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1. Introduction
1.1 InSafeJIP objectives
The recent safety record of jack-up installation and removal operations suggests that
procedural improvements are necessary and as a result this study, entitled the “InSafeJIP”,
was launched with the following objectives :
A.

Review the available spudcan penetration prediction, extraction and ground
preparation methods. Collect, process, catalogue and analyse jack-up foundation
performance case study data sets. Where possible calibrate the predictive and
ground preparation methods with the case records. Assess and determine the best
methods for improving the reliable prediction of jack-up installation and removal.

B.

Codify the above in a way that is readily accessible to analysts, and produce an upto-date set of geotechnical site assessment and operational guidelines.

C.

Identify gaps in knowledge and experience and recommend future R&D work to
close the knowledge gaps.

In summary the principal objective of this Project has been to investigate and develop
improved jack-up geotechnical procedures for site assessment, ground treatment and
foundation performance prediction and incorporate these within a Guideline document (this
document).
This Guideline is written as a stand-alone document, with relevant references to the project
outcomes in the Appendices. However, further details of the InSafeJIP project review,
analysis, investigations and outcomes are reported in the InSafeJIP 1st Year Report
(InSafeJIP, 2009).

1.2 InSafeJIP summary statement
The InSafeJIP initiative was conceived by RPS Energy and announced on the 6th December
2006 in Singapore, with a Project Launch Status Meeting being held on 30th May 2007 in
Houston. From its inception the Project has been actively supported and promoted by
Keppel FELS.
A database with 146 case study data sets of various degrees of quality supplied by the
project participants was established with the geographical distribution of the data sets
spanning from Australasia to America, Europe, Africa and the Middle East. The data sets
were processed, examined and, if suitable, utilised for various calibration purposes with an
ultimate aim to derive recommendations for improving the reliable prediction of jack-up
installation and removal.
The recommendations provided in the Guideline should only be used for guidance and do
not imply any legislative requirements, responsibilities or guarantee of applicability. The
Guideline should be interpreted by a competent geotechnical engineer with reference to
other literature when applicable.

1.3 Guideline purpose
The purpose of this Guideline is to provide improved methods for the following jack-up
foundation related procedures :
 Site characterisation, investigation and generation of a geotechnical ground
model
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 Generation of engineering design parameters for jack-up foundation assessment
 Spudcan penetration prediction
 Ground preparation methods
 Spudcan extraction prediction
Issues such as spudcan footprint, pipeline and pile interaction are outside the scope of the
Guideline as these topics are the subject of research projects currently under investigation
by others.

1.4 Guideline structure
The Guideline is formed of six sections as follows :
Section 1: Introduction
Section 2: Geotechnical site investigation requirements for spudcan penetration assessment
Section 3: Geotechnical data interpretation and soil engineering parameter selection
Section 4: Prediction of spudcan penetration
Section 5: Ground preparation
Section 6: Jack-up installation, operational considerations and spudcan extraction
Lists of notations, abbreviations and references, and appendices follow these Sections.
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2. Geotechnical site investigation
foundation assessment

requirements

for

spudcan

2.1 Background and aims
A clear understanding of the seabed and sub-seabed conditions is critical for the site specific
assessment of jack-up operability during installation, elevated operations and leg extraction.
The jack-up foundation site assessment procedure usually comprises :
• Acquisition of regional and local geological and geotechnical data (to include
local jack-up foundation performance if available)
• Geological desk study - development of the ground model
• Geophysical site survey – refinement of the ground model
• Geotechnical site investigation (SI) – further refinement of the ground model
• Generation of geotechnical design profiles with engineering parameters
• Performance of jack-up foundation site-specific assessment using the design
profiles.
The geological desk study should provide :
•
•
•
•
•
•

an overview of the geological conditions
an expected ground model
recognition of potential geohazards
natural and / or manmade seabed structures / obstructions
information regarding previous geological processes and human activities
adequate information to assist in the planning of the offshore geophysical survey
and geotechnical site investigations.

Guidance on Desk Studies for jack-up operations is given in :
HSE (UK) information sheet jack-up (self-elevating) installations: review and location
approval using desk-top risk assessments in lieu of undertaking site soils borings, Offshore
Information Sheet No 3/2008.
A geophysical site survey should provide a detailed representation of the ground conditions
allowing for the refinement of the initial ground model and will identify any specific
geohazards which may be present. Geohazards which may adversely affect jack-up
foundation integrity are described further in Appendix A2.1.1.
The geophysical site survey should be conducted in accordance with the appropriate
legislative requirements and specifications, for example :
Oil & Gas UK (formerly Offshore Operators Association Limited, Surveying & Positioning
Committee), “Guidelines for conduct of mobile drilling rig site surveys”. Volume 1 Issue 1.2
and Volume 2 Issue 1.
Such guidelines may not specify suitable equipment, operating and processing procedures
and it is often necessary to solicit specialist advice in this regard in order to optimise the
survey effectiveness.
The Geophysical Site Survey report should describe the interpreted ground model, include
an explanation of the geological setting, depositional environment and history together with
descriptions of any potential geohazards which could influence jack-up operations.
The results of the geophysical site survey should be used in the planning of the geotechnical
SI. The actual scope of work developed will depend upon the vertical and lateral variability
of the soil as well as the presence of any geohazards.
10
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Intrusive geotechnical SIs are conducted in order to ground-truth the geophysical data and to
obtain the required geotechnical index and strength measurements. The geotechnical SI
allows confirmation or further refinement of the interpreted ground model. Adequate data
are required to facilitate detailed engineering characterisation of each soil unit and to provide
understanding of the spatial variation of these parameters.
With this information the soil design profiles, with associated engineering strength
parameters, are developed for use in the jack-up foundation site specific predictive bearing
capacity analyses.
The ground model and design profile development should be a progressive process
incorporating iterative data interpretation where applicable.
This section focuses on the necessity to conduct a geotechnical SI, the planning process,
work scope, and data acquisition which involves soil sampling, in-situ and laboratory soil
testing. Geotechnical SI data interpretation and determination of engineering parameters
are discussed in Section 3, which in Section 4 is followed with guidance on how to conduct
the spudcan bearing capacity and leg penetration assessment.

2.2 Geotechnical site investigation planning
Ideally, the geotechnical SI should be conducted well in advance of the jack-up deployment
to the field in order to allow time for adequate data interpretation and site specific
assessment. During the planning of a geotechnical SI, the following factors should be
considered :
Information required for jack-up foundation site specific assessment - The quantity of
in-situ tests, soil sampling, soil index, strength and advanced laboratory test data required
for analytical purposes will depend on the ground conditions. For example, for a continuous
layer of homogeneous soil limited data acquisition will be necessary (though sufficient to
confirm homogeneity), however for highly variable and complex ground conditions where
advanced foundation performance modelling is to be conducted a considerably greater
amount of information will be required. The SI workscope should be planned according to
the expected circumstances with the provision for amendment should the actual ground
conditions differ from that expected during the investigation.
The variation in ground conditions could be due to the geological processes and /or human
intervention. Ideally the possibility of ground variation should have been identified during the
geophysical site survey.
Table 2.1 lists the basic soil properties required for jack-up foundation assessment purposes
for homogeneous clay and sand. For silty material, the properties defined for clay may be
applicable but with consideration of partial drainage characteristics (refer to Section 3.5).
For a highly variable and complex ground where advanced foundation performance
modelling is to be conducted a considerably greater amount of soil properties will be
required.

Table 2.1: Properties required for jack-up foundation site specific assessment
Soil type

Strength properties1

Index properties and additional parameters1

Clay

su , St

′ , cv , OCR , carbonate content
w , PL , LL , γ clay

Sand

φ ′ ( φ cv , Qcrushing )

PSD, I D , γ′sand , OCR , carbonate content

NOTE: 1 All properties and parameters are defined in Notations and Abbreviations.
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Industry requirements – It is recommended that :
•

If appropriate, the jack-up site survey and geotechnical SI should be conducted in
consultation with the field development teams in order to optimise data acquistion
appropriately for all field development options.

•

Where site specific borehole data are required for jack-up operability site
assessment the borehole or piezocone penetration target depth is the greater of
either 30 m or 1.5 x spudcan diameter beneath the calculated spudcan tip
penetration depth at the maximum preload, with all soil units being sufficently
investigated. If necessary, the target depth may be extended deeper to account for
future jack-up installation operations where a different rig subjected to a higher
preload level may be employed.

