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ABSTRACT
Over the past 20 years, emerging offshore exploration into new regions with complex
soil conditions has driven the need for a quick and reliable site-specific assessment
method for ‘mobile’ jack up installation and preloading. As a result, recently jack-up
rigs integrated with piezocone penetrometers and on-board assessment systems have
been considered. This integrated system allows in situ site investigation to be carried out
at the precise location, and estimate spudcan penetration resistance profile just before
preloading operation. However, to achieve this, an automated method that can interpret
piezocone penetration test (CPTu) data and calculate a load penetration curve in
complex multilayer soil is required.
This thesis proposes a new unified analysis method for spudcan penetration in general
multilayer soil. The method uses discrete soil layers to handle high soil variability.
Components of penetration resistance are calculated from the discrete layers and then
integrated to obtain the total resistance. In contrast to the conventional methods that use
the ‘wished-in-place footing’ assumption, the proposed unified method considers the
penetration process chronologically to capture the evolution of the soil profile. The
analysis method consists of three main steps: (i) identification of the failure
configuration, (ii) calculation of the penetration resistance, and (iii) updating of the soil
layer.
Accurate estimation of spudcan penetration resistance depends strongly on a proper
consideration of the soil plug. In two-layer soils with a distinct strength variation, the
bearing (or plug) base may be located either directly beneath the spudcan or at the
surface of the underlying layer, whichever provides the lowest resistance. A similar
principle is applicable to highly layered soils. The key to finding the ultimate failure
configuration is a systematic comparison of the potential penetration resistances for
different positions of the bearing base, starting from the spudcan base and incrementally
progressing downward. A simplified model (with a cylindrical plug) is used for this
purpose. Once the bearing base is identified, an accurate analysis model (i.e., the
geometry of the plug) is employed to calculate the penetration resistance of the ultimate
failure configuration.
The input parameters (soil layering and soil parameters) for spudcan analysis are
interpreted directly from the CPTu data. To identify the layer boundaries from the CPTu
data, an improved multivariate statistical method is proposed. Soil types and relevant
soil parameters for each identified layer are then estimated using the existing soil
classification charts and (semi-) empirical correlations, respectively.
As an alternative to calculating the spudcan penetration resistance from the soil strength
parameters, a direct CPTu to spudcan correlation approach can be used. The possibility
of combining a direct correlation approach with the unified method is briefly discussed.
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This unified method was calibrated and validated against a high-quality centrifuge test
data and case histories of actual jack up installation. Penetration tests in layered soils
with up to four layers of siliceous and calcareous sediments were conducted at the
UWA geotechnical centrifuge facility. Existing experimental data from the literature
were also collated. Field data consisting of CPTu data and spudcan penetration profiles
were obtained from the InSafeJIP database and Keppel Offshore and Marine Ltd.
The proposed unified method improves the current ISO guidelines 19905-1 that
provides design methods for penetration into single- and two-layer sediments and
suggests using a bottom-up approach for multilayer deposits. Subjective selection of the
failure mechanism prior to analysis is no longer necessary, because the mechanism is
identified automatically during an analysis and better estimation accuracy is achieved
through the consideration of a soil plug.
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𝐴

Area

𝐴𝑝

Plug peripheral/surface area

𝑎

Net area ratio, used for correction of measured cone tip resistance

𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 Centrifugal acceleration
𝑎𝑠 , 𝑏𝑠

Squeezing factor constants

𝐵𝑞

Excess pore pressure normalised by net cone resistance

𝑏𝑤

Width of a (retaining) wall

𝑏, 𝑚

Parameters that defines the dependency of shear strength on normalised
velocity index (drainage effect)

𝐶𝑐

Compression index

𝐶𝑐,𝑃𝑆𝐷

Coefficient of curvature, which is a shape parameter for particle size
distribution and is equal to (𝑑30 )2⁄(𝑑10 ∙ 𝑑60 )

𝐶𝑠

Swell index

𝐶𝑢,𝑃𝑆𝐷

Coefficient of uniformity, which is a shape parameter for particle size
distribution and is equal to 𝑑60 ⁄𝑑10

𝐶𝛼

Parameter for bearing capacity averaging

𝑐ℎ , 𝑐𝑣

Coefficient of consolidation in horizontal and vertical direction,
respectively

𝐷

Effective spudcan diameter

𝐷𝐹

Stress distribution factor, which is the ratio of the normal effective stress
on slip surface to the mean vertical effective stress in a sand plug

𝐷𝑐

Cone diameter

𝐷𝑗

Effective footing diameter on discrete layer j

𝐷𝑠𝑠

Sample diameter in simple shear test

𝑑0

Centre point of a window (of a set of data points)

𝑑10

Grain diameter at 10% passing

𝑑50

Grain diameter at 50% passing or median particle size
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𝑑60

Grain diameter at 60% passing

𝐸

Young’s elastic modulus

𝑒

Void ratio

𝑒0

Initial void ratio

𝑒𝑚𝑎𝑥

Maximum void ratio

𝑒𝑚𝑖𝑛

Minimum void ratio

𝐹𝐴

Axisymmetric geometry correction factor

𝐹𝐸

Embedment correction factor

𝐹𝑅

Strain rate effect adjustment factor

𝐹𝑑

Drainage correction factor

𝐹ℎ

Horizontal load

𝐹𝑟

Sleeve friction normalised by net cone resistance

𝐹𝑡

Sleeve friction normalised by effective in situ vertical stress

𝐹𝑣

Vertical load

𝑓𝑏,𝐶𝑃𝑇−𝑆𝑃

Correlation factor between cone tip resistance and spudcan bearing
resistance

𝑓𝑚𝑜𝑏

Mobilisation factor for dilation angle as a function of total shear strain

𝑓𝑝,𝐶𝑃𝑇−𝑆𝑃

Correlation factor between cone resistance and plug peripheral shear
resistance

𝑓𝑠

Sleeve friction in cone penetrometer test

𝐺

Shear modulus

𝐺50

Secant shear modulus at 50% peak shear stress

𝐺𝑠

Specific gravity

𝑔

Earth gravity = 9.81 m/s2

𝐻

Thickness of a soil layer domain

𝐻∗

Effective thickness of a layer domain, from footing base to the bottom
layer boundary

𝐻𝑐𝑎𝑣

Limiting cavity depth

𝐻𝑑𝑟

Length of drainage path

𝐻𝑓𝑑𝑛

Height of a composite foundation, comprising the actual footing and the

xvi

soil plug
𝐻𝑝𝑙

Height of a soil plug

𝐻𝑠𝑎𝑛𝑑

Thickness of a sand layer

′
𝐻𝑠𝑠

Effective sample height in simple shear test

𝐻𝑡𝑜𝑝 , 𝐻1

Thickness of top (1st) soil layer

ℎ𝑙𝑎𝑔

Lag distance in terms of length or number of data points

ℎ𝑟𝑒𝑓

Thickness of soil below spudcan base, which is used as reference in
strength averaging

ℎ𝑤

Height of a (retaining) wall

𝐼𝐷

Relative density

𝐼𝑐,𝑅𝑊

Soil behaviour type index for classification chart from Robertson & Wride
(1998)

𝐼𝑐,𝑆

Soil behaviour type index for classification chart from Schneider et al.
(2008)

𝐼𝑟

Rigidity index

𝐾

Lateral stress ratio

𝐾𝑝𝛾,0

Rankine’s passive earth pressure coefficient

𝐾𝑝𝛾

Coefficient of passive earth pressure due to soil self-weight

𝐾𝑝𝑞

Coefficient of passive earth pressure due to surcharge load

𝐾0𝛾

Coefficient of earth pressure at rest due to soil self-weight

𝐾𝑠

Punching shear coefficient

𝑘ℎ , 𝑘𝑣

Permeability in horizontal and vertical direction, respectively

𝐿𝑏𝑑

Lateral boundary distance

𝑀

One dimensional constrained modulus

𝑚𝜓

Parameter in Bolton’s dilation equation

𝑁

Total number of data points or discrete layers

𝑁95

Number of load cycles required for 95% remoulding

𝑁𝑇

T-bar factor

𝑁𝑐

Factor for bearing capacity due to cohesion or undrained shear strength

𝑁𝑐,𝑏𝑙𝑜𝑐𝑘

Factor for bearing capacity due to cohesion (or undrained shear strength)

xvii

for block footing
𝑁𝑐,𝑑

Factor for bearing capacity due to cohesion for deep penetration
mechanism

𝑁𝑐,𝑠𝑞𝑢𝑒𝑒𝑧𝑒

Factor for bearing capacity due to cohesion in weak over strong clay
(squeezing mechanism)

𝑁𝑔

Nominal g-level (ratio of acceleration in centrifuge to earth gravity)

𝑁𝑔0

g-level at soil sample surface

𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙

Cone factor for non-softening and strain-rate independent soil

𝑁𝑘𝑡

Cone factor that correlates undrained shear strength and net cone tip
resistance

𝑁𝑞

Factor for bearing capacity due to surcharge pressure

𝑁𝛾

Factor for bearing capacity due to soil self-weight

𝑛

Number of data points or sample size

𝑛𝑄𝑡

Stress exponent for normalisation of cone tip resistance

𝑛𝑠

Load spread factor, i.e., ratio of vertical to horizontal

𝑛𝜓

Exponent for relative density in calculation of dilation angle

𝑝′

Mean effective stress

𝑝𝑎𝑡𝑚

Atmospheric pressure

𝑝𝑓

Mean pressure at failure

𝑝𝑚

Equivalent mean working stress for calculation of equivalent friction angle

𝑄𝑡1

Normalised tip resistance (with 𝑛𝑄𝑡 = 1)

𝑄𝑡𝑛

Normalised tip resistance

𝑄𝑣

Vertical bearing capacity (force)

𝑄𝜓

Parameter in Bolton’s dilation equation that represents grain hardness

𝑞

Penetration resistance

𝑞𝑇

T-bar penetrometer resistance

𝑞𝑐

Measured cone tip resistance

𝑞𝑑𝑒𝑣

Deviatoric stress

𝑞𝑛,𝑑

Drained net cone resistance

𝑞𝑛,𝑢

Undrained net cone resistance
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𝑞𝑛

Net cone resistance

𝑞𝑝𝑖𝑙𝑒

Pile base resistance

𝑞𝑟𝑒𝑓

Reference value of penetration resistance

𝑞𝑠𝑝

Spudcan resistance

𝑞𝑠𝑝,𝑑

Drained spudcan resistance

𝑞𝑠𝑝,𝑝𝑒𝑎𝑘

Peak spudcan resistance

𝑞𝑠𝑝,𝑢

Undrained spudcan resistance

𝑞𝑡

Corrected total cone tip resistance

𝑞𝑢

Penetration resistance in ideal undrained condition

𝑞𝑣

Vertical bearing capacity (pressure)

𝑞𝑣𝑧

Vertical bearing capacity of a discrete layer calculated for a footing base
on the surface of the discrete layer

𝑅

Total net spudcan penetration resistance

𝑅𝑏𝑎𝑠𝑒

Spudcan resistance at footing base, i.e., plug base bearing (𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ) plus
peripheral resistance (𝑅𝑝 ) and deducted by plug weight (𝑊𝑝𝑙 )

𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔

Bearing resistance at plug base

𝑅𝑏𝑦

Compensation for effective soil weight displaced by spudcan volume
below shoulder

𝑅𝑐

Radius of piezocone

𝑅𝑓

Parameter for hyperbolic relation between mobilisation degree of passive
resistance, 𝜒𝑝 , and normalised vertical stress increment, 𝜒𝜎

𝑅𝑝

Plug peripheral resistance in vertical direction

𝑅𝜓

Parameter in Bolton’s dilation equation

𝑟

Radius

𝑟0

Radial distance between soil sample surface and rotation axis

𝑆𝑡

Soil sensitivity, which is the ratio of undrained shear strength of soil in
fully remoulded condition to that in undisturbed condition

𝑠

Standard deviation

𝑠2

Variance (statistics)

𝑠𝑢,1

Undrained shear strength of a top (1st) layer

𝑠𝑢

Undrained shear strength
xix

𝑠𝑢0

Undrained shear strength at footing base

𝑠𝑢𝑖

Undrained shear strength of soil in intact/undisturbed condition

𝑠𝑢𝑚

Undrained shear strength at soil surface or mudline

𝑠𝑢𝑟

Undrained shear strength of soil in fully remoulded condition

𝑠𝑢𝑠

Undrained shear strength at layer surface

𝑇𝑣

Time factor for consolidation

𝑡50

Time for 50% dissipation of excess pore pressure

𝑡𝑐

Height of volume equivalent cone of a spudcan section below base

𝑡𝑣

Time for consolidation

𝑈

Excess pore pressure normalised by effective in situ vertical stress

𝑈𝑠

Degree of consolidation, in regards to vertical settlement

𝑢0

Hydrostatic pore pressure

𝑢2

Pore pressure at cone shoulder (u2 position)

𝑢𝑠𝑠,ℎ

horizontal displacement of top platen relative to bottom platen in simple
shear test

𝑢𝑧
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CHAPTER 1. INTRODUCTION

1.1

JACK-UP RIG AND SPUDCANS

Most offshore drilling in shallow to moderate water depths (up to around 150 m) is
performed from self-elevating jack-up rigs due to their proven flexibility, mobility and
cost-effectiveness (CLAROM, 1993; Randolph et al., 2005). Currently, there are 441
offshore jack-up rigs worldwide with 76.6% utilisation rate (Rigzone.com, data per
02/03/2015). Unlike a fixed platform or gravity structure, a jack-up rig is designed to be
mobile. After completion of operations in one place (usually short term), it is mobilised
to another site. Therefore, a single unit may visit a number of locations around the
world within its operating life.
Today’s jack-ups typically consist of a buoyant triangular platform supported by three
independent vertically retractable K-lattice legs, each resting on a spudcan (Young et
al., 1984). Spudcans are typically 10 to 22 m in (equivalent area) diameter and generally
saucer-shaped polygonal or quasi-circular foundations with a central spigot and
shallowly sloping conical underside, as illustrated schematically in Figure 1-1.
The unique feature of jack-up rigs is their self-installing capability. This differentiates
the design of its spudcan footing from most conventional offshore and onshore
foundations, as their performance has to be re-evaluated each time the jack-up installs at
a new site. Prior to commencing jack-up operations, spudcans are routinely proof tested
by static vertical loading (i.e., in excess of the deadweight structural loading), with each
of the (usually) three spudcans installed sequentially or simultaneously. This procedure
is known as preloading. Geotechnically, preloading increases the size of the theoretical
yield envelope in combined vertical, moment and horizontal load space, and thus
ensures each spudcan has sufficient reserve capacity in an extreme storm event (ISO,
2012). For modern three-legged jackups, it is accomplished by pumping seawater into
holding tanks within the hull. Each spudcan is preloaded, by ballasting the hull, usually
to between 50 and 100 % above normal operating conditions to provide a margin of
safety against failure during storm conditions (ISO, 2012). The preload is generally
maintained for 2 to 4 hours, during which (assuming reasonably calm weather) the
footings of a jack-up unit are subjected to essentially vertical loading. This causes the
spudcan to penetrate into the seabed until the load on the spudcan is equilibrated by the
resistance of the underlying soil. The preload is then dumped and the hull is elevated to
provide an adequate air-gap for subsequent operation. The preload bearing pressures
usually range from 150 to 500 kPa (Menzies & Roper, 2008; Menzies & Lopez, 2011).
In soft clayey and layered sediments, the current trend is to use spudcans with greater
diameter (e.g., 20-22 m) to limit the penetration depth (and hence the required jack-up
leg length) and to minimise leg retrieval difficulties. There has been a significant
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increase in the number of rig moves per year in the last 20 years due to reduced time
spent at each location (Osborne & Paisley, 2002; InSafeJIP, 2011).

Figure 1-1. Variation of spudcan geometries (after Menzies & Roper, 2008)
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1.2

INSTALLATION IN LAYERED SOILS

Depletion of known reserves in the shallow waters of traditional hydrocarbon regions is
resulting in exploration in deeper, unexplored and undeveloped environments. In many
regions, complex stratified soil conditions are encountered within the seabed sediments.
The Sunda Shelf, offshore Malaysia, Australia’s Bass Strait and North-West Shelf, Gulf
of Thailand, South China Sea, offshore India, and Arabian Gulf are particularly
problematic in terms of stratigraphy and soil types (see Figure 1-2). Layered deposits
are also encountered in the Gulf of Mexico (see Figures 1-2a and b; Menzies & Lopez,
2011). The seabed deposits offshore Australia, Arabian Gulf, South China Sea, and (in
some regions of) the Gulf of Mexico comprise problematic calcareous sediments, often
layered, which range from relatively permeable calcareous sands to fine grained muds,
and with varying degrees of intergranular cementation. Examples are shown in Figures
1-2c and d (Erbrich, 2005; Watson & Humpheson, 2005; Menzies & Lopez, 2011).
Layered soil profiles result from various geological processes, including (Castleberry II
& Prebaharan, 1985; Paisley & Chan, 2006):






desiccated clay crust on clay layer, which formed during the lowering of sea level;
over-consolidated clay layer due to ice loading during glacial age;
deposition of thin sand layer over clay associated with changing sea level;
sand channelling; and
cemented carbonate layer.

The challenge in installing and preloading of jack-up rigs in these layered sediments is
to ensure rig stability. A sudden decrease of soil resistance, which occurs when the
spudcan punches a block of a strong layer into the underlying weaker layer, may lead to
rapid leg penetration. Uncontrolled rapid leg penetration that results in leg damage and
consequential loss of drilling time is known as punch-through by the jack up industry
(Osborne & Paisley, 2002; ISO, 2012).
While the leg jacking speed can be reliably controlled, normally around 0.45 metres per
minute and reaching up to 2.5 metres per minute (Cahuzac, 1989); the leg penetration
rate depends on the soil resistance profile and the preload weight. Should there be a
sudden drop in the soil resistance, the leg will sink rapidly until either: (i) the preload
can be equalised by the soil resistance, or (ii) the soil resistance can be equalised
through a reduction of the effective leg load. If the rapid leg penetration cannot be
compensated by the jacking system to maintain the level condition of the rig, the first
scenario may lead to a severe outcome. When leaning instability occurs, the movement
of the rig’s centre of gravity towards the lower side eventually increases the leg load on
the lower side and this aggravates the problem (Rapoport et al., 1994). As for the
second scenario, the discharge of the ballast tank cannot be relied upon due to its
relatively low rate. Current practice recommends the use of buoyancy offset, i.e., by
allowing the hull draft to reduce the load partially. This requires a low air gap to be
maintained during the leg preloading.

1-3

COFS

Undrained shear strength, su: kPa

Depth: m

Depth: m

Undrained shear strength, su: kPa

(a) Full clay deposits (Gulf of Mexico and
Sunda Shelf: after Handidjaja et al., 2004;
Kostelnik et al., 2007; Menzies & Roper,
2008; Menzies & Lopez, 2011)

(b) Deposits with interbedded sand layers
(Sunda Shelf, offshore India, Gulf of
Mexico: after Purwana et al., 2009;
Teh et al., 2009; Menzies & Lopez, 2011)

Penetration Resistance: MPa

Depth: m

Depth: m

Undrained shear strength, su: kPa

(c) Calcareous very soft to stiff clay (Gulf of
Mexico: after Menzies & Lopez, 2011)

(d) Calcareous clay-sand-sandy silt (offshore
Australia: after Erbrich, 2005; Watson &
Humpheson, 2005)

Figure 1-2. Variation of seabed profiles (after Hossain et al., 2012)

Excessive uncontrolled rapid leg plunge (which can be as high as 16 m) can lead to
buckling of the leg, effectively decommissioning the platform, or even toppling of the
jack-up unit (Aust, 1997; Kostelnik et al., 2007). Although the potential hazard of
crustal features is well documented (SNAME, 2008), jack-ups continue to suffer
failures at an increasing rate (five-fold increase over the last 8 years; Jack et al., 2013).
Two recent examples are the failures of the Noble David Tinsley in May 2009 off the
coast of Qatar, and the Noble Kenneth Delaney in 2012 offshore India (Jack et al.,
2013). The ensuing hazard varies from structural damage of the jack up leg, loss of rig,
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to human fatality. To ensure safe operations in these conditions the offshore industry
requires accurate methods to assess spudcan performance. Moreover, to achieve a
proper prediction of the leg penetration, reliable geotechnical survey to provide accurate
soil data at the planned jack up location is required. As highlighted by Osborne et al.
(2009), “unpredictable jack-up foundation performance during installation regularly
leads to rig damage, lost production time and project delay with severe cost
implications, and at worst can endanger personnel”.

1.3

JACK-UP LEG WITH INTEGRATED CONE
PENETROMETER

The increasing number of jack up rigs and their higher mobilisation rate have created a
new demand for a quicker and more reliable site assessment process. It drives the need
to optimise the conventional procedure that consists of in-situ soil investigation
(penetrometer and borehole sampling), laboratory testing, geotechnical assessment, and
jack up preloading strategy. These tasks are usually performed prior to the jack up
arrival on site. Furthermore, it is not uncommon that the jack up installation is relocated
due to an in-situ obstacle or an unprecedented installation risk. Repeating the whole
assessment process for a new location not only increases the cost, but also delays the
whole project schedule. The total time from the site assessment to jack up installation
can be reduced if the whole process can be integrated and performed offshore on
location. This may be achieved by integrating a site investigation device, such as
piezocone penetrometer (CPTu), into the jack up itself. Such integrated system was
recently proposed by a Singaporean jack-up rig builder, Keppel (Foo et al., 2008; Quah
et al., 2008; Quah et al., 2010). With an integrated piezocone penetrometer device at
each jack up leg, soil investigation can be performed at the precise location prior to
preloading (see Figures 1-3 to 1-5). The potential lateral soil variability is also
quantified by testing beneath all jack up legs.
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Figure 1-3. Integrated cone penetrometer within jack-up leg and spudcan
(after Quah et al., 2008)

Figure 1-4. Cone penetrometer test below spudcan (after Quah et al., 2008)
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Figure 1-5. Jack up rig and integrated cone penetrometer with jack up leg
(after Quah et al., 2008)
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Figure 1-6. Data acquisition and interpretation system of integrated cone
penetrometer with jack-up rig (after Quah et al., 2008)

However, achieving the optimal benefit of an integrated system requires the support of
an automated system to process the soil data and to provide accurate interpretation to
the jack-up operator on-site in real time (see Figure 1-6). The automated process can be
divided into four main steps.
The first step involves acquisition and processing of data obtained from the piezocone
penetrometer test (CPTu). The data consist of cone tip resistance (𝑞𝑐 ), sleeve friction
(𝑓𝑠 ), and pore pressure (𝑢2 ) measured at a regular depth interval. The second step
involves the interpretation of soil layering, i.e., layer boundaries and soil types, from the
processed CPTu data. Then, the relevant soil parameters for spudcan analysis, such as
undrained shear strength or friction angle, are estimated according to the identified soil
type. Because the accuracy of this interpretation directly influences the spudcan
response prediction, manual examination is recommended as the third step, with the
interpretation results verified and necessary adjustments made. In addition, external
information from other tests or site experience can be incorporated. Finally, the spudcan
penetration resistance is analysed in the fourth step. With the penetration profile
predicted and the target preload known, potential punch-through can be identified. This
information will assist the jack up operator in planning preloading strategy or
considering other options (seabed preparation or relocation) when the risk is deemed
unacceptable.
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1.4

CURRENT SPUDCAN ANALYSIS METHODS

The recently finalised version of ISO guidelines 19905-1 (ISO, 2012) address the
performance of spudcan foundations in single- and two-layer sediments. However, due
to the lack of investigation on more general multilayer deposits, no recommendation is
provided apart from noting that a so-called ‘bottom-up approach’ can be used
combining the squeezing (for weak-over-strong layering) and punch-through (for the
reverse) criteria for two-layer systems. Critically, the proposed methods are not
convergent, i.e., different layer configurations are analysed using different analysis
models.
Recently, finite element analysis has demonstrated its potential in modelling spudcan
penetration (Hossain et al., 2010b; Qiu et al., 2011). However, developing a numerical
model and undertaking large deformation finite element (LDFE) analyses that consider
appropriate constitutive model are computationally intensive. These are not routinely
applied in jack-up site assessments and the numerical results, particularly those
involving sand layers, must be carefully scrutinised. Developing a robust analytical
method for multilayer soil is more feasible, and is the approach taken in this thesis.

1.5

AIMS OF THESIS

This study aims to develop a framework for (i) interpretation of the soil profile and
strength parameters from piezocone penetrometer data (step 2 in Figure 1-6) and
(ii) prediction of spudcan penetration response in general multilayer soil (step 4 in
Figure 1-6). To achieve these objectives, the study encompasses four main tasks.
1. Development of analysis method for identification of soil layering from
piezocone penetrometer (CPTu) data
2. Physical modelling of spudcan penetration in a geotechnical centrifuge
3. Development of a unified analysis method for spudcan penetration in general
multilayer soil
4. Validation of the unified analysis method against experimental centrifuge and
field data
Due to the large variety of possible soil profiles and loading conditions, the investigated
cases are limited to the following.




The spudcan is a conical circular footing with apex angle between 150° and 180°.
The spudcan penetrates vertically at a constant penetration rate (monotonic). Lateral
and overturning moment loads are not considered.
The spudcan penetrates in un-cemented sediments, consisting of silica sand, noncarbonate clay (modelled here as kaolin), carbonate sand, and carbonate clay.
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The soil is uniform in horizontal planes. Existing footprints and other irregularities
are not considered.

1.6

OUTLINE OF THESIS

An overview of the workflow in the development of the analysis method for spudcan
penetration is illustrated in Figure 1-7. The results are reported in the following order.
Chapter 2 discusses the analysis of piezocone penetrometer (CPTu) data for
identification of layer boundaries, soil types, and soil parameters. The layer boundaries
are identified using statistical analysis of the CPTu parameters (tip resistance, sleeve
friction, and pore-pressure). The corresponding soil behaviour type for each layer is
then identified using SBTn classification charts (Schneider et al., 2008; Robertson,
2009). Soil parameters required for the spudcan analysis can be estimated using existing
correlation functions (e.g., Mayne et al., 2010; Robertson & Cabal, 2012).
Chapter 3 presents the development and set up of the centrifuge tests of spudcan
penetration and discusses the results. Previous researchers have reported extensive
experimental data on silica sand over kaolin clay and strong over weak clay (Hossain &
Randolph, 2010a; Teh et al., 2010; Lee et al., 2013a; Hu et al., 2014a) and on some
profiles of multilayer soils (Hossain et al., 2011; Hossain, 2014). This study addresses
some gaps exploring spudcan penetration in carbonate sediments and in layered clays
with interbedded sand layers. The investigated profiles extend to four layers of sand and
clay. Experiments under enhanced acceleration allow realistic simulation using scaled
models by maintaining stress similitude with the in situ conditions at prototype scale.
Chapter 4 proposes a unified spudcan analysis method, developed for application in
any soil layering. An analysis model with thin discrete soil layers is employed. The
method was developed based on the existing solutions established for single- and twolayer deposits, and the findings from experiments. It requires the input of soil strength
parameters such as friction angle and undrained shear strength.
Chapter 5 presents the validation of the proposed unified analysis method against the
centrifuge data presented in Chapter 3 and other data from the literature. Chapter 6
presents the application of the analysis method for actual spudcan penetrations based on
CPTu data. The interpretation of the CPTu data was performed following the method
presented in Chapter 2 and the load-penetration curve was calculated using the method
of Chapter 4. The field data were collected from InSafeJIP database, Keppel Offshore
and Marine, and the literature.
To address the increasing interest in a one-step design approach, i.e., direct correlation
between the in situ penetrometer and the spudcan responses (Quah et al., 2008;
InSafeJIP, 2011), a concept for combining the unified analysis method with the direct
CPTu to spudcan correlation approach is presented in Chapter 7.
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Chapter 8 summarises the results of this study and provides suggestions for future
study.

Use of field data
(InSafeJIP database &
data from Keppel)

Interpretation of
CPTu Data

-

Collection and use of
centrifuge data

Chapter 2

CPTu data preprocessing
Identification of layer boundaries
Identification of soil types
Estimation of soil parameters

Chapter 3

- Tests in one-layer sands and clays
- Tests in two-layer carbonate sand
over (kaolin and carbonate) clay
- Tests in three- and four-layer soils
of sand (silica or carbonate) and
clay (kaolin or carbonate)

Development
and report of
centrifuge tests

Development of
unified spudcan
analysis method
in multilayer soil

Validation of
analysis method

Chapter 4

Unified spudcan analysis method
- Identifcation of ultimate failure configuration
(soil plug & bearing base)
- Calculation of penetration resistance

Chapter 6

Chapter 7

Concept for
CPTu to spudcan
direct correlation
approach

Chapter 5

Figure 1-7. Workflow for development of new spudcan design approach
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CHAPTER 2. INTERPRETATION OF CPTU DATA

2.1

INTRODUCTION

A site-specific geotechnical investigation typically consists of borehole sampling and
sometimes includes continuous penetrometer tests. The primary goals of this
investigation are layer identification, soil classification and the determination of the
strength parameters of each layer. Using the recovered samples from the borehole,
various laboratory tests are conducted, from which shear-strength data and other
engineering parameters are derived. Data scatter is common in field data (e.g., Figure
2-1). This necessitates the application of engineering judgement to derive layer
boundaries and design shear strength profiles. In the jack-up industry, the soil layers and
types are commonly interpreted by visual inspection of the various soil parameter
profiles and are therefore highly subjective (Houlsby & Houlsby, 2013).

Undrained
shearstrength,
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0
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Figure 2-1. Undrained shear strength parameters from field and laboratory tests
(after Quah et al., 2010)

This visual inspection technique may be sufficient for sediments in the Gulf of Mexico,
which have minimal horizontal and vertical variability and are generally normally to
lightly over-consolidated clay (Menzies & Roper, 2008). However, developments in
emerging oil and gas provinces face increasing challenges due to the prevalence of
highly stratified soil conditions. The following regions are particularly problematic in
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terms of stratigraphy and soil types: Sunda Shelf, offshore Malaysia; the South China
Sea; the Bass Strait and the North West Shelf, Australia; offshore India; and the Arabian
Gulf. The difficulties of obtaining high quality soil samples from these sites and of
resolving layer boundaries when the sampling gap is too large have also placed
increased reliance on in situ penetrometer testing. As such, for stratified seabed
sediments, InSafeJIP (2011) and ISO (2012) Annex D emphasise undertaking in situ
penetrometer testing at each spudcan location.
Integrated CPTu equipment as proposed by Quah et al. (2008) permits penetration
testing immediately below or adjacent to the spudcan prior to the preloading stage; with
the spudcan soft-pinned onto the seabed to create a sufficiently stable base. This chapter
discusses the identification of layer boundaries, soil types and soil parameters from the
CPTu data, which are used later for spudcan penetration analysis, as presented in
Chapter 4. It is worth mentioning that there are several commercial softwares available
for interpretation of CPTu data, including the identification of layer boundaries, such as
CpeT-IT. However, no comparison was made in this study.

2.2

OVERVIEW OF THE ANALYSIS PROCEDURE

The analysis framework is summarised in Figure 2-2 and consists of four major steps:
pre-processing through filtering of the raw CPTu data, identification of the layer
boundaries, assignment of soil type for each identified layer, and quantification of
strength and other properties of each layer.
CPTu provides nearly continuous data and has a strong theoretical background. The
standard cone penetrometer is cylindrical in shape, with a conical tip that has a base area
of 10 cm2 (diameter 𝐷𝑐 = 35.7 mm) and a 60 tip-apex angle. The penetration test is
performed at a rate of 𝑣𝑐 = 20 mm/s. Pore pressures are commonly measured behind the
cone in what is referred to as the u2 position (ISSMFE, 1989; ASTM, 2000). The
precision of the pore pressure measurements is reliable and repeatable because the loss
of saturation of the pore pressure element is not an issue for offshore testing. In fact, as
commented by Lunne & Andersen (2007) and Lunne et al. (2011), for offshore testing
the sleeve friction data are viewed as much less reliable than the pore pressure data.
For statistical analysis, the CPTu profile with a uniform and small depth interval is
required to provide sufficient data points, whereas filtering is necessary to remove
irrelevant external influences. For the identification of the layer boundaries, several
methods can be used (e.g., Campanella et al., 1987; Houlsby & Houlsby, 2013). The
Bayesian statistics technique proposed by Houlsby & Houlsby (2013) aims to find the
best-fit design profile to measured (univariate) data, e.g., undrained shear strength. In
the process, the optimum number of layers and the positions of the layer boundaries are
also identified. In this study, the multivariate statistics method proposed by Campanella
et al. (1987) was adopted for identification of the layer boundaries. By assessing all
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three normalised CPTu measurements (tip resistance, sleeve friction, and pore pressure)
simultaneously, higher interpretation reliability can be achieved. In the next step, soil
type was assigned for each identified soil layer based on existing classification charts
(Robertson, 1990, 2009; Robertson & Wride, 1998; Schneider et al., 2008). The
information of the soil type allows the appropriate strength parameters to be assigned
for each layer for further use in spudcan penetration analysis.

Pre-processing (section 2.3)
Filtering of raw CPTu measurement
- Removal of anomalous data points
- Filtering of data points using "median" or "mean" method
- Replacement by average or median

Removal of ambient stress influence
Normalised cone parameters:
- Tip resistance (Qt1)
- Sleeve friction (Ft)
- Pore pressure (U)

Identification of layer boundaries (section 2.4)
Selection of optimal data range for assessment
- Autocorrelation function (ACF)
- Selection of the expected boundary distance
- Selection of window width, W D

Identification of locations that demarcate distinct groups

Assessment of CPTu profile using
- Univariate statistics (T ratio) , or
- Multivariate statistics (D2)

Identification of soil type (section 2.5)

Identification of soil type for the identified layers
SBTn classification charts:
- Qtn-Fr (Robertson et al., 2009)
- Qt1-U (Schneider et al., 2009)

Quantification of soil parameters (section 2.7)
Estimation of soil parameters
(Using correlation functions)
Soil unit weight, friction angle,
undrained shear strength, etc.

Figure 2-2. Framework for identification of the soil layers using CPTu data
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Table 2-1. Six case histories investigated
Case History

ID

Location

Reference

1

Keppel

Arabian Gulf

Keppel

2

Yolla

Australia

Erbrich (2005)

3

InSafeJIP 021101NS

North Sea

InSafeJIP (2010)

4

InSafeJIP 060414ID

Indonesia

InSafeJIP (2010)

5

InSafeJIP 061105TH

Thailand

InSafeJIP (2010)

6

InSafeJIP 070505ID

Indonesia

InSafeJIP (2010)

In the development of the analysis method, six case histories (Table 2-1) were used for
calibrating the statistical parameters. In the following discussion, Case History 1 is used
as the primary example. The analysis results for all other cases are presented in Section
2.6.

2.3

FILTERING AND NORMALISATION OF CPTU
PARAMETERS

CPTu data are commonly logged at 25-mm intervals, measuring the values of cone tip
resistance, 𝑞𝑐 ; sleeve friction, 𝑓𝑠 ; and pore water pressure, 𝑢2 . These data are plotted as
a function of the penetration depth below the mudline (all zeroed at this depth). Due to
the cone geometry and the resulting unequal pore pressure effect, the measured tip
resistance, 𝑞𝑐 , is corrected to the total cone resistance, 𝑞𝑡 , using the following
relationship (Lunne et al., 1997).
(2-1)

𝑞𝑡 = 𝑞𝑐 + 𝑢2 (1 − 𝑎)

where 𝑎 is the net area ratio (ranging from 0.59 to 0.85). The net cone resistance, 𝑞𝑛 , is
then calculated as
(2-2)

𝑞𝑛 = 𝑞𝑡 − 𝜎𝑣0
where 𝜎𝑣0 is the in situ total overburden stress.

2.3.1

Filtering

Anomalies may be present in the tested soil, such as very thin sand or clay lenses or
pockets of gravel. Removal of anomalies is necessary to obtain a generally
representative profile. Filtering to eliminate the extremes in the data is a process that
typically requires engineering judgement. It must be handled with care to ensure that
influential discrete layers are not removed. During a filtering cycle, only distinct
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anomalies in the data are removed. The soil profile is therefore divided into thin layers,
with each sub-layer consisting of a minimum number of data points (approximately 𝑛 =
10) required for statistical analyses. The precision of the filtering process depends on
the thickness of the sub-layer, the method of filtering, the width of the filtering window
and the method of replacement of the filtered data.
In this study, filtering of the penetrometer data was performed in the context of the
procedure proposed by Campanella et al. (1987). The CPTu profiles were first
distributed at depth intervals of 0.01 m through linear interpolation to obtain more data
points and then grouped into 0.25-m thick sub-layers. Filtering can be performed based
on either the mean or the median as the normal reference. The latter was used here, as
recommended by Vivatrat (1978), because, unlike the mean, the median does not
depend on the extreme peaks and troughs in the data. For each sub-layer j, the median,
𝑥̃, standard deviation, 𝑠, and average standard deviation, 𝑠̅, are calculated. The latter two
are defined as
𝑛

𝑛

1
𝑥̅ = ∑ 𝑥𝑖
𝑛

(2-3a)

1
1
1
𝑠̅𝑗 = min { (𝑠𝑗 + 𝑠𝑗+1 ), (𝑠𝑗−1 + 𝑠𝑗+1 ), (𝑠𝑗 + 𝑠𝑗−1 )}
2
2
2

(2-3b)

1
𝑠𝑗 = √
∑(𝑥𝑖 − 𝑥̅ )2
𝑛−1

where

𝑖=1

𝑖=1

where 𝑥𝑖 (with 𝑖 = 1, 2,…, n) is the data point in one sub-layer. A filtering window
range is formed by the degree of filtering (𝐷𝐹) times the standard deviation value above
and below the median; the data points falling outside this range (𝑥̃ ± 𝐷𝐹𝑠̅) are replaced.
Methods for replacing a filtered data point include substitution by (a) the median, 𝑥̃𝑗 ,
and (b) the average of the immediately adjacent unfiltered data points.
The number of extreme peaks and data points removed decreases with increasing 𝐷𝐹.
The replacement by the average results in a smoother profile than replacement by the
median. The use of filtering with the median as the normal reference, 𝐷𝐹 = 1, and
replacement by the average of adjacent unfiltered data points (0.1 m) for all six case
histories gave satisfactory results. Those filtered data are used in all subsequent steps to
calculate the normalised cone and soil parameters.

2.3.2

Normalised parameters

As the effective overburden stress increases with depth, the cone tip resistance (as well
as 𝑢2 and 𝑓𝑠 in normally consolidated soils) tends to increase. The increase in the
readings with depth may cause errors in soil classification using raw piezocone readings
(Robertson, 1990), particularly in deep soundings, typically 40-60 m in offshore site
investigations. Therefore, normalisation of the measured parameters is critical for
reliable layer identification and soil classification.
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,
Cone tip resistance is typically normalised with respect to vertical effective stress, 𝜎𝑣0
as (Wroth, 1988)

𝑄𝑡1 =

𝑞𝑡 − 𝜎𝑣0
𝑞𝑛
=
′
′
𝜎𝑣0
𝜎𝑣0

(2-4)

Robertson & Wride (1998) and Zhang et al. (2002) updated the Equation 2-4 to
incorporate a variable stress exponent, 𝑛𝑄𝑡 , as
𝑄𝑡𝑛 = (

𝑞𝑛
′
𝜎𝑣0

𝑛𝑄𝑡

𝑝𝑎𝑡𝑚

1−𝑛𝑄𝑡 )

(2-5)

′
, and 𝑛𝑄𝑡 is the
where 𝑝𝑎𝑡𝑚 is the atmospheric pressure in the same units as 𝑞𝑛 and 𝜎𝑣0
stress exponent that varies with SBTn (soil behaviour type). Note that when 𝑛𝑄𝑡 = 1,
𝑄𝑡𝑛 = 𝑄𝑡1 . Robertson (2009) linked 𝑛𝑄𝑡 to the SBTn index, 𝐼𝑐,𝑅𝑊 (as discussed later), as

𝑛𝑄𝑡

′
𝜎𝑣0
= 0.381𝐼𝑐,𝑅𝑊 + 0.05
− 0.15 ≤ 1.0
𝑝𝑎𝑡𝑚

(2-6)

For most fine-grained soils, 𝑛𝑄𝑡 = 1.0. The 𝑛𝑄𝑡 for most coarse-grained soils ranges
from 0.5 to 0.9 when the in situ vertical stresses are low (Robertson, 2009).
Alternatively, 𝑛𝑄𝑡 can be approximated using the following framework:
𝐼𝑐,𝑅𝑊 < 1.31

𝑛𝑄𝑡 = 0.5

(clean sand)

𝐼𝑐,𝑅𝑊 > 2.95

𝑛𝑄𝑡 = 1

(clays)

1.31 < 𝐼𝑐,𝑅𝑊 < 2.95

𝑛𝑄𝑡 = 0.305(𝐼𝑐,𝑅𝑊 − 1.31) + 0.5

(intermediate soils)

This simplified approach was used for analysis of case histories in Section 2.6.
The measured penetration pore pressure, 𝑢2 , can be expressed as the sum of the in situ
equilibrium pore pressure, 𝑢0 , and the excess pore pressure, ∆𝑢2 . The normalised pore
pressure is typically expressed by the parameter 𝐵𝑞 (Senneset & Janbu, 1985; Robertson
et al., 1986; Robertson, 1990; Ramsey, 2002), defined as
𝐵𝑞 =

𝑢2 − 𝑢0 ∆𝑢2
=
𝑞𝑡 − 𝜎𝑣0
𝑞𝑛

(2-7)

Alternatively, similar to 𝑞𝑛 , the excess pore pressure can be normalised by the vertical
′
effective stress, 𝜎𝑣0
, referred to as the normalised pore pressure, 𝑈, calculated as
(Schneider et al., 2008)
𝑈=

𝑢2 − 𝑢0 ∆𝑢2
= ′
′
𝜎𝑣0
𝜎𝑣0

(2-8)

Another parameter, sleeve friction, 𝑓𝑠 , is normalised as
𝐹𝑟 =

𝑓𝑠
𝑓𝑠
100% = 100%
𝑞𝑡 − 𝜎𝑣0
𝑞𝑛

(2-9)

or alternatively as
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𝐹𝑡 =

𝑓𝑠
′
𝜎𝑣0

(2-10)

In the description above, the parameter normalisation requires the information of one
additional parameter, i.e., the total unit weight of the soil, 𝛾. In the absence of water
content data, which would be the case for a direct CPTu-based design, several
alternative empirical approximations were proposed by Mayne et al. (2010) as a
function of shear wave velocity, 𝑣𝑠 , normalised cone parameters, and depth below the
mudline, 𝑧. The following expression was found to provide the best estimate of the
measured unit weight from laboratory tests for all six case histories considered

2.4

0.3
𝑓𝑠
1.67
(10.1
𝑣𝑠 =
log 𝑞𝑡 − 11.4)
( 100)
𝑞𝑡

in m/s

(2-11)

𝛾 = 8 log 𝑣𝑠 − 1.61 log 𝑧 > 10

in kN/m3

(2-12)

IDENTIFICATION OF THE LAYER BOUNDARIES

The proper characterisation of soil layering is essential for predicting the spudcan
penetration profile because the thicknesses of the layers relative to the spudcan diameter
significantly influence the soil failure mechanisms and, as a result, the spudcan
response, particularly regarding punch-through failure (Hossain et al., 2010a, 2010b,
2011; Lee et al., 2013a, 2013b; Hossain, 2014). The soil classification chart is an
effective tool only if distinct layers are accurately identified.
In this study, the layer boundaries were identified following the framework developed
by Wickremesinghe & Campanella (1991), but using the statistics of the normalised
cone parameters (𝑄𝑡1 , 𝐹𝑡 and 𝑈) instead of the measured cone parameters (𝑞𝑐 , 𝑓𝑠 and
𝑢2 ). Note that 𝑄𝑡1 (𝑛𝑄𝑡 = 1), not Qtn, was used in this procedure. The boundary
identification procedure is essentially a sequential process of comparing the data points
before and after a potential boundary. When several boundaries are expected within the
investigated profile, it is inaccurate to consider the entire data profile at once to examine
individual boundaries. Wickremesinghe & Campanella (1991) recommended using a
fixed ‘window’ width (𝑊𝐷 ), where the exposed portion of data is examined, with the
centre point of the window, 𝑑0 , being considered as a potential boundary.

2.4.1

Window width

An optimal window should not be too wide that it envelopes more than one boundary or
too narrow that it is strongly influenced by noise. Webster (1973) recommended using a
window width, 𝑊𝐷 , of approximately two-thirds of the expected boundary distance.
When the spacing between boundaries varies significantly, a low 𝑊𝐷 is recommended
to avoid missing any layer boundaries.
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The expected boundary distance can be calculated using two functions: the
autocorrelation function (𝐴𝐶𝐹) and the variogram function (𝑉𝐺𝐹). The 𝐴𝐶𝐹 is
commonly used to examine a signal with repeating pattern to find the correlation
between signals separated at different time lags. The 𝑉𝐺𝐹 is a function describing the
spatial variability of a random field. 𝐴𝐶𝐹 is adopted in this study and is defined as
𝑁−ℎ𝑙𝑎𝑔

∑𝑘=1
𝑁
𝐴𝐶𝐹 =
𝑁 − ℎ𝑙𝑎𝑔

(𝑥𝑘 − 𝑥̅ ) (𝑥𝑘+ℎ𝑙𝑎𝑔 − 𝑥̅ )
2
∑𝑁
𝑘=1(𝑥𝑘 − 𝑥̅ )

(2-13)

𝑁

1
𝑥̅ = ∑ 𝑥𝑘
𝑁

(2-14)

𝑘=1

where 𝑥𝑘 (with 𝑘 = 1, 2,…, 𝑁) is the data point in one stream (𝑄𝑡1 , 𝐹𝑡 , or 𝑈) and ℎ𝑙𝑎𝑔 is
the lag distance in term of number of data points. The 𝐴𝐶𝐹 profile is plotted as a
function of the lag distance. Typically, 𝐴𝐶𝐹 initially decreases with increasing lag
distance from a maximum of unity to a minimum value and then fluctuates around some
minima. A decreasing absolute value of 𝐴𝐶𝐹 indicates a weakening relationship
between the data points separated by the corresponding lag distance. In this study, 𝐴𝐶𝐹
was calculated for every lag distance increment of 0.25 m. The expected boundary
distance (or decorrelation distance) was selected as the lag distance corresponded to the
first minimum 𝐴𝐶𝐹 less than 0.2 and the minimum 𝑊𝐷 was limited to 0.5 m. The
expected boundary distance of one stream was then compared with those from the other
streams, and the lowest distance was selected.

Figure 2-3. Normalised CPTu parameters (Qt1, Ft and U) for Case History 1
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Figure 2-4. Autocorrelation function ACF and the expected boundary distance for
Case History 1

The normalised CPTu parameters 𝑄𝑡1 , 𝐹𝑡 , and 𝑈 (Equations 2-4, 2-10, and 2-8,
respectively) were used to compute 𝐴𝐶𝐹. Note that 𝐹𝑡 was used instead of 𝐹𝑟 because 𝐹𝑟
does not yield a satisfactory result in this regard. The normalised parameters and the
corresponding autocorrelation functions for Case History 1 are plotted in Figures 2-3
and 2-4. The minimum of the expected boundary distance was given by 𝑄𝑡1 and was
equal to 0.75 m (as marked), resulting in 𝑊𝐷 = 0.5 m (= 2/3  0.75).

2.4.2

Univariate and multivariate statistics

The window (of width 𝑊𝐷 ) is moved along the profile in steps equal to the sounding
(data point) spacing; and at each point 𝑑0 (the centre of the window), the two sets of
data, one above and one below 𝑑0 , are examined for distinctness using either of the two
following recommended statistics (Campanella et al., 1987)
(a) the 𝑇 ratio for univariate data or
(b) 𝐷2 for multivariate data.
The 𝑇 ratio and 𝐷2 statistic are calculated for every 𝑑0 , as described below.
Univariate statistics: Univariate statistics is recommended only when reliable data are
obtained from just one channel of the penetrometer data. The two statistics used to
identify soil layers from univariate data (𝑄𝑡1 , 𝐹𝑡 , or 𝑈) are the 𝑇 ratio and the intraclass
correlation coefficient (𝜌𝐼 ), with the former considered in this study. The data points
within the selected 𝑊𝐷 are divided (preferably equally) into two samples, 𝛺1 and 𝛺2 .
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Let 𝑛1 and 𝑛2 be the sample sizes, 𝑥̅1 and 𝑥̅2 be the arithmetic means, and 𝑠1 2 and 𝑠2 2
be the variances of the two samples of any of the three main CPTu parameters. The
pooled within-class variance, 𝑤 2 , is given by

𝑤 2 =

𝑛1
𝑛2
𝑠1 2 +
𝑠 2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1 2

(2-15)

The expressions for calculating the variances are given in Appendix A. If an equal
number of data points are considered for samples 𝛺1 and 𝛺2 (𝑛1 = 𝑛2 , as is usually the
case), then 𝑛1 ⁄(𝑛1 + 𝑛2 − 1)  𝑛2 ⁄(𝑛1 + 𝑛2 − 1)  0.5. The 𝑇 ratio is defined as
𝑇=

|𝑥̅1 − 𝑥̅ 2 |

𝑤

√

𝑛1 𝑛2
𝑛1 + 𝑛2

(2-16)

At a potential layer boundary of two clearly distinct samples, the 𝑇 ratio will necessarily
exhibit sharp peaks. The peak will be especially high for a 𝑑0 with a large difference
between the means (𝑥̅1 − 𝑥̅ 2 ) or low individual variances of the two samples, 𝑠1 2 and
𝑠2 2 .
Multivariate statistics: The three normalised CPTu parameters (𝑄𝑡1 , 𝐹𝑡 , and 𝑈) exhibit
different types of behaviour for different types of soils; therefore, any method that
considers all three parameters simultaneously, rather than individually, as in univariate
analysis, should lead to a more accurate demarcation of the layer boundaries. For
multivariate analysis, 𝑄𝑡1 , 𝐹𝑡 , and 𝑈 are used together to determine the 𝐷2 statistic
which is the distance between the multivariate means of the two-dimensional sample
spaces 𝛺1 and 𝛺2 . The greater the 𝐷2 value, the more distinct are the two samples (Rao,
1965; Harbaugh & Merriam, 1968). The 𝐷2 statistic gives the most weight to those
variates that discriminate best between segments or samples.
Let 𝑄𝑡1 , 𝐹𝑡1 , 𝑈1 and 𝑄𝑡2 , 𝐹𝑡2 , 𝑈2 be the normalised tip resistance, friction, and pore
̅1 and 𝑄̅2 , 𝐹̅2 , 𝑈
̅2 be the
pressure in samples 𝛺1 and 𝛺2 , respectively. And let 𝑄̅1, 𝐹̅1 , 𝑈
2
2
2
2
2
2
means; and 𝑠𝑄1 , 𝑠𝐹1 , 𝑠𝑈1 and 𝑠𝑄2 , 𝑠𝐹2 , 𝑠𝑈2 the variances. The differences of the
means of the variates of the two samples are ∆𝑄 , ∆𝐹 , and ∆𝑈 . The expressions are
provided in the Appendix A. The 𝐷2 statistic is given by
𝐷2 = {∆}𝑇 { }−1 {∆}

(2-17)

where {∆} is the column matrix of the differences of the means of the variates in the
cluster of two samples (with {∆}𝑇 its transpose), and { } is the variance-covariance
matrix; these matrices are formulated as (Harbaugh & Merriam, 1968)
∆𝑄
{∆} = [ ∆𝐹 ]
∆𝑈

(2-18)
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𝑄 2 𝑄𝐹 2 𝑄𝑈 2
{ } = [𝑄𝐹 2 𝐹 2 𝐹𝑈 2 ]
𝑄𝑈 2 𝐹𝑈 2 𝑈 2

(2-19)

Selection of the layer boundaries: When all three (𝑞𝑐 , 𝑓𝑠 , 𝑢2 ) profiles are available
from the CPTu data, the use of multivariate statistics is recommended due to its
accuracy. In the absence of one or more channels of data, single univariate statistics can
be used. Generally, the 𝑇 ratio and 𝐷2 are plotted as functions of 𝑑0 , and the peaks of
the ensuing plot illustrate the most likely positions of the layer boundaries. In this CPTu
data analysis, 𝑑0 is the depth below the soil surface. If only the layers whose
characteristics are highly dissimilar are required, then only the highest peaks (𝑑0 values)
of the statistic are chosen. However, if more detailed layer identification is necessary,
𝑑0 with moderately high peak values should be selected. Figure 2-5a shows the 𝑇 ratio
and 𝐷2 statistic obtained with 𝑊𝐷 = 0.5 m for Case History 1. For comparison, the
result obtained using a larger window width, 𝑊𝐷 = 2.0 m, is also highlighted (Figure
2-5b). Generally, the magnitude and the number of distinct peaks increase as 𝑊𝐷
decreases.
For implementation in an automated approach, the layer boundaries are selected from
the highest peaks in D2 profile with magnitude greater than a prescribed threshold value
and by maintaining a minimum distance between adjacent boundaries. The threshold is
formed by the median and a factor of the standard deviation, 𝑠, of the 𝐷2 or 𝑇 ratio. In
this study, a threshold line of (𝑥̃ + 1.5𝑠) and a minimum adjacent boundary distance of
1 m were used.
Different numbers of layers can be obtained by shifting the threshold line. However,
identifying inaccurate boundaries or a lower number of layers may result in a layer that
encompasses two or more different soil types. In addition to the potential errors in
spudcan load-penetration prediction and punch-through identification, the primary
consequence of this inaccuracy will be an inhibition of the identification of the soil type
due to the spreading of the data over a number of zones on the soil classification charts.
Regarding the automated approach for spudcan penetration analysis, higher number of
identified layers does not increase the calculation cost or impair the prediction quality,
as long as the soil type and the soil parameters are identified correctly. Therefore, it is
recommended to identify a higher number of layers rather than to miss layers that
actually exist.
In some cases, some important boundaries are not very obvious because the magnitude
of the corresponding peak is too small compared with the highest peak. For example,
the boundary for the silty sand layer at ~1.2 m in Case History 2 was identified by all
three 𝑇 ratio statistics, but was missed in the 𝐷2 statistics (see section 2.6). To resolve
this issue, the 𝐷2 statistics are normalised by the average value of the adjacent 𝐷2
within the calculated window width, 𝑊𝐷 , giving 𝐷2∗ , thus enhancing the initially
unapparent local peaks. Despite the higher number of identified layers, this approach
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consistently captures all essential layer boundaries identified by inspection of the
borehole samples (borehole log). This is critical because the soil type and parameters
can be correctly determined only when all essential boundaries are identified correctly.

(a)

(b)
Figure 2-5. Univariate and multivariate statistics (T, D2, and D2*) and the
respectively identified boundaries for Case History 1 and the effect of window
width: (a) WD = 0.5 m and (b) WD = 2.0 m
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2.5

IDENTIFICATION OF SOIL TYPE

One of the major applications of the CPTu is the determination of soil stratigraphy and
the identification of soil type. Soil behavioural classification charts using normalised
piezocone parameters are widely used in post-processing. The charts correlate the
parameters to the soil type. This classification approach is based on the mechanical
behaviour of soils, unlike the Unified Soil Classification System (USCS), which relies
on the physical properties of soils (mostly disturbed to a certain degree), such as the
particle-size distribution.
The assignment of the soil type for the identified layers can be based on the data point
distribution in the classification chart or on the soil behaviour type index, 𝐼𝑐 . When the
layer boundaries are identified correctly, the data points corresponding to one layer
should concentrate over a certain zone of a classification chart.

