
Table 4.3. Transition of failure mechanisms with embedment depth
Shallow

Transitional

Deep

Vertical

< 0.5D

0.5 - 1.5D

> 1.5D

Horizontal

< 0.5D

0.5 - 1.5D

> 1.5D

Rotational

< 0.5D

0.5 - 1D

> 1D
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NcM = Mult /ADs u0
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Figure 4.6. Trend of moment bearing capacity factor with embedment depth

4.4.2 BEARING CAPACITY IN THE COMBINED VH (M = 0) AND VM (H = 0) PLANES
4.4.2.1 Failure envelopes
The failure envelopes of the spudcan footing in the VH (M = 0) and VM (H = 0) planes at
different embedment depths are shown in Figure 4.7. The curves corresponding to w/D =
2 and 2.5 are not presented as they are very close to w/D = 3.5. It is found that in both
planes the size of the failure envelopes expands with embedment depth, in line with the
trends of Vult, Hult and Mult with w/D as discussed above. Figure 4.8 shows the envelopes
normalized by the respective ultimate values. In both planes, the shape of the envelopes
was found to be similar for all embedment depths with the only exception of the surface
spudcan, which is slightly smaller than the others. This is useful, as a single expression can
be used to describe the footing’s failure envelope at different embedment depths, as will be
described later in this chapter. As long as the ultimate values Vult, Hult and Mult are known
for a certain embedment depth, the failure envelopes can be scaled accordingly.
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Figure 4.7. Failure envelopes in: (a) VH (M = 0) plane; (b) VM (H = 0) plane
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Figure 4.8. Normalized failure envelopes in: (a) VH (M = 0) plane; (b) VM (H = 0) plane
4.4.2.2 Comparison with an existing force resultant model envelope
The shape of the envelopes in the VH (M =0) and VM (H =0) planes differ from the
experimental envelope reported by Martin and Houlsby (2000), with the peak horizontal or
moment capacities being mobilized at different vertical load levels. For the buried spudcan
footing studied in this work, the peak horizontal or moment capacity is mobilized at zero
vertical load while these occur at 0.46Vult in Martin and Houlsby’s (2000) study (an example
of the comparison in the VM (H = 0) plane is shown in Figure 4.9). The different shape of
the envelopes in these two planes as compared to those of Martin and Houlsby (2000) is
due to (i) the spudcan-soil interface and (ii) soil backflow. While in the present study full
shear force is available to the footing irrespective of the normal pressure due to the rough
bonded interaction, this was not the case for the model spudcan in the physical
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experiments of Martin and Houlsby (2000). Further, in these 1 g model tests the cavity
above the spudcan remained open, while in the finite element analyses presented here, full
backflow was assumed.
0.14
This study (w/D = 1.5)

0.12

Martin & Houlsby (2000)

M/DVult

0.10
0.08
0.06
0.04
0.02
0.00
0

0.2

0.4

0.6

0.8

1

1.2

V/Vult

Figure 4.9. Comparison of the failure envelopes in the VM (H = 0) plane
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4.0

m0, finite element results of this study
h0, finite element results of this study

Figure 4.10. Trend of h0 and m0 values with embedment depth
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4.4.2.3 Normalised peak horizontal and moment capacities
Figure 4.10 shows the trend of normalized peak horizontal capacity h0 and moment capacity
m0 with embedment ratio (w/D). Over the range of embedment considered, h0 increases
consistently before approaching a limiting value as the footing mechanism changes from
shallow to deep (around w/D = 1.5). Unlike h0, m0 is found to be consistent for the whole
range of embedment at a value of around 0.124.
An expression relating the peak horizontal capacity with embedment depth is provided to
fit the results. It follows the same form as the expression proposed for a rigid element of
pipe by Hodder and Cassidy (2010):

h0  h0,surface  h (h0,deep  h0,surface )

(4.1)

where h0,surface = 0.160 and h0,deep = 0.380 are the values of h0 at the soil surface and at 3.5D
embedment respectively, h is an embedment factor defined as:

h  1 

1
2.31
1  3.41w D 

(4.2)

Martin and Houlsby (2000) provided constant values of 0.127 and 0.083 for h0 and m0,
respectively, for the range of footing embedment depth studied (w/D of 0 to 1.6). This
contrasts with the finding of this study that the value of h0 increases with w/D, as shown in
Figure 4.10. However, the value of m0 is found to be relatively consistent with depth in this
study as well as in Martin and Houlsby (2000). The magnitudes of h0 and m0 obtained in this
study are found to be significantly higher than those provided by Martin and Houlsby’s
experiments. This is due to the presence of the soil backflow, although the choice of
interface conditions also contributes.
Templeton et al. (2005) and Templeton (2009) also report finite element analyses intended
to improve the SNAME guideline’s recommendations for h0 and m0 values for deep
spudcan embedment in soft clay. Linear relations were suggested for both h0 and m0. The
former was proposed to depend on the ratio of projected horizontal area (Ah) to vertical
area (A) for embedment greater than 1D (h0 = 0.22 + 0.78Ah/A), while the latter, m0, was
suggested to increase with embedment depth (from 0.1 at soil surface to 0.15 without
backflow or to 0.175 with complete backflow at 2.5D embedment). These
recommendations are shown in Figure 4.10. In comparison, the results of the present study
show different trends, with m0 remaining approximately constant with embedment and the
results by Templeton et al. (2005) for h0 appear overly optimistic. One of the reasons may
be due to the coarse mesh used in their finite element model.
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4.4.3 BEARING CAPACITY IN COMBINED VHM SPACE
The spudcan footing’s bearing capacity under combined vertical, horizontal and moment
(VHM) loading is defined through failure envelopes in HM planes at discrete vertical load
levels (V/Vult = 0, 0.25, 0.5, 0.75, 0.9). The complete failure surface of the footing in VHM
space can then be constructed through interpolation of these envelopes.
Figure 4.11 shows an example of the failure envelope in the HM (V = 0) plane that has
been established by constant displacement ratio probes. The load paths of the probe tests
spread evenly in the HM plane and a complete failure envelope can be established. Figure
4.12a presents the failure envelopes in the HM (V = 0) plane at different embedment
depths. The envelopes for w/D = 2 and 2.5 are not shown for clarity as they are very
similar to w/D = 3.5. It is found that the envelopes are not symmetric about the moment
axis. The maximum moment (Mmax) is mobilized at a positive horizontal load while the
maximum horizontal capacity (Hmax) is mobilized at a positive moment. With increasing
embedment depth, the failure envelopes expand in size. The changing mechanisms are
reflected in the capacity increase as discussed for the VH (M = 0) and VM (H = 0) planes
above.
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Figure 4.11. Establishing the failure envelope in the HM (V = 0) plane by constant
displacement ratio probes (embedment w/D = 3.5)
The shape of the envelopes in the HM (V = 0) plane also changes with embedment depth.
This is indicated by the envelopes normalised by the respective ultimate capacities shown
in Figure 4.12b. The eccentricity of the envelopes reduces with increasing footing
embedment depth. For the surface spudcan (w/D = 0), the envelope is most eccentric.
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However, for the deeply buried spudcan (w/D = 3.5), the envelope is only slightly
eccentric. The reason for this change is that the cross-coupling of the footing’s horizontal
and rotational degrees-of-freedom reduces with embedment depth, which is a combined
result of reducing local heterogeneity (kD/su0) of the soil around the footing and
diminishing soil surface boundary effect.
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Figure 4.12. Failure envelopes in the HM (V = 0) planes at different embedment depths
normalized by: (a) undrained shear strength; (b) respective ultimate capacities
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Figure 4.13. Failure envelopes in combined VHM loading space: (a) w/D = 0; (b) w/D =
0.5; (c) w/D = 1; (d) w/D = 1.5; (e) w/D = 3.5
The full sets of failure envelopes of the spudcan footing in the combined VHM loading
space at different embedment depths are provided in Figure 4.13 (those for w/D = 2 and
2.5 are not shown). At deep penetration, the eccentricity of the envelopes is relatively
constant at different vertical load levels. However, at shallower embedment the eccentricity
shows more dependence on vertical load level, especially when horizontal load and
moment act in the same direction (e.g. +H, +M as shown in Figure 4.13a). For the surface
footing, the eccentricity reduces considerably with increasing vertical load. Dependence of
the eccentricity on the vertical load level was also observed by Martin and Houlsby (2000)
and incorporated into their yield surface formulation.
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4.5 ANALYTICAL EXPRESSION OF THE FAILURE SURFACE
4.5.1 VHM FAILURE SURFACE
The expression proposed by Zhang et al. (2010) for spudcan and circular flat footings is
used to fit the obtained failure surfaces. It has the following form:
2.5

1.5

 H 
 M 
2c c eHM
  c2 
  12
f  c1 



H ult M ult
 H ult 
 M ult 

2

V 
    1  0
 Vult 

(4.3)

where V, H, M are footing loads, and Hult, Mult, Vult are ultimate uniaxial footing capacities,
which can be calculated using the bearing capacities factors tabulated in Table 4.2. The
parameters c1 and c2 adjust the shape of the envelopes in the VH (M = 0) and VM (H = 0)
planes and are related to the vertical load level byc1 = c2 = 1 – c3 (v3 - v4), where v = V/Vult
and c3 = 1.5. The parameter e determines the eccentricity of the envelope in the HM planes.
It is related to the vertical load by e = e1 + e2v2, where e1 is a variable of footing embedment
ratio (w/D), which determines the overall eccentricity of the envelopes in the HM plane
and e2 is a constant that captures the slight variation in eccentricity with vertical load level.
A constant value of e2 = 0.10 is used for all embedment ratios, while the values of e1 are
summarised in Table 4.4 and shown graphically in Figure 4.14.
Table 4.4. Summary of e1 value with embedment depth
w/D

0

0.5

1

1.5

2

2.5

3.5

e1

0.5

0.40

0.30

0.20

0.14

0.11

0.10

The analytical envelopes of Eq. 4.3 are shown against the finite element results in Figure
4.13. The quality of fit is considered reasonable, especially for the deeper embedment
depths.
As observed in Figure 4.12b, the eccentricity of the envelopes in the HM planes reduces
with embedment, which is reflected in the reducing value of e1. The following expressions,
taking the same form as Eq. 4.1 and Eq. 4.2 capture this trend:

e1  e1,surface  e1 (e1,deep  e1,surface )

e  1 
1

(4.4)
(4.5)

1
2.74
1  1.27w D 

where the e1 values at soil surface and at 3.5D embedment are e1,surface = 0.50 and e1,deep =
0.10, respectively. The fit of these equations is shown in Figure 4.14.
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Figure 4.14. Trend of eccentricity parameter e1 with embedment depth
4.5.2 OUTLOOK
The results of this study have been presented in terms of failure envelopes at discrete
spudcan embedment depths, which were obtained from SSFE with a Tresca model without
hardening. In the force resultant footing model, the description of the capacity surface is
accompanied by a displacement hardening law correlating the size of the current envelopes
with the vertical penetration (thus uniaxial vertical capacity). The envelopes can therefore
be viewed as yield (rather than failure) surfaces as they can expand. In conjunction with a
suitable flow rule and a description for elastic behaviour, a full force resultant footing
model can be developed. Eq. 4.3 can therefore be rewritten as:
2.5

1.5

 H 
 M 
2c c eHM
  c2 
  1 2 2
f  c1 



h0 m0 DVult
 h0Vult 
 m0 DVult 

2

V 
    1  0
 Vult 

(4.6)

In the above formulation, h0 and m0 are the normalised peak horizontal and moment
capacities, as defined in Table 4.1, and determined by Eq. 4.1 and Eq. 4.2 and a constant
value of 0.124 respectively.
This failure surface has been derived based on the soil conditions assumed in the finite
element analysis. The spudcan footing was wished in place with soil unaffected by the jackup installation, preloading or operational processes. As discussed in the results section,
installation can cause soil remoulding and trapping of weaker soil under the spudcan. Jack4-24
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up preloading and operations result in consolidation and thus changes in soil strength
under and around the spudcan with time. The normalised surface provided in Eq. 4.6 is
considered a reasonable first estimate of the combined loading capacity, even if the soil has
been influenced during installation and operations. If a more accurate vertical capacity was
to be used, say by calculating Vult through results derived by LDFE (e.g. Hossain and
Randolph 2009b), it is considered reasonable to maintain the shape of the footing’s failure
surface by still using the normalised peak horizontal and moment capacities h0 and m0. The
validity of this assumption could be investigated through finite element studies or
centrifuge testing.
It is also noted that due to the normally consolidated soil conditions simulated full
backflow above the spudcan was assumed. Whether the cavity above the spudcan is fully
filled should be taken into consideration if applying these results. Further studies to define
surfaces for partially filled cavities are also recommended.
4.6 CONCLUSIONS
Deep embedment provides additional capacity to a footing under combined loading, a
situation common for jack-up spudcans at soft clay locations. However, to date this
increase has not been comprehensively quantified. The results of the finite element analyses
presented in this chapter provide evidence regarding the governing failure mechanisms and
their change with spudcan embedment depth, assuming full soil backflow. These
mechanisms underpin the reported uniaxial and combined VHM load capacities, which
highlight the conservatism inherent in the current guidelines.
A single analytical expression is proposed that is capable of describing the normalized
VHM envelope at spudcan embedment from shallow to deep. The expression forms the
basis for the development of a full force resultant model for spudcans under combined
loading in soft clay.
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CHAPTER 5 : DEVELOPMENT OF A COMBINED VHM LOADING APPARATUS
FOR A GEOTECHNICAL DRUM CENTRIFUGE

5.1 ABSTRACT
Foundations, especially those for offshore structures, are often subjected to combined
vertical (V), horizontal (H) and moment (M) loading conditions. Experimental studies of
foundation behaviour under complex combined loading are normally limited to laboratory
testing at unit gravity. Only a few studies have been performed at enhanced gravities in a
geotechnical centrifuge due to difficulties in the design of actuators with independent
control of movements in three degrees-of-freedom. In this chapter, a combined VHM
loading apparatus, with independent control of the in-plane vertical, horizontal and
rotational movements is reported. Test results that measure the size and shape of the
combined VHM yield surface of a spudcan footing of a mobile jack-up platform in soft
clay illustrate the capabilities of the new apparatus.
5.2 INTRODUCTION
The behaviour of foundations subjected to combined vertical (V), horizontal (H) and
moment (M) loading is a fundamental problem faced by geotechnical engineers (see Figure
5.1). It has seen increasing interest in applications offshore where the horizontal and
moment loads relative to the vertical component are much larger than conventionally
encountered onshore. This has led to extensive experimental studies of the combined
VHM bearing capacity of a variety of offshore foundations, such as flat circular footings,
the inverted conical spudcans of mobile jack-ups, skirted foundations, caissons and plate
anchors.
LRP: load reference point

V
M

H

LRP

w
LRP
θ

u
Figure 5.1. A generic footing under combined VHM loading and corresponding
displacements
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5.2.1 EXPERIMENTS AT UNIT GRAVITY (1 G)
The majority of these experimental programmes have been conducted on scale models in
the 1 g laboratory floor environment. Many of these studies, including Butterfield and
Ticof (1979), Georgiadis and Butterfield (1988), Nova and Montrasio (1991) and Gottardi
and Butterfield (1993; 1995), interpreted data that was limited to load control tests, with
combinations of coupled vertical, horizontal and moment loads applied by use of load
eccentricity and/or inclination. This required a large number of tests to define a full VHM
interaction surface. A significant experimental improvement came with the development of
an apparatus with fully automated and independent control of the in-plane vertical,
horizontal and moment movements at the University of Oxford (Martin 1994; Byrne
2000). A more condensed programme of displacement controlled “swipe” tests (as will be
defined and discussed later in this chapter) allowed the VHM surface to be more efficiently
established. Furthermore, complex load paths not possible without independent three
degrees-of-freedom control has been pivotal in the use of the University of Oxford loading
rig for developing force resultant plasticity models that describe the macro element loaddisplacement behaviour of foundations (Gottardi et al. 1999; Byrne 2000; Martin and
Houlsby 2000; Byrne and Houlsby 2001; Martin and Houlsby 2001; Houlsby and Cassidy
2002; Vlahos et al. 2006).
The major limitation of 1 g laboratory modelling, however, is that the behaviour of soil is
strongly stress level dependent and 1 g model tests do not necessarily reflect prototype
behaviour. For combined loading applications, the dilatant behaviour of sands and soil
backflow on top of a penetrating footing in clay are two examples of characteristics not
correctly simulated (as discussed in Tan 1990; Martin and Houlsby 2000; Vlahos et al. 2005;
Gaudin et al. 2011).
5.2.2 EXPERIMENTS IN A GEOTECHNICAL CENTRIFUGE
The alternative of using a geotechnical centrifuge to maintain stress similitude to the
prototype has been restricted because of the challenges of independently and accurately
controlling the vertical (w), horizontal (u) and rotational (θmovement of the footing see
Figure 5.1) in the high gravity environment and with the limited space available.
Centrifuge studies of combined loading problems have predominantly been with
movements in the vertical and horizontal degrees-of-freedom only (Tan 1990; Allersma et
al. 1997;Yun and Bransby 2003; Watson and Randolph 1998; Hodder and Cassidy 2010).
This is limiting because although moment on the footing can still be developed, by using a
fixed loading arm, it is only at one ratio of combined horizontal to moment load. In the
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experimental programmes of Cassidy et al. (2004) and Govoni et al. (2010, 2011), use of a
hinged loading arm changed the ratio to increase the moment to be more representative of
offshore conditions. However, the majority of combined loading tests in geotechnical
centrifuge have been limited as they have not had independent control of vertical,
horizontal and rotational degrees-of-freedom.
There have been three notable exceptions where a VHM loading apparatus provided
independent and simultaneous control of the model’s in-plane vertical, horizontal and
rotational degrees-of-freedom. Dean et al. (1997) used a system within the University of
Cambridge drum centrifuge for testing the combined loading behaviour of conical spudcan
footings in sand. A VHM loading apparatus was also built for the Tokyo Institute of
Technology beam centrifuge as reported in Punrattanasin et al. (2003). A similar concept
was used for these two designs, with the rotational degree-of-freedom generated by the
differential displacement of a pair of actuators connected to a pivot arm. An alternative
design was pursued by Kong (2012) who adopted a pulley system to convert the rotary
motion of the motor to angular motion of the model. By combining this rotation actuator
with the existing vertical and horizontal actuators in the University of Western Australia
(UWA) beam centrifuge, control of in-plane three degrees-of-freedom was achieved (Kong
2012). Details of these apparatus are provided in Table 5.1.
Table 5.1. Summary of VHM loading apparatus used in geotechnical centrifuges (modified
after Punrattanasin 2003)

Centrifuge type
Maximum operational acceleration
Vertical loading capacity (kN)
Horizontal loading capacity (kN)
Moment capacity (Nm)

Dean et
al. (1997)
Drum

Punrattanasin
et al. (2003)
Beam

Kong
(2012)
Beam

This
apparatus
Drum

300 g

100 g

200 g

6.5

4

1

50 g
50
(compression)
10

2

1.7*

1000

500

180

200

6.5

Maximum vertical movement (mm)
Maximum horizontal movement
(mm)
Maximum rotation angle (deg)

20

400

180

225

±5

±250

70

159

±5

±30

±3

±10

Vertical penetration rate (mm/s)

NA

0-1

0-3

0-3

Horizontal movement rate (mm/s)

NA

0-1

0-3

0-3

Rotation rate (deg/s)

NA

0-1

0-3.96

0-1

*For a LRP to pivot arm distance of 116.8 mm.
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The limitation of the University of Cambridge apparatus is that the allowable movements
in all three directions are relatively small. For tests requiring large displacements, for
example a deeply penetrating footing in clay, this apparatus is restrictive. While the
apparatus at Tokyo Institute of Technology has large strokes in all three degrees-offreedom, the operational gravity level is limited to 50 g. This restricts use to larger models
and a lower number of tests per soil sample. The UWA beam centrifuge apparatus is
restrictive due to a maximum rotation angle of ± 3. This restriction is because of limited
space in the beam centrifuge but it also reflects that it was originally developed for hybrid
testing of a model jack-up installation next to an existing footprint, a case where the
rotational tilt of the structure is small (see Kong 2012 for details).
5.2.3 AIMS OF THIS CHAPTER
In this chapter, the development of a new in-plane VHM loading apparatus for the drum
centrifuge at UWA is presented. The apparatus is designed for high operational gravity
levels and has a large stroke and range of velocities in all three degrees-of-freedom (Table
5.1). Combined with the generic benefit of a larger sample within the drum centrifuge these
features make this new apparatus ideal for performing comparative displacement controlled
model footing tests under combined VHM loading conditions.
The initial motivation for developing this apparatus was to experimentally investigate the
behaviour of deeply embedded spudcan footings under combined loading in soft clay
(though other applications are numerous, and includes spudcans in other soil conditions,
skirted or caisson foundations and hybrid foundations). Capacity surfaces for spudcans in
soft clay have recently been defined using numerical finite element analysis techniques
(Templeton et al. 2005; Templeton 2009; Zhang et al. 2011; Zhang et al. 2012a) and
enlarged surfaces primarily based on Templeton’s work have been incorporated in the ISO
guidelines for the site specific assessment of jack-up platforms (ISO 2012). This new
apparatus allows such surfaces to be measured, providing the possibility of experimental
verification. A set of results from ten centrifuge tests that detail the size and shape of the
VHM yield surface of a spudcan embedded at 0.7 and 1.45 diameters are described. The
aim of this example is to demonstrate the capabilities of the new apparatus.
5.3 VHM LOADING APPARATUS
5.3.1 UWA DRUM CENTRIFUGE
In contrast to the traditional beam centrifuge that spins soil in a box attached to a fixed
beam, the drum centrifuge rotates the soil in a continuous annular soil channel surrounding
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a central tool table (see Figure 5.2). At UWA the drum centrifuge is rated to 400 g and has
a diameter of 1.2 m (Stewart et al. 1998). Soil sample is contained in the annular channel of
0.2 m in radial depth and 0.3 m in height.