•

The requirement for and specification of the geotechnical SI work scope should be
the responsibility of a suitably qualified and experienced offshore geotechnical
engineer.

•

The geotechnical report should include borehole logs and soil laboratory test
procedures and results. If piezocone or other in-situ penetrometer tests are
performed, the test records should be documented together with descriptions of
test procedures, tool calibration certificates, field offsets and processing
information as applicable. All reports should contain water depth data and
geographic coordinates of the location with the measurement datum clearly stated.

•

Additional advanced soil laboratory testing may be required if complex soilstructure load-displacement analyses are required.

The offshore work scope should be flexible so that if the ground conditions are not as
expected during the initial part of the investigation then it can be appropriately amended.

2.3 Geotechnical work scope
Tables 2.2-2.4 list various site conditions and provide recommendations for offshore
geotechnical SI works which may be required to conduct a jack-up foundation site
assessment for both “open” and “work-over” locations. “Open locations” refer to sites where
no jack-up has previously operated, whereas “work-over” locations are sites at which jackups have previously been installed.
At work-over locations the ground is likely to have been disturbed and craters, or “footprints”,
left at the seabed at previously installed spudcan locations. These operations are likely to
have modified the soil properties and such ground modification should be considered during
the assessment of future jack-up installation operations. Spudcan-footprint interaction (SFI)
issues are not addressed in this Guideline.
Tables 2.2-2.4 provide guidance on the number and positioning of geotechnical boreholes
(purely sampling, or combined or “composite” sampling and down-hole testing), and
continuous piezocone penetration tests required under certain circumstances. Refer to
Section 2.4 for further comment on soil sampling and cone penetration test data acquisition.
Soil laboratory testing requirements and specifications are discussed in Section 2.5.
These recommendations should only be used for guidance and do not imply any legislative
requirements, responsibilities or guarantee of applicability.
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Table 2.2: Geotechnical work scope for open locations for simple geological conditions
Programme
type

Type 1
simple

Geological
setting

Site Conditions

Minimum Suggested Site Investigation Work
Scope*

Example SI data
acquisition locations

Simple

Regional, local geology and near surface
conditions reasonably well understood.
Site conditions suitable for jack-up rig (JU)
operations. High quality geophysical data
available and sub-bottom profiling data tiedback to a geotechnical borehole(s) and / or
local JU installation locations. Mature JU
operating province where foundation issues
are NOT expected and with laterally
continuous ground conditions. Desk top
study corroborates geophysical data.
Adverse foundation performance risk
extremely remote and any potential risk is
expected to be manageable.

Acquisition of site specific geotechnical data may
NOT be required.*

N/A

Simple

As 1S above but with soft sediments over a
hard layer of known geology, where the
spudcans are expected to penetrate the
soft soils and be founded on the hard
interface beneath. The formation present
below the soft/hard interface is known to be
competent and able to safely support
spudcans, the ground conditions are known
to be laterally continuous and the interface
between soft to harder sediments does not
undulate adversely.

Seabed piezocone tests or gravity cores may be
used to confirm the absence of potentially adverse
layering within the soft upper sediments and to tag
the hard layer. If data proves the soil conditions are
NOT as expected then deeper piezocone tests and
/ or soil boring(s) may be required to investigate
and confirm the soil conditions and identify any
variability. If potentially adverse conditions for JU
foundations are present, consider increasing the
geotechnical site investigation scope of work.*

(1S)

Type 2
simple
(2S)

LEGEND:

or Combinations of both
across the area, note that
this is an example layout
only

Gravity Piston Corer
Shallow Seabed piezocone test
Composite Borehole (downhole piezocone tests and sampling)
Continuous Sampling Borehole
Continuous piezocone test

NOTES:
1. If appropriate the jack-up geotechnical SI should be conducted in consultation with the field development teams in order to optimise data acquisition.
2. Target depth (TD) = the greater of either 30 m or 1.5 x spudcan diameters beneath the calculated spudcan tip penetration depth at the maximum preload.
3. At minimum the ground model must be generated to TD, with adequate data acquired for reliable definition of the model.
4. * The requirement for and specification of the geotechnical site investigation work scope should always be discussed and agreed with a suitably qualified
and experienced offshore geotechnical engineer(s).
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Table 2.2: Geotechnical work scope for open locations for simple geological conditions (Cont.)
Programme
type

Type 3
simple

Geological
setting

Site Conditions

Minimum Suggested Site Investigation Work
Scope*

Simple

Regional, local geology and near surface
conditions reasonably well understood and
suitable for JU operations. High quality
geophysical data available and sub-bottom
profiling data tied back to a geotechnical
borehole(s) and / or local JU installation
locations. Soils are expected to be laterally
continuous. Desk top study corroborates
geophysical data. Knowledge of regionally
successful JU performance and local
geotechnical borehole data are available.
Very low risk of adverse foundation
performance.

Continuous sampling borehole or continuous
seabed piezocone test from 0 to TD placed in the
centre of the JU footprint or at one spudcan
location. A composite borehole may be acceptable
if the ground conditions are simple, well defined,
and proved to be as expected. Data gaps to be
kept to a minimum (target gaps at < 0.2m). If data
gaps > 0.2m, or there are concerns regarding the
suitability of the ground for jack-up operations then
consider additional adjacent borehole(s) with
downhole piezocone tests (as opposed to seabed
piezocone tests if unable to reach TD), or sampling
intervals conducted over data gaps of the
previously conducted borehole. If concerns remain
regarding the suitability of ground conditions for the
JU operations then perform additional geotechnical
site investigation.*

Simple

Regional and local geology reasonably well
understood and near surface conditions
expected to be continuous and suitable for
JU operations. High quality geophysical
survey data available without sub-bottom
profiler data tie lines to existing
geotechnical borehole data. Desk top study
correlates with geophysical data. No local
geotechnical data or knowledge of
successful JU performance regionally. Low
risk of adverse foundation performance.

One continuous sample borehole 0-TD and
adjacent piezocone test from 0 to TD within the JU
footprint, or combination of composite and / or
continuous sampling and piezocone test boreholes
at spudcan centres so that sufficient data are
available to define the ground model. If data
illustrates soil conditions suitable for JU operations
and the geophysics confirms stratigraphic continuity
then no further geotechnical investigation may be
required. If variations occur then may need to
consider additional geotechnical data acquisition.*

(3S)

Type 4
simple
(4S)

Table 2.3: Geotechnical work scope for open locations for complex and very complex geological conditions
14
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Programme
type

Type 5
complex

Geological
setting

Site Conditions

Scope of Investigation

Complex

Regional and local geology reasonably
understood without specific details of nearsurface ground conditions. Desk top study
and geophysical survey data ambiguous
and suggest that near-surface ground
conditions are likely to be variable. No
knowledge of successful JU performance
locally available and potential for adverse
foundation performance is recognised.

One continuous piezocone test and one adjacent
continuous sampling borehole at one spudcan
location and piezocone tests from 0 to TD at each
of the other two spudcan locations, or continuous
piezocone tests at one spudcan location with
continuous sampling boreholes at the others from 0
to TD.*

Very
Complex

Regional and local geological data available
without specific details of near-surface
ground conditions. The desk top study and
geophysical survey data suggests nearsurface ground conditions are variable
across the site.
The potential for JU
foundation performance risk is identified
perhaps with knowledge of adverse JU
foundation performance locally.

Continuous piezocone tests and adjacent sampling
boreholes at all spudcan locations from 0 to TD. Or
as above with centrally located continuous sampling
and / or piezocone test borehole to TD.*

(5C)

Type 6
very
complex
(6VC)

NOTE: *Refer to the bottom of Table 2.2 for Legend description and footnotes
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Table 2.4: Geotechnical work scope for work-over locations for simple to very complex geological settings
Programme
type

Type 7
simple,
work-over

Geological
setting

Site Conditions

Scope of Investigation

Simple

First JU operation at the location, no
existing spudcan footprints to consider.
High quality geophysical survey available
with recent seabed clearance survey.
Appropriate geotechnical and geophysical
data acquired for fixed platform and JU
installation purposes confirms suitable
conditions for JU installation. Local JU
operations without foundation hazards.