2.5.1

Classification charts

Charts for evaluating the soil types based on CPTu data have been proposed by several
researchers, notably Robertson (1990, 2009), Jefferies & Been (2006), Schneider et al.
(2008, 2012) and Ku et al. (2010). Here, the discussion focuses on the charts of
Robertson and Schneider as they were used for the presented case histories.
Robertson chart: Robertson (1990, 2009) proposed two charts on the normalised cone
parameter 𝑄𝑡𝑛 -𝐹𝑟 and 𝑄𝑡1 -𝐵𝑞 , with the former chart used widely (Figure 2-6a). Soils are
divided into 9 zones based on their behaviour type, commonly referred to as SBTn.
Normally consolidated soils lie diagonally through zones 2 to 7. Jefferies & Been
(2006) proposed a similar chart. But, instead of 𝑄𝑡𝑛 , it uses [𝑄𝑡1 ∙ (1 − 𝐵𝑞 ) + 1]
′
(equivalent to (𝑞𝑡 − 𝑢2 )⁄𝜎𝑣0
) which includes piezometric information and, hence,
assists in distinguishing between clays and silts. However, the accuracy of this chart is a
major concern for soft, fine-grained soils, where (𝑞𝑡 − 𝑢2 ) is small (Robertson, 2009).
Schneider chart: Schneider et al. (2008) identified a few uncertainties for zones that
overlap on Robertson’s 𝑄𝑡1 -𝐵𝑞 chart and developed a theoretical framework for
classifying soils by applying more weight to the rigidity index and the coefficient of
consolidation, 𝑐ℎ (or 𝑐𝑣 ). The 𝑄𝑡1 -𝐵𝑞 chart is complicated by the presence of 𝑞𝑛 on both
axes, implying difficulties in distinguishing between the effect of the change in excess
pore pressure ∆𝑢2 and 𝑞𝑛 due to the compound effect.
Soil classification in the 𝑄𝑡1 -𝑈 space (Figure 2-6b) was demonstrated to be superior to
that in the 𝑄𝑡1 -𝐵𝑞 space, particularly for intermediate soils, such as silts, heavily overconsolidated clays, sensitive soils, and mixed soil types. Soils are divided into 5 zones.
In transitional soils, CPTu analyses are often conducted under conditions of partial
consolidation, i.e., when some dissipation of excess pore water pressure occurs locally
around the advancing cone. In such cases, there is significant uncertainty not only in the
assessment of the soil properties but also in determining when penetration occurs in
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partially drained conditions and to what degree pore pressures influence cone resistance.
The location and ‘direction of movement’ of data points can be used as a good indicator
of the soil identity. For example, 𝑄𝑡1 and 𝑈 tend to increase as the over-consolidation
ratio (OCR) increases in undrained penetration, thus exhibiting upward and right-ward
movement in the 𝑄𝑡1 -𝑈 space. In contrast, the data points move upward and left-ward as
the coefficient of consolidation, 𝑐𝑣 , increases (𝑈 decreases, moving towards the drained
condition). In this way, the effect of partial consolidation can be separated from that of
OCR.

(b) Schneider et al.’s (2008) chart

(a) Robertson’s (1990, 2009) chart
1
2
3
4
5

Sensitive, fine grained
Organic soils - clay
Clay – silty clay to clay
Clayey silt to silty clay
Silty sand to sandy silt

6
7
8
9

Sand – clean sand to silty sand
Gravelly to dense sand
Very stiff sand to clayey sand
Very stiff fine grained

1a
1b
1c
2
3

Silt & low Ir clay
Clay
Sensitive clay
Drained sand
Transitional soil

Figure 2-6. Classification charts for soil behaviour types according to:
(a) Robertson (1990, 2009) and (b) Schneider et al. (2008)

2.5.2

Soil behaviour type index

Jefferies & Davies (1993) determined that a soil behaviour type index, 𝐼𝑐 , can represent
the SBTn zones in the [𝑄𝑡1 ∙ (1 − 𝐵𝑞 ) + 1 ]-𝐹𝑟 chart, with 𝐼𝑐 essentially the radius of
concentric circles that approximately define the boundaries of soil type. Continuous
contours of 𝐼𝑐 remove the requirement for artificial distinctions soil-type zones.
Robertson & Wride (1998) suggested reverting to a 𝑄𝑡𝑛 -𝐹𝑟 space chart, leading to the
equation for 𝐼𝑐,𝑅𝑊 according to
𝐼𝑐,𝑅𝑊 = √(3.47 − log 𝑄𝑡𝑛 )2 + (1.22 + log 𝐹𝑟 )2
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The SBTn boundaries are formed by 𝐼𝑐,𝑅𝑊 values of 1.31, 2.05, 2.60, 2.95, and 3.60.
Calculation of 𝑄𝑡𝑛 , 𝑛𝑄𝑡 and 𝐼𝑐,𝑅𝑊 should be conducted through iteration using
Equations 2-5, 2-6, and 2-20.
Analogously, Schneider’s soil type boundaries in the 𝑄𝑡1 -𝑈 chart can be expressed in
terms of the parameter 𝐼𝑐,𝑆 , by approximating the boundary curves with concentric
ellipses that were stretched vertically to different degrees. The 𝐼𝑐,𝑆 value represents the
vertical stretching of the ellipse according to
𝐼𝑐,𝑆

max(0, (100 − (9.5 − log|𝑈|)2 )
= 𝑠𝑖𝑔𝑛 (𝑈)
(log 𝑄𝑡1 + 1.5)2

(2-21)

The SBTn boundaries are formed by the 𝐼𝑐,𝑆 values of 0.5, 1.75, 2.7, 3.8 and 4.6.
Table 2-2. Soil behaviour types (SBTn) and the corresponding SBTn-Index
Based on 𝑄𝑡𝑛 - 𝐹𝑟 distribution

Based on 𝑄𝑡1 - 𝑈 distribution

(Robertson & Wride, 1998)

(Schneider et al., 2008)

SBTn index, 𝐼𝑐,𝑅𝑊

SBTn

SBTn

SBTn index, 𝐼𝑐,𝑆

𝐼𝑐,𝑅𝑊 < 1.31

Gravelly Sand

1.31 < 𝐼𝑐,𝑅𝑊 < 2.05

Sands: clean
sands and silty
sand

Essentially
drained Sands

|𝐼𝑐,𝑆 | < 0.5

2.05 < 𝐼𝑐,𝑅𝑊 < 2.60

Sand mixture:
silty sand to
sandy silt

Transitional
soils

2.60 < 𝐼𝑐,𝑅𝑊 < 2.95

Silt mixture:
clayey silt to
silty clay

Silts and low-Ir
Clays

1.75 < 𝐼𝑐,𝑆 < 2.7

2.95 < 𝐼𝑐,𝑅𝑊 < 3.60

Clays

Clays

2.7 < 𝐼𝑐,𝑆 < 3.8

𝐼𝑐,𝑅𝑊 > 3.60

Organic soils:
peat

Sensitive Clays

𝐼𝑐,𝑆 > 3.8

0.5 < 𝐼𝑐,𝑆 < 1.75
𝐼𝑐,𝑆 < -0.5

Table 2-2 lists the definitions of the soil behaviour types based on the values of 𝐼𝑐,𝑅𝑊
and 𝐼𝑐,𝑆 . For illustration, the distribution of the normalised cone parameters in
Robertson’s and Schneider’s classification charts for Case History 1 is shown in Figure
2-7. Unique markers are used to indicate data points from a particular layer and to
distinguish them from other layers. The corresponding SBTn index profiles, 𝐼𝑐,𝑅𝑊 and
𝐼𝑐,𝑆 , are shown in Figure 2-8.
Ultimately, the information of the soil type should enable proper estimation of the
strength parameters. Most of the existing formulations for estimation of the soil
parameter from CPTu data are empirical and have limited applicability for certain types
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of soil. Consequently, the use of a formula for an unsuitable soil type will lead to
incorrect estimation of the soil parameter. An obvious example is the distinction
between drained and undrained soils. In geotechnical analysis, these two types of soils
are handled differently and assigned with different strength parameters, e.g., friction
angle for sand and undrained shear strength for clay.

Figure 2-7. Distribution of normalised cone parameters in classification charts of
(a) Robertson and (b) Schneider for Case History 1 (layers 1 to 10 only)

Figure 2-8. Comparison between identified layer boundaries based on D2* statistics
(WD = 0.5 m) and the borehole log for Case History 1
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2.6

SIX CASE HISTORIES: CPTU–BASED APPROACH VS.
BOREHOLE LOG

The analysis results, i.e., the layer boundaries and the soil behaviour type index profiles
(𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 ), for the six case histories listed in Table 2-1 are presented in this section.
The layer boundaries were consistently identified based on the 𝐷2∗ statistics, using a
threshold of 𝑥̃ + 1.5𝑠 and a minimum layer thickness of 1.0 m. The identified soil
profiles were then compared with the borehole logs, which were based on onshore and
offshore laboratory tests of the recovered soil samples.
Case History 1 (Arabian Gulf): The borehole log suggests a profile of predominantly
silty clay with thin silty sand layer at the surface. This thin layer is captured reasonably
by the T ratio, 𝐷2 and 𝐷2∗ statistics (𝑊𝐷 = 0.5 m) (Figure 2-5a and Figure 2-8). For the
underlying silty clay layers, the 𝐷2 -based layers are slightly different from those of the
borehole log. Some obvious boundaries, e.g., at 3.5 and 15 m, are not identified. The
𝐷2∗ statistic identifies a higher number of layers, but essentially includes all boundaries
given by the borehole log. As noted previously, the identification of a higher number of
layers leads to further subdivision of an actual layer, but does not compromise the soil
type identification and the soil parameters estimation. The data points for the soil type
indices 𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 are distributed in the expected region and conform to one another,
except for the layer between 36 and 38 m, due to the unusually negative value of ∆𝑢2 .
Case History 2 (Australia): The borehole log suggests a soil profile of calcareous clay
and sand. All essential boundaries are captured by the 𝐷2∗ peaks, including the thin silty
sand (0-1.35 m) and sand (5.5-7.5 m) layers (Figure 2-9). The resulting soil behaviour
types (SBTn) based on 𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 conform to one another. The relatively low tip
resistances of the sand layer may be attributed to the high compressibility of the
carbonate sediment and the low layer thickness. The low tip resistances cause the
corresponding 𝐼𝑐,𝑅𝑊 to fall within the silty sand region. However, the low penetration
pore pressure (∆𝑢2 and 𝐼𝑐,𝑆 ) can be used as an indication of the sandy layer.
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(a)
(calcareous)

(b)
Figure 2-9. Layer identification for Case History 2 (Australia): (a) T ratio and D2
statistics and (b) the identified boundaries based on D2* and comparison with the
borehole log

Case History 3 (North Sea): Discontinuous CPTu profiles (Figure 2-10b), especially
𝑞𝑐 and 𝑢2 , were obtained as a result of alternate penetration testing and sampling within
a single borehole. The intermittent data slightly influence the layering interpretation,
which is reflected by the identification of some gaps as layer boundaries. The
autocorrelation method provides a high expected boundary distance (8.25 m) for this
site, which concurs with the thick layers indicated by the borehole log. All layer
boundaries reported by the borehole log are reasonably captured by the statistical
analysis.

2-18

Spudcan penetration in stratified soils

Reasonable SBTn are given by the 𝐼𝑐,𝑅𝑊 profile. However, the negative 𝐼𝑐,𝑆 and the
negative excess pore pressures measured in the sandy layers below the top clay layer
provide indications of the presence of transitional soil (silty sand) and dilative behaviour
(high density). The unusually high sleeve friction (𝐹𝑟 > 2%) in the sand layer (below
40 m) also leads to the shifting of corresponding 𝐼𝑐,𝑅𝑊 into the silty sand zone.

(a)

(b)
Figure 2-10. Layer identification for Case History 3 (North Sea): (a) T ratio and D2
statistics and (b) the identified boundaries based on D2* and comparison with the
borehole log
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(a)

(b)
Figure 2-11. Layer identification for Case History 4 (Indonesia): (a) T ratio and D2
statistics and (b) the identified boundaries based on D2* and comparison with the
borehole log

Case History 4 (Indonesia): The borehole log suggests predominantly clayey soil with
interbedded layer of shell fragments between 8 and 9 m, and calcareous silty sand
between 39 and 53 m. The statistical analysis provides a high number of layers, but
correctly captures all boundaries reported by the borehole log (Figure 2-11). Similar soil
behaviour types are indicated in the two classification charts (𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 ). The
negative excess pore pressures measured in the surface clay layer (0 to 8 m) suggest an
2-20
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over-consolidated state of the layer. However, no conclusive explanation can be offered
for the similar measurement in the calcareous fine sand (41 to 44 m). Unlike the
borehole log, both 𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 indicate the presence of a silty clay layer instead of a
sand layer between 46 and 53 m.

(a)

(b)
Figure 2-12. Layer identification for Case History 5 (Thailand): (a) T ratio and D2
statistics and (b) the identified boundaries based on D2* and comparison with the
borehole log

Case History 5 (Thailand): The original piezocone profile is strongly discontinuous
due to alternating penetration testing and sampling. For analysis, the data points affected
by the sampling interruption are manually removed and replaced by linearly
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interpolated values from the adjacent data points. Excellent agreement is obtained
between the soil type interpreted based on 𝐼𝑐,𝑅𝑊 and 𝐼𝑐,𝑆 , except for the stiff silty clay
layer between 20 and 23 m (Figure 2-12b). The finding of traces of cemented silt and
sand pocket between 22.8 and 23.9 m explains the low excess pore pressure at this
depth. Overall, a reasonable fit to the borehole log is provided by the results from the
statistical method.

(a)

(b)
Figure 2-13. Layer identification for Case History 6 (Indonesia): (a) T ratio and D2
statistics and (b) the identified boundaries based on D2* and comparison with the
borehole log
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Case History 6 (Indonesia): The borehole log suggests a predominantly clayey soil
with an interbedded thin sand layer between 2 and 2.7 m. All essential layer boundaries
are captured reasonably by the statistical method (Figure 2-13). The low thickness (0.7
m) of the loose silty sand layer, relative to the cone diameter, did not allow the cone to
mobilise the full penetration resistance of that layer, resulting in the shifting of 𝐼𝑐,𝑅𝑊
into the silty clay zone. However, this thin layer has only a minor effect on the spudcan
penetration resistance due to the large spudcan dimension (10~20 m). Otherwise,
excellent agreement is obtained between the soil type interpreted based on 𝐼𝑐,𝑅𝑊 and
𝐼𝑐,𝑆 ; as well as between the borehole log and the statistical analysis results.
Summary: Overall, reasonable agreements were obtained for all six case histories in
terms of both layer identification and soil classification, which confirm the accuracy of
the framework developed in this study and its suitability for the use in an automated
analysis. However, there are a few noteworthy points regarding the negative penetration
pore pressure (Case Histories 1, 3, 4, and 6) and carbonate sand (Case Histories 2 and
4).
Negative penetration pore pressures (𝑢2 ) have been measured in various soils, e.g.,
over-consolidated clays, stiff glacial clays, alluvial silty sands, residual silty sands, and
sandy silts (Schneider et al., 2008). Although these pore pressure measurements reflect
the actual soil response, the negative penetration pore pressure may also be related to
the performance of the piezocone pore pressure measurement instrument due to
cavitation. The high hydrostatic pressure (𝑢0 ) in the offshore testing environment is also
suspected to affect the instrument behaviour, leading to measurement of a significantly
negative value of ∆𝑢2 . In case of uncertainty, performing a dissipation test is highly
recommended.
The dissipation test also helps when the data points of an identified layer fall within
different zones in the classification charts. The observed dissipation rate and trend can
aid in optimising the classification. A very low dissipation rate during a penetration
pause will confirm a layer classification as clay. A higher rate, e.g., 50% dissipation in 2
to 4 min (2 min < t50 < 4 min) likely corresponds to the soil being a silty sand or sandy
silt, whereas a negative excess pore pressure at the start of dissipation may indicate
heavily over-consolidated clay.
Caution is also essential when investigating calcareous sand with regard to its high
compressibility. A 𝑄𝑡1 value as low as 10 has been observed in calcareous silty sand
and sandy silt in offshore South Africa (Ebelhar et al., 1988) as well as Western
Australia (Schneider et al., 2008). The low 𝑄𝑡1 value may lead to misclassification of
calcareous sand as a transitional soil.
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2.7

ESTIMATION OF SOIL PARAMETERS

In geotechnical analysis, drained and undrained soils are treated differently and assigned
different sets of soil parameters. The relevant soil parameters can be estimated from the
piezocone data using correlation functions. Most of these functions are statistically
derived from a database of field measurement or experimental study in a calibration
chamber. The empirical correlation functions are very practical and simple, but should
be used with caution due to the limited validity range.

2.7.1

General soil parameters

Table 2-3 summarises the correlation functions for the soil parameters relevant for
spudcan penetration analysis.

Table 2-3. Correlation functions for the estimation of the soil parameters
from CPTu data
Reference

Correlation function

Soil unit weight, 𝛾: kN/m3
Robertson & Cabal
(2012)

𝑓𝑠
𝑞𝑡
𝛾 = 𝛾𝑤 (0.27 log ( 100) + 0.36 log (
) + 1.236)
𝑞𝑡
𝑝𝑎𝑡𝑚
𝛾𝑤 is the unit weight of fluid: kN/m3
𝛾 = 8.32 log 𝑣𝑠 − 1.61 log 𝑧

Mayne et al.
(2010)

0.3
𝑓𝑠
𝑣𝑠 = (10.1 log(𝑞𝑡 ) − 11.4)1.67 ( 100)
𝑞𝑡

𝑧 is the depth: m
𝑣𝑠 is the shear wave velocity: m/s
Applicability excludes diatomaceous and highly calcareous soils

Mayne et al.
(2010)

0.06

𝜎′𝑣0
𝛾 = 1.95𝛾𝑤 (
)
𝑝𝑎𝑡𝑚

𝑓𝑠

0.06

(
)
𝑝𝑎𝑡𝑚

Permeability, 𝑘: m/s

Robertson (2010)

log 𝑘 = 0.952 − 3.04𝐼𝑐,𝑅𝑊

for 1 ≤ 𝐼𝑐,𝑅𝑊 ≤ 3.27

log 𝑘 = −4.52 − 1.37𝐼𝑐,𝑅𝑊

for 3.27 ≤ 𝐼𝑐,𝑅𝑊 ≤ 4.0

𝐼𝑐,𝑅𝑊 = √(3.47 − log 𝑄𝑡𝑛 )2 + (1.22 + log 𝐹𝑟 )2
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Constrained modulus, 𝑀: kN/m2
Robertson (2009),
Robertson & Cabal
(2012)

𝑀 = 𝛼𝑀 𝑞𝑛
𝛼𝑀 = 𝑄𝑡 ≤ 14 for 𝐼𝑐,𝑅𝑊 > 2.2
𝛼𝑀 = 0.0188 ∙ 100.55∙𝐼𝑐,𝑅𝑊 +1.68

for 𝐼𝑐,𝑅𝑊 < 2.2

Young’s elastic modulus, 𝐸: kN/m2
Robertson (2009)

𝐸 = 0.015 ∙ 100.55∙𝐼𝑐,𝑅𝑊 +1.68 ∙ 𝑞𝑛

Relative density, 𝐼𝐷
𝐼𝐷 = ln (
Baldi et al. (1986)

𝑄𝑡𝑛 1
)
𝐶0 𝐶1

𝐶0 =15.7 and 𝐶1 = 2.41 for moderately compressible, normally
consolidated, unaged, and uncemented predominantly quartz sand
𝑄𝑡𝑛
𝐼𝐷 = √
305𝑄𝑐 𝑄𝑂𝐶𝑅 𝑄𝐴

Kulhawy & Mayne
(1990)

𝑄𝐶 = 0.9 − 1.1 (from high to low compressibility)
𝑄𝑂𝐶𝑅 = 𝑂𝐶𝑅 0.18

𝑎𝑔𝑒 𝑖𝑛 𝑦𝑒𝑎𝑟𝑠
𝑄𝐴 = 1.2 + 0.05 log (
)
100
Jamiolkowski et al.
(2003)

𝐼𝐷 = 0.268 ∙ ln (

𝑞𝑡 ⁄𝑝𝑎𝑡𝑚
′ ⁄
𝑝𝑎𝑡𝑚
√𝜎𝑣0

) − 0.675

Operative friction angle, 𝜙: °

Robertson &
Campanella (1983)

tan 𝜙 =

1
𝑞𝑐
(log ( ′ ) + 0.29)
2.68
𝜎𝑣0

For uncemented, unaged, moderately compressible, and predominantly
quartz sand

Kulhawy & Mayne
(1990)

𝜙 = 17.6 + 11 log(𝑄𝑡𝑛 )

Mayne (2005)

𝜙 = 29.5𝐵𝑞 0.121 (0.256 + 0.336𝐵𝑞 + log(𝑄𝑡𝑛 ))

For uncemented, clean, and rounded quartz sand

In the absence of a dissipation test, the coefficient of consolidation, 𝑐, can be estimated
from the constrained modulus and permeability as
𝑐 = 𝑘 ∙ 𝑀⁄𝛾𝑤

(2-22)
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2.7.2

Constant volume friction angle

The spudcan analysis discussed later (Chapter 4) requires information on the constant
volume friction angle, 𝜙𝑐𝑣 , and the dilation parameters to capture the dependence of
strength on the stress and the relative density, 𝐼𝐷 . Generally, the peak friction angle
(strength) of sand can be estimated using the empirical function from Bolton (1986) as
𝜙𝑝𝑒𝑎𝑘 = 𝜙𝑐𝑣 + 0.8𝜓𝑝𝑒𝑎𝑘

(2-23)

𝜙𝑝𝑒𝑎𝑘 − 𝜙𝑐𝑣 = 0.8𝜓𝑝𝑒𝑎𝑘 = 𝑚𝜓 {𝐼𝐷 (𝑄𝜓 − 𝑙𝑛(𝑝𝑓 )) − 𝑅𝜓 }

(2-24)

where 𝜓𝑝𝑒𝑎𝑘 is the maximum dilation angle; 𝑝𝑓 is the mean pressure at failure; and 𝑚𝜓 ,
𝑄𝜓 , and 𝑅𝜓 are the dilation parameters. Currently, no reliable CPTu-based method
exists to determine the dilation parameters. Nevertheless, 𝑄𝜓 can be estimated based on
the sediment mineralogy according to Table 2-4.
The typical value of the parameter 𝑚𝜓 for silica sand is approximately 3 to 5,
depending on the mode of shearing. In this study, element shear tests on the NWS
carbonate sand yield a 𝑚𝜓 value of 4.8, which reflects a strong decrease of the dilation
angle with increasing stress. This behaviour is due to the high grain interlocking of the
highly angular carbonate sand particles, which is broken at increasing stress levels.
Carbonate sands also tend to have low values of 𝑄𝜓 (see Table 2-4), indicating low
grain crushing strength. The low grain crushing strength causes an early transition from
dilative to compressive shearing behaviour.
𝑅𝜓 is a curve fitting parameter, with a typical value of unity, to match the test data
showing variation of dilation angle with mean stress. The data points can be obtained
from a series of triaxial tests conducted with various magnitudes of relative density and
confining stress.

Table 2-4. Bolton’s dilation parameters for the peak dilation angle of various sands
(after InsafeJIP, 2011)
Sand

Mineralogy

𝑄𝜓

𝜙𝑐𝑣 : °

Ticino

Siliceous

10.8

33.5

Quartz

9.8

32

Siliceous

9.2

34

Mol

Quartz

10

31.6

Ottawa

Quartz

9.8~10.9

30~33.5

Quartz and Glauconite

7.8~8.5

31.5

Kenya

Calcareous

8.5

40.2

Quiou

Calcareous

7.5

41.7

Toyoura
Hokksund

Antwerpian
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The CPTu related operative friction angle, 𝜙, and the relative density, 𝐼𝐷 , can be
estimated from the correlation functions provided in Table 2-3. Assuming the operative
friction angle from CPT measurement is the peak friction angle, the constant volume
friction angle, 𝜙𝑐𝑣 , can be back calculated using Equations 2-23 and 2-24. Note that
Equation 2-24 estimates the peak dilation angle associated with the mean pressure at
failure, 𝑝𝑓 . Using Mohr-Coulomb failure criteria, 𝑝𝑓 is approximated assuming the
′
effective vertical stress, 𝜎𝑣0
, as the minor principal stress, 𝜎3 , according to
𝑝𝑓 =

𝜎1,𝑓 + 2𝜎3
3

𝜎1,𝑓 =

(2-25)

𝜎3 (1 + sin 𝜙)
1 − sin 𝜙

(2-26)

where 𝜎1,𝑓 is the major principal stress at failure.

2.7.3

Undrained shear strength

The undrained shear strength, 𝑠𝑢 , is commonly estimated by dividing the net cone tip
resistance, 𝑞𝑛 , by the cone factor 𝑁𝑘𝑡 .
(2-27)

𝑠𝑢 = 𝑞𝑛 ⁄𝑁𝑘𝑡

Natural fine-grained soils exhibit strain rate dependency and soften as they are sheared
and remoulded. It is generally agreed that the undrained strength increases with
increasing shear strain rate (e.g., Biscontin & Pestana, 2001; Lunne & Andersen, 2007).
Liyanapathirana (2009) reported results from large deformation finite element analysis
of cone penetration in rate dependent, strain softened clay. The reported deep bearing
capacity factors (𝑁𝑘𝑡 ) can be approximated as (Hossain et al., 2009b)
𝑁𝑘𝑡 = {1 + 3.5𝜇}{𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−0.23 }𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙

(2-28)

𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙 = 12.3
(2-29)

𝛿𝑟 = 1⁄𝑆𝑡 = 𝑠𝑢𝑟 ⁄𝑠𝑢𝑖

The rate parameter 𝜇 defines the rate of shear strength increase for every ten-fold
increase of the strain rate. The reported 𝜇 values from various sources range from 0.1 to
0.27 (Lehane et al., 2009; Chung et al., 2006; Low et al., 2008; Boukpeti et al., 2012;
Boukpeti & White, 2012). The parameter 𝛿𝑟 is the inverse of the soil sensitivity, 𝑆𝑡 , as
the ratio between the fully remoulded undrained strength, 𝑠𝑢𝑟 , and the intact (or
undisturbed) strength, 𝑠𝑢𝑖 .
For a given 𝜇, the range of 𝑁𝑘𝑡 can be calculated as a function of 𝛿𝑟 . Accordingly, limit
values of 13.26 and 16.61 are obtained for 𝜇 = 0.1; for 𝛿𝑟 = 0 and 1 respectively. For
𝜇 = 0.2, 𝑁𝑘𝑡 ranges from 16.7 to 20.9. This range concurs with the values used in
practice (12~18).

2-27

COFS

2.7.4

Drainage effect

In fully drained conditions, the penetration resistance, 𝑞, can be numerous times higher
than that in undrained conditions. The variation of 𝑞 with the drainage condition
(represented by a normalised velocity index, 𝑉 = 𝑣 ∙ 𝐷⁄𝑐𝑣 ; see Figure 2-14) can be
approximated as (Finnie & Randolph, 1994; Randolph & Hope, 2004; DeJong &
Randolph, 2012)
𝑞
𝑞𝑟𝑒𝑓

=

𝑞
𝑏
=1+
𝑞𝑢
1 + (𝑉 ⁄𝑉50 )𝑚

(2-30)

with the reference resistance, 𝑞𝑟𝑒𝑓 , equals the resistance in fully undrained conditions,
𝑞𝑢 . Parameter 𝑏 defines the strength increase at the fully drained conditions in reference
to the fully undrained conditions. Parameters 𝑉50 and 𝑚 define the normalised velocity
where the penetration resistance is mid-way between drained and undrained (reference)
values and the gradient (or drained to undrained range in V) of the backbone curve,
respectively.
Slight variation of the transition from drained to undrained regime (parameters 𝑉50 and
𝑚) has been observed between different penetrometer and foundation geometries and
sizes in similar soil (Randolph, 2004; Cassidy, 2012).

Figure 2-14. Backbone curve for different penetrometer objects in carbonate silt

Determination of the parameters 𝑏, 𝑉50 and 𝑚 is rather complex and is usually
completed through a twitch test (House et al., 2001; Cassidy, 2012), reducing the
penetration rate in stages. This method allows for investigation of the penetration
response for a range of 𝑉 values.
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Alternatively, an expression was proposed by Yi et al. (2012) based on numerical
investigation of cone penetration in fine-grained soils (for 𝑉50 = 1.22 and 𝑚 = 1.1). The
parameter 𝑏 is estimated based on the ratio of the shear modulus, 𝐺, to the confining
pressure, 𝑝′, according to
𝑏 = 0.33 + 0.22 𝐺 ⁄𝑝′

(2-31)

When cone penetration occurs under partial consolidation conditions, this should be
taken into account in estimation of the undrained shear strength. The net cone tip
resistance, 𝑞𝑛 , used for the calculation of 𝑠𝑢 in Equation 2-27 should be corrected as
𝑞𝑛 = 𝑞𝑛,𝑢 = 𝑞𝑛,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ⁄(1 +

𝑏
)
1 + (𝑉 ⁄𝑉50 )𝑚

(2-32)

Note that for drained and partially drained conditions the strain rate effect is generally
ignored. Accordingly, 𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙 can be used as 𝑁𝑘𝑡 in Equation 2-27.
Consideration of the drainage effect is particularly important when the cone and the
spudcan penetration occur under distinctly different drainage conditions. This effect
should be expected in transitional soils, or when the penetration is interrupted for an
extended time.

2.7.5

Soil sensitivity

The sensitivity of clay is defined as the ratio of the intact (or undisturbed) undrained
shear strength 𝑠𝑢𝑖 to the fully remoulded undrained shear strength, 𝑠𝑢𝑟 . The strain rate at
the friction sleeve is approximately 20 to 40 times higher than around the cone tip
(Chow et al., 2014). This leads to a greater total shear strain and remoulding at the
friction sleeve. Therefore, the sleeve friction can be considered as an indicator of the
remoulded strength. For example, Robertson (2009) estimates the soil sensitivity, 𝑆𝑡 , as
the ratio of the intact undrained shear strength to the sleeve friction, 𝑠𝑢𝑖 ⁄𝑓𝑠 . However,
the assumption of full soil remoulding around the friction sleeve, and without taking
account of strain rate effects, leads to under-prediction of the soil sensitivity.
Based on the equations for strain softening and strain rate effect, 𝑆𝑡 can be calculated
from the net cone resistance, 𝑞𝑛 , and sleeve friction, 𝑓𝑠 . The following solution is
derived for an average ratio of 30 between the strain rate at the friction sleeve and the
cone tip, and assuming the same ratio for the accumulated shear strain.
𝑞𝑛 = 𝑠𝑢𝑖 𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙 {1 + 3.5𝜇}{𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−0.23 }

(2-33)

𝑓𝑠 = 𝑠𝑢𝑖 {1 + (3.5 + log 30)𝜇}{𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−0.23∙30 }

(2-34)

𝑆𝑡 =

1 0.2015 − 0.9988𝑆𝑡𝜇
=
𝛿𝑟 0.0012𝑆𝑡𝜇 − 0.7985

(2-35a)
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𝑆𝑡𝜇 =

𝑞𝑛

1 + 4.98𝜇
𝑁𝑘𝑡,𝑖𝑑𝑒𝑎𝑙 𝑓𝑠 1 + 3.5𝜇

(2-35b)

Note that the remoulded shear strength ratio 𝛿𝑟 is the inverse value of 𝑆𝑡 .

2.8

SUMMARY

This chapter has presented a framework for identifying layer boundaries and the
corresponding soil type as the first part of an automated approach for predicting the
installation of spudcan foundations using CPTu data. For the former, a systematic
statistical analysis of normalised CPTu parameters was used, and for the latter, soil
classification charts were used. The framework was tested against borehole logs for six
reported case histories to evaluate its accuracy in identifying layer boundaries and soil
types, with reasonable agreement obtained. Relevant soil parameters for spudcan
analysis can be estimated for each layer using the existing correlation functions.
Penetration rate effects should be considered when the penetration occurs in transitional
soils or in soils with strain rate dependent strength.
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CHAPTER 3. CENTRIFUGE MODEL TESTS

A mathematical model for a physical occurrence is ideally developed based on
observation and verified through field data or representative experimental data. This
approach is particularly suitable for complex geotechnical problems involving nonhomogeneous materials. Conclusive understanding can be attained only when sufficient
data sets with systematic variability are available. For spudcan analysis, collecting
comprehensive field data from the jack-up industry is a complex task because it
involves many independent parties and randomly varying field conditions. Some data
sets are available in the public domain, whereas most are exclusive to project
contributors. Moreover, proper interpretation of a given data set is often impeded by
inadequate geotechnical documentation, e.g., limited site investigation data or poor
record of jack-up installation in terms of loads and penetration history for each spudcan.
Physical modelling offers the flexibility to isolate and control the variables of interest.
The logistical cost and time can be immensely reduced by the use of scaled models.
When properly executed, simulation with a scaled model can be a highly realistic
representation of the actual mechanism at the real scale. Stress dependency is one of the
crucial aspects regarding geomechanical behaviour and thus modelling. The
significance becomes even greater when a large structure such as an offshore jack-up
unit is involved, due to the wide range of the mobilised stress. In scaled modelling, the
in situ stress conditions can be simulated enhancing acceleration level by means of the
centrifugal principle. This technique was first proposed by Phillips in 1869 (Taylor,
1995) and has since been refined and has found increasing application in geotechnics
(Schofield, 1980).
To obtain realistic experimental results, simulation using a miniature model under
enhanced acceleration in a centrifuge was employed in this study of spudcan penetration
response. All experiments conducted in this research took place in the geotechnical
centrifuge facility at the Centre for Offshore Foundation Systems (COFS), The
University of Western Australia (UWA).

3.1

CENTRIFUGE PRINCIPLES

The principle of physical modelling in a geotechnical centrifuge has been extensively
discussed by, amongst others, Schofield (1980), Taylor (1995), and Garnier et al.
(2007). Earlier publications have described physical modelling in the UWA beam and
drum centrifuges (Stewart, 1992; Finnie, 1993; Stewart et al., 1998; Hossain, 2008;
Richardson, 2008). This section focuses on specific issues related to the current
experimental study.
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3.1.1

Stress similitude

The scientific reasoning for centrifuge modelling is to obtain homologous stress profiles
in the soil model and prototype. Ideally, the experimental results should be convertible
to equivalent prototype scales without loss of similitude. The outwardly directed radial
acceleration, 𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 , induced through rotation, increases with the angular velocity,
𝜔, and the radial distance, 𝑟, from the rotation axis according to
𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑓𝑢𝑔𝑒 = 𝜔2 𝑟

(3-1)

Thus, to achieve a given acceleration level, a centrifuge with a smaller radius requires a
higher angular velocity. This principle can be best illustrated by comparing the UWA
beam centrifuge (𝑟𝑚𝑎𝑥 = 1800 mm) and drum centrifuge (𝑟𝑚𝑎𝑥 = 600 mm). Considering
a soil sample thickness of 150 mm and a nominal acceleration of 200g at 50 mm
penetration depth, rotation speeds of 324 rpm and 598 rpm (𝜔 = 34 s-1 and 63 s-1) are
required for the beam and drum centrifuges, respectively. However, Equation 3-1 also
implies that a higher angular velocity creates a higher g-field gradient. Accordingly, a
higher g-field gradient results in a greater deviation of the stress field in the centrifuge
model from the prototype. The two cases are compared in Figure 3-1.

′ : 1 t/m
Density, 𝜌𝑚

3

Figure 3-1. Effect of g-field gradient on the soil stress field in centrifuge model

The deviation of the stress level is small, less than 3% for the beam and 10% for the
drum centrifuge. In this experimental study, the nominal g-level was targeted at 50% of
the expected penetration depth. If fitting the stress level to a prototype depth is
preferred, the conversion of the depth below the soil surface z in the centrifuge model
scale to the prototype scale, 𝑧𝑝 , can be approximated (assuming uniform soil density) as
follows:
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𝑧

′
𝜎𝑣′ (𝑧) = ∫ 𝜌𝑚
𝜔2 (𝑟0 + 𝑧) 𝑑𝑧

(3-2)

0

1
′
′
𝜌𝑚
𝑔𝑧𝑝 = 𝜌𝑚
𝜔2 (𝑟0 𝑧 + 𝑧 2 )
2
𝑧𝑝 =

𝜔2
1
(𝑟0 𝑧 + 𝑧 2 )
𝑔
2

𝑟0 is the radial distance of the soil surface from the rotation axis. However, this
conversion approach presents some complexity for the study of footing size because the
corresponding prototype width will change with the penetration depth.
It is common to use a single scaling factor for the prototype geometry. Thus, allowing
the preservation of a constant geometry ratio (e.g., soil thickness to spudcan size).
However, to obtain the correct stress profile, the variation of g-field with depth should
be accounted for.
The vertical stress in a centrifuge model spinning at an angular velocity 𝜔, with a radial
position of the layer surface at 𝑟0 and a nominal g-level of 𝑁𝑔 can be calculated as
(assuming a constant unit weight of soil, 𝛾)
1

𝜎𝑣 = 𝜌𝑚 𝜔2 (𝑟0 𝑧 + 2𝑧 2 )

(3-3)

𝜔2 𝑟0
𝜔2 𝑟0 (𝑁𝑔 𝑧)
𝜎𝑣 = 𝜌𝑚
𝑁𝑔 𝑧 + 𝜌𝑚 2
𝑁𝑔
𝑁𝑔 𝑟0 2
𝑁𝑔0
𝑁𝑔0 (𝑁𝑔 𝑧)
𝜎𝑣 = 𝛾
𝑁𝑔 𝑧 + 𝛾 2
𝑁𝑔
𝑁𝑔 𝑟0 2

2

2

where 𝑁𝑔0 is the g-level at the layer surface, and 𝑁𝑔 𝑧 equals the prototype depth 𝑧 ∗ . The
vertical stress in the prototype scale is
𝑧∗

𝜎𝑣 = ∫ 𝛾 ∗ 𝑑𝑧 ∗

(3-4)

0

An equivalent prototype soil unit weight 𝛾 ∗ that gives the same vertical stress profile as
in the centrifuge model is
𝛾∗ = 𝛾

𝑁𝑔0
𝑁𝑔0
+𝛾 2
𝑧∗
𝑁𝑔
𝑁𝑔 ∙ 𝑟0

(3-5)

The gradient of the equivalent unit weight is relatively small. For typical centrifuge
model parameters in this study, i.e., 𝜔 = 35 s-1, 𝑟0 = 1.5 m, soil model unit weight 𝛾 ′ =
10 kN/m3 and 𝑁𝑔 = 200, the gradient of 𝛾 ∗ is 0.031 kN/m4. For simplification, an
equivalent unit weight calculated at ¼ of the layer thickness below the layer surface is
used. All sizes in prototype scale are calculated by multiplication of the model sizes
with the nominal g-level.
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3.1.2

Effect of particle scaling

Along with scaling of the model size and soil stresses, issues regarding the scaling of
soil particles are present. Decreasing the particle size of dense angular sand basically
increases its strength due to the extra dilatancy resulting from the increasing grain
crushing strength of smaller particles (Bolton & Lau, 1988). This aspect should be
considered when performing a model test with scaled soil particle size (Mühlhaus &
Vardoulakis, 1987). Another related issue is the inability to scale the shear band
thickness, as it is a function of the particle size (Roscoe, 1970). The consequence of the
constant absolute size of the shear band is the amplification of the volumetric strain
effect (dilatancy and contractancy) in a centrifuge model compared to a prototype with
the same soil. Thus, the measured response of a miniature model becomes higher under
dilative shearing or lower under contractive shearing (Balachowski, 2006). Due to the
stress dependency of the dilative/contractive behaviour, the particle size effect is also
controlled by the stress level. At a low stress level, dilatancy in the sheared zone is more
pronounced.
Regarding the cone penetrometer response, Balachowski (2007) suggested a correction
to be applied to the tip resistance when the cone diameter is smaller than 20 times the
median grain diameter, 𝐷𝑐 < 20𝑑50 (Gui & Bolton, 1998; Bolton et al., 1999). A smaller
ratio of model size to soil particle size causes higher tip resistance and shaft friction in
dilative soils. Correction of the shaft friction in very dense sand with a rough shaft
interface should be considered when 𝐷𝑐 < 160𝑑50 (Balachowski, 1995; Forray et al.,
1998). Thus far, no evident of grain size effect has been found for a smooth shaft
interface (Reddy et al., 2000).
As discussed later, commercially available superfine silica sand and natural carbonate
sand recovered from Australia’s North West Shelf were used in this study. The grain
diameter of the silica (𝑑50 = 0.16 mm) and carbonate sand (𝑑50 = 0.23 mm) are
sufficiently small relative to the penetrometer or foundation size (𝐷 = 10 to 100 mm),
and as such, no correction is necessary for the tip resistance. However, the measured
cone sleeve friction should be corrected because 𝐷𝑐 (= 10 mm) is less than 160𝑑50
(= 25.6~36.8 mm). This issue was recognised despite the lack of a suitable correction
method for the measured sleeve friction. Shaft friction was therefore used solely as
secondary supporting data.

3.2

EXPERIMENTAL PROGRAMME

Previous researchers at COFS (UWA) and CORE (National University of Singapore)
have already published an extensive data set for spudcan penetration in silica sand over
kaolin clay and strong over weak clay (Teh, 2007; Hossain & Randolph, 2010a; Teh et
al., 2010; Lee et al., 2013a; Hu et al, 2014a) in addition to some multilayer deposits
(Hossain et al., 2011; Hossain, 2014). This study addresses some gaps, exploring
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spudcan penetration in a) calcareous sand over kaolin clay; b) calcareous sand over
carbonate clay; and c) three- and four-layer soils with interbedded silica or carbonate
sand layers. Assuming that the experiment results show that the failure mechanisms
observed in two-layer soils, such as squeezing and punch-through, are equally
transferable to three- and four-layer soils, this will be strong indication that the
mechanisms are also applicable in soils with higher number of layers.
3.2.1

Investigated soil profile

First, some tests were conducted on single-layer sands and clays, with the aim of
establishing (a) base (upper and lower bound) resistance profiles for investigating the
response on layered sediments and (b) backbone curves in 𝑞/𝑞𝑟𝑒𝑓 - 𝑣𝐷 ⁄𝑐𝑣 space for
quantifying drainage and strain rate effects. Tests were then conducted in two-, threeand four-layer deposits.

Table 3-1. Overall configuration of soil layers for physical modelling
Test
[or sample
or box]

Layer 1 (top)

Layer 2

Layer 3

Layer 4

Soil/Layer
Properties

D1

Silica sand
(loose)

-

-

-

Table 3-2,
Table 3-11

D2

Carbonate sand
(loose)

-

-

-

Table 3-2,
Table 3-11

D3

Kaolin clay
(OCR ≈ 1)

-

-

-

Table 3-3,
Table 3-11

D4

Carbonate clay
(OCR ≈ 1)

-

-

-

Table 3-3,
Table 3-11

B1

Carbonate sand
(loose)

Kaolin clay
(OCR ≈ 1)

-

-

Table 3-12

B2

Carbonate sand
(loose)

Carbonate clay
(OCR ≈ 1)

-

-

Table 3-13

B3

Kaolin clay
(OCR ≈ 1)

Silica sand
(medium dense)

Kaolin clay
(OCR ≈ 1)

-

Table 3-17

B4

Carbonate clay
(OCR ≈ 1)

Carbonate sand
(medium dense)

Carbonate clay
(OCR ≈ 1)

-

Table 3-18

B5

Silica sand
(loose)

Kaolin clay
(OCR ≈ 1)

Silica sand
(medium dense)

Kaolin clay
(OCR ≈ 1)

Table 3-17

B6

Carbonate sand
(loose)

Carbonate clay
(OCR ≈ 1)

Carbonate sand
(medium dense)

Carbonate clay
(OCR ≈ 1)

Table 3-18

Silica sand
(loose)

Kaolin clay
(OCR ≈ 1)

Silica sand
(medium dense)

Kaolin clay
(OCR ≈ 1)

B5H *

*Half-spudcan test in a strongbox with a transparent window
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Ten soil profile variations (4 one-, 2 two-, 2 three- and 2 four-layer profiles) were
prepared for this study, as listed in Table 3-1. Tests denoted with ‘D’ were conducted in
the drum centrifuge (restricting soil in small strongboxes), and tests denoted with ‘B’
were conducted in the beam centrifuge. All tests were performed at a nominal
acceleration of 200 times earth gravity (g). Thus, the stress distribution in the soil model
and the soil response correspond to those 200 times larger in prototype.

3.2.2

Material properties

Commercially available materials, UWA superfine silica sand and kaolin clay, and
natural carbonate soils recovered from Australia’s North West Shelf, carbonate sand and
clay, were used in the experimental programme. UWA superfine silica sand and kaolin
clay are widely studied, and plenty of reliable data regarding the geotechnical properties
is readily available. The carbonate sand and clay were from the Wheatstone and Browse
project locations, respectively. Laboratory tests were conducted to determine the
relevant geotechnical properties, i.e., soil density, friction angle, undrained shear
strength, and coefficient of consolidation. These tests included one-dimensional
consolidation in a Rowe cell as well as triaxial, simple shear, and Atterberg limit tests.
The results are summarised in Tables 3-2 and 3-3, with the details given in Appendix B.

Table 3-2. Material properties of UWA silica sand and NWS carbonate sand
Material Property

Silica sand

Carbonate sand

2.65

2.76

Maximum void ratio, 𝑒𝑚𝑎𝑥

0.7472

1.36

Minimum void ratio, 𝑒𝑚𝑖𝑛

0.4485

0.91

𝑑10 : mm

0.10

0.11

𝑑50 : mm

0.16

0.23

𝐶𝑐,𝑃𝑆𝐷

1.08

1.01

Specific gravity, 𝐺𝑠

Grain size distribution:

1.77

𝐶𝑢,𝑃𝑆𝐷
31

Friction angle, 𝜙𝑐𝑣 : degrees

(1)

; 34

2.36
(2)

36.5

Bolton’s dilation parameter, 𝑄𝜓

10

7.5

𝑚𝜓

3

4.8

𝑅𝜓

1

1

1

0.35

𝑛𝜓 (for 𝐼𝐷

𝑛𝜓

)

Source: (1) Lee (2009), White et al. (2008); (2) Cheong (2002), O’Loughlin & Lehane (2003)
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Table 3-3. Material properties of UWA kaolin clay and NWS carbonate clay
Material Property

Kaolin clay

Carbonate clay

Specific gravity, 𝐺𝑠

2.60

2.65

Liquid Limit, LL: %

61

76

Plastic Limit, PL: %

27

35

Plasticity Index, PI: %

34

41

(1)

-

Slope of CSL in p-q space, 𝑀

0.898

-

Slope of NCL, 𝜆

0.205

0.153

Slope of swelling line, 𝜅

0.044

0.027

23

Friction angle, 𝜙𝑐𝑣 : degrees
Modified Cam Clay parameters

2.14

Spacing ratio, 𝑝𝑁𝐶 ⁄𝑝𝐶𝑆
Permeability, 𝑘𝑣 : m/s
Coefficient of consolidation, 𝑐𝑣 :
m2/year

1.1 10
(𝜎𝑣′

-10

(1)

– 5.110

-9

1 – 21 (2)
= 12.5 – 800 kPa)

-7

1.510 – 410-7
0.3 – 2.0
(𝜎𝑣′ = 20 – 360 kPa)

Source: (1) Stewart (1990); (2) Acosta-Martinez & Gourvenec (2006)

Variation has been observed in the reported critical friction angles 𝜙𝑐𝑣 for UWA
superfine silica sand (Cheong, 2002; O’Loughlin & Lehane, 2003; White et al., 2008;
Lee, 2009), ranging between 31° and 35°. The lower bound of 31° was most probably
obtained through measurement of the angle of repose, while the higher friction angles
(33.75~34.94°) were obtained from simple shear and triaxial compression tests at low
stresses (< 100 kPa). In this study, the lower value of 𝜙𝑐𝑣 = 31° was used as it is more
appropriate for the high stresses related to spudcan penetration.
The NWS carbonate sand is mainly composed of skeletal fragments of marine
organisms, with high angularity and high intra-particle porosity. These characteristics
result in high friction angle and void ratio. Its brittleness and compressibility are
reflected in the low crushing strength, i.e., 𝑄𝜓 value (~7.5 compared to 10 for silica
sand; see Table 3-2). These special geotechnical characteristics cause carbonate sand to
be identified as problematic.

3.3

EQUIPMENT

The experimental programme involved the penetration of model spudcans simulating a
jack-up leg installation in the field. Characterisation tests were conducted in-flight using
a piezocone (Dc = 10 mm) penetrometer. Additional tests on T-bar or ball penetrometers
supplemented the piezocone data. All corresponding gauges and sensors were calibrated
by direct loading and by applying pressure in a closed chamber, respectively, prior to
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testing to obtain the correct conversion factor. For data logging in the penetration test,
all measurements (force, pressure, and displacement) were set to zero with the
penetrometer/spudcan tip just touching the soil surface.

3.3.1

Model spudcans

Penetration tests were undertaken using four model spudcans 50, 60, 75 and 100 mm in
diameter. The model spudcans were custom-made from duralumin, and the detailed
dimensions are given in Table 3-4. The shape was chosen by idealising the geometry of
the spudcans of a Keppel KFELS B-Class jack-up rig, as depicted in Figure 3-2. The
equivalent prototype diameter of the spudcans of 10, 12, 15 and 20 m (at 200g testing)
covers the sizes of spudcans commonly used in the field (10~22 m).
During penetration testing, the spudcan top was attached to a cylindrical steel shaft (Ø
15 mm) that was connected to the loading actuator at the other end. A load cell was
fitted on the shaft to measure the axial penetration resistance (see Figure 3-3). The
corresponding frictional resistance between the shaft and the backfilled soil was
considered to be negligible relative to the total spudcan penetration resistance.
Each of the three model spudcans of 60, 75, and 100 mm in diameter were instrumented
with two total pressure transducers (TPTs) and two pore pressure transducers (PPTs).
One TPT and one PPT were installed on the spudcan top and the other two on the
spudcan base at the positions shown in Figure 3-3. The measurements from the bottom
TPT and PPT can be used to verify the penetration resistance measured by the axial load
gauge, attached to the spudcan shaft, and the corresponding induced excess pore
pressure, respectively. The top TPT and PPT were intended to record the start of soil
backfilling and the corresponding stress. Due to the spudcan geometry and the position
of the pressure sensors, the depth of onset of soil backflow registered by the sensors was
slightly delayed by approximately 7.6, 9.7 and 13.2 mm for model spudcans of
diameters 60, 75, and 100 mm, respectively (see Figure 3-3).
It should be noted that the TPTs and PPTs only provide point measurements, as an
indicator of conditions on the top and bottom faces of the spudcan. The data are
interpreted later as though they represent average values of total stress and pore
pressure on each face, which is clearly something of an idealisation. This must be borne
in mind when considering the values relative to, for example, the total load (and hence
average net pressure) acting on the spudcan.
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Table 3-4. Dimensions of model spudcans (cf. Figure 3-3)
Apex angle of spigot: °

50.5

Apex angle of lower cone: °

150

Apex angle of upper cone: °

150

Apex angle of idealised lower cone: °

149.8
15

Shaft diameter, 𝐷3 : mm
50

60

75

100

Tip diameter, 𝐷1 : mm

1.55

1.86

2.32

3.10

Spigot diameter, 𝐷2 : mm

5.11

6.13

7.66

10.22

Thickness of spigot, 𝑡1 : mm

3.78

4.53

5.66

7.55

Thickness of lower cone, 𝑡2 : mm

6.02

7.22

9.02

12.03

Thickness of shoulder, 𝑡3 : mm

2.69

3.22

4.03

5.37

Thickness of upper cone, 𝑡4 : mm

5.69

6.83

8.58

11.38

Radial position of PPT and TPT, 𝑟𝑠 : mm

-

10.50

13.10

17.50

Vertical distance of TPT and TPT from shoulder: mm

-

7.60

9.70

13.20

Maximum diameter, 𝐷𝑠𝑝 : mm

1.76 m
0.87 m
1.94 m
1.22 m
2.35 m
16.15 m

Figure 3-2. Geometry of spudcan of KFELS B-Class (Bigfoot) jack-up design
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PPT
(without
filter disc)

TPT

Figure 3-3 Model spudcan with total pressure transducers (TPTs) and pore
pressure transducers (PPTs)

The pore pressure transducers were essentially total pressure transducers covered with
polytetrafluoroethylene (PTFE) filter discs, allowing the sensors to come into contact
with only the pore fluid. Full saturation of the filter disc is critical for ensuring reliable
measurement and sensor sensitivity and was achieved by soaking the disc in silicon oil
inside a vacuum chamber, eliminating any trapped air voids. The presence of any
trapped air, which is highly compressible, may disrupt the pore pressure transfer,
resulting in a sluggish response and lower pore pressure measurement.
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3.3.2

Miniature penetrometers (piezocone, T-bar, and ball)

Although 10 – 20 m prototype spudcans can be conveniently scaled down to 50 –
100 mm model spudcans for testing at 200 g, it is impractical to scale a 35 mm
piezocone penetrometer down to a 0.175 mm model. Instead, a 10 mm miniature
piezocone penetrometer was used (see Figure 3-4 and Table 3-5), a minimum size that
allows an integrated instrumentation with sleeve friction, tip resistance, and pore
pressure sensor. The design of the miniature piezocone penetrometer has been discussed
by Finnie (1993) and Randolph & Hope (2004). The pore pressure was measured at the
cone shoulder level (commonly referred to as the u2 position).
In prototype scale, the 10 mm penetrometer is equivalent to a 2-m shaft with a conical
tip. Consequently, the response of the miniature piezocone penetrometer resembles a
push-in pile rather than a field piezocone penetrometer (𝐷𝑐 = 35.7 mm). The effect is
particularly notable during penetration in layered soils due to the relatively low
normalised layer thickness, 𝐻/𝐷𝑐 . A large penetrometer is less sensitive to the soil
layering due to its larger influence area (a function of diameter), averaging the soil
response within that zone. The tip resistance can be influenced by layers located a few
diameters below the cone tip (Gui & Bolton, 1998). To verify the piezocone
measurement, T-bar (Ø 5  20 mm; Stewart & Randolph, 1994) and ball (Ø 15 mm)
penetrometers were used (see Figure 3-4 and Table 3-6).
As noted previously, the diameter of the miniature piezocone was less than 160𝑑50 , and
the friction sleeve (𝑙𝑐 = 37.5 mm) was longer than the thickness of some soil layers.
The measured shaft friction was therefore used as secondary data to avoid
misinterpretation of experimental results.

Friction sleeve
u2 position Conical tip
(filter-ring removed)

(b)

(a)

(c)

Figure 3-4. Miniature penetrometers: (a) piezocone, (b) T-bar and (c) ball
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Table 3-5. Dimension of miniature piezocone
Cone apex angle: °

60

Diameter, 𝐷𝑐 : mm

10

Sleeve length, 𝑙𝑐 : mm

37.5

Cone area ratio, 𝑎

0.85

Table 3-6. Dimension of miniature T-bar and ball penetrometer
T-bar
Diameter, 𝐷𝑇 : mm
Length, 𝑙 𝑇 : mm
Shaft diameter: mm

3.3.3

Ball

4.0

5.0

15.0

12.5

20.0

-

4.0

4.5

5.0

Drum centrifuge

Tooltable
Tooltable

Strongbox
Figure 3-5. Experimental setup in the drum centrifuge

3-12

Spudcan penetration in stratified soils

The UWA drum centrifuge has an outer radius of 600 mm and was designed to operate
with the annular channel full of soil. It may also be used to consolidate and conduct
tests in soil confined within a smaller box. The latter technique was adopted here (see
Figure 3-5). The main actuator was mounted on a central tool table and provided
vertical (across the width of the channel) and radial motion, whereas the tool table itself
could be rotated relative to the channel by a precise Dynaserv motor that linked the
concentric drive shafts. Together, these actuators allowed spudcans or penetrometers to
be positioned within the soil sample and penetrated at a selected rate.
The range of vertical manoeuvrability of the actuator for penetration testing was limited
to within 40 mm below and 93 mm above the central horizontal axis of the strongbox
(257 mm wide). The strongbox was therefore flipped once the tests in the accessible
zone were completed. Unlike a clay sample, which owns some cohesive strength, a fully
submerged sand sample in the centrifuge should be ramped down slowly to maintain
low pore-water flow and to avoid sudden collapse of the sample surface or disturbance
at the bottom edge.

Beam centrifuge

Actuator

3.3.4

Balance
weight

Axial
load cell

Strongbox
Water
tube

Figure 3-6. Set up of load actuator and strongbox in the UWA beam centrifuge

The testing platform of the UWA beam centrifuge was attached at the end of the
centrifuge arm (1800 mm in radius from central axis once swing up) by a pivot joint.
The other end was equipped with a translatable counterbalance weight. For testing, a
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strongbox filled with a soil sample was placed on the platform, and the actuator was
directly mounted on the strongbox. As the centrifugal force increased with the angular
velocity of the centrifuge, the pivot joint allowed the platform to swing upright so that
the primary resultant force (soil weight) acted perpendicular to the strongbox base. The
position of the loading actuator was set to ensure smooth pivoting of the platform.