Tool table

Soil channel

Figure 5.2. General view of the UWA drum centrifuge
On the central tool table (Figure 5.3), there are two identical servo motor actuators driving
in the radial direction, with one positioned above the other. The upper actuator (tool
actuator) is normally used to drive testing tools (such as a footing or a penetrometer) into
and out of the soil sample. The lower actuator (balance actuator) drives a counterweight in
the opposite direction to the tool actuator to maintain balance of the tool table (as
illustrated by opposite arrow directions in Figure 5.3). The central tool table can be moved
up and down relative to the soil channel by a vertical actuator (Figure 5.3). Figure 5.4
illustrates that vertical footing displacement (w) is in the radial direction in the centrifuge,
while the horizontal footing displacement (u) is perpendicular to the ground.
The relative circumferential displacement between the central tool table and the soil
channel is controlled by a precise Dynaserv actuator. The central tool table is normally
locked to the soil channel during a test so that it spins at the same angular speed as the soil
channel. When unlocked the Dynaserv actuator can move the tool table at a different
relative speed to the soil channel or it can be stopped completely to allow the instrumented
testing tools to be modified or changed. This is conducted without stopping the soil
channel.
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Tool table

Tool actuator
Vertical
actuator
inside

Balance actuator

Figure 5.3.General view of the central tool table

Soil

Channel

u
w

Attached to
tool actuator

CENTRIFUGE
GRAVITY

Figure 5.4. Vertical and horizontal footing displacements in the drum centrifuge
5.3.2 APPARATUS DEVELOPMENT
With the conventional drum centrifuge configuration, as just described, it is straightforward
to test a footing in the vertical and horizontal degrees-of-freedom (Figure 5.4). The
Dynaserv actuator does provide another degree of independent motion but only in a
direction perpendicular to the (w, u) plane (into and out of the page in Figure 5.4). It is
difficult to conceive how this can be enabled to allow independent in-plane rotational
movement. Therefore, another actuator is required for a third degree-of-freedom
movement and a new apparatus configured to rotate the footing in-plane.
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The development of such a loading apparatus poses the challenges of (i) limited and
confined space within the drum centrifuge, (ii) precise and independent control of the three
in-plane degrees-of-freedom, and (iii) balancing the centrifuge and limiting vibration in the
high gravity environment. The following sections detail the developments made to address
these challenges.
5.3.2.1 Hardware development
In the VHM loading apparatus described by Dean et al. (1997) and Punrattanasin et al.
(2003), the rotation degree-of-freedom was created by the differential displacements of two
parallel actuators which are both attached to a pivot arm. A similar approach was adopted
for the current development.
For the convenience of software control and also to guarantee reliability and precision of
movements in the drum centrifuge's high gravity environment a new actuator (Figure 5.5)
was built with the same specifications as the existing tool actuator. It was placed above the
existing tool and balance actuators in a purpose built strong box of 60 mm height (Figure
5.6). Two parallel linkage arms connect the tool actuator and the new actuator to a vertical
pivot arm. In turn the loading leg and footing are rigidly attached to the pivot arm. The
photograph in Figure 5.7 shows the detail of the connections. A single hinge joint is used
to connect the actuator at the top of the pivot arm, whereas two hinge joints are used at the
bottom. This system of three hinges allows the pivot arm flexibility to rotate, while at the
same time the position of the footing remains uniquely defined geometrically. Two shielded
ball bearings are used in each hinge to share the load and to facilitate rotation.
Gearbox

Tool attachment

Lead screw

Carriage

Linear bearings

Motor

Figure 5.5. New actuator without the strong box lid
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The positive vertical, horizontal and rotational footing displacements as they relate to the
centrifuge sample are defined on Figure 5.7. These displacements require the following
actuators movements:


Vertical (w): The tool actuator and the new actuator move at the same rate and in
the same direction. The testing velocity is limited to the actuator speed of 3 mm/s.



Horizontal (u): The drum centrifuge’s vertical actuator moves the whole tool table,
providing pure horizontal movement at the footing. The rate of horizontal footing
movement is between 0 and 3 mm/s.



Rotation (θ): The tool and balance actuators move differentially to generate
rotation. For a pure rotation increment about the spudcan’s load reference point
(LRP), simultaneous compensations in vertical and horizontal movements are
required. This is illustrated in Figure 5.8. Though mechanically the connections
allow greater footing rotations, the magnetic safety switch installed at the lower
linkage arm (Figure 5.7) limits the footing rotation to within ± 10°. To achieve
smooth and precise movement the angular velocity is limited to a maximum
rotation rate of 1°/s.

Fibre-optic data
transmission unit

New actuator built for
the VHM apparatus

Vertical actuator
inside

loading arm
Tool actuator

spudcan

Balance actuator

Vertical pivot arm

Tool table

Horizontal linkage arms

Soil channel

Figure 5.6. Assembly of the VHM loading apparatus
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Front

Back

u

w

θ

LRP

New actuator
Tool actuator
Balance actuator
Magnetic limit

Counter weight

Hinge joints

CENTRE OF ROTATION
OF THE CENTRIFUGE

Figure 5.7. Details of the connections

θ

After a
rotation of θ

Attached to new
actuator

Hinge
joints

Initial
position
Footing

LRP

Attached to existing
tool actuator
NOT TO SCALE

CENTRIFUGE
GRAVITY

Figure 5.8. Movements of the VHM loading apparatus that result in pure rotation at the
footing’s LRP
5.3.2.2 Software development
A computer program was developed using NI LabView (National Instruments Corporation
2003) to control the VHM apparatus. The program allows independent displacement
control of the model’s in-plane three degrees-of-freedom. The displacement command is
specified in terms of vertical, horizontal and rotational movements of the model’s LRP, the
location of which (perpendicular distance relative to the pivot arm) can be specified by the
user. Complex continuous movements with simultaneous combinations of w, u and θ
displacements can be achieved by executing a sequence of commands.
The physical dimensions of the VHM apparatus and the specified footing LRP are used to
calculate the three separate actuator demands, based on the required displacements. As
there is a nonlinear relation between the movements of the actuators and the rotation
angle, the actuator motions are determined with real-time updates at a frequency of 5 Hz.
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The software also continuously reads the actual position of the actuators and back
calculates the footing position, which is logged in a data file. At the current state, the
apparatus can only execute displacement controlled routines. Load controlled tests pose
higher requirement on the update rate therefore communication speed between the flight
computer and control software. This will become possible with modest work on the
control software once the flight computer is upgraded, which is currently under plan.
The control software features modules for manual command, sequence definition and a
software safety limit. The manual command module allows the user to specify the desired
travel in w, u, θ directions manually. For a test involving a sequence of displacements, as
was required in the swipe tests described later in this chapter, the displacement sequence
can be defined in advance and be executed without interruption during the test. The
software limit module provides a protection of the system from accidental damage through
incorrect target demands.
5.3.2.3 Displacement calibration
Displacement calibration tests were performed to validate the accuracy of the new VHM
apparatus. The testing configuration included a system of three linear displacement
transducers (LDTs) attached to a dummy footing and the new VHM apparatus (Figure
5.9). One vertical (LDT 3) and one horizontal (LDT 2) were attached to the LRP of the
dummy footing. Another horizontal LDT was attached 25 mm above the LRP. Through
geometrical relationships any w, u, and combinations about the footing’s reference point
could be measured by the LDTs.

Dummy footing
Pivot arm

LDT 1
LDT 2

LRP

LDT 3

Figure 5.9. Displacement calibration set-up
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Figure 5.10. Comparison of measured and logged displacements
Extensive calibration tests were performed to confirm the accuracy of the displacement
control, including tests of displacement in single w, u or θ degree-of-freedom and tests of
combined displacements in two and in three degrees-of-freedom. Excellent accuracy of
displacement control was demonstrated, with the measured footing displacements
matching perfectly those logged by the control software. An example is shown in Figure
5.10 where the footing is prescribed a pure rotation about its LRP at -0.4°/s to maximum 9°. The rotation angle measured by the LDTs matched indistinguishably with that logged
by the VHM software. Only minimal vertical and horizontal footing displacements were
measured about the LRP (less than 0.1 mm), confirming that the rotation was about the
LRP. All the calibration tests were performed in the 1 g environment; however, similar
behaviour is expected under high g. Therefore, no external displacement measurement is
required during the actual tests.
5.3.2.4 Balance control
In the high gravity environment, the balance of the tool table and soil channel is crucial to
avoid excessive vibration which lowers the quality of the measured data. The additional
weight of the new actuator on the tool table required the static balance to be re-established.
In the drum centrifuge, a counterweight is driven by the balance actuator at a proportional
speed to the model’s vertical displacement in the opposite direction to dynamically
maintain the balance of the tool table during a test. However, additional counterweight was
also required because (i) two actuators drive the model vertically compared to the one
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traditionally used, and (ii) the linkage arms of the VHM apparatus and the associated
model were heavier than typical models tested in the UWA drum centrifuge. The relative
ratio of movements also needed to be determined. This was established iteratively prior to
the footing test by pushing the model into the soil channel filled with water.
5.4 APPLICATION TO SPUDCAN TESTS
To demonstrate the capabilities of the new VHM apparatus, an application of the
apparatus to investigate the size and shape of a combined loading yield surface of an
embedded spudcan in soft clay is presented. Previous studies have applied finite element
methods to calculate the combined bearing capacity of the spudcan numerically with the
spudcan “wished in place” (Templeton et al. 2005; Templeton 2009; Zhang et al. 2011;
Zhang et al. 2012a). In this application, centrifuge testing investigates the capacity with the
spudcan installation modelled.
5.4.1 TEST METHOD
The tests performed are known as swipe tests. These were first proposed by Tan (1990)
and have been used extensively for investigating the combined loading yield surface of
foundations (by Martin 1994; Gottardi et al. 1999; Byrne and Houlsby 2001, amongst many
others). A swipe test includes two phases. The first is a vertical penetration to a prescribed
vertical displacement or load level. This is followed by the swipe, during which an
excursion of horizontal or/and rotational displacement(s) is applied to the footing while
the vertical penetration depth is held constant. It is argued that the load path of a swipe test
tracks closely to be on a combined VHM yield surface for that depth, as long as the ratio
of vertical elastic to plastic footing stiffness is high (Tan 1990; Martin 1994; Gottardi et al.
1999). By carrying out a systematic series of swipe tests with different ratios of horizontal
displacement to rotation, it is possible to establish a comprehensive picture of the VHM
yield surface. Figure 5.11 shows the possible load paths of three swipe tests against a
hypothetical VHM surface.
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H

M
V
Swipe test load paths

Figure 5.11. Schematic illustration of swipe test load paths (modified after Gottardi et al.
1999)
5.4.2 MODEL SPUDCAN
Figure 5.12 shows the dimensions of the model spudcan developed for centrifuge testing.
It has the same shape as the spudcan employed by the authors in numerical simulation
(Zhang et al. 2011). At 200 g in the centrifuge, this model represents a prototype spudcan

30

Pressure sensor
Filter

15

LRP

Bottom TPT

24 mm

Top TPT

16,8 mm

Top PPT

14,61 mm

of 12 m in diameter and 4.8 m in height.

Bottom PPT
Tip PPT
60 mm

Figure 5.12. Spudcan footing and pressure transducers
Two total pressure transducers (TPTs) and three pore pressure transducers (PPTs) were
installed in the model spudcan to monitor the pressure changes during the experiments.
The locations of the symmetric pairs of TPTs and PPTs are shown in Figure 5.12. Also
shown is the additional PPT installed at the “tip” of the spudcan. These pressure
transducers were all made from the same Kyowa sub-miniature pressure sensors (PS-
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10KC/PS-10KD). For the PPTs, a plastic porous cylinder was placed in front of the
pressure sensor so that it measured pore pressure.
5.4.3 LOADING ARM
The loading arm not only transferred the motions of the actuators to the spudcan but was
also used to measure the V, H and M loads acting on the spudcan. Figure 5.13 shows the
details of the loading arm design.

Epoxy protective
coating
Top bending

Epoxy seals the
cable outlet
Bottom bending

Aluminium shield

Axial
Soft silicon sealant
at the bottom

Pressure
transducers
(a)

(b)

(c)

Figure 5.13. Loading arm with an outer shield
The loading arm was manufactured with an inner arm and a stiff outer shield. The inner
arm was fitted with a pair of full bridge bending strain gauges 30 mm apart along the arm
and a full bridge axial strain gauge immediately above the spudcan. The outer shield was
designed to isolate the soil pressure acting on the loading arm so that the strain gauges on
the inner arm only measured the loads acting on the spudcan. The inner arm and the outer
shield were rigidly connected at the top and sufficient clearance maintained between the
strain gauged section of the inner arm and the outer shield. The clearance distance was
determined to be greater than the predicted deflection due to bending of the arm under
maximum horizontal load on the spudcan. Soft silicon sealant was used to seal the gap
between the inner arm and the shield at the bottom (see Figure 5.13, Figure 5.14). This
ensured that water and soil could not enter the gap whilst minimising the load transfer
between the two. Calibration tests proved excellent performance of the outer shield and
only limited load transfer between the shield and inner arm was observed. The measured
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outputs of the bending gauges were corrected for this slight effect when deriving the H and
M loads on the spudcan.
The vertical spudcan load was measured directly by the axial strain gauge on the loading
arm. As illustrated in Figure 5.14 the horizontal load and moment were derived from the
corrected outputs of the bending gauges by:
H  (M T  M B ) / L2

(5.1)

M  M LRP  M B  H L3  L4 

(5.2)

where MT and MB are the measured moments on the loading arm at the top and bottom
bending gauge locations respectively, L2 is the distance between the two bending gauges, L3
is the distance from bottom bending gauge to the spudcan top and L4 is the distance from
the top of the spudcan to the LRP.
Fixed end
20

Soil surface

L1 = 30 mm

Top
Bending

MT
L2 = 30 mm

Bottom
Bending

MB
L3 = 30 mm

Axial
Silicon sealant

L4 = 16.8 mm

M
LRP

V

H

MLRP

60 mm

Figure 5.14. Derivation of horizontal and moment loads
The assembly of the VHM loading apparatus, the spudcan and loading arm within the
UWA drum centrifuge is shown in Figure 5.6.
5.4.4 SOIL SAMPLE
The kaolin slurry was mixed at 120% water content under vacuum and consolidated under
self weight in the centrifuge at 200 g. This resulted in a normally consolidated kaolin clay
sample. The sample height was approximately 175 mm (35 m in prototype). The shear
strength profile was characterised in flight by performing miniature T-bar tests (Stewart
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and Randolph 1994). Figure 5.15 shows the undrained shear strength profile established
from the T-bar tests using a typical T-bar factor of NT-bar = 10.5. A slightly nonlinear
expression of su = 0.849w + 0.02w2 (where the units of w are in prototype m and the
resulting su in kPa) provides a good fit to the T-bar results. This slight nonlinearity is due to
linearly increasing gravity field over the sample depth in the drum centrifuge.
su: kPa

0

10

20

30

40

50

0

Curve
Curve
fitfit, su = 0.849w + 0.02w2
5

0.7D

Prototype depth, w: m

10

15

1.45D
20

25

30

Figure 5.15. T-bar test results
5.4.5 TEST OVERVIEW
Swipe tests were performed at depths of 0.7 and 1.45 spudcan diameters (D), as marked in
Figure 5.15. Five swipe tests were performed at each depth. Table 5.2 summarises the tests
performed. For each test, the spudcan was first penetrated to the target depth at a
penetration rate of 0.2 mm/s. The non-dimensional velocity

̇ D/cv (where

̇ is the

penetration rate and cv the coefficient of consolidation, assumed a mean value 2.6 m2/year
for the soil sample depth of interest (Stewart 1992)) was 146.2, above the threshold value
of 10~30, ensuring undrained penetration conditions (Finnie 1993; House et al. 2001;
Chung et al. 2006; Cassidy 2012). The undrained condition was also confirmed by pressure
measurements during the test. Immediately after vertical penetration, swipe displacements
were applied to the footing. In all tests, immediate backflow was observed as soon as the
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spudcan’s lowest widest cross-section became fully contacted with the soil surface This
would not have been the case if the tests were performed at 1 g due to the unrealistic
geostatic stress level under 1 g environment. For the current investigation on deeply
embedded spudcan, the use of the centrifuge is essential to successfully simulate the
installation process, as the backflow of soil has significant impact on the footing’s
combined bearing capacity.
Table 5.2. Summary of centrifuge swipe tests
Test
depth

Test
No.
1
2

0.7D

∞
(Pure translation)
0.95

Velocities
̇
(mm/s)

̇
(°/s)

12

0

0.4

0

9

9

0.4

0.4

3

-0.095

-0.9

9

-0.04

0.4

4

-0.57

-5.4

9

-0.24

0.4

5

-9

7.5

-0.4

0.33

12

0

0.4

0

7

-1.15
∞
(Pure translation)
0.95

9

9

0.4

0.4

8

-0.095

-0.9

9

-0.04

0.4

9

-0.57

-5.4

9

-0.24

0.4

10

-1.15

-9

7.5

-0.4

0.33

6
1.45D

u/Dθ
(D = 60 mm)

Maximum swipe
movement
u
θ
(mm)
(°)

5.4.6 RESULTS
5.4.6.1 Representative swipe test
For illustrative purposes, a detailed look of the displacement and load paths of Test 2 is
provided. This test has been chosen as representative as it is the first test with both ̇ and ̇ .
In this test, simultaneous translation and rotation at a constant ratio of u/Dθ = 0.95 were
applied during the swipe phase (Figure 5.16a-b). Figure 5.16c-e shows the loaddisplacement response recorded in this swipe test. As the horizontal and rotational
displacements increased, the horizontal load and moment increased while the vertical load
decreased. The loads changed more rapidly with displacement at the start of the test before
stabilising at limiting values toward the end. The spudcan load path normalised by V0
(maximum vertical load mobilised at the end of pure vertical penetration) is shown in
Figure 5.17. These plots illustrate how a load path on the VHM yield surface was tracked
during a swipe test. It was noted that at the end of the penetration phase, some small
moment and horizontal loads were developed (ideally zero non-vertical load), possibly due
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to slight imperfection of alignment or variation of soil strength under the footing.
However, the impact is expected to be limited.
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Figure 5.16. Spudcan load-displacement response during representative Test 2
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Figure 5.17. Spudcan load path during representative swipe Test 2: (a) VH plane; (b) VM
plane; and (c) HM plane
5.4.6.2 VHM yield surface
Note that the representative swipe test reported above has a u/Dθ ratio of 0.95. It follows a
unique load path in the VHM space. If a number of swipe tests with different u/Dθ ratios
are performed, the load paths of these tests can be used to define the full VHM surface.
This is demonstrated in Figure 5.18, where the load paths of five swipe tests performed at
1.45D are plotted in VHM space. Also shown is the yield surface, the form of which will
be now discussed.
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Figure 5.18. Swipe test load paths at 1.45D in VHM space
The simplified yield surface proposed by Martin and Houlsby (2000) for 1 g tests of
spudcan in heavily overconsolidated clay and extended by Vlahos et al. (2008) to allow
tensile capacity within an expanded surface fit the experimental results well. The full VHM
surface has the form
2

2

 H   M / D  2eHM / D  4 

  
 
f  
 
2
2 
h0 m0V0
 h0V0   moV0 
 1    

2

2

2

V
  V
    1    0
 V0
  V0 

(5.3)

where h0 defines the ratio of the peak horizontal capacity to the peak vertical compressive
capacity in the VH (M = 0) loading plane, m0 corresponds to the ratio of peak moment
capacity (M/D) to the peak vertical compressive capacity in the VM (H=0) plane, e defines
the eccentricity of the surface in the HM plane and χ is the ratio of peak vertical tensile
capacity to the peak compressive capacity. Eq. 5.3 represents a ‘rugby ball’ shaped yield
surface in the VHM space (as partially shown in Figure 5.18) with parabolic cross-sections
in the VH and VM planes and a rotated elliptical cross-section in the HM plane.
By defining a generalized non-vertical force term
5-20

Centre for Offshore Foundation Systems

Chapter 5

The University of Western Australia
2

2

 H   M / D  2eHM / D
 
Q     
h
m
h0 m0
0
o
  


(5.4)

2

The surface can be simplified as:
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f     
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V
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 V0
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(5.5)

Using Eq. 5.4, the load paths of all swipe tests in VHM space can be simplified to paths in
the V-Q plane. Theoretically if Eq. 5.3 is a good representation of the yield surface, all the
swipe test load paths in the V-Q plane will fall on the same curve determined by Eq. 5.5.
The purpose of the curve fitting exercise is to find the best-fit parameters of h0, m0, e, and χ.
The best-fit parameters (Table 5.3) obtained by global least squares regression yielded
excellent fits to the experimental data at both 0.7D and 1.45D, as shown in Figure 5.19a
and b by the dashed curves. It can be seen that Eq. 5.3 is indeed a good description of the
experimental data as the swipe test load paths all fall within a narrow band around the
fitted curve.
Table 5.3. Summary of best-fit parameters
Parameters

h0

m0

e

χ

0.7D

0.182

0.089

0.380

0.601

1.45D

0.241

0.094

0.153

0.588

In Figure 5.20, the load paths of swipe tests in the VHM space as shown in Figure 5.18 are
projected onto the HM plane. Data points at discrete vertical load levels (V/V0 = 0.8, 0.7,
0.6, 0.5 and 0.4) on the load path are compared with cross-sections of the fitted yield
surface at corresponding vertical load levels. As a load combination (V, H, M) has the same
effect as (V, -H, -M) on the footing, the experimental data points are also plotted in the
diagonally opposite quadrant. It is clear that the rotated ellipses fit the data very well for
both depths.
As can be observed in Figure 5.19 all of the swipe tests were conducted from the peak
compressive V0. It is interesting to note that the values of χ of 0.601 and 0.588 calculated
as a best fit from the regression analysis of the entire surface from the swipe tests is
consistent with a ratio of ~0.6 for the peak tensile vertical load to the peak compressive
vertical load measured in the same sample during a pure vertical penetration and extraction
test (Figure 5.21). Further testing of the VHM yield surface in the tensile region is required
before the shape of these surfaces can be finalised.
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Figure 5.19. Curve fitting of swipe tests: (a) 0.7D; (b) 1.45D
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Figure 5.20. Experimental data against the surface of Eq. 5.3 projected in the normalised
HM plane: (a) 0.7D; (b) 1.45D
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Figure 5.21. Recorded load in a pure vertical penetration-extraction test
5.4.6.3 Discussion on h0 and m0 values
In the normalised load space (V/V0, H/V0, M/DV0), the size of the yield surface is
determined by the h0 and m0 values, which define the apexes of the surface in the VH (M =
0) and VM (H = 0) planes respectively. The capacities evaluated from centrifuge testing are
compared with previous numerical, experimental studies and draft ISO guideline here.
Figure 5.22 shows the comparison of normalised horizontal capacity h0. As expected, the
small strain finite element analyses of Zhang et al. (2011) over-predict the capacity, with the
experimental results about 30-35% lower. However, the overall trend was correctly
predicted by the numerical analysis. The h0 value shows strong increase with embedment
depth. Compared with Martin and Houlsby’s (2000) 1 g experimental results in overconsolidated clay, considerable higher h0 values are obtained from the centrifuge tests in
soft clay, indicating increased footing capacity due to of the backflow soil. The numerical
study by Templeton (2009) appears overly optimistic. The ISO recommendation, which is
mainly based on Templeton’s work but incorporates corrections for soil sensitivity and
completeness of backflow, provide a prediction only similar to Zhang et al. (2011). The
assumptions of the centrifuge test parameters were a value of 2.2 for soil sensitivity (based
on cyclic T-bar tests), full backflow and a projected spudcan horizontal area over vertical
area ratio Ah/A of 0.31, equivalent to the model).
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Figure 5.23. Comparison of m0 values
Similar comparison of the normalised moment capacity is illustrated in Figure 5.23. Again
numerical analyses by Zhang et al. (2011) over-predict the moment capacity while correctly
predicting by overall trend. The centrifuge tests indicate that the m0 value only increases
slightly from 0.089 at 0.7D to 0.094 at 1.45D. Compared with Martin and Houlsby’s (2000)
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1 g results, an increase in the normalised moment capacity is evident. However, the
magnitude is significantly smaller than the normalised horizontal capacity. This implies that
the backflow soil enhances the spudcan’s vertical and moment capacities to a similar
degree, which results in only a modest increase in the normalised capacity m0. The study by
Templeton et al. (2005) and the associated ISO recommendation appear overly optimistic
when compared with the centrifuge test results.
5.4.6.3 Plastic displacement
Based on plasticity theory, if associated flow is assumed, the following relation is valid
u p
f H