No additional geotechnical data acquired for JU
installation.*

Simple

Repeat visit with identical JU footprint and
spudcan size. Identical spudcan positions
- footprint interaction issues unlikely. No
previous foundation issues and previous
jack-up operations not able to adversely
alter the ground conditions with identical
jack-up emplacement.

No new geotechnical data required.*

Simple

Repeat visit with identical JU.
New
spudcan positions with possible spudcanfoot print issues. Known ground conditions.
No previous foundation issues.

Survey of existing footprints advisable with seabed
clearance survey.
Consideration of spudcanfootprint interaction mitigation.
Additional
geotechnical data may be required.*

Simple

First visit of JU to this platform where units
have previously operated at the location.
Known ground conditions. No previous
foundation issues. (Consideration of the
effects of the spudcan bearing pressures on
fixed structure foundations may be
necessary).

Spudcan-footprint interaction issues need to be
considered.
Consideration of spudcan-footprint
interaction mitigation. Survey of existing footprints
advisable
with
seabed
clearance
survey.
Consideration of spudcan-footprint interaction
mitigation. Additional geotechnical data may be
required. *

(7S-WO)

Type 8
simple,
work-over
(8S-WO)
Type 9
simple,
work-over
(9S-WO)
Type 10
simple,
work-over
(10S-WO)

NOTE: *Refer to the bottom of Table 2.2 for Legend description and Footnote
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Table 2.4: Geotechnical work scope for Work-Over Locations for Simple to Very Complex Geological Settings (Cont.)
Programme
type

Type 11
complex,
work-over

Geological
setting

Site Conditions

Scope of Investigation

Complex

First visit of a JU to a platform where units
have not previously operated (previous
wells drilled by floating facility) with the
knowledge of local jack-up foundation
performance. Or installation of a unit with
spudcan bearing pressures greater than
those units previously operated at the
location.
Check adequacy of existing
geotechnical data – additional site
investigation may be required.

Where there are existing spudcan footprints and
where the JU to be installed will not locate its
spudcans within these footprints then spudcanfootprint interaction issues will have to be
considered. Survey of existing footprints advisable
with seabed clearance survey. Consideration of
spudcan-footprint interaction mitigation. Additional
geotechnical data may be required.* The previous
JU operations may have modified the ground
conditions where the intended spudcan installation
position is to be placed and this may require
investigation.*

(1C-WO)

Type 12
very
complex,
work-over
(1VC-WO)

First visit of a JU to this platform where
units have previously operated but installed
at different sides of the jacket. Or JU to be
installed where JU’s have previously
operated with the new unit having greater
spudcan bearing pressures than those of
the units previously operated.
Very
Complex

Regional and local geology reasonably well
understood without specific details of near
surface ground conditions. The desk top
study and geophysical survey data
suggests near-surface ground conditions
are variable across the site there is
knowledge of adverse JU foundation
performance locally.
High potential for
foundation performance risk identified.

Example SI data
acquisition locations

Spudcan-footprint interaction issues need to be
considered as well as the potential degradation of
lateral capacity of jacket piles.
Continuous
piezocone tests from 0 to TD at each spudcan
location with one continuous sampling borehole
centrally located or at a spudcan location adjacent
to a piezocone test, or suitable combination of
continuous sampling and piezocone tests to
determine the ground model.*

* or similar combinations of continuous sampling and piezocone tests to TD, increased or decreased work scope depending upon local geological variation
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2.4 Sampling and field testing
Sampling and in-situ testing tools can be deployed through a drillstring supported by a drilling
derrick mounted on a floating vessel, and these are referred to as “downhole operations”.
For marine operations the drilling system should be heave compensated to minimise sample
disturbance resulting from vessel movement.
Alternatively in-situ testing and sampling operations can be conducted using remotely
operated systems deployed at the mudline, in the “seabed mode” which do not require heave
compensation. These systems may provide improved depth control however due to their
limited thrust may not be able to advance the borehole to the required depth, whereupon
vessel mounted downhole operations would be required.
Soil sampling provides material for visual inspection and laboratory testing for the
determination of the soil unit geological provenance, characteristics and geotechnical
engineering design parameters. Additionally such parameters can be evaluated from in-situ
field testing. Continuous in-situ testing profiling may also be used to more accurately
determine layer boundaries and material variation.
As the quality of SI determines to a large part the quality of the spudcan penetration
prediction, sampling and field testing should be planned accordingly, using a dedicated
offshore geotechnical vessel. Jack-up SI may also be conducted from the jack-up itself
where there is reasonable knowledge of the ground conditions and local jack-up operating
experience with the available site specific geotechnical data being inadequate for site
assessment and approvability purposes. The jack-up SI operation requires a weather
window, approved standby location (should the weather deteriorate) and there is no
guarantee that following the SI the site would be approved. Where, as a result of the
sampling and testing conducted from the unit, the ground conditions may unexpectedly prove
problematic low technology percussive sampling systems which, as well as push sampling
methods are typically employed during this operation, may not allow for high quality sample
acquisition so that advanced laboratory testing will not be possible, and in any case the time
required for the tests to be conducted would be prohibitive. It is therefore recommended that
relying only on simple laboratory data should be considered only where it is certain that this
low quality data will be adequate for the intended purpose, otherwise the procedure is
generally to be discouraged.
During soil sampling the material disturbance should be minimised as the greater the soil
disturbance the less representative the laboratory test results will be of the in-situ condition.
Further discussion on sample disturbance is provided in Appendix A2.4.1.
Jack-up spudcan penetration performance can be significantly influenced by minor variations
in the soil properties and the acquisition of continuous vertical soil profiles is recommended.
When continuous profiling is not possible, the aim should be to record a minimum gap
between data points. The target data gaps should not exceed 0.2 m, although it is noted that
for some geotechnical systems this may be unachievable, in which case the maximum
allowable gap may have to be increased to 0.5 m. Due consideration should be given to the
consequence of data gaps in terms of their location and size and how this may influence
interpretation of the ground model and the necessity to acquire additional data.
Cone penetration tests provide measurements of tip penetration resistance, sleeve friction
and pore pressure and are conducted either continuously in the seabed mode or in up to
4.5 m strokes in the downhole mode. Unlike soil sampling and testing data the continuous
cone penetration test plots allow for the identification of stratigraphic boundaries and soil
strength trends and the data are usually compared with the laboratory strength test data.
The cone penetration tests can be further extended to incorporate dissipation tests to
estimate the consolidation coefficient of soils. Refer to Appendix A2.4.2 for piezocone test
procedures, and Section 3.3.1.1 for data processing and interpretation.
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Full-flow penetrometers such as the cylindrical T-bar and spherical ball penetrometer offer
some advantages over the conventional cone in accurate strength interpretation and
measurement of remoulded strength (and hence soil sensitivity) in soft soils, particularly in
terms of data interpretation and the measurement of remoulded soil strength, (and hence soil
sensitivity). They are not, however, commonly employed in geotechnical SI for jack-up
assessment and the understanding of the penetration behaviours of these penetrometers is
restricted to clayey soil conditions. This is further discussed in Appendix A2.4.3.
In-situ vane tests provide only discrete measurements of the intact and remoulded undrained
shear strength of clays, and thereby the soil sensitivity. The vane testing procedure is
important and the strength measured may be sensitive to drainage effects, material
heterogeneity and in-situ stress anisotropy. Refer to Appendix A2.4.4 for the test
procedures. Note that the in-situ vane tests may not be suitable for soil conditions which are
heterogeneous due to the test nature of providing only discrete measurement. In
comparison the various penetrometer systems are more versatile than the vane testing
systems and as such their use is to be encouraged.