3.3.5

Centrifuge strongbox

The soil samples were confined within a centrifuge strongbox, with the box mounted
within the drum channel or placed on the testing pedestal of the beam centrifuge. The
drum strongbox has an internal size of 258 (length)  163 (width)  160 (depth) mm3
(Table 3-7); at 200g it corresponds to a prototype test bed of 51.6 m long by 32.6 m
wide by 32 m deep. The small size of this strongbox, set by the requirement to fit inside
the drum channel, was designed for easy handling and model preparation. The beam
strongbox has internal dimensions of 650 (length)  390 (width)  325 (depth) mm3
(Table 3-7); at 200g it corresponds to a prototype test bed of 130 m long by 78 m wide
by 65 m deep. To facilitate the sample consolidation process, a drainage layer was laid
at the strongbox base, either in the form of a thin layer of sand (for the beam strongbox)
or of geotextile (for the drum strongbox). Each strongbox was equipped with a water
outlet at the base. In the beam strongbox, this outlet was connected to a vertical water
tube to warrant a hydrostatic pore pressure distribution within the consolidated sample.
The strongbox in the drum channel was fully submerged in water and the drainage
outlet was opened.

Table 3-7. Dimensions of centrifuge strongboxes
Inner dimensions of

3.4

Width: mm

Length: mm

Depth: mm

Beam strongbox

390

650

325

Drum strongbox

257

160

160

EXPERIMENTAL SET-UP

Tests were conducted in the UWA drum and beam centrifuge facilities. The tests
performed are summarised in Table 3-8. Tests on single-layer soils were conducted in
the drum centrifuge, which allows only relatively low sample thickness (strongbox
height = 160 mm). The beam centrifuge (strongbox height = 325 mm) was used for
experiments with layered soil profiles due to the necessity of a thicker soil sample.
The installation of the spudcan was conducted in-flight until the spudcan reached the
target depth. The operation period of the spudcan commenced after reducing the
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installation load (maximum penetration resistance) on the spudcan by 25% (consistent
with Purwana et al., 2005) to an operational working load. The operation stage was
simulated by maintaining a constant vertical load on the spudcan for a duration of 20
minutes (~18.5 months in prototype), thus representing a long operation period,
following Menzies & Lopez (2011). This stage allows the excess pore pressure to
dissipate to some degree. Spudcan extraction was then performed at the same rate as
penetration. Responses during the resting period and extraction are not discussed in this
thesis.

Table 3-8 List of penetration tests
Sample
(see Table 3-1)

Description(1)

Spudcan / Penetrometer
Spudcan Ø 50 and 60 mm

D1, D2, D3 & D4

D4#
(2 boxes)

B1 & B2

𝑉 = 𝑉𝑟𝑒𝑓

Piezocone Ø 10 mm
T-bar Ø 5 × 20 mm
(D3 & D4 only)

20 cycles penetration/extraction (±2 DT)

Spudcan Ø 50 mm

𝑉 ⁄𝑉𝑟𝑒𝑓 = /80, /8, /2, 13

Piezocone Ø 10 mm

𝑉 ⁄𝑉𝑟𝑒𝑓 = /8, /4, /2, 2

1
1

Spudcan Ø 60, 75 and 100 mm
(plus Ø 50 mm for B2)
Piezocone Ø 10 mm

1

1

1

1

𝑉 = 𝑉𝑟𝑒𝑓

Ball Ø 15 mm
Spudcan Ø 50 and 75 mm
B3 & B4

𝑉 = 𝑉𝑟𝑒𝑓

Piezocone Ø 10 mm
T bar Ø 4 × 12.5 mm
Spudcan Ø 50, 60 and 75 mm

B5 & B6

Piezocone Ø 10 mm

Additional piezocone penetrations were
conducted with upper layers removed

T bar Ø 4 × 12.5 mm
B5H

𝑉 = 𝑉𝑟𝑒𝑓

𝑉 = 𝑉𝑟𝑒𝑓

Half-spudcan Ø 50 mm

Using strongbox with transparent window

(1) 𝑉 is the normalised velocity index (𝑣𝐷 ⁄𝑐𝑣 ); 𝑉𝑟𝑒𝑓 ≈ 140 (considering cv ≈ 2.6 m2/year)

3.4.1

Penetration rate

At different penetration rates, penetration resistance can vary as a result of the drainage
(excess pore pressure dissipation) and the viscous effects (commonly referred to as
strain rate effect) (Finnie & Randolph, 1994; House et al., 2001; Randolph & Hope,
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2004). To obtain an intelligible set of data from penetrometers and spudcans of different
sizes, comparable penetration rates was used.
The penetration rate, 𝑣, for all standard tests was selected so that penetration in kaolin
clay (average 𝑐𝑣 ≈ 2.6 m2/year ≈ 0.082 mm2/s) occurs under undrained conditions. This
was achieved by maintaining a normalised velocity index 𝑉 = 𝑣 ∙ 𝐷𝑒𝑞 ⁄𝑐𝑣 ≈ 140
(Chung et al., 2006; Low et al., 2008). An identical rate was applied for penetration in
all other samples. It should be noted that this 𝑉 value is an approximation. The actual 𝑉
varies with penetration depth due to the dependence of 𝑐𝑣 on consolidation stress. The
𝑐𝑣 value typically increases with increasing stress, resulting in 𝑉 decreasing with the
penetration depth. According to Rowe cell consolidation data, the 𝑐𝑣 for the NWS
carbonate clay increases from approximately 0.3 to 1.3 m2/year as the vertical stress, 𝜎𝑣′ ,
increases from 20 to 180 kPa, or as the depth increases from 3 to 27 m.
The penetration rates employed for all standard tests are listed in Table 3-9. To
investigate the effect of penetration rate in carbonate clay, additional spudcan and
piezocone penetration tests were conducted in single-layer carbonate clay with varying
penetration rates.

Table 3-9. Summary of penetration rates used for all standard tests
(reference normalised velocity index, Vref = 140)
Object

Size: mm

Equivalent
diameter, 𝐷𝑒𝑞 : mm

Penetration rate,
𝑣: mm/sec

Ø 10

10

1.129

Ø 4  12.5

8

1.415

Ø 5  20

11.3

1.000

Ø 50

50

0.226

Ø 60

60

0.188

Ø 75

75

0.150

Ø 100

100

0.113

Ø 15

15

0.752

Piezocone
T-Bar

Spudcan

Ball

3.4.2

Post-test investigation

After completion of all tests on each strongbox, one of the box sidewalls was removed,
and the soil sample was carefully dissected to collect visual data on the soil profile and
to collect samples for the measurement of moisture content and density. Although the
sample contained the history of spudcan/penetrometer extraction, it provided a valuable
reference regarding the soil profile, the extent of the area affected by the
spudcan/penetrometer penetration, and critically any sand plug trapped at the base of the
installed spudcan or penetrometer (which may separate upon extraction).
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3.5

SOIL CHARACTERISATION

Soil characterisation tests were conducted using in-flight penetrometer tests and
laboratory tests on the recovered samples, which is consistent with field practice. A
miniature piezocone was selected as the primary penetrometer due to its wide usage in
the jack-up industry, as described in Chapter 2. Additional characterisation tests on
kaolin clay and carbonate clay samples were conducted using a T-bar and a ball
penetrometer to supplement the piezocone data and, importantly, to conduct cyclic tests
to obtain information on the sensitivity of the soil.
Teh (2007) and Lee (2009) experienced some difficulties in characterising sand over
clay deposits using cone and ball penetrometers. In the bottom clay layer, the resistance
profiles were widely scattered with significant oscillations. It was evident from post-test
dissection of the samples that a sand plug of variable height was trapped at the base of
the penetrometer and pushed into the clay layer. Subsequent testing with removal of the
sand layer resulted in consistent resistance profiles with much diminished oscillations.
Sand particle coating may also influence the shaft friction response and provide a
drainage path that inhibits the generation of excess pore pressure. Only after a certain
penetration depth into the underlying clay layer can the cone be freed of the sand
particles and the actual clay responses be obtained. These effects were exacerbated in
the centrifuge testing by the use of a piezocone penetrometer with sizes (diameter and
sleeve length) relatively greater than the thickness of the sand layer. In the field, the
standard cone penetrometer tests would experience minimal effects, as the diameter
(35.7 mm) and sleeve length (134 mm) are substantially lower.
In this experiment, additional penetrometer tests in the bottom layer were therefore
conducted by locally removing the overlying sand layer. The local removal of the top
soil caused a reduction of in-situ stress that extended to a certain depth below the layer
surface. Therefore, the near-surface cone penetration data were ignored in the
subsequent evaluation.
To characterise three- and four-layer samples, a tube casing with a diameter slightly
larger than the miniature piezocone was used. The tube was pushed vertically into the
sample until the tip touched the targeted layer surface. The soil encased within the tube
was removed by suction using a hose connected to a vacuum machine. The piezocone
penetrometer was then inserted into the tube and lowered to the starting position of the
actual penetration test. The tube casing confined the soil disturbance and minimised the
changes in stress level. This system was employed after the completion of all spudcan
tests on the strongbox. Some tests were conducted on layered deposits (without
removing the sand layer) for comparison.
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3.5.1

Monotonic piezocone penetration

Monotonic piezocone penetration tests were conducted on each box tested using a
miniature piezocone. The size of the standard field cone penetrometer (Dc = 35.7 mm)
and the length of its sleeve (lc = 134 mm) are relatively very small or nearly negligible
compared to penetration depths of, e.g., 30~50 m. In analysing field cone penetrometer
data, all measured responses can be normalised with respect to the cone tip position.
However, the size and sleeve length of the miniature piezocone (Dc = 10 mm, lc = 37.5
mm) were large relative to the penetration depth of < 220 mm, leading to markedly
different stress levels at the piezocone tip, u2, and the friction sleeve positions at 200g.
The normalisations were therefore conducted using the corresponding stress at the
sensor’s actual position, with several associated adjustments.


The corrected tip resistance 𝑞𝑡 was calculated using 𝑞𝑐 and 𝑢2 measured at the
same time.
(3-6)

𝑞𝑡 = 𝑞𝑐 + 𝑢2 (1 − 𝑎)


The total vertical stress, 𝜎𝑣0 , used to calculate the net cone tip resistance, 𝑞𝑛 , was
calculated at the shoulder level instead of at the tip level.
(3-7)

𝑞𝑛 = 𝑞𝑡 − 𝜎𝑣0


The normalised tip resistance, 𝑄𝑡𝑛 , was calculated by normalising net tip resistance
𝑞𝑛 with respect to the average stress at the cone tip level.
𝑄𝑡𝑛 = (





′
𝜎𝑣0

𝑛𝑄𝑡

𝑝𝑎𝑡𝑚

(3-8)

1−𝑛𝑄𝑡 )

The pore pressure parameter, 𝑈, was calculated by normalising excess pore
pressure with respect to the vertical stress at the pore pressure sensor level (i.e., the
𝑢2 position).
𝑈=



𝑞𝑛

𝑢2 − 𝑢0 ∆𝑢2
= ′
′
𝜎𝑣0
𝜎𝑣0

(3-9)

Assuming a linearly distributed frictional resistance, the average sleeve friction was
considered associated with the mid-level of the embedded sleeve length.
For a consistent comparison between the penetration resistance of penetrometers or
footings with different geometries, a consistent definition of the load reference
point (LRP) is essential. The LRP was taken to be the intersection of the vertical
axis of symmetry and the horizontal plane through the lowest point of the largest
cross-section area of the object.

Due to the disproportional dimensions compared to the field cone penetrometer, the use
of miniature piezocone penetrometer data for direct interpretation of spudcan
penetration resistance, especially in layered soils, was not considered.
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3.5.2

Dissipation test with piezocone

Penetration response is highly influenced by the drainage conditions, which can be
identified based on the normalised velocity index 𝑉 = 𝑣𝑑 ⁄𝑐𝑣 (Randolph & Hope,
2004). One- dimensional compression test for the NWS carbonate clay provides the
coefficient of vertical consolidation, 𝑐𝑣 , which ranges from 0.3 – 1.8 m2/year for
effective vertical stresses, 𝜎𝑣′ , between 20 and 360 kPa. For comparison, the coefficient
of horizontal consolidation, 𝑐ℎ , was also estimated based on piezocone dissipation
testing in the centrifuge sample. The dissipation test was performed by stopping the
piezocone penetration at a selected depth, allowing the induced excess pore pressure
∆𝑢2 to be dissipated. The coefficient 𝑐ℎ was estimated by fitting the measured profile
with the theoretical dissipation curve (Teh & Houlsby, 1991), which was validated for
the rigidity index, 𝐼𝑟 , between 25 and 500. The result is presented in terms of
normalised excess pore pressure ∆𝑢⁄∆𝑢𝑚𝑎𝑥 as a function of time factor T* (Figures 3-7
and 3-8), which was calculated according to
𝑇∗ =

𝑐ℎ 𝑡

(3-10)

𝑅𝑐 2 √𝐼𝑟

𝑅𝑐 (= 𝐷𝑐 ⁄2) is the piezocone radius. This approach delivers a 𝑐ℎ value of approximately
8 to 19 m2/year for 𝜎𝑣′ between 125 and 260 kPa (see Figure 3-7) for carbonate clay
with an average 𝐼𝑟 = 𝐺50 ⁄𝑠𝑢 = 150, as obtained from simple shear tests (see Appendix
B).
This result suggests greater coefficient of consolidation derived from in situ dissipation
test; with a ratio 𝑐ℎ ⁄𝑐𝑣 of approximately 12. This tendency is generally acknowledged
and is thought to be the combined effect of the differences in horizontal and vertical
permeability, the influence of the rigidity index on the initial excess pore pressure field,
and the complex stress path undergone by soil elements surrounding the piezocone
(Mahmoodzadeh & Randolph, 2014a, 2014b).
For the kaolin clay (Figure 3-8), the dissipation test gave 𝑐ℎ = 26 m2/year for 𝜎𝑣′ =300
kPa, assuming a rigidity index 𝐼𝑟 = 70 (Stewart, 1990). The 𝑐𝑣 values (calculated from
permeability and compression modulus) obtained from one-dimensional consolidation
tests by Acosta-Martinez & Gourvenec (2006) are around 8 to 10 m2/year for 𝜎𝑣′ ≈ 300
kPa. This gives a ratio 𝑐ℎ ⁄𝑐𝑣 of approximately 3.
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(a)

(b)

Figure 3-7. Piezocone dissipation test result in normally consolidated carbonate
clay: (a) 𝝈′𝒗 = 125 kPa and (b) 𝝈′𝒗 = 260 kPa

Figure 3-8. Piezocone dissipation test result in normally consolidated kaolin clay
(𝝈′𝒗 = 300 kPa)
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3.5.3

Monotonic T-bar test

Earlier studies found that a T-bar possesses a narrower bound of bearing factor (𝑁𝑇 = 9
– 12) than a cone (𝑁𝑘𝑡 = 12 – 20) (Randolph, 2004; Chan et al., 2008; Lee & Randolph,
2011), thus providing better interpretation accuracy. This may be attributed to the lack
of dependence of the full flow mechanism on the soil rigidity index, 𝐼𝑟 , and the lower
influence of overburden stress related to the penetrometer design. A recent statistical
study of data from numerous onshore and offshore sites gives an average value of 𝑁𝑇 =
12 (Low et al., 2010). In centrifuge modelling practice, a lower 𝑁𝑇 of 10.5 (based on the
plasticity solution assuming roughness 𝛼𝑟 ≈ 0.3; Martin & Randolph, 2006) is
commonly used (Randolph et al., 2011).
The net T-bar resistance, 𝑞𝑇 , was calculated by correction against unequal pore pressure
and overburden stress effects according to (Randolph et al., 2007)
𝑞𝑇 = 𝑞𝑚 − [𝜎𝑣0 − 𝑢0 (1 − 𝑎)] 𝐴𝑠 ⁄𝐴𝑝

(3-11)

𝑞𝑚 is the measured penetration resistance, 𝜎𝑣0 the total stress, 𝑢0 the ambient pore
pressure, 𝑎 the net area ratio (𝑎 = 1), 𝐴𝑠 the cross-section area of the shaft, and 𝐴𝑝 the
cross-section of the projected area of the penetrometer in a plane normal to the shaft.
The influence of 𝜎𝑣0 is much lower than for a piezocone penetrometer due to the low
ratio of 𝐴𝑠 ⁄𝐴𝑝 = 0.1 to 0.15, e.g., the 5 mm diameter T-bar with shaft of 4.5 mm
diameter.

3.5.4

Cyclic T-bar test

The continuous shearing during footing penetration remoulds the soil and affects the
corresponding penetration response. A T-bar penetrometer was used to simulate this
behaviour through repetitive penetration and extraction over a given stroke distance,
subjecting the surrounding soil to shear strain accumulation. The variation of the
measured resistance reflects the degradation of soil shear strength with accumulating
shear strain. The strength degradation can be approximated as (Einav & Randolph,
2005)
𝑠𝑢 ⁄𝑠𝑢𝑖 = 𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−3∙𝜉 ⁄𝜉95

(3-12)

or in terms of cycle number, 𝑁, as
𝑠𝑢,𝑁 ⁄𝑠𝑢,𝑁=0 = 𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−3∙𝑁⁄𝑁95

(3-13)

𝛿𝑟 = 𝑠𝑢𝑟 ⁄𝑠𝑢𝑖 is the fully remoulded strength ratio; 𝜉 is the accumulated absolute shear
strain; and 𝜉95 and 𝑁95 are the cumulative shear strain and number of cycles required
for 95% remoulding, respectively. In this study, a miniature T-bar was penetrated and
extracted repeatedly with a stroke range of 4 times the T-bar diameter (2𝐷𝑇 ) for 20
cycles. This selected range is larger than the minimum range of 3𝐷𝑇 recommended
based on numerical analysis (Zhou & Randolph, 2009). Figures 3-9 and 3-10 show the
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variation in penetration resistance over the cycles. Following Randolph et al. (2007), the
first penetration and extraction are labelled as cycle number, 𝑁, 0.25 and 0.75. Each
subsequent passage results in an increment ∆𝑁 = 0.5. The largest degradation took place
in the first cycle (𝑁 = 1), reducing the shear strength by more than 50% of the total
change for both kaolin and carbonate clay.
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Figure 3-9. Cyclic degradation of kaolin clay (D3) in T-bar penetration test
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Figure 3-10. Cyclic degradation of carbonate clay in cyclic T-bar penetration test

Table 3-10. Degradation parameters for kaolin clay and
carbonate clay from cyclic T-bar test
𝛼𝑟

𝜉𝑝

𝑁95

𝜉95

∆𝑟

𝛿𝑟

Kaolin clay

0.50

3.60

2

14.4

0.41

0.32

Carbonate clay

0.25

3.93

4

31.4

0.21

0.18

Soil
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The cyclic degradation parameters 𝛿𝑟 and 𝜉95 can be derived from a T-bar test as
𝛿𝑟 = [𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−1.5∙𝜉𝑝 ⁄𝜉95 ]∆𝑟

(3-14)

𝜉95 = 2𝜉𝑝 𝑁95

(3-15)

∆𝑟 is the value of the remoulded penetrometer resistance normalised by the initial
penetration resistance, and 𝜉𝑝 is the average shear strain per passage of the
penetrometer. A rough estimate of 𝜉𝑝 can be obtained by assuming the friction ratio of
penetrometer 𝛼𝑟 ≈ 𝛿𝑟 (Einav & Randolph, 2005; Zhou & Randolph, 2009b). The
estimated values are summarised in Table 3-10.
The lower 𝜉95 for the kaolin clay (14.4) indicates a higher brittleness than the carbonate
clay (31.4). The sensitivity of the kaolin clay (𝑆𝑡 = 3.1) is just half the sensitivity of the
carbonate clay (𝑆𝑡 = 5.5). The result for the kaolin clay is in good agreement with the
data reported by Watson et al. (2000) and Richardson (2008).

3.6

PENETRATION IN SINGLE-LAYER SOILS

3.6.1

Sample preparation

To obtain a homogeneous sample, the kaolin clay slurry was made by mixing dry clay
powder and fresh water in a special chamber capable of regulating the chamber pressure
to minimise trapped air voids. The water content was twice the clay’s liquid limit (LL =
61%).
Regarding the NWS carbonate clay, the natural carbonate clay was mixed with fresh
water to reconstitute a slurry at a moisture content of approximately 90% (~1.2LL). The
mixing was performed in a portable mortar mixer. Lower water content than that of the
kaolin clay slurry was selected deliberately to avoid potential segregation during the
pouring and consolidation process. This water content produced a sufficiently liquid
mixture to be poured into a strong box and self-levelled. Impurities and clogged
particles were removed by filtering the slurry through a 4 mm sieve before pouring into
a centrifuge strongbox.
To create normally consolidated (NC) clay with a linearly increasing strength profile,
the samples were consolidated in the centrifuge. Six strongboxes were fitted
symmetrically within the drum channel with the aim of optimising the consolidation and
testing time. The slurry was pumped into the boxes while spinning at an acceleration of
20g before self-weight consolidation at 200g for approximately 7 days. During this
time, additional slurry was added to obtain the required sample height. During
consolidation and testing, the entire drum channel was filled with water, submerging the
strongboxes. This arrangement evidently simplified the water supply in the sample and
improved the overall balance of the rotating centrifuge. Water was constantly added inflight to compensate for the loss due to evaporation. With this arrangement, the
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unbalance variation in acceleration could be maintained below 0.4g, typically near
0.25g for the majority of the tests at 200g.
The final sample thickness after consolidation can be estimated based on the moisture
content of the slurry, 𝑤𝑠𝑙𝑢𝑟𝑟𝑦 , and of the normally consolidated (NC) soil under given
stresses, 𝑤𝑒𝑛𝑑 . Knowing the required slurry amount and the number of slurry top-ups
required during the process of consolidation in the centrifuge is helpful for preparation
work and test scheduling. The final moisture content, 𝑤𝑒𝑛𝑑 , can be estimated from
laboratory test data involving consolidation (e.g., Rowe cell, triaxial) or simply by
consolidating a small amount of sample in a tube. The ratio of initial and final heights of
the sample is given by
𝐻𝑠𝑙𝑢𝑟𝑟𝑦 1 + 𝐺𝑠 𝑤𝑠𝑙𝑢𝑟𝑟𝑦
=
𝐻𝑒𝑛𝑑
1 + 𝐺𝑠 𝑤𝑒𝑛𝑑

(3-16)

To produce sand deposits, a different approach was adopted. The sand samples were
prepared at 1g by pouring manually into the boxes with a layer of water. To preserve the
integrity of this non-cohesive sample while mounting the strongbox within the channel
at 1 g, pore water was drained beforehand by applying suction at the bottom valve, thus
giving the sand a temporary apparent cohesion resulting from the pore water suction.
However, this procedure densified the loosely pluviated sand, increasing the relative
density from 25% to approximately 50%.

3.6.2

Testing layout

The locations of penetration tests in the single-layer samples are given in Figure 3-11. A
minimum lateral boundary distance of 𝐿𝑏𝑑 = 1.25𝐷 can be provided for all penetration
tests. There was some overlap of this zone of influence between spudcan tests. The
effect was minimised by arranging the spudcan penetration tests to start with the smaller
spudcan. As for the penetration in sand (D1 & D2, Table 3-1), only a shallow spudcan
penetration could be achieved, and the sample disturbance was considered low.
Based on numerical analysis result from Ullah et al. (2014b), a spudcan penetration
resistance in uniform clay with a smooth lateral boundary distance of 𝐿𝑏𝑑 = 0.8𝐷
(measured from spudcan centre) is approximately 9% lower than the resistance with 𝐿𝑏𝑑
= 10𝐷 where no boundary effects are present. In contrast, the resistance is
approximately 11% higher when the boundary is rough. A distance of 𝐿𝑏𝑑 = 1.5D and
2.0𝐷 is considered sufficient to avoid the smooth and rough boundary effect
respectively. With 𝐿𝑏𝑑 > 1.25𝐷 in this experiment, the effect of lateral boundary
distance is considered minimal. Moreover, the penetration resistances are mainly
evaluated as ratios between values obtained at different penetration rates; hence, the
influence of the boundary effect is minimised.
For cone penetration in dense silica sand, Bolton et al. (1999) reported a minimum
lateral boundary distance of 𝐿𝑏𝑑 > 10𝐷𝑐 to avoid boundary effect. This criterion was not
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satisfied in this experiment. However, it was evident that with the same boundary
distance, the silica sand was stronger than the carbonate sand. The results of D1 and D2
are shown here for discussion but were not used in calibrating the proposed unified
analysis method.

Drum centrifuge strongbox
Length in mm

Number: test sequence
20C: cyclic test
N = 20 (over 55 to 75 mm;
65 to 85 mm)

Figure 3-11. Location of penetration tests in drum centrifuge strongbox for singlelayer samples (D1~D4, Tables 3-1 and 3-8)
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3.6.3

Layer configuration

A summary of the layer properties of the single-layer samples is given in Table 3-11.
The soil parameters were obtained from the penetrometer tests presented later and
laboratory tests performed on the recovered samples.

Table 3-11. Layer properties for the single-layer samples (D1, D2, D3, D4) in
prototype scale
Silica sand
(D1)

Carbonate
sand (D2)

Kaolin clay
(D3)

Carbonate clay
(D4)

Thickness, 𝐻: m

22

26

24

24

Relative density, 𝐼𝐷 : %

50

45

-

-

OCR

-

-

1

1

Moisture content, 𝑤: %

-

-

53 – 44

64 – 51

Total unit weight, 𝛾: kN/m3

20.4

18.2

16.9 – 17.4

16.4 – 17.3

𝛾 ′∗ : kN/m3

10.38

8.2

6.78

6.64

31

36.5

-

-

𝑠𝑢 ⁄𝜎𝑣′

-

-

0.17

0.36

𝜌: kPa/m

-

-

1.2

2.4

Single-layer

Friction angle, 𝜙𝑐𝑣 : º

𝛾 ′∗ is the equivalent effective soil unit weight in prototype scale

3.6.4

UWA super-fine silica (D1) and NWS carbonate sand (D2)

The cone and spudcan penetration profiles in the silica and carbonate sands are shown
in Figures 3-12 and 3-13. With relatively shallow final spudcan embedment, no soil
infill/backfill was observed. The cone resistance 𝑞𝑡 − 𝑢0 is equivalent to cone
penetration resistance without backfill. Despite the similar relative density (𝐼𝐷 = 45% vs
50%), the resistance of the carbonate sand is significantly lower (< 50%) than that of the
silica sand.
Note, that boundary effects may present due to the relatively small lateral boundary
distance for penetration in strong single sand layer. Therefore, no comparison will be
made between the spudcan and the cone resistances.
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Figure 3-12. Penetration resistance profile of cone (Dc = 2 m) and
spudcan (Dsp = 10 and 12 m) in medium dense silica sand (ID ~ 50%, D1)

Figure 3-13. Penetration resistance profile of cone (Dc = 2 m) and
spudcan (Dsp = 10 and 12 m) in medium dense carbonate sand (ID ~ 45%, D2)

3.6.5

Kaolin clay (D3)

The piezocone penetration responses in the kaolin clay are shown in Figure 3-14. The
undrained shear strength profile from the piezocone penetration test (𝑁𝑘𝑡 = 13.5) was
consistent with the T-bar (𝑁𝑇 = 10.5) penetrometer result, with an average strength
gradient 𝜌 = 1.2 kPa/m (Figure 3-15). The monotonic T-bar test was combined with a
cyclic test between tip penetration depths of 11 and 15 m (cf. Figure 3-9). This
procedure led to increased strength of the soil below the cyclic testing area, indicating
additional consolidation due to the loading cycles. This strength increase was neglected
in the interpretation of the strength profile.
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Figure 3-14. Piezocone (Dc = 2 m) penetration response in NC kaolin clay
(D3, Table 3-1)

Figure 3-15. Undrained shear strength of NC kaolin clay (D3) from piezocone and
T-bar penetrometer tests in drum centrifuge
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Figure 3-16. Comparison between piezocone and spudcan penetration resistance in
NC kaolin clay (D3)

Figure 3-17. Measured total pressure and pore pressure on top and bottom
surfaces of spudcan (Dsp = 12 m) during penetration in NC kaolin clay (D3)

Figure 3-16 shows resistance profiles from the spudcan (including backfill) and
piezocone penetration tests. Two measures of cone resistance are given: (𝑞𝑡 − 𝑢0 ),
which is equivalent to penetration resistance without backfill, and 𝑞𝑛 , which is
equivalent to penetration resistance with full backfill. The trends of the 𝑞𝑠𝑝 and 𝑞𝑛
profiles are very consistent, and the former is approximately 20% lower.
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Figure 3-17 shows that the total pressure sensors at the top surface of the spudcan of
𝐷𝑠𝑝 = 12 m began to register an increase in pressure after 3 m shoulder embedment.
This result indicates the initiation of soil backflow, as shown by the (𝜎𝑣′ + ∆𝑢)𝑡 profile
with a gradient of ~5.4 kN/m3. For comparison purpose with the profiles from other
spudcan penetration tests, it is convenient to express this gradient in relation to the
intact soil unit weight. This value is approximately 80% of the intact unit weight
(𝛾 ′ = 6.78 kN/m3).
The small difference between (𝜎𝑣′ + ∆𝑢)𝑏 and ∆𝑢𝑏 suggested that the footing load was
mainly carried by the pore fluid, which is consistent with a fully undrained shearing
response. Similar behaviour was reported by Purwana et al. (2005). Reasonable
agreement was found between the average spudcan pressure 𝑞𝑠𝑝 measured by the load
gauge and the difference in local pressures recorded by the sensors at the top and
bottom surfaces of the spudcan (𝜎𝑣,𝑏 − 𝜎𝑣,𝑡 ). It should be noted that the TPTs and PPTs
only provide single point measurements, as an indicator of conditions on the top and
bottom faces of the spudcan.

3.6.6

Carbonate clay (D4)

The piezocone penetration responses in the carbonate clay are shown in Figure 3-18.
Negative excess pore pressure was measured throughout the penetration depth,
suggesting a dilative behaviour of the carbonate clay. However, this observation was not
found at the spudcan base (as presented later). This result might be due to the different
locations of the sensors, which were governed by different failure mechanisms: the u2
position of the piezocone was dominated by shearing, whereas the soil at the base of the
advancing spudcan experienced compression.
The undrained shear strength profiles deduced from the piezocone and T-bar penetration
tests in the carbonate clay are shown in Figure 3-19. A clear difference can be observed,
although both penetration tests were conducted at the same 𝑣𝐷 and thus should
experience the same drainage effects. A higher strength gradient was given by the T-bar
(𝜌 = 2.4 kPa/m) than the cone (𝜌 = 1.9 kPa/m). This result contrasts with the good
agreement between the two penetrometer tests in the kaolin clay. Later spudcan analysis
(Chapter 5) shows that a better estimation of spudcan resistance is given by the strength
profile from the T-bar test. This may be due to the rigidity index effect, which is
stronger on a cone penetrometer response than on a full-flow penetrometer such as Tbar response. Note that the used value of 𝑁𝑘𝑡 = 13.5 and 𝑁𝑇 = 10.5 were based on
previous experience with kaolin clay.
In general, the undrained strength of the carbonate clay is higher than that of the kaolin
clay. Nevertheless, no definitive indicator in relation to the sediment origin, whether
kaolinite or calcareous, can be derived based on the results from the piezocone and Tbar penetrometer tests.
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Figures 3-20 show the calculated profiles using the data measured by the sensors on the
spudcan surfaces. Similar to kaolin clay, the footing load was primarily carried by the
pore fluid, as indicated by the relatively small difference between (𝜎𝑣′ + ∆𝑢)𝑏 and ∆𝑢𝑏 .
Soil backflow started at 4 m shoulder penetration, triggering the (𝜎𝑣′ + ∆𝑢)𝑡 profile.
Reasonable agreement was found between 𝑞𝑠𝑝 and (𝜎𝑣,𝑏 − 𝜎𝑣,𝑡 ). The gradient of the
(𝜎𝑣′ + ∆𝑢)𝑡 is ~3.1 kN/m3, which is approximately 47% of the intact unit weight
(𝛾 ′ = 6.64 kN/m3).

Figure 3-18. Piezocone (Dc = 2 m) penetration response in NC carbonate clay (D4)
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Figure 3-19. Undrained shear strength of the NC carbonate clay (D4) from
piezocone and T-bar penetration tests in drum centrifuge

Figure 3-20. Measured total pressure and pore pressure on top and bottom
surfaces of spudcan (Dsp = 12 m) during penetration in NC carbonate clay (D4)

3.6.7

Penetration at different rates in carbonate clay

In addition to the testing at standard penetration velocity, a series of piezocone (Dc = 2
m) and spudcan (Dsp = 10 m) penetration tests were performed at different penetration
rates, 𝑣, in NC carbonate clay in the drum centrifuge. The aim was to determine the
variation of the penetration resistances (or soil strengths) at different penetration rates.
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Figure 3-21. Cone and spudcan penetration response at various penetration rates
in carbonate clay (D4)
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Figure 3-22. Spudcan (Dsp = 10 m) penetration responses in NC carbonate clay
(D4) at different penetration rates

The results of piezocone and spudcan penetration tests with identical 𝑣𝐷 are presented
in Figure 3-21. Comparison of the spudcan penetration resistance profiles at different
rates reveals some interesting trends (Figure 3-22). For 𝑣𝐷 ≥ 5.65 mm2/s, the resistance
increases consistently with increasing penetration rate. A reverse trend is exhibited at
low penetration rates, 𝑣𝐷 ≤ 1.4 mm2/s, at which the resistance is initially lower near the
soil surface but eventually exceeds the profiles for higher 𝑣𝐷 at greater depths. This
reverse trend is especially notable for 𝑣𝐷 = 0.14 mm2/s, at which the penetration
resistance increases exponentially with the depth. This curious trend can be explained
by the strain rate and drainage effects discussed below.
Drainage effect
By plotting the test results as resistance ratio vs. normalised velocity index, 𝑉 = 𝑣𝐷 ⁄𝑐𝑣 ,
the drainage condition at a given penetration rate can be conveniently identified (e.g.,
Finnie & Randolph, 1994). The parameter 𝑉 reflects the drainage condition in regard to
the equilibrium between excess pore pressure generation and dissipation.
The drainage regime can be divided in three: drained, undrained, and partially drained.
A drained condition is achieved at low 𝑉 when the rate of excess pore pressure
dissipation is higher than the rate of generation. An undrained condition is achieved
when the rate of dissipation is substantially lower than the rate of generation, causing
the accumulation of excess pore pressure and the penetration load to be carried
primarily by the pore fluid. The transition between these two conditions reflects
partially drained conditions, where excess pore pressure remains present and the soil
structure contributes partially to the penetration resistance.
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The appropriate length of the drainage path actually depends on the penetrating object’s
geometry (shape as well as size); discrepancies may arise when comparing the
responses from types of penetrometer. An attempt to minimise this discrepancy was
made by replacing 𝐷 with an equivalent penetrometer diameter, 𝐷𝑒𝑞 (Chung et al.,
2006).
The backbone curve of the drainage effect can be fitted using a hyperbolic function
(Finnie & Randolph, 1994; Randolph & Hope, 2004, Lee & Randolph, 2011, DeJong &
Randolph, 2012)
𝑞
𝑞𝑟𝑒𝑓

= (1 +

𝑏
)
1 + (𝑉/𝑉50 )𝑚

(3-17)

where 𝑏 and 𝑚 are backbone curve parameters. 𝑉50 is the reference normalised velocity
for 50% consolidation, at which the resistance is the average of drained and undrained
values (Lee & Randolph, 2011). The maximum ratio 𝑞 ⁄𝑞𝑟𝑒𝑓 in the fully drained
condition is equal to (1 + 𝑏).
Strain rate effect
The increase of the penetration resistance during undrained penetration is attributable to
a strain rate effect, which is a function of the shear strain rate. Although this varies
throughout the soil body, the average strain rate is proportional to and can be
approximated by the normalised penetration rate, 𝑣⁄𝐷 (Zhu & Randolph, 2011). The
strain rate effect on soil strength or penetration resistance is usually accounted for using
a semi-logarithmic function (e.g., Yafrate & DeJong, 2007; Low et al., 2008) as
𝑞
𝑞𝑟𝑒𝑓

= 1 + 𝜇 log (

𝑣⁄𝐷
)
(𝑣⁄𝐷)𝑟𝑒𝑓

(3-18)

The parameter 𝜇 represents the increase in penetration resistance for every order of
magnitude increase in strain rate, 𝑣⁄𝐷 . The value of 𝜇 depends on the selected reference
strain rate (𝑣⁄𝐷)𝑟𝑒𝑓 . Again, it should be noted that 𝑣⁄𝐷 is a ‘representative’ parameter,
not the true strain rate. Therefore, some discrepancy may be observed between the plot
of 𝑞/𝑞𝑟𝑒𝑓 vs. 𝑣/𝐷 from penetrometers/footings of different geometry or size.
Alternatively, the strain rate effect can be accounted for using a power function,
particularly for events involving a relatively high strain rate (e.g., Lehane et al., 2009;
O’Loughlin et al., 2013). This approach is expressed as:
𝑞
𝑞𝑟𝑒𝑓

𝑚𝑣

𝑣⁄𝐷
=(
)
(𝑣⁄𝐷)𝑟𝑒𝑓

(3-19)

The exponent 𝑚𝑣 defines the steepness of the curve.
Combining the equations for drainage and strain rate effects
Attempts have also been made to express the drainage effect and strain rate effect in a
unified equation, with the aim of plotting the rate effect in a single curve. Randolph
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(2004) and Randolph & Hope (2004) combined Equation 3-17 with an inverse
hyperbolic sine equation as
𝑞
𝑞𝑟𝑒𝑓

= (1 +

𝑉
𝑏
𝜇
𝑉
−1
−1 𝑟𝑒𝑓
)
(1
+
[sinh
−
sinh
])
1 + (𝑉/𝑉50 )𝑚
𝑙𝑛 10
𝑉𝜇0
𝑉𝜇0

(3-20)

𝑉𝜇0 is the value of V at which the strain rate (viscous) effect starts to decay. The
advantages of adopting an inverse hyperbolic sine function over a logarithmic or power
function include its capability to capture the transition to zero rate effects at very slow
penetration rates (Low et al., 2008). A different form of inverse hyperbolic sine function
was used by Chung et al. (2006), in the form
𝜇
𝑉
[sinh−1 𝑉 ]
ln
10
𝑞
𝑏
𝜇0
= (1 +
)
𝑚
𝑉
𝑞𝑟𝑒𝑓
1 + (𝑉/𝑉50 )
𝜇
𝑟𝑒𝑓
1+
[sinh−1 𝑉 ]
ln
10
(
𝜇0 )
1+

(3-21)

For spudcan analysis in the next chapters, Equations 3-17 and 3-18 are used with the
strain rate effect only considered in undrained conditions.
Evaluation of the experimental data
The results for the carbonate clay are plotted in Figure 3-23 together with other reported
data for kaolin clay and carbonate silt (Finnie & Randolph, 1994; Randolph & Hope,
2004; Cassidy, 2012). The unified model expressed in Equation 3-21 is used to calibrate
the centrifuge test data from this study with 𝑉𝑟𝑒𝑓 = 136.9. The 𝑉𝑟𝑒𝑓 also represents the
standard normalised velocity index 𝑉 used for all other penetration tests in this study.
The values of the coefficient of vertical consolidation, 𝑐𝑣 , were obtained from Rowe cell
compression tests and approximated as a function of vertical stress (Figure 3-24).
Arranging the penetration resistances as a function of 𝑉 aids in understanding the
observed trend by highlighting the drainage zone (Figure 3-23). The increasing
resistance at high penetration rates is consistent with the strain rate effect under
undrained conditions, whereas the high resistance at lower penetration rates is related to
the drainage effect. At the lowest tested penetration rate, the penetration resistance is
still increasing, implying that a fully drained condition is not yet achieved. For the
purpose of curve fitting in Figure 3-23, the drained strength is assumed similar to the
drained strength of carbonate silt (Cassidy, 2012).
A calibration of the strain rate effect, as a function of 𝑣⁄𝐷 , using the second part of
Equation 3-21 is shown in Figure 3-25. The standard penetration rate of the miniature
piezocone (Dc = 2 m) is used as the reference, giving (𝑣⁄𝐷)𝑟𝑒𝑓 = 0.113 s-1. The backfigured rate parameter is 𝜇 = 0.3.
Despite describing the same soil behaviour, the parameters 𝜇 in Equations 3-18 and
3-21 are not identical. Curve fitting using Equation 3-18 gives 𝜇 = 0.17 (Figure 3-25).
There is no definite way to compare this value with other reported values due to
variations in the measurement method. Generally, however, reported 𝜇 values range
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from 0.1 to 0.2 for kaolin clay (Lehane et al., 2009) and Burswood clay (Chung et al.,
2006; Low et al., 2008; Boukpeti et al., 2012). A higher 𝜇 = 0.27 from the T-bar tests
(𝛾̇ 𝑟𝑒𝑓 ~ 0.06 s-1) was reported for carbonate silt by Boukpeti & White (2012).
Drained regime

Undrained regime

(Equation 3-21)

Figure 3-23. Backbone curve for penetration rate effect on cone and spudcan
penetration resistance
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Figure 3-24. Coefficient of vertical consolidation cv from Rowe cell test

(Equation 3-21)
(Equation 3-18)

Figure 3-25. Strain rate effect for penetration in NWS carbonate clay

3.7

PENETRATION IN TWO-LAYER SOILS

As presented in section 3.6.4 lower resistances were consistently encountered in singlelayer carbonate sand, compared with silica sand, despite the higher critical friction angle
of the former. This observation is mainly attributed to the high compressibility of the
carbonate sand. Hossain & Randolph (2012) also reported lower spudcan penetration
resistances in interbedded carbonate sand than in interbedded silica sand with the same
relative density. In this series of tests, spudcan penetration in two-layer deposits was
investigated by laying loose carbonate sand over soft soil, i.e., normally consolidated
kaolin and carbonate clay. The carbonate clay was at least 50% stronger than the kaolin
clay, and as such, two different strength ratios were obtained between the top and
bottom layers.
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3.7.1

Sample preparation

The clay layers were prepared by consolidation in the centrifuge. Slurry was poured into
the strongbox and placed in the beam centrifuge for consolidation. To reduce the
consolidation time in the centrifuge, the bottom layer was prepared previously by
pressing at low stresses (< 20 kPa) on the laboratory floor. Slurry was added during the
consolidation in the centrifuge to achieve the targeted sample thickness. Sufficient time
was provided to allow the soil samples to be consolidated and approach the normally
consolidated strength profile.
The pore water was allowed to drain from the top and bottom surfaces, with the latter
facilitated by placing a thin sand layer on the strongbox base, which was connected to
water outlets. A conservative estimation for the kaolin clay, using a minimum
coefficient of consolidation 𝑐𝑣 = 2 m2/year and a layer thickness of 200 mm with twoway drainage, gives consolidation times of 25, 37, and 49 hours for 80%, 90%, and 95%
consolidation, respectively. Carbonate clay with a coefficient of consolidation 𝑐𝑣 =
1 m2/year would require consolidation times of 50, 74, and 99 hours for 80%, 90%, and
95% consolidation, respectively. Full consolidation could not be targeted due to the
limited timeframe. Nevertheless, all samples were consolidated for at least 2 days in
their final configuration in the centrifuge, spinning until no further vertical settlement
was measured. Note that the total consolidation time of the carbonate clay, starting from
the pouring of the first slurry to the first spudcan test, was over 114 hours.
The loose surface sand layer was prepared by water pluviation (at 1g on the laboratory
floor). A water layer of 25 mm was maintained above the actual soil surface, and the
sand was poured manually in layers, maintaining a low drop height of approximately 50
mm. The soil sample was submerged in water throughout the experiment.

3.7.2

Testing layout

The location of the penetration test in the strongbox was constrained by the
manoeuvring range and vertical space requirement for the actuator (due to pivoting of
the testing platform of the beam centrifuge). The arrangement of the penetration point
was also optimised to minimise the relocation of the load actuator, thus minimising the
total ramping up/down time of the centrifuge.
For penetration in the layered soils, the failure mechanism was decided by the weaker
clay layers for all cases investigated in this study. Therefore, the requirement for the
lateral boundary distance followed the criteria for clayey soil, as discussed in section
3.6.2. Considering that with 𝐿𝑏𝑑 = 0.8𝐷 the penetration resistance is ~9% lower for
smooth boundary but is ~11% higher for rough boundary, the boundary effect on the
penetration resistance with 𝐿𝑏𝑑 > 1.35𝐷 and intermediate boundary roughness should be
sufficiently small. The locations of penetration tests for layered samples in the beam
strongbox are given in Figure 3-26.
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B1
Beam centrifuge strongbox

B2
Number: testing sequence
D: with dissipation test
20C: cyclic test (N = 20 over 150 to 180 mm; 170 to 200 mm)
-L1: with layer 1 removed

Beam centrifuge strongbox

Length in mm

Figure 3-26. Location of penetration tests in beam centrifuge strongbox for twolayer samples (B1 and B2, Tables 3-1 and 3-8)
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3.7.3

Layer configuration

The layer properties of the two-layer samples are summarised in Tables 3-12 and 3-13.
The soil parameters were obtained from the penetrometer tests presented later and the
laboratory tests performed on the recovered samples. 𝛾 ′∗ is the equivalent effective soil
unit weight used for calculation in prototype scale (section 3.1.1).

Table 3-12 Layer properties for the carbonate sand over
kaolin clay profile (B1)
Two-layer (B1)

1st layer (top)

2nd layer

Thickness, 𝐻: m

6.8

44

0 – 6.8

6.8 – 50.8

Carbonate sand

Kaolin clay

OCR

1

1

Relative density, 𝐼𝐷 : %

20

-

-

43.3 – 36.0

Total unit weight, 𝛾: kN/m

17.8

17.7 – 18.4

𝛾 ′∗ : kN/m3

7.38

7.87

Friction angle, 𝜙𝑐𝑣 : degrees

36.5

-

𝑠𝑢 ⁄𝜎𝑣′

-

0.21

𝜌: kPa/m

-

1.65

Depth, 𝑧: m
Soil type

Moisture content, 𝑤: %
3

Table 3-13 Layer properties for the carbonate sand over
carbonate clay profile (B2)
Two-layer (B2)

1st layer (top)

2nd layer

Thickness, 𝐻: m

6

41

0–6

6 – 47

Carbonate sand

Carbonate clay

OCR

1

1

Relative density, 𝐼𝐷 : %

20

-

-

60.2 – 48.4

Total unit weight, 𝛾: kN/m

17.8

16.6 – 17.5

𝛾 ′∗ : kN/m3

7.37

6.87

Friction angle, 𝑐𝑣 : degrees

Depth, 𝑧: m
Soil type

Moisture content, 𝑤: %
3

36.5

-

𝑠𝑢 ⁄𝜎𝑣′

-

0.38

𝜌: kPa/m

-

2.6
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All clay samples (with surface and/or interbedded sand layers) prepared in the beam
centrifuge have higher unit weight and strength than those (single layer clays) prepared
in the drum centrifuge (Table 3-11). This might be due to stronger vibration of the beam
centrifuge. The presence of sand layer (high permeability) might as well have promoted
faster consolidation and hence higher component from secondary consolidation.

3.7.4

Carbonate sand over kaolin clay (B1)

Figure 3-27. Piezocone penetration responses in carbonate sand over kaolin clay
(B1, Table 3-12)

The bottom kaolin clay layer was produced through consolidation by centrifuge
spinning. A 6.8 m thick sand layer was then deposited over the clay layer. Later, the
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density of the sand layer was assessed using a core sample and based on the total sand
weight filled in the strongbox, giving a relative density of ~20%.
Figure 3-27 shows piezocone penetration responses in both sand over clay and clay
deposits. Minor kinks in the tip resistance profiles (at 16 and 27 m) in clay resulted from
the slurry top-up during the sample preparation process. For later spudcan penetration
analysis, a fitted profile with 𝑠𝑢 ⁄𝜎𝑣′ = 0.21 or a strength gradient of 𝜌 = 1.65 kPa/m (for
𝛾 ′ = 7.87 kN/m3) was used (Figure 3-28).
This strength gradient is higher than the commonly reported values for kaolin clay
consolidated in drum centrifuge testing at UWA. Although the values of the backfigured coefficients vary among the reported tests, they can be expressed in the
modified Cam clay framework established by Roscoe & Burland (1968) (e.g., Stewart,
1992) as:
𝑠𝑢 ⁄𝜎𝑣′ ≈ (0.15 − 0.185)𝑂𝐶𝑅 0.85

(3-22)

For comparison, the strength profile obtained for the kaolin clay (D3) consolidated in
the drum centrifuge in this study also agrees with Equation 3-22. However, the variation
becomes larger for samples consolidated in the UWA beam centrifuge, such as the case
reported by Lee (2009). The normally consolidated kaolin clay (OCR = 1;
𝛾 ′ ~ 7.5 kN/m3) overlaid by sand layer prepared in the UWA beam centrifuge achieved
a strength gradient of 1.85 kPa/m. This value is higher than that given by Equation 3-22
but is comparable to that obtained for sample B1 in this study.
Figure 3-29 shows penetration resistance profiles from the piezocone (Dc = 2 m) and
spudcan (Dsp = 12, 15 and 20 m) tests. Despite the geometry difference between the
cone and the spudcan, the variation of the peak resistance in the sand layer still reflects
the effect of the object diameter, 𝐷, and the sand layer thickness ratio, 𝐻1 ⁄𝐷. The
highest peak was achieved by the smallest object (cone), hence the largest 𝐻1 ⁄𝐷,
largely because the 6.8 m sand layer allowed the cone (𝐻1 ⁄𝐷𝑐 = 3.4) to mobilise close
to the full resistance. In contrast, the sand layer thickness of 𝐻1 ⁄𝐷𝑠𝑝 = 0.34~0.57 was
insufficient for the spudcans (Dsp = 12~20 m) to reach the full resistance, instead
indicating a combined response from both sand and clay layers.
Figure 3-30 shows the profiles analysing the data from pressure sensors attached to the
top and bottom surfaces of the model spudcans and from the load gauge. Similar to the
result in single-layer sand, the average pressure given by the axial load gauge is
substantially higher than the net local pressure given by the pressure sensors. This
tendency has been consistently encountered in samples where sand particles are in direct
contact with the spudcan base and might be related to the ratio of sensor diameter to
particle size (Talesnick et al., 2014). With a sensor diameter 𝑑𝑠 = 6 mm and average
particle size 𝑑50 of 0.16 mm and 0.23 mm, the ratio 𝑑𝑠 ⁄𝑑50 was 37.5 and 26 for the
silica and carbonate sand, respectively. As such, the total pressure sensor measurement
in sandy material was solely used as secondary data.
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Soil backflow started after the spudcan embedment in the bottom clay layer. The
estimation of the starting depth of the sand backfill is discussed later in section 3.7.6.
The gradient of (𝜎𝑣′ + ∆𝑢)𝑡 or the backfill weight profile ranged from ~3.2 to 6.3
kN/m3, which is approximately 40-80% of the intact unit weight of the kaolin clay (𝛾2′=
7.87 kN/m3).

Figure 3-28. Undrained shear strength profile of kaolin clay layer (B1) derived
from cone tip resistance

Figure 3-29. Piezocone and spudcan penetration resistance profiles in carbonate
sand over kaolin clay (B1)
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Figure 3-30. Measured pressures on top and bottom surfaces of spudcans (Dsp = 12,
15, and 20 m) in carbonate sand over kaolin clay (ID = 20%, H1 = 6.8 m; B1)
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(c)

(b)
(a)
Figure 3-31. Soil profile after penetration and extraction of spudcan in carbonate
sand over kaolin clay (ID = 20%, H1 = 6.8 m; B1): diameter (a) 12 m, (b) 15 m
and (c) 20 m

Visual evidence regarding the trapped soil plug was collected through post-test
dissection of samples, showing the isolated sand plug from the top layer embedded in
the underlying clay layer (Figure 3-31). The plug was trapped at the base of the spudcan
while advancing through the sand layer and then penetrated with the spudcan into the
underlying clay layer. Upon extraction of the spudcan, the plug was separated from the
spudcan base and left at the final penetration depth. This result is consistent with the
findings from half-spudcan tests reported by Teh et al. (2008), Hossain (2014), Hossain
& Dong (2014) and Hu et al. (2014b). The shearing and compression by the footing
load reduced the plug thickness, 𝐻𝑝𝑙 , to approximately 80% of the initial sand layer
thickness, 𝐻1 , at normalised penetration depth, 𝑧⁄𝐷 , ~1.5 to 2.9 in the bottom clay
layer.
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3.7.5

Carbonate sand over carbonate clay (B2)

Figure 3-32. Piezocone (Dc = 2 m) penetration response in carbonate sand over
carbonate clay (ID = 20%, H1 = 6 m; B2)

The sand in sample B2 was underlain by carbonate clay instead of kaolin clay. The
relative density was similar to the silica sand in sample B1 (~20%) but the sand layer
had a slightly lower thickness (𝐻1 = 6 m). Figure 3-32 shows the results from the
piezocone penetration test in sample B2. Unfortunately, no piezocone penetration test
was conducted in the clay layer with removal of the overlying sand, but a ball test was
performed. To match the strength gradient of 𝑠𝑢 ⁄𝜎𝑣′ ~ 0.38 from the investigated threeand four-layer samples (B4 and B6) and the laboratory test (Appendix B), a bearing
factor of 𝑁𝑏 = 13 is required (Figure 3-33). This value is higher than the values
commonly used to assess in-situ characterisation data (10.8~11.5; Low et al., 2010). A
high 𝑁𝑏 = 13.5 for epoxy ball was also reported by Lee (2009) to provide a similar
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strength value to the ones obtained from T-bar penetration test. This value is within the
theoretical range of 9.9 – 19.4 (for 𝛿𝑟 = 0.18, 𝜉95 = 8𝜉𝑏 , and 𝜇 = 0 to 0.2; see Table
3-10) according to (Einav & Randolph, 2005; Zhou & Randolph, 2009a)
𝑁𝑏 = (1 + 4.8𝜇)(𝛿𝑟 + (1 − 𝛿𝑟 )𝑒𝑥𝑝−1.5𝜉𝑏 ⁄𝜉95 )𝑁𝑏,𝑖𝑑𝑒𝑎𝑙

(3-23)

with 𝑁𝑏,𝑖𝑑𝑒𝑎𝑙 ~ 11.5. For later spudcan analysis, an idealised strength profile with
𝑠𝑢 ⁄𝜎𝑣′ = 0.38 or a strength gradient of 2.6 kPa/m (for 𝛾 ′ = 6.87 kN/m3) is used. Unlike
the measurement by cone penetrometer (Figure 3-32), a higher strength gradient profile
was measured by ball penetrometer below 26 m. This might reflect a higher degree of
consolidation around ball penetrometer in the deeper clay layer (due to higher 𝑐𝑣 ),
resulted in partially drained penetration responses.
Figure 3-34 summarises the spudcan and piezocone penetration resistance profiles, and
Figure 3-35 shows the measurements from the pressure sensors at the spudcan surfaces.
Overall, the results are qualitatively similar to the results for carbonate sand over kaolin
clay (B1, Table 3-1). Comparing Figures 3-34 and 3-29, the spudcan peak resistances in
sample B2 were higher due to the greater ‘average’ strength of the carbonate clay layer
(𝜌2 = 2.6 kPa/m) than that of the kaolin clay (𝜌2 = 1.65 kPa/m). However, piezocone
peak resistances are lower, probably due to the thinner sand layer (𝐻1 = 6 m compared
to 6.8 m).
Soil backflow started after spudcan embedment in the bottom clay layer. In contrast to
sample B1 (Figure 3-30), the (𝜎𝑣′ + ∆𝑢)𝑡 profiles for all spudcan penetration maintained
relatively constant values approximately 3 m after the backfill start (Figure 3-35).
Similar to sample B1, sand plugs were left behind by the extracted spudcans, as shown
by post-test dissection of sample B2 (Figure 3-36). For spudcans of 10~15 m diameter
penetrating ~1.9-3.2𝐷 into the bottom layer, the remaining plug thicknesses, 𝐻𝑝𝑙 , were
approximately 70% of the initial sand layer thickness. The spudcan of diameter 20 m
penetrated shallowly into the lower layer, with remaining 𝐻𝑝𝑙 ~ 0.95𝐻1 .
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Figure 3-33. Idealised shear strength profile of carbonate clay (B2) based on ball
penetration resistance

Figure 3-34. Piezocone and spudcan penetration resistance profiles in carbonate
sand over carbonate clay (ID = 20%, H1 = 6 m; B2)
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Figure 3-35. Pressures on spudcan surface (Dsp = 12, 15 and 20 m) during
penetration in carbonate sand over carbonate clay (ID = 20%, H1 = 6 m; B2)
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Figure 3-36. Soil profiles after penetration and extraction of spudcan in carbonate
sand over carbonate clay (ID = 20%, H1 = 6 m; B2): diameter (a) 10 m, (b) 12 m,
(c) 15 m and (d) 20 m
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3.7.6

Data analysis

To identify the difference between the penetration response in carbonate sand and silica
sand, the peak resistance, 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 , measured in the carbonate sand is compared with the
estimation based on the method developed for silica sand by Lee et al. (2013b) and later
refined by Hu et al. (2014a). The method may be summarised as follows:
𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 = (𝑁𝑐0 𝑠𝑢𝑠 + 𝑞0 + 0.12𝛾1′ 𝐻1 ) (1 +

𝐸
1.76𝐻1
tan 𝜓)
𝐷

𝐸
𝛾1′ 𝐷
1.76𝐻1
1.76𝐻1
+
𝐸 tan 𝜓) (1 +
tan 𝜓) }
{1 − (1 −
2 tan 𝜓 (𝐸 + 1)
𝐷
𝐷

𝑁𝑐0 = 6.34 + 0.56

(3-24a)

𝜌(𝐷 + 1.76𝐻1 tan 𝜓)
𝑠𝑢𝑠

tan 𝜙 ∗
𝐸 = 2 {1 + 𝐷𝐹 (
− 1)}
tan 𝜓

(3-24b)

𝐻1 −0.576
𝐷𝐹 = 0.642 ( )
𝐷

for conical spudcan with 0.16 ≤ 𝐻1 ⁄𝐷 ≤ 1

(3-24c)

𝐻1 −0.174
𝐷𝐹 = 0.623 ( )
𝐷

for flat circular footing with 0.21 ≤ 𝐻1 ⁄𝐷 ≤ 1.12

(3-24d)

tan 𝜙 ∗ =

sin 𝜙 cos 𝜓
1 − sin 𝜙 sin 𝜓

(3-25)

0.8𝜓 = 𝜙 − 𝜙𝑐𝑣 = 𝑚𝜓 𝐼𝐷 (𝑄𝜓 − ln 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 ) − 𝑅𝜓 ≥ 0

(3-26)

This method has been validated against numerous centrifuge test results in silica sand
over kaolin clay with good accuracy for a range of sand layer thicknesses of 0.16 ≤
𝐻1 ⁄𝐷 ≤ 1. Table 3-14 summarises the measured and estimated peak resistances in loose
carbonate sand over clay (samples B1 and B2). The estimated plug projection angles,
𝛼𝑠 , are given as well. The analyses were conducted using the soil parameters in Table
3-2, except for the parameter 𝑄𝜓 for the silica sand. The value recommended by Lee et
al. (2013b), 𝑄𝜓 = 2.65, was used. The predicted peak resistances are generally lower
than the measured values but still within the ±20% margin of error, except the resistance
for the 12 m spudcan in sample B1 (-27%) (see Figure 3-37). This reasonable accuracy
suggests its suitability for the analysis of penetration in carbonate sand over clay.
Another aspect of an accurate prediction of the spudcan penetration profile is the soil
backfill, which reduces the footing load capacity. In this experiment, the start of soil
backfill (usual for clay) or infill (for surface sand layer) was inferred from the initial
registration of pressure by the total pressure sensor at the top spudcan surface (Figures
3-30 and 3-35). For the investigated sand over clay deposits, soil infill was registered
only after the start of spudcan embedment in the underlying clay layer. Hossain (2014)
revealed that the surface of a sand infill was inclined at the angle of repose, 𝜙𝑐𝑣 , of the
sand, with the crest of the slope at 0.3~0.4𝐷𝑠𝑝 radially away from the spudcan edge. The
estimated depths of sand infill using this approach are consistent with the values picked
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from pressure sensor readings (see Table 3-15). The data from penetration into the top
sand layer in the four-layer samples (B5 and B6) are also included in Table 3-15.