D p f M D 

(5.6)

where δup and δθp are plastic horizontal displacement and plastic rotation increments
respectively.
In Figure 5.24 the measured plastic displacement ratio δup/Dδθp in the swipe tests was
compared with prediction of associated flow (Eq. 5.6) in the HM plane. The experimental
plastic displacement increments were calculated by subtracting the elastic displacements
from the prescribed total displacements. To calculate the elastic displacements, a soil
rigidity ratio G/su = 100 was assumed, and the stiffness coefficients reported in Zhang et al.
(2012) were used. With the test data falling closely on both sides of the theoretical
prediction line at both depths of 0.7D and 1.45D, an associated flow is evident in the HM
plane. This is similar to the findings from 1 g laboratory tests (Martin and Houlsby 2000,
2001).
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Figure 5.24. Plastic displacement in the HM plane: (a) 0.7D; (b) 1.45D
5.5 CONCLUDING REMARKS
Motivated by the requirement to understand foundation behaviour under combined
loading conditions and stress levels consistent with large offshore foundations, a VHM
loading apparatus developed for the UWA drum centrifuge is reported. The apparatus
features independent displacement control of the model’s in-plane vertical, horizontal and
rotational degrees-of-freedom. The swipe tests reported in the chapter show that the
apparatus is well suited to investigate foundation behaviour under combined VHM loading
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conditions. These tests form part of a larger study that is dedicated to investigate the
behaviour of deeply embedded spudcan foundations in soft clay and eventually to be used
to develop a displacement hardening force resultant foundation model.
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CHAPTER 6 : A PLASTICITY MODEL FOR SPUDCAN FOUNDATIONS IN SOFT
CLAY

6.1 ABSTRACT
A plasticity model for predicting the load-displacement behaviour of a typical spudcan
foundation for offshore jack-up platforms under combined vertical, horizontal and
moment loading in soft clay is presented. Results from geotechnical centrifuge experiments
of a spudcan embedded vertically to 0.7, 1.0 and 1.45 footing diameters are described.
Augmented with finite element results these centrifuge experiments are used to evaluate the
plasticity model components. As a result of soil backflow on top of the spudcan, enhanced
combined bearing capacity was measured and this is reflected in increased yield surface
size. A tensile vertical load capacity is also incorporated. The excellent predictive
capabilities of the model are demonstrated by retrospectively simulating a selection of
centrifuge tests.
6.2 INTRODUCTION
Mobile jack-up platforms are widely used for performing drilling activities in the offshore
industry. A modern jack-up platform typically consists of three independent legs. Under
each leg, a circular saucer shaped foundation known as spudcan (Figure 6.1) is embedded
in the seabed, supporting the superstructure. Due to the environmental loading from wind,
wave and current, spudcan foundations are subjected to complex combined vertical (V),
horizontal (H) and moment (M) loading (see Figure 6.1 for the sign conventions for
positive loads and conjugate displacements adopted in this chapter). A jack-up is deployed
multiple times throughout its life. Before each installation at a new site, a site specific
assessment must demonstrate its stability in large storms (SNAME 2008; ISO 2012). This
requires understanding of the bearing capacity of each spudcan as well as their interaction
with the jack-up structure.
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Figure 6.1. A typical spudcan foundation under combined VHM loading and
corresponding displacements
Traditionally, spudcan footings have been simply treated as pin joints or a set of springs in
the jack-up structural analysis, with foundation ‘failure’ under the storm evaluated
separately using capacity surfaces written in terms of the VHM loads on the spudcan (see
SNAME 2008, ISO 2012 for example). A significant improvement has been the
development of force resultant foundation models that encapsulate the behaviour of the
spudcan and surrounding soil within a plasticity framework (Schotman 1989; Nova and
Montrasio 1991; Dean et al. 1997; Gottardi et al. 1999; Martin and Houlsby 2000, 2001;
Cassidy et al. 2002a; Houlsby and Cassidy 2002; Bienen et al. 2006). These can be readily
incorporated into a finite element structural analysis program as ‘macro elements’ as they
are written directly in terms of force resultants and displacements about the spudcan’s load
reference point (LRP, Figure 6.1). This avoids any complex discretization of the soil. Such
integrated foundation-structure analyses of mobile jack-up platforms can be found,
amongst others, in Thompson (1996), Williams et al. (1998), Martin and Houlsby (1999),
Cassidy et al. (2001, 2002b), Houlsby and Cassidy (2002), Bienen and Cassidy (2006, 2009)
and Vlahos et al. (2011).
The majority of force resultant models have been based on single surface displacementhardening plasticity theory. These have four components:
i)

a yield surface written directly in VHM load space;

ii)

a hardening law that establishes the yield surface size as a function of the
plastic vertical footing displacement (wp);

iii)

an elastic matrix for describing any increment of load within the yield
surface; and

iv)

a flow rule to describe the elasto-plastic displacements during incremental
expansion and contraction of the yield surface.
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The current state-of-the-art model for predicting spudcan load-displacement behaviour in
clay was developed by Martin and Houlsby (2000, 2001) and based on a series of 1 g
laboratory tests in over-consolidated clay. No significant backflow was present in the tests
even at relative large embedment depth of 1.6 footing diameters. Therefore, the model’s
yield surface only accounts for the contribution from the underside of the spudcan.
However, in soft clays and at realistic field stress conditions, soil has been shown to encase
the spudcan by flowing around the penetrating footing (Hossain et al. 2005; Hossain and
Randolph 2009a) and this process has been codified in the new ISO industry guidelines
(ISO 2012). The backflow soil, though remoulded during the installation process,
potentially provides additional bearing capacity, especially for moment and horizontal
loading. Furthermore, the backflow acts as a ‘seal’ on top of the spudcan, allowing suction
to be developed, as shown in the centrifuge tests of Cassidy et al. (2004), Purwana et al.
(2005) and Gaudin et al. (2011). This may considerably change the foundation behaviour
under combined loading at very low or even tensile vertical load. Experimental push-over
tests of a scaled model jack-up in clay have shown that a spudcan can sustain significant
horizontal and moment reactions even under tensile vertical load (Vlahos et al. 2008).
To assess these potential benefits, the finite element method has been recently used to
define the combined bearing capacity surfaces of ‘wished in place’ spudcan foundations
with complete backflow (Templeton et al. 2005; Templeton 2009; Zhang et al. 2011, 2012a)
and enlarged surfaces primarily based on Templeton’s work have been incorporated in the
ISO guidelines (ISO 2012). Whilst the numerical studies confirmed an increase in
combined loading capacity, there is a need to verify the magnitude of this increase
experimentally. This is because soil undergoes significant displacement and remoulding
during the spudcan installation. The effect of this was not considered in the numerical
studies and the capacity is likely to have been overestimated.
The purpose of the research described in this chapter was to i) experimentally measure the
combined bearing capacity of a buried spudcan in soft clay and to ii) develop a force
resultant foundation model that is appropriate for spudcan foundations in soft clay.
Solutions for the relevant elastic behaviour have already been published (Zhang et al.
2012b) and these are used here. Further, a method to predict the vertical capacity in soft
clay has been proposed by Hossain and Randolph (2009a; 2009b) based on combined
numerical and experimental investigations and this forms the basis of the hardening law.
However, a dedicated geotechnical centrifuge test programme was required to investigate
the remaining components of (a) the yield surface in VHM space at various depths of
embedment and (b) an appropriate flow rule. The centrifuge experiments reveal that the
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backflow considerably increases the footing’s combined bearing capacity as compared to
previous 1 g experiments results without backflow. The magnitude is, however, less than
that predicted by the wished in place numerical analyses and, concerningly, as is
recommended by the ISO guidelines.
6.3 APPARATUS
The tests were performed with a combined VHM loading apparatus developed recently for
the geotechnical drum centrifuge at the University of Western Australia (UWA) (Zhang et
al. 2013). The apparatus features independent displacement control of a model’s in-plane
vertical, horizontal and rotational degrees-of-freedom. Therefore, any combination of
displacements can be prescribed to the model about its LRP. Figure 6.2 shows the
assembly of the VHM loading apparatus with the model spudcan and loading arm
attached. For the experiments described in this chapter the model spudcan was 60 mm in
diameter (D), corresponding to 12 m in prototype at the enhanced 200 g gravity level used
in the tests. The loading arm consisted of a strain-gauged inner arm (used to measure the
V, H and M forces acting solely on the spudcan and reported here at the LRP) and a stiff
outer shield (that isolated the combined loads on the loading arm). A more detailed
description of the spudcan, loading arm and test set-up are available in Zhang et al. (2013).

Fibre-optic data
transmission unit

New actuator built for
the VHM apparatus

Vertical actuator
inside

loading arm
Tool actuator

spudcan

Balance actuator

Vertical pivot arm

Tool table

Horizontal linkage arms

Soil channel

Figure 6.2. Assembly of the VHM load apparatus (after Zhang et al. 2013)
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6.4 SOIL SAMPLE
The tests were performed in normally consolidated (NC) UWA kaolin clay (with properties
provided by Stewart 1992). To prepare the soil sample, the kaolin powder was mixed at
120% water content (twice the liquid limit) under vacuum and consolidated under selfweight in the centrifuge at 200 g.
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Figure 6.3. Undrained shear strength profile determined from T-bar tests
The soil was characterised by in flight miniature T-bar penetrometer tests (Stewart and
Randolph 1994). In each T-bar test, cycles of penetration and extraction over a depth of
20 mm (4 times the T-bar diameter) were performed until the penetration/extraction
resistance did not change with further cycles (i.e. fully remoulded). Such a cyclic event is
illustrated in Figure 6.3 for one test, whereas only the initial penetration is shown for the
remaining tests. The undrained shear strength (su) was derived using a typical T-bar factor
of NT-bar = 10.5 (Einav and Randolph 2005; Dejong et al. 2011). The depth axis is shown in
prototype scale. A nonlinear expression of su = 0.849w + 0.02w2 provides a good fit to the
undrained shear strength profile. The slight nonlinearity is attributable to linearly increasing
gravity field over the sample depth in the drum centrifuge. Previous studies (Stewart 1992;
Randolph and Hope 2004) have suggested an empirical normally consolidated strength
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ratio su/σv0′ = 0.185 for the UWA kaolin clay. In Figure 6.3, this empirical prediction is
shown to match the T-bar results well (note that the changing gravity field and variation of
effective unit weight with depth were taken into account when calculating σv0′).
Figure 6.4 illustrates the soil strength degradation pattern during the cyclic T-bar events.
The degradation factor is defined as the resistance (penetration/extraction) encountered by
the T-bar at the middle depth of the cycles normalised by the initial penetration resistance
(taken as cycle 0.5, Randolph 2004). Good repeatability is found and the limiting
degradation factor is 0.45, indicating a sensitivity (St) of 1/0.45 = 2.2. This is consistent
with other cyclic T-bar tests performed on UWA Kaolin clay (e.g. Hodder et al. 2010;
Mana et al. 2012).
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0
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Figure 6.4. Soil sensitivity determined from cyclic T-bar tests
6.5 EXPERIMENTAL PROGRAMME
The experimental programme concentrates on swipe tests (e.g. Tan 1990; Gottardi et al.
1999; Martin and Houlsby 2000) and radial displacement tests (e.g. Gottardi et al. 1999;
Byrne and Houlsby 2001; Bienen et al. 2006) to evaluate the yield surface and flow rule,
respectively, of the spudcan at three embedment depths, 0.7D, 1.0D and 1.45D. In
addition, two pure vertical penetration-extraction tests were performed. Table 6.1 and
Table 6.2 summarise the swipe and radial displacement testing programmes respectively.
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6.5.1 SWIPE TESTS
In a usual swipe test, the footing is first penetrated to a prescribed vertical depth. This is
immediately followed by an excursion of translation (u) or/and rotation (θ) while the
vertical displacement is held constant. Commencing from the peak compressive vertical
load, a path on the VHM yield surface is tracked. By carrying out a systematic series of
tests with different u/Dθ ratios, a comprehensive picture of the VHM yield surface can be
established, as illustrated in Figure 6.5.
Swipe tests from peak
tensile vertical load

H

M/D

Swipe test from
intermediate tensile
vertical load
Swipe tests from peak
compressive vertical load

V

Figure 6.5. Schematic illustration of swipe test load paths (modified after Gottardi et al.
1999)
To investigate the yield surface on the tensile side of vertical load, some swipe tests were
performed commencing with a tensile vertical load. After penetration to the target depth,
tensile vertical load was mobilised through application of a small upward displacement. The
swipe was then performed with the vertical penetration held constant. The mobilisation of
the initial tensile vertical load is assumed to be elastic (i.e. no loss of plastic penetration wp),
so that a swipe test commencing from the peak tensile vertical load will track a path on the
yield surface corresponding to the original wp. A swipe test commencing from an
intermediate tensile vertical load will first respond elastically and then track along that
surface after yield. This assumption is illustrated in Figure 6.5.
6.5.2 RADIAL DISPLACEMENT TESTS
In the radial displacement tests the footing was subjected to a path of a fixed u:w or Dθ:w
ratio (after being penetrated to an initial vertical embedment). Within the plasticity
framework, this represents continuous elasto-plastic expansion of the yield surface. The
tests, therefore, provide a basis for the development of the flow rule.
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Two types of radial displacement tests were performed with slightly different procedures,
with the assumed load paths schematically illustrated in Figure 6.6 (noting that in a radial
displacement test the displacements are prescribed and the loads measured). The load paths
represented by solid lines in the figure will be achieved by the application of radial
displacements immediately after purely vertical penetration of the footing to a pre-selected
depth. Plasticity theory implies that the load path starts from pure vertical load and
expands the yield surface as the test proceeds. However, if the spudcan is unloaded
elastically to around zero vertical load following the initial pure vertical penetration before
radial displacements are applied, the load path will increase linearly to the yield surface
(corresponding to the maximum previously experienced wp) before expanding the yield
surface from that point on. These load paths are indicated in the figure by the dashed lines.

H or M/D

expanding
yield surfaces

load paths to be measured
(not necessarily straight)

inital
yield surface
V

Figure 6.6. Schematic illustration of radial displacement test load paths
Each swipe or radial displacement test represented a vertical penetration test before the
swipe or radial displacements were applied. In all tests, the pure vertical
penetration/extraction of the spudcan was performed at a rate of

̇ = 0.2 mm/s.

Assuming a coefficient of consolidation (cv) of 2.6 m2/year for the effective stress level of
interest (Stewart 1992), the non-dimensional velocity ̇ D/cv was 146.2, which was larger
than the threshold value of 10~30 and thus ensured undrained conditions (Finnie 1993;
House et al. 2001; Chung et al. 2006; Cassidy 2012). For swipe tests and radial displacement
tests, the maximum horizontal and rotational rates were limited to 0.4 mm/s and 0.4°/s
respectively, as detailed in Table 6.1 and Table 6.2.
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Table 6.1. Summary of the swipe testing programme followed
Test
depth

0.7D

Type

Swipes from peak
compressive load

Swipes from
intermediate tensile
load

1.0D

Swipes from peak
compressive load

Swipes from peak
compressive load

1.45D

Swipes from
intermediate tensile
load
Swipes from peak
tensile load

Test
Name

u/Dθ

PCS1

∞

PCS2

0.95

PCS3

Swipe movement
u
θ
(mm)
(°)
12
0

Velocities
̇
̇
(mm/s) (°/s)
0.4
0

9

9

0.4

0.4

-0.095

-0.9

9

-0.04

0.4

PCS4

-0.57

-5.4

9

-0.24

0.4

PCS5

-1.15

-9

7.5

-0.4

0.33

ITS1

∞

12

0

0.4

0

ITS2

-0.095

-0.9

9

-0.04

0.4

PCS6

∞

12

0

0.4

0

PCS7

0.95

9

9

0.4

0.4

PCS8

-0.095

-0.9

9

-0.04

0.4

PCS9

-0.57

-5.4

9

-0.24

0.4

PCS10 ∞

12

0

0.4

0

PCS11 0.95

9

9

0.4

0.4

PCS12 -0.095

-0.9

9

-0.04

0.4

PCS13 -0.57

-5.4

9

-0.24

0.4

PCS14 -1.15

-9

7.5

-0.4

0.33

ITS3

∞

12

0

0.4

0

ITS4

-0.095

-0.9

9

-0.04

0.4

PTS1

∞

12

0

0.4

0

PTS2

0.95

9

9

0.4

0.4

PTS3

-0.095

-0.9

9

-0.04

0.4

PTS4

-0.57

-5.4

9

-0.24

0.4
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Table 6.2. Summary of the radial displacement testing programme followed
Test
depth

Type

Test
Name

0.7D

9

78.7
tan (Dθ/w)
(°)
46.3

12
θ
(°)
9

2.4
w
(mm)
9

0.4
̇
(°/s)
0.2

̇
(mm/s)
0.2

9
u
(mm)
3.73

1.8
w
(mm)
9

0.4

0.08

R5

79.2
tan-1(u/w)
(°)
22.5

̇
(mm/s)
0.083

̇
(mm/s)
0.2

R6

45

9

9

0.2

0.2

R7

76.7

21.1

5

0.4

0.095

R8

45

9

9

0.2

0.2

R9

12
θ
(°)
3.56

2.4
w
(mm)
9

0.4
̇
(°/s)
0.079

0.08
̇
(mm/s)
0.2

R2

-1

R3
R4

u:w plane
Radial tests
immediately after
penetration

1.45D

Radial tests with
elastic unload

Velocities

9

R1

Dθ:w plane
Radial tests with
elastic unload

tan-1(u/w)
(°)
45

Radial
movement
u
w
(mm) (mm)

̇
(mm/s)
0.2

u:w plane
Radial tests with
elastic unload

Radial ratio

̇
(mm/s)
0.2
0.08

Radial tests
immediately after
penetration

R10

78.7
tan (Dθ/w)
(°)
22.5

R11

81.8

10

1.52

0.4

0.061

Radial tests with
elastic unload

R12

46.3

9

9

0.2

0.2

R13

79.2

9

1.8

0.4

0.08

-1

Dθ:w plane

6.6 FORCE RESULTANT MODEL
6.6.1 HARDENING LAW
The model assumes that the yield surface expands with the plastic vertical displacement of
the spudcan (wp). As the yield surface will be expressed as a function of the pure vertical
capacity, an accurate description of the vertical capacity of the spudcan at a given plastic
embedment depth is required.
For an embedded spudcan buried in backflow soil, the total vertical capacity for the footing
to resist compressive external load is:
Vtotal_C = V0 + Fb

(6.1)

where V0 represents the compressive vertical bearing capacity provided by the soil and Fb
represents the buoyancy force on the spudcan. V0 and Fb are calculated as:
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V0=Nc Asu0

(6.2)

Fb = γVol

(6.3)

where su0 is the undrained shear strength at the current plastic embedment depth, Nc is the
vertical bearing capacity factor, A is the bearing area of the footing, γ is the effective unit
weight of the soil and Vol is the volume of soil displaced by the footing.
The total capacity for the spudcan to resist external tensile load is
Vtotal_T = VT - Fb

(6.4)

where VT is tensile capacity provided by the soil strength. Its ratio to the corresponding
compressive capacity (VT/V0) is denoted as χ, which will be shown useful when defining
the yield surface.
In all tests, backflow was observed immediately after the spudcan LRP (Figure 6.1)
penetrated past the soil surface. This is a result of very low su (~ zero) at the NC soil
sample surface. Figure 6.7 shows (i) the penetration-extraction response of the two vertical
tests and (ii) the initial penetration of all 11 swipes that were performed at a depth of
around 1.45D (~87mm). The resistance (V) is the measured vertical capacity corrected for
the buoyancy and shaft effect (unequal areas below and above the spudcan due to existence
of the shaft, similar to correction needed for a CPT test (Randolph et al. 2007)). Therefore,
it represents the net capacity provided by the cohesive strength of the soil (i.e. V0 in
penetration and VT in extraction).
The pure vertical tests show that a peak tensile capacity of about 60% of the compressive
capacity (χ ≈ 0.6) is mobilised at an extraction of ~10% of the spudcan diameter (i.e. 6 mm
in model scale). For the range of depths investigated (0.7D – 1.45D), this ratio appears to
be independent of footing depth. Upon the vertical movement reversal, the loaddisplacement response is approximately linear, indicating elastic behaviour. However, once
the net vertical load becomes tensile, the stiffness begins to degrade and reaches zero as the
peak tensile load is mobilised. Clearly this mobilisation process is elasto-plastic. Based on
the vertical tests, swipes (results of which will be presented later) commencing from the
peak tensile vertical load were performed after an extraction of 6 mm; whilst those
commencing from intermediate tensile vertical load (60-70% of the peak) tests were
performed following 2.5 mm of upward vertical movement.
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Figure 6.7. Vertical load response during penetration and extraction
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Figure 6.8. Vertical bearing capacity factor of the spudcan
Figure 6.8 shows the derived vertical bearing capacity factor (V/Asu0) against the
normalised penetration depth (w/D). As can be seen, it decreases rapidly at shallow depth
and approaches an average value of about 10 from approximately 0.5D, indicating
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formation of a continuous flow-around soil mechanism. The large value at shallower depth
is due to the high local soil heterogeneity.
Hossain and Randolph (2009a; 2009b) proposed a mechanism based method for predicting
the vertical bearing capacity of spudcans in clayey soils. The method takes into account the
different failure mechanisms at various stages of penetration and can consider the effect of
penetration rate and soil sensitivity. If the penetration rate effect is neglected, the vertical
bearing capacity factor is determined by
Ncs or Ncd =  rem  1   rem e3

b

95

 Ncs_ideal or Ncd_ideal

(6.5)

where Ncs is the shallow bearing capacity factor for a general shear failure mechanism
before backflow, Ncd is the deep bearing capacity factor associated with a fully localised
flow-around mechanism, Ncs_ideal and Ncd_ideal are corresponding shallow and deep bearing
capacity factors respectively in an ideally non-strain softening soil (i.e. St = 1), δrem is the
inverse of the soil sensitivity St, ξb represents the average cumulative shear strain as
experienced by the soil particles as they traverse the flow mechanism around the spudcan
and Hossain and Randolph (2009b) suggested ξb to be 2.4, and ξ95 is the ductility parameter
and is equal to the cumulative strain required for 95% remoulding. Hossain and Randolph
(2009a) recommend Ncs_ideal to be determined by interpolation of results from wished in
place numerical analyses with an open cavity and Ncd_ideal to be calculated by
Ncd_ideal = 10 (1 + 0.065wp/D) ≤ 11.3

(6.6)

From onset of backflow to fully localised flow-around mechanism, a transitional depth of
0.5D is assumed in this model. For the tested NC soil profile, in implementation, a nonzero shear strength (0.1 kPa) is assumed at the surface. This predicts a small cavity depth
according to Hossain and Randolph (2009a) method. The bearing capacity in the
transitional zone is linearly interpolated between the two ends. Figure 6.8 shows the
model’s prediction of the bearing capacity factor based on St = 2.2 (as derived for the
experimental conditions from cyclic T-bar tests) and an assumed ξ95 value of 30. A
reasonable match to the experiments is demonstrated.
6.6.2 YIELD SURFACE
6.2.2.1 Selected swipe test results
Figure 6.9 presents the load paths of three similar swipes of u/Dθ = 0.95 performed at
0.7D, 1.0D and 1.45D from peak compressive vertical load (PCS2, PCS7 and PCS11). With
increasing embedment depth, the load paths tracked by the swipes increase in magnitude.
However, a similar shape is maintained. This illustrates nicely that the size of the yield
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surface expands as the current plastic penetration (wp) increases and that a simple hardening
law can be assumed.
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Figure 6.9. Load paths of similar swipe tests (PCS2, PCS7 and PCS11) performed at
different embedment depths
Figure 6.10 presents the load paths of three pure translation swipes (i.e. u/Dθ = ∞; PCS10,
PTS1 and ITS3) that were performed from peak compressive, peak tensile and
intermediate tensile vertical loads respectively at an initial embedment depth of 1.45D (note
only the limiting loads for test ITS3 are presented). The loads have been normalised by the
compressive capacity prior to the swipe (V0). For the tensile swipes, V0 refers to the
maximum compressive vertical load prior to the extraction. The implication of this
normalisation is that purely elastic behaviour during this initial pull out is assumed (or
alternatively the loss of wp during the mobilisation of tensile load is neglected). This
assumption of the numerical model provides a simple and practical approach to evaluate
and eventually simulate the tensile swipe test results. As shown in Figure 6.10, the pair of
swipes performed from the peak compressive and peak tensile vertical loads track paths
from two ends of the VHM surface at a similar M/DH ratio. The limiting load
combination of the intermediate tensile swipe is also consistent with the yield surface
established by the swipes performed from the peak vertical loads.
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Figure 6.10. Load path of similar swipes (PCS10, ITS3 and PTS1) performed from
different initial vertical load levels at 1.45D