2.5 Soil laboratory testing
The soil samples are extruded from the sample tubes on the SI vessel, (in the same direction
which they were taken to minimise disturbance by stress reversal), where they are cautiously
separated from drill cuttings and any heavily disturbed material. The samples are described,
photographed and catalogued in accordance with recommended industry practice. Selected
undisturbed samples are stored in sealed containers, which are usually wax-filled, to
preserve the moisture content and limit further disturbance.
A range of different soil tests are available from simple offshore laboratory index tests to
advanced stress path tests conducted in specialist onshore soil testing laboratories.
Typically offshore tests include moisture content and density determination, carbonate
content, particle size distribution together with simple strength tests such as pocket
penetrometer, torvane, laboratory vane, fallcone, unconsolidated undrained triaxial tests.
Index tests are conducted to assist with the soil type classification and also to provide
preliminary parameters for initial jack-up foundation assessment.
Whilst these undrained soil strength tests are comparatively quick and relatively easily
conducted in the offshore laboratory they measure shear strength by different failure
mechanisms, may provide significant strength data scatter and may not provide an accurate
indication of sample quality. Some offshore soil laboratory tests, such as the fall cone and
the motor vane, can be used to provide an indication of the soil sensitivity. Further
comments regarding simple strength tests are presented in Appendix A2.5.1.
Advanced onshore soil laboratory testing is encouraged as these strength tests (CAUC,
CAUE, DSS) provide data for calibration of the in-situ penetrometer factors (refer to Section
3.3.1.1). Oedometer tests provide information about the stiffness and drainage behaviour of
the soil. Simple offshore laboratory strength tests may provide adequate information for
relatively simple soil conditions which lend themselves to modelling by simple bearing
capacity formulations. However, for more complex soil conditions simple soil test results with
the application of simple models becomes less reliable and advanced soil testing is advised.
The onshore laboratory test schedule will depend on the overall SI objectives, the ground
conditions, number and quality of undisturbed soil samples. The onshore laboratory testing
programme should be developed by a competent geotechnical engineer who is familiar with
the project requirements and overall objectives. The relative reliability of clay undrained
strength tests is presented in Table 2.5.
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Table 2.5: Reliability of tests in measuring strength parameters of clays
Intact su (kPa) *
Test type

Soil profiling*

Piezocone

Remoulded
su *

< 20
kPa

21 - 40
kPa

41 - 80
kPa

> 80
kPa

1

2

2

2

2

4-5

T-bar & Ball
penetrometers

1 (with pore
pressure
measurement)

1-2

1-2

1-2

1-2

1-2

In-situ Vane1

-

1-2

1-2

1-2

1-2

3

UU2

-

4-5

4-5

3-5

3-5

2-3

Motor Vane2

-

3-5

3-5

3-5

4-5

2-3

Torvane2

-

3-5

3-5

3-5

4-5

-

Pocket
penetrometers2

-

4-5

4-5

4-5

4-5

-

CIU/CAU/DSS2

-

2

1-2

1-2

1-2

2

NOTE:
* Rating - 1. High reliability; 2. High to moderate reliability; 3. Moderate reliability; 4. Moderate to low
reliability; 5. Low reliability.
1
Based on assumption that the tests are conducted according to standard procedures.
2
The test result reliability is dependent on the sample quality (or degree of sample disturbance) and
soil homogeneity.

It is seldom possible to acquire undisturbed samples of cohesionless soils. Hence the sand
density and interpreted strength is preferably determined by in-situ testing (cone penetration
tests) rather than by laboratory testing. Where laboratory testing is conducted the samples
should be reconstituted to their in-situ density and the tests initiated with the samples
consolidated to their in-situ stress. This is achievable in consolidated drained triaxial or
direct shear tests which are recommended for this purpose.
The following standards contain appropriate soil laboratory testing procedures :
•
•
•
•

British Standard (1377),
ASTM (American Society for Testing and Materials; various designation codes
relevant),
Eurocode 7,
In-house, company specific standards.

It is recommended that all the soil tests conducted for a specific project are conducted in
accordance with a single standard to maintain consistency.
The requirement of testing frequency is primarily governed by the ground conditions, the
project objectives, sampling recovery and type of tests planned, and this should be assessed
on a site by site basis with further guidance presented in Appendix A2.5.2.
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3. Geotechnical data interpretation and soil engineering parameter
selection
3.1 Background and aims
All available geophysical and geotechnical data should be integrated and interpreted
holistically so that the ground model can be updated and design profiles, with appropriate soil
engineering parameters, generated to allow for a site-specific assessment of jack-up
operability during installation, operations and leg extraction.
There is no single “true” soil strength, since the strength mobilised will be affected by the
stress path and hence method of testing. Variability of sample quality or a deviation from the
specified test procedure may also affect the resulting strength reported. The applicability of
the soil strength values derived from each of the test methods used must be assessed,
taking account of the quality (and reliability) of the test. Strength test data interpretation must
be conducted in the context of the strength applicable for shearing around a spudcan and the
bearing capacity formulation being applied, with due consideration given to differences in
scale of the spudcan and the testing device. The following sub-sections of Sections 3 and 4
provide relevant detail in this respect.
This section provides guidance primarily on the derivation of strength parameters for clay,
sand and (silty) soils with intermediate drainage properties. Interpretation of other properties
of interest (e.g. soil sensitivity, consolidation properties), which may be implicitly incorporated
by the experienced analyst to account for effects such as shearing rate, sensitivity and
partially drained response, is also discussed.
The ultimate aim is for an accurate estimate of spudcan penetration and extraction with the
least amount of empiricism. To achieve this, the jack-up industry needs not only to embrace
best practice for soil sampling and testing, but also to improve the derivation of shear
strength profiles, taking due account of the degree of uncertainty likely to be encountered,
and to improve the identification of soil layer boundaries.

3.2 Identification of soil type and layers
In order to determine the soil stratification, the desk study, geophysical site survey report and
geotechnical testing results should be viewed in a holistic and integrated manner (for
planning of site investigation see Section 2). As part of this process variation of the subsoil
conditions across the planned jack-up spudcan locations should be assessed.
Cone penetration test data can be used in combination with soil classification charts to
provide a reliable soil profile. The soil classification charts of Robertson (1990), based on
normalised cone resistance, Q(= qnet / σ 'v0 ) , and pore pressure coefficient, Bq (= Δu / qnet ) ,
or Q and normalised sleeve friction, Fr , are suitable for the classification of sands and clays;
in which q net is the net cone resistance (see Equation 3.3.1), σ'v0 the effective overburden
pressure, and Δ u the excess pore pressure.
Schneider et al. (2008) provide a chart which allows for improved classification of transitional
soils by considering the drainage behaviour of soil during standard cone penetration tests
(refer to Appendix A3.2.1). However, soil classification charts are empirical correlations
which should be verified against the site geotechnical data (i.e. borehole logs and laboratory
test data). For offshore conditions, pore pressure data (i.e. Bq or Δu / σ 'v0 ) are generally
considered more reliable than friction sleeve data for soil classification.
Continuous penetrometer profiling is recommended in order to provide a full profile for site
characterisation. Where intermittent piezocone penetrometer and soil sampling (with shear
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strength testing) is used in an alternating manner, data gaps are introduced and precise
identification of layer boundaries may not be possible.
Furthermore, where intermittent penetrometer profiling is used (as opposed to a continuous
deep push device) portions of test data may be of reduced quality and reliability due to soil
disturbance from the drilling and soil sampling operations. Discrepancies in the penetrometer
resistance profiles between two sequential penetrometer test strokes may be difficult to
resolve, and this may introduce uncertainty in the soil layer interpretation. If intermittent
profiling is unavoidable, the interval between strokes should be kept as small as is
practicable and drilling disturbance should be minimised.
It is also recommended that penetrometer tests :
•

be conducted adjacent to continuous sampling borehole(s) with a separation in the
order of 5 m to avoid interference; and

•

include pore pressure measurements, as the additional information aids the
identification of soil type and layering.

These recommendations should be followed unless the site ground model has been
confidently defined using available data which may include previously acquired geotechnical
data. This information should suggest that the ground conditions are laterally continuous,
and that foundation issues are not expected (refer to Tables 2.2 to 2.4).
The following sections consider strength measurement in :
• clay, where undrained conditions are assumed for both testing and spudcan
penetration;
• sand, where drained conditions are assumed for both testing and spudcan penetration;
and
• “silts”, covering soils of intermediate drainage properties where field and laboratory
testing (and possibly spudcan penetration) may occur under conditions of partial
consolidation.

3.3 Clay: Undrained shear strength, su , and other parameters
The guidelines in this section aim to provide advice on interpretation of undrained shear
strength results presented from a number of commonly conducted strength tests. The
reliability of the interpreted strength parameters relies heavily on the quality of test and
sample conditions.
Other less commonly derived soil parameters, in the context of jack-up assessment, could be
beneficial to the prediction of spudcan penetration. Discussion of these parameters is
included.