Table 3-14. Peak penetration resistance in carbonate sand over clay

Carbonate sand

B1

B2

𝐻1 = 6.8 m
𝛾1′ = 7.38 kN/m3
𝐼𝐷 = 20%

𝐻1 = 6 m
𝛾1′ = 7.37 kN/m3
𝐼𝐷 = 20%

𝐷𝑠𝑝 :
m

Clay

𝑧𝑝𝑒𝑎𝑘 :
m

𝑧𝑝𝑒𝑎𝑘
𝐻1

Measured
𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 :
kPa

Predicted
(method of Hu
et al., 2014a)
𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 :
kPa

𝛼𝑠 :°

10

-

𝑠𝑢𝑠,2 = 10.5 kPa

12

3.07

0.44

400

292

0.23

3

15

3.17

0.47

312

271

0.49

20

3.54

0.52

283

251

0.75

10

2.05

0.34

497

418

0

12

2.63

0.44

448

391

0

15

2.76

0.46

365

366

0

20

3.59

0.60

~375
(no peak)

343

0

Kaolin
𝛾2′

= 7.87 kN/m
𝜌2 = 1.65 kPa/m
Carbonate
𝑠𝑢𝑠,2 = 16.8 kPa
𝛾2′ = 6.87 kN/m3
𝜌2 = 2.6 kPa/m

-

Figure 3-37 Visualisation of the prediction accuracy presented in Table 3-14
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Table 3-15. Starting depth of backfill in sand

Sample

B1

B2

B5
B6

Starting depth of backfill: m
(detected by upper TPT)

Spudcan
diameter,
𝐷𝑠𝑝 : m

Observed

Estimated

12

7.4

7.1

15

7.4

8.9

20

10.8

11.9

12

7.2

7.1

15

7.6

8.9

20

10.8

11.9

12

6.1

6.0

15

6.4

7.6

12

6.4

7.1

15

7.8

8.9

Table 3-16. Measured plug thickness after spudcan extraction (in model scale)
Sample

B1 (carbonate)

B2 (carbonate)

34

30

Sand layer thickness, 𝐻1 : mm
Spudcan diameter, 𝐷𝑠𝑝 : mm

60

75

100

50

60

75

100

𝐻𝑝𝑙 : mm

26

28

28.5

19

21

23

28.5

𝐻𝑝𝑙 ⁄𝐻1: %

76.5

82.4

83.8

63.3

70.0

76.7

95.0

𝑧 𝑚𝑎𝑥 : mm

174.5

174.5

147.0

161.0

167.0

142.0

88.0

𝑧 𝑚𝑎𝑥 ⁄𝐷

2.91

2.33

1.47

3.22

2.78

1.89

0.88

[1] Penetration
𝑞𝑠𝑝,𝑚𝑎𝑥 = 𝑞𝑠𝑝 (𝑧𝑚𝑎𝑥 ): kPa

1245

1101

808

2112

2070

1432

722

392

372

266

777

725

307

182

31

34

33

37

35

21

25

[2] Extraction
𝑞𝑠𝑝 (𝑧𝑚𝑎𝑥 ): kPa
Ratio of [2] to [1]: %

The remaining sand plug thicknesses, 𝐻𝑝𝑙 , were measured from the dissected soil
samples after the completion of spudcan penetration and extraction. Relatively intact
plug shapes were found in all samples with thicknesses between 60% and 95% of the
initial sand layer thickness (Table 3-16) and a tendency towards decreasing 𝐻𝑝𝑙 with
increasing bearing pressure and penetration depth.
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Interesting evidence was found regarding the absence of excess pore pressure at the
spudcan base during penetration, even when the spudcan was fully embedded in clay
(Figures 3-30 and 3-35). The trapped sand plug below the spudcan and the infill sand
trail above the spudcan might have provided a dissipation path for the excess pressure.
The suppression of excess pore pressure generation should have a similar effect on the
spudcan extraction process, reducing the suction force that constitutes the major part of
extraction resistance (Hossain & Dong, 2014). Indeed, the ratio of extraction to
penetration resistance in sand over clay deposits was only approximately 20% to 40%
(Table 3-16). For comparison, the extraction resistance in single-layer kaolin clay
ranged from 73% to 87% of the penetration resistance and from 44% to 53% in the
carbonate clay (i.e., in absence of a sand plug beneath the advancing spudcan). The
latter ratio is lower than reported for clayey deposits by other researchers (50% to
110%; Purwana et al., 2005; Hossain & Dong, 2014; Hossain et al., 2015).

3.8

PENETRATION IN MULTILAYER SOILS

In the first series of multilayer tests, spudcan penetration in a three-layer soil of claysand-clay was examined. The key aim was to investigate the influence of the overlying
clay layer on (a) the behaviour of punch-through failure in the sand-over-clay deposit
(Section 3.7), and (b) the formation and evolution of the soil plug geometry.
In testing on four-layer sand-clay-sand-clay profiles, the objective was to explore the
growth and decay of the soil plug. It was unclear what will happen if the advancing
spudcan with the trapped soil plug beneath it confronts another stronger layer: will the
plug break down and diminish or accumulate?

3.8.1

Sample preparation

The sample preparation method for three- and four-layer samples was essentially similar
to the method for two-layer samples. To reduce the consolidation time in the centrifuge,
the bottom layer (3rd or 4th layer) of kaolin clay or carbonate clay was prepared on the
laboratory floor. Clay slurry was poured into the beam strongbox in one stage. Preconsolidation stresses, gradually increased up to 40 kPa (lower than the vertical stress in
testing conditions), was applied after the pouring. The amount of slurry required to
produce the bottom layer was estimated based on the targeted final thickness of that
layer after depositing other layers and consolidating fully in the centrifuge (Equation
3-16).
After the clay surface gained sufficient strength, a medium dense sand layer was added
by raining the sand using a travelling sand hopper (air pluviation). The density was
controlled by varying the drop height, sand flow rate, and travelling speed. The best
results were obtained with a low travelling speed and medium flow rate, thus
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minimising air turbulence that can cause an uneven surface on the deposited sand layer.
The sand layer was then saturated by letting fresh water seep through slowly and fill the
voids. The next clay layer was produced by adding slurry and consolidating in the
centrifuge. For three-layer samples, final consolidation was performed by spinning the
full package at 200 g.
Once the planned tests on a section of the three-layer sample had been conducted, the
sample was converted to a four-layer system by adding a top sand layer by means of
wet-pluviation. Low density was targeted for all top sand layers, as frequently
encountered in the field. The four-layer package was allowed to consolidate overnight
prior to commencing testing in the planned (undisturbed, as discussed later) section.

3.8.2

Testing layout

The positions of the penetration tests in the strongbox are given in Figure 3-38.
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Beam centrifuge strongbox

Number: testing sequence
-L1: with layer 1 removed

Beam centrifuge strongbox

Length in mm

Figure 3-38. Location of penetration tests in the beam centrifuge strongbox for
multilayer samples (B3~B6, Tables 3-1 and 3-8)
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3.8.3

Layer configurations

Table 3-17. Layer properties for three- and four-layer samples: alternating silica
sand and kaolin clay (B3 and B5)
Three–four layer
(B3 and B5)

1st layer (top)

2nd layer

3rd layer

4th layer

Thickness, 𝐻: m

6

13

6

30

0–6

6 – 19

19 – 25

25 – 55

Silica sand

Kaolin clay

Silica sand

Kaolin clay

OCR

1

1

1

1

Relative density, 𝐼𝐷 : %

25

-

60

-

-

48.2 – 43.5

-

40.6 – 39.3

Total unit weight, 𝛾: kN/m

19.9

17.25 – 17.66

20.5

17.95 – 18.08

𝛾 ′∗ : kN/m3

9.36

7.22

10.56

8.24

31

-

31

-

𝑠𝑢 ⁄𝜎𝑣′

-

0.24

-

0.24

𝜌: kPa/m

-

1.74

-

1.98

Depth, 𝑧: m
Soil type

Moisture content, 𝑤: %
3

Friction angle, 𝜙𝑐𝑣 : degrees

Table 3-18. Layer properties for the three- and four-layer samples: alternating
carbonate sand and carbonate clay (B4 and B6)
Three–Four Layer
(B4 and B6)

1st layer (top)

2nd layer

3rd layer

4th layer

6

11

6

31

0–6

6 – 17

17 – 23

23 – 54

Carbonate sand

Carbonate clay

Carbonate sand

Carbonate clay

OCR

1

1

1

1

Relative density, 𝐼𝐷 : %

20

-

50

-

Moisture content, 𝑤: %

-

53.2 – 52.5

-

49.0 – 46.7

Total unit weight, 𝛾: kN/m3

17.8†

17.1 – 17.2

18.3†

17.5 – 17.7

𝛾 ′∗ : kN/m3

7.37

6.92

8.29

7.75

Friction angle, 𝜙𝑐𝑣 : degrees

Thickness, 𝐻: m
Depth, 𝑧: m
Soil type

36.5

-

36.5

-

𝑠𝑢 ⁄𝜎𝑣′

-

0.38

-

0.38

𝜌: kPa/m

-

2.63

-

2.95

† Expected values according to the preparation method. The accuracy of the soil density determined from
the core sample was low due to the relatively thin layer, which was exacerbated by the uneven surface of
the prepared layers
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The layer properties for the three- and four-layer samples are summarised in Tables
3-17 and 3-18. The soil parameters were obtained from the penetrometer tests presented
later and laboratory tests performed on the recovered samples.

3.8.4

Three-layer soil of kaolin clay and silica sand (B3)

Kaolin clay

Silica sand
Kaolin clay

Figure 3-39. Piezocone (Dc = 2 m) penetration in three-layer soil (B3) of kaolin clay
and silica sand

The measured piezocone responses are presented in Figure 3-39. The soil layering and
the relatively low layer thickness relative to the penetrometer size strongly affected the
sleeve friction and pore pressure measurement. The effect from the resulting soil
deformation can be seen in the shifted sleeve friction and pore pressure profile. This
result complicates the CPT data interpretation that required the pairing of CPT
measurements, e.g., 𝑄𝑡𝑛 and 𝐹𝑟 , or 𝑄𝑡1 and 𝑈). The piezocone data were therefore used
only for characterisation of the shear strength of the clay layers. To avoid the layering
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effect, additional piezocone penetration tests for the underlying clay layers were
conducted with locally removed overlying layers, as described in Section 3.5.
The undrained shear strength profile was estimated based on the tip cone resistance
using a cone factor, 𝑁𝑘𝑡 , of 13.5. As the soils for the three- and the four-layer samples
were essentially the same, the corresponding shear strength profiles are presented
together in Figure 3-40. The strength gradient, 𝑠𝑢 ⁄𝜎𝑣′ , of the kaolin clay layers in both
samples was 0.24. This value is slightly higher than in the two-layer sample (B1; 𝑠𝑢 ⁄𝜎𝑣′
= 0.21).
The pressure sensors and axial load gauge measurements from the spudcan penetration
are given in Figure 3-41. As expected, the penetration resistance profile shows an
increasing trend as the spudcan approaches the surface of the interbedded sand layer.
The penetration resistance peaks after some embedment in the sand layer before
decreasing sharply until shallow embedment in the clay layer. This response is
comparable to the response in two-layer sand over clay but with a significantly higher
peak resistance.

Figure 3-40. Undrained shear strength of the kaolin clay in the three- and fourlayer soil samples (B3 and B5) based on piezocone penetration resistance
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Figure 3-41. Measured pressures on the top and bottom surfaces of the spudcan
(Dsp = 15 m) during penetration into a three-layer sample (B3) of kaolin clay and
silica sand

Figure 3-42. Soil profile after extraction of spudcan: (a) 50 mm and (b) 75 mm in
three-layer soil sample (B3) of kaolin clay–silica sand–kaolin clay
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The pore pressure measurement shows that the excess pore pressure generated during
penetration into the top clay layer was maintained even during penetration into the
interbedded sand. This result is different from the responses measured in samples B1
and B2, where the top layers were made of sand. This difference was presumably
caused by the clay coating on the spudcan base. Despite the lack of visual evidence
from this experiment, such a coating has been reported in other penetration tests in
multilayer soil (Hossain, 2014). The visual data from half-spudcan tests show that the
spudcan tends to trap some soil mass from every layer encountered.
The gradient of the (𝜎𝑣′ + ∆𝑢)𝑡 profile during penetration into the top clay layer is
comparable to the effective unit weight of the clay layer (𝛾1′ = 7.22 kN/m3). However,
the increase was interrupted during penetration in the interbedded (2nd) sand layer
before resuming with an average gradient of 6.2 kPa/m (~0.75𝛾3′) in the bottom (3rd)
clay layer.
Visual evidence of soil plug formation is provided in Figure 3-42, showing the soil
profiles after the completion of spudcan penetration and extraction. In the three-layer
sample (B3), spudcans with diameters of 10 and 15 m penetrated into the third clay
layer. Accordingly, soil plugs composed of the second (sand) layer were found in the
third (clay) layer at depths correlated to the maximum spudcan embedment. However,
no distinct visual evidence can be provided regarding the augmentation of the top clay
layer to the soil plug. The presumably thin clay plug must have been disintegrated
during the spudcan extraction and mixed with the back-flowing material.
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3.8.5

Four-layer soil of silica sand and kaolin clay (B5)

Silica sand
Kaolin clay

Silica sand
Kaolin clay

Figure 3-43. Piezocone (Dc = 2 m) penetration resistance data in four-layer soil
(B5): alternating silica sand and kaolin clay

The piezocone penetration responses for the four-layer sample are presented in Figure
3-43. A similar layering effect to the sleeve friction and pore pressure measurement in
the three-layer soil (B3) was also observed in the four-layer soil. The estimated strength
profile can be seen in Figure 3-40.
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Figure 3-44. Measured pressures on the top and bottom surfaces of spudcan (Dsp =
12 and 15 m) during penetration in four-layer sample (B5) of silica sand–kaolin
clay–silica sand–kaolin clay

The pressure sensors and axial load gauge measurements from the spudcan penetration
are displayed in Figure 3-44. Similar to other samples with a top sand layer, a
discrepancy between the total penetration resistance given by the axial load gauge and
by TPT measurement was observed, especially for the 12 m spudcan. The evaluation of
the spudcan penetration resistance will be based on the axial load gauge measurement.
Similar to the penetrations in the sand over clay samples (B1 and B2, Figures 3-30 and
3-35), no excess pore pressure was measured at the spudcan base. This result may be
attributed to sand plug formation below the spudcan.
The penetration response in the top sand layer was essentially comparable to the
response in a two-layer sand-over-clay profile. The effect of the sand plug from the top
layer can be observed in the early increase in the penetration resistance as the spudcan
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penetrates into the second clay layer but remains distant (~9 m) from the interbedded
sand layer. The plug effect becomes obvious when compared with the spudcan response
in the three-layer soil (Figure 3-45), where ‘squeezing’ (with increased penetration
resistance as soft material is squeezed out between spudcan and the stronger underlying
layer) occurred only when the spudcan was ~3 m above the surface of the sand layer.
The difference between the squeezing distances was approximately the same as the
thickness of the top sand layer, 𝐻1 , or of the corresponding plug 𝐻𝑝𝑙,1 . The plug also
affected the peak penetration resistances related to the interbedded sand layer. Instead of
attaining a peak after penetrating ~0.12𝐻3 into the interbedded sand layer, the peak was
mobilised at penetration slightly above the surface of the sand layer.

Mudline of B5

Mudline of B3

Figure 3-45. Spudcan and cone (qt - u0) penetration resistance of layered soil with
alternating silica sand and kaolin clay (B3 and B5)

The piezocone (Dc = 2 m) penetration resistances, 𝑞𝑡 -𝑢0 , are also plotted in Figure 3-45
along with the spudcan responses. The piezocone can be considered as a small spudcan
as it responded similarly to the layering, such as the resistance increase when
approaching a stronger layer (squeezing) and peak in the interbedded sand. The higher
cone peak resistance signifies the effect of the normalised layer thickness, 𝐻/𝐷. The
higher 𝐻/𝐷𝑐 allowed the cone to mobilise more of the sand layer strength.
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The visual evidence for soil plug formation is provided in Figure 3-46, showing the soil
profiles after the completion of spudcan penetration and extraction. In the four-layer
sample (B5), spudcans with diameters 10 m and 12 m penetrated into the fourth (clay)
layer. Accordingly, soil plugs consisting of the top (sand), second (clay) and third (sand)
layers were found embedded in the fourth (clay) layer at depths correlated to maximum
spudcan penetration. Due to the limited capacity of the load actuator, the 15 m spudcan
could penetrate to only slightly above the surface of the third (sand) layer. Accordingly,
a soil plug composed of the top (sand) layer was found in the second clay layer.

SP 50
Figure 3-46. Soil profile after extraction of spudcan with diameters (a) 10 m,
(b) 12 m and (c) 15 m in four-layer soil sample (B5) of silica sand and kaolin clay
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3.8.6

Three-layer soil of carbonate clay and carbonate sand (B4)

The piezocone responses are presented in Figures 3-47 and are essentially comparable
to the responses in sample B3 (Figure 3-39).
The undrained shear strength profile was estimated from the tip cone resistance using a
cone factor, 𝑁𝑘𝑡 , of 13.5. As the soils for the three- and four-layer (B6) samples were
essentially the same, the corresponding shear strength profiles are presented together in
Figure 3-48. The strength gradient, 𝑠𝑢 ⁄𝜎𝑣′ , of the carbonate clay layers in both samples
was 0.38. This value agrees well with the laboratory shear test results (see Appendix B).

Figure 3-47. Piezocone (Dc = 2 m) penetration resistance data in three-layer soil
(B4) of alternating carbonate clay and carbonate sand
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Figure 3-48. Undrained shear strength of carbonate clay in the three- and fourlayer soil samples (B4 and B6) based on piezocone resistance

Figure 3-49. Measured pressures on the top and bottom surfaces of spudcan
(Dsp = 15 m) during penetration into three-layer soil profile (B4) of alternating
carbonate clay and carbonate sand

The pressure sensors and axial load gauge measurements from the spudcan penetration
are presented in Figure 3-49, essentially comparable to the responses in sample B3
3-68

Spudcan penetration in stratified soils

(Figure 3-41). The total pressure at the spudcan bottom between the penetration depths
of 11 to 14 m was higher than the capacity of the pressure sensor, causing a
discontinuity in the data logging and related plots in Figure 3-49.
The gradient of the pressure at the top spudcan surface, (𝜎𝑣′ + ∆𝑢)𝑡 , during penetration
in the top clay layer is comparable to the effective unit weight of the clay layer
(𝛾1′ = 6.92 kN/m3). However, the increase was interrupted during penetration in the
interbedded (2nd) sand layer before resuming with an average gradient of 3.1 kPa/m
(~0.4𝛾3′) in the bottom (3rd) clay layer.
Visual evidence for soil plug is provided in Figure 3-50, showing the soil profiles after
the completion of spudcan penetration and extraction. The data are essentially
comparable to the results in sample B3 (Figure 3-42).

Figure 3-50. Soil profile after extraction of spudcan: (a) 50 mm and (b) 75 mm in
three-layer samples (B4) of carbonate clay and carbonate sand

3.8.7

Four-layer soil of carbonate sand and carbonate clay (B6)

The piezocone responses are presented in Figure 3-51 and are essentially comparable to
the responses in sample B5 (Figure 3-43). The estimated strength profile can be seen in
Figure 3-48.
The pressure sensors and axial load gauge measurements from the spudcan penetration
are presented in Figure 3-52, essentially comparable to the responses in sample B5
(Figure 3-44).
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The visual evidence for soil plug formation is provided in Figure 3-53, showing the soil
profiles after the completion of spudcan penetration and extraction. The observed trend
is similar to the results in sample B5 (Figure 3-46).

Carbonate sand

Carbonate clay

Carbonate sand

Carbonate clay

Figure 3-51. Piezocone penetration resistance data in four-layer soil (B6) of
alternating carbonate sand and carbonate clay
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Carbonate sand
Carbonate clay

Carbonate sand
Carbonate clay

Carbonate sand
Carbonate clay

Carbonate sand
Carbonate clay

Figure 3-52. Measured pressures on the top and bottom surfaces of spudcan (Dsp =
12 and 15 m) during penetration in four-layer soil (B6) of alternating carbonate
sand and carbonate clay
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SP 50
SP 60
Figure 3-53. Soil profile after extraction of spudcan: (a) 50 mm, (b) 60 mm, and
(c) 75 mm in four-layer soil (B6) of alternating carbonate sand and carbonate clay

Mudline of B6

Mudline of B4

Figure 3-54. Spudcan and piezocone (qt – u0) penetration resistance in layered soil
with alternating carbonate sand and carbonate clay (B4 and B6)
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The penetration resistances from the piezocone and spudcans are plotted together in
Figure 3-54 for comparison. The layering effects, such as squeezing and soil plugging,
are comparable to the results in a layered soil of silica sand and kaolin clay (B3 and B5,
Figure 3-45). The observed similarities of the spudcan penetration response in the
layered silica and carbonate soils suggest that both can be analysed using the same
framework.

3.8.8

Half-spudcan penetration test (B5H)

An additional half-spudcan penetration test in a special strongbox with a transparent
window was also conducted in the drum centrifuge at 200 g. The penetration test was
conducted in a siliceous sand-clay-sand-clay profile (B5H) using a 50 mm spudcan. The
soil profile was comparable to sample B5. Despite the less than ideal results, the visual
data confirmed the formation and displacement of a soil plug (Figure 3-55).
Teh et al. (2008) reported the penetration mechanism in a two-layer sand-over-clay
profile based on PIV analysis of images from half-spudcan tests. A trumpet-like plug
shape was observed when the spudcan penetrated into the sand layer and achieved peak
resistance. For analysis purpose, this feature was later simplified as a truncated cone
with a side angle (to the vertical plane) proportional to the dilation angle of sand (Lee et
al., 2013b). In the subsequent penetration, the plug side angle decreased and eventually
attained a cylindrical shape.
Note that the change in the ‘plug shape’ is not simply due to the deformation of the soil
mass in the plug. The emerging plug shape is rather related to a sharp discontinuity of
particle velocity caused by localised shear failure. In PIV analysis, the plug can be
visualised as the area that moves at the same velocity as the footing and is enveloped by
the contour of highest shear strain gradient. The reduction of the side angle at the initial
stage is due to progressive evolution of the shear failure mechanism associated with
changing dilation angles.
As the penetration resistance increased at deeper embedment, the isolated sand plug
experienced squeezing. This squeezing was followed by some lateral extension and
backflow to the spudcan top, which led to reduction of the plug thickness, 𝐻𝑝𝑙 , and the
plug peripheral resistance. This result was especially obvious when the plug approached
the interbedded sand layer. At this point, the squeezing of the sandwiched (2nd) clay
layer was also observed. Interestingly, the soft clay was not completely squeezed out.
Instead, a significant portion of the clay remained trapped between the sand layers and
augmented the plug. It even persisted until the final embedment in the bottom clay
layer.
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Silica sand
Spudcan
Kaolin clay

Silica sand

Kaolin clay

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 3-55. Soil plugging during penetration in siliceous sand-clay-sand-clay
configuration

In contrast, the plug from the interbedded (3rd) sand layer shrank rapidly in thickness.
This observation was different from the data suggested by the post-testing investigation
of the full-spudcan test (B5, Figure 3-46). The remaining sand plug of the interbedded
(3rd) sand layer, 𝐻𝑝𝑙,3 , was found relatively intact. The strong decrease in 𝐻𝑝𝑙,3 in the
half-spudcan test might be caused by the lower density due to disturbance near the
transparent window during the sand raining. However, data from both the full- and halfspudcan tests agree on the plugging from the interbedded soft clay layer.
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This result suggests that the augmentation of a layer to the soil plug is not solely
controlled by the initial layer strength. The influence of the adjacent soil may also
contribute to the integrity of a plug. A similar observation was made by Hossain (2014)
regarding a half-spudcan penetration test in layered soil. The results confirmed that even
a softer layer would augment the soil plug, despite the lower resulting plug thickness.
In Figure 3-55, the plug was also observed to have a rather flat base throughout
penetration and did not necessarily follow the conical shape of the spudcan. A similar
mechanism was also observed in the half-spudcan test results reported by Teh et al.
(2008). This factor should be considered in the design analysis when calculating the
bearing resistance mobilised at the plug base.

3.8.9

Data analysis

Plug thickness
The plug thickness has been regarded as a critical factor in the prediction of spudcan
penetration resistance (Lee, 2009). The visual data gathered from the dissected soil
sample suggests a relatively intact plug of the interbedded sand layer (Figures 3-42,
3-46, 3-50 and 3-53). The measured plug thicknesses are summarised in Tables 3-19
and 3-20. Despite a relatively similar maximum 𝑞𝑠𝑝 , the thickness of the carbonate sand
plug that was embedded in carbonate clay decayed less than the thickness of the silica
sand plug that was embedded in softer kaolin clay.

Table 3-19. Remaining plug thickness in samples B3 and B4 (in model scale)
Configuration
Layer thickness: 𝐻1 (clay)
mm
𝐻2 (sand)
Spudcan diameter, 𝐷𝑠𝑝 : mm

B3
(silica)

B4
(carbonate)

65

55

30

30

50

75

50

75

Plug thickness:
mm

𝐻𝑝𝑙,1

-

-

-

-

𝐻𝑝𝑙,2

13.5

14

28

30

Normalised
plug thickness

𝐻𝑝𝑙,1 ⁄𝐻1

-

-

-

-

𝐻𝑝𝑙,2 ⁄𝐻2

0.45

0.47

0.93

1.00

143

131

141

142

1316

1075

1273

1024

982

858

1168

994

𝑧𝑚𝑎𝑥 : mm
𝑞𝑠𝑝,𝑚𝑎𝑥 : kPa
𝑞𝑠𝑝 (𝑧𝑚𝑎𝑥 ): kPa
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Table 3-20. Remaining plug thickness in samples B5 and B6 (in model scale)
Configuration
𝐻1 (sand)

Layer thickness:
𝐻2 (clay)
mm
𝐻3 (sand)
Spudcan diameter, 𝐷𝑠𝑝 : mm

B5 (silica)

B6 (carbonate)

30

30

65

55

30

30

50

60

75

50

60

75

𝐻𝑝𝑙,1

8.5

11.5

20

~6

~8.5

19

𝐻𝑝𝑙,2

7.5

7.2

-

6.4

5.3

-

𝐻𝑝𝑙,3

18

16.5

-

19

22.5

-

𝐻𝑝𝑙,1 ⁄𝐻1

0.28

0.38

0.67

0.20

0.28

0.63

𝐻𝑝𝑙,2 ⁄𝐻2

0.12

0.11

-

0.12

0.10

-

𝐻𝑝𝑙,3 ⁄𝐻3

0.60

0.55

-

0.63

0.75

-

191

177

†

80

158

161

𝑞𝑠𝑝,𝑚𝑎𝑥 : kPa

2104

2001

1478

2163

2106

1478

𝑞𝑠𝑝 (𝑧𝑚𝑎𝑥 ): kPa

1727

1963

1478

1676

1751

1478

Plug thickness:
mm

Normalised
plug thickness
𝑧𝑚𝑎𝑥 : mm

†

69.5

† The 75 mm spudcan penetrated to only slightly above the surface of the 3 rd layer

These data challenge the intuitive belief that the integrity of a plug is mainly controlled
by the initial strength of the plug material and imply the need to account for the
influence from the adjacent soil. Other factors, such as lateral pressure and travel
distance, should be considered in the assessment of the soil plug. Low lateral pressure
encourages the soil plug to deform laterally under increasing bearing pressure. The
implication is a higher decay rate as the outer peripheral particles are removed through
shearing.

Peak resistance
In the three-layer clay-sand-clay configuration, the penetration response in the top clay
layer was similar to the response in single-layer clay until the spudcan shoulder
approached the sand layer. Then, the resistance increased due to the squeezing of the
sandwiched clay layer before increasing even more as the spudcan penetrated into the
sand layer. The penetration profile in the interbedded sand was comparable to the
profile in the two-layer configuration (sand over clay) but with a higher peak resistance
due to the contribution from the overlying clay layer. The resistance peaked at a
comparable spudcan shoulder embedment in the interbedded sand layer.
In the existing design approaches (ISO punching shear, projected area and the recent
method by Lee et al. (2013b)), it is suggested that the effect of the top clay layer can be
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captured by considering an equivalent surcharge, that is, by substituting the top clay
layer with an equivalent surcharge load, 𝑞0 . This load will increase the peak penetration
resistance through the bearing capacity of the underlying clay by as much as 𝑁𝑞 ∙ 𝑞0 (𝑁𝑞
= 1). Lee et al. also consider the increase in the plug peripheral resistance as a result of
increasing pressure within the plug.
In the four-layer sand-clay-sand-clay configuration, the penetration response in the top
sand layer was similar to the response in two-layer sand-over-clay. The subsequent
penetration profile in the underlying layers was a shifted version of the profile in the
clay-sand-clay configuration due to the presence of a plug from the top sand layers. The
peak resistance occurred earlier, with a higher magnitude and steeper post-peak decay
(Figures 3-45 and 3-54). The transition from the squeezing mechanism of the 2nd (clay)
layer to the punch-through mechanism in the 3rd (sand) layer occurred smoothly, with
the resistance gradually increasing to its peak value. Secondary (lower) peaks were
observed for spudcan penetration in siliceous soil (B3 and B5) but not in calcareous soil
(B4 and B6).
Summaries of the measured spudcan peak resistances, 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 , in the multilayer
configuration are given in Tables 3-21 to 3-23. The peak resistances in the top loose
carbonate sand layer tended to occur at deeper penetration depths, 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 ~ 0.390.52, than that in the loose silica sand, 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 ~ 0.2-0.25. Note, that the peak
resistance of the 15 m spudcan in sample B5 (𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 = 254 kPa at 𝑧 = 3.3 m) is
actually not suitable to represent the start of punch through profile. A relatively vertical
penetration profile already started at 𝑧 ~ 1.5 m with 𝑞𝑠𝑝 ~ 248 kPa. The normalised peak
depths in loose silica sand are also higher than the reported average value in dense to
very dense silica sand (𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1~ 0.12). The trend in the loose silica sand and the loose
carbonate sand implies a higher 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 with increasing compressibility of sand.
A comparison was made with the predicted resistance based on the method proposed by
Lee et al. and refined by Hu et al. (2014a) (backfill was not considered). The calculated
plug projection angles, 𝛼𝑠 , are also given. The predictions were made using the soil
parameters in Table 3-2, except for the parameter 𝑚𝜓 for the silica sand. The value
recommended by Lee et al. (2013b), 𝑚𝜓 = 2.65, was used. For the prediction of
penetration in the interbedded sand, the overlying soil was replaced by an equivalent
surcharge load. A reasonable prediction is given for the peak penetration in the top sand
layers of samples B5 and B6 and in the interbedded sand of samples B3 and B4.
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Table 3-21. Peak resistances in the top sand layer in four-layer samples
(B5 and B6, cf. Table 3-14)

Sand
(top layer)

Silica
𝐻1 = 6 m
3
𝛾1′ = 9.36 kN/m
𝐼𝐷 = 25%

B5

Carbonate
𝐻1 = 6 m
3
𝛾1′ = 7.37 kN/m
𝐼𝐷 = 20%

B6

𝐷𝑠𝑝 :

Clay
(2nd layer)

m

𝑠𝑢𝑠,2 = 13.5 kPa
3

𝛾2′ = 7.22 kN/m

𝜌2 = 1.74 kPa/m
𝑠𝑢𝑠,2 = 16.8 kPa
3

𝛾2′ = 6.92 kN/m

𝜌2 = 2.63 kPa/m

Predicted
(method of Hu et
al., 2014a)

Measured

𝑧𝑝𝑒𝑎𝑘 :
m

𝑧𝑝𝑒𝑎𝑘
𝐻1

10

1.2

12

kPa

kPa

𝛼𝑠 :
°

0.20

296.8

307.1

0.23

1.4

0.23

309.2

288.8

0.28

15

3.3
(1.5)

0.55
(0.25)

253.7
(248)

271.0

0.33

10

2.31

0.39

403.1

418.2

0

12

2.53

0.42

427.9

391.7

0

15

3.13

0.52

356.0

366.5

0

𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 : 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 :

Table 3-22. Peak resistances in the second (sand) layer in three-layer samples
(B3 and B4)

Sand

𝐷𝑠𝑝 :

Clay

m

Clay-1
𝐻1 = 13 m

𝑠𝑢𝑠,1 = 0 kPa

Silica
Sand-2
B3

𝛾1′

𝑧𝑝𝑒𝑎𝑘 : 𝑧𝑝𝑒𝑎𝑘 − 𝐻1 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 : 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 : 𝛼𝑠 :
°
m
kPa
kPa
𝐻2

10

15.6

0.43

1316

1026

2.78

15

15.7

0.45

1075

877

3.09

10

13.0

0.33

1273

1236

0

15

14.1

0.52

1024

1057

0

3

= 7.22 kN/m

𝐻2 = 6 m

𝜌1 = 1.74 kPa/m

𝛾2′ = 10.57 kN/m3

Clay-3

𝐼𝐷 = 60%

Predicted
(method of Hu
et al., 2014a)

Measured

𝑠𝑢𝑠,3 = 37.8 kPa
𝛾3′ = 8.25 kN/m3
𝜌3 = 1.98 kPa/m
Clay-1
𝐻1 = 11 m

B4

𝑠𝑢𝑠,1 = 0 kPa

Carbonate
Sand-2
𝐻2 = 6 m
𝛾2′

3

𝛾1′ = 6.92 kN/m

𝜌1 = 2.63 kPa/m
3

= 8.29 kN/m

𝐼𝐷 = 50%

Clay-3

𝑠𝑢𝑠,3 = 47.8 kPa
𝛾3′

3

= 7.75 kN/m
𝜌3 = 2.95 kPa/m
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Table 3-23. Peak resistances in the third (sand) layer in four-layer samples
(B5 and B6)
Measured
Sand

Sand-1
𝐻1 = 6 m
𝛾1′ = 9.36 kN/m3
B5

𝐼𝐷 = 25%

𝐻2 = 13 m

𝜌2 = 1.74 kPa/m

𝛾4′ = 8.25 kN/m3

Sand-3
𝐻3 = 6 m
𝛾3′ = 8.29 kN/m3
𝐼𝐷 = 50%

𝑧𝑝𝑒𝑎𝑘 : 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 :
m

kPa

10

18.5

12

𝑠𝑢𝑠,4 = 51.2 kPa

Cone

Flat

2104

1391
1409

1154
1172

2.18

2.55

18.1

2001

1294
1299

1036
1042

2.32

2.76

15

-

-

1193
1186

927
920

2.48

2.99

10

15.7

2163

1681
1728

1334
1380

0

0

12

16.2

2106

1558
1589

1187
1218

0

0

15

-

-

1433
1449

1055
1071

0

0

𝑠𝑢𝑠,2 = 16.8 kPa
𝛾2′ = 6.92 kN/m3
𝜌2 = 2.63 kPa/m

𝛼𝑠 : °

(a), (b)

Flat

𝜌4 = 1.98 kPa/m
Clay-2
𝐻2 = 11 m

𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 : kPa
Cone

𝛾2′ = 7.22 kN/m3

𝛾3′ = 10.57 kN/m3
𝐼𝐷 = 60%

𝐼𝐷 = 20%

m

𝑠𝑢𝑠,2 = 13.5 kPa

Clay-4

𝛾1′ = 7.37 kN/m3

𝐷𝑠𝑝 :

Clay-2

Sand-3:
𝐻3 = 6 m

Sand-1
𝐻1 = 6 m

B6

Clay

Predicted (method of
Hu et al., 2014a)

Clay-4

𝑠𝑢𝑠,4 = 64.6 kPa
𝛾4′ = 7.75 kN/m3
𝜌4 = 2.95 kPa/m

𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 is calculated assuming the plug height, 𝐻𝑝𝑙,1 , equals to: (a) zero and (b) 𝐻1

The prediction of the penetration resistance in the interbedded sand in the four-layer
configuration (B5 and B6) is complicated by the uncertainty of the plug thickness.
Moreover, two possible configurations might have led to the peak resistance. The first is
similar to the two-layer (sand over clay) profile, where the peak is the result of the
maximum plug projection angle (Lee et al., 2013b), thus providing the largest bearing
area on the 4th (clay) layer surface. In this configuration, the sand plug formed by the 1st
layer (plug-1) is embedded in the 2nd (clay) layer. The second configuration is the
condition when the spudcan shoulder is at the 3rd (sand) layer surface, with the plug side
surface in contact with the 3rd (sand) and the 4th (clay) layers while mobilising the
bearing resistance of the 4th (clay) layer at a deeper position. The plug in this second
configuration can be assumed to have attained a cylindrical shape.
The estimations given in Table 3-23 were calculated for the first configuration. The 3rd
(sand) and 4th (clay) layers were treated as a two layer system exerting a surcharge load
′
𝑞0 = 𝜎𝑣0
on the 3rd (sand) layer surface. The 𝑞𝑠𝑝,𝑝𝑒𝑎𝑘 was then calculated by adding the
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contribution from the (cylindrical) plug-1, i.e., the peripheral resistance minus the plug
weight. When using the method of Hu et al., the actual shape of the composite
foundation (or plug) base should be considered due to the significantly different
resistance between a flat and a conical base. As discussed in Section 3.8.8, the plug
actually attained a relatively flat base. Table 3-23 gives the estimation for both conical
and flat footing. In these experiments, the magnitude of the peripheral resistance and
weight from plug-1 were quite similar, thus negating each other. Therefore, the effect of
plug height in these particular cases was minimal.

Four-layer profile

Two & three-layer profile

(b)

(a)

Figure 3-56. Visualisation of the accuracy of the predictions presented in (a) Tables
3-14, 3-21 and 3-22 and (b) Table 3-23

The prediction accuracy is visualised in Figure 3-56, including the prediction for the
two-layer samples B1 and B2 (Table 3-14). Reasonable accuracy within an error margin
of ±20% is achieved for the two- and three-layer samples. However, the penetration
resistance in the interbedded (sand) layer in the four-layer profile (B5 and B6) was
under-predicted in all cases. This fact suggests the possibility that the peak resistance in
the interbedded sand with a pre-existing sand plug was mobilised by a different
configuration, as mentioned previously. This possibility is discussed later in Chapter 5
using the unified analysis method proposed in Chapter 4.
The accuracy of the predictions confirms the applicability of Lee et al.’s framework for
the estimation of penetration resistance in interbedded sand. The framework is adopted
in the new unified analysis model discussed in the next chapter. Special consideration is
given to cases with a soil plug composed of two sand layers.
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3.9

SUMMARY AND CONCLUDING REMARKS

Simulation of spudcan and piezocone penetration with scaled miniature models was
conducted under enhanced acceleration to simulate the in-situ stress levels at prototype
scale. The key findings from the experiments are as follows:
















The lower penetration resistance in single-layer carbonate sand than in silica sand
reflects the higher compressibility of the carbonate sand. However, the
compressibility effect is less obvious when the sand is underlain by a weak layer,
such as soft clay, due to the low stress level.
The backbone curve for the effects of partial consolidation for the NWS carbonate
clay is comparable to the data for carbonate silt reported by Finnie & Randolph
(1994). The transition between the undrained and partially drained zone occurs at a
slightly higher 𝑣𝐷/𝑐𝑣 (~20) than the data reported by Cassidy (2012) (~5).
The observed strain rate parameter for the carbonate clay is 𝜇 = 0.3, according to
the inverse hyperbolic sine function (Chung et al., 2006), or 𝜇 = 0.17 according to
the semi-logarithmic function (Yafrate & DeJong, 2007).
The soil cavity formed during spudcan penetration in sand can be estimated
reasonably using the method proposed by Hossain (2014), where the surface of the
sand infill inclines at the angle of repose, 𝜙𝑐𝑣 , of the sand, with the crest of the
slope starting at approximately 0.3 to 0.4𝐷𝑠𝑝 radially away from the spudcan edge.
In sand over clay, the effect of the relative penetrometer size on the layer thickness
appeared through higher peak penetration resistance in sand for smaller
penetrometers. This difference is especially noticeable between the cone (𝐻1 ⁄𝐷𝑐 =
3) and the spudcans (𝐻1 ⁄𝐷𝑠𝑝 ≤ 0.6). The large 𝐻1 ⁄𝐷𝑐 allows the entire failure
mechanism to be confined within the sand layer, similar to the case in single-layer
sand. This stage is followed by a sharp decrease in the penetration resistance in the
subsequent penetration as the failure zone extends into the underlying weaker clay
layer. A narrower variation of peak resistance is found between the spudcans
(𝐻1 ⁄𝐷𝑠𝑝 = 0.6 – 0.3) as the failure zones for all spudcans extend into the clay layer.
Based on the visual observation of dissected soil samples, the cross-section of a
sand plug is approximately equal to the largest cross section of the spudcan. A soil
plug tends to have a relatively flat base and does not necessarily follow the shape of
the footing.
Based on the remaining sand plug thickness observed in the two-, three- and fourlayer soils, the integrity of a plug may be influenced by the strength of the plug
material, strength of adjacent soil, penetration resistance, travel distance, and
geometrical factors. The normalised sand plug thicknesses, 𝐻𝑝𝑙 ⁄𝐻 , observed in this
experiment vary widely between 0.20 to 1.0, while the values for a clay layer
sandwiched between two sand plugs range narrowly from 0.10 to 0.12.
The peak spudcan resistance in top loose carbonate sand over clay layer occurred at
a deeper embedment, 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 ~ 0.39-0.52, than for loose silica sand, 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 ~
0.2-0.25. This depth is also larger than the average peak penetration depth reported
for dense to very dense silica sand, 𝑧𝑝𝑒𝑎𝑘 ⁄𝐻1 ~ 0.12.
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A soil plug effectively acts as an extension of the actual footing, shifting the
effective bearing base to a deeper layer. This phenomenon results in early detection
of the underlying layer, reflected in the early increase or decrease of the penetration
resistance.
The presence of a sand plug immediately below a spudcan tends to inhibit the
generation of excess pore pressure at the spudcan base. The sand plug (and
presumably sand trails formed during penetration) appears to provide a dissipation
path for the pore fluid.
Peak penetration resistance in the interbedded sand in a three-layer (clay-sand-clay)
configuration can be reasonably predicted using the method of Lee et al. and Hu et
al. by replacing the overlying soil with an equivalent surcharge load.
The peak resistance in the interbedded sand layer in the four-layer soils (sand-claysand-clay) is underestimated when calculated by assuming (a) the position of plug1 (from top sand layer) on the surface of the 3rd layer (sand) and (b) a maximum
side angle of plug-3 (of the interbedded sand layer). The peak resistance may
actually occur at deeper embedment when plug-1 is embedded in the interbedded
sand layer and plug-3 is embedded in the bottom clay layer.

The experimental results show that penetration in layered soil involves a complex
mechanism and interaction between the layers. Depending on the layer configuration,
the spudcan penetration responses can be a simple mechanism similar to that occurring
in a single-layer soil. In other cases, they can be a combination of several mechanisms
at once, such as soil plugging and squeezing. Despite the complex mechanism,
reasonable prediction can be made by combining the solutions for every adherent
mechanism.
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CHAPTER 4. UNIFIED ANALYSIS METHOD FOR
SPUDCAN PENETRATION IN MULTILAYER SOIL

4.1

INTRODUCTION

The strength profile obtained from a field penetrometer test is generally irregular, which
reflects the corresponding soil layering. In stratified sediments, precise analysis of the
spudcan penetration profile is complicated by two key aspects (Hossain, 2014):
(i)
(ii)

the spudcan penetration resistance in the sediments consisting of relatively
thin layers is influenced by 3~4 successive layers, and
the geometry of the plug (trapped at the base of the advancing spudcan) and
subsequent evolution of the plug due to accumulation or diminishment of the
height of each trapped layer in the plug as the spudcan penetrates through
successive layers with various strengths.

This chapter discusses the development of a unified analysis concept that is applicable
for calculating a spudcan penetration profile in any seabed layering system regardless of
number of layers, layer thickness, soil type, and soil parameters.

4.2

ANALYSIS CONCEPT

Reported experimental observations (Figure 4-1) show that a general form of failure
mechanism accompanied by a penetrating spudcan consists of a soil plug that
experiences frictional resistance at its side and end bearing resistance on its base. In the
absence of a plug, the end bearing acts directly beneath the spudcan. As illustrated by
the simplified failure mechanism in Figure 4-2, the side resistance can be approximated
as the undrained shear strength in clayey soils (Craig & Chua, 1990) and the frictional
resistance in sandy soils (Lee et al., 2013b, Hu et al., 2014a). The end bearing resistance
can be approximated using the general shear failure bearing capacity (Craig & Chua,
1990).
However, the solution is not straightforward in layered soils, especially stratigraphies
with irregular strength profile. The first problem is that the available analytical solutions
for bearing capacity are not applicable due to the irregular strength profile. This can be
solved using a strength averaging approach. The second problem is that the size of the
plug is unknown. The next things to consider include the side angle of a plug and the
evolution of the plug geometry.
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(a)

(b)

Figure 4-1. Failure mechanism of a penetrating spudcan in: (a) sand over clay (Teh
et al., 2008) and (b) layered clay with interbedded sand (Hossain, 2014)

𝑧

Spudcan

𝜎𝑛′
Plug

𝑠𝑢 + 𝜎𝑛′ tan 𝜙 ′
1

′
𝑞 = 𝜎𝑣0

𝑞𝑣 = 𝑁𝑐 𝑠𝑢 + 𝑁𝑞 𝑞 + 2𝑁𝛾 𝐷𝛾

Figure 4-2. Simplified failure mechanism of a penetrating spudcan
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The basis of the proposed analysis method to calculate the load-penetration profile of a
spudcan penetrating layered soils is the so-called ‘top-down’ approach. The calculation
procedure starts with the spudcan at the soil surface and then the spudcan is penetrated
incrementally with the bearing load calculated at each penetration depth. The
incremental calculations are then joined to form the load-penetration curve. Problems to
resolve in this approach include: (i) what is the mechanism of failure at each increment?
and (ii) what happens to the plug of soil trapped beneath the spudcan during each
penetration?
To address these, two major assumptions are made in the proposed method. Firstly, a
generalised failure mechanism that includes the bearing capacity of a composite
spudcan and soil plug is assumed (the plug geometry is discussed in Section 4.5).
Secondly, the seabed is divided into a zone of soil directly underneath the spudcan
(internal zone) and zones on either side of this (external zone). The seabed is also
discretised horizontally. After each calculation increment the method assumes that some
discretised layers from the internal zone are ‘removed’ allowing the spudcan to
penetrate for the next increment. The external zones remain unaffected.
An overview of the analysis procedure is shown in Figure 4-3. In this example case, the
seabed has four layers (sand-clay-sand-clay). The spudcan starts at the surface (𝑧 = 𝑧0 )
and then three steps (A to C) are followed:
Step A: Identify the base of the soil plug. In this step, the soil plug base is
hypothetically lowered and the bearing resistance of the combined spudcan and plug is
calculated for each plug base location. For efficiency, a simplified failure mechanism
with a cylindrical plug geometry (i.e., with vertical shear planes) is used for calculation
of the preliminary penetration resistance. Two examples of plug base locations are
shown in Figure 4-3a (for plug heights ℎ𝑅1 and ℎ𝑅2 respectively). The ultimate location
of the plug base (referred to as the bearing base) is then assumed the position causing
the lowest penetration resistance of the composite spudcan and plug. This is used in the
following steps.
Step B: Calculate the penetration resistance. With the plug base location now known,
the resistance for this spudcan base penetration depth is calculated using a more
accurate failure mechanism, i.e., by considering the plug side angle and the influence of
footing load on the mobilised plug peripheral resistance. These values of load and
spudcan base penetration become one point on the load-displacement curve being
evaluated.
Step C: Remove discrete soil layers under the spudcan to allow increment of
penetration depth (z). Layers of soil with total thickness equivalent to the required
penetration z are removed from the internal zone below the spudcan. Based on a
removal criterion that represents the layer strengths, the weakest layers are trimmed or
removed. In preparation for the next penetration step, the spudcan and the remaining
layers in the internal zone between the spudcan base and the bottommost removed
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discrete layer are moved down accordingly. The layers below the bottommost removed
discrete layer remain where they are and the soil on either side of the spudcan (external
zone) remains intact throughout. The vertical displacement of each discrete layer is later
used for estimation of the total shear strain to consider for softening, especially
regarding the soil strength at the plug interface.
Steps A to C are repeated for every penetration depth until the complete loadpenetration profile is calculated.
Three points to be noted are as follows:
(a) Accurate failure mechanism in step B (Figures 4-3a and 4-3c): An accurate
analysis model should be used by considering, for example, the widening (or
side angle) of the soil plug and the dependency of the shear resistance along the
plug interface on the actual stress level. This consideration is particularly critical
for penetration in sand. When the soil plug cross-section is widened, the
calculated penetration resistance should be compared with the failure body
configuration without a plug (this value can be taken from analysis step A).
Widening of the soil plug may shift the ultimate bearing base (lowest resistance)
back to the footing base. Note, in Figures 4-3a and 4-3c, a cylindrical plug with
zero side (dilation) angle is assumed as no displacement occurs for the
corresponding sand layer (1st layer in Figure 4-3a and 3rd layer in Figure 4-3c).
(b) Removing layers in step C: Removing of only one layer from a single depth is
illustrated in Figure 4-3 for simplified presentation. However, the total thickness
equivalent to the required penetration z may be formed by more than one (or
even fraction of) layers and from several depths as described later in Section
4.8. In most cases, the surface of the weakest soil is identified as the ultimate
bearing base and then removed in analysis step C. However, in certain cases
when the weakest soil is relatively thin, the surface of another thicker soft soil
may produce a lower penetration resistance, for example in penetration step 3
(Figure 4-3c). In that particular case, the ultimate bearing base is identified at
the surface of CLAY 4 (instead of at the surface of CLAY 2) in analysis step A.
However, the interbedded thin CLAY 2 is removed in analysis step C.
In general, this approach contrasts the concept of the ‘wished-in-place footing’
design approach suggested in ISO (2012), where the soil layer immediately
beneath the advancing spudcan base is removed.
(c) This method is a top-down method. Thus, when the (potentially ‘squeezing’, as
discussed later) bearing resistance of CLAY 2 on SAND 3 is calculated, the
influence of the underlying soft CLAY 4 layer may be neglected. This may
result in an overestimation of the bearing resistance on the surface of CLAY 2.
However, this potential inaccuracy is compensated for when a comparison (in
STEP A) is made with the penetration resistance (𝑅𝐶𝐿4 ) for the bearing base
position at the surface of CLAY 4. A lower 𝑅𝐶𝐿4 indicates that the strength of
SAND 3 is actually decreased by the underlying soft CLAY 4. This approach
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indirectly takes the influences of all underlying layers into account, hence it has
the ability to accommodate any strength profile.
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Figure 4-3a. Overview of the proposed spudcan analysis procedure (1 of 4)
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Figure 4-3b. Overview of the proposed spudcan analysis procedure (2 of 4)
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Figure 4-3c. Overview of the proposed spudcan analysis procedure (3 of 4)
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Figure 4-3d. Overview of the proposed spudcan analysis procedure (4 of 4)
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4.3

ANALYSIS MODEL

The adopted analysis model is illustrated in Figure 4-4. A soil domain with a thickness
of H is divided into N number of thin discrete layers of uniform thickness ∆ℎ. The net
penetration resistance, 𝑅, for any penetration is calculated according to
𝑅 = 𝑅𝑏𝑎𝑠𝑒 + 𝑅𝑏𝑦 − 𝑊𝑏𝑓

(4-1a)

𝑅𝑏𝑎𝑠𝑒 = 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 + 𝑅𝑝 − 𝑊𝑝𝑙

(4-1b)

with the various components expressed as (see Figure 4-4)
(a) 𝑅𝑏𝑎𝑠𝑒 : The bearing resistance acting below the footing base, which can be
further separated as follows (Equation 4-1b):
 Bearing resistance at the soil plug base (or bearing base), 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ,
 Peripheral shear resistance of the soil plug, 𝑅𝑝 , and
 Weight of the soil plug, 𝑊𝑝𝑙 .
(b) 𝑊𝑏𝑓 : The backfill weight above the footing, which could result from soil
backflow from beneath the spudcan (for clay) or from soil infill from collapsing
the cavity wall above the advancing spudcan (for sand).
(c) 𝑅𝑏𝑦 : The buoyancy of the spudcan, which compensates for the effective soil
weight displaced by the volume of the embedded spudcan below the load
reference point (LRP).
The spudcan penetration analysis begins with the spudcan tip position at the mudline,
where the position of the LRP or the spudcan base, 𝑧 = -𝑡𝑐 , (see Figure 4-4) and the
penetration resistance, 𝑅, equals zero. For a penetration step with the LRP position at 𝑧
and a bearing base position at the surface of the discrete layer 𝑗 = J, 𝑊𝑝𝑙 and 𝑅𝑝 are the
corresponding integral values from the discrete layers that form the plug (layer 𝑗 = 1 to
𝐽–1). 𝑅𝑝 is equivalent to the vertical component of the integral of shear (𝜏) and normal
(𝜎𝑛′ ) resisting stresses acting on the plug peripheral area, 𝐴𝑝 (see Figure 4-4b). 𝑊𝑝𝑙 and
𝑅𝑝 are calculated as:
𝐽−1

(4-2)

𝑊𝑝𝑙 = ∑ 𝑊𝑝𝑙,𝑗
𝑗=1
𝐽−1

(4-3a)

𝑅𝑝 = ∑ 𝑅𝑝,𝑗
𝑗=1
′
𝜎𝑛,𝑗
𝑅𝑝,𝑗
′
= 𝜎𝑛,𝑗 (tan 𝛿𝑗 cos 𝜗𝑗 − sin 𝜗𝑗 ) =
sin(𝛿𝑗 − 𝜗𝑗 )
𝐴𝑝,𝑗
cos 𝛿𝑗

(4-3b)

′
where the shear stress  is taken as 𝜎𝑛′ tan 𝛿. Since the normal stress 𝜎𝑛,𝑗
is not directly
assessable, it is estimated from the classical theory for earth pressure using a
mobilisation factor and the earth pressure coefficients from Pregl (1999). Expressions
are provided (see Appendix D) for both 𝐾0 and fully passive conditions taking into
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account the plug side angle, 𝜗, and the interface friction angle, 𝛿. Detailed calculation
of the plug peripheral resistance is discussed in Section 4.6.
When a plug is embedded in clay, the plug is assumed to attain a zero side angle (𝜗𝑗 =
0). The resisting shear stress, 𝜏, is equal to the undrained shear strength, 𝑠𝑢 , which gives
𝑅𝑝,𝑗 = 𝑠𝑢,𝑗 𝐴𝑝.𝑗

(4-4)

The bearing resistance 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 is the product of the average bearing capacity at the
plug base (on the surface of layer j = J), 𝑞̅𝑣,𝑗=𝐽 (detailed in Section 4.4), and the
effective plug base area, 𝐴𝑗=𝐽 according to
𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔,𝑗=𝐽 = 𝑞̅𝑣,𝑗=𝐽 𝐴𝑗=𝐽

(4-5)

The bar above 𝑞𝑣 (as in 𝑞̅𝑣 ) denotes an average value. The proposed design approach for
calculating the full load-penetration profile is summarised in a flow diagram as
illustrated in Figure 4-5. Clearly, identification of the ultimate failure body
configuration (Step A) involves incremental calculations, and calculating the ultimate
penetration resistance (Step B) involves an iterative process. The iteration in Step B is
to ensure that at the plug base the effective vertical stress is equal to the bearing
capacity. This step is required due to the widening of the plug cross section in the
assumed mechanism.
The main resistance components that require intensive calculations include the plug
peripheral resistance, 𝑅𝑝 , the bearing resistance, 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 , and the backfill weight above
the footing, 𝑊𝑏𝑓 . Details of calculation for these components are discussed in the
following sub-sections. The calculation of other components (𝑊𝑝𝑙 and 𝑅𝑏𝑦 ) is relatively
straight-forward. The spudcan geometry is idealised following ISO recommendation
(ISO, 2012)
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(a)

(b)

Resultant force
from earth
pressure

Figure 4-4. Schematic illustration of (a) spudcan penetration resistance
components and (b) force diagram in a discrete layer j of soil plug
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START
Discretise soils in 𝑁𝑗 finite layers
j = 1, 2, ..., 𝑁𝑗
Divide the penetration in 𝑁𝑖 steps
i = 1, 2, ..., 𝑁𝑖
step 𝑖 = 1
𝑖=𝑖+1
𝑧 = 𝑧 + ∆𝑧

𝑧 = −𝑡𝑐
STEP C : UPDATE LAYERS
(for 𝑖 >1)

Calculate

STEP A: IDENTIFY
THE ULTIMATE BEARING BASE
temporary: 𝑀𝐼𝑁 𝑅𝑏𝑎𝑠𝑒 ,𝑗 = 𝑅𝑏𝑎𝑠𝑒 ,𝑗=𝐽
𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑧𝑗=𝐽 − 12∆ℎ𝑗=𝐽

Calculate

STEP B: CALCULATE THE
ULTIMATE BEARING RESISTANCE
𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔,𝑗=𝐽
𝑅𝑝 = ∑

𝑊𝑝𝑙 = ∑

𝐽−1

𝑗=1
𝐽−1

𝑗=1

𝑅𝑝,𝑗

𝑊𝑝𝑙 ,𝑗

NO
𝑖 ≥ 𝑁𝑖
?