6.2.2.2 Yield surface formulation
The following equation provides a reasonable and practical fit to the experimental data:
2

2

 H   M / D  2eHM / D  4 

  
 
f  
 
2
2 
h0 m0V0
 h0V0   moV0 
 1    

2

2

2

V
  V 
    1    0
 V0
  V0 

(6.7)

where h0 and m0 define the peak ratios of H/V0 and M/DV0 in the VH (M = 0) and VM
(H = 0) planes, e defines the eccentricity of the cross-section in the HM plane and χ is the
tensile capacity ratio VT/V0.
For the convenience of optimisation, a generalised non-vertical force is defined as:
2

2

 H   M / D  2eHM / D
 
Q     
h0 m0
 h0   mo 

(6.8)

allowing the yield surface to be simplified to:
2

Q  4 

f     
2 
V


1


 0 


2

2

2

V
  V 
    1    0
 V0
  V0 

(6.9)

By using Eq. 6.8, the load path of a swipe test in the VHM space is simplified to a path in
the VQ plane. Least squares regression analysis was performed for each complete set of
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compressive swipe tests at different depths. As the pure vertical tests indicate a tensile
capacity ratio of 0.6, and indeed the best-fit χ values found by optimisation are around 0.6
(Zhang et al. 2013), the χ value is held at 0.6 for simplicity. Table 6.3 collates the optimised
parameters for the three embedment depths and Figure 6.11 compares all 22 swipe tests
against Eq. 6.9 in the VQ plane (note only the limiting loads are shown for the four
intermediate tensile swipe tests). It is illustrated that the compressive swipes bond closely
around the fitted surface.
Although the tensile swipes are presented in Figure 6.11, they were not included in the
fitting process. Nonetheless, tests PTS1 and PTS2 with u/Dθ ≥ 0 compare closely to the
surface determined by the compressive swipes. However, tests PTS3 and PTS4 with u/Dθ
< 0 locate inside the yield surface. Similar observations can be made for the swipes
performed from intermediate tensile load (i.e. tests ITS1 and ITS3 with u/Dθ ≥ 0 reach
limiting loads that are consistent with the fitted surface, but, tests ITS2 and ITS4 with
u/Dθ < 0 fall inside of the surface). No conclusive explanation for this can be offered at
this stage.
Table 6.3. Summary of best-fit parameters
Parameters

h0

m0

e

0.7D

0.182

0.089

0.380

1.0D

0.198

0.092

0.244

1.45D

0.242

0.094

0.150
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1.2

1

u/Dθ ≥ 0

Q/V0

0.8
Eq.6.9
9
Eq.

0.6
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0
-0.8

-0.6

-0.4
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0

0.2
V/V0

0.4

0.6

0.8

1

1.2

Figure 6.11. Swipe tests against the fitted surface in the VQ plane
To further illustrate the fit, the load paths of swipe tests performed from peak compressive
and peak tensile vertical loads at 1.45D are projected onto the HM plane in Figure 6.12a
and Figure 6.12b respectively. Data points at discrete vertical load levels (V/V0 = 0.8, 0.7,
0.6, 0.5 and 0.4) for the compressive swipes and (V/V0 = -0.5, -0.4, -0.3 and -0.2) for the
tensile swipes are compared with corresponding cross-sections of the fitted yield surface.
As a load combination (V, H, M) has the same effect as (V, -H, -M) on the footing, the
experimental data is also plotted in the diagonally opposite quadrant. The fitted surface
describes the compressive swipes very well. The yield surface also compares closely to the
data of the tensile swipes in the (+H, +M) and (-H, -M) quadrants. However, it is unconservative compared to the data in the (-H, M) and (H, -M) quadrants. A better fit to the
tensile swipes is possible by performing a separate regression analysis on those test data,
but will require a different set of yield surface parameters. In practical situations, the
moment on the foundation is often caused by the environmental load (H) acted at an
elevated height. Therefore, H and M are normally of the same sign, i.e. locate in the (+H,
+M) and (-H, -M) quadrants. For simplicity, the yield surface adopts the best fit parameters
evaluated from the compressive swipes.
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Figure 6.12. Experimental data against the fitted yield surface in the normalised HM plane:
(a) swipes from peak compressive vertical load; (b) swipes from peak tensile vertical load
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6.2.2.3 Discussion on the yield surface
Figure 6.13 compares the cross-sections of the yield surface in the normalised VH (M = 0)
and VM (H = 0) planes derived from (i) the current centrifuge tests, (ii) the 1 g
experiments of Martin and Houlsby (2000), and (iii) the finite element analyses of Zhang et
al. (2011) of a wished in place spudcan with complete backflow. On these two planes, Eq.
6.7 indicates a parabolic interaction envelope, similar to the 1 g surface. However, the
location of the peak differs. The envelope based on the centrifuge results peaks at V/V0 =
0.2, implying significant combined bearing capacity even under tensile vertical load. The
envelope developed from 1 g testing peaks at an intermediate vertical load level (V/V0 ≈
0.46) and the capacity diminishes to zero when the vertical load approaches zero. This is
related to the different backflow and levels of suction between the centrifuge and 1 g tests,
as also discussed in Vlahos et al. (2008). The numerical analyses suggest elliptical
interaction envelopes in these two planes (that differ in shape between the VH (M = 0)
and the VM (H = 0) planes, and both are larger than the envelope evaluated from the
centrifuge results). The numerically derived envelopes peak at zero vertical load due to the
assumption of the bonded footing-soil interface and the Tresca yield criterion for the soil
(thus the same tensile capacity as the compressive capacity would be calculated).
1.2
Zhang et al. 2011
VM plane VH plane

1.0
H/h 0 V0 , M/m0 DV0

0.8
0.6
0.4
Martin and Houlsby
2000

0.2
This study

0.0
-0.8

-0.6

-0.4

-0.2

0.0

0.2
V/V0

0.4

0.6

0.8

1.0

1.2

Figure 6.13. Comparison of yield surface shape in the normalised VH (M=0) and VM
(H=0) planes
On the VH and VM planes, the current ISO guidelines recommend that the interaction
envelope evolutes progressively from a parabola similar to Martin and Houlsby’s envelope
(except that it peaks at V/V0 = 0.5) for a surface spudcan to an ellipse for a spudcan with
embedment ratio (w/D) equal to or greater than 2.5. However, the current centrifuge
results seem not to support this evolution.
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While the shape of yield surface is determined by the equation form (e.g. parabolic vs
elliptical), the size of surface in the normalised load space is determined by the parameters
h0 and m0. In Figure 6.14, the centrifuge results show that the values of h0 and m0 increase
with embedment, especially h0. This is in contrast to the 1 g test results, where h0 and m0
were constant with depth. The centrifuge h0 and m0 values are also considerably higher,
indicating increased bearing capacity due to backflow. Although the wished in place
numerical analyses successfully capture this trend, the magnitude is overestimated as the
remoulding and soil displacement during the installation process are not accounted for.
The ISO guidelines recommend h0 and m0 values increase with embedment depth for
spudcan in soft clay site based primarily on limited wished in place numerical analyses (of
Templeton et al. 2005; Templeton 2009). Although a method is provided to correct for soil
remoulding, the resulting h0 and m0 values according to ISO are still overly optimistic when
compared to these experimentally measured values. This is shown in Figure 14, noting that
the ISO data points are based on St = 2.2 with assumption of fully remoulded backflow
and a projected horizontal area to vertical area ratio of 0.31, relevant to the centrifuge
experimental conditions.

0

Martin and Houlsby 2000

ISO 2012

Zhang et al. 2011

This study, centrifuge experiments
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Figure 6.14. Variation of h0 and m0 with embedment depth
Figure 6.15 compares the eccentricity of the HM cross-sections of the yield surfaces
derived from the centrifuge tests, the 1 g experiments and the finite element analyses. The
centrifuge results show that eccentricity reduces with embedment, consistent with the
findings from finite element analyses. Contrary to this, the eccentricity of the surface
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derived from the 1 g experiments does not change with depth. The footing essentially
behaves like a surface foundation since no significant backflow was present in the tests.
Overall eccentricity
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Figure 6.15. Variation of eccentricity with embedment depth
6.6.3 ELASTICITY
Linear elastic response is assumed for load combinations inside the yield surface. The
relationship between the increments of load (δV, δH, δM) and the corresponding elastic
displacements (δwe, δue, δθe) is:
V 
4 K V
  GD 
0
H  
8 
M 

 
 0

 we 
 
4 K H 2 K C D  ue 

2 K C D K M D 2  
 e 
0

0

(6.10)

where G is the shear modulus of the soil at current plastic embedment (wp) and KV, KH, KM
and KC are dimensionless stiffness coefficients that have been already defined by the finite
element analyses of Zhang et al. (2012b). The coefficients reported in Zhang et al. (2012b)
are representative of a spudcan shaped footing buried in backflow soil and provide for a
range of linearly changing shear modulus profiles. The methodology followed several
numerical studies defining the elastic stiffness of a footing under combined VHM loading
(Bell 1991; Ngo-Tran 1996). Table 6.4 lists the representative stiffness coefficients relevant
for the spudcan for the experimental soil conditions at different depths.
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For interpretation of the radial tests results and in the retrospective simulations reported in
this chapter, the rigidity index Ir = G/su0 was evaluated based on the unload-reload stiffness
observed in the vertical tests (and by using the dimensionless elastic stiffness coefficient
reported in Zhang et al. (2012b) according to Eq. 6.10). An average value of Ir = 50 was
found to fit the experimental data well.
Table 6.4. Representative elastic stiffness coefficients (after Zhang et al. 2012b)
w/D

KV

KH

KM

KC

0.7

21.04

12.99

11.60

1.24

1.0

18.63

12.66

11.51

1.27

1.45

17.63

12.61

11.56

1.23

6.6.4 FLOW RULE
The flow rule dictates the direction of plastic flow during an elasto-plastic increment. In
this model, a plastic potential surface with a similar form to the yield surface is proposed:
2
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V0' is the dummy V0 value of the plastic potential surface that intersects the yield surface at
the current load point (V, H, M). The non-association parameters αv, αh, αm, β3 and β4 are
used to adjust the shape of the surface. For αv = αh = αm = β3 = β4 =1, Eq. 6.12 is
equivalent to Eq. 6.7, simulating associated flow.
In the following sub-sections, the development of the proposed plastic potential surface is
explained.
6.6.4.1 Plastic flow in the HM plane
According to plasticity theory the ratio of plastic horizontal displacement to rotation can be
evaluated as
 m

u p

g H

 h
D p g M D    h
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 m0  H 
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  e
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where δup and δθp are plastic horizontal and rotational displacement increments
respectively.
When αh = αm = 1, Eq. 6.13 represents associated flow in the HM plane. In Figure 6.16, the
measured plastic displacement ratios δup/Dδθp in the swipe tests are compared with the
prediction of associated flow (for clarity this is only shown for depth of 0.7D; however, the
results are similar for other depths). The experimental plastic displacements were obtained
by subtracting the calculated elastic components from the prescribed total displacements.
With the test data falling on both sides of the associated prediction, an associated flow
appears a good first estimation, though the associated assumption consistently underestimates the absolute plastic displacement ratio (|δup/Dδθp|) at a given DH/M ratio.
However, when αh = 1.0, αm = 1.35, the predicted plastic displacement ratios match the
measured data very well for all depths, as illustrated by the example shown in Figure 6.16
for 0.7D.
90
αh = 1.0, αm = 1.35
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Series1
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u/Dθ = 0
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u/Dθ = -1.15

-70
-90
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-50
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70

90

p/Dδθp):

Figure 6.16. Plastic flow in the HM plane
6.6.4.2 Plastic flow in the VH and VM planes
In the VH and VM planes, radial displacement tests were performed to evaluate the flow
rule. Figure 6.17 presents the load paths of four radial tests (R8, R9, R12 and R13 in Table
6.2) at 1.45D, which were performed from a net vertical force of around zero (achieved
through 0.8 mm of upwards movement following initial penetration). The horizontal and
moment loads on the spudcan are expressed as the generalised non-vertical force Q
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according to Eq. 6.8. Yield surfaces with different V0 values are shown against the load
paths, illustrating their expansion during the radial displacement tests.
If associated flow is assumed,

qp f Q

wp f V

(6.14)

where δqp is the generalised plastic displacement conjugate to Q, which can be expressed as:

qp 





1
h0up 2  m0 D p 2  2eh0up m0 D p 
2
1 e

(6.15)

as demonstrated in Cassidy et al. (2002a).
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Figure 6.17. Load paths and example yield surfaces of radial displacement tests
In Figure 6.18, the plastic displacements of the radial displacement tests performed at both
depths of 0.7D and 1.45D are compared with prediction of Eq. 6.14, which clearly shows
that the associated flow does not describe the experimental data satisfactorily (Note R5, R6,
R7, R10 and R11 are not shown for 1.45D for clarity, though the comparison is similar).
Based on the plastic potential surface of Eq. 6.13, least squares regression was performed
to find the optimal set of parameters to describe the radial displacement test data. For
consistency with the HM plane, αh and αm are constrained to be 1.0 and 1.35 respectively.
Further, β3 and β4 were constrained to be equal to ensure that the peak of the plastic
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'
0

potential occurred at V/V = 0.2. Values of αv = 1.1, β3 = β4 = 0.45 were found to predict
the experimental data well, as illustrated in Figure 6.18.
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Figure 6.18. Plastic flow indicated by radial displacement tests
6.7 RESTROSPECTIVE ANALYSES
The force resultant model has been implemented into a FORTRAN program and
retrospective simulations of selected centrifuge tests have been performed to demonstrate
the capabilities of the model. As the entire centrifuge program was displacement
controlled, the input to the numerical analysis consisted of displacements identical to those
imposed in the experiments, with the FORTRAN program calculating the spudcan
reactions according to the model.
6.7.1 RETROSPECTIVE SIMULATION OF A PURE VERTICAL TEST
Figure 6.19 compares the numerical simulation of a vertical test with the centrifuge
experiment. A reasonably good match is demonstrated. The assumption of purely elastic
behaviour within the yield surface can be observed to be slightly simplistic during the start
of the extraction phase. A close simulation until V = 0 can be observed (as expected as the
shear modulus G was fit from the experiments) but after that the experiments see a more
non-linear reduction of stiffness than the model predicts.
6.7.2 SIMULATION OF SWIPE TESTS
Due to space limitations only two swipe tests are shown, though they are representative of
the general retrospective predictions. Figure 6.20 shows the simulation of swipe test PCS2
(u/Dθ = 0.95, w/D = 0.7) against the experimental results. Both the load paths and loaddisplacement response are predicted well by the numerical simulation.
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Figure 6.19. Simulation of a pure vertical penetration-extraction test
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Figure 6.20. Simulation of swipe test PCS2
Figure 6.21 shows the simulation of the swipe test PTS2 (u/Dθ = 0.95, w/D = 1.45), which
was performed from peak tensile vertical load. It is demonstrated that the load path
predicted by the numerical simulation matches the experimental response well. However,
the numerical simulation terminates at a higher vertical load level, which is determined by
the peak of the plastic potential or the ‘parallel point’ (Tan 1990; Cassidy et al. 2002a)
where the load state does not change despite continuing deviatoric movements. According
to the flow rule adopted in this model, the parallel point occurs at V/V0' = 0.2 (the V/V0
ratio at the termination point is also close to 0.2, with its exact value dependent on the load
path).
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Figure 6.21. Simulation of swipe test PTS2
6.7.3 SIMULATION OF RADIAL DISPLACEMENT TEST
Figure 6.22 shows the simulation of radial test R6, in which the spudcan was displaced at a
fixed ratio of u/w =1 after the vertical load was unloaded elastically to approximately zero.
The model predicts that the loads on the spudcan will increase linearly (purely elastic
behaviour) until reaching the yield surface established during the initial vertical penetration.
The loads on the spudcan then move quickly along the expanding yield surface and finally
“find” the location where the theoretical plastic displacement ratio matches the prescribed
(after the small fraction of elastic components is deducted). However, the experimental
load path does not have an obvious elastic-plastic transition point and this is a limitation in
the single surface displacement hardening approach. A similar response is also reported for
a caisson foundation in clay (Cassidy et al. 2006). After reaching the yield surface, the
simulation expands the yield surface at a similar location of the yield surface as the
experiment results. This demonstrates that the plastic flow rule correctly predicts the
displacements ratios. However, the magnitude of expansion predicted by the model is less
than in the experiment. In other words, the yield surface of the foundation under the
displacement path of the radial test is greater than the prediction by the vertical
displacement hardening law. Such phenomenon has also been observed in similar tests on
sand (Byrne and Houlsby 2001; Bienen et al. 2006) and improvements to the model
framework were made by including the plastic horizontal and rotational displacements into
the hardening law (radial hardening). This achieved better simulations of the experiments.
However, this is not pursued in the current model so as not to increase its complexity. It
should be noted that the current model is conservative without the inclusion of radial
hardening.
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Figure 6.22. Simulation of radial displacement test R6
6.8 CONCLUSIONS
This chapter presents a comprehensive set of centrifuge swipe tests that measured the
combined bearing capacity of a typical spudcan foundation in soft clay at three different
embedment depths (0.7D, 1.0D and 1.45D) under compressive as well as tensile vertical
load. These tests confirmed that soil backflow (i) increases the size of the bearing capacity
surface and (ii) provides significant bearing capacity under tensile vertical load. The size of
the surface also increases with embedment depth. However, the magnitude of bearing
capacity enhancement due to the backflow is less than the recommendations by the current
ISO guidelines.
Although the ISO guidelines allow for advanced force resultant modelling in a jack-up
assessment, no guidance on how to achieve this is provided. Therefore, the test results
reported in this chapter are used to develop a force resultant foundation model that
describes the load-displacement behaviour of the foundation under combined VHM
loading. The model uses existing elastic solutions based on finite element analyses and a
hardening law derived from combined experimental and numerical investigations. The
bearing capacity surface evaluated from the swipe tests forms the yield surface of the
plasticity model. Those swipe tests also reveal slightly non-associated plastic flow in the
HM plane. Additional centrifuge radial displacement tests were performed to investigate
the plastic flow rule in the VH and VM planes and demonstrated significant nonassociated behaviour in those two planes. An appropriate flow rule that scales the shape of
the yield surface has been proposed for the model.
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The model predicts the general foundation behaviour well and is appropriate for predicting
the pushover capacity of a mobile jack-up during a site-specific assessment analysis.
Options for model improvement have been highlighted, though these will increase model
complexity. The model has been developed from monotonic loading experiments and
further developments are required for the model to capture the response to cyclic loading.
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CHAPTER 7 : EFFECT OF INSTALLATION ON THE BEARING CAPACITY OF A
SPUDCAN UNDER COMBINED LOADING IN SOFT CLAY

7.1 ABSTRACT
Previous numerical analyses of the bearing capacity of an embedded footing under
combined vertical, horizontal and moment loading have been based on the assumption that
the foundation is ‘wished in place’, surrounded by undisturbed soil. Under these conditions
the large displacement and remoulding of the soil during the footing installation are not
accounted for. This assumption results in an overestimation of the capacity. This chapter
presents results of the size and shape of the bearing capacity surface of a spudcan footing
in soft clay that account for the effects of installation in the modelling. Results for soil
sensitivities between one and five and for embedment depths up to three diameters are
provided. The findings of this study have practical application in the site specific
assessment of mobile jack-up platforms in soft clay.
7.2 INTRODUCTION
The behaviour of foundations subjected to combined vertical (V), horizontal (H) and
moment (M) loading is a fundamental problem faced by geotechnical engineers (see Figure
7.1) for the sign conventions of positive loads and associated displacements adopted in this
study). Spudcan foundations for offshore mobile jack-up drilling platforms are an example
of the type of foundations that are often subjected to combined VHM loading conditions.
For site specific assessments of jack-up rigs, the bearing capacity surface under combined
loading is used to evaluate the stability of the spudcan foundations under design storm
loading (SNAME 2008; ISO 2012). During installation and preloading, spudcans can
penetrate up to three diameters in soft clay (Menzies and Roper 2008) and soil can flow
around the advancing spudcan, embedding the footing in the backflow (Hossain et al.
2005; Hossain and Randolph 2009a). The backflow soil, though remoulded during the
installation process, is widely perceived to provide additional bearing capacity, especially for
moment and horizontal loading, when compared with a spudcan in stiff clay with no
backflow. However, the perceived benefits need to be validated and quantified before they
can be used in jack-up site assessment.
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Figure 7.1. A spudcan footing under combined VHM loading and corresponding
displacements (LRP: Load Reference Point)
Finite element studies aimed at developing the VHM capacity surfaces for embedded
spudcans have been reported by Templeton et al. (2005), Templeton (2009) and Zhang et
al. (2011; 2012a). Enlarged surfaces based primarily on Templeton’s work have also been
incorporated in the ISO 19905-1 guidelines for site specific assessment of jack-up
platforms (ISO 2012). However, in the studies mentioned, as in most numerical studies of
embedded objects under combined loading (e.g. O'Neill et al. 2003; Elkhatib 2006; Tian et
al., 2013 for plate anchors; Gourvenec 2008 for shallow foundations), the spudcan
foundations were all assumed ‘wished in place’ and the bearing capacity was calculated with
an undisturbed soil profile. This is not realistic because the footing installation alters the
strength profile significantly through both the large displacement of soil and strength
softening due to remoulding. This has been demonstrated by, amongst others, Zhou and
Randolph (2007; 2009), Hossain and Randolph (2009a; 2009b) and Gan et al. (2012). The
resulting effect of the wished in place assumption is that the capacity of the footing is
overestimated. This has been confirmed by comparing the results from geotechnical
centrifuge experiments with numerical results for a similar spudcan footing in a normally
consolidated (NC) soft clay (Zhang et al. 2013). Therefore, it is the aim of this chapter to
use a realistic post-installation soil profile in the numerical model to predict the bearing
capacity of a spudcan footing accurately.
In this study, the continuous spudcan penetration process was simulated using an
axisymmetric large deformation finite element (LDFE) approach with a strain softening
soil model. The post-installation soil strength profile was then mapped onto a threedimensional mesh and the capacity of the spudcan under combined loading was
subsequently calculated using displacement-controlled small strain finite element (SSFE)
analyses (as only small displacement excursions are required to mobilise the capacity once
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the spudcan is installed). This numerical strategy allowed the influence of spudcan
installation on the bearing capacity of the foundation to be quantified.
The purpose of this study is to complement the centrifuge tests of Zhang et al. (2013) and
expand the database to cover a wider range of soil properties and embedment depths. The
bearing capacity surface of a typical spudcan in soft clay for soil sensitivities up to five and
embedment depths up to three diameters are reported.
7.3