3.3.1 Interpretation of su based on in-situ testing results
The most common offshore in-situ testing methods include penetration tests by various
penetrometers and field vane tests. The benefits of performing in-situ testing over laboratory
testing are emphasised in Section 2.4.
The derivation of su based on different in-situ testing methods is described below.
3.3.1.1 Derivation of su from field penetrometers
There is an increasing trend in the offshore industry to use penetrometer testing. Tests using
a deep push seabed system provide continuous soil strength profiles measured with
minimum disturbance (recommended, provided a sufficient penetration depth can be
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achieved) 1. Tests using a downhole system provide profiles with data gaps (which should be
kept to a minimum), between strokes and the drilling operation causes a degree of soil
disturbance which is typically observed in the start of each cone stroke. A continuous
penetrometer profile is of particular importance at sites where :
•

lateral or vertical soil layer definition is critical for the interpretation of the ground
model; and

•

fluctuations or uncertainty in the interpreted soil strength profile over a small depth
that may cause significant variations in the spudcan load vs. penetration profile.

•

the use of down-hole site investigation methods can potentially lead to the dissolution
of dissolved gas and / or hydrates within the soil matrix (Kortekaas and Puechen
2008).

For standard cone diameters (35.7 mm or greater) operating at the standard penetration rate
of 20 mm/s, the tests usually capture the clay strength under undrained conditions, and this
also applies to similar scale T-bar and spherical (ball) penetrometers. The effect of the soil
drainage condition on soil strength measurement is critical for intermediate soils, as
discussed in Section 3.5, so an important check in interpreting penetrometer data is to
ensure that undrained conditions apply. This is achieved by considering the normalised
penetrometer velocity, V = vd / cv , ensuring that it exceeds about 30, in which v is the
penetration rate, d the diameter of the penetrometer and cv the coefficient of consolidation
under vertical conditions. The cv can be obtained from oedometer testing (as discussed in
Section 3.3.5.1).
Values of su derived from the net cone resistance through a cone factor, N kt , are given as :

q
q − σ v0
s u = net = t
N kt
N kt

… (3.3.1)

where

qc is the measured cone resistance, qt the qc corrected for pore pressure effects, and σ v0
the total in-situ vertical stress.
The N kt factor is not unique, but is influenced by stress and strength anisotropy, rigidity
index, strain softening, and rate effects, with commonly reported values ranging between 9
and 20. These empirical values were derived on a site by site basis and often reflect
variability in the measures of shear strength on which the calibration is based. The variability
may be systematic, between different types of laboratory (or field vane) test, or may reflect
differing degrees of sample disturbance.
While it has been practice to adopt a range for N kt to account for ground uncertainty and
heterogeneity, and provide an upper and lower bound interpretation, a more precise
evaluation of N kt will provide a best estimate and thus benefit the assessment of spudcan
penetration in relatively homogeneous clay sediments.
1

Consideration should be given to the depth in which the continuous push systems will be able to
operate. Tests using a continuous push CPT system provide a more refined profile with minimum
disturbance and typically without data gaps provided that sufficient penetration can be achieved to
meet the depth objections of the SI program.
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Close limits on N kt should be obtained by calibrating the cone test results against the
average of strengths measured in anisotropically consolidated undrained triaxial
compression (CAUC), direct simple shear (DSS) and anisotropically consolidated undrained
triaxial extension (CAUE), or from DSS only in the absence of triaxial testing. These tests
are regarded as high quality tests (see Section 3.3.2). Such calibration may be conducted at
a regional level, rather than on a site-by-site basis, where conditions are known to be
generally consistent throughout the region.
On sites where advanced soil test results are unavailable the precise value of N kt will
remain uncertain. However, in such circumstances an Nkt = 13.5 ±15% (Low et al. 2010), in
which 15% represents one standard deviation from the mean N kt , can be used to correlate
the cone test results to average (CAUC, DSS and CAUE) shear strength in soft clays (less
than 30 m depth or around < 50 kPa). Note that this value was derived for soft clay from a
global database of high-quality laboratory test results (Low et al. 2010). In stronger (or
deeper, older) sediments which may have a higher rigidity index (and where high quality
evidence to that effect is available), a higher N kt is likely to be more appropriate.
Regional N kt values of 15 to 20 for the North Sea, 15 to 20 for the Gulf of Mexico, and
ranges of 12 to 18 or even as high as 15 to 25 for other parts of the world (and dependent on
regional geology) have been quoted as commonly used in industry. Note that these values,
as provided by InSafeJIP Particpants, are calibrated against undrained shear strength from
UU tests. If one considers the ratio of the undrained shear strength measured by UU to
those high quality tests (with the values suggested by statistical results obtained from the
InSafeJIP database listed in Table 3.1), the N kt value of 13.5 is consistent with the abovementioned values commonly used.
From T-bar or ball penetrometers test results, the su values are derived as :

su =

q net
N T −bar

… (3.3.2)

q net
N ball

… (3.3.3)

and

su =

Appropriate penetrometer factors for interpreting a T-bar or ball penetrometer in soft clay
are proposed as NT −bar = 12.0 and Nball = 12.0 respectively (Low et al. 2010). These were
derived against the average (CAUC, DSS and CAUE) shear strength and represent the
mean of the global database, though values between 10 and 14 were found for the T-bar.
This reflects differences at a regional level (particularly strain rate dependency in some
soils). Appropriate factors derived at a regional level, where conditions are known to be
generally consistent throughout the region, could also be used.
The advancing penetrometer test anticipates the effect of a weaker or stronger layer below
before the penetrometer tip enters the layer, and also needs significant penetration (5 to 10
diameters) into a new layer before it reaches a steady state resistance. Strictly, the
penetrometer factors described above are applicable only when a steady penetration state is
achieved, although this will occur over a relatively small distance for typical sizes of
penetrometer.
24

InSafeJIP Guideline

By contrast, the cone friction sleeve will measure the average friction of the material as it
passes through it. This measurement may therefore be helpful in defining layer boundaries.
However, the low reliability of friction sleeve data (Section 3.2) should be borne in mind.
3.3.1.2 Derivation of su from vane shear
Field vane tests provide discrete measurement of clay strength properties, with intact su
derived as:

su =

Tmax
⎛h d ⎞
πd 2 ⎜ + ⎟
⎝2 6⎠

… (3.3.4)

where Tmax is the maximum torsional moment, d the vane blade diameter, and h the blade
height.
Vane shear tests also provide measurement of remoulded shear strength (by substituting
Tmax in Eqn. 3.3.4 by a remoulded torsional moment, Trem ) and hence the sensitivity of the
soils. For offshore vane tests the tool should be rotated sufficiently to obtain fully remoulded
conditions (where the undrained shear strength does not reduce significantly further under
continued rotation) to allow for the determination of soil strength sensitivity. Further guidance
on remoulded undrained shear strength is provided in Section 3.3.4.
The results of vane tests are very sensitive to testing procedures, particularly the wait period
before rotation as well as the rotation rate, and hence are heavily operator dependent. The
recommended testing procedure for vane shear tests is included in Appendix A2.4.4.

3.3.2 Interpretation of su based on high quality laboratory testing results
Improved reliability of the site assessment can be achieved through use of high quality
laboratory strength data. Appropriate tests include CAUC, CAUE and DSS tests, with the
soil specimens reconsolidated to an effective stress level replicating the in-situ conditions
prior to shearing. Emphasis may be placed on simple shear tests, since these take the least
amount of sample per test, and also represent an average shear strength relevant for
general three-dimensional strain paths.
The samples on which these tests are performed should be of high quality with the degree of
sample disturbance, and other inclusions or fabric that might adversely affect the test,
examined beforehand using radiographic techniques. Further comments on the variability of
soil sample are given in Appendix A3.3.1.
The combination of continuous penetrometer and high quality laboratory data provides a
basis for deriving the cone N kt factor. Laboratory data and soil characteristics should be
scrutinised carefully in order to assess potential problems arising from, for example, sample
disturbance due to stress relief, gassy sediments, suspect penetrometer data, or silty
material where partial consolidation may have increased the penetration resistance
compared with undrained conditions (see Section 3.5). If a significant quantity of high quality
laboratory tests have been conducted in geologically consistent conditions then these data
should be considered for the assignment of N kt cone factors.
The data acquired during advanced soil testing also provides a framework within which
problematic soil conditions may be explored in more detail to allow secondary characteristics,
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such as rate dependency of shear strength, consolidation parameters and sensitivity, to be
quantified in order to improve design predictions.