Net penetration resistance

YES
END

Figure 4-5. Flow diagram for analysis of the spudcan penetration resistance
(1 of 2)
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STEP A: IDENTIFICATION OF
THE ULTIMATE BEARING BASE
Incrementally moving the
bearing base on the
surface of finite layer 𝑗

layer j = 1

Assume
𝜗𝑗 = 0;
𝑝 =0.2

𝑗 = 𝑗+1

Calculate
𝑊𝑝𝑙 ,𝑗 , ∑ 𝑊𝑝𝑙 ,𝑗

Use a simplified
analysis model

Calculate
𝑞̅𝑣,𝑗 , 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔,𝑗

𝑅𝑏𝑎𝑠𝑒 ,𝑗

𝑀𝐼𝑁 𝑅𝑏𝑎𝑠𝑒 ,𝑗 <

NO

Calculate
𝑅𝑝,𝑗 , ∑ 𝑅𝑝,𝑗

Find the position
of bearing base
(on layer 𝑗)
that gives
minimum 𝑅𝑏𝑎𝑠𝑒

∑ 𝑅𝑝,𝑗 − ∑ 𝑊𝑝𝑙 ,𝑗

At 𝑗 = 𝐽,
the value of 𝑅𝑏𝑎𝑠𝑒 is minimum.
𝑀𝐼𝑁 𝑅𝑏𝑎𝑠𝑒 ,𝑗 = 𝑅𝑏𝑎𝑠𝑒 ,𝑗=𝐽

YES

𝑅𝑏𝑎𝑠𝑒 = 𝑀𝐼𝑁(𝑅𝑏𝑎𝑠𝑒 ,𝑗 )
𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑧𝑗 =𝐽 − 12∆ℎ𝑗=𝐽

STEP B: CALCULATION OF
ULTIMATE BEARING RESISTANCE
use new
𝑅𝑏𝑎𝑠𝑒
j=1
Calculate
′
𝐷𝑗 , 𝐴𝑗 , 𝜎𝑣,𝑗
, 𝜗𝑗

𝑗=𝑗+1

Calculate
𝑊𝑝𝑙 ,𝑗 , ∑ 𝑊𝑝𝑙 ,𝑗

NO

Use an accurate
analysis model,
considering the
side angle of
plug and the
mobilisation
degree of
passive
resistance

Calculate
𝑅𝑝,𝑗 , ∑ 𝑅𝑝,𝑗

𝑗≥𝐽
?

YES
Calculate
𝑞̅𝑣,𝑗=𝐽 , 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ,𝑗=𝐽
𝑅𝑏𝑎𝑠𝑒

NO

′
𝜎𝑣,𝑗=𝐽
= 𝑞̅𝑣,𝑗=𝐽
?

YES

ensure the
equilibrium
between load
and resistance

𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ,𝑗=𝐽
𝑅𝑝 = ∑

𝑊𝑝𝑙 = ∑

𝐽−1

𝑗=1
𝐽−1

𝑗=1

𝑅𝑝,𝑗

𝑊𝑝𝑙 ,𝑗

Figure 4-5. Flow diagram for analysis of the spudcan penetration resistance
(2 of 2)
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4.4

BEARING RESISTANCE (Rbearing, Equation 4-5)

Averaging method is widely used in assessing the bearing capacity of a footing in
stratified deposits comprising different soil types and strengths. This method is
relatively versatile and can be applied to nearly any layering system, despite the
unresolved averaging depth that is reflected by varying recommendations.

z
LRP

𝑡𝑐

0.25𝑧
0.25 𝑡𝑐
0.25𝐷

Figure 4-6. Averaging area recommended by InSafeJIP (after InSafeJIP, 2011)

Recently, InSafeJIP (2011) proposed an averaging approach for spudcan penetration in
multilayer clays with interbedded strong clay and sand layers. This guideline suggested
that the strength is averaged from the elevation of 0.25𝑧 above LRP to (0.25𝑡𝑐 + 0.25𝐷)
below LRP, as shown in Figure 4-6. The inclusion of the area above the LRP is based
on the observed extent of the soil failure area in single layer clay. For clay, an average
strength gradient, , and an average local shear strength at the spudcan base level (𝑠𝑢0 )
are calculated over the averaging depth. If an interbedded sand layer exists, an
equivalent shear strength (𝑠𝑢 , with  = 0) is used. This is calculated from the spudcan
resistance on single layer sand with the properties of the given layer. Another averaging
approach from ISO (2012) only considers the area below the LRP. For typical Gulf of
Mexico clay strength gradients (more or less increasing with depth), ISO suggests using
an average 𝑠𝑢 over a depth of 0.5 diameter below the LRP in combination with bearing
capacity factors from Skempton (1951). In this study, we consider the averaging area
below and above the spudcan.
In general, when a footing senses an underlying strong layer, the bearing resistance
increases due to the compression and outward displacement of the weaker soil
(squeezing; e.g., Meyerhof, 1953). When using strength averaging method, the increase
in bearing resistance can be captured by including the strong layer in the average.
However, Brown & Meyerhof (1969) and Merifield & Nguyen (2006) noted that if the
strength ratio of the lower to the upper layer exceeds 2-2.5, the increase in the bearing
4-14
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resistance attains a limiting value. In view of the strength averaging approach, this
situation means that the averaging depth should be reduced if stronger layers are
encountered.
Based on this information, in this study, a new procedure for strength averaging over an
area above and below the spudcan is adopted. The corresponding average bearing
resistance at a given depth, 𝑞̅𝑣 , is calculated as follows:
a) General calculation of 𝒒𝒗,𝒋 : The bearing resistances, 𝑞, for each discrete layer in the
internal zone, 𝑞𝑣,𝑗,𝑖𝑛𝑡 , and the laterally adjacent layers in the external zones, 𝑞𝑣,𝑗,𝑒𝑥𝑡 , are
calculated by assuming a uniform soil over the discrete layer (i.e., for clay  = 0) with
strength properties averaged over the depth of the discrete layer. Then 𝑞𝑣,𝑗 is calculated
through averaging according to
𝑞𝑣,𝑗 =

𝑞𝑣,𝑗,𝑖𝑛𝑡 + 2𝑞𝑣,𝑗,𝑒𝑥𝑡
3

(4-6)

The calculation of 𝑞𝑣,𝑗,𝑒𝑥𝑡 and subsequent averaging (Equation 4-6) are necessary as the
soil in the discrete layer in the internal zone may be different from the adjacent layers in
the external zone.
The bearing resistance of each discrete layer is calculated using the bearing capacity
factors from Houlsby & Martin (2003, for 𝑁𝑐 ), Cassidy & Houlsby (2002, for 𝑁𝛾 ) and
Vesic (1973, for 𝑁𝑞 ). For sand, the equivalent friction angles proposed by Lau & Bolton
(2011) are recommended for calculating 𝑁𝛾 and 𝑁𝑞 . Equations for calculating the
bearing capacity are collated in Appendix C.
b) Averaging area below the spudcan (or averaging depth ̅ 𝒐𝒕 ): The averaging area
below the spudcan is defined as the area enclosed by imaginary polygonal curves that
are inclined at an angle of 𝛼𝑗 to the horizontal plane, as illustrated in Figure 4-7. The
aim of this definition is to find the averaging depth, 𝑦̅𝑏𝑜𝑡 , which is achieved when the
polygonal lines meet at the centre axis. First, a reference thickness, ℎ𝑟𝑒𝑓 , is selected, and
a reference angle, 𝛼𝑟𝑒𝑓 , is calculated using
𝛼𝑟𝑒𝑓 =

𝜋 𝜙𝑐𝑣,𝑟𝑒𝑓
2𝑡𝑐
+
≥ atan ( )
4
2
𝐷

(4-7)

where
𝜙𝑐𝑣,𝑟𝑒𝑓 =

1
ℎ𝑟𝑒𝑓

∑ 𝜙𝑐𝑣,𝑗 ∆ℎ𝑗

(4-8)

Equation 4-7 is based on the depth of soil wedge formed below a footing in general
shear failure mechanism according to Buisman (1940) and Terzaghi (1943), and this
reflects the increasing depth of influence with increasing friction angle. The reference
bearing resistance, 𝑞𝑣,𝑟𝑒𝑓 , is the average value of 𝑞𝑣,𝑗 for the layers within ℎ𝑟𝑒𝑓 below
the footing.
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0.5 ∙ 𝐷
Spudcan

𝑞𝑣,𝑗=1

𝛼𝑗=1 = 𝛼𝑟𝑒𝑓

𝑞𝑣,𝑗=2

𝛼𝑗=2 = 𝛼𝑟𝑒𝑓

𝑞𝑣,𝑗=3 = 𝑞𝑣,𝑟𝑒𝑓

𝛼𝑗=3 = 𝛼𝑟𝑒𝑓

𝑞𝑣,𝑗=4 < 𝑞𝑣,𝑟𝑒𝑓

𝛼𝑗=4 = 𝛼𝑟𝑒𝑓

𝑞𝑣,𝑗=5 > 𝑞𝑣,𝑟𝑒𝑓
𝑞𝑣,𝑗=6 > 𝑞𝑣,𝑗=5

𝛼𝑟𝑒𝑓

ℎ𝑟𝑒𝑓

ℎ𝑗=3 ℎ
𝑗=4

𝑦̅𝑗 = ∆ℎ𝑗

𝛼𝑗=5 < 𝛼𝑟𝑒𝑓

𝑦̅𝒃𝒐𝒕
𝑦̅𝑟𝑒𝑓

𝛼𝑗=5 < 𝛼𝑗=6
𝑦̅𝑗=𝑛 < ∆ℎ𝑗=𝑛

𝑞𝑣,𝑗=7 = 𝑞𝑣,𝑗=6

Figure 4-7. Averaging depth below the spudcan to calculate the bearing capacity

The 𝛼𝑗 for each layer 𝑗 is subsequently calculated based on the ratio between the bearing
resistance of the current layer, 𝑞𝑣,𝑗 , and the reference value, 𝑞𝑣,𝑟𝑒𝑓 , according to
1 + 𝐶𝛼
𝛼𝑗 = ( 𝑞
) 𝛼𝑟𝑒𝑓 ≤ 𝛼𝑟𝑒𝑓
𝑣,𝑗
𝑞𝑣,𝑟𝑒𝑓 + 𝐶𝛼

(4-9)

where 𝐶𝛼 is a constant and 𝑡𝑐 the spudcan tip height. This equation allows for gradual
reduction of the averaging depth proportional to the layer strength ratio as observed in
the cases of bearing capacity on weak over strong clay.
c) Averaging area above the spudcan (or averaging depth ̅𝒕𝒐𝒑): An interesting trend
is observed when comparing the bearing capacity factors from Houlsby & Martin
(2003) for different strength gradients, 𝜌 (Figure 4-8). These authors tabulated the lower
bound bearing capacity factors for a flat-based circular footing as a function of base
roughness, soil strength gradient, and embedment depth. The bearing capacity factor for
𝜌𝐷/𝑠𝑢𝑚 > 0, which is initially greater than that for uniform clay (𝜌𝐷/𝑠𝑢𝑚 = 0),
consistently becomes lower at deeper embedment (𝑧⁄𝐷 > 1.5). This indicates the
influences of the weaker layer above the footing. Based on this and as InSafeJIP (2011)
recommended (as discussed at the onset of this section), an averaging area above the
spudcan is considered. Steps similar for selecting the averaging area below the spudcan
4-16
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Figure 4-8. Houlsby & Martin’s (2003) Nc factors for a circular flat footing with
different strength gradients (roughness 𝜶𝒓 = 0.6)

are followed. Selection of a reference thickness, ℎ𝑟𝑒𝑓 , is not necessary rather simply
𝑦̅𝑟𝑒𝑓 = 𝑧 is considered and 𝛼𝑟𝑒𝑓 is calculated as
tan 𝛼𝑟𝑒𝑓 =

2𝑦̅𝑟𝑒𝑓
𝐷

(4-10)

The value of 𝑞𝑣,𝑟𝑒𝑓 is taken from the averaging below the spudcan.
Inclusion of averaging area above the spudcan is, however, not appropriate for
squeezing (compressive) mechanism, because the failure area is localised below the
spudcan base. Squeezing can be identified from the 𝑞𝑣 gradient, 𝑚𝑞𝑣 , calculated as
𝑚𝑞𝑣,𝑏𝑜𝑡 =

𝑞𝑣,𝑏𝑜𝑡,𝑗=𝑛 − 𝑞𝑣,𝑟𝑒𝑓
ℎ𝑏𝑜𝑡,𝑗=𝑛 − 0.5∆ℎ𝑏𝑜𝑡,𝑗=𝑛 − 0.5ℎ𝑟𝑒𝑓

𝑚𝑞𝑣,𝑡𝑜𝑝,𝑗 =

𝑞𝑣,𝑟𝑒𝑓 − 𝑞𝑣,𝑡𝑜𝑝,𝑗
ℎ𝑡𝑜𝑝,𝑗 − 0.5∆ℎ𝑡𝑜𝑝,𝑗 + 0.5ℎ𝑟𝑒𝑓

(4-11)
(4-12)

with layer n as the deepest layer in the averaging area. A squeezing failure mechanism
is expected when 𝑚𝑞𝑣,𝑡𝑜𝑝,𝑗 < 𝑚𝑞𝑣,𝑏𝑜𝑡 and 𝛼𝑗 is accordingly set to zero (𝛼𝑗 = 0).
In summary, 𝛼𝑗 for averaging above the spudcan is calculated as
1 + 𝐶𝛼
𝛼𝑗 = ( 𝑞
) 𝛼𝑟𝑒𝑓 ≤ 𝛼𝑟𝑒𝑓
𝑣,𝑗
+
𝐶
𝛼
𝑞𝑣,𝑟𝑒𝑓

for 𝑚𝑞𝑣,𝑡𝑜𝑝,𝑗 ≤ 0

(4-13a)

𝛼𝑗 = 0

for 𝑚𝑞𝑣,𝑡𝑜𝑝,𝑗 < 𝑚𝑞𝑣,𝑏𝑜𝑡

(4-13b)
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𝛼𝑗 = (𝑞

1 + 𝐶𝛼

𝑣,𝑟𝑒𝑓

𝑞𝑣,𝑗

+ 𝐶𝛼

) 𝛼𝑟𝑒𝑓 ≤ 𝛼𝑟𝑒𝑓

for 𝑚𝑞𝑣,𝑡𝑜𝑝,𝑗 ≥ 𝑚𝑞𝑣,𝑏𝑜𝑡

(4-13c)

𝛼𝑗 is also set to zero when a sand layer is encountered.
̅𝒗 : Finally, the average bearing
d) Calculation of average bearing resistance, 𝒒
resistance, 𝑞̅𝑣 , is calculated as the arithmetic average of 𝑞𝑣,𝑗 from the layers within
𝑦̅ = 𝑦̅𝑏𝑜𝑡 + 𝑦̅𝑡𝑜𝑝 , weighted by the relevant layer thickness, 𝑦̅𝑗 , according to
𝑞̅𝑣 =

∑ 𝑞𝑣,𝑗 𝑦̅𝑗 ∑ 𝑞𝑣,𝑗 𝑦̅𝑗
=
∑ 𝑦̅𝑗
𝑦̅

(4-14)

with 𝑞𝑣,𝑗 ≤ 𝑞𝑣,𝑟𝑒𝑓 for discrete layers above the LRP
For discrete layers above the footing, the corresponding 𝑞𝑣,𝑗 is limited by 𝑞𝑣,𝑟𝑒𝑓 when
using Equation 4-14. The resulting 𝑞̅𝑣 is used in Equation 4-5 for calculating 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 .
Calibration exercise for selecting 𝑪𝜶 and 𝒉𝒓 : A calibration exercise was carried out
against test data (Brown & Meyerhof, 1969), numerical analysis results (Merifield &
Nguyen, 2006) and lower bound solution (Houlsby & Martin, 2003) to obtain the
appropriate values for 𝐶𝛼 and ℎ𝑟𝑒𝑓 . A reasonable fit of the predictions using the
proposed averaging approach and the bearing capacity factors of Skempton (1951) (for
Figure 4-9) and Houlsby & Martin (2003) (for Figure 4-10) with these reported data
yielded 𝐶𝛼  -0.86 and ℎ𝑟𝑒𝑓  0.1D.

Figure 4-9. Comparison of the bearing capacity factor, 𝑵𝒄, 𝒒𝒖 𝒛 , from the
proposed averaging approach with experimental data and FE results for a surface
flat footing on weak-over-strong clay deposits
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Figure 4-10. Comparison of the bearing resistance from the proposed averaging
approach with analytical solution for a flat circular footing on uniform and nonuniform single layer clay deposits

This averaging approach is applicable for layers with increasing or weakly decreasing
strength profiles. If the strength significantly decreases with depth, averaging alone is
no longer sufficient. The presence of an interbedded weak layer may lower the bearing
base, which would form a soil plug between the footing base and the surface of the
weak layer or augment the height of the previously trapped soil plug. In InSafeJIP
(2011), two different methods are recommended to address spudcan penetration in
stratified deposits, the averaging method and a mechanism-based method. In this study,
the proposed averaging approach is combined with the mechanistic behaviour of the
trapped soil plug.

4.5

SOIL PLUG GEOMETRY: SELECTION OF SIDE ANGLE ϑ

An accurate model of the plug geometry is particularly critical for sand layers, as
highlighted by Okamura et al. (1998), amongst others. The side angle of the sand
plug, 𝜗, controls the effective bearing area and the mobilised bearing resistance as well
as peripheral resistance (see Figure 4-4). Okamura et al. (1997), Teh et al. (2008, 2009,
2010), and Lee et al. (2013a) reported full-spudcan and half-spudcan tests on dense
silica sand overlying soft normally consolidated clay and reported that the plug side
angle at the peak resistance can be considered as (or closely related to) the dilation
angle of the sand, 𝜓. They showed that larger values of peak resistance (and hence
thicker sand layer) gave lower friction and dilation angles (and hence side angle), which
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was led by the gradual suppression of dilatancy under high confining stress. Based on
numerical analysis results, Lee et al. (2013b) proposed that the friction angle and the
side angle could be related to the footing load through a modified set of strengthdilatancy relationships from Bolton (1986). This approach is adopted in this thesis. The
′
effective footing load within each discrete layer j, 𝜎𝑣,𝑗
, within the plug is calculated by
accounting for the vertical resistance mobilised at the plug interface. This gives
𝜓𝑝𝑒𝑎𝑘,𝑗 =

𝑚𝜓
′
{𝐼 (𝑄 − 𝑙𝑛(𝜎𝑣,𝑗
)) − 𝑅𝜓 }
0.8 𝐷,𝑗 𝜓

(4-15)

A mobilisation factor, 𝑓𝑚𝑜𝑏 , is introduced to capture the variation of 𝜗 with the total
average shear strain within the plug, 𝜉𝜗 , so that
𝜗𝑗 = 𝜓𝑝𝑒𝑎𝑘,𝑗 𝑓𝑚𝑜𝑏 (𝜉𝜗,𝑗 )

(4-16)

The manner in which the accumulated shear strain, and hence 𝑓𝑚𝑜𝑏 , is linked to the
penetration of the spudcan is described later.
′
The effective vertical stress in the discrete layer, 𝜎𝑣,𝑗
, decreases with depth due to the
accumulation of the plug peripheral resistance and the enlargement of the crosssectional area (see Equation 4-17), which leads to an increasing side angle, 𝜗𝑗 , with
depth, and is consistent with the trumpet-shape sand plug observed in the centrifuge test
(Teh et al., 2008). Note that 𝜗𝑗 of a sand plug is taken as zero when the plug is
embedded in clay.
𝐽−1
′
𝜎𝑣,𝑗=𝐽

𝐽−1

𝐴𝑗=𝐽 = 𝑅𝑏𝑎𝑠𝑒 − ∑ 𝑅𝑝,𝑗 + ∑ 𝑊𝑝𝑙,𝑗
𝑗=1

(4-17)

𝑗=1

Clay and intermediate soils are considered as non-dilatant. Thus, 𝜗 is assumed to equal
zero (i.e., cylindrical plug) in those soils.

4.6

PLUG PERIPHERAL RESISTANCE (Rp, Equation 4-3)

A plug can originate from clayey or sandy layer and can be embedded in the same layer
or in different clayey or sandy layer. If the plug is embedded within a different layer, the
shear failure is assumed to occur on the side of the weaker soil, and the ultimate
peripheral resistance is calculated by using the corresponding strength parameters. If a
clayey discrete layer is embedded in a clayey layer, the resistance is calculated using the
lower undrained shear strength, 𝑠𝑢 ; and if a clayey layer is embedded in a sandy layer
(or vice versa), a comparison is made between the undrained shear strength of the clay
and the frictional resistance mobilised by the sand. Usually, the clay gives the lower
resistance.
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This section focuses on the calculation of the peripheral resistance of a plug in sand,
which depends mainly on the lateral pressure and the interface friction angle. There are
two typical approaches used for calculating the lateral pressure.
The first approach, such as used by Hanna & Meyerhof (1980), Okamura et al. (1998),
and Teh et al. (2009), estimates the lateral pressure directly from the passive earth
pressure. However, varying recommendations are given by different authors, e.g., the
use of the punching shear coefficient 𝐾𝑠 by Hanna & Meyerhof; and the use of
Rankine’s passive pressure coefficient by Okamura et al. (as lower bound) and Teh et
al. (as upper bound). Note that Rankine’s passive pressure was derived for a vertical
wall and frictionless interface, and represents the lower boundary of the full passive
earth pressure. Generally, all experimental results of footing penetration in sand-overclay indicate that the mobilised passive pressure increases with increasing bearing
capacity ratios of 𝑞𝑣,𝑐𝑙𝑎𝑦 /𝑞𝑣,𝑠𝑎𝑛𝑑 .
The second approach, such as used by Lee et al. (2013b) and Hu et al. (2014a),
estimates the lateral pressure from the pressure within the sand plug. This approach
employs an empirical factor 𝐷𝐹 that represents the ratio of the bearing pressure at the
plug interface to the average bearing pressure within the plug. The 𝐷𝐹 value increases as
the layer thickness ratio of 𝐻𝑠𝑎𝑛𝑑 /𝐷 decreases.
The proposed unified method adopts the first approach, estimating the plug peripheral
resistance based on the concept of partially mobilised passive earth pressure. The
resultant net vertical force on the plug interface, 𝑅𝑝 , should lie between the values
corresponding to conditions at rest, 𝑅𝑝,0, and fully passive, 𝑅𝑝,𝑝 . For a discrete layer j, it
can be expressed as
𝑅𝑝,𝑗 = 𝑅𝑝,0,𝑗 + 𝜒𝑝,𝑗 (𝑅𝑝,𝑝,𝑗 − 𝑅𝑝,0,𝑗 )

(4-18)

where 𝜒𝑝 is the mobilisation degree.

4.6.1

Plug resistance for at rest and fully passive conditions

The plug peripheral resistance is calculated from earth pressure coefficients and the in
′
situ vertical effective stress (in the external zone), 𝜎𝑣0
. The vertical stress from the soil
′
weight above the spudcan shoulder, 𝜎𝑣0,𝑧 , is treated as surcharge load; while the soil
weight below the shoulder is treated as self-weight. Accordingly, 𝑅𝑝,0,𝑗 and 𝑅𝑝,𝑝,𝑗 are
calculated as
′
𝑅𝑝,0,𝑗 ⁄𝐴𝑝,𝑗 = 𝐾0𝛾,𝑗 (tan 𝛿𝑗 cos 𝜗𝑗 − sin 𝜗𝑗 )𝜎𝑣0,𝑗
′
𝑅𝑝,𝑝,𝑗 ⁄𝐴𝑝,𝑗 = 𝐾𝑝𝑞,𝑗 (tan 𝛿𝑗 cos 𝜗𝑗 − sin 𝜗𝑗 )𝜎𝑣0,𝑧
+
′
′
𝐾𝑝𝛾,𝑗 (tan 𝛿𝑗 cos 𝜗𝑗 − sin 𝜗𝑗 )(𝜎𝑣0,𝑗
− 𝜎𝑣0,𝑧
)
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𝐾0𝛾 is the coefficient of earth pressure at rest. 𝐾𝑝𝛾 and 𝐾𝑝𝑞 are the coefficients of full
passive earth pressure under consideration of the axisymmetric shape of the plug. The
subscript 𝛾 refers to soil weight, and subscript 𝑞 refers to surcharge load.
Available earth pressure coefficients were typically derived for plane strain condition.
The passive pressure coefficient in plane strain condition, 𝐾𝑝𝛾,2𝐷 and 𝐾𝑝𝑞,2𝐷 , can be
calculated by using the solution from Pregl (1999) for parallel wall movement with a
curved failure surface (based on Sokolovski’s (1965) slip line method). This coefficient
is calculated as a function of the effective friction angle (of soil in external zone), the
plug side angle (or wall inclination), and the interface friction angle. The effective
friction angle is calculated for the initial stress condition. The wall inclination and
interface friction angle are obtained from Equations 4-16 and 4-28. Equations for
calculating the earth pressure coefficients in plane strain condition are given in
Appendix D.
The three-dimensional effect of the axisymmetric plug shape on the passive earth
pressure is considered using the ratio proposed by Antão et al. (2011). This was
originally derived as the ratio of the passive pressure on a finite wall section to that on a
notably longer wall section. This approximation is conservative for a circular wall
which would mobilise a larger soil wedge; and is governed by the wall width-to-height
ratio (𝑏𝑤 ⁄ℎ𝑤 ) and the friction angle. When adjusted for a soil plug beneath a spudcan,
by using 𝑏𝑤 ⁄ℎ𝑤 = 𝐷⁄𝐻𝑝𝑙 , the expressions can be written as follows:
𝐾𝑝𝛾
𝑚𝛾
=1+
𝐾𝑝𝛾,2𝐷
𝐷⁄𝐻𝑝𝑙
𝑚𝛾 = −0.36 + 0.36(𝐾𝑝,0 )

(4-21a)
0.75

(4-21b)

𝐾𝑝𝑞
𝑚𝑞
= 1+
𝐾𝑝𝑞,2𝐷
𝐷⁄𝐻𝑝𝑙
𝑚𝑞 = −0.44 + 0.44(𝐾𝑝,0 )
𝐾𝑝,0 =

(4-22a)
0.8

(4-22b)

1 + sin 𝜙
1 − sin 𝜙

(4-23)

This ratio is comparable to the shape factor proposed by Valsangkar et al. (1978), which
was conservatively considered as unity by Meyerhof (1974). For the earth pressure at
rest, no considerations of the three-dimensional effects are necessary due to the absence
of soil deformation.

4.6.2

Mobilisation degree, χp

The mobilisation degree, 𝜒𝑝 , is defined as
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𝜒𝑝,𝑗 =

𝑅𝑝,𝑗 − 𝑅𝑝,0,𝑗
𝑅𝑝,𝑝,𝑗 − 𝑅𝑝,0,𝑗

with 0 ≤ 𝜒𝑝,𝑗 ≤ 1

(4-24)

Generally, the mobilisation of passive earth resistance is described as a function of
lateral deflection (Duncan & Mokwa, 2001). However, the calculation of the lateral
deflection of a soil plug is complicated by unknown stiffness parameters and actual
stress conditions. It is more convenient to estimate the mobilisation of passive earth
resistance directly from the vertical stress within the plug. Here, 𝜒𝑝 is calculated using a
hyperbolic function of the ratio of the effective vertical stress within the plug to the
vertical bearing capacity of the corresponding layer, 𝜒𝜎 , according to
𝜒𝑝,𝑗 =
where
𝜒𝜎,𝑗

𝜒𝜎,𝑗

(4-25a)

1 − 𝑅𝑓 (1 − 𝜒𝜎,𝑗 )

′
′
𝜎𝑣,𝑗
− 𝜎𝑣0,𝑗
=
with 0 ≤ 𝜒𝜎,𝑗 ≤ 1
′
𝑞𝑣𝑧,𝑗 − 𝜎𝑣0,𝑗

(4-25b)

′
𝑅𝑓 is the hyperbolic curve parameter; 𝜎𝑣,𝑗
is the effective vertical stress (in the internal
zone) in a discrete layer 𝑗; and 𝑞𝑣𝑧,𝑗 is the vertical bearing capacity of the discrete layer
𝑗 calculated for the footing position on the surface of layer j. This relation is based on
′
the assumption that the earth pressure is at rest when 𝜎𝑣,𝑗
is equal to the initial vertical
′
′
stress, 𝜎𝑣0,𝑗 ; and full passive pressure is mobilised when 𝜎𝑣,𝑗 reaches 𝑞𝑣𝑧,𝑗 .

Back calculation of centrifuge data provided 𝑅𝑓 value of 0.72 for UWA superfine silica
sand and 0.5 for NWS carbonate sand. Figure 4-11 illustrates the hyperbolic
development of passive pressure with the normalised vertical stress increment according
to Equation 4-25a.

Figure 4-11. Mobilisation of passive resistance in relation with normalised vertical
stress increment
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Effect of conical spudcan base on mobilised passive resistance
Equation 4-25 is so far only suitable for a flat footing. A spudcan with conical base
(with apex angle 𝛽) will induce higher lateral response due to radial load component
and greater soil deformation. Analysis of centrifuge test data by Lee et al. (2009b) and
Hu et al. (2014a) resulted in higher 𝐷𝐹 values (indicating higher plug peripheral
resistance) for a conical spudcan than that for a flat footing.
In this study, the effect of conical spudcan base is considered by enhancing the
mobilisation of the passive resistance. This is achieved by modifying 𝜒𝜎 in relation to
the effective apex angle 𝛽 ′ according to
5

𝛽𝑗′
(
)
180°

′
′
𝜎𝑣,𝑗
− 𝜎𝑣0,𝑗
𝜒𝜎,𝑗 = (
′ )
𝑞𝑣𝑧,𝑗 − 𝜎𝑣0,𝑗

(4-26)

The affected area is estimated as a spherical bulb below the base, as illustrated in Figure
4-12. Beyond this area, the responses are identical to that of a flat footing (𝛽 = 180º). 𝛽 ′
is minimum at the spudcan base and increases with the distance from the spudcan tip
according to
𝛽𝑗′ = 𝛽0

for (𝑧𝑗 − 𝑧) < 𝑡𝑐

𝛽𝑗′ = 180°

for (𝑧𝑗 − 𝑧) ≥ 4 (1⁄tan 4 )

𝐷

(4-27a)
𝛽

(4-27b)

The effect of the conical base also declines with the plug displacement. 𝛽0 starts to
increase linearly from its initial value 𝛽 (the actual apex angle) and stabilises at
(𝛽+180º)/2 when the vertical displacement reaches 𝑡𝑐 and D/2, respectively.

D/2
𝛽0

180º

𝛽′
𝛽/2

𝑡𝑐
1
tan

𝛽
4

Depth

𝐷
4

Figure 4-12. Assumption for the area below the spudcan affected by conical base
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Note that this approximation was only tested for the range of 𝛽 investigated in this study
(150° < 𝛽 < 180°). Hu et al. (2014c) observed that spudcan with smaller 𝛽 accumulates
higher deviatoric strains on the failure surface, which causes significant softening and
counteracts the effect of increased radial stress. Therefore, it is suggested to analyse a
spudcan using 𝛽 = 150° for 𝛽 < 150°.

4.6.3

Interface friction angle, δ

The soil plug can be considered as a (nominally) rigid block that slides against
(nominally) rigid surrounding soil. The interface friction angle, 𝛿, is taken as the
residual friction angle, 𝜙 ∗ , that corresponds to the limit load of the translational failure
mechanism or is comparable to the residual stress ratio during simple shearing (Davis,
1968; Vermeer, 1990; Drescher & Detournay, 1993).
tan 𝛿 = tan 𝜙 ∗ =

sin 𝜙 cos 𝜓
1 − sin 𝜙 sin 𝜓

(4-28)

The friction angle, 𝜙, and dilation angle, 𝜓, values are obtained from the soil at the plug
′
interface under a mean stress that is equal to the effective vertical stress, 𝜎𝑣,𝑗
(Equation
4-17). Equation 4-28 was originally derived for a constant friction angle without
accounting for material degradation (Vermeer, 1990). However, because material
degradation is an important factor for capturing the peak and post-peak penetration
resistance, softening is artificially accounted for as a function of the total shear strain at
the plug interface, 𝜉𝑖𝑛𝑡𝑓 , as
𝜓𝑗 = 𝜓𝑝𝑒𝑎𝑘,𝑗 𝑓𝑚𝑜𝑏 (𝜉𝑖𝑛𝑡𝑓,𝑗 )

(4-29)

𝜙𝑗 = 𝜙𝑐𝑣,𝑗 + 0.8𝜓𝑗

(4-30)

The magnitude of 𝛿 influences the peripheral shear resistance through the magnitude
and direction of the lateral earth pressure. The 𝜓𝑝𝑒𝑎𝑘 values for estimating 𝛿 and 𝜗 are
identical. However, the development of each 𝛿 and 𝜗 depends on different shear strain,
as discussed in Section 4.8.

4.7

SOIL BACKFILL (Wbf, Equation 4-1a)

At a certain stage of spudcan penetration, soil backflow is initiated in the cavity above
the spudcan, and the continual backflow generally provides a seal above the spudcan
that limits the cavity depth (Hossain & Randolph, 2009a). The subsequent backflow
continues below the limiting cavity depth and above the advancing spudcan (i.e., the
initial cavity is not filled by the backflow process, and the thickness of the soil backfill
may increase with penetration depth). The weight of the soil backfill effectively reduces
the net penetration resistance (Equation 4-1). For a stratified deposit with a soft clay
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layer at the ground surface, the limiting cavity, 𝐻𝑐𝑎𝑣 , can be calculated using the
following expression (Hossain & Randolph, 2009a)
𝑠𝑢,𝑧=𝐻𝑐𝑎𝑣 0.55 1 𝑠𝑢,𝑧=𝐻𝑐𝑎𝑣
𝐻𝑐𝑎𝑣
=(
)
−
𝐷
𝛾′𝐷
4 𝛾′𝐷

(4-31)

A certain amount of iteration is necessary to establish the backflow depth, 𝐻𝑐𝑎𝑣 , and the
relevant undrained shear strength, 𝑠𝑢,𝑧=𝐻𝑐𝑎𝑣 .

Figure 4-13. Slope of cavity formed by the spudcan penetration in silica sand:
shallow penetration (after Hossain, 2014)

Figure 4-14. Slope of cavity formed by the spudcan penetration in silica sand:
moderate penetration (after Hossain, 2014)
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If the surface layer consists of sand, soil backflow and inflow begin immediately after
the widest cross-section of the spudcan penetrates the ground surface. Often, the
backfill/infill sand is assumed to rest at the angle of repose, which may be approximated
as the critical state friction angle, 𝜙𝑐𝑣 (see Figures 4-13 and 4-14; after Hossain, 2014).
The cavity side is not vertical (or quasi-vertical). Instead, the slope begins at a radial
distance of 0.3-0.4D from the spudcan edge (see Figure 4-13). With the progress of
spudcan penetration, this distance remains more or less constant and the angle with the
horizontal increases (Figure 4-13). Thus, the volume of the backfill/infill sand and
hence 𝑊𝑏𝑓 (to be used in Equation 4-1) can be estimated accordingly.

4.8

TRANSITION TO THE SUBSEQUENT PENETRATION
STEP (STEP C)

4.8.1

Removal of discrete layers

As discussed in the introduction to the analysis concept (Section 4.2), the ultimate
location of the plug base (or bearing base), 𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 , is selected in Step A assuming a
cylindrical soil plug (𝜗 = 0; regardless of soil type) and a constant mobilisation degree
of passive pressure (𝜒𝑝 = 0.2) for sand. The three-dimensional effect on the passive
pressure is neglected due to the unknown plug height. The ultimate plug height, 𝐻𝑝𝑙 , is
the vertical distance from the spudcan base (LRP) to the bearing base position according
to
𝐻𝑝𝑙 = 𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 − 𝑧

(4-32)

In Step B, the ultimate penetration resistance for the corresponding penetration depth is
calculated.
In Step C, the soil profile in the internal zone is updated by removing the weakest
discrete layers within the identified bearing mobilisation area (i.e., within (𝐻𝑝𝑙 + 𝑦̅𝑏𝑜𝑡 )
below the spudcan base), and adjusting the position and the thickness of the affected
discrete layers (see Figure 4-15). The removal of discrete layers based on the bearing
capacity values, 𝑞𝑣𝑧,𝑗 , (as indicator of layer strength) allows the spudcan to penetrate
further. This procedure also indirectly captures changes in the plug height.
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𝑞𝑣𝑧
𝑞𝑣𝑧
𝐻𝑝𝑙

𝑦̅𝑏𝑜𝑡

Figure 4-15. Removal of the weakest layers within (𝑯𝒑𝒍 +̅
increment Δz

4.8.2

𝒐𝒕 )

to allow penetration

Update of soil strength at plug interface

In this design approach, softening is only considered for the plug peripheral resistance,
𝑅𝑝 , particularly the interface friction angle. Softening is not explicitly considered in
calculation of the bearing capacity 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ; where lower bound bearing capacity factor
𝑁𝑐 from Houlsby and Martin is used for clay and equivalent friction angles are used to
calculate 𝑁𝑞 and 𝑁𝛾 for sand. Along with the assumption of shear failure directly at the
plug interface, it is considered sufficient to use intact 𝑠𝑢 value, ignoring the softening,
for calculation of the plug peripheral resistance in clay.
The effective friction angle of sand measured in element shear test usually changes with
the accumulated shear strain. For example, the friction angle of NSW carbonate sand
reaches a maximum and decreases to a residual value at a shear strain of ~5% and
~20%, respectively (see Figure 4-16). In this study, the development of the sand dilation
angle is assumed to follow an idealised pattern shown in Figure 4-17 (see Equations
4-16 and 4-29). The maximum dilation is estimated using Equation 4-15.
The incremental softening is applied to all layers that are ‘active’ (i.e., within the plug
or adjacent external layers) for the current depth of bearing failure, and hence will
displace vertically (internal) or undergo shear (external) during the increment.
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Figure 4-16. Development of the dilation angles of medium-dense NWS carbonate
sand with deviatoric strain in the drained triaxial test
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Figure 4-17. Idealised curve for mobilisation of the shear strength vs. total shear
strain

Regrettably, no reliable method exists for calculating the shear strain in the discrete
layer model. However, the shear strain increment at the plug interface of a discrete layer
j, ∆𝜉𝑖𝑛𝑡𝑓,𝑗 , can be approximated as the vertical displacement increment of the
corresponding discrete layer, ∆𝑢𝑧,𝑗 , normalised by a shear zone width. Before reaching
the peak strength (at 𝜉𝑖𝑛𝑡𝑓 = 8%), the width of the shear zone, 𝑏𝑠 , is assumed equal to
the footing diameter, D, and then reduced to 0.01 m (Roscoe, 1970; Mühlhaus, 1987) in
post-peak conditions due to formation of a shear band. The shear strain at the plug
interface, ∆𝜉𝑖𝑛𝑡𝑓,𝑗 , is accumulated from all previous penetration steps i and can be
calculated as
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∆𝑢𝑧,𝑗
𝑏𝑠 (𝑢𝑧,𝑗 )

𝜉𝑖𝑛𝑡𝑓,𝑗 = ∑ ∆𝜉𝑖𝑛𝑡𝑓,𝑗 = ∑
𝑖

𝑖

with

(4-33)

for 𝜉𝑖𝑛𝑡𝑓,𝑗 < 0.08

𝑏𝑠 (𝑢𝑧,𝑗 ) = 𝐷
𝜉𝑖𝑛𝑡𝑓,𝑗 −0.08

𝑏𝑠 (𝑢𝑧,𝑗 ) = 𝐷 − (

0.25−0.08

) (𝐷 − 0.01)

(4-34)

for 0.08 ≤ 𝜉𝑖𝑛𝑡𝑓,𝑗 ≤ 0.25
for 𝜉𝑖𝑛𝑡𝑓,𝑗 > 0.25

𝑏𝑠 (𝑢𝑧,𝑗 ) = 0.01 m

Spudcan

∆𝜉𝑖𝑛𝑡𝑓

Plug

∆𝑢𝑧

𝑏𝑠

Figure 4-18. Shear strain increment at plug interface

4.8.3

Update of sand plug side angle, ϑ

Regarding the side angle of a sand plug, 𝜗, (Equation 4-16) the average shear strain
increment within the plug, ∆𝜉𝜗 , is approximated as the vertical displacement increment,
∆𝑢𝑧 , divided by the plug height, 𝐻𝑝𝑙 . The value for 𝜉𝜗 in Equation 4-16 is calculated as
the accumulation of ∆𝜉𝜗 from all previous penetration steps according to
𝜉𝜗,𝑗 = ∑ ∆𝜉𝜗,𝑗 = ∑
𝑖

𝑖

∆𝑢𝑧,𝑗
𝐻𝑝𝑙

(4-35)

This assumption is based on the peak penetration resistances in sand over clay observed
in centrifuge tests (Teh et al., 2010; Lee et al., 2013a), which generally occur at
𝑧 ~ 0.1𝐻𝑠𝑎𝑛𝑑 .

4.9

SUMMARY

A new analysis method for spudcan penetration in multilayer soil profiles is proposed.
This method is designed to identify the penetration mechanism by assessing possible
failure body configurations and selecting the ultimate configuration with the lowest
resistance. The flexibility and accuracy of this method are attributed to the combination
4-30

Spudcan penetration in stratified soils

of the mechanistic and strength averaging methods. The systematic and consistent
procedure used in this analysis method is suitable for implementation in automated
calculation.
Nevertheless, the number of assumptions made in the analysis reflects the complexity of
the spudcan penetration mechanisms. Although certain mechanisms have been
understood and captured, many remain to be explored.
The validation of this new method against centrifuge data is presented in Chapter 5 and
its use in predicting field installation is illustrated in Chapter 6.
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CHAPTER 5. VALIDATION AGAINST CENTRIFUGE
DATA

5.1

INTRODUCTION

The focus of this chapter is validation of the unified analysis method presented in
Chapter 4. The validation was carried out against the experimental data presented in
Chapter 3 and others collected from the literature. These include single-layer (clay and
sand), two-layer (layered clay and sand over clay) (Section 5.2 and 5.3), and three- and
four-layer deposits (Section 5.4). This step was necessary to ensure the validity of the
mechanistic aspect of the analysis model.

5.2

PENETRATION IN SINGLE-LAYER SOILS

The following cases consist of penetrations in single-layer clays with positive strength
gradient and uniform sands. Therefore, the failure mechanism occurs directly beneath
the spudcan and no soil plug was expected. The penetration resistance was calculated
using the strength-averaging method described in Section 4.4.

5.2.1

Clay

The estimated profiles using the unified analysis method are presented in Figures 5-1
and 5-2 against the corresponding penetration resistance profiles obtained from
centrifuge model tests in normally consolidated clay (tests D3 and D4; Section 3.6). In
the unified method, the bearing capacity was calculated using the 𝑁𝑐 factors from
Houlsby & Martin (2003). For comparison, estimations using the analytical methods of
Houlsby & Martin (2003) and Hossain & Randolph (2009a) are given. A 15% reduction
was applied to the penetration resistance calculated using the method of Hossain &
Randolph to account for softening (following Hossain & Randolph, 2009b and Hossain
et al., 2014). Such reduction was not applied when using the lower bound 𝑁𝑐 from
Houlsby & Martin.
The shear strength profiles used in the estimation were derived from (cone and T-bar)
penetrometer resistance measurements (Figures 3-15 and 3-19). Because of the low
strength of the clay deposits (𝑠𝑢𝑠 ≈ 0; 𝜌 = 1.2 and 2.4 kPa/m), the influence of the soil
backfill on the net penetration resistance was identified as substantial. Accurate
estimation of the limiting cavity depth was therefore critical. Here, the limiting cavity
depths were estimated using Equation 4-31 (Hossain & Randolph, 2009a) and the unit
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′
weight of the backfill soil was taken equal to the intact unit weight (𝛾𝑏𝑓
= 𝛾 ′). Despite
the slight underestimation at deep penetrations compared to the measured spudcan
penetration resistance, the estimations using the unified method and other solutions are
reasonably accurate.

Figure 5-1. Comparisons between measured penetration profiles and those
estimated using the unified and existing methods for conical footings in kaolin clay
(D3, Table 3-11)

Figure 5-2. Comparisons between measured penetration profiles and those
estimated using the unified and existing methods for conical footings in carbonate
clay (D4, Table 3-11)
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5.2.2

Silica sand

The bearing capacity of a discrete layer (uniform sand) was calculated using the bearing
capacity factors 𝑁𝛾 from Cassidy & Houlsby (2002) and 𝑁𝑞 from Vesic (1973)
combined with the equivalent friction angles proposed by Lau & Bolton (2011). If
sufficiently thin discrete layers are used, the unified method (strength averaging) should
yield identical result to the analytical solution for penetration in single-layer sand.
Validations were performed against the centrifuge test data for medium dense (𝐼𝐷 =
54%) and dense (𝐼𝐷 = 78%) silica sand reported by White et al. (2008). The tests were
undertaken using a conical spudcan with D = 4.8 m and 𝛽 = 150°. A comparison of the
estimation using the proposed unified method and the measured penetration profiles is
shown in Figure 5-3. No infill/backfill was taken into account for this shallow
penetration with z/D < 0.3. For penetration depth z < 0.1D in the medium dense sand,
the estimated resistance is in good agreement with the measured one; but it tends to be
higher for deeper penetration. Whereas in the dense sand, the estimated resistance is
lower than the measured one at shallow penetration (z < 0.1D); but good agreement was
obtained for deeper penetration. Because of the high resistance in these sand deposits, a
spudcan (of D = 10~22 m) penetrates only shallowly under the common preload range
(< 600 kPa; InSafeJIP, 2011). Hence, the accuracy of the estimated resistance is less
critical for thick silica sand deposit. It should be noted that the estimation of penetration
resistance in sand depends strongly on the effective friction angles because of the high
sensitivity of the bearing capacity factors 𝑁𝛾 and 𝑁𝑞 to the corresponding friction angle.

Figure 5-3. Comparison between measured penetration profiles and those
estimated using the unified and analytical methods for conical footings in silica
sand
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5.3

PENETRATION IN DOUBLE-LAYER SOILS

Jack-up preloading in stratified deposits, where a strong layer exists over weaker soil,
has always been a challenge that carries the risk of catastrophic ‘punch-through’ failure
(Castleberry & Prebaharan, 1985; Osborne & Paisley, 2002). This type of deposit can be
further separated into two groups: (a) strong over weak clay and (b) sand over clay.
Particular attention has been paid to the estimation of the peak penetration resistance
and the incremental penetration, which are central to the risk assessment for jack-up
installation. The current solutions for these deposits are predominantly based on the
concept of the punch-through mechanism, in which the failure extends to the underlying
weak layer through the formation of a soil plug (Brown & Meyerhof, 1969; Meyerhof,
1974; Hanna & Meyerhof, 1980; Craig & Chua, 1990; Hossain & Randolph, 2009c;
Teh et al., 2009; Lee et al., 2013b; Hu et al., 2014a, 2014b). For strong over weak clay,
a cylindrical plug shape is assumed, and for sand over clay, a truncated conical plug
shape is considered. This mechanistic concept of soil plugging is adopted in the unified
method and can be regarded as the key to capture the interaction of the layers in a
multilayer system.

5.3.1

Strong over weak clay

This section presents a comparison with the results from numerical analysis reported by
Edwards & Potts (2004) and a validation exercise against the centrifuge data from
Hossain & Randolph (2010a).
Comparison with numerical results
A numerical study on the bearing capacity of a circular flat footing (𝐷 = 20 m) on the
surface of uniform strong over weak clay revealed an increase in capacity with an
increase in the shear strength ratio between the top and bottom layers, 𝑠𝑢,1 ⁄𝑠𝑢,2 (𝑠𝑢,2 =
30 kPa), and with an increase in the normalised thickness of the top layer, 𝐻1 ⁄𝐷
(Edwards & Potts, 2004). This is shown in Figure 5-4. The lower-bound capacity, equal
to the capacity of the bottom (weak) layer alone, is achieved when the top (strong) layer
is negligibly thin (𝐻1 ⁄𝐷 ~ 0). The upper-bound capacity, equal to the capacity of the top
strong layer alone, is achieved for 𝐻1 ⁄𝐷 ≥ 1.5 for all cases presented. However, the
critical value of 𝐻1 ⁄𝐷 for attaining the upper-bound capacity increases with increasing
𝑠𝑢,1 ⁄𝑠𝑢,2 .
The estimations using the unified method are also included in Figure 5-4 for
comparison. The estimated and computed values are comparable in terms of the
ultimate bearing capacity and the critical value for 𝐻1 ⁄𝐷. These findings demonstrate
the ability of the unified method to capture implicitly the interaction between the two
layers.
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Figure 5-4. Ultimate bearing capacities of a circular flat footing on the surface of
uniform strong over weak clays (after Edwards & Potts, 2004)

(a)

(b)

Figure 5-5. Estimated penetration profiles of a circular flat footing (D = 20 m) in
uniform strong over weak clay (su,1 / su,2 = 3): (a) for 0.1 ≤ H1/D ≤ 1.5 and
(b) bearing base positions for H1/D = 0.5 and 1.0
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The continuous penetration profiles for 𝑠𝑢,1 ⁄𝑠𝑢,2 = 3 from the unified analysis are
presented in Figure 5-5a. They show a clear change in the failure mechanisms as 𝐻1 ⁄𝐷
increases. For example, the profiles of bearing base position (𝑧𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ) for 𝐻1 ⁄𝐷 = 0.5
and 1.0 are presented in Figure 5-5b. When the thickness of the upper layer is below a
critical value, in this case, 𝐻1 ⁄𝐷 < 1, the penetration resistance is immediately affected
by the underlying weak layer. This is indicated by the position of the bearing base that
extends into the underlying layer, thus leading to the formation of a soil plug. In
subsequent penetrations, the soil plug is vertically displaced along with the footing. The
gradient of the penetration resistance profile becomes negative because of decreasing
contribution from the plug peripheral resistance as part of the plug penetrates into the
weak layer.
When the upper layer thickness is greater than a critical value, e.g., 𝐻1 ⁄𝐷 ≥ 1, the
failure mechanism during the initial penetration remains confined within the top strong
layer, thereby resulting in a resistance profile with a positive gradient. This is shown in
Figure 5-5. After several penetrations, the bearing base shifts into the underlying weak
layer. Therefore, the gradient of the resistance profile becomes negative at that depth,
forming a local peak, which marks the shifting of the bearing base location.