OVERVIEW

OF

PREVIOUS

ANALYSES

THAT NEGLECTED THE

INSTALLATION PROCESS
Zhang et al. (2011) presented a numerical investigation of the combined bearing capacity of
spudcan footings in normally consolidated soft clay using the wished in place method. The
bearing capacity of the spudcan was expressed as a surface in the VHM load space:
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(7.1)

where Vult is the ultimate capacity of the spudcan under pure vertical loading, D is the
diameter of the spudcan, h0 and m0 are size parameters that specify the intercepts of the
surface with the H and M/D axis, respectively, as fractions of the pure vertical capacity,
and c1 and c2 are shape parameters used in the VH and VM planes, respectively. The
parameter e describes the eccentricity of the HM cross-sections of the surface. It is related
to the vertical load level v (v = V/Vult) by e = e1 + e2v2, where e1 corresponds to the
eccentricity of HM cross-section at v = 0; whereas e2 describes the variation of eccentricity
with vertical load level.
The analyses by Zhang et al. (2011) included a parametric study on the influence of
embedment ratio w/D (Figure 7.1). The size of the surface normalised by Vult was found to
expand with embedment depth. This is most obvious in the H axis, as h0 increases
considerably with w/D; whereas m0 is relatively constant for different depths.
7.4 NUMERICAL APPROACH
7.4.1 LDFE SIMULATION OF SPUDCAN PENETRATION
The spudcan penetration was simulated using an LDFE approach termed the ‘Remeshing
and Interpolation Technique using Small Strain’ (RITSS) method, originally proposed by
Hu and Randolph (1998). The entire penetration process is divided into numerous small
steps, and the deformed soil geometry is re-meshed at the commencement of each step to
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avoid mesh distortion. In essence, the RITSS method is a decoupled arbitrary Lagrangian
Eulerian approach with an updated Lagrangian calculation in each step and the ‘convection’
of the stress and material properties from the old to the new mesh (Randolph et al. 2008).
In this study the RITSS strategy was coupled with the commercial software
Abaqus/Standard (Dassault Systèmes 2011). The main program calling Abaqus to generate
the mesh and implement updated Lagrangian calculation in each step is coded in Fortran.
Two Python files are written beforehand to establish the finite element model and to
extract data from the result files automatically. Python is the built-in scripting language of
Abaqus (Dassault Systèmes, 2011). A detailed description of the method and its
implementation in Abaqus can be found in Wang et al. (2010a; 2010b; 2013a). For
numerical efficiency the spudcan penetration was simulated as an axisymmetric problem.
To consider the soil disturbance during the installation process and the subsequent impact
on the combined bearing capacity of the spudcan, a modified Tresca model that describes
the strain softening and strain rate dependent behaviour of clay under undrained conditions
(Einav and Randolph 2005) was incorporated into the LDFE analysis. In the model the
undrained shear strength of soil is reduced by accumulated plastic shear strain and
enhanced if the shear strain rate is higher than a reference strain rate. Though simple, the
model has proven useful for solving practical problems and has been used in an increasing
number of applications, such as spudcan penetration (Hossain and Randolph 2009b; Tho
et al. 2012), penetrometer tests (Zhou and Randolph 2009), pipeline vertical embedment
and lateral buckling (Hu et al. 2010; Wang et al. 2010b; Chatterjee et al. 2012) and
submarine landslides (Wang et al. 2013b). In the current work, the rate effect was not
taken into account as it has been argued that the strain rate experienced by the soil in the
field during spudcan penetration is similar to the typical laboratory shearing rates (Hossain
and Randolph 2009b). The focus therefore was placed on capturing the soil remoulding
(strain softening) caused by spudcan installation.
The mathematical form of the soil model adopted is as follows (Einav and Randolph,
2005):



su  su i  rem  1   rem e 3 95



(7.2)

where sui is the intact shear strength prior to any softening, δrem is the inverse of sensitivity
St, ξ is the accumulated absolute plastic shear strain, and ξ95 is the value of ξ for the soil to
undergo 95% of the full level of remoulding, thus reflecting the relative ductility of the soil.
The value of ξ95 cannot be measured directly in soil laboratory tests; instead, it is usually
determined by fitting the resistance profile of penetrometer tests. Typical values of ξ95 have
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been estimated in the range of 10 to 50 (i.e., 1000% to 5000% shear strain) by comparison
with cyclic penetration and extraction data (Randolph 2004; Einav and Randolph 2005).
Eq. 7.2 suggests that the soil strength is diminished according to an exponential function as
the soil state changes from intact to fully remoulded.
When the strain-softening model was incorporated into the Abaqus-based RITSS method,
both the accumulated absolute plastic shear strain and stresses at old integration points
were extrapolated to old element nodes through the popular Superconvergent Patch
Recovery (SPR; Zienkiewicz and Zhu, 1993) technique, followed by interpolation from the
old element nodes to new integration points. The accuracy of SPR was verified thoroughly
in previous studies (e.g. Wang et al. 2010b; Wang et al. 2013a). The strain localization may
become severe with increasing soil sensitivity, which leads to numerical instability.
However, given the soil sensitivity is not too large, for instance St < 5, the numerical
stability can be ensured as shown later.
In the LDFE analyses, the intact soil strength (sui ) was assumed to increase with depth at a
strength gradient k of 1.2 kPa/m (Figure 7.2). The mudline strength was idealised to be
zero, though a small value of 0.1 kPa was used for numerical reasons. This represents a
typical strength profile for offshore normally consolidated soft clay. ξ95 was assigned an
intermediate value of 30. Young’s modulus was taken as E = 500su, and Poisson’s ratio was
assumed to be 0.49 to approximate undrained conditions. The submerged unit weight was
6.5 kN/m3.
A frictional spudcan–soil interface was considered in the penetration analyses. It was
modelled as Coulomb contact with a friction coefficient of 0.3. By considering arbitrary
relative separation and sliding between master surface (spudcan) and slave surface (soil),
the finite-sliding tracing approach, rather than the conventional small-sliding one, was
adopted. A shear stress limit of 0.3su0 was prescribed at the interface, where su0 is the intact
shear strength at the current penetration depth, measured from the original soil surface to
the LRP (LRP as shown in Figure 7.2) at the commencement of each small step. The
adopted shear stress limit is close to that measured between the caisson wall and soil in the
centrifuge by Chen and Randolph (2007). It is worth noting that the spudcan roughness
has limited influence on the penetration resistance (Hossain and Randolph 2009a). A
smooth cylindrical shaft of 1/3 of the spudcan diameter was included in the LDFE model.
This represented the jack-up leg and was the same dimension as the physical scaled model
used in the centrifuge tests of Zhang et al. (2013). In the LDFE penetration analysis this
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smooth shaft was implemented by a roller boundary condition that prohibits the lateral
movement of the soil.

sui

1

0.33 D

15°

30°

0.4 D

k

LRP

w

su0

z

D

Figure 7.2. Spudcan and intact soil strength profile
In the LDFE analysis, the vertical and horizontal limits of the soil domain were taken to be
6D and 8D, respectively. The soil was meshed with quadratic triangular elements (CAX6 in
Abaqus), and the spudcan was idealised as rigid. The soil around the spudcan was
discretised with a finer mesh, with a typical element size of 0.02D. The incremental
penetration of the spudcan in each step was selected as 0.005D, which was sufficiently
small to avoid penetration-induced excessive distortion of soil elements.
Figure 7.3 shows a comparison of the LDFE simulation with the centrifuge data reported
in Zhang et al. (2013) (for St = 2.2 as derived from cyclic T-bar tests, a similar NC soil
profile and an identical spudcan shape). Evidently, the LDFE successfully captures the
vertical penetration resistance observed in the centrifuge. At shallow depths, the high
bearing capacity factor is due to the high local heterogeneity of the soil (kD/su0, where su0 is
the intact shear strength at the current depth of penetration, Figure 7.2). The bearing
capacity factor decreases rapidly with depth and becomes almost constant at a value of
approximately 10 at depths greater than 0.5D. This represents the formation of a localised
flow-around failure mechanism. The results from the wished in place SSFE analyses of
Zhang et al. (2011) clearly overestimate the bearing capacity at depth.
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Figure 7.3. Comparison of LDFE results against centrifuge tests and SSFE results
Figure 7.4 shows the undrained shear strength profile after the spudcan has penetrated to a
depth of 1.5D. The right half of the figure shows the profile for the soil with St = 2.2, while
the left half of the figure shows the profile for an ideal condition with St = 1 (i.e. no
softening induced in the soil). Beyond the influence zone of the spudcan penetration, the
strength contour represents a normally consolidated soil profile, where su increases linearly
with depth. Clearly, the spudcan penetration disturbs the soil strength distribution around
the spudcan considerably. For St = 1, the soil strength around the footing changes from the
intact condition due to the penetration-induced soil displacement. Softer material is
dragged down from the top region surrounding the spudcan. If strain softening is further
considered, the soil strength around the spudcan becomes even weaker, as shown for St =
2.2. For both cases shown in Figure 7.4, the influence zone of the spudcan penetration is
contained horizontally within 1D from the spudcan centre. This is consistent with the
findings from large deformation simulations using the coupled Eulerian-Lagrangian
method (Hu et al. 2012; Tho et al. 2012).
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Figure 7.4. Soil strength profile after spudcan penetration
7.4.2 SSFE ANALYSIS OF SPUDCAN COMBINED BEARING CAPACITY
After the spudcan was penetrated to the target embedment depth, the remoulded soil
strength profile of the LDFE mesh was mapped to a three-dimensional mesh for SSFE
analyses that investigate the combined bearing capacity surface. Because the post
installation shear strength profile is axisymmetric, a point in the three dimensional SSFE
mesh has equal shear strength to a point in the LDFE mesh that has the same vertical
depth and radial distance from the centre line of symmetry. During mapping, the
corresponding position in the LDFE mesh for each integration point of the SSFE mesh
was searched and the soil strength at that integration point was interpolated in the
quadratic triangular element that contained the point. The subsequent SSFE analyses were
performed using Abaqus/Standard.
Similar to Zhang et al. (2011), constant displacement ratio probes were performed to
establish the VHM bearing capacity surface. In a probe test, a fraction of the ultimate
vertical load is applied to the footing as a direct force, while horizontal and rotational
displacements of a fixed ratio (u/Dθ is constant during a test) are applied to the spudcan
until the load state does not change with any further displacement. A probe test determines
a single point on the VHM capacity surface. For the results in this chapter, each HM crosssection of the VHM surface was determined by nine probe tests and cross-sections at five
different vertical load levels (0, 25%, 50%, 75% and 90% of ultimate vertical load) were
calculated. Together, these establish the complete VHM surface.
The soil in the SSFE simulations was also considered to be a Tresca material, but because
of the small movements of the spudcan, strain softening was not considered. In all SSFE
analyses, a constant E/su ratio of 10,000 and Poisson’s ratio of 0.49 were assumed. The
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artificially high E/su ratio limited mesh distortion and reduced computation time without
affecting the calculated ultimate capacity (Zhang et al. 2011; Zhang et al. 2012b).
The SSFE analyses were performed in three-dimensional space due to the combined VHM
loading conditions. The element type (C3D8 in Abaqus) and the meshing principles are all
similar to Zhang et al. (2011), except that the element size immediately surrounding the
spudcan was limited to 0.02D, compared to 0.005D in Zhang et al. (2011). This matched
the element size used in the LDFE analyses to ensure accurate mapping of the soil strength
(noting that the element size used in the LDFE analyses cannot be smaller because of
numerical instability). The slightly coarser mesh results in an approximately 3% overestimation in all of the vertical, horizontal and moment capacities (compared to the finer
mesh used in the wished in place analyses of Zhang et al. (2011)).
Similar to the LDFE analyses, the shaft of the jack-up leg was represented by a smooth
boundary condition that did not permit lateral movement. However, during the probe tests,
the shaft was assumed to be stationary while the spudcan was subjected to displacement
excursions. Therefore the calculated V, H, M reactions are related to the soil resistance
mobilised only by the spudcan and they were measured at the LRP.
7.5 RESULTS
A parametric study of the combined VHM bearing capacity surface of a typical spudcan in
a normally consolidated clayey soil was performed for the following conditions.


Soil sensitivity St = 1, 2.2, 3, 4 and 5. The value of 2.2 was chosen to match the
centrifuge tests of Zhang et al. (2013). The range of St was chosen according to
Kvalstad et al. (2001), Andersen and Jostad (2004) and Randolph (2004) who claim the
sensitivity of typical marine clay to be 2 to 5.



Embedment ratio w/D = 0.5, 1, 1.5, 2 and 3.

7.5.1 VERTICAL PENETRATION RESISTANCE
Figure 7.5 presents the relationship between the vertical bearing capacity factor (Nc
=V/Asu0) and embedment depth for the spudcan in soils with different sensitivities (note
for St = 5, only the results for depths up to 1.5D are shown as the computation became
increasingly unstable at larger embedments). The results from the wished in place SSFE
analyses (Zhang et al. 2011) and retrospective predictions using the method of Hossain and
Randolph (2009a; 2009b) are shown for comparison. As expected, the Nc factors predicted
by the LDFE analyses reduce with increasing soil sensitivity. Even though for the ideal soil
with St = 1, i.e. without strength degradation, the calculated Nc factor by LDFE is
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considerably smaller than the wished in place results because of softer material being
dragged down. This alters the soil strength around the footing, as illustrated in Figure 4.
For soil with St greater than 1, strain softening further reduces the bearing capacity factor.
However, the magnitude of reduction decreases with increasing sensitivity, and no
significant difference is observed between St = 4 and 5.
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Figure 7.5. Normalised vertical penetration resistance
After the initial reduction at shallow depth, the wished in place analyses suggest that the Nc
factor will increase considerably with depth until reaching the plateau from w/D = 1.5 due
to the formation of a localised flow-around mechanism. Although the LDFE results for St
= 1 show a similar trend, the steady state Nc is lower and the increase before w/D = 1.5 is
comparatively insignificant. For soil with St = 2.2, 3, 4 and 5, LDFE analyses indicate
negligible change of the Nc factor from an embedment of 0.5D. The different patterns of
response between the wished in place and LDFE results are due to soil displacement and
strain softening, which reduces the soil strength in the LDFE simulation. The failure
mechanism tends to be confined in the disturbed soil around the footing rather than
extending to the undisturbed stronger soil. Therefore, the localised flow-around
mechanism forms at a much shallower depth. Figure 7.6 shows a comparison of the soil
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flow mechanisms at w/D = 0.5. For the wished in place case, a shallow mechanism
extending to the soil surface is found, whereas, in the LDFE simulation, a localised flowaround mechanism is already formed. (Note the spudcan geometry was the same in both
analyses, though it appears shorter in the right hand side plot due to the discretisation of
the shaft, as shown in Figure 7.2.)

SSFE, wished in place

LDFE, S t = 4

Figure 7.6. Comparison of soil flow mechanism at w/D = 0.5

Hossain and Randolph (2009a and b) proposed the following equations to calculate the
bearing capacity factor in clay based on LDFE analyses:
Nc =  rem  1   rem e3

b

95

N

(7.3)

c_ideal

where
δrem and ξ95 are as defined earlier;
ξb stands for the average shear strain as the soil transverses the flow around mechanism,
and is recommended to be 2.4; and
N c_ideal is the spudcan bearing capacity factor in ideally non-strain softening soil (St = 1) and

is calculated by
N c_ideal  10(1  0.065

w
)  11.3
D

(7.4)
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Figure 7.5 shows that the Hossain and Randolph method predicts the response well for
depths greater than 2D. However, the method underestimates the capacity for shallower
depths. To consider the effect of soil sensitivity on vertical capacity, the following
reduction factor is defined:

Rv 

Nc

(7.5)

N C_ideal

where Nc is the steady state bearing capacity factor mobilised at depth greater than 0.5D for
soils with St > 1. Nc_ideal is the derived bearing capacity factor for St = 1 and for simplicity is
taken as 11. Figure 7.7 presents the variation in the reduction factor with soil sensitivity. A
simple expression of St was found to fit the data well:
0.1

, St  4
S
Rv   t

0.87,4  S t  5

(7.6)

1

Reduction factor, Rv

0.9

0.8

Equation 7.6

0.7

0.6

0.5
1

2

3
St

4

5

Figure 7.7. Reduction factor for vertical bearing capacity

7.5.2 FAILURE ENVELOPES IN THE VH (M = 0) AND VM (H = 0) PLANES
This section and the section below present the results of combined bearing capacity
calculated from the SSFE analyses after taking account of the spudcan installation effects.

Figure 7.8 presents failure envelopes of the spudcan in the VH (M = 0) and VM (H = 0)
planes at an embedment ratio (w/D) of 1.5 and for different soil sensitivities. The failure
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envelopes from wished in place analyses of Zhang et al. (2011) are included for
comparison. The figure demonstrates that the capacity of the footing was considerably
over-estimated by the wished in place analyses. By merely including the soil movement
during spudcan installation, which is the St = 1 case, the size of the failure envelopes is
significantly reduced. When strain softening of the soil is considered (cases with St > 1), the
size of the failure envelopes reduces further. As expected, the size of the failure envelope
decreases with increasing soil sensitivity. However, the influence of sensitivity reduces with
increasing St. The failure envelopes for St = 5 and St = 4 are very similar. For this reason,
no further numerical calculations were performed for St = 5.

5.0
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St = 4
St = 5

4.5

4.0

wished in place
Zhang et al. (2011)
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3.5
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1.5
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0.5

0.0
0

2

4

6

8

10

12

14

V/Asu0

(a)
1.8

wished in place
Zhang et al. (2011)

1.6
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St = 3
St = 4
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1.0
0.8
0.6
0.4
0.2
0.0
0

2

4

6

8

10

12

14

V/Asu0

(b)
Figure 7.8. Failure envelopes normalized by soil strength for different St (w/D = 1.5): (a)
VH (M = 0) plane; (b) VM (H = 0) plane
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To illustrate the effect of embedment, the failure envelopes in the VH (M = 0) and VM (H
= 0) planes at different embedment depths are presented in Figure 7.9 for the example of
St = 3. With increasing embedment depth, the vertical bearing capacity factor remains
approximately constant. This is consistent with the LDFE results presented in Figure 7.5
(though the results can diverge by around 2% due to small and unavoidable meshing
differences between the SSFE and LDFE analyses). However, the horizontal and moment
bearing capacity factors (Hult/Asu0 and Mult/DAsu0, represented by the intercepts of the
envelopes with the H axis and M axis respectively) increase with embedment. This results
in the expansion of the failure envelope in the H and M dimensions with depth. The results
for other sensitivities follow a similar trend. In Figure 7.9, the results from wished in place
analyses (Zhang et al. 2011) are also included for comparison. For the same embedment
depth, the envelope obtained from wished in place analyses is considerably larger,
indicating over-estimation of the bearing capacity as installation effects are neglected.
Besides that, in the wished in place analyses all of the vertical, horizontal and moment
bearing capacity factors increase with depth. This is different for the current results
accounting for installation effects, which shows the vertical capacity factor remaining
almost constant with depth while horizontal and moment bearing capacity factors increase.

6.0
w/D = 0.5, 1, 1.5, 3.5

Wished in place analyses
Current analyses
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4.0
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0.0
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(b)
Figure 7.9. Failure envelopes at different embedment depths (St = 3): (a) VH (M = 0)
plane; (b) VM (H = 0) plane
Figure 7.10 shows the ratios of Hult/Vult and Mult/DVult for all the combinations of
embedment depths and soil sensitivities. Again the results from wished in place analyses are
provided for comparison. The pattern of change with embedment depth of the ratio of
Hult/Vult, is similar to the wished in place results. From w/D = 0.5 to 1.5, it increases in a
linearly fashion with depth. However, from w/D = 1.5, the rate of increase reduces
gradually. In contrast to a constant value suggested by the wished in place results, the
current analyses indicate that Mult/DVult increases with embedment depth. The patterns
among different sensitivities are broadly similar, but differ in depth between w/D = 0.5 to
1, with larger increases for less sensitive soil. As illustrated, the ratios of Hult/Vult for all
combinations of w/D and St, after considering the installation effects, are smaller than the
corresponding values calculated with the wished in place assumption. This indicates that
the installation has a greater impact on the horizontal capacity than the vertical capacity.
However, the same does not hold for the moment capacity.
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Figure 7.10. Hult/Vult and Mult/DVult ratios for all w/D and St combinations
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7.5.3 BEARING CAPACITY SURFACE IN THE COMBINED VHM SPACE
The above section has reported envelopes of the spudcan under the combined VH and
combined VM loading. These are the cross-sections of the VHM failure surface on M = 0
and H = 0 planes respectively. This section details the complete failure surface under
combined VHM loading in the form of HM cross-sections in the planes of V/Vult = 0,
0.25, 0.5, 0.75 and 0.9.
Figure 7.11 shows an example of HM cross-sections at different vertical load levels
calculated for St = 2.2 at embedment ratios of 0.5, 1, 1.5, 2 and 3. The results are
normalised by Vult at the respective embedment depth. Each circular dot represents a data
point calculated from a probe test. The dashed curves are cross-sections of a fitted surface
which will be explained later. Note that only the data points in the (+H, +M) and (-H, +M)
quadrants were calculated. However, as a load combination (V, H, M) has the same effect
as a combination of (V, -H, -M), those calculated data points are also plotted in the
diagonal opposite quadrants for presentation.
The size of the cross-sections decreases with increasing vertical load level for each suite of
HM cross-sections at a specified depth. The eccentricity also reduces with increasing
vertical load. This is most obvious at depth of 0.5D. Comparison of the results at the
different depths suggests that the overall eccentricity of the HM cross-section reduces with
increasing embedment depth. However, the normalised size of the HM cross-sections at
the same V/Vult ratio increases for the same change of embedment depth. These
observations are very similar to those identified from the wished in place analyses (Zhang
et al. 2011).
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Figure 7.11. VHM failure surface at different embedment depths (St = 2.2)
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7.5.4 ANALYTICAL EXPRESSION OF THE FAILURE SURFACE
The simplified Eq. 7.1 with the shape parameters c1 and c2 both assigned a value of unity, as
shown in Eq. 7.7, was used to fit the current numerical results.
2.5

1.5

2

 H   M /D 
2eHM / D  V 
 
 
f  
    1  0
2
  mV 
h
V
h
m
V
0 0 ult
 Vult 
 0 ult   0 ult 

(7.7)

While m0 was conveniently determined as Mult/DVult, the parameters h0, e1 and e2 were
determined by least squares regression. The optimized h0 values are slightly larger than
Hult/Vult ratios, which improves the fit at relatively shallow depths where the eccentricity of
the surface on HM plane is large. Table 7.1 summarises the best-fit parameters. The quality
of approximation is shown in Figure 7.11 for the example St = 2.2.
Table 7.1. Summary of curve fitting parameters
St

1

2.2

3

4

Depth (w/D)

h0

m0

e1

e2

0.5

0.209

0.120

0.534

-0.444

1

0.256

0.126

0.293

-0.205

1.5

0.311

0.136

0.090

-0.066

2

0.341

0.141

0.012

-0.030

3

0.365

0.143

-0.040

0.021

0.5

0.191

0.118

0.586

-0.463

1

0.231

0.122

0.400

-0.262

1.5

0.278

0.131

0.246

-0.122

2

0.300

0.135

0.138

-0.091

3

0.321

0.138

0.072

-0.047

0.5

0.188

0.117

0.593

-0.459

1

0.224

0.120

0.443

-0.276

1.5

0.261

0.128

0.275

-0.148

2

0.286

0.132

0.196

-0.102

3

0.312

0.136

0.113

-0.051

0.5

0.185

0.117

0.607

-0.449

1

0.217

0.117

0.474

-0.274

1.5

0.243

0.124

0.339

-0.180

2

0.265

0.128

0.260

-0.135

3

0.289

0.132

0.169

-0.080

7-19

Centre for Offshore Foundation Systems

Chapter 7

The University of Western Australia

Figure 7.12 illustrates the variation of the eccentricity parameters with St and w/D (changes
in h0 and m0 follow a similar pattern to Figure 7.10). It can be seen that the parameter e1,
which represents the eccentricity of the HM cross-section for V = 0, decreases with
embedment depth, but increases with soil sensitivity. In absolute values, the parameter e2,
which is used to describe the change of eccentricity of the HM cross-section with vertical
load level, shows a similar trend to e1.
e 1, e 2
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3.0

3.5

Figure 7.12. Variation of shape parameter e1 and e2 with St and w/D
7.6 COMPARISON WITH CENTRIFUGE DATA†
Zhang et al. (2013) reported results of combined loading tests in normally consolidated
kaolin clay in a geotechnical drum centrifuge. The experiments were performed with the
same spudcan shape, a similar soil strength profile and a soil sensitivity of 2.2. The VHM
capacity surface was established in the experiments by first penetrating the model spudcan
to the target embedment depth before applying an excursion of horizontal or/and
rotational displacement(s) whilst holding the vertical displacement constant. These tests are
colloquially known as ‘swipe’ tests (other examples include Tan 1990; Gottardi et al. 1999;
Martin and Houlsby 2000; Cassidy et al. 2004; Bienen et al. 2006; Cassidy 2007; Hodder

†

A more detailed comparison is provided in Appendix A1.
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and Cassidy, 2010) and it is argued that they track a path on the VHM surface
corresponding to the current embedment depth.
Using the experimental results, Zhang et al. (2013) presented a VHM bearing capacity
surface for embedment ratios of 0.7D and 1.45D of
 H
f  
 h0Vult

2

2

 M /D
2eHM / D 
4
  
 
 
2
2
h0 m0Vult
  moVult 
 1   






2

2

 V
 
V

   1 
 Vult
  Vult

2


  0


(7.8)

where χ represents the ultimate tensile capacity as a proportion of the vertical compressive
capacity (with 0.6 fitting the experimental results in kaolin clay). The remaining parameters
have the same meanings as defined for Eq. 7.7. The eccentricity parameter e was assumed
to be constant for a specific embedment ratio.
The major difference between the numerically derived surface of Eq. 7.7 and the
experimentally derived surface of Eq. 7.8 is the assumption of tensile capacity, with the
numerical assumption of a fully bonded soil-foundation interface and the Tresca failure
criterion creating the same tensile and compressive capacities. To fit the respective results
the numerical surface uses an ellipse in VH and VM planes whereas the experiments were
best fit with a parabola. Whilst the form of equation slightly modifies the shape of the
envelope, the values of h0 and m0 determine the size of the envelope and these are
compared here. Figure 7.13 shows the numerical and experimental h0 and m0 values for the
soil condition of St = 2.2. It is demonstrated that the trends of the numerical and
experimental results compare reasonably well, though the numerical surface sizes are
slightly larger.