3.3.3 Interpretation of su based on simple laboratory testing results
The unconsolidated undrained triaxial test (UU), miniature vane (MinV), motor vane (MV),
torvane (TV), pocket penetrometer (PP) are quick and simple laboratory tests, typically
conducted immediately after the samples are extruded in the offshore laboratory. However,
the test results tend to show significant variability both within a given type of test and
between different tests, and are operator dependent. Tests of this type may be sufficient
where reasonable knowledge of the ground conditions and knowledge of successful jack-up
operations in the locality are available (see recommendations in Section 2.5); the data may
also be used to extend or interpolate between results from high quality laboratory tests. As
samples are not reconsolidated prior to testing, the reliability of these tests suffers from
unquantifiable sample quality. Further comments on the application and reliability of the
simple laboratory tests are provided in Section 2.5.
When compared to the average of all the tools considered (UU, MinV, MV, TV, PP and cone
based on N kt of 13.5), the following trends were derived statistically from 14 sites distributed
worldwide and in the InSafeJIP database, (Note that no data points were removed from the
supplied database when the statistics were derived) :
•

the UU and PP provide lower estimates of shear strength;

•

the TV is marginally below the average;

•

the MinV is marginally above the average;

•

the MV provides upper estimate of shear strength.

These trends may be used for preliminary data evaluation. However, it should be borne in
mind that these trends were obtained from a specific data set. Further guidance is presented
in Table 3.1 in which the ratios of strengths of UU to other simple laboratory tests (and the
cone test, derived using Nkt = 13.5), su _ UU / su _ tool are provided for different ranges of su . As
the shear strength band of most interest for spudcan installation is from 35 to 80 kPa, the
final column presented in Table 3.1 is most relevant in practice.
If the simple test data deviate from the above trends, or from other trends developed based
on reliable sources, the data and soil characteristics should be scrutinised carefully in order
to assess potential problems arising from sample disturbance or difficult soil types, such as
high silt content, where the given laboratory test may not be suitable for characterising the
material strength.
Also provided in Table 3.2 is simple guidance of the ratios of strength derived from the cone
penetrometer to the strength from simple laboratory tests, su _ cone / su _ tool . These values were
derived from the cases in the InSafeJIP database assuming Nkt = 13.5, the value proposed
by Low et al. (2010) to calibrate the cone test results in soft clays to the average strength
derived through CAUC, DSS and CAUE.
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Table 3.1: Ratios of average UU strengths to other simple laboratory and cone penetration
test data (derived from InSafeJIP database)
Bands of mean undrained shear strength (kPa)
0-50

50-100

100-150

150-200

Average of
all strengths

35-80*

su _ UU / su _ UU

1.00

1.00

1.00

1.00

1.00

1.00

su _ UU / su _ MinV

0.79

0.84

0.76

0.77

0.79

0.73

su _ UU / su _ MV

0.65

0.71

0.75

No data

0.72

0.67

su _ UU / su _ TV

1.18

0.96

0.80

0.92

1.00

0.90

su _ UU / su _ PP

1.19

0.99

0.86

0.91

1.00

1.12

su _ UU / su _ cone

1.10

0.63

0.64

0.61

0.72

0.72

NOTE: * Critical strength envelope for spudcan penetration analysis.

Table 3.2: Ratios of strengths derived from a cone ( Nkt = 13.5) to other simple laboratory
test data (derived from InSafeJIP database)
Bands of mean undrained shear strength (kPa)
0-50

50-100

100-150

150-200

Average
of all
strengths

35-80*

su _ cone / su _ UU

0.91

1.60

1.57

1.65

1.38

1.39

su _ cone / su _ MinV

0.72

1.34

1.19

1.27

1.09

1.02

su _ cone / su _ MV

0.60

1.13

1.18

No data

0.99

0.92

su _ cone / su _ TV

1.07

1.54

1.26

1.52

1.39

1.25

su _ cone / su _ PP

1.09

1.58

1.35

1.50

1.38

1.55

su _ cone / su _ cone

1.00

1.00

1.00

1.00

1.00

1.00

NOTE: * Critical strength envelope for spudcan penetration analysis.

3.3.4 Determination of remoulded shear strength or sensitivity
The knowledge of remoulded shear strength, su , rem , and hence sensitivity, St , is necessary
for consideration of strain softening effects, particularly for highly sensitive clays. Strain
softening reduces the average operational strength (and hence net resistance) during
spudcan penetration, thus increasing the penetration. Partial remoulding of the soil will also
affect the magnitude of strength recovery or enhancement with time and this is relevant for
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spudcan breakout force assessment (see Section 6.4) and bearing capacity evaluation for
jack-up revisits.
The remoulded shear strength as measured by different tests, such as in-situ full-flow
penetrometer tests, vane tests in field or laboratory, UU tests and fall cone tests on
remoulded soil, often differ. Rate effects are a major contributing factor for this, spanning
from perhaps 2 x 10-4 s-1 for a UU test to 2.5 x 101 s-1 for a fall cone test (refer to Appendix
A3.3.2). By comparison, typical spudcan installation ratios of v / D are in the range 10-5 to
10-3 s-1.
In-situ cyclic full-flow penetrometer tests (using T-bar or Ball), with 10 cycles of penetration
and extraction, will generally show a well-defined remoulded penetration resistance. The
ratio by which the penetration resistance decreases between initial and post-cyclic
penetration resistance will be less than the true sensitivity at the elemental test level, largely
due to the partial remoulding that occurs during initial penetration. Such tests do, however,
provide an appropriate measure of su , rem that is directly applicable to spudcan performance.
Other considerations for the determination of su , rem are provided in Appendix A3.3.2.

3.3.5 Determination of other soil parameters
3.3.5.1 Coefficient of consolidation
Oedometer tests provide soil consolidation characteristics, particularly the vertical
consolidation coefficient, cv , required to assess drainage properties during a spudcan
penetration (refer to Section 3.5), and an estimate of the in-situ stress conditions for
advanced soil testing. Additionally consolidation characteristics are useful for spudcan
extraction analysis for which the change in soil strength over time has to be estimated.
Dissipation tests conducted using in-situ penetrometers (with pore pressure measurement)
estimate the soil consolidation coefficient, ch , under conditions where drainage is primarily
horizontal. These tests are normally performed at the end of individual cone strokes within
the soil layer of interest, with the pore pressure changes being measured until at least 50%
of consolidation is achieved. Typical values of ch are 3 to 5 times the value of cv obtained
from an oedometer test at the same void ratio.
3.3.5.2 Cyclic shear strength
Where the sediments may be susceptible to significant strength loss during cyclic loading
under environmental or seismic loading conditions, cyclic shearing tests should be
undertaken in the laboratory in addition to monotonic tests. In the zone of most interest (the
depth range of expected spudcan penetration) sufficient cyclic tests should be undertaken to
establish a “cyclic fatigue” curve, showing how the normalised shear stress τ / σ'v0 to cause
a given magnitude of strain varies with the number of cycles. This information may then be
used to assess an appropriate cyclic shear strength for use in quantifying the jack-up
performance during installation and under ultimate cyclic loading conditions.

3.4 Sand: Selection of friction angle
The friction angle of sand, φ ' , can be determined by :
• correlation with the cone tip resistance, qc , measured from a piezocone penetration
test;
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• high quality laboratory tests such as isotropically consolidated drained (CID) triaxial
compression tests, direct shear (DS) tests (also known as “shear box” tests), or direct
simple shear (DSS) tests.
It is important, however, to take account of the effective stress level at failure beneath the
spudcan in evaluating a suitable value of φ ' .