Validation against centrifuge test data
Hossain & Randolph (2010a) conducted a comprehensive set of spudcan penetration
tests in strong over weak clays under an enhanced acceleration of 100 g. The layered
deposits consisted of uniform over uniform clay (UU) and uniform over non-uniform
clay (UNU). These tests reproduced the commonly encountered in situ soil profiles that
led to punch-through failure. The uniform (U) clays were produced by consolidating the
sample at 1g under a nominated surcharge load in a cylindrical chamber. Samples of
various strengths were achieved by applying different surcharge loads. The non-uniform
(NU) clays were produced through consolidation under self-weight with enhanced
acceleration in the strongbox. The UU specimens were prepared by precisely cutting
separate samples consolidated to a uniform strength and then placing a strong layer on
top of a weak layer in the test strongbox. The UNU specimens were prepared by placing
a shallow uniform layer of consolidated soil on top of an NU deposit.
The penetration tests used to validate the unified method are listed in Table 5-1. The
original test labelling is retained. The test parameters covered the following ranges:
strength ratios of 1.3  𝑠𝑢,1 ⁄𝑠𝑢,2  3.5 and normalised layer thicknesses of 0.25  𝐻1 ⁄𝐷
 2.5.
Comparisons between the measured penetration profiles and those estimated using the
unified method are shown in Figures 5-6 (UU specimens) and 5-7 (UNU specimens).
The estimated bearing base locations are also provided. It should be noted that the
bearing base is not always equal to the physical plug base. The unit weight of the soil
′
backfill was assumed equal to the intact soil weight (𝛾𝑏𝑓
= 𝛾′). The use of the lower
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bound 𝑁𝑐 from Houlsby & Martin in unified method is considered sufficient to account
for overall softening, and softening was not considered for the plug peripheral
resistance.
Estimations obtained using the ISO-recommended method (according to Brown &
Meyerhof, 1969), i.e., the punching shear method with the ‘wished-in-place footing’
assumption, and the method from Hossain & Randolph (2009c) are also included for
comparison.
Table 5-1. List of centrifuge tests of spudcan penetration in strong over weak clays
(Hossain & Randolph, 2010a; Hossain et al., 2011)
Layer 1: Clay
Test

Soil

𝐻1 :
m

𝛾1′ :
𝜌1 :
kN/m3 kPa/m

Layer 2: Clay
𝑠𝑢𝑠,1 :
kPa

Spudcan

𝛾2′ :
𝜌2 :
kN/m3 kPa/m

𝑠𝑢𝑠,2 :
kPa

0

13.0

6

0

12.5

3

0

11.0

6

0

12.4

3

2.60

8.3

6

2.00

8.0

3

1.23

11.5

6

1.54

7.5

3

0

13.6

6

0

12.7

3

0

14.7

6

0

17.0

3

𝛽:

𝐷:
m

º

Source: Hossain & Randolph (2010a)
E1UU-II-T5

7.35

E1UU-II-T6
E2UU-II-T5

8.03

E2UU-II-T6

4.5

E1UNU-II-T5

7.50

E2UNU-II-T5
E2UNU-II-T6
E1UU-IV-T11
E1UU-IV-T12

UWA kaolin clay

E1UNU-II-T6

E2UU-IV-T11

8.10

7.50
7.5
8.13

E2UU-IV-T12

0

20.3

0

16.6

0

38.3

0

24.2

0

20.5

0

13.4

0

41.0

0

27.0

0

20.0

0

17.5

0

47.3

0

27.5

7.15

7.43

7.25

7.50

7.30

7.75

E2UU-II-T2

1.5

8.00

0

26.0

7.35

0

13.7

E2UU-III-T8

6.0

8.11

0

42.7

7.50

0

13.5

E2UU-II-T3

1.5

8.00

0

18.3

7.35

0

13.7

E2UU-III-T9

6.0

8.11

0

26.6

7.50

0

13.7

~7

0

25.0

~7

0

8.0

154

6

3

Source: Hossain et al. (2011)*
T7

12.0

*Performed at 200 g
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Overview of ISO method
The ISO method for penetration in the top strong clay layer is essentially similar to the
unified method. However, the ‘wished-in-place footing’ assumption (with the plug base
fixed at the interface) leads to a continual reduction in the plug height with increasing
penetration depth. The peripheral resistance of the plug is also reduced by 25% (by
using a factor 3 instead of 4) in the ISO (2012) method, as given by the following
expression:
𝑞𝑣,𝑝𝑢𝑛𝑐ℎ−𝑡ℎ𝑟𝑜𝑢𝑔ℎ = 3

𝐻1 − 𝑧
𝑠𝑢,1 + 𝑁𝑐 𝑠𝑢,2 + 𝑝0′ ≥ 𝑁𝑐 𝑠𝑢,1 + 𝑝0′
𝐷

(5-1)

This equation was derived for uniform clays, but it can be applied to non-uniform clays
by using an average 𝑠𝑢,1 for the peripheral resistance of the plug and an average 𝑠𝑢,2 for
calculating the bearing capacity of the underlying clay layer. To ensure an appropriate
comparison, the bearing capacity factor from Houlsby & Martin (2003), instead of
Skempton (1951), was used.
The calculated 𝑞𝑣 was corrected for the spudcan buoyancy and backfill weight using the
values from the unified method.
Overview of Hossain & Randolph method
Hossain & Randolph (2009c) divided the penetration in strong over weak clay in 3
stages. Stage 1 is the penetration prior to the peak resistance. Stage 3 is the deep
penetration when the penetration response is equal to that of a spudcan without a plug in
the bottom weak layer. This stage usually occurs after the spudcan penetration of 1.52.0𝐷 below the peak resistance. Stage 2 is the transition between Stage 1 and Stage 3,
where the spudcan penetrates with a plug from the top strong layer.
The penetration resistance in Stage 1 (𝑧 ≤ 𝑧𝑝𝑒𝑎𝑘 and 𝑧 ≤ 𝐻1 ) is calculated as
𝑞𝑣
𝑞𝑣,𝑝𝑒𝑎𝑘

= 0.12 ln {

𝑧
𝑧𝑝𝑒𝑎𝑘

}+1

(5-2)

𝑞𝑣,𝑝𝑒𝑎𝑘
𝑠𝑢𝑠,2 𝐻1
𝜌2 𝐷
= 2.9 ln {
(1 +
)} + 9.9
𝑠𝑢,1
𝑠𝑢,1 𝐷
𝑠𝑢𝑠,2

(5-3)

1.3

𝑧𝑝𝑒𝑎𝑘
𝑠𝑢𝑠,2 𝐻1
𝜌2 𝐷
= 1.3 {
(1 +
)}
𝐷
𝑠𝑢,1 𝐷
𝑠𝑢𝑠,2

(5-4)

where 𝑞𝑣,𝑝𝑒𝑎𝑘 is the peak penetration resistance, which occurs at the depth 𝑧𝑝𝑒𝑎𝑘 ; 𝑠𝑢,1
the undrained shear strength of the uniform top layer; 𝑠𝑢𝑠,2 the undrained shear strength
at the surface of the bottom layer; 𝜌2 the gradient of the undrained shear strength profile
in the bottom layer; and 𝛾2′ the effective unit weight of the bottom layer.
The penetration resistance in Stage 2 (𝑧 > 𝑧𝑝𝑒𝑎𝑘 or 𝑧 > 𝐻1 ) is calculated according to
𝑞𝑣 =

4(𝐻𝑝𝑙,𝑡 𝑠𝑢,1 + 𝐻𝑝𝑙,𝑏 𝑠𝑢,2,𝑎𝑣𝑔 )
+ 𝑁𝑐,𝑑 𝑠𝑢(𝑧+𝐻𝑝𝑙) + 𝛾1′ 𝐻1
𝐷
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+𝛾2′ (𝑧 + 𝐻𝑝𝑙 − 𝐻1 ) − 𝛾1′ 𝐻𝑝𝑙
where 𝐻𝑝𝑙,𝑡 is the plug thickness embedded in the top layer; and 𝐻𝑝𝑙,𝑏 the plug thickness
embedded in the bottom layer. The total plug thickness 𝐻𝑝𝑙 is estimated as a function of
the penetration depth and soil strength as
𝐻𝑝𝑙
𝑧
= 𝑓1 exp (−𝑓2 ) ≤ 1
𝐻1
𝐷
𝑓1 = 0.17
𝑓2 =

(5-6a)

𝑠𝑢𝑠,2
𝜌2 𝐷
(1 + 3.3
)+1
𝑠𝑢,1
𝑠𝑢𝑠,2

(5-6b)

𝑠𝑢𝑠,2
𝜌2 𝐷
(1 + 1.9
) + 0.25
𝑠𝑢,1
𝑠𝑢𝑠,2

(5-6c)

The shear resistance along the plug periphery in the bottom layer, 𝑠𝑢,2,𝑎𝑣𝑔 , was taken as
the average undrained shear strength in the bottom layer and 𝑠𝑢,1 according to
1

𝑠𝑢,2,𝑎𝑣𝑔 = (𝑠𝑢𝑠,2 + 𝜌2 (𝑧 + 𝐻𝑝𝑙 − 2𝐻𝑝𝑙,𝑏 − 𝐻1 ) + 𝑠𝑢,1 )⁄2

(5-7)

The bearing capacity factor 𝑁𝑐,𝑑 in stage 2 (Lu et al., 2004) was calculated as
𝑁𝑐,𝑑 = 13 {1 − exp (− Min (10; 2√𝐻𝑝𝑙,𝑏 ⁄𝐷 ))}

(5-8)

The calculation of penetration resistance profile as Stage 2 is continued until it merges
with the penetration resistance of a spudcan without a plug in the bottom clay layer
(Stage 3).
The cavity depth, 𝐻𝑐𝑎𝑣 , in the top layer is first assessed using the equation for single
layer clay (Hossain & Randolph, 2009a) according to
𝐻𝑐𝑎𝑣
𝑆
= 𝑆 0.55 −
𝐷
4

(5-9a)

𝜌
1− 1′
𝛾1

𝑠𝑢𝑠,1
𝑆=( ′ )
𝛾1 𝐷

(5-9b)

When the calculated 𝐻𝑐𝑎𝑣 is greater than 𝐻1 , it is corrected as
𝐻𝑐𝑎𝑣

𝑠𝑢,1 𝐻1
𝜌2 𝐷
= 1.4 {( ′ ) ( )⁄(1 +
)}
𝛾2 𝐷 𝐷
𝑠𝑢𝑠,2

0.5

(5-10)

The backfill weight is calculated accordingly.
In this study, the presented profiles were calculated by applying a 15% reduction to the
peak resistance, 𝑞𝑝𝑒𝑎𝑘 , and bearing capacity factor 𝑁𝑐,𝑑 to account for overall softening
effect (following Hossain & Randolph, 2009b).

5-9

COFS

Performance of the unified method
Overall, the spudcan responses in strong over weak clays were estimated with
reasonable accuracy by the unified method, capturing the punch-through events. The
exception was test T7 (Hossain et al., 2011), as shown in Figure 5-6e, in which a
sudden drop in penetration resistance occurred at z ~ 8 m in the lower weak clay layer
because of the initiation of soil backflow, as was observed from visual evidence. A
similar, although less obvious, reduction also occurred in tests E2UU-I-T2 and E2UU-IT3. This reduction was caused by the combined effect of the increasing load arising
from the backfilled soil and the decreasing bearing resistance resulting from a reduction
in the thickness of the trapped soil plug (due to the effect of the soil backflow). This was
then followed by increasing resistance despite the uniform soil strength. This type of
event cannot be captured properly by the unified analysis model. The strength-averaging
used in the unified method tends to integrate the resistance profile.
The ISO punching shear method yields conservative estimates for all cases considered
in Figures 5-6 and 5-7. The ‘wished-in-place footing’ assumption in the ISO method
means that during penetration in the top clay layer, the plug base is always located at the
surface of the underlying weak layer. By contrast, the unified method allows the plug to
be displaced from the top layer into the bottom layer and hence mobilises the strength of
the deeper soil stratum.
The method of Hossain & Randolph gives reasonable estimate of the penetration
resistance. The peak resistances were estimated with good accuracy. But, the peak
depth, 𝑧𝑝𝑒𝑎𝑘 , tend to be lower than the measured one. In a few cases, e.g., E1UU-II-T5,
E2U-I-T3, and T7, the penetration resistance in Stage 2 are significantly higher than the
calculated peak resistance in Stage 1.This usually occurs when both 𝐻1 ⁄𝐷 and
𝑠𝑢,1 ⁄𝑠𝑢𝑠,2 are low (𝐻1 ⁄𝐷 < 1 and 𝑠𝑢,1 ⁄𝑠𝑢𝑠,2 < 2).
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Figure 5-6a. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in strong over weak uniform
clays (Table 5-1) (1 of 5)
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Figure 5-6b. Comparisons (2 of 5)
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Figure 5-6c. Comparisons (3 of 5)
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Figure 5-6d. Comparisons (4 of 5)
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Figure 5-6e. Comparisons (5 of 5)
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Figure 5-7a. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in strong uniform clays over
weak non-uniform clays (Table 5-1) (1 of 2)
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Figure 5-7b. Comparisons (2 of 2)
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5.3.2

Sand over clay

Punch-through with a sudden reduction in penetration resistance is often associated with
spudcan penetration in sand over clay deposits. Generally, the corresponding severity
for a given normalised top layer thickness, 𝐻1 ⁄𝐷, is higher compared with that in strong
over weak clay. This is because the peak resistance is enhanced by a transitional
widening of the sand plug and, hence, a higher end bearing resistance and a higher plug
peripheral shear resistance.

Table 5-2. List of spudcan penetration tests in dense silica sand over clay layers
(Lee et al., 2013a)
Layer 1: Sand
Test

Soil

𝐻1 :
m

𝐼𝐷 :

𝜙𝑐𝑣 :
°

%

Layer 2: Clay

𝛾1′ :
kN/m3

𝑠𝑢,2
𝜎𝑣′

𝛾2′ :
𝜌2 :
kN/m3 kPa/m

Spudcan

𝑠𝑢𝑠,2 :
kPa

𝐷:
m

𝛽:
º

Source: Lee et al. (2013a)
8
10
D1SPa

12

154

14
16
6.2

7.5

2.00

17.70

6
8
10

D1Fa

12

D1Fb

D2Fa

D2Fb

UWA silica sand & UWA kaolin clay

14
16
8
4.1

7.5

2.10

16.30

10
12

92

31

10.99

6.7

6

0.26
7.5

2.00

19.10

8
12
16
6

5.8

7.5

2.00

18.60

8
12
16
6

D2Fc

4.8

7.5

2.10

17.90

8
12
16
6

D2Fd

3.4

7.5

2.10

16.60

8
12
16
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Validation against centrifuge test data: silica sand over clay
Centrifuge model tests with conical spudcans and flat circular footings in dense silica
sand (𝐼𝐷 ~ 58 to 99%) over clay were conducted by Lee et al. (2013a) (Table 5-2) and
Teh et al. (2010) (Table 5-3). The normalised sand-layer thickness, 𝐻1 ⁄𝐷, ranged from
0.2 to 3.5. Hu et al. (2014a) extended this investigation by testing spudcan penetration
in medium dense silica sand (𝐼𝐷 ~ 43%) over clay (Table 5-4). The estimations obtained
using the unified method were validated against these data, including the penetration
profiles reported by Craig & Chua (1990).

Table 5-3. List of spudcan penetration tests in dense sand over clay layers
(Teh, 2007; Teh et al., 2010)
Layer 1: Sand
Test

Soil

𝐻1 :
m

𝐼𝐷 :
%

𝜙𝑐𝑣 :
°

Layer 2: Clay

Spudcan

𝛾1′ :
kN/m3

𝑠𝑢,2
𝜎𝑣′

-

0.26

6.0

1.56

-

-

-

-

-

𝛾2′ :
𝜌2 :
kN/m3 kPa/m

𝑠𝑢𝑠,2 :
kPa

𝐷:
m

𝛽:
º

Source: Teh (2007), Teh et al. (2010)

NUS clay
NUS sand

Malaysia
kaolin
clay
Toyoura
silica sand

80.0

32

9.60

3.0

95.0

9.93

7.75

NUS F2

5.0

88.0

9.78

12.71

7.0

94.0

9.91

18.04

10.0

95.0

10.5

96.0

9.96

27.18

14.0

93.0

9.89

35.99

NUS F8

5.0

61.0

9.21

11.98

NUS F9

7.0

58.0

9.15

16.66

NUS F3
NUS F5
NUS F6
NUS F7

Toyoura silica sand &
Malaysia kaolin clay

NUS F1

32

9.93

0.26

6.0

1.56

2

UWA F2

UWA F5
UWA F6
UWA F8
UWA F9

3.5
UWA SF silica sand &
UWA kaolin clay

UWA F4

160

25.82

UWA F1

UWA F3

10

99.0

11.15

7.22

3
4
6

31
7.0

77.0

0.185
10.67

6.5

1.20

2
13.82

4
6

7.1

98.0

11.13

UWA F10

14.62

7
8
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Table 5-4. List of spudcan penetration tests in sand-over-clay layers
(Craig & Chua, 1990; Hu et al., 2014a)
Layer 1: Sand
Test

Soil

𝐻1 :
m

𝐼𝐷 :

𝜙𝑐𝑣 :
°

%

Layer 2: Clay

𝛾1′ :

kN/m3

𝑠𝑢,2
𝜎𝑣′

𝛾2′ :

𝜌2 :
kN/m3 kPa/m

Spudcan

𝑠𝑢𝑠,2 :
kPa

𝐷:
m

𝛽:
º

T5
T6
T8
T27

Mersey river sand over
Cowden glacial till clay

Source: Craig & Chua (1990)
2.6
7

89

10.26

-

32

24

42
9.1

9.5
7

45

8.91

0.00

14

-

41

-

30

167

Source: Hu et al. (2014a)
6
8

L2

L3

6
UWA silica sand & UWA kaolin clay

L1

-

12.96

10
12
14

1.54

6
10

5

43

31

9.96

-

12.36

7.1

14

154

16
20
6
8
3.2

-

1.55

11.01

12
16
20

In most of the cited tests, UWA superfine silica sand was used. It should be noted that
there is variation in the reported critical friction angles, 𝜙𝑐𝑣 ; ranging between 31° and
35° (Cheong, 2002; O’Loughlin & Lehane, 2003; White et al., 2008; and Lee, 2013a).
The lowest value of 31° was probably obtained through measurements of the angle of
repose. The higher friction angles, ranging from 33.75 to 34.94°, were obtained from
simple shear and triaxial compression tests at low stresses (< 100 kPa). In this study, the
lower value of 𝜙𝑐𝑣 = 31° was used because it is more appropriate for the high stresses
related to spudcan penetration. For the dilation parameters, the following values were
used: 𝑚𝜓 = 3, 𝑄𝜓 = 10, and 𝑅𝜓 = 1 (see Equation 4-15). The parameter for the lateral
pressure mobilisation, 𝑅𝑓 (see Equation 4-25), was taken equal to 0.72 based on
calibration against centrifuge test data. For calculation of the backfill weight, a soil unit
′
weight of 𝛾𝑏𝑓
= 𝛾′ was assumed.
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For several typical cases, comparisons were also made with the ISO recommended
methods, i.e., the load spread and punching shear methods with the ‘wished-in-place
footing’ assumption, and with the methods of Teh et al. (2009), Lee (2009) and Lee et
al. (2013b), and Hu et al. (2014a, 2014b). The bearing capacity factors 𝑁𝑐 from
Houlsby & Martin (2003), 𝑁𝛾 from Cassidy & Houlsby (2002), and 𝑁𝑞 from Vesic
(1973) were used wherever applicable.
In the load spread method, the bearing capacity is calculated by considering a fictitious
footing projected to the interface between the sand (1st) and clay (2nd) layers with a load
spread factor 𝑛𝑠 (ratio of vertical to horizontal). The presence of a soil plug is
completely neglected. The recommended 𝑛𝑠 values range from 3 to 5. The equivalent
diameter, 𝐷 ′ , of the fictitious footing is calculated as
𝐷′ = 𝐷 + 2 (𝐻1 − 𝑧)⁄𝑛𝑠

(5-11)

and the penetration resistance is given by
𝑅𝑏𝑎𝑠𝑒 = 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 − 𝑊𝑠𝑎𝑛𝑑

(5-12)

𝑊𝑠𝑎𝑛𝑑 = 0.25𝜋𝐷′2 (𝐻1 − 𝑧)𝛾1′

(5-13)

Here, 𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 is calculated as the bearing capacity of the fictitious footing (of diameter
𝐷’) on the surface of the clay layer.
The punching shear method assumes a cylindrical sand plug between the footing base
and the sand-clay interface, i.e., it ignores the penetration of the plug into the underlying
layer. In this method, the peripheral resistance of the plug is calculated from the plug’s
interface friction, and the lateral pressure on the plug periphery is calculated using a
punching shear coefficient, 𝐾𝑠 . The coefficient 𝐾𝑠 depends on the strengths of the sand
and clay layers; it increases as the ratio 𝑞𝑣,𝑐𝑙𝑎𝑦 ⁄𝑞𝑣,𝑠𝑎𝑛𝑑 increases and as the effective
friction angle, 𝜙, of the sand layer increases (see Figure 5-8). This solution was
originally derived for a surface footing and hence does not include the contribution from
the surcharge pressure in the calculation of 𝑞𝑣,𝑐𝑙𝑎𝑦 ⁄𝑞𝑣,𝑠𝑎𝑛𝑑 (Hanna & Meyerhof, 1978).
Unfortunately, no clear guidelines are given for the calculation of 𝑞𝑣,𝑐𝑙𝑎𝑦 ⁄𝑞𝑣,𝑠𝑎𝑛𝑑 for
penetration below the soil surface. For deep embedment, the exclusion of the surcharge
pressure effect leads to higher values of 𝑞𝑣,𝑐𝑙𝑎𝑦 ⁄𝑞𝑣,𝑠𝑎𝑛𝑑 and 𝐾𝑠 and hence to a higher
penetration resistance. In this study, the contribution from the surcharge pressure was
included in the calculation of 𝑞𝑣,𝑐𝑙𝑎𝑦 and 𝑞𝑣,𝑠𝑎𝑛𝑑 . In addition, the actual footing
embedment was considered in the calculation of 𝑞𝑣,𝑠𝑎𝑛𝑑 .
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Figure 5-8. Punching shear coefficient, 𝑲 (ISO, 2012)

Comparisons between the estimated and measured resistance profiles for the penetration
of the circular flat footings in test D1Fa (𝐷 = 6 and 16 m; Table 5-2) are shown in
Figure 5-9. The peak penetration resistance (at a shallow depth of z ~ 0.1 𝐷) in the sand
layer can be estimated very well by the unified method as well as by the methods of Teh
et al. (2009), Lee et al. (2013b), and Hu et al. (2014a). It should be noted that the
method of Teh et al. was calibrated primarily for conical spudcans (𝛽 = 154° and 160°).
For the smaller footing diameter (𝐷 = 6 m; Figure 5-9), the resistance profile in the clay
layer was underestimated (and estimated with a lower gradient) by the unified method.
In the unified method, the contribution of the lateral shear resistance is considered by
assuming shear failure directly along the plug periphery. In fact, however, the failure
mechanism induced by an advancing composite footing (comprising the spudcan and
the sand plug) at deep penetration involves soil flow around the plug and footing (see
Figure 5-10). This involves an extension of the shear failure surface. Therefore, the
estimation obtained using the unified analysis method can be regarded as the lowerbound resistance for deep penetration in the underlying clay layer.
Similar to the unified method, the solution proposed by Teh et al. (2009) for penetration
below the sand-clay interface is based on the solution from Craig & Chua (1990).
However, for the plug base resistance, Teh et al. uses the deep bearing capacity factor
from Hossain & Randolph (2009a), 𝑁𝑐,𝑑𝑒𝑒𝑝 , to account for the deep penetration
mechanism while still including the contribution from the surcharge pressure and
neglecting the plug weight, thereby results in a higher penetration resistance.
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Figure 5-9. Comparisons between measured penetration profiles and those
estimated using various methods for flat circular footings in dense sand over clay
(D1Fa, Table 5-2)

A different approach was used by Lee (2009) and Hu et al. (2014b), in which the
footing and the sand plug are treated as a single composite (block) footing. Lee
proposed new bearing capacity factors as a function of the normalised footing thickness,
𝐻𝑓𝑑𝑛 ⁄𝐷 , and a dimensionless strength gradient parameter, 𝜌𝐷 ⁄𝑠𝑢𝑠 . This approach was
later simplified by Hu et al. for application to the practical range of offshore soil
properties (𝐻𝑠𝑎𝑛𝑑 ⁄𝐷 = 0.16-1; 𝜙 = 30-33°; 𝑠𝑢𝑠 = 10-40 kPa; 𝜌 = 1-2 kPa/m; and
sensitivity 𝑆𝑡 = 3-5) as
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Figure 5-10. Displacement trajectory of soil particles due to an advancing spudcan
with a sand plug in the underlying clay layer (Teh et al., 2008)
′
𝑞𝑣 = 𝑁𝑐 𝑠𝑢0 + 𝐻𝑝𝑙 𝛾𝑐𝑙𝑎𝑦

𝑁𝑐 = 𝑁𝑐,𝑑 = 15

(5-14)

𝐻𝑠𝑎𝑛𝑑
+9
𝐷

(5-15)

𝑠𝑢0 is the undrained shear strength at the spudcan shoulder, and 𝐻𝑝𝑙 the plug height.
This approach offers a better estimation, especially for large 𝐻𝑠𝑎𝑛𝑑 ⁄𝐷 , as is the case for
the footing with 𝐷 = 6 m in Figure 5-9a. Regrettably, this approach is not suitable for
implementation in a unified method because it requires the consideration of the entire
plug and the spudcan as a single entity. It should be noted that this approach was
calibrated for the previously stated conditions only.
The ISO-recommended methods, i.e., the load spread and punching shear methods,
clearly provide overly conservative estimations in terms of penetration resistance. The
underestimation of the peak resistance by the load spread method is primarily
attributable to neglect of the contribution from the plug. Regarding the punching shear
method, the discrepancy probably arises from the underestimation of the plug peripheral
resistance and the assumption of a cylindrical plug. The overly conservative estimation
of the post-peak penetration resistance in the sand and clay layers is the consequence of
fixing the footing base at the interface, as discussed for strong over weak clay.
Comparisons between the measured and estimated penetration profiles for the
penetration of conical footings into dense silica sand over kaolin clay (test D1SPa, 𝐷 =
8 and 16 m; Table 5-2) and medium dense sand over clay (test L3, 𝐷 = 6 and 20 m;
Table 5-4) are presented in Figures 5-11 and 5-12, respectively. The performances of
the investigated design methods are similar to those for the case of a flat footing.
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Figure 5-11. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in dense sand over clay
(D1SPa, Table 5-2)
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Figure 5-12. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in medium dense sand over
clay (L3, Table 5-4)

The performance of the unified method for the other cases listed in Tables 5-2, 5-3, and
5-4 is shown in Figures 5-13 to 5-19. The peak resistances were estimated with good
accuracy in most cases, including those of soils with thick sand layers, i.e., UWA-F1, 2,
6, and 8 (1.17 < 𝐻1 ⁄𝐷 < 1.75) (Figure 5-15). The overestimation for UWA-F5 (𝐻1 ⁄𝐷 =
3.5) may be corrected if an additional settlement due to the high resistance (> 2000 kPa)
is considered. This kind of correction is not discussed in this study. Other few
exceptions occur for NUS-F5, 6, and 7, where the peak resistances were clearly
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overestimated by the unified method as well as by the methods of Teh et al. (2009) and
Hu et al. (2014a) (see Figure 5-17). This finding suggests that sample disturbance (e.g.,
relaxation of lateral confinement) may have occurred at some point during the
experiments. Unfortunately, no explanation regarding these cases was provided by the
corresponding authors.
Craig & Chua’s (1990) centrifuge test data were reasonably estimated for test T5 but
overestimated for tests T6, T8, and T27 (see Figure 5-18). Similar overestimations were
obtained using method of Hu et al. (2014a) (even when calculated as if for a flat
footing).
The penetration resistance profiles for medium dense silica sand over kaolin clay (Hu et
al., 2014) were also reasonably well estimated (Figure 5-19). The few observed
discrepancies may be attributed to inconsistencies in the centrifuge test results for
various 𝐻1 ⁄𝐷, e.g., the peak resistance for 𝐷 = 10 m was greater than that for 𝐷 = 8 m
in test L1.
Overall, for footing penetration in silica sand over clay, the performance of the unified
method in assessing the penetration resistance profile, including the peak resistance in
the sand layer, is reasonable.

Figure 5-13. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in dense sand over clay
(OCR ~ 1.5) (Table 5-2)
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Figure 5-14. Comparisons between measured penetration profiles and those
estimated using the unified method for flat circular footings in dense sand over
clay (OCR ~ 1.5) (Table 5-2)
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Figure 5-15. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in dense sand over clay,
UWA test series (Table 5-3)
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Figure 5-16. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in dense sand over clay,
NUS test series (Table 5-3)
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Figure 5-17. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in dense sand over clay, NUS
series (Table 5-3)

Figure 5-18. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings in loose and dense sand over
clay (Table 5-4)
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Figure 5-19. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in medium dense sand over
clay (Table 5-4)

Validation against centrifuge test data: carbonate sand over clay
In this study, tests were conducted using NWS carbonate sand (tests B1 & B2; Chapter
3). In single-layer sand, the relatively high compressibility of uncemented carbonate
sand often leads to significantly lower penetration resistances than those estimated using
conventional methods, which were developed based on the response of silica sand. The
low bearing capacity of the NWS carbonate sand used in this study was confirmed by
the results for single-layer sand presented in Section 3.6.4. The measured bearing
capacity in this carbonate sand was found to be less than 50% of that in silica sand with
a comparable relative density. In practice, the low resistance is typically captured by
reducing the operational friction angle by up to 7º (ISO, 2012), by using an
unrealistically low friction angle (~15 to 25º) (SNAME, 2008), or by applying a
mobilisation factor of ~0.25 to the calculated penetration resistance (InSafeJIP, 2011).
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Figure 5-20. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in loose carbonate sand
over kaolin clay (B1, Table 3-12)
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Figure 5-21a. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in loose carbonate sand
over carbonate clay (B2, Table 3-13) (1 of 2)
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Figure 5-21b. Comparisons (2 of 2)

In this study, penetration resistance profiles were assessed using the actual material
parameters (i.e., the friction angle) of the carbonate sand. Comparisons between the
measured and the estimated penetration profiles for spudcan penetration in loose (𝐼𝐷 ≈
20%) carbonate sand over clay are illustrated in Figures 5-20 and 5-21. For tests B1 and
B2, the loose carbonate sand was underlain by kaolin or carbonate clay, respectively.
The variation in the strength of the clay layer (the carbonate clay was ~50% stronger
than the kaolin clay) gave rise to a variation in the layer strength ratio. Evidently, the
peak penetration resistance could be reasonably estimated using the unified method
without any artificial reduction of the sand’s friction angle or the application of a
mobilisation factor. This was achieved through proper estimations of the side angle of
the sand plug and of the mobilised lateral pressure on the plug interface. Laboratory
element tests revealed that the dilation angle of the NWS carbonate sand vanishes at
relatively low stresses. This is captured by a low 𝑄𝜓 of 7.5 (see Table 3-2). This low
dilation angle led to a lower plug side angle and, hence, a smaller effective plug base
area. Calibration of centrifuge data also gave a relatively low lateral pressure
mobilisation parameter, 𝑅𝑓 = 0.5, for the NWS carbonate sand.
High soil compressibility may also lead to additional footing settlement (Overy, 2012).
The settlement may become significant when the penetration resistance is high, which is
the case in a thick or deeply embedded sand layer. In tests B1 and B2, the mobilised
penetration resistances were not sufficient to induce substantial additional settlement.
Such settlement can be observed later in spudcan penetration in clays with interbedded
sand (Section 5.4.2). The penetration resistances in the interbedded sand were, however,
beyond the common range of jack-up preloading, which is below 600 kPa.
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5.4

PENETRATION IN MULTILAYER SOILS

In this section, the performance of the unified analysis method was validated against the
experimental results for layered clays reported by Hossain et al. (2011) and those for
layered clays with surficial or interbedded sand layers obtained in this study (see
Section 3.8).

5.4.1

Layered clays
Table 5-5. List of spudcan penetration tests in layered clays
(Hossain et al., 2011)
Test

T5

T6

T8

Soil
𝐻1 : m

T9

T10

T11

Layered kaolin clay
3.7

4.5

𝛾1′ : kN/m3

5

7.1

2.7

2.2

~7.0

𝜌1 : kPa/m

1.3

1.3

0

0

0

0

𝑠𝑢𝑠,1 : kPa

0.8

1.5

20

10

13

13

𝐻2 : m

3.5

6.9

6

7

5.6

12.1

𝛾2′ :

3

kN/m

~7.0

𝜌2 : kPa/m

0

0

0

0

0

0

𝑠𝑢𝑠,2 : kPa

20

20

10

45

10

10

𝐻3 : m

18.8

14.6

13

5.7

3.7

3.4

𝛾3′ : kN/m3

~7.0

𝜌3 : kPa/m

1.3

0.7

0

0

0

0

𝑠𝑢𝑠,3 : kPa

8

8

35

12

30

30

𝐻4 : m

-

-

-

4.2

14

8.3

𝜌4 : kPa/m

0

0

0

𝑠𝑢𝑠,4 : kPa

45

20

20

𝛾4′ :

3

kN/m

Spudcan diameter, D: m

12

Apex angle, : º

154

Hossain et al. (2011) conducted spudcan penetration tests in three- and four-layer kaolin
clays (with interbedded strong clay layers) under an enhanced acceleration of 200𝑔.
Similar to the experiments in two-layer clays (Section 5.3.1; Hossain & Randolph,
2010a), the uniform clay layers were prepared via preloading at 1𝑔. In addition, the
non-uniform clays were produced by consolidation under self-weight at enhanced
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acceleration. The final layer configurations were created by slicing and assembling the
layers in a drum strongbox.
A T-bar penetrometer ( 5 mm; length 20 mm) was used to determine the undrained
shear strength of each soil layer. Because of the size of the T-bar relative to the layer
thickness, the measured resistances may be subjected to layering effects. A lower
resistance may be mobilised in a thin strong layer if the layer thickness is not sufficient
to allow for the establishment of the full resistance. By contrast, the measured resistance
in the underlying weak layer may be higher than the actual layer resistance due to the
effect of the trapped strong clay beneath the advancing penetrometer (e.g., Zhou et al.,
2013). Therefore, idealised strength profiles were used for spudcan analysis. The layer
configurations and soil parameters are listed in Table 5-5.
The spudcan penetration responses in the layered clays consisted of squeezing, punchthrough, and a combination of both mechanisms. It is evident that the formation of a soil
plug beneath the spudcan has a profound effect on the penetration resistance. The plug
extends the effective footing size, essentially shifting the bearing base to a deeper
stratum. This leads to early detection of the underlying layer and increases the
resistance. This effect can be observed directly from the limiting squeezing distance,
i.e., the distance from which the spudcan or plug base begins to experience the influence
of the underlying strong layer. In the absence of a soil plug, e.g., for spudcan
penetration in the top layer in tests T5, T6, and T9, limiting squeezing distances of
0.15~0.2𝐷 were measured (Figure 5-22; Hossain et al., 2011). However, in the presence
of a soil plug, e.g., for spudcan penetration in the second layer in tests T8 and T10, the
squeezing distance was augmented by approximately the height of the trapped soil plug,
which was marginally less than the thickness of the overlying strong layer (Figure 5-22;
Hossain et al., 2011). The soil plug contributed to an increase in the penetration
resistance (even after subtraction of the plug weight) through the formation of an
additional shear resistance along the plug periphery, e.g., the penetration profile in the
3rd layer in test T9.
Comparisons between the measured penetration profiles and those estimated using the
unified method are presented in Figure 5-22. The profiles of bearing base position are
also presented in Figure 5-22. Note that, the bearing base is not identical to the physical
plug base. It simply represents the position that gives the minimum resistance. Due to
the strength averaging method, which includes the (external) soil above and around the
(internal) discrete layer in question, the minimum resistance is not necessarily located at
the surface of a weak (internal) layer.
The estimated profiles using the ISO recommended bottom-up approach combining
squeezing and punch-through are also included for comparison. As noted previously,
the backfill weight has a significant influence on the net penetration resistance in soils
with low strength, such as clay. All penetration profiles were calculated considering a
′
backfill unit weight of 𝛾𝑏𝑓
= 𝛾 ′ . The spudcan buoyancy and backfill weight calculated
by the unified method were also used for the ISO method.
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The squeezing method recommended by ISO (2012) calculates the bearing resistance as
𝑞𝑣 = (𝑎𝑠 +

𝑏𝑠 𝐷 1.2𝑧
+
) 𝑠𝑢,1 + 𝑝0′ ≥ 𝑁𝑐 𝑠𝑐 𝑑𝑐 𝑠𝑢,1 + 𝑝0′
𝑇
𝐷

(5-16)

where the squeezing factor constants 𝑎𝑠 = 5.0 and 𝑏𝑠 = 0.33. 𝑇 is the thickness of the
weak layer between the spudcan and the stronger underlying layer. The right-hand side
of Equation 5-16 represents the penetration resistance of the single top layer, where 𝑠𝑐
and 𝑑𝑐 are the shape and depth factors, respectively. Squeezing is considered to occur
when
𝑧
𝐷 ≥ 3.45𝑇 (1 + 1.025 )
𝐷

for 𝑧⁄𝐷 ≤ 2.5

(5-17)

This solution is applicable only for uniform clays.
For three-layer weak-strong-weak clay deposits (tests T5, T6, T9), the squeezing in the
1st layer can be estimated accurately by the unified method. In the interbedded strong
layer, the effect of increasing the normalised layer thickness, 𝐻2 ⁄𝐷 , in enhancing the
potential for punch-through (or increasing punch-through severity) is reasonably
captured, although the estimated resistances are slightly higher.
In case of interbedded weak layers (tests T8, T9, T10 and T11), the squeezing can be
estimated reasonably as well, including the penetration resistance in the underlying
strong layers. This was achieved by limiting the averaging area above the spudcan as
discussed in Section 4.4. Otherwise, the squeezing resistance and the resistance in the
deeply embedded strong layer would be underestimated.
The profiles estimated using the ISO-recommended bottom-up approach are
conservative for all cases investigated. This can be attributed to the fact of not
accounting for the effect of the soil plug (Hossain, 2014). The underestimation is
especially noticeable when the strong layer is thick, as in the case of penetration into the
3rd layer in test T9 (Figure 5-22b).
Overall, the unified analysis method can consistently capture the squeezing and punchthrough profiles without the necessity of explicitly considering the strength ratio and
normalised layer thickness.
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Figure 5-22a. Comparisons between measured penetration profiles and those
estimated using the unified method and ISO approach for conical footings in
layered clays (Table 5-5) (1 of 2)
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Figure 5-22b. Comparisons (2 of 2)
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5.4.2

Clay with interbedded sand

Spudcan penetration in layered clay deposits with interbedded sand layers was
simulated in tests B3, B4, B5 and B6 (Tables 3-17 and 3-18). In this section, the
centrifuge test results are compared with the estimations using the unified analysis
method. Similar to spudcan penetration in stratified clays with interbedded strong clay
layers, the resistance profile is formed by two major mechanisms: squeezing and punchthrough. However, the peak resistance and punch-through severity are higher, as the
sand layers are stronger than the strong clay layers.
Three-layer sediments
The experiments in three-layer soil with an interbedded sand layer were performed to
investigate the influence of the overlying clay layer on the penetration response in the
interbedded sand layer. According to Lee et al. (2013b), the top clay layer can be treated
as a surcharge pressure at the surface of the sand layer, which increases (a) the bearing
capacity of the underlying clay layer and (b) the pressure within the sand plug (and
hence the mobilised frictional resistance). This assumption has proven to yield
reasonable estimations, as shown previously in Table 3-22. The same approach was
used in the method of Hu et al. (2014a, 2014b).
The performances of these recently introduced methods and the ISO-recommended
bottom-up approach (punching-shear for a strong over weak system) were assessed by
comparing the calculated penetration profiles with the measured ones. The comparisons
for tests B3 and B4 (𝐷 = 10 and 15 m) are shown in Figures 5-23 and 5-24. For
′
calculation of the backfill weight, a unit weight of 𝛾𝑏𝑓
= 𝛾′ was assumed.
There is no significant difference between the shapes of the measured resistance profiles
in siliceous and calcareous sediments. The peak resistances in the silica and carbonate
sand layers (Figures 5-23 and 5-24) are similar. This outcome reflects the
counterbalancing effects of the slightly higher relative density (𝐼𝐷 = 60% for the silica
sand vs. 50% for the carbonate sand) and low compressibility of silica sand and the
significantly higher strength of the carbonate clay (𝑠𝑢,3 = 47.8 + 2.95𝑧 kPa for the
carbonate clay vs. 𝑠𝑢,3 = 37.95 + 1.98𝑧 kPa for the kaolin clay).
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(a)

(b)

Figure 5-23. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings with diameters of (a) 10 and
(b) 15 m in kaolin clay with interbedded dense silica sand (B3, Table 3-17)
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(a)

(b)

Figure 5-24. Comparisons between measured penetration profiles and those
estimated using various methods for conical footings with diameters of (a) 10 and
(b) 15 m in kaolin clay with interbedded dense carbonate sand (B4, Table 3-18)
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Estimation using the unified method
The penetration response in the top clay layer is similar to that in a single clay layer
until the footing senses the presence of the (2nd) sand layer, resulting in higher
resistance (squeezing). The onset of this squeezing resistance was estimated to occur at
a shallower depth by the unified method. Note that the high resistance and the presence
of the weak clay layer below the interbedded sand layer may have induced significant
additional footing settlement. This settlement may have led to a shift in the penetration
profile along the depth axis, especially at high penetration resistances (> 500 kPa). In
the field, the full preload level is typically lower, and thus, the additional settlement is
less substantial.
The peak resistances in the sand layers were estimated with good accuracy, although
slightly lower, by the unified method. Note that the peak resistances in the interbedded
sand layers occurred at deeper embedments (0.33-0.52𝐻2 ) compared with those in the
surface sand layers (~0.12𝐻1 ). This may be attributed to the additional footing
settlement induced by the high penetration resistance.
For penetration into the bottom clay layer, the unified method provided an excellent
estimation for the carbonate clay. Lower estimates were obtained in the kaolin clay. The
reason is the same as that regarding the penetration in the bottom clay layer in sand over
clay (Section 5.3.2). At this penetration depth, the sand plug is fully embedded in the
clay layer. The unified method assumes shear failure directly along the plug periphery.
In fact, the failure mechanism induced by an advancing composite footing (comprising
the spudcan and the sand plug) at deep penetration involves soil flow around the plug
and spudcan.
Overall, the penetration resistance profiles in all three-layer sediments investigated (clay
with interbedded sand) were estimated consistently with reasonable accuracy by the
unified method.
Estimation using the ISO method
In this comparison, the squeezing profile is not included because the ISO method for the
squeezing mechanism is applicable only for uniform clay. Significant underestimations
for penetration into the second layer and below were obtained using the ISO ‘bottomup’ approach, primarily because of the ‘wished-in-place footing’ assumption. The
estimated peak penetration resistances in the interbedded sand layers are conservative in
all investigated cases, corresponding to only 50~70% of the measured values.
Estimation using the methods of Lee et al. (2013b) and Hu et al. (2014a, b)
The peak resistances in the interbedded sand were estimated with good accuracy using
the methods of Lee et al. (2013b) and Hu et al. (2014a), comparable to that achieved
using the unified method. For estimation of the resistance profile in the 3rd (bottom) clay
layer using the methods of Lee (2009) and Hu et al. (2014b), a sand plug height, 𝐻𝑝𝑙,2 ,
of 0.9𝐻2 was considered. These methods gave good estimation for the penetration
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profiles in the bottom kaolin clay, but overestimated the profile in the bottom carbonate
clay.
Four-layer sediments
In this section, the measured resistance profiles in four-layer deposits with alternating
sand and clay layers (tests B5 and B6; 𝐷 = 10 m) are compared with the profiles
estimated using the unified method and the recently introduced methods cited in the
previous section (Figure 5-25). For calculation of the backfill weight, a unit weight of
′
𝛾𝑏𝑓
= 𝛾′ was assumed.
The complexity of the penetration mechanism is increased in such four-layer deposits,
especially in the interbedded sand layer. In addition to the effect of the surcharge
discussed above, the sand plug carried down from the 1st sand layer (plug-1) plays a
significant role in two respects. First, it significantly augments the squeezing distance
because a spudcan with a trapped sand plug can sense the underlying strong (3rd) sand
layer much sooner. Additionally, clay from the 2nd layer may be trapped between the
two sand layers and augments the plug height (see Figure 3-55). Second, the combined
plug is then forced down into the 3rd (sand) layer, leading to a significantly larger sand
plug and hence more severe punch-through.
Estimation using the unified method
The resistance profiles in the top (loose) sand layer are comparable to those in the twolayer sand over clay deposits discussed in Section 5.3.2. The resistances in this layer
were reasonably estimated by the unified method.
The squeezing profile determined using the unified method for the 2nd clay layer (z ~ 12
m for test B5 and z ~ 10 m for test B6, Figure 5-25) exhibits a very high gradient (flat)
because the additional settlement due to this (high) penetration load was not considered.
During the mobilisation of the high squeezing resistance (> 500 kPa), the clay
sandwiched between the spudcan and the 3rd (sand) layer would have exhibited
substantial shear deformation, leading to additional vertical displacement.
The estimated resistance profile in the deeper part of the 2nd (clay) layer (from
squeezing to the peak resistance in the 3rd (sand) layer) appears dented, containing two
local peaks. These peaks are labelled as points pk-1 and pk-2 in Figure 5-26. The
spudcan resistance profile, excluding the backfill weight and spudcan buoyancy, and its
components are plotted. The total resistance is the sum of the base bearing resistance
and the plug friction minus the plug weight. The profile of the base bearing resistance
plotted against the position of the bearing base is also provided. The first peak (pk-1)
originates from numerical fluctuation arising as the bearing base shifts from the base of
plug-1 (squeezing of the 2nd clay layer) to the surface of the bottom (4th) clay layer
(punch-through mechanism). The second peak (pk-2) is related to the maximum side
angle of the plug from the interbedded (3rd) sand layer (plug-3; analogous to the peak
resistance mechanism in a two-layer sand-over-clay deposit). This point does not appear
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in the estimated resistance profile in carbonate sand because the dilation angle (and side
angle) is completely suppressed (Figure 5-26b). The third peak (pk-3), i.e., the actual
peak, is related to the conditions in which plug-1 is fully embedded in the (3rd) sand
layer and plug-3 is fully embedded in the bottom (4th) clay layer.
These local peaks (pk-1 and pk-2) are consequences of the idealised analysis model, in
which the soil plug simply slides against the undeformed (rigid) surrounding soils and
no deformation correction is applied. Figure 3-55 (d to h) reveals significant soil
deformation during this penetration stage. Consideration of the soil deformation may
improve the estimation and give a smoother penetration profile for this transitional
stage.
In the interbedded (3rd) sand layer, the estimated profiles tend to be lower than the
measured ones. One cause is related to the calculation of the resistance of an embedded
sand plug in clay. At this penetration depth, plug-3 is embedded in the bottom clay layer
and its resistance was calculated by assuming shear failure directly at the plug-3
periphery. In fact, the failure mechanism induced may involve soil flow around the
plug. Nevertheless, the soil at this stage is strongly deformed, which complicates
accurate assessment of the failure mechanism.
The estimated profiles for the 4th (clay) layer using the unified method are slightly lower
than the measured ones. The reason is the same as that regarding the penetration in the
bottom clay layer in sand-over-clay (Section 5.3.2). At this penetration depth, plug-1
and plug-3 are fully embedded in the bottom (4th) clay layer. The unified method
assumes shear failure directly along plug periphery. In fact, the failure mechanism
induced by the advancing composite footing (comprising the spudcan and the sand plug)
at deep penetration involves soil flow around the plug and spudcan.
Estimation using the ISO method
Significant underestimations are obtained using the ISO bottom-up approach, primarily
because of the ‘wished-in-place footing’ assumption. In this comparison, the squeezing
profile is not included because the ISO method for the squeezing mechanism is
applicable only for uniform clay.
Estimation using the methods of Lee et al. (2013a) & Hu et al. (2014a, b)
The peak resistances (z ~ 0.12D) in the top sand layer were estimated with good
accuracy using the methods of Hu et al. (2014a) and Lee et al. (2013a). However, the
post-peak resistance (z ~ 0.3D) estimated using the method of Lee et al. is higher than
the peak resistance. No estimation of the post-peak resistance was provided by Hu et al.
Note that the corresponding penetration profile in this sand layer was obtained by
connecting the points for the peak resistance (and the post-peak) and the resistance at
the sand-clay interface.
For the estimation of the penetration profile in the 2nd clay layer, the height of plug-1,
𝐻𝑝𝑙,1 , was assumed equal to 0.9𝐻1 . The penetration resistance near the sand-clay
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interface cannot be estimated accurately because of the strong deformation of the layer
interface. However, the sand plug effect is obvious because the measured resistance is
significantly higher than that estimated using the ISO method that neglects the sand
plug.
For spudcan penetration in two-layer sand-over-clay deposits, peak resistance generally
occurs at 𝑧 ~ 0.12𝐻1 in the top sand layer, as discussed previously. For sand-clay-sandclay deposits, after the spudcan penetrates through the 1st sand layer, the effective
footing base is shifted by plug-1 by as much as 𝐻𝑝𝑙,1 . The peak resistance of the
interbedded (3rd) sand layer was therefore estimated to occur at a spudcan penetration of
0.9𝐻1 ~0.12𝐻3 above the surface of the (3rd) sand layer. The thin plug from the (2nd) clay
layer was neglected. Using the methods of Lee et al. (2013b) or Hu et al. (2014a), the
corresponding penetration resistance can be calculated as the peak resistance of the (3rd)
sand layer (at the maximum side angle) and added with the contribution from plug-1
(peripheral resistance minus plug weight). Because the base of plug-1 is essentially flat,
the peak resistance should be calculated using the 𝐷𝐹 factor for a flat footing. This
approach yields an excellent estimate for the corresponding penetration depth (Figure
5-25), but the result does not represent the actual peak resistance.
The peak resistance in the measured profile occurs just above the surface of the (3rd)
sand layer. At this stage of penetration, plug-1 will have become almost fully embedded
in the interbedded (3rd) sand layer and plug-3 will have become almost fully embedded
in the bottom (4th) clay layer. The corresponding peak resistance can be estimated based
on the resistances of plug-1 and plug-3, assuming a full embedment of plug-1 (𝐻𝑝𝑙,1 =
0.9𝐻1 ) in layer 3 and a full embedment of plug-3 (𝐻𝑝𝑙,3 = 0.9𝐻3 ) in layer 4. First, the
resistance from plug-3 was calculated by assuming a composite foundation using the
method of Lee (2009) or Hu et al. (2014b) (Equation 5-14). This value was then used as
the plug base resistance of plug-1 for the calculation of the total penetration resistance,
assuming a cylindrical plug. No additional consideration of the surcharge load should be
included because it is already included in the resistance of plug-3. Because the actual
spudcan is in direct contact with plug-1, the actual spudcan shape (flat or conical)
should be considered in the estimation of the 𝐷𝐹 factor. By adopting this analysis
model, reasonable estimates were obtained for the peak resistance in siliceous
sediments. However, the peak resistances in carbonate sediments were slightly
overestimated.
The penetration profiles in the 4th (clay) layer were calculated assuming plug heights of
𝐻𝑝𝑙 = 0.6𝐻1 + 0.9𝐻3 . The estimated resistances are reasonable for the penetration in the
kaolin clay, but are slightly higher in the carbonate clay. It should be noted that the
method of Hu et al. was derived for a limited range of soil properties (𝐻𝑠𝑎𝑛𝑑 ⁄𝐷 = 0.161; 𝜙 = 30-33°; 𝑠𝑢𝑠 = 10-40 kPa; 𝜌 = 1-2 kPa/m; and 𝑆𝑡 = 3-5). The properties of the
carbonate clay layer are slightly above this range (𝑠𝑢𝑠,4 = 65 kPa; 𝜌4 = 2.95 kPa/m).
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(a)

(b)

Figure 5-25. Comparisons between measured penetration profiles and those
estimated using various methods for 10 m conical footings in four-layer sediments:
(a) silica sand and kaolin clay (B5, Table 3-17) and (b) carbonate sand and
carbonate clay (B6, Table 3-18)
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(a)

(b)

Figure 5-26. Components of the penetration resistance determined using the
unified method for 10 m spudcans in four-layer sediments: (a) silica sand and
kaolin clay (B5, Table 3-17) and (b) carbonate sand and carbonate clay
(B6, Table 3-18)
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Figure 5-27a. Comparisons between measured penetration profiles and those
estimated using the unified method for conical footings in four-layer sediments:
(a) silica sand and kaolin clay (B5, Table 3-17) and (b) carbonate sand and
carbonate clay (B6, Table 3-18)
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Figure 5-27b. Comparison (2 of 2)

The profiles estimated using the unified method for other spudcans are plotted in Figure
5-27. Overall, the unified analysis method consistently captures the evolution of the
penetration mechanisms and estimates the corresponding penetration resistance with
reasonable accuracy.
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The comparisons between the measured and the estimated penetration profiles
demonstrate the need to include a correction for additional settlement due to the footing
load. This is especially relevant when a high penetration resistance is mobilised or when
the soil stiffness is so low (e.g., in carbonate sand) that it leads to significant settlement.
Correction for this additional settlement is not considered in this study. Because of the
progressive nature of the spudcan penetration mechanism, such a calculation must
account for the stress history. Analysis of the plug deformation also requires detailed
calculation of the stress conditions and changes. This subject should be further
investigated through experimental and numerical studies.

5.5

SUMMARY AND REMARKS

The proposed unified analysis method was validated against spudcan penetration data
from centrifuge tests. The cases investigated cover a range of layer configurations: from
single clays to stratified soils consisting of clays and sands. Overall, good agreement
with the measured responses was achieved using the unified analysis method. Although
not all penetration responses could be captured perfectly by the unified analysis method,
all cases investigated demonstrate the suitability of the unified method for analysing
spudcan penetration in stratified soil.
The performance of the proposed unified method can be summarised as follows:




A modified strength-averaging method is employed to enable the calculation of
the bearing capacity in soils with irregular strength profiles. This eliminates the
need to idealise the soil strength profile. The averaging range is determined
based on the strength profile and consists of soils both below and above the
footing.
The transition from one failure mechanism to another as spudcan penetration
progresses through a layered profile can be captured consistently. This is
achieved through a preliminary assessment of the ultimate failure configuration
(the identification of soil plug) at every penetration step. The ultimate failure
configuration is given by the one with the lowest penetration resistance. This
systematic assessment step eliminates the necessity for subjective selection of a
failure mechanism.
The algorithm indirectly identifies when a soil plug is formed, decayed, or
augmented. This is essential for capturing punch-through profiles, representing
cases where the bearing base suddenly shifts to a deeper, weaker layer. The
algorithm was applied successfully for all layer configurations investigated,
including strong over weak clay and sand over clay profiles.
The variations in the penetration profile in strong over weak clay over a wide
range of strength ratios and normalised layer thicknesses can be captured
consistently, including the peak and post-peak responses.
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The variations in the penetration profile in sand over clay over a wide range of
normalised layer thicknesses, relative sand densities, and strengths of the
underlying clay layer can be captured consistently. In contrast to a clay plug,
which can be assumed cylindrical, the shape of a sand plug plays a central role
in the mobilisation of the peak resistance. Estimating the side angle of a sand
plug according to the mobilised dilation angle provides reasonable estimation of
the peak resistance.
It should be noted that the post-peak penetration profile in the underlying clay
layer, especially for 𝐻𝑠𝑎𝑛𝑑 ⁄𝐷 > 0.5, tends to be underestimated due to the
assumption of shear failure directly at the plug interface, which can be regarded
as the lower bound resistance.
The penetration resistance in carbonate sand over clay can be captured using the
same framework as that for silica sand. The penetration profile in carbonate sand
can be captured by properly estimating crushing strength, mobilised dilation
angle and passive soil resistance. The NWS carbonate sand investigated in this
study has relatively low dilation angle. It is shown that it is not necessary to use
an operational friction angle reduced by up to 7º (ISO, 2012), or use an
unrealistically low friction angle (~15 to 25º) (SNAME, 2008), or apply a
mobilisation factor of ~0.25 (InSafeJIP, 2011).
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CHAPTER 6. CPTU-BASED ANALYSIS OF ACTUAL
JACK-UP INSTALLATIONS
6.1

INTRODUCTION

This chapter presents validation of the unified analysis method against spudcan
installation data from several case histories, focusing on practical application of the
method. The soil layering and corresponding soil parameters were estimated based on
piezocone (CPTu) data following the procedure described in Chapter 2. In some cases,
because of the unavailability of certain parameters, assumptions were required in the
interpretation of the soil parameters. Then, spudcan penetration response was calculated
using the unified method described in Chapter 4.
The estimation accuracy of the spudcan penetration response depends on both the
interpretation quality of the soil parameters and the unified analysis method. Still, not
all information required for a thorough evaluation of spudcan penetration can be
acquired from CPTu data alone. Several other data are required for accurate estimation
of the soil strength and the spudcan analysis, e.g., strain rate parameters, sensitivity, and
consolidation parameters to assess drainage effects (particularly during cone penetration
testing). Certain assumptions are therefore unavoidable in this analysis.
The following case histories consist predominantly of scenarios with layered clayey
soils. Unfortunately, no case history of punch-through failure in sand over clay is
available.