7-21

Centre for Offshore Foundation Systems

Chapter 7

The University of Western Australia
0.00

0.05

0.10

h 0 , m0
0.15
0.20

0.25

0.30

0.35

0.0
m0

h0

0.5

Normalised depth, w/D

1.0

1.5

2.0

2.5

Numerical
Numericalh0
h0
Experimental
Experimentalh0
h0
Series1
Numerical m0

3.0

Experimentalm0
m0
Experimental
3.5

Figure 7.13. Comparison of h0 and m0 values between numerical and experimental results
Figure 7.14 compares the eccentricity of the HM cross-sections between the numerical and
experimental results. Note that the parameter e1 (Eq. 7.7) represents the eccentricity of the
HM cross-section at V/Vult = 0. The numerical results indicate the eccentricity will reduce
with increasing vertical load, as indicated by negative e2 values (listed in Table 7.1).
However, the experimental formulation uses a constant eccentricity (e) at all vertical load
levels; therefore e represents an average value for different vertical load levels. Figure 7.14
clearly shows a similar trend between the numerical and experimental results (though again
with the experimental results being lower).
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Figure 7.14. Comparison of experimental and numerical eccentricity

7.7 CONCLUSIONS
Results on the size and shape of the combined bearing capacity surface of a typical spudcan
in normally consolidated soft clay are presented. These were obtained from numerical
analyses that explicitly consider the effects of spudcan installation. This has not been done
before. The results cover a range of soil sensitivities of up to five and embedment depths
of up to three footing diameters. Based on the numerical results, it is observed that:
i)

Penetration of a spudcan in normally consolidated clay will be governed by a
localised flow around mechanism from a depth of approximately 0.5D, beyond
which the bearing capacity factor Nc remains approximately constant. A simple
expression is proposed to describe the influence of soil sensitivity on the
vertical capacity.

ii)

The large displacement and strength softening due to the installation of the
footing significantly reduces its combined bearing capacity compared to that of
a wished in place foundation. As soil sensitivity increases, the capacity reduces,
but at a decreasing rate. The footing has approximately the same capacity in soil
with St = 5 as St = 4.
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The normalised size of the combined bearing capacity surface increases with
embedment while the eccentricity of the surface reduces. An analytical
expression is proposed that fits the bearing capacity surface at different depths
well.

iv)

The numerical results compare favourably with the centrifuge experimental
results, with all the main features of the centrifuge results successfully captured.

7.8 REFERENCES
Bienen, B., Byrne, B. W., Houlsby, G. T., and Cassidy, M. J. (2006). "Investigating sixdegree-of-freedom loading of shallow foundations on sand." Géotechnique, 56(6), 367379.
Cassidy, M. J., Byrne, B. W., and Randolph, M. F. (2004). "A comparison of the combined
load behaviour of spudcan and caisson foundations on soft normally consolidated
clay." Géotechnique, 54(2), 91-106.
Cassidy, M. J. (2007). "Experimental observations of the combined loading behaviour of
circular footings on loose silica sand." Géotechnique, 57(4), 397-401.
Chatterjee, S., Randolph, M. F., and White, D. J. (2012). "The effects of penetration rate
and strain softening on the vertical penetration resistance of seabed pipelines."
Géotechnique, 62(7), 573-582.
Chen, W., and Randolph, M. F. (2007). “Uplift capacity of suction caissons under sustained
and cyclic loading in soft clay”. Journal of Geotechnical and Geoenvironmental Engineering,
133(11), 1352-1363.
Dassault Systèmes. (2011). Abaqus analysis user's manual, Simula Corp, Providence, RI,
USA.
Einav, I., and Randolph, M. F. (2005). "Combined upper bound and strain path methods
for evaluating the penetration process." International Journal for Numerical Methods in
Engineering, 63(14), 1991-2016.
Elkhatib, S. (2006). "The behaviour of drag-in plate anchors in soft cohesive soils," Ph.D
thesis, The University of Western Australia, Perth, Australia.
Hodder, M., and Cassidy, M. J. (2010). "A plasticity model for predicting the vertical and
lateral behaviour of pipelines in clay soils." Géotechnique, 60(4), 247-263.
Gan, C.T., Leung, C.F., Cassidy, M.J., Gaudin, C., Chow, Y.K. (2012). "Effect of time on
spudcan-footprint interaction in clay." Géotechnique, Vol. 62, No. 5, 401-413.
Gottardi, G., Houlsby, G. T., and Butterfield, R. (1999). "Plastic response of circular
footings on sand under general planar loading." Géotechnique, 49(4), 453-469.
Gourvenec, S. (2008). "Effect of embedment on the undrained capacity of shallow
foundations under general loading." Géotechnique, 58(3), 177-185.
Hossain, M. S., Hu, Y., Randolph, M. F., and White, D. J. (2005). "Limiting cavity depth
for spudcan foundations penetrating clay." Géotechnique, 55(9), 679-690.
Hossain, M. S., and Randolph, M. F. (2009a). "New mechanism-based design approach for
spudcan foundations on single layer clay." Journal of Geotechnical and Geoenvironmental
Engineering, 135(9), 1264-1274.
Hossain, M. S., and Randolph, M. F. (2009b). "Effect of strain rate and strain sofening on
the penetration resistance of spudcan foundations on clay " International Journal of
Geomechanics, 9(3), 122-132.
Hu, H. J. E., Tho, K. K., Gan, C. T., Palmer, A. C., and Leung, C. F. (2010). "Repeated
loading and unloading of the seabed." 2nd International Symposium on Frontiers in Offshore
Geotechnics (ISFOG), Perth, Australia, 347-352.
Hu, P, Wang, D, Cassidy, MJ, and Yang, Q (2012). "Large deformation analysis of spudcan
penetration into sand overlying normally consolidated clay," Proc Constitutive Modeling of
Geomaterial, SSGG. Beijing, China, 723-733.
Hu, Y., and Randolph, M. F. (1998). "A Practical Numerical approach for large
deformation problems in soil." International Journal of Numerical and Analytical Methods in
Geomechanics, 22(5), 327-350.
7-24

Centre for Offshore Foundation Systems

Chapter 7
The University of Western Australia
ISO. (2012). "Petroleum and natural gas industries – Site specific assessment of mobile
offshore units – Part 1: Jack-ups, 19905-1." International Organization for
Standardization.
Martin, C. M., and Houlsby, G. T. (2000). "Combined loading of spudcan foundations on
clay: laboratory tests." Géotechnique, 50(4), 325-338.
Menzies, D., and Roper, R. (2008). "Comparison of Jackup rig spudcan penetration
methods in clay." Offshore Technology Conference, Houston, USA, OTC 19545.
O'Neill, M. P., Bransby, M. F., and Randolph, M. F. (2003). "Drag anchor fluke-soil
interaction in clays." Canadian Geotechnical Journal, 40(1), 78-94.
Randolph, M. F. (2004). "Characterization of soft sediments for offshore applications." 2nd
International Conference on Site Characterization, Millpress Science Publishers,
Rotterdam, Porto, Portugal, 209-231.
Randolph, M. F., Wang, D., Zhou, H., Hossain, M. S., and Hu, Y. (2008). "Large
deformation finite element analysis for offshore applications." 12th Int. Conf. of the
Int. Association for Computer Methods and Advances in Geomechanics, IACMAG,
Goa, India, 3307-3318.
Society of Naval Architects and Marine Engineers (SNAME). (2008). "Recommended
practice for site specific assessment of mobile jack-up units." TandR Bulletin 5-5A, 1st
Ed., 3rd Rev., N.J.
Tan, F. S. C. (1990). "Centrifuge and theoretical modelling of conical footings on sand,"
D.Phil thesis, Cambridge University, Cambridge, UK.
Templeton, J. S. (2009). "Spudcan fixity in clay, further results from a study for IADC."
12th Int. Conf. on The Jack-Up Platform Design, Construction and Operation,
London, UK.
Templeton, J. S., Brekke, J. N., and Lewis, D. R. (2005). "Spud can fixity in clay, final
findings of a study for IADC." 10th Int. Conf. on The Jack-Up Platform Design,
Construction and Operation, London, UK.
Tho, K. K., Leung, C. F., Chow, Y. K., and Swaddiwudhipong, S. (2012). "Eulerian finiteelement technique for analysis of jack-up spudcan penetration." International Journal of
Geomechanics, 12(1), 64-73.
Tian, Y., Gaudin, C., Cassidy, M.J. and Randolph, M.F. (2013). "Considerations on the
design of keying flap of plate anchors." Journal of Geotechnical and Geoenvironmental
Engineering, In press, doi: http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000776.
Wang, D., Gaudin, C., and Randolph, M. F. (2013a). "Large deformation finite element
analysis investigating the performance of anchor keying flap." Ocean Engineering, 59(1),
107-116.
Wang, D., Hu, Y., and Randolph, M. (2010a). "Three-Dimensional Large Deformation
Finite-Element Analysis of Plate Anchors in Uniform Clay." Journal of Geotechnical and
Geoenvironmental Engineering, 136(2), 355-365.
Wang, D., Randolph, M. F., and White, D. J. (2013b). "A dynamic large deformation finite
element method based on mesh regeneration." Computers and Geotechnics, 54, 192-201.
Wang, D., White, D. J., and Randolph, M. F. (2010b). "Large-deformation finite element
analysis of pipe penetration and large-amplitude lateral displacement." Canadian
Geotechnical Journal, 47(2010), 842-856.
Zhang, Y., Bienen, B., Cassidy, M. J., and Gourvenec, S. (2011). "The undrained bearing
capacity of a spudcan foundation under combined loading in soft clay" Marine
Structures, 24(4), 459-477.
Zhang, Y., Bienen, B., Cassidy, M. J., and Gourvenec, S. (2012). "Undrained bearing
capacity of deeply buried flat circular footings under general loading." Journal of
Geotechnical and Geoenvironmental Engineering, 138(3), 385-397.
Zhang, Y., Bienen, B., and Cassidy, M. J. (2013). "Development of a combined VHM
loading apparatus for a geotechnical drum centrifuge." International Journal of Physical
Modelling in Geotechnics, 13(1), 13-30.
Zhou, H., and Randolph, M. F. (2007). "Computational techniques and shear band
development for cylindrical and spherical penetrometers in strain-softening clay."
International Journal of Geomechanics, 7(4), 287-295.
Zhou, H., and Randolph, M. F. (2009). "Resistance of full-flow penetrometers in ratedependent and strain-softening clay." Géotechnique, 59(2), 79-86.
7-25

Centre for Offshore Foundation Systems

Chapter 7
The University of Western Australia
Zienkiewiecz O.C. and Zhu J.Z. (1993). "The superconvergent patch recovery and a
posteriori error estimates. Part 1: The recovery technique." Int. J. Numer. Methods Eng.,
33, 1331-1364.

7-26

CHAPTER 8 : JACK-UP PUSH-OVER ANALYSES FEATURING A NEW FORCE
RESULTANT MODEL FOR SPUDCANS IN SOFT CLAY

8.1 ABSTRACT
With the development of the offshore oil and gas industry, mobile jack-up drilling
platforms are increasingly utilised in deeper waters and harsher environments. Excessive
conservatism in jack-up site specific assessment may result in undue rejection of a unit. In
soft clayey seabeds, the spudcan foundations of the jack-up platform penetrate deeply into
the soil with partial or complete backflow. Although the deep penetration and associated
backflow are widely perceived to increase horizontal and moment foundation bearing
capacities in particular, the problem is not well understood. In this chapter therefore, a
plasticity foundation model is proposed that accounts for the effects of backflow. It has
been developed through combined numerical and experimental study. The model is
suitable for performing integrated soil-structure analyses. Results of such analyses of a jackup under quasi-static push-over load are discussed to highlight the impact of the model in
the context of site specific assessment of jack-up rigs in soft clay.
8.2 INTRODUCTION
In the offshore industry, mobile jack-up platforms (Figure 8.1a) are widely used for
performing drilling activities. A modern jack-up platform is typically supported by three
independent legs. Each leg is equipped with a circular saucer shaped foundation known as
spudcan (Figure 8.1b). A jack-up is installed by preloading the platform to typically one and
a half to twice the platform’s self weight through ballasting the hull with sea water. The
spudcan foundations penetrate into the soil under the preload. Once installation is
completed, the ballast is dumped and the jack-up operates under its self weight and
working variable load. In addition, a jack-up platform is subjected to significant
environmental loading from wave, wind and current. This transfers combinations of
vertical (V), horizontal (H) and moment (M) loading to the spudcan footings (see Figure
8.1b for the sign conventions adopted for positive loads and conjugate displacements). A
jack-up is deployed multiple times throughout its life and before every installation at a new
location a site specific assessment must demonstrate its stability in large storms (SNAME
2008; ISO 2012). This requires understanding of the bearing capacity of spudcans under
combined VHM loading, as well as their interaction with the jack-up structure, which is
influenced by the boundary conditions provided by the seabed soil.
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Figure 8.1. A typical jack-up platform (after Reardon 1986) and a spudcan under VHM
loading
In Figure 8.2, two idealized scenarios after spudcan installation in clay are schematically
illustrated. Figure 8.2a shows a situation that occurs in stiff clay where an open cavity is
formed above the spudcan. Failure is governed by a general shear mechanism. Figure 8.2b,
on the other hand, illustrates complete soil backflow due to a continuous flow-around
mechanism. The undrained shear strength of offshore soft clayey soil profiles often has a
small non-zero value at the surface (less than 15 kPa) and increases linearly with depth at a
strength gradient (k) of typically in the range of 0.6 to 3.0 kPa/m (Tani and Craig 1995). In
these soils, deep penetration of the spudcan footings is required to provide sufficient
resistance, and soil backflow occurs after a critical depth of penetration (though backflow
may not be complete, depending on the shear strength). A method to assess the critical
cavity depth has been recommended by recent studies of Hossain et al. (2005; 2009a),
which is incorporated into the new ISO guidelines (ISO 2012).
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(a)

(b)

Seabed

Seabed

Figure 8.2. Two idealised scenarios after spudcan penetration in clay
For the site specific assessment of jack-ups in soft clay, the deep penetration of the
spudcan foundations and the associated backflow are important. It is commonly perceived
that the backflow will increase the foundation’s bearing capacity, especially the horizontal
and moment capacities. This is indeed indicated in the work by Templeton et al. (2005),
Templeton (2009) and Zhang et al. (2011, 2012a), though the soil disturbance caused by
spudcan installation was neglected in these numerical studies. The backflow also potentially
acts as a ‘seal’ on top of the spudcan, allowing suction to be developed, as observed in
centrifuge experiments (Cassidy et al. 2004a; Purwana et al. 2005; Gaudin et al. 2011).
Therefore, tensile loading of the jack-up leg is possible, though it is not currently
considered in conventional site specific assessment. Furthermore, the backflow is likely to
enhance the foundation stiffness, importantly in rotation. This is beneficial for reducing the
stress level in critical parts of the jack-up structure, such as the leg-hull connection, as
illustrated in Santa Maria (1988). Identifying and quantifying these perceived benefits will
have significant economical implications for the jack-up industry while at the same time
enhancing safety through improved understanding.
This chapter proposes a model for describing the load-displacement behavior of the
spudcan in soft clay that accounts for the effects of backflow. The framework of the model
is based on displacement-hardening plasticity theory. Previous models in the same family
include Schotman (1989), Nova and Montrasio (1991); Dean et al. (1997); Gottardi et al.
(1999); Martin and Houlsby (2001); Cassidy et al. (2002a); Houlsby and Cassidy (2002);
Bienen et al. (2006); Knappett et al. (2012). Foundations described by force resultant
models can be readily incorporated into finite element structural analysis program as
‘macro elements’ as they are written directly in terms of force resultants and displacements
about the spudcan’s load reference point (LRP, Figure 8.1). This avoids any complex
discretization of the soil. Such integrated soil-structure analyses can be found, amongst
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others, in Thompson (1996), Williams et al.(1998), Martin and Houlsby (1999), Houlsby
and Cassidy (2002), Cassidy et al. (2001; 2002c), Bienen and Cassidy (2006, 2009) and
Vlahos et al. (2011).
This chapter will first set out the components of proposed force resultant model. A brief
comparison of this model with a previous model for spudcans without backflow is then
provided. To demonstrate the implications of the proposed model, integrated jack-up
structure analyses under quasi-static monotonic push-over load are performed and results
are discussed.
8.3 PROPOSED FORCE RESULTANT MODEL
Based on plasticity theory, the force resultant model includes four components:
i)

a yield surface written directly in the VHM load space;

ii)

a hardening law that establishes the yield surface size as a function of the plastic
vertical footing displacement (wp);

iii)

an elastic matrix for describing any increment of load within the yield surface;
and

iv)

a flow rule to describe the elasto-plastic displacements during incremental
expansion and contraction of the yield surface.

The sections below detail the individual model components.
8.3.1 HARDENING LAW
The model assumes that the yield surface expands with the plastic vertical displacement wp
(Figure 8.3). As the yield surface will be expressed as a function of pure vertical capacity, an
accurate prediction of the vertical capacity of the spudcan at a given depth is important.
Hossain et al. 2009a) proposed the following expression to estimate the critical cavity depth
(Hc, as shown in Figure 8.3b):
Hc
S
 S 0.55 
D
4

(8.1)

where S is defined by:
 k 
 1 
'

 s  
S   um 
'D

(8.2)
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where sum is the shear strength at seabed surface, k is the strength gradient as illustrated in
Figure 8.3c, and γ′ is effective unit weight of the soil.