3.4.1 Based on in-situ testing results
A typical correlation for the peak friction angle from the cone resistance is (Kulhawy and
Mayne, 1990)

⎡ qc pref
φ' pk = 17.6 + 11log⎢
⎢⎣ σ'v 0 pref

(

⎤
⎥
0.5
⎥⎦

… (3.4.1)

)

where p ref is the atmospheric pressure (100 kPa)
For clean sands, this correlation will generally yield peak friction angles exceeding 30 º, but
in silty sands where the normalised cone resistance is lower, friction angles between 20 º
and 30 º may result. Such low values reflect high compressibility of the soil and / or
variability of ground as discussed in Appendix A3.3.1, rather than a “true” friction angle as
might be measured in a direct shear test. As discussed in Sections 3.4.3 and 4.4, the
suggested approach in these cases is to use the “true” friction angles, as measured in
appropriate laboratory tests, adjusting the calculated bearing capacity to account for the
effect of soil compressibility and / or ground variability.
To better account for the stress level effect on φ ' , the design φ ' value may be estimated
from the relative density, I D and the critical state friction angle, φ cv , using an appropriate
strength-dilatancy relationship that takes account of the mean effective stress, p' , during
bearing failure.
Since the value of critical state friction angle, φ cv , lies within a small range, at least for silica
sand, it is possible to estimate the in-situ I D directly from the cone resistance, qc (strictly

qnet , but the correction for pore pressure and overburden stress is essentially negligible for
sands). Some of the commonly used empirical expressions for estimating I D from qc can
be found in Lunne et al. (1997). The following expression, which is derived from the one
proposed by Jamiolkowski et al. (2003), and has been applied widely to sandy sites in the
North Sea :

I D = a1 ln

σ ' (1 + 2K 0 )
qc
− a 2 ln v 0
− a3
p ref
3 pref

… (3.4.2)

in which a1 = 0.338 , a 2 = 0 .155 and a 3 = 1.087 . The qc and σ'v 0 are in units of kPa and

p ref is taken as 100 kPa, and K0 is the coefficient of earth pressure at-rest, normally taken
as 0.5 and 1.0 in order to generate upper and lower bounds of I D , respectively.
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For a given I D , the design value of φ ' can be determined using the general strengthdilatancy framework established by Bolton (1986) which makes allowance for different sand
types and loading conditions. It is expressed as :

φ' = φcv + mIRD

… (3.4.3)

[

]

I RD = I D Qcrushing − ln( p') −1

0 ≤ I RD ≤ 4

… (3.4.4)

where m is the constant, taken as 3 for failure under triaxial or general loading conditions
and 5 under plane-strain conditions, I RD the relative dilatancy, Qcrushing the particle crushing
strength on a natural log scale.
The value of φ cv may be obtained from direct shear tests on disturbed sand, from the “steady
state” friction angle in the later stages of the test. Some of the reported values for φ cv and

Qcrushing are given in Table 3.3.
Table 3.3: Values of Qcrushing and φ cv derived from triaxial compression tests (modified from
Randolph et al. 2004)

Qcrushing

φ cv (°)

Siliceous
(containing
comparable amounts of
quartz and feldspar
grains)

10.8

33.5

Toyoura

Quartz

9.8

32

Hokksund

Siliceous

9.2

34

Mol

Quartz

10

31.6

Ottawa

Quart (with varying fine
content from 0 to 20%)

9.8 – 10.9

Antwerpian

Quartz & Glauconite

7.8 to 8.5

31.5

Kenya

Calcareous

8.5

40.2

Quiou

Calcareous

7.5

41.7

Sand

Mineralogy

Ticino

Reference

Jamiolkowski et al.
(2003)

Yoon (1991)

30 – 33.5 Salgado et al. (2000)
Yoon (1991)
Jamiolkowski et al.
(2003)

Two examples are given in Figure 3.1 to illustrate the effect of p' on φ ' , as given in Eqn.
3.4.4. A variation in p' from 250 to 1000 kPa would, for example, lead to a reduction of the
corresponding φ ' of up to 4 ° for samples with identical I D .
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A consensus on the assessment of p' has not been reached, although different empirical
formulae have been proposed such as those by De Beer (1967), Fleming et al. (1992),
Perkins and Madson (2000) and White et al. (2008). These assessments involve iterations
as p' is linked to the calculated bearing capacity, which in turn depends on the value of φ ' .
As an approximation, the recommendation is to treat p' as the maximum preload pressure.

φcv = 32 °
Qcrushing = 10
m= 3

48
46
44

φ′ (°)

42

ID = 0.2, 0.4, 0.6, 0.8, 1.0

40
38
36
34
32
30
100

1000

10000

p' (kPa)
(a)

48

φcv = 40 °
Qcrushing = 8
m= 3

φ′ (°)

46

ID = 0.2, 0.4, 0.6, 0.8, 1.0

44
42
40
38
100

1000

10000

p' (kPa)
(b)

Figure 3.1: Variation of φ ' with p' given by Eqns. 3.4.3 and 3.4.4

3.4.2 Based on high quality laboratory testing results
The most common onshore laboratory tests for determining effective strength parameters in
sand are CID and DS tests. DSS tests may be considered if advanced strength parameters
are required.
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Sample disturbance is inevitable when sampling cohesionless material from the seabed.
The samples are reconstituted to their approximate in-situ state, with the relative density
generally estimated from the cone resistance. Appropriate effective stresses are then
applied before the shearing stage. During shearing, it is important to ensure that the
shearing rate applied is slow enough to prevent the development of excess pore pressure.
Further discussion on CID and DS testing is presented in Appendix A3.4.1.
The φ ' obtained from laboratory tests represent a frictional strength mobilised under the
prescribed loading condition i.e. triaxial or plane strain condition. The former condition is
simulated in CID tests and the latter in DS tests. Theoretically, under a given stress level, it
is expected that the φ ' from DS tests, φ' DS , will be greater than the φ ' from CID tests, φ'CID .
According to the InSafeJIP database (see Table 3.4), while the theoretical trend is revealed,
only a small variation is found between φ'CID and φ' DS [Note: φ' cone in Table 3.4 is φ '
determined from cone test results]. The test results could be affected by the low sample
quality due to disturbance which occurred during sampling and testing.

Table 3.4: Ratio of frictional strengths derived from cone and laboratory tests

Test

tan φ' cone / tan φ'test

Data points

Mean

Standard Deviation

CID

12

1.01

0.13

DS

10

0.98

0.08

NOTE: φ' cone is determined using Equations 3.4.2 – 3.4.4 with m taken as 3 (i.e. triaxial condition)
and it serves as a reference value in the analysis.

During the selection of the design value of φ ' consideration should be given to the various
loading paths within the soil mass during spudcan penetration. A further concern is the
progressive strength mobilisation process which is discussed further in Section 4.4.

3.4.3 Effects of compressibility and progressive mobilisation
The above procedures provide an estimate of the peak angle of friction, including the effect
of the average stress level in the soil. It is important to note, however, that as a spudcan
continuously penetrates the soil, the peak strength is not mobilised simultaneously
throughout the deforming soil. As a result, calculations of spudcan resistance based solely
on peak strength of a rigid-plastic soil result in overestimates of resistance. SNAME (2008)
addresses this issue by employing reduced friction angles. We recommend an alternative
approach in which a mobilisation factor is applied to the calculated resistance, see Section
4.4.

3.5 Soil strength parameters for soils of intermediate drainage
properties
Intermediate, or silty, sediments are the most challenging to characterise for their partial
drainage behaviour which affects the prediction of spudcan penetration resistance. The
degree to which partial consolidation occurs during in-situ penetrometer testing and, to a
lesser extent, spudcan penetration, is a critical issue.
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Guidance on the degree of partial consolidation during spudcan penetration and typical
penetrometer testing is given in Table 3.5, in terms of the normalised velocity,

V = vD/ cv or vd / cv

… (3.5.1)

where v is the penetration rate, D the diameter of the spudcan, d the diameter of the
penetrometer, and cv the soil coefficient of consolidation.
Penetration occurs in a fully undrained mode for V greater than about 30, while penetration
becomes fully drained for V less than about 0.03.
Although a range of penetration rates and hence degrees of soil consolidation will occur
during the spudcan installation process, typical penetration rates may be estimated to lie
between 1 and 10 mm/s (0.4 to 4 m/hour). For this range, the spudcan is likely to penetrate
under undrained conditions except in relatively permeable silty sand and sand (see final
column of Table 3.5). This suggests that undrained bearing capacity theory can be applied
to predict spudcan penetration in intermediate soils, except for soils with a cv > 10000 m2/yr.
The main difficulty lies in the determination of the appropriate undrained shear strength from
in-situ penetrometer testing under partially drained conditions.