Table 6-1. Case histories of actual jack-up installations
Case

Source

Location

Soil

1

Keppel

Unknown

Clayey silt with interbedded sandy silt

2

Erbrich (2005)

Yolla, NWS Australia

Carbonate sandy silt with interbedded
carbonate clay

3

InSafe JIP
(070505ID)

Offshore Indonesia

Carbonate clay with thin sand pockets

4

InSafe JIP
(061105TH)

Gulf of Thailand

Silty clay with sand pockets and shell
fragments

5

InSafe JIP
(090528NS)

North Sea

Clay with interbedded sand

6

InSafe JIP
(060412MY)

Offshore Malaysia

Clay with interbedded sand

7

Keppel

Unknown

Sandy silt on layered silty clay
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6.2

CASE HISTORY 1: CLAYEY SILT WITH INTERBEDDED
SANDY SILT

The data for Case History 1 were provided by Keppel and comprise CPTu and spudcan
penetration data. Analysis of the CPTu data using the methods of Chapter 2 suggest
layers of clayey silt with interbedded sandy silt between 10 and 14 m below the mudline
(Figure 6-1). The jack-up rig was a KFELS B Class with a spudcan diameter of 13.94 m
and a shoulder height of 2.39 m. The full preload for an individual leg was 86 MN,
equivalent to a bearing pressure of 563 kPa.
In this example, the estimations of spudcan penetration profile were made assuming
fully undrained conditions for both cone and spudcan penetration. The strain rate and
strain softening were taken into account in the estimation of the undrained shear
strength from the cone tip resistance. The cone factor 𝑁𝑘𝑡 in Figure 6-2a was calculated
using Equation 2-28 with strain rate parameters (of semi-logarithmic function), 𝜇, of 0
and 0.1. The remoulded shear strength ratio, 𝛿𝑟 , (or inverse of soil sensitivity, 𝑆𝑡 ) in
Figure 6-2b was estimated from the cone tip resistance, sleeve friction, and strain rate
parameter using Equation 2-35. The calculated undrained shear strength, 𝑠𝑢 , profile is
presented in Figure 6-3a. The spudcan resistance was calculated based on the bearing
capacity factor 𝑁𝑐 from Houlsby & Martin (2003); hence, strain rate and strain
softening were not considered additionally. The measured spudcan response is
enveloped reasonably by the estimated profiles (see Figure 6-3b).

Figure 6-1. CPTu-based interpretation of layer boundaries and soil behaviour
types (Case History 1)
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(a)

(b)

Figure 6-2. Remoulded shear strength ratio r and cone factor Nkt (Case History 1)

(a)

(b)

Figure 6-3. Undrained shear strength profile and CPTu-based estimation of
spudcan penetration response (Case History 1)
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6.3

CASE HISTORY 2: CARBONATE SANDY SILT WITH
CARBONATE CLAY

A case of spudcan penetration in calcareous sediment was discussed by Erbrich (2005)
for a jack-up installation at Yolla in the Bass Strait, offshore Australia. The soil
consisted of sensitive carbonate sandy silt (𝛿𝑟 ~ 0.05, 𝑁95 = 2) and clay (𝛿𝑟 ~ 0.3,
𝑁95 = 4). The soil layering based on the borehole log is shown in Figure 6-4. The
spudcan (ENSCO-102) was a relatively flat footing with a diameter of 18.2 m and a
shoulder height of 1.8 m. The full preload for an individual leg was 95 MN, equivalent
to a bearing pressure of 365 kPa. During installation, a static ‘punch-through’ event
occurred at a tip penetration depth of 20 m, resulting in a ~4 m ‘free-fall’. This outcome
challenged both CPTu and T-bar penetrometer data that suggest increasing resistance
profile at this depth.
In this study, the spudcan response was estimated based on the CPTu measurements.
The identified layer boundaries and soil behaviour types are presented in Figure 6-4.
The thin sand layers (0-1.2 m and 3-4 m below seabed) were not recognised, and all
layers were identified as either clay or transitional soils.
Erbrich has pointed out the significance of drainage effect in this case history1.
Therefore, three analyses were conducted by varying the drainage (backbone curve)
parameters. Analysis-1 was conducted assuming fully undrained condition for both cone
and spudcan penetrations. Analysis-2 was conducted using the backbone curve
parameters of kaolin clay for the silty and clayey sediments. Analysis-3 is similar to
Analysis-2, but with a higher drained to undrained shear strength ratio.
The undrained shear strength was interpreted from the CPTu data under consideration of
the strain rate and strain softening effects (Equation 2-28). Note that the strain rate and
strain softening were ignored in (partially) drained conditions (Equation 2-32). For
spudcan penetration resistance, the lower-bound bearing capacity factor 𝑁𝑐 from
Houlsby & Martin (2003) was used; hence, no further consideration of the strain rate
and strain softening effects were included. The variation of the shear strength with the
normalised velocity index (drainage condition) was considered in the estimation of
spudcan resistance.

1

Field penetrometer tests revealed that the cone resistance was significantly higher than the T-bar. This
difference was presumably caused by a greater degree of drainage around the advancing cone and implied
that the sandy silt layer was an intermediate soil.
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Figure 6-4. CPTu-based interpretation of layer boundaries and soil behaviour
types (Case History 2)

Following Erbrich (2005), a strain rate parameter of 𝜇 = 0.1 was assumed for the
calcareous clay layer. Notably, a recent study reported a relatively high value of 𝜇 =
0.27 for NWS carbonate silt (Boukpekti & White, 2012). Nevertheless, the calcareous
clay layers were relatively thin (between depths of 1.2 to 3 m and 15.5 to 19.5 m below
mudline), and modification of the 𝜇 value would have only minor influence on the
overall spudcan penetration response. For the remaining layers which mainly consist of
calcareous sandy silt, laboratory tests were performed and a relatively low strain rate
parameter (𝜇 = 0.03) was measured.
With a penetration rate of 𝑣 = 0.02 m/s, the strain rate induced by the cone penetration
was approximately 4.26 orders of magnitude larger than that of the spudcan (𝑣 ~ 2 m/hr
= 0.56 mm/s) (see Table 6-2). If both cone and spudcan penetration in the sandy silt (𝜇
= 0.03) occurred in the undrained regime, then the strain rate effect on the cone
resistance would be (relatively) 12.8% higher than the spudcan resistance, hence
considering strain rate effects would result in a lower estimate of the spudcan
penetration resistance.

Table 6-2 Penetration rates for CPTu and spudcan

Cone (CPTu)
Spudcan

𝑣: m/s

𝐷: m

𝑣/𝐷: s-1

𝑣𝐷: m2/s

(𝑣/𝐷)
(𝑣/𝐷)𝑐𝑜𝑛𝑒

(𝑣𝐷)
(𝑣𝐷)𝑐𝑜𝑛𝑒

0.02

0.0357

0.56

7.1410-4

1

1

1 / 18353

14.14

5.5610

-4

18.2

3.0510

-5
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(a)

(b)

b = 20;
m = 1.4;
𝑉50 = 1.2

(c)

b = 1.7;
m = 1.4;
𝑉50 = 1.2

Figure 6-5. Estimated (a) coefficient of consolidation, (b) cone velocity index V, and
(c) remoulded strength ratio r (Case History 2)

In an intermediate soil with a moderately high coefficient of consolidation, such as a
sandy silt layer, the penetration of a (small) penetrometer may occur within the partially
drained regime, whereas the penetration of a (large) spudcan within the undrained
regime. To determine the drainage regime of a cone or a spudcan penetration correctly,
the consolidation parameters need to be estimated properly. Underestimation of the
coefficient of consolidation will shift the normalised velocity index, 𝑉 = 𝑣𝐷/𝑐𝑣 , for
cone penetration into the undrained regime, consequently leading to overestimation of
the undrained shear strength and, hence, the spudcan penetration resistance.
Unfortunately, the CPTu-based estimation of the coefficient of consolidation is not very
accurate. Figure 6-5a shows the estimated profile of the coefficient of vertical
consolidation (𝑐𝑣 ), derived from the permeability (𝑘𝑣 ) and the 1-D constrained modulus
(𝑀) using Equation 2-22. The site investigation also provided the coefficient of
horizontal consolidations 𝑐ℎ from cone dissipation tests, which are certainly more
reliable. These 𝑐ℎ values are approximately 20 times higher than the estimated 𝑐𝑣 . Note
that the actual 𝑐ℎ ⁄𝑐𝑣 ratio is unknown. For spudcan analysis, 𝑐ℎ profile was obtained by
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multiplying the CPTu-based 𝑐𝑣 with a factor of 20 to match the 𝑐ℎ from dissipation
tests.
When using 𝑐ℎ to determine the drainage condition, the backbone curve parameter 𝑉50
(see Equation 2-30) should be adjusted accordingly, with the ratio 𝑉50,𝑐ℎ ⁄𝑉50,𝑐𝑣 equal to
𝑐𝑣 ⁄𝑐ℎ (Mahmoodzadeh & Randolph, 2014a). For the kaolin clay investigated by
Mahmoodzadeh & Randolph, 𝑐ℎ ⁄𝑐𝑣 is around 4.66 with 𝑉50,𝑐ℎ = 1.2 and 𝑉50,𝑐𝑣 = 5.5.
The values of other parameters are unaffected (𝑏 = 1.7, 𝑚 = 1.4). These parameters
(with 𝑐ℎ ) were used in Analysis-2. The corresponding backbone curve is plotted
together with the normalised velocity index profile in Figure 6-5b.

(a)

(b)

(c)

Figure 6-6. Cone factor Nkt and undrained shear strength su:
(a) Analysis-1, (b) Analysis-2, and (c) Analysis-3 (Case History 2)
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It should be noted that large variations exist between different soils in terms of the ratio
of undrained to drained shear strengths (parameter 𝑏). Moreover, variations have been
observed between different penetrometers in the same soil, especially in terms of the
demarcations between the partially drained and undrained regimes. For comparison,
Analysis-3 was conducted using a higher 𝑏 value (= 20).
The 𝑠𝑢 profiles as well as the corresponding 𝑁𝑘𝑡 profiles calculated based on the above
assumptions are presented in Figure 6-6; and the 𝛿𝑟 profile in Figure 6-5c. The
estimated spudcan penetration profiles are presented in Figure 6-7.
As expected, the spudcan resistance was overestimated in Analysis-1 (b = 0), even
under the assumption of full backfill (zero cavity) as confirmed by an ROV survey
(Figure 6-7a). In Analysis-2, lower spudcan resistance was obtained after considering
the drainage effects (Figure 6-7b), where the cone penetration might have occurred in
partially drained condition as shown in Figure 6-5b. However, the estimated resistance
is still higher than the measured one. By increasing the 𝑏 value in Analysis-3, lower
resistance and, hence, a better fit to the measured profile were obtained (Figure 6-7c).
This case history demonstrates the significance of the drainage parameters in
intermediate soils, especially when cone (or spudcan) penetration occurs in the partial
drainage regime. Nevertheless, the current estimations rely on unverified assumptions
due to the unavailability of definitive soil parameters.

(a)

(b)

(c)

Figure 6-7. CPTu-based estimations of spudcan penetration responses:
(a) Analysis-1, (b) Analysis-2, and (c) Analysis-3 (Case History 2)
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6.4

CASE HISTORY 3: CARBONATE CLAY WITH THIN SAND
POCKETS (070505ID)

Case History 3 was acquired from the InSafeJIP database and involved spudcan
penetration in relatively homogeneous clay with a stronger interbedded layer near the
surface (see Figures 6-8 to 6-10). The jack-up rig was a Baker Marine Pacific 375 with
a spudcan base area of 225 m2 or an equivalent diameter of 16.9 m and a shoulder
height of 1.3 m.
The full preload for an individual leg was 86 MN (equivalent to bearing pressure of 382
kPa), and the still-water reaction was approximately 56.4 MN (equivalent to bearing
pressure of 251 kPa). The initial leg penetration up to 60% preload was performed with
a 1.5 m draft. The subsequent penetration to full preload was achieved by jacking up the
hull to zero air gap. The leg settlement under full preload ranged from approximately
17.3~18.5 m to 21.3~23.1 m below the mudline over a period of 19 hours. Apparently,
no punch-through event was induced by the thin stronger layer interbedded between 5
and 6 m. Instead, gradual resistance increases were measured for all three legs.
For this case, the spudcan resistance profiles were estimated without drainage effects
and using strain rate parameters of 0.1 and 0.2. The corresponding remoulded strength
ratio, 𝛿𝑟 , cone factor, 𝑁𝑘𝑡 , and undrained shear strength, 𝑠𝑢 , profiles are shown in
Figures 6-11 to 6-13.

Figure 6-8. CPTu-based interpretation of layer boundaries and soil behaviour
types (forward leg, Case History 3)
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Figure 6-9. CPTu-based interpretation of layer boundaries and soil behaviour
types (port leg, Case History 3)

Figure 6-10. CPTu-based interpretation of layer boundaries and soil behaviour
types (starboard leg, Case History 3)
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Figure 6-11. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (forward leg, Case History 3)

Figure 6-12. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (port leg, Case History 3)
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Figure 6-13. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (starboard leg, Case History 3)

(a)

(b)

(c)

Figure 6-14. CPTu-based estimations of spudcan penetration responses for the
(a) forward, (b) port, and (c) starboard legs (Case History 3)

The estimated spudcan penetration profiles for the port and starboard legs reasonably
bracket the measured one, as shown in Figure 6-14. The overestimation for the forward
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leg resistance and the good estimation of the other two legs may be a result of uneven
load distribution among the jack up legs. Jack up preload is generally assumed evenly
distributed among all legs. However, a small shift of the centre of gravity of the jack up
rig, quite likely during the leg penetration, can easily alter the load distribution. In this
case history, the forward leg might have received a higher portion of the preload, which
was not considered in the data logging.

6.5

CASE HISTORY 4: SILTY CLAY WITH SAND POCKETS
AND SHELL FRAGMENTS (061105TH)

Case History 4 was acquired from the InSafeJIP database and involved spudcan
penetration in stratified silty clay with a strong interbedded layer between 20 and 24 m
below the mudline (Figures 6-15 to 6-17). Overall, the soil strength increased steadily
with increasing depth. The jack-up rig was a KFELS MOD V – B Class with a spudcan
base area of 152.1 m2 and a shoulder height of 2.3 m. The targeted preload was
approximately 70 MN (equivalent to a bearing pressure of 460 kPa), with a still-water
reaction of 45.7 MN (equivalent to a bearing pressure of 300 kPa). All three legs were
penetrated to a final tip embedment of approximately 20 m below the mudline, on the
surface of a strong layer.

Figure 6-15. CPTu-based interpretation of the layer boundaries and soil behaviour
types (forward leg, Case History 4)
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Figure 6-16. CPTu-based interpretation of the layer boundaries and soil behaviour
types (port leg, Case History 4)

Figure 6-17. CPTu-based interpretation of the layer boundaries and soil behaviour
types (starboard leg, Case History 4)

The spudcan penetration profiles were estimated using strain rate parameters of 0.1 and
0.2 in the interpretation of the cone resistance. This resulted in 𝛿𝑟 , 𝑁𝑘𝑡 , and 𝑠𝑢 profiles
shown in Figures 6-18 to 6-20. Interpretation of CPTu data suggests a very sensitive soil
with 𝛿𝑟 < 0.05. As shown in Figure 6-21, the best estimation was obtained using
𝜇 = 0.2, corresponding to a cone factor 𝑁𝑘𝑡 of ~16.7 for the very sensitive clay (cf.
Equation 2-28.
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Figure 6-18. Remoulded strength ratio r, cone factor Nkt, and undrained shear
strength su (forward leg, Case History 4)

Figure 6-19. Remoulded strength ratio r, cone factor Nkt, and undrained shear
strength su (port leg, Case History 4)
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Figure 6-20. Remoulded strength ratio r, cone factor Nkt, and undrained shear
strength su (starboard leg, Case History 4)

(a)

(b)

(c)

Figure 6-21. CPTu-based estimations of spudcan penetration responses for the
(a) forward, (b) port, and (c) starboard legs (Case History 4)
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6.6

CASE HISTORY 5: CLAY WITH INTERBEDDED SAND
LAYER (090528NS)

Case History 5 was acquired from the InSafeJIP database and involved a jack-up rig
installation in the North Sea. The seabed consisted of clay layers with an interbedded
loose sand layer. The jack-up rig was a KFELS MOD VI Universe Class with a spudcan
diameter of 18.14 m and a shoulder height of ~1.8 m. For undisclosed reasons, a collar
ring was added to the spudcan of the forward leg, increasing the effective diameter to
20.28 m.
The targeted preload was 133.7 MN (equivalent to a bearing pressure of 517 kPa for the
port and starboard legs; and 414 kPa for the forward leg), with a still-water reaction of
75 MN (equivalent to a bearing pressure of 290 kPa for the port and starboard legs; and
232 kPa for the forward leg). Leg-by-leg preloading was employed, starting with the
starboard leg to its full preload, followed by the port and forward legs. The preloading
was safely completed within 139 hours.
In the CPTu-based layer identification, the thin loose sand layer (< 0.6 m) was not
recognised (see Figures 6-22 to 6-24). Based on the SBTn (soil behaviour type)
classification chart, the layer between 14 m and 18 m was identified as transitional soil,
primarily because of the presence of excess pore pressures. This layer was treated as
cohesive soil (𝜙 = 0) during the analysis, although it was identified as a sand layer in
the borehole log.
CPTu-based estimations of the spudcan penetration were calculated assuming strain rate
parameter values of 0.1, 0.05 and 0.15. This resulted in 𝛿𝑟 , 𝑁𝑘𝑡 , and 𝑠𝑢 profiles shown
in Figures 6-25 to 6-27. The leg-by-leg preloading method may have led to altered soil
conditions under the port and forward legs. This aspect was not considered in the
spudcan analysis.
The general trend of the penetration profile can be reasonably estimated using the
unified method as shown in Figure 6-28. The measured spudcan responses are
enveloped by the profiles estimated using 𝜇 = 0.05 and 0.15. The measured resistance
profiles for the starboard leg tends towards the upper bound (𝜇 = 0.1 – 0.05), whereas
those for the port and forward legs tend towards the lower bound (𝜇 = 0.15). Note that
the relatively shallow embedment of the forward leg, i.e., ~3.4 m compared with
~11.5 m of the other legs, is attributable to the larger spudcan diameter. Moreover, the
relatively uniform strength over the upper 14 m clays might also have led to the wide
variation of the final embedment depth.
The unusually low resistances observed at shallow penetration (upper 1 to 1.5 m) of the
port and starboard legs are not consistent with the cone resistance profiles. It might be
related to the preload measurement method and the preloading procedure with hull in
water. More information in these regards is needed to understand the basis of the very
low penetration resistance.
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Figure 6-22. CPTu-based interpretation of layer boundaries and soil behaviour
types (forward leg, Case History 5)

Figure 6-23. CPTu-based interpretation of layer boundaries and soil behaviour
types (port leg, Case History 5)
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Figure 6-24. CPTu-based interpretation of layer boundaries and soil behaviour
types (starboard leg, Case History 5)

Figure 6-25. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (forward leg, Case History 5)
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Figure 6-26. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (port leg, Case History 5)

Figure 6-27. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (starboard leg, Case History 5)
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D = 20.28 m

(a)

D = 18.14 m

(b)

D = 18.14 m

(c)

Figure 6-28. CPTu-based estimations of spudcan penetration responses for the
(a) forward, (b) port, and (c) starboard legs (Case History 5)

6.7

CASE HISTORY 6: CLAY WITH INTERBEDDED SAND
(060412MY)

Case History 6 was acquired from the InSafeJIP database and involved spudcan
penetration in stratified clay with a loose sand layer at the surface and a medium dense
sand layer at deeper embedment. The jack-up rig was a converted Marathon Le
Tourneau 84S to 116C with an equivalent spudcan diameter of ~13.4 m and a shoulder
height of 3.66 m. The targeted preload was approximately 51 MN (equivalent to a
bearing pressure of 362 kPa), with a still-water reaction of 34 MN (equivalent to a
bearing pressure of 241 kPa). The legs were sequentially preloaded, starting with the
port leg followed by the starboard and forward legs. The starboard leg experienced rapid
leg penetration (of ~1.5 m) when the full preload was applied with a 0.3 m air gap.
The cone data did not include pore pressure measurements, which impeded the
interpretation of soil layering and the extraction of soil parameters. Therefore, an
′
assumption regarding the normalised pore pressure parameter U (= ∆𝑢2 ⁄𝜎𝑣0
) was made
based on the provided design soil profile (see Tables 6-3 to 6-5). A value of 𝑈 = 1 was
assigned for the clay layers, and 𝑈 = 0 for the sand layers. The CPTu data and the
interpreted soil layering are presented in Figures 6-29 to 6-31.
Undrained conditions were assumed for both cone and spudcan penetrations; with strain
rate parameters 𝜇 = 0.1 and 0.2 in the interpretation of the cone resistance. This resulted
in 𝛿𝑟 , 𝑁𝑘𝑡 , and 𝑠𝑢 profiles shown in Figures 6-32 to 6-34. A comparison between the
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design and CPTu-based (𝜇 = 0.2) values of the undrained shear strength reveals similar
profiles, with the exception of those for the clay layers between 3.6 and 4.8 m
(forward), 4 and 6.4 m (starboard), and 23.7 and 30 m (starboard). Apparently, the
design 𝑠𝑢 values in these layers, which were based on various in situ tests (i.e.,
motorvane, torvane, pocket penetrometer) and laboratory triaxial tests, are substantially
lower. The cone penetration in these layers might have occurred in partially drained
conditions, leading to higher cone resistance, as also suggested by the estimated vD/cv
profiles in Figure 6-35.
The cone resistance profiles (Figures 6-29 to 6-31) are quite varied in the upper 5 or 6 m
among the three leg locations, and also suggest the possibility of punch-through, at least
for the forward and starboard legs. The final spudcan shoulder embedment was at 6.7 m
for the forward leg and 9.8-10.4 m for the port and starboard legs. According to the
cone resistance profiles, these were potentially unstable zones with very low strength
gradients. However, a stable embedment could occur in the presence of a soil plug,
which would shift the bearing base to an underlying strong layer. However, formation
of a soil plug tends to be linked with a punch-through resistance profile, as shown by
the CPTu-based predicted profiles presented in Figure 6-36. The presence of plug is
indicated by the bearing base position that is considerably below the spudcan shoulder.
The CPTu-based estimations, except that for the port leg, are significantly higher than
the measured profiles. Plug formations were predicted for all legs; mainly due to the
presence of the upper sand and strong clay layers (0 to ~6 m).

Table 6-3. Given design values of the soil parameters for the port leg (Case 6)
Assumed for
unified analysis

Given design values of soil parameters (PORT Leg)
Depth, 𝑧: m

Soil

𝑠𝑢𝑠 :

𝜌:

kN/m

kPa

kPa/m

𝛾′:
3

𝜙: º

0

3.2

Loose fine sand

7.0

-

0

15; 20

3.2

4.4

Firm clay

7.0

25

0

-

4.4

5.8

Loose fine sand

7.0

-

0

20

5.8

12.0

12.0
14.0

14.0
16.3

Firm clay

7.0

25
40

0

-

16.3

18.0

Stiff clay

7.5

72

0

-

18.0
20.0

20.0
21.0

Firm to stiff clay

7.5

52
66

0

-

21.0

23.7

Loose sand

7.5

-

0

20

23.7
25.0

25.0
33.0

Stiff clay

8.0

72

0

-

28; 40

* Lower- (LB) and upper-bound (UB) values
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𝜙𝑐𝑣 : º

𝐼𝐷 : %

30

20

30

20

30

25

*
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Table 6-4. Given design values of the soil parameters for the forward leg (Case 6)
Assumed for
unified analysis

Given design values of soil parameters (FORWARD Leg)
Depth, 𝑧: m

Soil

𝑠𝑢𝑠 :

𝜌:

kN/m

kPa

kPa/m

𝛾′:
3

*

𝜙: º

𝜙𝑐𝑣 : º

𝐼𝐷 : %

0

-

-

-

0

1.7

Very soft clay

6.0

4; 6

1.7

3.6

Very loose sand

7.0

-

-

15

30

10

3.6

4.8

Stiff clay

8.0

52

0

-

-

-

4.8

5.3

Very loose sand

7.0

-

-

15

30

15

5.3
11.3

11.3
12.6

Firm clay

7.0

28
56

2
0

-

-

-

12.6
14.5
17.8

14.5
17.8
19.8

Stiff clay

8.0

76
60
60

0
0
6

-

-

-

19.8

21.3

Stiff to very stiff clay

9.0

72

85.3

-

-

-

21.3

22.2

Medium dense sand

8.0

-

-

25

30

40

22.2

25.2

Very stiff clay

9.0

75; 100

-

-

-

25.2
33.0
34.0

33.0
34.0
35.5

8.0

72
72
88

-

-

-

Stiff clay

*

0
16
-10.7

Table 6-5. Given design values of the soil parameters for the starboard leg (Case 6)
Assumed for
unified analysis

Given design values of soil parameters (STARBOARD Leg)
Depth, 𝑧: m

Soil

𝑠𝑢𝑠 :

𝜌:

kN/m

kPa

kPa/m
0

15; 20

0

𝛾′:
3

𝜙: º

𝜙𝑐𝑣 : º

𝐼𝐷 : %

30

20

-

-

-

0

-

-

-

0

-

-

-

*

0

4.0

Loose fine sand

7.0

-

4.0

6.4

Firm to stiff clay

7.0

40; 48

6.4
12.5

12.5
17.0

Firm clay

7.0

34
38

17.0
18.5

18.5
20.1

7.0
7.5

44; 50

*

Firm to stiff clay

44; 66

*

20.1

22.2

Very stiff clay

7.5

148

0

-

-

-

22.2

23.7

Stiff to very stiff clay

7.5

100

0

-

-

-

23.7

33.0

Stiff clay

7.5

72; 80

0

-

-

-

* Lower- (LB) and upper-bound (UB) values
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(assumed)

Figure 6-29. CPTu-based interpretation of layer boundaries and soil behaviour
types (forward leg, Case History 6)

(assumed)

Figure 6-30. CPTu-based interpretation of layer boundaries and soil behaviour
types (port leg, Case History 6)
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(assumed)

Figure 6-31. CPTu-based interpretation of layer boundaries and soil behaviour
types (starboard leg, Case History 6)

𝜙𝑐𝑣 ~ 31º; ID ~ 30%

Figure 6-32. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (forward leg, Case History 6)
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𝜙𝑐𝑣 ~ 31º; ID ~ 42%

Figure 6-33. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (port leg, Case History 6)

𝜙𝑐𝑣 ~ 31º; ID ~ 40%

Figure 6-34. Remoulded shear strength ratio r, cone factor Nkt, and undrained
shear strength su (starboard leg, Case History 6)
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Figure 6-35. Cone velocity index at the positions of: (a) forward, (b) port, and
(c) starboard legs (Case History 6)

For comparison, a second analysis was performed using the provided design values of
the soil parameters (see Tables 6-3 to 6-5). However, realistic friction angle values (𝜙𝒄𝒗
= 30º) for the sand layer were used in this analysis instead of the unrealistically low
design friction angles. Analyses using these design values (Figure 6-37) gave better
estimates of the final embedment at full preload. However, rapid leg penetration is still
indicated at a shallow penetration. Soil plug formation was also identified in this
analysis.
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(a)

(b)

(c)

Figure 6-36. CPTu-based estimations of spudcan penetration responses for the
(a) forward, (b) port, and (c) starboard legs (Case History 6)
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(a)

(b)

(c)

Figure 6-37. Design-value-based estimations of spudcan penetration responses for
the (a) forward, (b) port, and (c) starboard legs (Case History 6)
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6.8

CASE HISTORY 7: SANDY SILT ON LAYERED SILTY
CLAY

The data for Case History 7 were provided by Keppel and comprised CPTu
measurements and spudcan penetration data. The CPTu data suggest layers of silty clay
with a ~3.8 m thick sandy silt layer at the surface (Figure 6-38). The jack-up rig was a
KFELS B Class with a spudcan diameter of 13.94 m and a shoulder height of 2.39 m.
The full preload was approximately 72.5 MN or equivalent to a bearing pressure of
475 kPa.
Two CPTu-based spudcan analyses were conducted. Analysis-1 assumed undrained
conditions for both cone and spudcan penetration (𝑏 = 0). Analysis-2 considered the
drainage condition. Judging from the estimated velocity index, the cone and spudcan
penetrations in the top sandy silt layer might have occurred in partially drained
conditions (Figure 6-39). Thus, consideration of drainage effects is necessary, both in
the interpretation of the cone data and the estimation of the spudcan resistance. It should
be noted that without the actual backbone curve data and coefficient of consolidation for
the corresponding soil, the interpretation is hypothetical at best. However, to
demonstrate the potential improvement that can be achieved by considering drainage
effects, the backbone curve of carbonate silt (𝑏 = 17.4, 𝑚 = 1, 𝑉50 = 1.43; Finnie &
Randolph, 1994) was used. No viscous rate effect (𝜇 = 0) was considered in both
analyses. The corresponding 𝛿𝑟 , 𝑁𝑘𝑡 , and 𝑠𝑢 profiles are presented in Figure 6-40.
The recorded spudcan penetration responses for all three legs were essentially identical,
indicating low lateral soil variability (Figure 6-41). Unlike the cone penetration profile,
which indicated a stronger layer at the surface, the recorded spudcan penetration
resistance increased steadily with increasing depth, without any evidence of punchthrough.
Analysis-1 (𝜇 = 0 and 𝑏 = 0) gave a reasonable fit for spudcan penetrations between 11
and 19 m (Figure 6-41). However, the penetration resistances at shallow depths (< 10
m) were significantly overestimated, while the predicted resistances below 19 m fall
below the measured responses.
Considering the drainage effects in Analysis-2 improved the estimation, as shown in
Figure 6-41. Nevertheless, a punch-through failure at a shoulder penetration of 6.3 m is
indicated. This is shown by a sudden shift of bearing base to ~13 m, which is consistent
with the presence of an interbedded weak layer between 12.5 and 15 m, as shown in the
cone resistance profile. More information on the soil and preloading procedures is
required to explain the absence of punch-through in the field. Detailed record of jack up
installation is therefore crucial for better understanding of penetration mechanism
through re-evaluation and back analysis of the spudcan response.
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Figure 6-38. CPTu-based interpretation of layer boundaries and soil behaviour
types (Case History 7)

b = 17.4
m = 1.0
𝑉50 = 1.43

Figure 6-39. CPTu-based interpretations of the coefficient of consolidation and the
normalised velocity index of the cone and spudcan (Case History 7)
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Figure 6-40. Remoulded strength ratio r, cone factor Nkt, and undrained shear
strength su (Case History 7)

Figure 6-41. CPTu-based estimations of spudcan penetration responses:
without and with drainage effects (Case History 7)

6-32

Spudcan penetration in stratified soils

6.9

DIFFICULTIES IN INTERPRETING FIELD DATA

Many external factors and uncertainties are present in an actual jack up installation.
These include waves, currents and lateral soil variability. Moreover, any action taken
during spudcan penetration, such as cyclic loading or penetration disruption, may alter
the soil conditions (strength and soil plugging) and, ultimately, the penetration response.
In this regard, a jack-up installation is a geotechnical undertaking with many
uncertainties and potentially catastrophic consequences if a punch-through occurs. The
predicted profile should therefore be used with caution and evaluated against the actual
response during jack-up installation. This will allow corrections to be made based on
new data acquired through real time observation.
Inaccuracies may also be present in the measurements of the preloading and the
penetration depth. Fluctuations in water depth, air gaps and jacking distance typically
compromise the accuracy of the measured penetration depth (Dutton, 2008). In addition,
the calculation of the preload weight is complicated by the buoyancy offset and wave
action at the bottom of the hull.

6.10

SUMMARY AND REMARKS

The unified analysis method is especially suitable for highly irregular soil data, such as
those obtained from in situ cone penetration tests. In this case, the accuracy of the
estimated resistance profile is affected by the quality of the soil parameters. It should be
noted that all required soil parameters cannot be obtained from CPTu data alone,
e.g., the coefficient of consolidation, the strain rate parameter, and the backbone curve
parameters for the drainage effect. Additional tests, such as twitch tests and cone
dissipation tests, are recommended. Otherwise, assumptions regarding these parameters
are inevitable. These assumptions can be corrected through reanalysis of the observed
spudcan response. The following steps are recommended for the on-board CPTu-based
spudcan analysis of a jack-up rig.
-

-

Despite its low accuracy, the CPTu-based coefficient of consolidation is a
reasonable reference for the estimation of the penetration velocity index,
𝑉 = 𝑣𝐷/𝑐𝑣 . Generally, cone penetration can be considered to occur in the
(partially) drained regime when 𝑉 < 100. In this case, the drainage effect should
be taken into account. Dissipation tests and twitch tests in the soil layer of
interest are recommended to investigate the drainage effect on the penetration
resistance.
As a starting point, a conservative analysis can be conducted by using upper
bound value of the strain rate parameter, 𝜇. This will lead to a higher cone factor
and, hence, lower undrained shear strength. A range of 𝜇 from 0 to 0.27 has been
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-

-

reported for Burswood clay, kaolin clay and carbonate silt. This range can be
narrowed where previous experience from neighbouring site is available.
The spudcan installation should be accompanied by monitoring of the spudcan
response and real-time re-evaluation of the estimated penetration profile. This
will allow correction of the assumed parameters (e.g., the strain rate parameter)
and improve predictions for the subsequent penetration depths.
Other parameters, such as the limiting cavity depth, should be adjusted based on
actual observations where possible.
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CHAPTER 7. DIRECT CORRELATION BETWEEN CONE
AND SPUDCAN PENETRATION RESISTANCE

7.1

INTRODUCTION

There is increasing interest in prediction of spudcan performance directly from in situ
penetrometer test results (Quah et al., 2010; Hossain et al., 2012), as has been applied
successfully in pile design. The objective is to reduce the uncertainty involved in the
(empirical) interpretation of soil parameters from penetrometer data. This can be
achieved by establishing a direct correlation between cone and spudcan penetration
resistance. Due to the small size of the cone penetrometer relative to a spudcan
foundation and hence the relatively localised soil failure, the cone penetration resistance
can be used as a reasonable representation of the local soil resistance.
The first step in a direct correlation between cone and spudcan penetration resistance
approach is to evaluate the spudcan resistance considering the layer in question as
infinitely thick and with due allowance for different drainage conditions, strain rates and
softening (Erbrich, 2005; Hossain & Randolph, 2009a, b; Lee & Randolph, 2011).
Further adjustments account for (i) the spudcan embedment relative to the depth where
the limiting bearing resistance is mobilised, (ii) layer thickness relative to the
penetrating object’s (spudcan or cone) diameter, and (iii) the layer sequence and the
trapping of softer or stronger material carried down from the upper layer(s) with the
spudcan (Hossain et al., 2012).
The identified layers and soil types, as outlined in Chapter 2, can be used in either an
indirect (two-step) design approach, as discussed in Chapter 4, where soil strength
parameters are extracted for each layer and then used for resistance calculations, or in a
direct (one-step) design approach based on the cone resistance data. This chapter
discusses the concept for implementing the direct correlation in the unified analysis
method. The analysis procedure proposed in Chapter 4 for the unified analysis can be
combined with the direct correlation approach to attain a realistic and consistent model
of spudcan penetration. No recommendation is given regarding the direct correlation
factors. However, the key aspects in deriving the correlation factors and several existing
correlation methods are highlighted.

7.2

REVIEW OF CURRENT ONE-STEP ANALYSIS METHOD

The potential for developing a one-step design approach for spudcan penetration in
clayey soil was demonstrated by Quah et al. (2010) as given in Figure 7-1. Quah et al.
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calculated the spudcan profile based on the CPT data (cf. Case History 1 in Chapter 6).
The penetration profile of a 14-m diameter spudcan was predicted using either a onestep or a two-step approach and then compared with the measured field data. Both
approaches seem to provide a reasonable prediction.
In the one-step method, the cone and spudcan resistances were correlated using a
constant factor, which was derived as the ratio of the average bearing capacity factor 𝑁𝑐
(= 6.6 for the spudcan) and cone factor 𝑁𝑘𝑡 (= 13.5). To obtain the spudcan penetration
resistance, the average net cone resistance, 𝑞𝑛 , over 0.1𝐷 (where D is the spudcan
diameter) below and above the spudcan penetration depth was multiplied by the
correlation factor (= 6.6/13.5). The averaging of the net cone resistance was considered
to take into account the effect of the size difference between the small (0.0357-m
diameter) penetrometer and the much larger (14-m diameter) spudcan. A full backfill
(i.e., zero cavity depth) condition was assumed.
In the two-step approach, the layer boundaries were identified and the undrained shear
strength, 𝑠𝑢 , of each layer was derived from the cone resistance. The spudcan resistance
profile was then calculated using the ISO recommended ‘bottom-up’ approach.

Figure 7-1. Example of performance of one-step and two-step approaches
(after Quah et al., 2010)

The layers are relatively thin without significant strength variation within the
investigated depth; hence, no significant soil plug was trapped beneath the spudcan.
This special condition allows reasonable estimation of the spudcan penetration
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resistance with only limited consideration of the soils in the vicinity (0.1D below and
above) of the advancing spudcan. This is because for single layer clay, after the limiting
cavity depth, the soil flow becomes localised around the spudcan. However, for highly
layered soils with interbedded strong layers, punch-through failure or rapid leg run may
occur. For instance, centrifuge tests of spudcan penetration in sand over clay (Teh et al.
2010; Lee et al., 20103a) and stiff over soft clay (Hossain & Randolph, 2010a) provided
evidence that punch-through failure can occur in a strong layer with a top layer
thickness 𝐻1 ⁄𝐷  0.25. These are associated with significantly deeper downward soil
flow (Hossain & Randolph, 2010a, 2010b; Teh et al., 2010; Hossain, 2014). As such,
the concept of averaging 𝑞𝑛 over a depth of 0.1D is not applicable. In addition, the
effect of the soil plug trapped beneath and penetrated by the advancing spudcan after a
punch-through or rapid leg run (i.e., penetration through strong over weak system)
needs to be accounted for.

7.3

IMPLEMENTATION OF DIRECT CORRELATION
APPROACH IN THE UNIFIED METHOD

A direct correlation approach may be implemented within the unified method, following
an analysis procedure similar to that proposed in Chapter 4. However, instead of using
bearing capacity equations for estimating the bearing resistance (at the plug base),
𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 , and an analytical solution for the plug peripheral resistance, 𝑅𝑝 , a direct
correlation approach is used. The bearing resistance, 𝑞𝑣 , is calculated directly as a
function of cone tip resistance and a correlation factor 𝑓𝑏,𝐶𝑃𝑇−𝑆𝑃 as
𝑞𝑣 = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛{𝑞𝐶𝑃𝑇 ; 𝑓𝑏,𝐶𝑃𝑇−𝑆𝑃 }

(7-1)

𝑅𝑏𝑒𝑎𝑟𝑖𝑛𝑔 = 𝑞̅𝑣 𝐴

(7-2)

The average bearing resistance 𝑞̅𝑣 can be calculated using the strength averaging method
presented in Section 4.4. The plug peripheral resistance may be calculated from the
cone resistance (and/or sleeve friction) and a correlation factor 𝑓𝑝,𝐶𝑃𝑇−𝑆𝑃 , as
𝑅𝑝 ⁄𝐴𝑝 = 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛{𝑞𝐶𝑃𝑇 ; 𝑓𝑝,𝐶𝑃𝑇−𝑆𝑃 }

(7-3)

It should be noted that the over-simplification in the direct correlation approach leads to
the inability to account for stress level dependency and strain softening of the sand
strength. Hence, the iterative procedure required in the two-step method in relation to
the sand plug side angle and effective friction angle (see sections 4.5 and 4.6) is no
longer relevant. Accordingly, a cylindrical soil plug and full backfill are assumed.
Considering this flaw, the one-step method is recommended only for preliminary
assessments.
The currently existing correlation factors between cone and spudcan resistances in clay
and sand are summarised in the next subsections.
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7.3.1

Components of penetration resistance

Direct correlation should be defined between equivalent components from cone and
spudcan penetration resistance profiles. The bearing capacity equation is a reliable
reference for identifying the equivalent components. In clay, the cone tip resistance (or
bearing capacity) can be associated with
′
𝑞𝑡 = 𝑞𝑛 + 𝜎𝑣0 = 𝑁𝑘𝑡 𝑠𝑢 + (𝜎𝑣0
+ 𝛾𝑤 𝑧)

(7-4)

and spudcan bearing resistance (without backfill and spudcan buoyancy) is calculated as
′
𝑞𝑠𝑝 = 𝑁𝑐 𝑠𝑢 + 𝜎𝑣0

(7-5)

The positive contribution of hydrostatic pressure on cone tip resistance in Equation 7-4
is due to the full shaft cross-section that shields the top cone surface from the ambient
pressure. Comparing Equations 7-4 and 7-5, it is clear that net cone tip resistance, 𝑞𝑛 ,
can be directly correlated with 𝑁𝑐 𝑠𝑢 of spudcan resistance, and as such, spudcan
resistance can be calculated as
′
𝑞𝑠𝑝 = 𝑞𝑛 𝑓𝑏,𝐶𝑃𝑇−𝑆𝑃 + 𝜎𝑣0

(7-6)

In addition, the backfill weight and spudcan buoyancy should be considered to obtain
the net spudcan penetration resistance.
In sand, the measured cone tip resistance (or bearing capacity) can be associated with
1

′
𝑞𝑡 = 𝑞𝑛 + 𝜎𝑣0 = 𝑁𝛾 2𝐷𝑐 𝛾 ′ + 𝑁𝑞 𝜎𝑣0
+ 𝛾𝑤 𝑧

(7-7)

and spudcan bearing resistance (without backfill and spudcan buoyancy) is calculated as
1

′
𝑞𝑠𝑝 = 𝑁𝛾 2𝐷𝛾 ′ + 𝑁𝑞 𝜎𝑣0

(7-8)

Both equations (7-7 and 7-8) contain bearing capacity factors 𝑁𝛾 and 𝑁𝑞 (𝑁𝛾 ~ 10-135
and 𝑁𝑞 ~ 10-272 for 𝜙 = 25-45°), which are unknown and deliberately avoided in the
direct design approach. Moreover, the first component in the right hand side of both
equations contains cone or spudcan diameter. Therefore, isolation of each of these
resistance components in cone tip resistance is not possible.
In CPT-based pile design analysis for sand, the pile end bearing resistance is correlated
with the cone tip resistance, 𝑞𝑡 . A similar approach is adopted here for spudcan
penetration, giving
𝑞𝑠𝑝 = (𝑞𝑡 − 𝛾𝑤 𝑧)𝑓𝑏,𝐶𝑃𝑇−𝑆𝑃

(7-9)

Note that in some pile design methods, the measured cone resistance, 𝑞𝑐 , is used
directly to calculate the pile resistance (Jardine et al., 2005; Schneider et al., 2008). This
is because the correction for the cone area ratio is negligibly small in sand. For the same
reason, the hydrostatic pressure is also neglected. The correlation in Equation 7-9 is not
as consistent as that derivable for penetration in clay. Again, to obtain net spudcan
penetration resistance, the backfill weight and spudcan buoyancy should be considered.
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Derivation of correlation factors from centrifuge test data is not considered here due to
the relatively large diameter of the model cone penetrometer in comparison to the layer
thickness and penetration depth investigated. Moreover, the measured cone resistance
profiles in the layered soils contain effects of soil layering.

7.3.2

Direct correlation for clay

Base resistance
The correlation factor for bearing resistance in clay was commonly derived based on
bearing capacity factors (Erbrich, 2005; Randolph et al., 2007; Quah et al., 2010;
InSafeJIP, 2011; Lee & Randolph, 2011, Hossain et al., 2016). Additional factors may
then be applied to account for the effects of strain rate, drainage, embedment, geometry
and trapped soil plug. Examples of existing correlation factors are summarised in Table
7-1.
The correlation factors from Erbrich (2005) and Hossain et al. (2016) were derived for a
T-bar penetrometer, but a similar concept can be applied for a cone penetrometer.
Correlation factors from InSafeJIP (2011) and Lee & Randolph (2011) focus on the
consideration of drainage or consolidation effects. In some sandy and silty soils, cone
penetration may occur in drained or partially drained conditions whereas spudcan
penetration in partially drained to undrained. A reduction factor must therefore be
applied depending on the drainage conditions, soil type, and corresponding backbone
curve. In undrained conditions, the apparent undrained shear strength, or conversely the
bearing factor used to deduce an equivalent low strain rate shear strength, will increase
as the penetration rate (hence strain rate) increases. The strain rate effects in the cone
penetration (with typical penetration rate of 0.5D per second) is usually greater
compared with a spudcan penetrating at 1 or 2 m per hour.
The formulas in Table 7-1 seem straightforward. Even so, prior knowledge of the
corresponding clay behaviour (e.g., drainage and strain rate characteristics) is required
in selecting the appropriate parameter values. For practical application, design charts for
parameter selection covering a wide range of clays are needed.
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Table 7-1. Direct correlation factors for spudcan penetration in clay
Source

Equation

Erbrich (2005)
(for T-bar)

𝑞𝑠𝑝
𝑁𝑇 ⁄𝐹𝑅 − ∆𝑁𝑐
= 𝐹𝑑 (
) 𝐹𝐴 𝐹𝐸
𝑞𝑇
𝑁𝑇
𝑞𝑠𝑝 : spudcan resistance
𝑞𝑇 : T-bar penetrometer resistance
𝑁𝑇 : theoretical T-bar factor
𝐹𝑑 : drainage correction factor
𝐹𝑅 : strain rate effect adjustment factor
∆𝑁𝑐 : trapped wedge adjustment factor
𝐹𝐴 : axisymmetric geometry correction factor
𝐹𝐸 : embedment correction factor

Randolph et al.
(2007)

𝑞𝑠𝑝
𝑁𝑐
=
𝑞𝑛
𝑁𝑘𝑡

InSafeJIP (2011)

𝑞𝑠𝑝
𝑁𝑐 𝑞𝑠𝑝 ⁄𝑞𝑠𝑝,𝑢
𝑁𝑐
1
=
≈
𝑞𝑛
𝑁𝑘𝑡 𝑞𝑛 ⁄𝑞𝑛,𝑢
𝑁𝑘𝑡 𝑞𝑛 ⁄𝑞𝑛,𝑢
𝑁𝑐 ≈ 9
𝑁𝑘𝑡 = 13.5 – 18.6
𝑞𝑛
𝑏
=1+
𝑞𝑛,𝑢
1 + (𝑉⁄𝑉50 )𝑚
(see Equation 2-30)
𝑞𝑛,𝑢 : undrained net cone resistance
𝑞𝑠𝑝,𝑢 : undrained spudcan resistance

Lee & Randolph
(2011)

𝑞𝑠𝑝
𝑁𝑐 1 + 𝐶𝐼𝑠𝑝 (𝑞𝑠𝑝,𝑑 ⁄𝑞𝑠𝑝,𝑢 − 1)
=
𝑞𝑛
𝑁𝑘𝑡 1 + 𝐶𝐼𝑐 (𝑞𝑛,𝑑 ⁄𝑞𝑛,𝑢 − 1)
𝑧
𝑁𝑐 ≈ 8 (1 + 0.065 ) ≤ 9
𝐷
𝑁𝑘𝑡 = 13.5
𝑞⁄𝑞𝑢 − 1
𝐶𝐼 =
𝑞𝑑 ⁄𝑞𝑢 − 1
𝐶𝐼: consolidation index
𝑞𝑛,𝑑 : drained net cone resistance
𝑞𝑠𝑝,𝑑 : drained spudcan resistance

Hossain et al. (2016)
(for T-bar)

for deep spudcan penetration, z > Hcav :
𝑞𝑠𝑝 𝐹𝐷𝑆 𝑁𝑆𝑑 𝐹𝑅𝑆𝑆 𝛾 ′ 𝑉𝑠𝑝
=
+
𝑞𝑇
𝐹𝐷𝑇 𝑁𝑇𝑑 𝐹𝑅𝑆𝑇
𝐴𝑠𝑝
𝑁𝑆𝑑 , 𝑁𝑇𝑑 : ideal deep bearing capacity factor for spudcan and T-bar
𝐹𝐷𝑆 , 𝐹𝐷𝑇 : drainage correction factor for the spudcan and T-bar
𝐹𝑅𝑆𝑆 , 𝐹𝑅𝑆𝑇 : relative viscous rate and softening effect adjustement
factor for the spudcan and T-bar
′
𝛾 𝑉𝑠𝑝 : spudcan buoyancy
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Plug peripheral friction
In the two-step approach, the effective undrained shear strength is taken as the
peripheral friction. Conservatively, cone sleeve friction in clay (and silt) can be used to
calculate the plug peripheral friction as it represents the partially remoulded undrained
shear strength. For the upper bound response, the undrained shear strength can be used
as the peripheral resistance, assuming 𝑁𝑘𝑡 = 13.5 and 𝑠𝑢 = 𝑞𝑛 /13.5. Note that the
peripheral resistance will affect the identification of the ultimate bearing base.

7.3.3

Direct correlation for sand

In the two-step method using bearing capacity theory, the stress level dependency of the
sand strength is reflected by the variation of the operational friction angle. The
prediction accuracy is highly sensitive to this variation because the bearing capacity
factors vary strongly with even a small change in friction angle.
This effect also extends to the penetration response in layered soils with an interbedded
sand layer. The shape of the potential sand plug and corresponding peripheral friction
are of particular concern. Lee et al. (2013b) reported that the plug side angle can be
taken as (or closely related to) the dilation angle of the sand. In the direct design
approach, the formation of a soil plug and corresponding contribution to penetration
resistance is usually neglected. However, this is actually a central aspect in mobilisation
and hence calculation of the penetration resistance.
Base resistance
Centrifuge and field tests of cone and pile penetration in sand revealed two phases of
response, which are associated with shallow and deep mechanisms (Meyerhof, 1983;
Gui & Bolton, 1998; API, 2007). For the deep mechanism, which occurs at penetration
depths greater than a critical depth, a constant value of the normalised penetration
′
′
resistance, 𝑞𝑡 ⁄√𝜎𝑣0
or 𝑞𝑝𝑖𝑙𝑒 ⁄√𝜎𝑣0
, is achieved. The critical depth ratio, (𝑧⁄𝐷)𝑐𝑟𝑖𝑡 , was
found to be unique for a particular sand and relative density, ranging from 5 to 20 in
silica sand. As such, for 𝑧⁄𝐷 ≥ (𝑧⁄𝐷 )𝑐𝑟𝑖𝑡 , the relation between pile and cone tip
resistance can be assumed to be 𝑞𝑝𝑖𝑙𝑒 = 𝑞𝑡 . For shallow penetration depths (𝑧⁄𝐷 <
′
(𝑧⁄𝐷)𝑐𝑟𝑖𝑡 ), 𝑞 ⁄√𝜎𝑣0
increases proportionally with depth. The relationship between pile
and cone tip resistance can then be taken as (Gui & Bolton, 1998)
𝑞𝑝𝑖𝑙𝑒 ⁄𝑞𝑡 = (𝑧⁄𝑧𝑐𝑟𝑖𝑡 )1.5

(7-10)

Borghi et al. (2001) suggested that this scale effect is due to the interaction between
shaft and base resistances. The surcharge stress on the cone/pile base level is increased
by the downward shear stress induced by the shaft friction. The average downward
shear stress is higher for smaller cone/pile diameter, leading to a reduction in 𝑞𝑝𝑖𝑙𝑒 ⁄𝑞𝑡 .
Based on field test data, the recommended correlation factor, 𝑞𝑝𝑖𝑙𝑒 ⁄𝑞𝑡 , for pile design
ranges from 0.3 to 1.0. This suggests that the tip resistance of a cone penetrometer (𝐷𝑐 =
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0.036 m) is always higher than that of a pile, but this actually reflects deliberate choice
of the pile design bearing capacity as that mobilised at a limited displacement (generally
10% of the pile diameter) (cf. White & Bolton, 2005). As might be expected, and
demonstrated from centrifuge tests, 𝑞𝑝𝑖𝑙𝑒 approaches 𝑞𝑡 at large displacements. A
summary of recommended 𝑞𝑝𝑖𝑙𝑒 ⁄𝑞𝑡 for displacement piles (circular and close-ended) in
sand is given in Table 7-2. These factors are generally derived from, and should be used
in combination with, a specific averaging method for the cone tip resistance, 𝑞𝑡 . For
example, the Dutch and UWA-05 methods use the average 𝑞𝑡 value between 8D above
and 4D below the pile base, and considering the actual 𝑞𝑡 profile. In LCPC and ICP-05
methods, 𝑞𝑡 is averaged between 1.5D above and below the pile base. NGI-05 method
uses the cone resistance at the pile tip level.
Spudcan embedment in thick sand layers is generally shallow due to the high bearing
resistance. Hence, a shallow penetration mechanism is more relevant for spudcan
penetration. This means spudcan penetration resistance will be significantly lower than
that of the cone penetrometer, even more so with the absence of the spudcan ‘shaft’
(Borghi et al., 2001).

Table 7-2. Correlation factors for CPT-based close-ended displacement pile design
Source
Dutch method
(DeRuiter & Beringen, 1979)

LCPC method
(Bustamante & Gianeselli,
1982)

𝑞𝑝𝑖𝑙𝑒 ⁄𝑞𝑡

Description
Normally consolidated sand
(OCR = 1)
Very gravelly coarse sand
(OCR = 2-4)
Fine gravel (OCR = 6-10)

1.0
0.67
0.50

Silt and loose sand
Moderately compact sand and
gravel
Weathered to fragmented chalk
Compact to very compact sand
and gravel

ICP-05 method
(Jardine et al., 2005)

0.50
0.50
0.40
0.40
max{

1 − 0.5 ∙ log(𝐷⁄𝐷𝑐 )
}
0.3

NGI-05 method
(Clausen et al., 2005)

0.8/(1+𝐼𝐷 2)

UWA-05 method
(Lehane et al., 2005;
Xu et al., 2008;
Schneider et al, 2008)

0.6
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Figure 7-2. CPT-spudcan resistance direct correlation factors for varying relative
density, spudcan angles and diameters proposed by Pucker et al. (2013)

Recently, Pucker et al. (2013) reported CPT-spudcan correlation factors for shallow
penetration in normally consolidated silica sand based on numerical analysis results.
The analysis was performed using the coupled Eulerian-Lagrangian (CEL) method and
a hypoplastic constitutive model with extension of intergranular strain. This numerical
technique allows capturing large soil deformation and sand behaviour realistically.
Spudcans with diameters from 10 to 20 m and apex angles from 120 to 180° were
penetrated to a shoulder embedment of 0.2D below the soil surface. The sand relative
densities were varied from 20% to 75%. Then, the correlation factor was derived for the
spudcan resistance and the cone tip resistance at the spudcan shoulder. Some
modification was applied to the effective bearing area to account for the footing shape.
It was found that the correlation factor, 𝑞𝑠𝑝 ⁄𝑞𝑡 , ranging from 0.21 to 0.43, depends
mainly on the relative density and secondarily on the footing shape (Figure 7-2). It
decreased with increasing relative density, which is consistent with the tendency of the
pile response. The non-linear increase of the correlation factor with the spudcan
diameter was attributed to the combined effect of the higher confining stress in the soil
(due to 𝑁𝛾 12𝐷𝛾 ′ ) and the decrease of the mobilised friction angle.
Plug peripheral friction
The calculation of peripheral friction for a sandy plug is complicated by the influence of
the interface friction angle and the mobilised lateral pressure. The mobilised lateral
pressure is influenced by the mobilised penetration resistance; the latter also influences
the interface friction angle. Currently, no direct method can be recommended for
correlating the plug peripheral friction with the cone tip resistance or sleeve friction.
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7.4

SUMMARY

A concept and the critical aspects for the development of a direct CPT-spudcan design
approach have been presented in this chapter. The first step in developing a direct
design approach is to establish a CPT-spudcan correlation factor for penetration in
single layer soils. To consider soil layering, the unified analysis framework proposed in
Chapter 4 can be adopted, with simple adjustments in the calculation of bearing and
plug peripheral resistance. This analysis framework addresses the soil plugging.
To date, CPT-spudcan correlation factors have been reported for limited cases and soil
conditions. Even then, an appropriate use of these factors requires prior knowledge of
the soil type and several soil parameters, such as relative density and drainage
behaviour. For assessing spudcan penetration in any soils, the established correlation
factors need to be extended and validated for a wider range of soil types and conditions
(penetration depth, over-consolidation ratio, etc.).
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CHAPTER 8. SUMMARY AND RECOMMENDATIONS
FOR FURTHER STUDY

8.1

INTRODUCTION

This thesis has proposed a new unified analysis method for spudcan penetration in
stratified soils and an improved method for interpreting the soil profile, i.e., layer
boundaries, soil types, and strength parameters, from piezocone penetrometer (CPTu)
data.
A statistical analysis method was developed to identify the layer boundaries from the
normalised CPTu parameter profiles. Typically, CPTu parameters are measured
continuously at a constant small depth interval. This data structure is used for both the
statistical and the spudcan penetration analyses, resulting in a soil model that consists of
a number of thin discrete layers. This model is particularly suitable for highly stratified
deposits.
These methods were calibrated and validated against field data and centrifuge test data.
Field data were collected from the InSafeJIP database and provided by Keppel Offshore
and Marine Ltd. Existing centrifuge test data on spudcan penetration in stratified soils
were collected from the literature. The literature data are mostly for two-layer deposits
comprising silica sand and kaolin clay. To fill the gap, centrifuge tests were performed
on spudcan penetration in two-, three- and four-layer soils comprising carbonate and
silica sediments (sands and clays). The performance of the proposed method in the
calculation of spudcan load-penetration profiles was also compared with the design
methods/approach recommended by the recently finalised version of the ISO guidelines
19905-1 and with the recently proposed mechanism-based design methods.
As an alternative to calculating the spudcan penetration resistance from the soil strength
parameters, a direct CPTu to spudcan correlation approach was explored. The
possibility of combining this direct correlation approach with the unified method was
discussed, highlighting the key aspects of deriving correlation factors.