Figure 8.3. Different stages of penetration and shear strength profile
For a spudcan embedded shallower than the critical cavity depth, i.e. wp ≤ Hc, the net
capacity (V0, provided by the undrained soil strength) and total capacity (Vtotal_C) of the
footing to resist compressive external vertical load are:
V0=Ncs su0 A

(8.3)

Vtotal_C=Ncs su0 A + γ′ VolB + γ′ wp A

(8.4)

where Ncs is the shallow bearing capacity factor, su0 is the undrained shear strength at the
current plastic embedment depth (Figure 8.3c), A is the bearing area of the footing and
VolB is the volume of soil displaced by the embedded part of the spudcan (Figure 8.3a).
As the spudcan penetrates past the critical cavity depth, soil backflow commences and the
footing gradually becomes buried. With the onset of backflow, there is also a gradual
transition from the general shear mechanism to the continuous flow-around mechanism
(Hossain et al. 2005; Hossain and Randolph 2009a). In the current model, the transitional
zone is assumed to be 0.5D (a smaller depth 0.3D is suggested by Hossain and Randolph
(2009a); however, it is found a smoother load penetration response is obtained by assuming
a larger transitional depth)..
For a spudcan embedded beyond the transitional zone (i.e. wp ≥ Hc + 0.5D), the net and
total compressive vertical capacities of the spudcan are:
V0=Ncd su0 A

(8.5)

Vtotal_c=Ncd su0 A + γ' VolT

(8.6)
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where Ncd is the deep bearing capacity factor and VolT is the total volume of the spudcan
(Figure 8.3b). Note the cavity above the backflow does not contribute to the total capacity
when the localised flow-around failure mechanism governs.
Due to the backflow, the spudcan is able to withstand tensile vertical load. The total
capacity for a fully buried spudcan (i.e. wp ≥ Hc + 0.5D) to resist external tensile load is:
Vtotal_T = VT - γ' VolT

(8.7)

where VT is tensile capacity provided by the soil cohesive strength. Its ratio to the
corresponding compressive capacity (VT/V0) is denoted as χ. In this model, χ is assumed
to be 0.6 based on centrifuge tests in Kaolin clay (Zhang et al. 2013a) when wp ≥ Hc +
0.5D. This ratio is consistent with other experimental research on extraction behaviour of
spudcan footing in soft clay (Purwana et al. 2005; Bienen et al. 2009a and Gaudin et al.
2011).
For penetration depths in the transitional zone, i.e., Hc < wp < Hc + 0.5D, a simple linear
interpolation is proposed to calculate the net and total vertical compressive capacities. The
tensile capacity is also expected to vary between zero and 0.6V0.
To calculate Ncs and Ncd respectively to be used in Eq. 8.3 to Eq. 8.6, the following
equation is proposed following Hossain and Randolph (2009b):
Ncs or Ncd =  rem  1   rem e3

b

95

N

cs_ideal

or Ncd_ideal

(8.8)

Eq. 8.8 corrects the bearing capacity factors in ideally non strain softening soil (soil
sensitivity St = 1) for the effect of soil remolding during the spudcan penetration. In the
equation, δrem is the inverse of St. ξb represents the average cumulative shear strain as
experienced by the soil particles as they traverse the flow mechanism around the spudcan
and Hossain and Randolph (2009b) suggests ξb to be 2.4. ξ95 is equal to the cumulative
strain required for 95% of full level of remolding and typical value is estimated in the range
of 10 to 50 (Einav and Randolph 2005).
Hossain and Randolph (2009a) recommend Ncs_ideal to be determined by wished in place
small strain finite element analyses with an open cavity. The numerical values are presented
in their paper and are not repeated here for brevity. A simple equation is recommended to
calculate Ncd_ideal:
N cd_ideal  10(1  0.065

wp
D

(8.9)

)  11.3
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8.3.2 YIELD SURFACE
The following expression is proposed for the yield surface:
2

2

 H   M / D  2eHM / D  4 

  
 
f  
 
2
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h0 m0V0
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 h0V0   moV0 



2

2

2

V
  V 
    1    0
 V0
  V0 

(8.10)

where h0 and m0 define the peak ratios of H/V0 and M/DV0 in the in the VH (M = 0) and
VM (H = 0) planes, the parameter e defines the eccentricity of the cross-section in the HM
plane and the parameter χ is the tensile capacity ratio (VT/V0) as defined earlier. This
expression is similar to that presented in Vlahos et al. (2008) and reduces to the form of
Martin and Houlsby (2001), Houlsby and Cassidy (2002) and Cassidy et al. (2004b),
amongst others, when no tensile capacity is assumed (χ=0). Note that the yield surface is
defined in terms of the net compressive vertical capacity V0 rather than the total capacity.
As discussed above, the value of χ is taken to be 0.6 based on centrifuge testing results in
normally consolidated Kaolin clay. However, the ratio may vary with soil type and
consolidation history. Changes are also expected to the size and shape of the yield surface
as the failure mechanisms will change according to the soil. Therefore caution needs to be
exercised when apply this model to soil conditions other than those investigated.
Table 8.1 lists the h0, m0 and e values suggested for St in the range of 1 to 4 and w/D in the
range of 0.5 to 3. Two-way linear interpolation is recommended for any combination of
embedment depth and soil sensitivity that falls in the parametric range of this table. For 4
< St ≤ 5, the values for St = 4 are suggested, as numerical analyses reveal that the spudan
has approximately the same capacity in soil with St = 5 as St = 4 (Zhang et al. 2013c).
These parameters are for spudcans fully submerged in backflow, and therefore should only
be used when wp ≥ Hc + 0.5D.
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Table 8.1. Yield surface parameters (for a buried spudcan: wp ≥ Hc + 0.5D)
St

1

2.2

3

4

w/D

h0

m0

e

0.5

0.186

0.090

0.374

1

0.228

0.095

0.205

1.5

0.277

0.102

0.063

2

0.303

0.106

0.009

3

0.325

0.107

-0.028

0.5

0.170

0.089

0.410

1

0.206

0.092

0.280

1.5

0.248

0.098

0.172

2

0.267

0.101

0.096

3

0.286

0.104

0.051

0.5

0.168

0.088

0.415

1

0.199

0.090

0.310

1.5

0.233

0.096

0.193

2

0.255

0.099

0.137

3

0.278

0.102

0.079

0.5

0.165

0.087

0.425

1

0.193

0.088

0.332

1.5

0.216

0.093

0.237

2

0.236

0.096

0.182

3

0.257

0.099

0.118
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‡

The recommendation of the yield surface is based on the complementary studies of
centrifuge experiments and numerical analyses. Employing a combined loading apparatus
developed for a geotechnical drum centrifuge (Zhang et al. 2013a), the VHM bearing
capacity surface of a typical spudcan was investigated at various embedment depths (up to
1.45D) in normally consolidated kaolin clay in the enhanced gravity field of the centrifuge
(Zhang et al. 2013b). To expand the experimental database for wider ranges of soil
properties and embedment depths, a numerical approach with large deformation finite
element (LDFE) simulation of the spudcan installation and subsequent small strain finite
element analyses to define the VHM bearing capacity surface was proposed (Zhang et al.
2013c). In contrast to previous numerical analyses assuming a ‘wished in place’ spudcan
(Zhang et al. 2011), the installation effects (large soil displacement and remoulding) were
captured by combined use of LDFE and a strain softening soil model in simulation of
spudcan penetration. The post installation shear strength profile is then used to calculate
the combined VHM capacity surface. The size and shape of the VHM bearing capacity
surface for a spudcan in a normally consolidated soil was defined for soil sensitivities up to
five and embedment depths up to 3D. The numerical results with consideration of the
spudcan installation effects (Zhang et al. 2013c) generally compare well with the centrifuge
experimental results. The yield surface expression (Eq. 8.10) together with the size and
shape parameters (Table 8.1) combines the experimental and numerical findings in a
slightly conservative manner.
It is noted that the yield surface parameters where derived immediately after installation
(i.e. no dissipation of excess pore pressures and subsequent consolidation was allowed for
in the numerical modelling and the experimental swipe tests were conducted immediately
after reaching the testing depth). The changes in the shear strength of the backflow soil and
the soil under the spudcan with time were not considered. This is considered a conservative
approach.

‡

In Appendix A1, a comparison between the numerical and experimental VHM bearing capacity surface is
provided. The reason for the recommendation is explained in more detail.
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8.3.3 ELASTIC BEHAVIOUR
The elastic behaviour is specified by a stiffness matrix that describes the relationship
between load increment (δV, δH, δM) and elastic displacement increment (δwe, δue, δθe) as
follows:
V 
4 K V
  GD 
0
H  
8 
M 
 
 0

 we 
 
4 K H 2 K C D  ue 

2 K C D K M D 2  
 e 
0

0

(8.12)

where KV，KH，KM and KC are dimensionless elastic stiffness coefficients, G is the shear
modulus of the soil at the current wp (Figure 8.3). For clay, the value of shear modulus G
may be taken as proportional to the undrained shear strength by G= Ir su0, where Ir is known
as ‘rigidity index’. The industry guidelines (SNAME 2008; ISO 2012) and Cassidy et al.
(2002b) provide recommendations on selecting the appropriate Ir values.
The proposed model adopts the elastic stiffness coefficients reported by Zhang et al.
(2012b) which apply to a spudcan shaped footing and consider the influence of increasing
shear modulus with depth as well as the effect of backflow. It is noted that these elastic
coefficients were derived assuming intact soil strength above and below the spudcan (i.e.
installation effects were not considered). They, therefore, may be a slightly higher estimate.
However, it is argued that this effect is minor compared to the uncertainty and sensitivity
in the selection of the shear modulus G.
8.3.4 FLOW RULE
The plastic flow rule is primarily based on results from centrifuge experiments (Zhang et al.
2013b). The plastic potential has the following form:
2
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where V0′ is the dummy V0 value for the plastic potential surface that intersects the yield
surface at the current load point, and
 34 
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3

4
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4



αh = 1
αm = 1.35
αv = 1.1
8-10

Centre for Offshore Foundation Systems

Chapter 8

The University of Western Australia

β3 = β4 = 0.45

8.4 COMPARISON WITH PREVIOUS MODEL FOR SPUDCAN WITHOUT
BACKFLOW
Martin and Houlsby (2001) proposed a force resultant model based on a series of scaled 1 g
model tests in heavily over consolidated clay (Martin and Houlsby 2000). It is colloquially
known as ‘Model B’. Because of the soil strength profile and low level of in situ stress in
those tests, no significant backflow was observed even at relatively deep embedment of 1.6
footing diameters. Therefore, the model’s yield surface only accounts for the contribution
from the underside of the spudcan. For practical application, the model is most appropriate
for spudcans in clay at depths where the no backflow scenario (Figure 8.2a) is predicted.
While the proposed model provides a consistent approach to predict the load-penetration
response of spudcans in offshore soft clay, the model is intended for penetration depths
beyond the transitional zone (i.e. with spudcans fully submerged in backflow) when it is
used to assess the stability of the jack-up under environmental loading. At depths shallower
than the predicted critical cavity depth, the model without backflow (Model B) is
recommended. For depths in the transitional zone, Model B provides a conservative
evaluation of the spudcan capacity. Definition of the transition zone requires further
research to define the yield surface size and shape as well as the plastic potential.
In Table 8.2, a brief comparison between the proposed model of this chapter and Model B
is provided. In summary, the proposed model
i)

adopts a mechanism based approach to calculate the vertical capacity;

ii)

features a larger yield surface with the size parameters (h0 and m0) increasing with
depth;

iii) defines the yield surface at tensile vertical load; and
iv) uses higher elastic stiffness coefficient that account for the effect of backflow, the
increasing shear modulus with depth and a representative spudcan shape.
In addition, the proposed model has the flexibility to account for soil sensitivities St = 1.0
to 5.0 explicitly.
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Flow rule

The contribution of backflow is considered.
χ = 0.6, i.e. tensile vertical load is allowed, which
implies significant combined bearing capacity at low
level of and tensile vertical load. This has been based
on experimental evidence of kaolin clay in a
geotechnical centrifuge (Zhang et al. 2013b), though
caution should be taken to the level of tensile capacity
provided.
β1 = 1.0, β2 = 1.0 and e is independent of vertical load
level. h0 and m0 values are listed in Table 8.1, and
increase with embedment depth.
Stiffness coefficients derived for:
linearly increasing soil strength profile
one typical spudcan shaped footing
different degrees of backflow
Slightly non-associated in the HM plane
A separate plastic potential surface is defined.

Only accounts for the underside of the spudcan.
χ = 0, i.e. tensile vertical load is not allowed, as a result, the
combined bearing capacity diminishes to zero as vertical load
approaches zero.
β1 = 0.764, β2 = 0.882 and e varies with vertical load level
h0 = 0.127, m0 = 0.083, and are independent of embedment
depth.

Stiffness coefficients derived for:
homogeneous soil profile
conical footings
no backflow

Associated in HM plane
Plastic vertical displacement is corrected from association by a
single parameter.

The yield surfaces of both models can be generalised as:

Based on centrifuge experiments and LDFE
simulations.
The soil sensitivity can be explicitly considered.
Onset of backflow is assessed.
Different mechanisms at various stages of penetration

This model – spudcan fully buried in backflow

Chapter 8

Elastic stiffness

Yield surface

Hardening law

Bearing capacity factors evaluated by the method of
characteristics for wished-in-place conical footings.
No backflow
General shear (shallow) mechanism

Model B – without backflow

Table 8.2. Comparison of the proposed model with Model B
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8.5 NUMERICAL FORMULATION
Following the notations of Martin and Houlsby (1999), let
V 
 w
 f V 
 g V 
 
  f 


g 
  f H  and
  g H 
σ  H , ε u,
σ 
   σ  f M 

M 
 


 g M 
 

If the load increment is entirely within the current yield surface, the elastic loaddisplacement relationship is

σ  K eε

(8.14)

where Ke is the elastic stiffness matrix defined in Eq. 8.12.
During an elasto-plastic increment, the elasto-plastic load-displacement relationship is:
σ  K ep ε

(8.15)

where Kep is the elasto-plastic stiffness matrix, which needs to be defined. The total
displacement δε consists of elastic displacement, plastic displacement and coupled
displacement due to change of elastic stiffness, as represented respectively by the three
parts of the right-hand-side of the following equation

g
d Ke
ε  K e σ    wp
σ
σ
d wp
-1

-1

(8.16)

where Λ is a non-negative scalar which determines the magnitude of plastic displacement
and dKe-1/dwp describes the change of flexibility matrix (inverse of elastic stiffness matrix)
with depth due to:
i)

variation of shear modulus G with depth. This is important for modeling a
soil profile with increasing strength with depth;

ii)

variation of the dimensionless elastic stiffness coefficients KV, KH, KM, KC
with depth; and

iii)

variation of the diameter of the contact area before the spudcan is
penetrated beyond the LRP.

In an elasto-plastic increment, the consistency condition requires that the load point
remains on the yield surface (i.e. δf = 0), therefore:
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f
f
σ 
wp  0
σ
wp

(8.17)

where
f
f dV0 f d D f d h0
f d m0 f d e





wp V0 d wp D d wp h0 d wp m0 d wp e d wp

(8.18)

Note in both Eq. 8.16 and 8.17, δwp can be replaced by Λ(∂g/∂V) according to plasticity
theory.
Based on Eq. 8.16 and Eq. 8.17, as demonstrated by Martin and Houlsby (1999), the elastoplastic stiffness matrix can be calculated as:

K ep

 g g d K e 1  f T
Ke 
σ
Ke
 σ V d w
 σ
p


 Ke 
T
 g g d K e 1 
f g f


Ke 
σ
 σ V d w

wp V σ
p



(8.19)

The footing model is implemented in FORTRAN. For any increment of load,
displacement or combination of both, the resulting displacements/loads can be evaluated.
The solution control follows the description of Martin and Houlsby (2001) and is not
repeated here.
8.6 JACK-UP QUASI-STATIC PUSH-OVER ANALYSES
In order to demonstrate the implications of the proposed model for site specific
assessment of jack-up rigs in soft clay, quasi-static push-over analyses of a modern jack-up
in an offshore soft clayey seabed were performed with the finite element program
developed by Bienen and Cassidy (2006). Although Model B is most suitable for the ‘no
backflow’ condition, results of comparative analyses are used to illustrate the effect of
consideration of backflow in a jack-up push-over. For the purpose of this work, the jackup is simplified as a plane frame and the environmental push-over load is assumed to act
along the axis of symmetry of the structure at a position on the legs 15 m below the hull
(Figure 8.4, this could be considered a mean water level, though no account for the water
was made). The structure of the jack-up is represented by equivalent beam elements whilst
the spudcans are represented by the force resultant footing macro elements (the proposed
model or Model B). The leg-hull connection is assumed to be rigid. Only elasticity of the
jack-up structure is considered, limiting the failure of the system to the foundation.
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Geometric non-linearity (including the p-∆ effect) is included. Although the jack-up is
deeply embedded, the interaction between the leg and the soil is not included in the
analyses. In this work, only the one leg windward, two legs leeward orientation was
considered.
In Table 8.3, the parameters for the jack-up structure, spudcan foundations and the seabed
soil are tabulated. Two operational water depths of 20.6 m and 80.6 m are considered,
representing a ‘short’ case and a ‘tall’ case, respectively (Figure 8.4). The total preload level
is assumed to be 180 MN for both operational depths (this is twice the operational vertical
load). A normally consolidated soil profile is considered with a small sum of 1 kPa and a
strength gradient of 1.5 kPa/m.
32.8 m

15 m

21.9 m

Structural node

2/3 Henv
Single
leg

Force-resultant
‘macro’ element

80.6 m

Hull
level

Single
leg

Hull
level
Mean water
level

Two
legs

Mean water
level
Two
legs

Seabed

24.4 m

24.4 m

20.6 m

15 m

21.9 m

1/3 Henv

2/3 Henv

1/3 Henv

32.8 m

HRP

HRP

Force-resultant
‘macro’ element

Short jack-up

Penetration during
preloading process

Tall jack-up

Figure 8.4. Illustration of two analysis cases: a short jack-up and a tall jack-up
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Table 8.3. The jack-up, spudcan and soil properties for the analyses
Jack-up and spudcan properties
Transverse leg spacing

43.28 (m)

Longitudinal leg spacing

39.32 (m)

Total leg length below hull

60 (m) for the short jack-up
120 (m) for the tall jack-up

Water hull clearance

15 (m)

Equivalent leg area, Aleg

1 (m2)

Second moment of area of the leg, Ileg

7.2 (m4)

Equivalent area of the hull, Ahull

20 (m2)

Second moment of area of the hull, Ihull

72 (m4)

Young’s modulus, E

200 (GPa)

Shear modulus, Gsteel

80 (GPa)

Diameter of spudcan

14 (m)

Total operational vertical load

90 (MN)

Preload per spudcan

60 (MN)

Total preload

180 (MN)

Soil properties
Seabed surface shear strength sum

1.0 (kPa) (see Figure 8.3c)

Shear strength increase per meter, k

1.5 (kPa/m) (see Figure 8.3c)

Sensitivity, St

2.0

Ductility, ξ95

30

Effective unit weight, γ'

6.85 (kN/m3)

Rigidity index, Ir = G/su0

100

8.6.1 PREDICTION OF VERTICAL LOAD PENETRATION RESPONSE
Figure 8.5 illustrates the load-penetration response predicted by the proposed model. At a
preload level of 60 MN per leg, the predicted plastic embedment depth of the spudcan is
24.34 m. The net vertical resistance at the final embedment is 57.39 MN, with the
difference from the total preload due to the buoyancy force. The back-calculated bearing
capacity factor (V0/Asu0) is also presented in the figure. Its value is high at shallow
embedment depths due to the large local soil heterogeneity (kD/su0) and decreases quickly
with depth as kD/su0 reduces. However, once the spudcan penetrates past the transitional
zone, the bearing capacity factor starts increasing steadily with depth. This pattern
resembles the behaviour observed in the centrifuge experiments and large deformation
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finite element simulations (Zhang et al. 2013b; 2013c). It is necessary to comment on the
importance of the transitional zone here. Before the fully localized flow-around failure
mechanism is formed, the deep bearing capacity factor calculated by Eqs. 8.8 and 8.9 is not
applicable. Otherwise, a sudden change of the bearing capacity factor (and in turn V0)
would be predicted, as shown in Figure 8.5 by the arrow. Furthermore, the influence of the
cavity above the backflow on the total capacity diminishes gradually as the soil failure
mechanism transitions. An immediate switch of bearing capacity equation from Eq. 8.4 to
Eq. 8.6 at depth of Hc would result in unrealistic discontinuity of the total bearing capacity
profile. Inclusion of the transitional zone provides a practical approach to predict the
complete penetration profile.

0

15

Preload per leg: MN
30
45

60

75
0.00
Hc

Eqs. 8.8 & 8.9
5

0.36

total resistance
Vtotal_C

10

Hc + 0.5D

0.71

15

back-calculated
bearing capacity
factor

1.07

net resistance V0
20

1.43

25

Normalised penetration, wp /D

spudcan plastic penetration, wp : m

0

1.79
0

3

6
9
12
Bearing capacity factor, V0 /Asu0

15

Figure 8.5. Predicted load-penetration response by the proposed model
8.6.2 COMPARISON OF PREDICTED PUSH-OVER RESPONSES WITH AND WITHOUT BACKFLOW
In order to compare the jack-up responses at the same spudcan embedment depth, the
hardening law adopted in the proposed model is also used for the Model B analyses. After
the preload, the vertical load on the jack-up is reduced to the operational vertical load,
which was assumed to be 50% of preload for simplicity (at a total vertical embedment of
24.4 m). Horizontal push-over load is then applied to the jack-up and increased
monotonically until failure is predicted.
8.6.2.1 Short jack-up response under a monotonic push-over load
Figure 8.6 shows the horizontal displacement at the Hull Reference Point (HRP, Figure
8.4) of the jack-up. Overall, analyses with the two models predict similar jack-up responses.
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Upon applying the push-over load, the system response is elastic as the load state of all the
spudcans falls inside of the yield surface established by preloading. The horizontal hull
sway increases (nearly) linearly with the push-over load (with small non-linearities due to
geometric effects in the structure). As the load state of a spudcan touches the initial yield
surface, the system stiffness reduces. It reduces further when the remaining spudcan(s)
yield. However, the proposed model accounting for backflow predicts a considerably
higher ultimate push-over load than Model B, by approximately 50%. Besides that, the
proposed model predicts higher system stiffness, reflected by the smaller hull sway under
the same push-over load. This is mainly due to the higher spudcan elastic stiffness adopted
by the proposed model, as compared in Table 8.2.

Total push-over load, Henv : MN

25

20
15

10

Model B
This model

5

Yield of leeward spudcans
Yield of windward spudcan

0
0

0.2

0.4
0.6
Hull horizontal sway: m

0.8

1

Figure 8.6. Horizontal hull response under a monotonic push-over load
Figure 8.7 illustrates the development of footing reactions with the push-over load Henv. As
Henv is applied, the vertical reactions among the spudcans are re-distributed. Before yield of
any of the spudcans, the vertical reaction of the single windward reduces with increasing
push-over load and the same amount is equally transferred to the double leeward spudcans,
maintaining the vertical equilibrium. This “push-pull” mechanism counters the majority of
overturning moment imposed by the environmental load. During the elastic stage, the
horizontal equilibrium is maintained by equally sharing the environmental load among the
three spudcans. The moment reactions developed among the spudcans are also
indistinguishable during this stage. When the leeward spudcans yield first as predicted by
the proposed model, a larger portion of the horizontal load is taken by the single windward
spudcan. The moment reaction on the leeward spudcans reduces quickly. Soon after the
leeward spudcans, the windward spudcan also yields. The vertical reaction on the windward
spudcan diminishes at an accelerated rate and enters the tensile regime toward failure of the
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system. In contrast to the prediction of this model, the analysis without backflow suggests
the single windward spudcan will yield first and its share of the horizontal load reduces
after yield, with a larger portion of the load undertaken by the leeward spudcans. The
vertical reaction of the windward spudcan remains compressive when approaching failure
of the system. The reason for the predicted differences of footing responses between the
two models is explained below.
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6
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18
24
Total push-over load, Henv: MN

30

Figure 8.7. Development of spudcan reactions under push-over load
Figure 8.8 compares the predicted load paths of the spudcan foundations during the pushover event in the VH, VM and HM planes. In Figure 8.8b, the VM envelope at H = 0
plane of both models are presented, illustrating the available bearing capacity for the
spudcans before any push-over load is applied. Clearly, the proposed model suggests a
significantly larger envelope than Model B. This is partially because tensile vertical load is
allowed due to the backflow in this model whereas it is not the case in Model B.
Furthermore, the m0 value is larger in this model, as detailed in Table 8.2. Upon applying
the push-over load, the H and M loads on both the windward and leeward spudcans
increase at similar ratios (Figure 8.8c and d). Due to the location of initial load state
(operational vertical load only) relative to the yield envelope shown in Figure 8.8b (though
the H = 0 envelope is not directly applicable as horizontal footing reaction is also
mobilized), the proposed model predicts that the leeward spudcans yield first before the
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windward spudcan, whereas the opposite is the results from Model B. In Figure 8.8c and d,
the HM cross-section of the yield surface at initial yield and failure of the system are
presented for both models. Obviously the proposed model suggests considerably larger
yield surface cross-sections on the HM planes, implying higher bearing capacity. As
predicted by the proposed model, following yield the load paths of the leeward spudcans
travel across the reducing HM cross-sections with increasing vertical load (though there is
small amount of increase in wp). The jack-up is predicted to fail through sliding of the
leeward spudcans, and subsequently the windward spudcan. A similar mode failure (sliding)
is predicted by Model B. Without backflow though, the windward spudcan will slide first as
its load state approaches the horizontal peak of the HM cross-section before the leeward
spudcans. This is reflected in the horizontal displacements of the spudcans as shown in
Figure 8.9.
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Figure 8.8. Load paths of spudcan foundations
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Total push-over load, Henv: MN

25
20
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This model, windward
This model, leeward
Model B, windward
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5
0

0

0.02
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Spudcan horizontal displacement: m

0.1

0.12

Figure 8.9. Horizontal displacements of the spudcans during push-over event
8.6.2.2 Tall jack-up response under monotonic push-over load
Push-over analyses were also performed for a tall jack-up platform operating at a water
depth of 80.6 m (Figure 8.4). The vertical preload and operational loads were kept the same
as for the short jack-up. Figure 8.10 compares the hull responses between the tall and short
jack-ups. Both models predict lower ultimate push-over load and larger hull sway (softer
response) for the tall jack-up. This is due to the increased slenderness (height over width
ratio) of the structure, which results in larger overturning moments imposed by the same
amount of push-over load. Consistently, the proposed model predicts higher push-over
capacity than Model B by about 26%. However, the relative effect of backflow is
considerably smaller compared to the 50% difference predicted for the short jack-up.
Figure 8.11 compares the load paths of the spudcans experienced in the push-over event
for both the short and tall jack-ups in the HM plane. The general pattern of the spudcan
reactions is very similar in both cases. However, the initial slope of the load path before
yield, i.e. the ratio of M/HD, is different. The tall jack-up experiences a much higher
M/HD ratio, approximately three times that of the short jack-up, as shown in Figure 8.11.
Along with the spudcan load paths, the cross-sections of the initial yield surfaces at V/V0
= 0.25, 0.5 of both models are shown. It is evident that for the same preload level, the yield
surface of the proposed model is significantly larger in size than Model B, especially in the
horizontal direction. The difference is comparatively smaller in the moment direction.
When the load path of the spudcan approaches the yield surface at a higher M/HD ratio
(as is the case for the tall jack-up), the available horizontal capacity for the spudcan
foundations is lower, which results in a lower ultimate push-over capacity. This explains
why the ultimate push-over capacity of the tall jack-up is less than that of the short jack-up.
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Moreover, the higher the M/HD ratio is, the smaller the difference between the yield
surfaces of the proposed model and Model B, which explains why the predicted difference
in ultimate push-over capacities between the two models is larger for the short jack-up than
for the tall jack-up.
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Figure 8.10. Comparison of the horizontal hull responses between the short jack-up and
the tall jack-up
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Figure 8.11. Comparison of the load paths between the tall and short jack-up analyses
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The above compared the predicted jack-up response under a monotonic push-over load by
the proposed model and Model B. Clearly, Model B, which neglects the effects of
backflow, considerably under-predicts the push-over load of a jack-up platform with
spudcans fully submerged in soft clay. The magnitude of conservatism increases as the
jack-up slenderness reduces. The proposed model reflects the different mechanism of a
spudcan deeply penetrated in soft clay and will result in more economical site specific
assessment results, without compromising safety.
8.6.3 EFFECT OF SOIL SENSITIVITY
In this section, a parametric study of the effect of soil sensitivity on the jack-up push-over
response is performed. For this purpose, the tall jack-up case shown in Figure 8.4 is
considered. Push-over analyses in soil with St = 1, 2, 3, 4 are performed. For consistency,
the same preload level, operational water depth and water hull clearance are maintained for
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4
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Push-over capacity, Henv : MN

Embedment depth, w: m
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Push-over capacity
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0
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4

Figure 8.12. Effect of soil sensitivity
As shown in Figure 8.12, as soil sensitivity increases, the embedment depth of the spudcan
foundations increases under the same preload level. The ultimate push-over capacity,
however, is shown to decrease with increasing soil sensitivity, though at relatively small
magnitude. This is because of two compensating effects of h0 and m0 i) increasing with
embedment depths for a specific St but ii) reducing with St for a specific embedment depth.
Beside these two factors, the slenderness of the jack-up platform increases as the spudcans
penetrate deeper in more sensitive soil. The net effect is that the push-over capacity of the
platform only reduces slightly with increasing soil sensitivity. However, this is expected to
be influenced by other factors, such as the preload level, soil strength gradient (k) and
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ductility of the soil (ξ95), which may alter the difference among the predicted embedment
depths for different soil sensitivities and in turn influence the platform’s push-over
capacity.
8.7 CONCLUDING REMARKS
A force resultant footing model is herein proposed for spudcan foundations in soft clay
based on a combined numerical and experimental study. Details of the experimental
program providing verification of the model for predicting the load-displacement of a
single spudcan can be found in Zhang et al. (2013b). The proposed model captures the
influence of backflow and explicitly accounts for a range of soil sensitivities on the
behavior of the spudcan.

Simple jack-up push-over analyses with fully buried spudcans in soft clay demonstrate
considerable increases in the ultimate push-over capacity and system stiffness of the jackup platform due to backflow. The proposed model removes excessive conservatism of
current site specific assessment of jack-ups in soft clay without compromising safety.
Physical verification of the model’s ability to predict the load-displacement behavior of a
multi-footing jack-up during pushover should be pursued. Vlahos et al. (2008, 2011)
provide verification of the original Model B footings by pushing a 1:250 scale three-legged
jack-up to foundation failure. Following a similar methodology, but in this case for a 1:200
scale jack-up in a geotechnical centrifuge, Bienen et al. (2009b) and Bienen and Cassidy
(2009) demonstrated the applicability of similar force-resultant models describing spudcan
behavior in sand. Centrifuge tests are also be required for verification of this proposed
model in the push-over analysis of jack-ups, to ensure flow around and burial of the
spudcan footings. The 1:200 scale jack-up of Bienen et al. (2009b) could be used.
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9.1 INTRODUCTION
Normally consolidated or lightly over-consolidated offshore soft clay often features a
linearly increasing undrained shear strength profile with a small intercept at the seabed
surface (Tani and Craig 1995). In such soil conditions, jack-up operation normally requires
deep penetration of the spudcan foundations, during which soil can flow around the
advancing spudcan, sealing the cavity. Although it is commonly perceived that the soil
backflow has many potential benefits for the loading of the spudcan foundations, the
problem was not well understood and the impact of the backflow is often neglected in
practice.
This thesis is concerned with the behaviour of spudcan foundations of mobile jack-up
platforms under combined vertical, horizontal and moment loading in offshore soft clay. A
complementary numerical and experimental research approach has been taken to
investigate the different aspects of the foundation behaviour. A force resultant model,
appropriate for spudcans in soft clay, is proposed based on the results of this work,
covering a range of soil properties and embedment depths. The model is implemented in
FORTRAN and used to perform integrated soil–structure jack-up analyses. In this final
chapter, the main findings arising from this research are summarised and possible
directions for future research are suggested.
9.2 ORIGINAL CONTRIBUTION AND MAIN FINDINGS
9.2.1 ELASTIC STIFFNESS OF SPUDCAN FOUNDATIONS IN OFFSHORE SOFT CLAY
Chapter 2 reports a comprehensive set of dimensionless elastic stiffness coefficients
calculated by three dimensional finite element analyses. The results were derived for a
representative spudcan footing in soil profiles with constant or linearly increasing shear
modulus with depth. Coefficients for the limiting conditions of an open cavity and a
completely buried spudcan are provided. An interpolation procedure for partial backflow
conditions is recommended. The significant differences in the dimensionless values
highlight the importance of accounting for spudcan geometry, embedment, soil backflow
and non-homogeneous soil conditions. These new coefficients define the initial stiffness of
spudcan-shaped footings and therefore provide for more accurate site specific assessment
of jack-up platforms on soft clay sites under storm loading conditions.
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9.2.2 COMBINED VHM BEARING CAPACITY OF DEEPLY EMBEDDED FLAT CIRCULAR
FOUNDATIONS

Chapter 3 reports an investigation of the bearing capacity of deeply buried flat circular
footings under combined vertical, horizontal and moment loading by the means of small
strain finite element analyses. The influence of the thickness to diameter aspect ratios
(T/D) on combined bearing capacity of the footing is studied. The footings’ uniaxial
bearing capacities, as well as failure envelopes under combined loading, are reported for
both uniform and linearly increasing shear strength profiles.
At deep embedment, the failure mechanisms of the footing are localised. Due to the small
local soil heterogeneity (kD/su0), the normalised bearing capacity in the normally
consolidated soil is found only slightly smaller than that in a homogenous soil. The shape
of the VHM bearing capacity surface is also similar for the uniform and the linearly
increasing shear strength soil profiles.
The bearing capacity of the footing is shown to increase significantly with the aspect ratio.
An analytical expression is proposed to describe the VHM bearing capacity surface for
footings of T/D ranging from 0.05 to 0.4. These are aspect ratios of interest to deeply
buried spudcan footings for offshore jack-up platforms.
9.2.3 COMBINED VHM BEARING CAPACITY OF SPUDCAN FOUNDATIONS IN OFFSHORE SOFT
CLAY

Chapter 4 presents results of small strain finite element analyses of a typical spudcan
footing that is “wished in place” with complete backflow at different embedment depths in
a normally consolidated soil profile. The governing failure mechanisms under vertical,
horizontal and moment loading and their change with spudcan embedment depth are
identified. These mechanisms underpin the reported uniaxial and combined VHM bearing
capacities, which highlight the additional bearing capacity due to the backflow. A single
analytical expression is proposed to describe the normalized VHM surface at spudcan
embedment from shallow to deep.
As the spudcan installation process is not considered in the numerical analyses reported in
Chapter 4, the calculated bearing capacity was over-estimated. In Chapter 6, results of a
comprehensive centrifuge testing programme of a model spudcan under VHM loading in
normally consolidated Kaolin clay is presented. These tests were performed with the VHM
loading apparatus described in Chapter 5. The VHM bearing capacity surface of a typical
spudcan foundation was established from a suite of swipe tests that were performed at
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three different embedment depths (0.7D, 1.0D and 1.45D). The tests confirmed that
backflow soil (i) increases the size of the combined VHM bearing capacity surface and (ii)
provides significant bearing capacity under tensile vertical load. The size of the yield surface
is also found to increase with embedment depth.
In order to complement and expand the database of the centrifuge experiments, a
numerical approach with large deformation finite element simulation of the spudcan
penetration and subsequent small strain finite element analyses to define the VHM bearing
capacity surface is proposed in Chapter 7. The effects of spudcan installation on its
combined bearing capacity is explicitly considered numerically, which has not been
achieved before. Results on the size and shape of the combined bearing capacity surface of
a typical spudcan in normally consolidated soft clay are presented for soil sensitivities up to
five and embedment depths up to three footing diameters. Based on the numerical results,
it is observed that:
i)

The large displacement and strength softening due to the installation of the
footing significantly reduces its combined bearing capacity compared to that of
a wished in place foundation. As soil sensitivity increases, the capacity reduces,
but at a decreasing rate. The footing has approximately the same capacity in soil
with St = 5 as St = 4.

ii)

The normalised size of the combined bearing capacity surface increases with
embedment while the eccentricity of the surface reduces. A consistent analytical
expression, as proposed in Chapter 4, is shown to fit the bearing capacity
surface at different depths well.

iii)

The numerical results compare favourably with the centrifuge experimental
results, with all the main features of the centrifuge results successfully captured.

9.2.4 PLASTIC FLOW RULE OF SPUDCAN FOUNDATIONS IN SOFT CLAY
The plastic flow rule of a spudcan in normally consolidated soft clay was investigated by
the centrifuge experiments reported in Chapter 6. It was observed that the plastic flow in
the HM plane is approximately associated, with non-association still introduced to improve
modelling accuracy. Radial displacement tests performed in the VH and VM planes
demonstrated significant non-associated behaviour. An appropriate plastic potential surface
is proposed to describe the experimental data well.
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9.2.5 A FORCE RESULTANT MODEL FOR SPUDCAN FOUNDATIONS IN OFFSHORE SOFT CLAY
Coupled with the method to determine the load-penetration response of spudcans in soft
clay by Hossain and Randolph (2009a; 2009b), the results obtained from this research
(elastic behavior, VHM bearing capacity and plastic flow rule) enable a force resultant
foundation model for describing the load-displacement behavior of spudcan foundations in
offshore soft clay to be proposed in Chapter 8. The model explicitly accounts for the
influence of backflow in soft clay on the behavior of the spudcan and is flexible enough to
cover a range of soil sensitivities and embedment depths. The model is numerically
implemented in FORTRAN. The model provides a consistent approach to predict loadpenetration response of spudcans in soft clay. When coupled with a structural program, the
model can be used to evaluate the response of the jack-up platform under environmental
loading. Simple jack-up push-over analyses in soft clay are presented in Chapter 8 and
demonstrate that if the impact of backflow is neglected, the ultimate push-over capacity
and system stiffness of the jack-up platform will be considerably under-estimated. The use
of the proposed model for site specific assessment of jack-ups in soft clay is recommended.
9.2.6 A COMBINED VHM LOADING APPARATUS FOR A GEOTECHNICAL DRUM CENTRIFUGE
Motivated by the requirement to understand foundation behaviour under combined
loading and stress levels consistent with large offshore foundations, a VHM loading
apparatus is developed for the UWA drum centrifuge and is reported in Chapter 5. The
apparatus features independent displacement control of the model’s in-plane vertical,
horizontal and rotational degrees-of-freedom. The experiments reported in Chapter 6
demonstrate the excellent reliability of the apparatus. The apparatus has broad possible
applications, for example testing of skirted foundations, caisson, mud mat and new concept
hybrid foundations (Bienen et al. 2012).
9.3 DIRECTIONS FOR FURTHER RESEARCH
9.3.1 INTERACTION OF JACK-UP LEG WITH BACKFLOW SOIL
For a jack-up employed in soft clay with deeply embedded spudcans, the truss-work legs
are expected to provide significant benefits for the jack-up to resist environmental loading,
such as increased horizontal capacity, reduced bending moment on the jack-up structural
components and enhanced system stiffness, as shown by the preliminary centrifuge
experiments by Springman and Schofield (1998). However, these benefits are often
neglected in jack-up site specific assessment in soft clay, as was also done in the push-over
analysis of Chapter 8 of this thesis. If justified through detailed research, these would
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provide a significant advantage for the jack-up operators. Such research can follow similar
experimental and numerical methods adopted in this thesis. For example, centrifuge
experiments can be performed using the VHM load apparatus described in Chapter 5 with
a realistic model truss-work leg-spudcan system. The numerical approach of combined
LDFE and SSFE described in Chapter 7 can also be used to investigate the leg-soil
interaction. A possible challenge in both the physical and numerical modelling is the
measurement of the individual load contributions from the leg and the spudcan
respectively. Theoretically, this can be overcome by measuring the axial force and bending
moment at a number of different locations along the leg. In this aspect, experience from
the previous experimental work of Springman and Schofield (1998) and lateral pile loading
tests (such as Rollins et al. 1998) can be useful.
9.3.2 FORCE RESULTANT MODELLING OF FOUNDATION BEHAVIOUR
In this proposed force resultant model, linear elasticity within the yield surface is assumed.
As observed in the centrifuge experiments reported in Chapter 7 as well as in many other
studies, plasticity develops well inside the yield surface (for example Nova and Montrasio
1991; Byrne and Houlsby 2004). Furthermore, the offshore environmental loading is cyclic
in nature, and (except for a few extreme events) will involve loading within the yield
surface. If realistic modelling of the system stiffness and damping is to be achieved, then
the nonlinearity within the yield surface must be modelled (Houlsby 2003). Recent models
using the “continuous hyperplasticity” theory have been shown to be capable of capturing
the gradual degradation of stiffness as yield is approached and the hysteresis introduced by
cyclic loading (Byrne et al. 2002; Vlahos et al. 2006).
9.3.3 VALIDATION OF THE FORCE RESULTANT MODEL BY PHYSICAL OR NUMERICALLY
MODELLING OF A THREE LEGGED JACK-UP PLATFORM

In the development of the force resultant model, the model components are evaluated by
testing of a single spudcan under controlled displacement/load paths. However, for a three
legged jack-up platform, load paths experienced by the spudcan may be quite different
from those in single spudcan tests. For instance, the spudcan of a jack-up system at
operational phase approaches the yield surface from inside of the surface under extreme
environmental loading as opposed from the peak vertical load in a swipe test which is often
used to probe the yield surface. Therefore, it is necessary to perform model jack-up tests to
validate the applicability of the proposed force resultant model. Previous work such as
Bienen and Cassidy (2009a; 2009b) and Vlahos et al. (2008; 2011) have primarily used
scaled model jack-up tests to validate such type force resultant models. An alternative
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approach would be modelling the jack-up platform using the finite element method with
explicit meshing of the spudcans and the soil. The predicted jack-up response by such
analyses can then be compared to corresponding analyses with the spudcans represented by
force resultant macro elements.
9.4 CONCLUSIONS
In this thesis, a comprehensive numerical and experimental study of the spudcan
foundation behaviour in soft clay is reported. A force resultant model for predicting the
spudcan load-displacement behaviour is proposed. The model is recommended to be used
for jack-up site specific assessment.
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APPENDIX A1: COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL
VHM SURFACES AND DISCUSSIONS

This appendix provides a detailed comparison between the combined VHM bearing
capacity surfaces evaluated from centrifuge experiments and numerical analyses with
consideration of installation effects. The shape and size of the surfaces are compared and
discussed. Some thoughts on the observed differences are included.
A1.1 EXPERIMENTAL AND NUMERICAL VHM SURFACES
In Chapter 5 and Chapter 6, the following VHM surface expression is used to describe the
centrifuge experimental data:
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where h0 and m0 define the peak ratios of H/V0 and M/DV0 in the VH (M = 0) and VM
(H = 0) planes, e defines the eccentricity of the cross-section in the HM plane and χ is the
tensile capacity ratio. The centrifuge experiments suggest χ = 0.6, i.e. the peak tensile
vertical capacity is 60% of the peak compressive vertical capacity.
In Chapter 7, Eq. A1.2 is used to fit the numerical results well:
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(A1.2)

The parameters in Eq. A1.2 all have the same meanings to those defined in Eq. A1.1
except that parameter e is assumed to vary with vertical load level (v = V/V0) by
e = e1 + e2v2

(A1.3)

where e1 represents the eccentricity of the HM cross-section at V/V0 = 0 and e2 depicts the
change of eccentricity with increasing vertical load level.
A1.2 COMPARISON IN THE VH (M = 0) AND VM (H = 0) PLANES
In Figure A1.1, the normalized envelopes in the VH (M = 0) and VM (H = 0) planes are
compared between the centrifuge experimental surface and the numerical surface. It can be
seen that i) the experiment envelope peaks at V/V0 = 0.2, whilst the numerical envelopes
peak at V/V0 = 0. This difference is related to the fully bonded soil-foundation
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assumption and the Tresca model adopted for the soil in the numerical analyses. The same
tensile capacity as the compressive capacity would be predicted by the numerical model. It
must be pointed out that such a numerical model should not be used to predict the VHM
capacity surface of the foundation under tensile vertical load. ii) The numerical VM
interaction envelope compares reasonably close to the experimental envelope. However,
the numerical VH interaction envelope (elliptical shape) is considerably larger than the
experimental envelope (parabolic shape). A possible reason might be the different methods
used to derive the envelopes.
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VM plane, VH plane

H/h 0 V0 , M/m0 DV0

1
0.8

Centrifuge
VM or VH plane

0.6
0.4
0.2
0

-0.8

-0.6

-0.4

-0.2

0

0.2
V/V0

0.4

0.6

0.8

1

1.2

Figure A1.1. Comparison of the normalized envelopes in the VH (M = 0) and VM (H = 0)
planes
Amongst many others (e.g. Bransby and Randolph 1998; Gourvenec and Randolph 2003),
Zhang et al (2012) observed that numerical swipe tests tended to under-predict the
horizontal capacity at relative high vertical load levels, whilst they were fine for moment
loading. This is demonstrated in Figure A1.2, where the envelope in the VH (M = 0) plane
at embedment of 1.5 footing diameters in soil with sensitivity (St) of 2.2 numerical
calculated by constant displacement ratio probes is compared with the load path of the
numerical swipe test. It demonstrates that the swipe test load path considerably undercuts
the true capacity envelope. The centrifuge results presented in Chapter 5 and Chapter 6 are
based on swipe tests. There is a possibility that the phenomenon observed in numerical
simulation may also occur in the physical modelling tests. However, as far as the author is
aware, there has not been experimental evidence illustrating such comparisons. It is also
not practical to use the constant displacement ratio probe tests in the centrifuge
experiments to map the VHM surface, because it would require a large testing programme
and several soil samples to do that.
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Figure A1.2. Comparison between numerical probe and swipe tests
Whilst the form of formulation (e.g. parabolic or elliptical) determines the shape of the
envelope as illustrated above, the h0 and m0 values determine the size of the envelope.
Figure A1.3 compares the numerical and experimental h0 and m0 values for the soil
condition of St = 2.2 (same as the experimental condition). It is demonstrated that the
numerical results compare reasonably well with the experimental results, though being
slightly larger. If factors of 0.89 and 0.75 are applied to the numerical h0 and m0 values
respectively, good match with experimental results can be obtained.
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Figure A1.3. Comparison of h0 and m0 values between experimental and numerical results
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A1.3 COMPARISON IN THE HM PLANES
Figure A1.4 compares the normalized HM cross-sections between the experimental and
numerical VHM surface formulations at e = 0.25 and 0.5, representing a medium and a
high eccentricity case respectively. The vertical load level is chosen at V/V0 = 0.2 where
the experimental cross-section is largest, though similar comparisons can be made at other
vertical load levels. The experimental VHM surface expression (Eq. A1.1) has a regular
elliptical cross-section in the HM plane (the exponents for H and M terms are both 2);
whereas the numerical expression (Eq. A1.2) has an irregular elliptical cross-section (the
exponents for H and M terms are 2.5 and 1.5 respectively). When the eccentricity is
relatively low, the shapes of the HM cross-sections of the two expressions are very similar.
However, when the eccentricity is high (for example, e = 0.5 as shown in Figure A1.4), the
difference becomes more important. In Chapter 7, the numerical results suggest that the
eccentricity of the HM cross-section is high at relative shallow embedment depths. Figure
7.11(a) and (b) shows that under relatively low level of vertical load, the numerical surface
expression over-predicts the moment capacity while undercutting the horizontal capacity.
In this case, the regular elliptical shape (of the experimental surface) is more suitable to
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describe the data, as indicated by Figure A1.4.
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Figure A1.4. Comparison of experimental and numerical HM cross-sections
Figure A1.5 compares the eccentricity of the HM cross-sections between the numerical and
experimental results. Note that numerical parameter e1 represents the eccentricity of the
HM cross-section at V/V0 = 0. The numerical results indicate the eccentricity will reduce
with increasing vertical load, as suggested by negative e2 values listed in Table 7.1. However,
the experimental formulation uses a constant eccentricity (e) at all vertical load levels;
therefore e represents an average value. Figure A1.5 clearly shows that the numerical results
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capture the trend very well. If the numerical e1 values are factored by 70%, a good match
with experimental e values is obtained.
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Figure A1.5. Comparison of the eccentricity of the experimental and numerical HM crosssections
A1.4 RECOMMENDATION
The above sections have compared the shape and size of the VHM surface derived by
numerical analyses with the surface evaluated by centrifuge experiments. Generally
speaking, the numerical results capture the main features of the experimental results well,
though differences exist. The parametric study in the numerical analyses covers a much
wider range that are not (and possibly not feasible to be) investigated by the experiments
(for deeper spudcan embedment depths up to three footing diameters and a range of soil
sensitivities). Therefore the experimental and numerical results are complementary. Based
on those comparisons shown above, the following recommendations on the VHM bearing
capacity surface to be used for a spudcan embedded in soft clay are made:
i) The VHM surface expression should conservatively take the form the experimental
surface (Eq. A1.1).
ii) The recommendation for the size parameters h0 and m0 combines the numerical and
experimental findings in a conservative manner, i.e. the slightly smaller values that
were determined experimentally are relied on, while applying the trend suggested by
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the wider numerical parametric study. This approach yields the values listed in
Table 8.1.
iii) The eccentricity parameter e is assumed to be independent of vertical load level.
Again, the more conservative (i.e. lower) value identified experimentally is taken as
a basis, with the numerical results providing the qualitative trend of evolution of e
with embedment depth and soil sensitivity. This combination of quantitative
information from experiments with qualitative trends from the numerical study
yields the recommendations of yield surface parameters listed in Table 8.1.
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