8.2

INTERPRETATION OF CPTU DATA

A statistical framework was developed for identifying the soil layers from the CPTu
data. The analysis procedure consists of four main steps: CPTu data pre-processing,
identification of layer boundaries using multivariate statistics, identification of soil
types using SBTn classification charts, and quantification of strength and other
properties of each layer.
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The multivariate statistical analysis is based on the method proposed by Campanella et
al. (1987) and assesses three normalised CPTu parameters (i.e., 𝑄𝑡1 , 𝐹𝑡 , and 𝑈)
simultaneously to obtain higher reliability. Once the layer boundaries were identified,
the soil behaviour types were determined using two SBTn classification charts. One is
based on the tip resistance and the sleeve friction (𝑄𝑡𝑛 -𝐹𝑟 chart, Robertson & Wride,
1998); the other is based on the tip resistance and the pore pressure response (𝑄𝑡 -𝑈
chart, Schneider et al., 2008). As an alternative to SBTn identification through artificial
distinction of SBTn zones, an SBTn index can be used. Robertson & Wride (1998)
provided the index 𝐼𝑐,𝑅𝑊 to represent the 𝑄𝑡𝑛 -𝐹𝑟 chart. In the current work, a new SBTn
index 𝐼𝑐,𝑆 was introduced to represent the 𝑄𝑡 -𝑈 chart. In most cases, similar SBTn
values are estimated by the two charts or indices. In case of contradicting SBTn, soil
sampling and/or some additional tests, such as a piezocone dissipation test, are
recommended.
The statistical method was validated against six case histories. Despite a higher number
of identified layers, all essential layer boundaries reported in borehole logs were
identified with reasonable accuracy.
The soil parameters used in the spudcan analysis, such as the soil unit weight, friction
angle, and undrained shear strength, were estimated using correlation functions from the
CPTu parameters. Care should be exercised because the applicability of correlation
functions is generally limited for certain soil types and conditions. Most existing
functions were derived for silica sediments and only a few are applicable to carbonate
sediments, particularly sand.
Other important factors to consider in deriving the undrained shear strength for clayey
soils are the effects linked to the penetration rate, i.e., strain rate effects under undrained
conditions and the effect of partial consolidation during penetration of cone or spudcan.
To obtain an equivalent low strain rate undrained shear strength, corrections need to be
applied. This is particularly important because the undrained shear strength will be used
for the analysis of spudcan penetration that may occur in different drainage regimes and
with different strain rates. To calculate appropriate adjustment factors, backbone curves
to quantify drainage effects are presented for some soils. For other soil types, cone
dissipation and twitch tests are recommended to establish a corresponding backbone
curve, since strain rate and drainage effect parameters cannot be obtained from standard
CPTu data.

8.3

UNIFIED SPUDCAN ANALYSIS METHOD

This thesis has proposed a unified spudcan analysis method that uses relatively thin
discrete soil layers. The soil is also divided into a zone directly underneath the spudcan
(internal zone) and zones on either side of this internal zone (external zone). The
penetration resistance components are calculated from discrete layers within the
8-2

Spudcan penetration in stratified soils

mobilised area and then integrated to obtain the total penetration response. This model
is consistent with the CPTu data structure and hence does not require idealisation of the
soil strength profile. The spudcan analysis is performed chronologically according to the
penetration process, starting with the spudcan at the mudline. A change in soil
conditions in one penetration step is carried over to the subsequent penetration steps.
Particular attention is given to any soil plug trapped at the base of the advancing
spudcan.
Centrifuge studies have revealed that a soil plug is forced down with the spudcan when
penetrating through strong soil layers into softer layers. Mechanically, the soil plug
plays a central role in mobilising the penetration resistance. An end bearing resistance is
mobilised at the base of the plug (instead of at the base of the spudcan), i.e., within a
deeper soil layer, and a shear resistance is mobilised along the sides of the plug. The
continuous shearing around the spudcan and plug leads to gradual soil remoulding and
reduction of the soil strength. This is particularly relevant for estimating the peak and
post-peak penetration profile in sand over clay because both the side angle of the sand
plug and the interface friction angle are affected.
The overall penetration resistance is the integral of shear resistance along the plug
periphery, plug base resistance, plug weight, backfill weight, and spudcan buoyancy.
Special attention was given to calculations of the resistance mobilised along the plug
periphery and at the plug base. The estimation of the other resistance components, i.e.,
plug weight, spudcan buoyancy and backfill weight, is relatively straightforward for any
given plug geometry and cavity depth.
The unified analysis method consists of three main steps: (i) identification of the base of
the soil plug base, (ii) calculation of the penetration resistance, and (iii) removal of
discrete layers under the spudcan to allow for incremental penetration. These steps are
repeated to obtain the full load-penetration profile.
Identification of the base of the soil plug
The position of the soil plug base is lowered hypothetically, and the bearing resistance
of the combined spudcan and plug is calculated for each plug base location. The
location with the lowest resistance is selected as the location of the plug base for the
current increment of penetration. In this step, the penetration resistance is calculated
using a simplified failure mechanism with a cylindrical plug geometry (i.e., with
vertical shear planes). A 20% mobilisation of the passive resistance ( 𝑝 = 0.2) in sand is
considered.
Calculation of penetration resistance
Plug shape
The plug side angle influences the penetration resistance in two ways. Firstly, it
increases the effective bearing area at the plug base, thus increasing the bearing
resistance. Secondly, it affects the mobilised lateral resistance and hence the plug
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peripheral resistance. Adopting the method of Lee et al. (2013b), the side angle of a
sand plug is approximated as the dilation angle of the sand. The development and
degradation of the side angle with the total shear strain is considered to capture the peak
and post-peak profile.
The side angle of a clay plug can be assumed as zero.
Plug peripheral resistance
The peripheral shear resistance in clay can be estimated as the undrained shear strength.
In sand, the peripheral shear resistance is calculated as a partially mobilised passive
earth resistance, ranging between the resistance at rest and at a fully passive condition.
The mobilisation degree is estimated using a hyperbolic model as a function of the
normalised effective vertical stress increment within the soil plug and the spudcan apex
angle.
Bearing capacity at plug base
A strength-averaging method is employed for calculation of the bearing capacity. This
method does not require idealisation (linearisation) of the strength profile and hence is
especially suitable for irregular strength profiles.
The averaging area below and above the spudcan is selected based on the ratio of the
bearing capacity of each discrete layer to a reference value of an ideal uniform soil.
Firstly, the averaging depth for the ideal uniform soil is calculated. Then, the averaging
depth is evaluated in two directions: upward and downward from the bearing base. The
averaging depth is reduced for every stronger layer encountered. Finally, the average
bearing capacity is calculated from the bearing capacities of all discrete layers within
the averaging area, weighted by the discrete layer thickness.
It is important to note that the unified analysis method does not rely solely on this
strength averaging method but also assesses the ultimate plug base (or bearing base)
position. Hence, a punch-through penetration profile can be captured properly.
Removal of discrete layers
To allow the spudcan to penetrate by an increment of depth, discrete layers with a total
thickness equal to the depth increment are removed prior to the analysis of a new
penetration step. The removed layers are the weakest layers within the mobilisation area
of the penetration resistance, i.e., the soil plug and the averaging area beneath the
bearing base.
Performance of unified analysis method
The proposed unified analysis method was validated against centrifuge data of spudcan
penetration in single-layer clays and silica sand, layered clays, and clays with
interbedded sand layers. The layered profiles investigated were representative of typical
configurations with punch-through risk.
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The unified analysis method can consistently capture the squeezing and punch-through
(peak and post-peak) profiles. The accuracy achieved is generally better than the ISO
recommended methods/approach, which tends to significantly under-predict penetration
resistance. The accuracy in estimating the peak resistance in sand over clay is very good
and comparable to the method of Hu et al. (2014a). The peak resistance in a sand layer
interbedded in clay layers can also be estimated reasonably, including where the
spudcan penetrates with a soil plug from the upper sand layer.
The major advantages of the unified analysis method in comparison to the design
methods recommended by the current design guideline (ISO, 2012) are:
-

-

The failure mechanism is revealed during the analysis and is not necessarily
predefined. This feature is very important for automated analysis, especially in
layered soils.
The soil plug is considered realistically, including its formation and
displacement due to spudcan penetration. This directly improves the accuracy of
the estimated penetration resistance.

However, there is one minor issue:
-

The penetration profile of a spudcan with a relatively thick sand plug in clay
layer (plug thickness > 0.5 spudcan diameter) tends to be underestimated due to
the assumption of shear failure directly at the plug interface, which represents
the lower bound resistance.

CPTu based analysis of actual jack-up installation
The method for interpretation of CPTu data and the unified spudcan analysis method are
used together to estimate the spudcan penetration profile based solely on CPTu data. A
reasonable estimation can be obtained after testing with different strain rates and
drainage effect parameters. These parameters cannot be obtained from a standard CPTu
but are critical to the interpretation of soil strength. Therefore, additional dissipation and
twitch tests are recommended, especially when transitional soils are identified from the
CPTu data. These parameters are also critical for establishing direct CPTu-spudcan
correlations.

8.4

COMBINING CPTU-SPUDCAN DIRECT CORRELATION
APPROACH AND UNIFIED ANALYSIS METHOD

The existing direct correlation approach is typically used with a strength averaging
method, and the soil plug is not considered (InSafeJIP, 2011). This can potentially be
improved by combining it with the unified analysis model. Instead of calculating the
bearing capacity and the plug peripheral shear resistance based on the soil strength
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parameters, direct correlation factors between the spudcan and the CPTu responses can
be used.
Direct correlation factors need to consider the different penetration rate effects between
the CPTu and the spudcan. Currently, the CPT-spudcan correlation factor has not been
fully established. Studies regarding the bearing capacity in single layer clay and sand
have been reported, but no direct correlation applicable to the plug peripheral resistance
in sand has been explored. The difficulty lies in the inability to consider stress and strain
dependency of the sand friction angle. This is particularly relevant with regard to
penetration in layered clays with interbedded sand layers.

8.5

RECOMMENDATIONS FOR FURTHER STUDY

Estimation of the spudcan penetration profile in layered soils using the proposed unified
spudcan analysis method has shown promising ability. However, not all penetration
responses could be captured accurately. Some potential areas for future improvements
are listed below.






The post-peak penetration resistances below the layer interface in a sand over
clay profile, especially for large 𝐻𝑠𝑎𝑛𝑑 ⁄𝐷 , tend to be underpredicted. This is due
to the assumption of shear failure directly at the plug interface. The estimation
may be improved by considering the effect of the plug geometry on the bearing
capacity factor. Lee (2009) performed a numerical investigation of the bearing
capacity of a block foundation that consisted of a spudcan and a sand plug. For
implementation in the unified analysis method, this bearing capacity factor
needs to be reinterpreted in regard to discrete soil layer.
Centrifuge tests on half-spudcans revealed that even a soft layer could be
trapped within a soil plug. This indicates that the integrity of a soil plug beneath
a spudcan does not depend solely on the relative layer strength or on the bearing
capacity, as is idealised in this unified analysis method. The spudcan geometry
and the adjacent soils may have a significant influence on the formation and
evolution of the soil plug.
Mobilisation of penetration resistance is generally associated with settlement
due to shear deformations within the soil. Neglect of such settlement will lead to
an underestimation of the penetration depth for a given spudcan load, such as
noted for estimation of penetration in a sand layer interbedded in clay layers
(Section 5.4.2).
Correction to allow for the additional settlement may potentially improve the
overall estimation regarding the penetration depth and plug thickness, especially
in loose or compressible soil such as carbonate sand. To achieve this, a suitable
soil stiffness model is required and the (vertical and horizontal) stress
components in every discrete layer need to be calculated.
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The currently available correlation functions for estimating soil parameters from
CPTu data were developed primarily for siliceous sediments. Considering the
prevalence of carbonate sands in the seabed, it is appropriate to seek more
pertinent correlation functions, such as for the estimation of the friction angle
and relative density.
The proposed unified analysis method has been tested against seven case
histories of actual jack up installation. Despite the vast number of case histories
in the InSafeJIP database, only a few are usable for a proper investigation. It is
desirable to obtain more high quality field data to explore the robustness of the
proposed model and to allow extensive validation. A data set should include, as
a minimum, continuous CPTu data, continuous spudcan load and penetration
profiles, and chronological documentation of any measures taken during the
spudcan installation. Even better, if cone dissipation tests and penetration tests
with varying speed (twitch tests) are included in the site investigation program.
Currently, dissipation and twitch tests are not commonly included. Moreover,
accounting for strain rate and drainage effects has been shown to be critical for
accurate estimation of the spudcan penetration response.
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APPENDIX A. POOL WEIGHTED VARIANCE AND
COVARIANCE
Let 𝑥̅1 and 𝑥̅2 be the arithmetic means, 𝑠1 2 and 𝑠2 2 be the variances, and 𝑛1 and 𝑛2 be
the sample sizes of the two samples of any one of the three main parameters obtained
from the CPTu test respectively. The variances and pooled within-class variance (𝑤 2 )
are given by
𝑛1

𝑠1 2

𝑛1

1
2
=
∑(𝑥1,𝑖 − 𝑥̅1 )
𝑛1 − 1

with

𝑖=1

(A-1a)
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𝑛2

𝑠2 2

1
𝑥̅1 = ∑ 𝑥𝑖
𝑛1
𝑛2

1
2
=
∑(𝑥2,𝑖 − 𝑥̅2 )
𝑛2 − 1

with

𝑖=1

1
𝑥̅ 2 = ∑ 𝑥𝑖
𝑛2
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𝑖=1

Let (𝑄𝑡1 , 𝐹𝑡1 , 𝑈1 ) and (𝑄𝑡2 , 𝐹𝑡2 , 𝑈2 ) be the normalised tip resistance, friction, and pore
̅1 ) and (𝑄̅2 , 𝐹̅2 , 𝑈
̅2 ) be the
pressure in samples 𝛺1 and 𝛺2 , respectively. Let (𝑄̅1, 𝐹̅1 , 𝑈
2
2
2
2
2
2
means and (𝑠𝑄1, 𝑠𝐹1 , 𝑠𝑈1 ) and (𝑠𝑄2, 𝑠𝐹2 , 𝑠𝑈2 ) be the variances of the samples,
respectively. The differences of the means of the variates of the two samples are given
by
∆𝑄 = 𝑄̅1 − 𝑄̅2

(A-2a)

∆𝐹 = 𝐹̅1 − 𝐹̅2

(A-2b)

̅1 − 𝑈
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∆𝑈 = 𝑈
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The covariances can be calculated according to
𝑠𝑄21 𝐹1
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(𝑄𝑡2,𝑖 − 𝑄̅2 )(𝐹𝑡2,𝑖 − 𝐹̅2 )
=
𝑛2

(A-3b)

𝑠𝑄21 𝑈1

1
̅1 )
∑𝑛𝑖=1
(𝑄𝑡1,𝑖 − 𝑄̅1 )(𝑈1,𝑖 − 𝑈
=
𝑛1

(A-3c)

𝑠𝑄22 𝑈2

2
̅2 )
∑𝑛𝑖=1
(𝑄𝑡2,𝑖 − 𝑄̅2 )(𝑈2,𝑖 − 𝑈
=
𝑛2

(A-3d)

𝑠𝐹21 𝑈1

1
̅1 )
∑𝑛𝑖=1
(𝐹1,𝑖 − 𝐹̅1 )(𝑈1,𝑖 − 𝑈
=
𝑛1

(A-3e)

𝑠𝐹22 𝑈2

2
̅2 )
∑𝑛𝑖=1
(𝐹2,𝑖 − 𝐹̅2 )(𝑈2,𝑖 − 𝑈
=
𝑛2

(A-3f)

The pooled weighted variances are given by
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𝑛1
𝑛2
𝑠𝑄21 +
𝑠𝑄22
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1
𝑛1
𝑛2
𝐹 2 =
𝑠𝐹21 +
𝑠2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1 𝐹2
𝑛1
𝑛2
𝑈 2 =
𝑠𝑈21 +
𝑠2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1 𝑈2

𝑄 2 =

(A-4a)
(A-4b)
(A-4c)

Similarly, the pooled weighted covariances are given by
𝑛1
𝑛2
𝑠𝑄21 𝐹1 +
𝑠2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1 𝑄2 𝐹2
𝑛1
𝑛2
𝑄𝑈 2 =
𝑠𝑄21𝑈1 +
𝑠𝑄22𝑈2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1
𝑛1
𝑛2
𝐹𝑈 2 =
𝑠𝐹21 𝑈1 +
𝑠2
𝑛1 + 𝑛2 − 1
𝑛1 + 𝑛2 − 1 𝐹2 𝑈2

𝑄𝐹 2 =

A-2

(A-5a)
(A-5b)
(A-5c)
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APPENDIX B. SOIL PARAMETERS FROM
LABORATORY TESTS

Piezocone and spudcan penetration tests in the geotechnical centrifuge were performed
using four different soils: UWA superfine silica sand, North West Shelf (NWS)
carbonate sand, kaolin clay and NWS carbonate clay. UWA superfine silica sand and
kaolin clay are widely studied and reliable data regarding the geotechnical properties are
readily available. The NWS carbonate sand and clay are new materials with previously
unknown properties. Therefore, laboratory tests were carried out to determine the
relevant geotechnical properties, i.e., soil density, friction angle, undrained shear
strength, and coefficient of consolidation. These included one-dimensional
consolidation tests in a Rowe cell, triaxial and simple shear tests, and Atterberg limits.

B.1

NWS CARBONATE SAND

1 mm

Superfine silica sand

NWS carbonate sand

Figure B-1. UWA silica sand (left) and NWS carbonate sand (right)

The original carbonate sand sample was silty with some large shell and coral fragments.
Sample preparation was undertaken to obtain clean sand with comparable particle size
distribution (PSD) to UWA silica sand (see Figure B-2) to ensure fully drained response
during spudcan penetration. Fine particles smaller than 75 m were removed through
B-1
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wet sieving. The retained sand particles were oven dried and sieved to remove particles
larger than 2.36 mm.
Due to the high intra-particle porosity of the NWS carbonate sand, special preparation
techniques were used to improve the saturation level in element tests. This involved
soaking the sample in deionised water at an ambient pressure of -100 kPa. This
treatment resulted in Skempton B-values greater than 94% in simple shear and triaxial
tests.
The material parameters for the NWS carbonate sand are summarised in Table B-1.

Table B-1. Material properties of NWS carbonate sand
Material Property

Value

Specific gravity, 𝐺𝑠

2.765

Maximum void ratio, 𝑒𝑚𝑎𝑥

1.36

Minimum void ratio, 𝑒𝑚𝑖𝑛

0.91

Grain size distribution:
𝑑10 : mm

0.11

𝑑50 : mm

0.23

𝐶𝑐,𝑃𝑆𝐷

1.01

𝐶𝑢,𝑃𝑆𝐷

2.36

Friction angle, 𝜙𝑐𝑣 : degrees

36.5

Bolton’s dilation parameter, 𝑄𝜓

7.5

𝑚𝜓

4.8

𝑅𝜓

1

Exponent (in 𝐼𝐷 𝑛𝜓 ), 𝑛𝜓

0.35

B-2
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Particle size distribution (PSD)

Figure B-2. Particle size distribution of NWS carbonate sand and UWA silica sand

One dimensional compression test in Rowe cell
The Rowe cell was 150 mm in diameter. The consolidation curve and the variation of
permeability with the void ratio are summarised in Table B-2 and Figures B-3 and B-4.

Table B-2. Soil parameters from Rowe cell test for NWS carbonate sand
Parameters

Value

Initial void ratio (𝜎𝑣 ’ = 10 kPa)

1.25
20.5%

Initial relative density, 𝐼𝐷,0
Compression index, 𝐶𝑐

0.18

Swell index, 𝐶𝑠

0.038

Coefficient of consolidation, 𝑐𝑣 : m2/year

B-3
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Figure B-3. Consolidation curve for NWS carbonate sand

Figure B-4. Variation of permeability with void ratio in Rowe cell test for
NWS carbonate sand
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Simple shear test (consolidated and drained, CD)

𝜎𝑣′
𝜏𝑥𝑦
𝜎ℎ′

Soil
Sample

𝜎ℎ′

Figure B-5. Stresses acting on soil sample in UWA simple shear test

Shear tests were conducted in a UWA (or Berkley) type simple shear apparatus. Unlike
NGI, Cambridge, or stacked-ring type simple shear; this apparatus uses a constant total
lateral stress boundary instead of a stiff lateral boundary (see Figure B-5, Doherty et al.,
2011). The sample size was ~71.8 mm in diameter and ~42 mm in height. All carbonate
sand samples were fully saturated before shearing, with Skempton B-value > 94%,
except for test SS-CaD-M1 (B = 87%). All samples were consolidated anisotropically
with a lateral stress ratio 𝐾 = 0.4. All indicated relative densities refer to the condition
after the initial consolidation prior to shearing.
The test results were interpreted using the AG Method (Joer et al., 2011), by observing
stresses on the diagonal failure plane. It should be noted that this approach is only valid
for conditions after formation of the failure plane, i.e., after the peak strength. The
stresses acting on the failure plane were calculated as
√𝐹𝑣2 + 𝐹ℎ2
𝜏𝑓 =
sin 𝜙
𝐴𝑓
𝜎𝑛′ =

(B-1)

𝜏𝑓
tan 𝜙

(B-2)

𝜙 = 𝜃𝑠𝑠 + tan−1(𝐹ℎ ⁄𝐹𝑣 )

𝜃𝑠𝑠 = tan

−1

(B-3)

′
𝐻𝑠𝑠
− ∆𝐻𝑠𝑠
(
)
𝐷𝑠𝑠 − 𝑢𝑠𝑠,ℎ

(B-4)

where 𝜏𝑓 , 𝜎𝑛′ , 𝐹ℎ , and 𝐹𝑣 are the mean shear stress, mean normal stress, horizontal load,
and vertical load acting on the diagonal failure plane respectively. The angle of failure
′
plane, 𝜃𝑠𝑠 , was calculated under consideration of sample deformation. 𝐻𝑠𝑠
is the
effective sample height, 𝐷𝑠𝑠 is the effective sample diameter, ∆𝐻𝑠𝑠 is the change of
sample height, and 𝑢𝑠𝑠,ℎ is the horizontal displacement of the top platen relative to the
bottom platen.
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The stress path and the development of the stress ratio, volumetric strain, and friction
angle with shear strain are presented in Figures B-6 to B-9 respectively.

Shear stress ratio, 𝜏𝑥𝑦 ⁄𝜎𝑣′ : %

Figure B-6. Stress paths in simple shear tests for NWS carbonate sand

Shear strain, 𝜉 : %

Figure B-7. Variation of shear stress ratio in simple shear tests for NWS carbonate
sand

B-6

Volumetric strain, 𝜀𝑣𝑜𝑙 : %
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Shear strain, 𝜉 : %

𝜙 = 𝑎𝑡𝑛(𝜏𝑓 ⁄𝜎𝑛′ ): °

Figure B-8. Variation of volumetric strain in simple shear tests for NWS carbonate
sand

Shear strain, 𝜉 : %

Figure B-9. Variation of friction angle in simple shear tests for NWS carbonate
sand

The residual friction angle, 𝜙𝑟𝑒𝑠 , at the end of shearing (𝜉 = 30%) ranged from 36.7° to
42.9°. Most samples had achieved constant volume shearing at this stage. In this study,
the lowest 𝜙𝑟𝑒𝑠 was taken as the constant volume friction angle, 𝜙𝑐𝑣 = 36.5°. This
relatively high 𝜙𝑐𝑣 is typical for sand with high angularity (Norris, 1977).
B-7
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Due to the boundary condition of the element, the dilation angle cannot be derived
directly. Hence, the dilation angle was inferred from the difference between the peak
friction angle, 𝜙𝑝𝑒𝑎𝑘 , and 𝜙𝑐𝑣 . It was estimated using the empirical correlation proposed
by Bolton (1986):
𝜓𝑝𝑒𝑎𝑘 =

𝜙𝑝𝑒𝑎𝑘 − 𝜙𝑐𝑣

(B-5)

0.8

𝜙𝑝𝑒𝑎𝑘 − 𝜙𝑐𝑣 = 𝑚𝜓 𝐼𝑅

(B-6)

To justify direct comparison of the dilation angles from these simple shear tests (𝑚𝜓 =
5) with those from the triaxial tests (𝑚𝜓 = 3), the calculated dilation angles were further
multiplied by a factor 3/5. The calculated friction angles and dilation angles from simple
shear tests are summarised in Table B-3.

Table B-3. Friction and dilation angles of NWS carbonate sand from
simple shear tests
Test index

𝐾

𝜎𝑣′ :
kPa

𝑒0

𝑒𝑒𝑛𝑑

𝐼𝐷,0 :
%

𝐼𝐷,𝑒𝑛𝑑 : 𝜙𝑝𝑒𝑎𝑘
:°
%

𝜙𝑟𝑒𝑠 :
°

𝜙𝑝𝑒𝑎𝑘 − 𝜙𝑐𝑣 3
(
)
0.8
5

SS-CaD-L1

0.4

50

1.245

1.281

26

18

48.10

42.88

8.7

SS-CaD-L2

0.4

100

1.336

1.348

5

3

41.88

39.91

4.0

SS-CaD-L3

0.4

200

1.270

1.275

20

19

41.97

36.85

4.1

SS-CaD-M1

0.4

100

1.159

1.171

45

42

43.47

38.91

5.2

SS-CaD-M2

0.4

300

1.023

1.028

75

74

44.20

38.61

5.8

SS-CaD-M3

0.4

400

1.080

1.068

62

65

39.06

36.70

1.9

SS-CaD-M4

0.4

700

1.009

0.975

78

85

39.42

35.85

2.2
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Triaxial shear test (consolidated and drained, CD)
𝜎𝑣′ = 𝜎1′

𝜎ℎ′ = 𝜎3′

Soil
Sample

𝜎ℎ′ = 𝜎2′

Figure B-10. Stresses acting on soil sample in triaxial shear test

The diameter of the triaxial cell was 72 mm with a height of 150 mm. Loose samples
were created by water pluviation. Medium dense samples were created by filling moist
sand into the mould, followed by light tamping. The target density of the medium dense
sample was achieved by tapping the side of the mould while subjecting the sample to a
small surface load for every 1/5 addition of the total sample dry weight, so that the
sample thickness increased by 1/5 of the total sample height (150 mm). Strong impact
was avoided to minimise breakage of the brittle carbonate sand particles. This
preparation technique results in lower particle segregation than preparation using dry
sand and compaction by vibration.
The stress-strain development and the stress path from the triaxial tests are given in
Figures B-11, B-12 and B-13.
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(a)

(b)

(c)

(d)

Figure B-11. Measurement from triaxial tests (CiD) for NWS carbonate sand:
(a) deviatoric stress, (b) stress ratio, (c) volumetric strain, and (d) dilation angle

B-10
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(a)

(b)

(c)

(d)

Figure B-12. Measurement from triaxial tests (CaD, K = 0.4) for NWS carbonate
sand: (a) deviatoric stress, (b) stress ratio, (c) volumetric strain,
and (d) dilation angle
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(a)

(b)

Figure B-13. Stress path in triaxial tests: (a) loose sand, K = 1 and
(b) medium dense sand, K = 0.4

The friction angle was calculated from the stress ratio, 𝑞𝑑𝑒𝑣 ⁄𝑝′, as follows:
𝑀𝑐 =

𝑞𝑑𝑒𝑣
6 sin 𝜙
=
𝑝′
3 − sin 𝜙

(for triaxial compression)

(B-7)

𝑞𝑑𝑒𝑣 = (𝜎1′ − 𝜎3′ )⁄2

(B-8)

𝑝′ = (𝜎1′ + 2 𝜎3′ )⁄3

(B-9)

The dilation angle, 𝜓, was calculated as
sin 𝜓 = −

𝜀̇𝑣𝑜𝑙 ⁄𝜀̇1
2 − 𝜀̇𝑣𝑜𝑙 ⁄𝜀̇1

(B-10)

𝜀̇𝑣𝑜𝑙 is the volumetric strain rate and 𝜀̇1 is the axial strain rate (Schanz & Vermeer,
1996). The calculated friction angles and dilation angles are summarised in Table B-4.

Dilation parameters
Bolton’s (1986) dilation equation was adopted to describe the maximum dilation angle,
𝜓𝑝𝑒𝑎𝑘 , as a function of mean stress, 𝑝′ , and relative density, 𝐼𝐷 . The measured dilation
angles of the carbonate sand at low relative densities were relatively high (TX-CiD-L,
SS-CaD-L). To fit these experiment data, an exponent 𝑛𝜓 was introduced for the relative
density, 𝐼𝐷 . The dilation equation becomes
𝐼𝑅 = (𝑄𝜓 − ln 𝑝′)𝐼𝐷 𝑛𝜓 − 𝑅𝜓

(B-11)
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Note that this modified equation has only been curve-fitted with the experiment data in
this study (see Figure B-14). This equation was later used to facilitate the estimation of
the dilation angle in the spudcan penetration analysis. Despite some data scatter, the
dilation angles can be reasonably approximated using 𝑚𝜓 = 4.8, 𝑄𝜓 = 7.5, 𝑅𝜓 = 1, and
𝑛𝜓 = 0.35.

Table B-4. Friction and dilation angles from triaxial tests for NWS carbonate sand
Test index

𝐾

𝜎3 :
kPa

𝑒0

𝑒𝑒𝑛𝑑

𝐼𝐷,0 :
%

𝐼𝐷,𝑒𝑛𝑑 :
%

𝜙𝑝𝑒𝑎𝑘 :
°

𝜙𝑟𝑒𝑠 :
°

𝜓𝑝𝑒𝑎𝑘 :
°

TX-CiD-L1

1.0

50

1.349

1.387

2.4

-6.1

41.1

36.5

5.5

TX-CiD-L2

1.0

100

1.310

1.292

11.1

15.1

41.3

37.9

3.0

TX-CiD-L3

1.0

200

1.299

1.175

13.6

41.2

38.3

37.7

-

TX-CaD-M1

0.4

40

1.169

1.304

42.4

12.5

47.1

38.7

12.8

TX-CaD-M2

0.4

120

1.149

1.152

47.0

46.3

43.8

37.8

5.0

TX-CaD-M3

0.4

160

1.137

1.110

49.6

55.5

41.1

35.5

3.2

Figure B-14. Curve fitting of dilation angles of NWS carbonate sand using Bolton’s
dilation equation
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B.2

CARBONATE CLAY

The carbonate clay originates from the seabed of the North West Shelf, Australia. The
material parameters for the NWS carbonate clay are summarised in Table B-5.

Table B-5. Material parameters of NWS carbonate clay
Material Property

Carbonate clay

Specific gravity, 𝐺𝑠

2.65

Liquid Limit, LL: %

76

Plastic Limit, PL: %

35

Plasticity Index, PI: %

41

Modified Cam Clay parameters
Slope of NCL, 𝜆

0.153

Slope of swelling line, 𝜅

0.027
1.510-7 – 410-7

Permeability, 𝑘𝑣 : m/s
Coefficient of consolidation, 𝑐𝑣 : m2/year

(𝜎𝑣′

0.3 – 2.0
= 20 – 360 kPa)

Atterberg limit
Based on the Atterberg limits, the NWS carbonate fine-grained sediment can be
classified as organic silt or clay (Figure B-15, ASTM D2487-11).

Figure B-15. Classification of the NWS carbonate clay based on Atterberg limits
(ASTM D2487-11)
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One dimensional compression test in Rowe cell
The Rowe cell was 150 mm in diameter. The consolidation parameters and permeability
from the Rowe cell test are summarised in Table B-6, and Figures B-16 and B-17. The
theoretical consolidation curves (with 𝑐𝑣 from the log time method) in Figure B-17 were
calculated according to
2
𝑇𝑣 𝐻𝑑𝑟
𝑡𝑣 =
𝑐𝑣

(B-12)

where 𝑡𝑣 is the time, 𝑇𝑣 the time factor, and 𝐻𝑑𝑟 the length of drainage path.

Table B-6. Soil parameters from one-dimensional test in Rowe cell for NWS
carbonate clay
Parameter

Value

Initial void ratio (𝜎𝑣 ’ = 10 kPa), 𝑒0

1.81

Compression index, 𝐶𝑐

0.353

Swell index, 𝐶𝑠

0.063

Slope of normal consolidation line,  = 𝐶𝑐 / ln 10

0.153

Slope of swelling line, 𝜅 = 𝐶𝑠 / ln 10

0.027
1.510-7 – 410-7

Permeability, 𝑘𝑣 : m/s
Coefficient of consolidation, 𝑐𝑣 : m2/year

(a)

0.3 – 1.8

(b)

Figure B-16. Rowe cell test for NWS carbonate clay: (a) one-dimensional
consolidation curve and (b) variation of permeability with void ratio
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Figure B-17. Pore pressure dissipation under various vertical stresses in Rowe cell
tests for NWS carbonate clay
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Table B-7. Variation of coefficient of consolidation, 𝒄𝒗 , for NWS carbonate clay
𝑐𝑣 : m2/year
𝜎𝑣′ : kPa

Log time
method

20

0.319

0.345

45

0.470

0.535

90

0.853

0.852

180

1.290

1.288

360

1.843

1.810

Square root time
method

Figure B-18. Variation of coefficient of consolidation, 𝒄𝒗 , with effective vertical
stress for NWS carbonate clay
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Simple shear test (consolidated and undrained, CU)
Shear tests were conducted using a UWA or Berkley type simple shear apparatus. The
carbonate clay samples were consolidated anisotropically with a lateral stress ratio,
𝐾 = 0.5 and sheared under undrained conditions.
Undrained shear strength in the simple shear test is defined as the maximum shear stress
that can be mobilised within the soil element. Because the actual failure does not always
occur on a horizontal plane, the shear stress on the horizontal plane is not necessarily
the maximum. Following a Tresca yield criterion, the undrained shear strength can be
approximated as
𝑠𝑢 = 𝑡𝑚𝑎𝑥

(𝜎𝑣′ − 𝜎ℎ′ )2
1 ′
′)
√
(𝜎
=
− 𝜎3 𝑚𝑎𝑥 =
+ 𝜏𝑥𝑦 2
2 1
4

(B-13)
𝑚𝑎𝑥

Doherty & Fahey (2011) suggested slightly higher undrained shear strength for simple
shear as
𝑠𝑢 = √

(𝜎𝑣′ − 𝜎ℎ′ )2
+ 𝜏𝑥𝑦 2
3

(B-14)
𝑚𝑎𝑥

Alternatively, using the approach proposed by Joer et al. (2011) the maximum shear
stress, 𝜏𝑓 , on the diagonal failure plane (Equation B-1) can be directly taken as the 𝑠𝑢 .
For some cases, the shear stresses increased continuously with increasing shear strain.
Therefore, the maximum values were selected from shear strain 𝜉 < 20%.
The stress-strain measurement and the stress path are shown in Figure B-19. The
interpreted undrained shear strengths of the carbonate clay using the three approaches
(Tresca yield criterion, Doherty & Fahey, and Joer et al) are summarised in Table B-8.
The undrained shear strengths calculated using Equations B-13 and B-14 are relatively
similar, with 𝑠𝑢 ⁄𝑝0′ ~ 0.48 to 0.55. A greater variation is given by Equation B-1 with
𝑠𝑢 ⁄𝑝0′ ~ 0.30 to 0.55.
The undrained shear strength profile of the normally consolidated clay in centrifuge
′
testing, deduced from cone penetrometer testing, was su ~ 0.38𝜎𝑣0
. Assuming a lateral
stress ratio 𝐾 = 0.5, the undrained shear strength can also be estimated as 𝑠𝑢 = 0.57𝑝0′ .
This value is comparable to results from the simple shear tests.
The rigidity indices 𝐼𝑟 (= 𝐺 ⁄𝑠𝑢 ) estimated based on 𝑠𝑢 (Equation B-14) and shear
modulus at 50% peak shear stress, 𝐺50 , range from 97 to 195 (see Figure B-20). For the
analysis of piezocone dissipation tests in the centrifuge, an average value of 𝐼𝑟 = 150
was adopted.
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sin 𝜙 = tan 𝛼

(b)

(a)

Figure B-19. Development of stress condition in simple shear tests for NWS
carbonate clay, at (a) horizontal (x-y) plane and (b) diagonal failure plane
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Table B-8. Undrained shear strength of NWS carbonate clay from simple shear
tests
𝑒0

𝑠𝑢 ⁄𝑝0′

𝑠𝑢 : kPa

Test
index

𝐾

SS-CaU-1

0.5

50

33.3

60.5

1.674

17.7

18.3

18.2

18.4

0.55

0.55

0.55

SS-CaU-2

0.5

100

66.6

56.9

1.575

28.7

29.8

31.9

34.0

0.45
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Figure B-20. Shear modulus of NWS carbonate clay from simple shear tests
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APPENDIX C. BEARING CAPACITY

C.1

BEARING CAPACITY FACTORS

Estimating the bearing capacity has been discussed in many publications, from the
analytical solutions provided by Prandtl (1920), Buisman (1940), Terzaghi (1943),
Skempton (1951), and Vesic (1973) to the more recent numerical solutions provided by
Houlsby & Martin (2003), Cassidy & Houlsby (2002), and Hossain & Randolph
(2009a). Because offshore spudcan shapes are generally circular, this appendix focuses
on vertically loaded circular footings on a horizontally even seabed.
The bearing capacity of a shallow foundation is generally formulated as a superposition
of the contributions from three major components, cohesion, soil self-weight and
surcharge load. For spudcan penetration analysis, the soil is strictly distinguished as
drained (𝜙′ > 0 and 𝑐 = 0) or undrained (𝜙′ = 0 and 𝑐 = 𝑠𝑢 > 0). In this thesis, the term
cohesion is replaced by the undrained strength, 𝑠𝑢 .
𝑞𝑣 =

𝑄𝑣
1
′
= 𝑁𝑐 𝑠𝑢 + 𝑁𝛾 𝐷𝛾′ + 𝑁𝑞 𝜎𝑣,0
𝐴
2

(C-1)

Classic bearing capacity factors were originally derived for surface strip footing (plane
strain condition). When these factors were used for other footing geometries, shape
factors were introduced. Similarly, depth factors were introduced to consider the effects
of embedment depth. The bearing capacity factors are summarised in Table C-1. For the
spudcan penetration analysis in this study, the vertical bearing capacity factors 𝑁𝑐 , 𝑁𝛾
and 𝑁𝑞 are calculated according to Houlsby & Martin (2003), Cassidy & Houlsby
(2002) and Vesic (1973), respectively.
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Table C-1 Bearing capacity factors
Bearing capacity factors for cohesion and the undrained shear strength, 𝑵𝒄

Prandtl (1920)

For strip footing on weightless soil (plane strain condition).
1
tan2 (45 + 𝜙) 𝑒𝑥𝑝𝜋 tan 𝜙
2
𝑁𝑐0 =
tan 𝜙
𝑁𝑐 = 𝑁𝑐0 𝑠𝑐 𝑑𝑐

Skempton (1951)

𝑁𝑐0 𝑠𝑐 = 6 (for circular and square footing)
𝑧
𝑑𝑐 = 1 + 0.2 ≤ 1.5
𝐷
𝑁𝑐 = 𝑁𝑐0 (1 + 𝑠𝑐 + 𝑑𝑐 )
𝑁𝑐0 = 𝜋 + 2 ≈ 5.14

Hansen (1970)

𝑠𝑐 = 0.2 shape factor for square and circular footing
0.4(𝑧⁄𝐷)
𝑓𝑜𝑟 𝑧 ≤ 𝐷
𝑑𝑐 = {
−1 𝑧
0.4 tan ( ⁄𝐷) 𝑓𝑜𝑟 𝑧 > 𝐷
Based on curve fitting with numerical analysis results for conical footing on
weightless clay.
Range of validity: 30° ≤ 𝛽 ≤ 180°; 0 ≤ 𝛼𝑟 ≤ 1;
0 ≤ 𝑧⁄𝐷 ≤ 2.5; 0 ≤ 𝜌𝐷 ⁄𝑠𝑢 ≤ 5
𝛼𝑟
1
𝐷𝜌
(1 +
)
tan(𝛽 ⁄2)
6 tan(𝛽 ⁄2) 𝑠𝑢
𝑓3 𝑧
𝑁𝑐0,𝛼 = 𝑁𝑐0,0 {1 + (𝑓1 𝛼 + 𝑓2 𝛼𝑟 2 ) (1 −
)}
𝐷+𝑧
𝐷𝜌
𝑁𝑐0,0 = 𝑁1 + 𝑁2
𝑠𝑢
𝑧 𝑓9
𝑁1 = 𝑁0 (1 − 𝑓8 cos(𝛽 ⁄2)) (1 + )
𝐷
𝑓6
1
𝑧 2
𝑁2 = 𝑓4 + 𝑓5 (
) + 𝑓7 ( )
tan(𝛽 ⁄2)
𝐷
𝑁𝑐 = 𝑁𝑐0,𝛼 +

Houlsby and Martin
(2003)

𝑁0 = 5.69 (factor for smooth flat footing with 𝜌 = 0)
𝑓1 = 0.212

𝑓2 = −0.097

𝑓3 = 0.53

𝑓4 = 0.5

𝑓5 = 0.36

𝑓6 = 1.5

𝑓7 = −0.4

𝑓8 = 0.21

𝑓9 = 0.34
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Based on curve fitting with centrifuge data and numerical analysis results for
circular footing. The formulation is separated based on penetration mechanism
(shallow and deep).
For shallow penetration mechanisms (𝑧 < 𝐻𝑐𝑎𝑣 ):
for smooth footing interface (𝛼𝑟 = 0):
𝜌𝐷 0.8
)
𝑠𝑢
𝑁𝑐 = 𝑁𝑐0 (1 +
)
𝑧 2
(1 + )
𝐷
𝑧
𝑧
𝑁𝑐0 = 5.69 +
(1 −
) ≤ 9.2
0.2𝐷
2.85𝐷
0.161 (

Hossain & Randolph

for rough footing interface (𝛼𝑟 = 1):

(2009a)

𝜌𝐷 0.8
)
𝑠𝑢
𝑁𝑐 = 𝑁𝑐0 (1 +
)
1.5
𝑧
(1 + )
𝐷
𝑧
𝑧
𝑁𝑐0 = 6.05 +
(1 −
) ≤ 10.2
0.22𝐷
3.65𝐷
0.191 (

For deep penetration mechanism (𝑧 > 𝐻𝑐𝑎𝑣 + 0.3𝐷):
𝑧
𝑁𝑐 = 10 (1 + 0.065 ) ≤ 11.3
𝐷
Criteria for limiting cavity depth, 𝐻𝑐𝑎𝑣 :
𝑠𝑢,𝑧=𝐻𝑐𝑎𝑣 0.55 1 𝑠𝑢,𝑧=𝐻𝑐𝑎𝑣
𝐻𝑐𝑎𝑣
=(
)
− (
)
𝐷
𝛾𝐷
4
𝛾𝐷
Bearing capacity factor for the surcharge load, 𝑵𝒒
𝑁𝑞 = 𝑁𝑞0 𝑠𝑞 𝑑𝑞
Reissner (1924),
Buisman (1940),
Terzaghi (1943),
Hansen (1970)

Vesic (1975)

𝜋 𝜙
𝑁𝑞0 = 𝑒𝑥𝑝 𝜋 tan 𝜙 tan2 ( + )
4 2
𝑠𝑞 = 1 + sin 𝜙
𝑧
1 + 2 tan 𝜙 (1 − sin 𝜙)2 ( )
𝐷
𝑑𝑞 = {
𝑧
2
(1
1 + 2 tan 𝜙 − sin 𝜙) tan−1 ( )
𝐷

𝑓𝑜𝑟 𝑧 > 𝐷

Same as Hansen (1970), except for the shape factor, 𝑠𝑞 .
𝑠𝑞 = 1 + tan 𝜙 for circular and square footing

Bearing capacity factor for the soil self-weight, 𝑵𝜸
𝑁𝛾 = 𝑁𝛾0 𝑠𝛾 𝑑𝛾
Hansen (1970)

𝑓𝑜𝑟 𝑧 ≤ 𝐷

𝑁𝛾0 = 1.5(𝑁𝑞0 − 1) tan 𝜙
𝑠𝛾 = 0.6 for circular and square footing
𝑑𝛾 = 1
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Same as Hansen (1970), except for 𝑁𝛾0 .

Vesic (1973)

𝑁𝛾0 = 2(𝑁𝑞0 + 1) tan 𝜙
Based on numerical analysis with conical footing. The tabulated values were
curve-fitted by Teh (2007) and White et al. (2008).
Range of validity: 60° ≤ 𝛽 ≤ 180°; 0.6 ≤ 𝛼𝑟 ≤ 1.0; and 25° ≤ 𝜙 ≤ 40°

Cassidy & Houlsby
(2002)

𝑁𝛾 =

0.0286𝑒𝑥𝑝0.2109𝜙°
𝑘𝑐𝑜𝑛𝑒

𝛽° 10
𝛽° 10
𝑘𝑐𝑜𝑛𝑒 = (
) + (1 − (
) ) 𝜇 sin(𝑘𝛽 𝛽° + 𝑘𝜙 𝜙° − 60°)
180°
180°
𝜇 = 1.03 + (1 − 𝛼𝑟 )2
𝑘𝛽 = 0.54 − (1 − 𝛼𝑟 )2.2
𝑘𝜙 = 1.9 + 2.2(1 − 𝛼𝑟 )1.5

with
𝐻𝑐𝑎𝑣

Limiting cavity depth: m

𝑁𝑐 , 𝑁𝑞 , 𝑁𝛾

bearing factor for circular footing due to cohesion, surcharge load and soil self-weight,
respectively

𝑑𝑐 , 𝑑𝑞 , 𝑑𝛾

Depth factors for 𝑁𝑐 , 𝑁𝑞 , and 𝑁𝛾 , respectively

𝑠𝑐 , 𝑠𝑞 , 𝑠𝛾

Shape factor for 𝑁𝑐 , 𝑁𝑞 , and 𝑁𝛾 , respectively

𝐷

Diameter: m

𝑧

Embedment depth of footing base: m

𝛼𝑟

C.2

Roughness of footing surface (0 < 𝛼𝑟 < 1)

𝛽

Apex angle of a conical footing: °

𝛾

Effective soil density: kN/m3

𝜌

Increment of undrained shear strength with depth, 𝜌 = ∆𝑠𝑢 ⁄∆𝑧: kPa/m

𝜙

Effective friction angle: º

EQUIVALENT FRICTION ANGLES

The conventional bearing capacity factor was developed for constant friction angles.
However, the peak friction angles along shear failure planes are unlikely to be mobilised
simultaneously, resulting in variations in the mobilised friction angle, mainly due to its
dependency on confining stress and shear strain. To use the bearing capacity factor
properly, an equivalent friction angle should be selected to represent the varying friction
angles along the shear plane. Lau & Bolton (2011) suggested two equivalent angles for
calculating 𝑁𝑞 and 𝑁𝛾 . The equivalent friction angles were each determined based on
the relevant mean pressure, 𝑝𝑚 , calculated as
𝑝𝑚 = 2√𝜎𝑓 𝜎0

for 𝑁𝑞

(C-2)

C-4

Spudcan penetration in stratified soils

𝑝𝑚 = 13√𝜎𝑓 0.5𝐷𝛾

for 𝑁𝛾

(C-3)

These authors recommended using triaxial data to find the 𝑝𝑚 –related friction angles.
Nonetheless, Bolton’s dilation equation (Equations 2-23 to 2-26) can be used for this
purpose. The equivalent friction angle is especially important for shallow penetration
depths because the effective friction angle varies strongly at low mean pressure.
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APPENDIX D. EARTH PRESSURE COEFFICIENTS

The earth pressure coefficients presented in this appendix are derived for plane strain
condition. For spudcan analysis, the passive earth pressure coefficient should be
corrected to consider for the axial symmetric shape of soil plug.
The values of the input parameters should follow the sign convention given in Figure D1. Note that for plug peripheral resistance in spudcan penetration analysis the shear
resistance (𝜏) is pointed upward; hence the interface friction angle (𝛿) obtains a positive
sign.

Figure D-1. Sign convention for calculating the earth pressure coefficient

D.1

PASSIVE EARTH PRESSURE

The coefficient of passive earth pressure for parallel wall movement with a curved
failure surface can be calculated as recommended by Pregl (1999). The solution is based
on Sokolovski’s (1965) slip line method.

Coefficient of passive earth pressure due to soil weight, Kpγ
′
The normal stress on the wall due to soil weight at passive condition, 𝜎𝑛,𝑝𝛾
, is calculated
as the product of the effective vertical stress due to soil weight and the earth pressure
coefficient, 𝐾𝑝𝛾 , as
′
𝜎𝑛,𝑝𝛾
= 𝐾𝑝𝛾 𝛾 ′ 𝑧

(D-1)
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𝐾𝑝𝛾 = 𝐾𝑝𝛾,0 𝑖𝑝𝛾 𝑔𝑝𝛾 𝑡𝑝𝛾 cos 𝛿
𝐾𝑝𝛾,0 =

with

(D-2)

1 + sin 𝜙
1 − sin 𝜙

(D-3)

𝑖𝑝𝛾 = (1 − 0.41𝛿)−7.13

for 𝛿 < 0

(D-4a)

𝑖𝑝𝛾 = (1 + 0.53𝛿)0.26+5.96𝜙

for 𝛿 ≥ 0

(D-4b)

𝑔𝑝𝛾 = (1 + 0.73𝛽𝑚 )2.89

for 𝛽𝑚 ≤ 0

(D-5a)

𝑔𝑝𝛾 = (1 + 0.35𝛽𝑚 )0.42+8.15𝜙

for 𝛽𝑚 > 0

(D-5b)

𝑡𝑝𝛾 = (1 + 0.72𝜗 tan 𝜙)−3.51+1.03𝜙

for 𝜗 ≤ 0

(D-6a)

𝑡𝑝𝛾 = (1 − 0.0012𝜗 tan 𝜙)2910−1958𝜙

for 𝜗 > 0

(D-6b)

𝐾𝑝𝛾,0

Rankine’s passive earth pressure ratio due to soil weight

𝑖𝑝𝛾

factor to consider the wall inclination

𝑔𝑝𝛾

factor to consider the slope of mudline

𝑡𝑝𝛾

factor to consider the interface friction angle

𝜙

effective soil friction angle

𝛿

interface friction angle

𝛽𝑚

slope of mudline

𝜗

wall inclination angle

The corresponding resultant net vertical force per unit area, 𝑝𝑣,𝑝𝛾 , can be calculated as
𝑝𝑣,𝑝𝛾
= 𝐾𝑝𝛾 (tan 𝛿 cos 𝜗 − sin 𝜗)
𝛾 ′𝑧

(D-7)

Variation of 𝑝𝑣,𝑝𝛾 ⁄𝛾 ′ 𝑧 values is illustrated in Figure D-2.
The corresponding resultant net horizontal force per unit area, 𝑝ℎ,𝑝𝛾 , can be calculated
as
𝑝ℎ,𝑝𝛾
= 𝐾𝑝𝛾 (tan 𝛿 sin 𝜗 + cos 𝜗)
𝛾 ′𝑧

D-2
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Figure D-2. Normalised resultant net vertical force per unit area at passive
condition

Coefficient of passive earth pressure due to surcharge, Kpq
The normal stress on the wall due to a uniform surcharge pressure at passive condition,
′
𝜎𝑛,𝑝𝑞
, is calculated as the product of the surcharge pressure, 𝑞0 , and the earth pressure
coefficient, 𝐾𝑝𝑞 , as
′
𝜎𝑛,𝑝𝑞
= 𝐾𝑝𝑞 𝑞0

𝐾𝑝𝑞 = 𝐾𝑝𝑞,0 𝑖𝑝𝑞 𝑔𝑝𝑞 𝑡𝑝𝑞 cos 𝛿

(D-10)

𝐾𝑝𝑞,0 = 𝐾𝑝𝛾,0

(D-11)

𝑖𝑝𝑞 = (1 + 0.72𝛿)2.81

for 𝛿 < 0

(D-12a)

𝑖𝑝𝑞 = (1 + 1.33𝛿)0.08+2.37𝜙

for 𝛿 ≥ 0

(D-12b)

𝑔𝑝𝑞 = (1 + 1.16𝛽𝑚 )1.57

for 𝛽𝑚 ≤ 0

(D-13a)

𝑔𝑝𝑞 = (1 + 3.84𝛽𝑚 )0.98𝜙

for 𝛽𝑚 > 0

(D-13b)

𝑡𝑝𝑞 =
with

(D-9)

𝑖𝑝𝑞

𝑒𝑥𝑝−2𝜗 tan 𝜙
cos 𝜗

(D-14)

factor to consider the wall inclination
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𝑔𝑝𝑞

factor to consider the slope of the mudline

𝑡𝑝𝑞

factor to consider the interface friction angle

Comparison with the analytical solution from Lancellotta (2002)
Lancellotta (2002) proposed an analytical solution for the passive earth pressure
coefficient due to soil weight, based on the lower bound theorem of plasticity, as
𝐾𝑝𝛾 = {

cos 𝛿
(cos 𝛿 + √sin2 𝜙 − sin2 𝛿)} 𝑒𝑥𝑝 2 tan 𝜙
1 − sin 𝜙

sin 𝛿
2 = sin−1 (
) + 𝛿 − 2𝜗
sin 𝜙

(D-15)
(D-16)

Comparison with 𝐾𝑝𝛾 from Pregl is given in Figure D-3; with additional comparison
with 𝐾𝑝𝑞 from Pregl. Lancellotta’s solution is slightly lower. As expected, 𝐾𝑝𝛾 from
Lancellota is very much similar to 𝐾𝑝𝑞 from Pregl, since Lancellotta’s method
essentially considers a non-zero vertical stress rather than the actual self-weight stresses
in the soil.

Figure D-3. Passive earth pressure coefficients (1 of 2)
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Figure D-3. Passive earth pressure coefficients (2 of 2)
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D.2

EARTH PRESSURE AT REST

′
, is calculated
The normal stress on the wall due to soil weight for condition at rest, 𝜎𝑛,0𝛾
as the product of the effective vertical stress due to soil weight (=𝛾′𝑧) and the earth
pressure coefficient, 𝐾0𝛾 , as
′
𝜎𝑛,0𝛾
= 𝐾0𝛾 𝛾 ′ 𝑧

𝐾0𝛾 =

𝐾0𝛾ℎ cos 𝛿
cos (𝛿 − 𝜗)

(D-18a)

1 + tan 𝛼1 tan 𝛽𝑚
1 − tan 𝛼1 tan 𝛿

(D-18b)

sin 𝜙 − sin2 𝜙
cos2 𝛽𝑚
sin 𝜙 − sin2 𝛽𝑚

(D-18c)

𝐾0𝛾ℎ = 𝐾1 𝐹
𝐾1 =

(D-17)

tan 𝛼1 =

1
(D-18d)

√ 1 + tan2 𝛽𝑚
𝐾1

(D-18e)

𝐹 = 1 − |tan 𝜗 tan 𝛽𝑚 |

The corresponding resultant net vertical force per unit area, 𝑝𝑣,0𝛾 , can be calculated as
𝑝𝑣,0𝛾
= 𝐾0𝛾 (tan 𝛿 cos 𝜗 − sin 𝜗)
𝛾 ′𝑧

(D-19)

The corresponding resultant net horizontal force per unit area, 𝑝ℎ,0𝛾 , can be calculated
as
𝑝ℎ,0𝛾
= 𝐾0𝛾 (tan 𝛿 sin 𝜗 + cos 𝜗)
𝛾 ′𝑧

(D-20)

For conditions with 𝜗 = 𝛿 = 𝛽𝑚 = 0, the earth pressure coefficient becomes
𝐾0𝛾 = 1 − sin 𝜙

(D-21)
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