Table 3.5: V values for different penetrometers in different soil types

V = vD/ cv or vd / cv
Soil
type

Clay

Silty
clay to
silty
sand

Sand

cv (m2/yr)

Cone*

T-bar*

Ball*

Spudcan†

d = 35.7 mm
or 43.7 mm

de ^ = 113 mm

d = 60 mm,
or 78 mm

10 m < D <
20 m

0.1 - 100

> 30

> 30

> 30

> 30

100 - 750

> 30

> 30

> 30

> 30

750 - 800

28 - 37

> 30

> 30

> 30

800 - 1000

22 - 35

> 30

> 30

> 30

1000 - 1200

18 - 28

> 30

> 30

> 30

1200 - 5000

4 - 23

14 - 60

7 - 41

> 30

5000 - 10000

2-6

7 - 14

3 - 10

> 30

10000 - 30000

0.7 - 3

2.3 - 7

1.2 - 5

10.5 - 630

> 30000

< 0.9

< 2.3

< 1.6

10.5 - 210

NOTE:
* Calculated based on v = 20 mm/s;
†
Calculated based on v = 1 to10 mm/s;
^ Equivalent diameter
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To derive undrained shear strength parameters from penetrometer test results, the measured
penetration resistance must first be corrected for the effects of partial consolidation. Figure
3.2 may be used for this purpose, where the tabulated values are based on an analytical
study considering the effects of partial drainage and soil stiffness on cone resistance. The
Figure relates the ratio of the measured corrected cone tip resistance, qnet , that is affected
by partial drainage, and the undrained corrected cone tip resistance, q net ,undrained with the
normalised velocity V of the penetrometer test.

Therefore, with V and qnet known,

Figure 3.2 allows q net ,undrained to be derived. Further details of this type of methodology are
provided in Erbrich (2005).
A similar correction is also critical for direct spudcan-cone correlation assessment (Section
4.7.1). For sediments with cv values in the range 1000 m2/yr to 106 m2/yr, much greater
degree of consolidation will occur during the penetrometer test than occurs during spudcan
penetration. As such, the spudcan resistance will be a much lower proportion of the cone (or
T-bar) resistance than for clay sediments.
Some consideration also needs to be given to the effect of much higher strain rates in a
penetrometer test ( v / d ~ 0.5 s-1) than in spudcan penetration ( v / D ~ 10-5 to 10-3 s-1). In
clay soils, the effects of the high strain rates are compensated for by softening of the clay as
it is partly remoulded during a penetrometer test. As such, and through the process of
developing correlations, the bearing factors, N kt , NT −bar etc, lead to an equivalent low strain
rate shear strength. In silty material the situation is more complex, partly because of limited
experience, but also the strain rate dependency is generally lower (Erbrich 2005).
An alternative, pragmatic, approach to estimating an equivalent undrained shear strength in
silty soils, circumventing the relationships in Figure 3.2, is to adopt increased values of N kt
for silts (and still higher values for sands). It is clear though that such an approach will be of
limited accuracy.
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Hyperbolic fitting constants
b
c
m
G/p' φ'
140 23° (Φ=23,3.2
0.85
1.1
Series-8
G/Po'=142.2)
105 23° (Φ=23,2.65
0.85
1.1
Series-7
G/Po'=106.7)
70
23°
2.05
0.85
1.1
Series-6 (Φ=23, G/Po'=71.1)
35
23° (Φ=23,1.1
0.8
1.1
Series-1
G/Po'=35.6)
17.5
23°
0.6
0.8
Series-5 (Φ=23, G/Po'=17.8) 1.1
Randolph
& Hope
(2004)(2004)
Randolph
& Hope

5

qnet /qnet,undrained

4

3

qcnet
qref

2

1

q net
q net.undrained

= 1+

b
1 + cV m

0
0.001

0.01

0.1

1

10

100

1000

1000

Non-dimensional
Velocity V
V = vd/c
v

Figure 3.2: Normalised cone resistance versus normalised velocity for various soil stiffness
ratios (modified after Yi et al. 2009)

3.6

Derivation of soil strength profile

Derivation of a shear strength profile from geotechnical site investigation data is highly
subjective and relies heavily on experience so that derived strength profiles may often be
over simplified and inappropriate for the prediction of jack-up foundation penetration
performance.
Statistical analysis can provide a rational means for deriving shear strength profiles required
for predictive jack-up bearing capacity analyses, with the soil layer depths and any lateral or
vertical variability within the soil layers identified and incorporated within the analysis.
While it is common practice to characterise a layer of uncemented sand using a single
drained strength parameter i.e. friction angle, the clay layer(s) are usually characterised by a
profile of strengths, often changing linearly with depth. The application of statistical methods
for deriving the latter profile is discussed in Section 3.6.1.
The knowledge of confidence bands of the derived soil strength profile can be useful when
introducing reliability analysis to spudcan penetration assessment (refer to Section 3.6.2).
Placing confidence levels on spudcan penetration resistance profiles provide an allowance,
with certain acceptance criteria, for possible deviation between the field measurement and
prediction. One of the major uncertainties is from the soil strength profile and this topic is
discussed further in Section 4.8.

3.6.1 Determining the strength profile with depth
Statistical methods can be used to objectively derive a mean undrained shear strength profile
as a function of depth in a horizon of homogeneous soil. The following sub-sections provide
the relevant statistical formulations as well as discussion on aspects such as the evaluation
of data variation and the possibility of incorporating other considerations (such as test
quality) into statistical analysis.
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3.6.1.1

Statistical formulations

Assuming a linear variation with depth, the profile can be described by :

su =s u 0 +ρz

... (3.6.1)

with su 0 being the strength intercept at the layer surface and ρ the shear strength gradient
with depth from the seabed z .
For a set of n data points in a homogeneous layer, the parameters su 0 and ρ can be
evaluated as

∑ ( z i − z )(su ,i − su )
n

ρ=

i =1

... (3.6.2)

∑ (zi − z )
n

2

i =1

s u0 = su − ρz

... (3.6.3)

where the mean values of depth, z , and undrained shear strength, su , are calculated as :

z=

1 n
∑ zi
n i =1

su =

... (3.6.4)

1 n
∑ s u ,i
n i =1

... (3.6.5)

These formulations simply fit a straight line through n data points with all the raw data points
are assumed to be correlated and each data point in the layer is assumed to be of equal
importance. Other considerations such as test reliability and data quality may be
incorporated in the derivation process and this is discussed in the following section.
3.6.1.2 Incorporation of other considerations
Detailed knowledge of the local soil characteristics can be incorporated into the soil strength
derivation process if the data can be presented in a quantitative form such as by test
reliability (see example Table 2.5) or relative strength variance measurement by different
tools (see example Table 3.1). This can then be incorporated into the statistical method
used to determine the strength profile and can, for example, be achieved with the use of
weighting factors to modify discrete data values. However, manipulation of raw data in this
fashion has to be justifiable and conducted with caution.
3.6.1.3 Evaluation of data variation
Further information provided by the discrete set of strength points includes an estimate of the
variation of the undrained shear strength measurements. This is commonly expressed in
terms of standard deviation ( σ ) and coefficient of variation ( CoV ). The σ and CoV
respectively provide an absolute and normalized measure of the variability. They are
determined as :
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σ=

1 n
2
∑ (su,i − (su 0 + ρzi ))
n − 2 i =1

CoV =

... (3.6.6)

σ
su

... (3.6.7)

These can be used in establishing confidence bands (or bounds) to the mean undrained
shear strength profile, as detailed in Section 3.6.2. This information also provides an
indication of the relative performance of strength measurement tools. The coefficient of
variation ( CoV ) of undrained shear strength measured by different testing methods and
derived from the InSafe database are provided in Appendix A3.6.1.

3.6.2 Determining confidence bands on the soil strength profile
The approach of adopting a conservative estimate of the shear strength profile, as is
common practice in other assessments of bearing capacity, is not appropriate for the jack-up
installation calculation, where an accurate estimate of the actual penetration is required.
However, the use of confidence bands on soil strength profiles, making reasonable
allowance for uncertainties in soil strength measurement, is beneficial for assessment
purposes.
Confidence bands placed on the strength profile should reflect the consequence of the final
bearing capacity analysis. For instance, in situations of soft clay where final penetration
depth is critical (so the jack-up does not run out of leg length), lower than best estimate
profiles of strength are essential. However, worst case scenarios for cases with punchthrough potential may be upper strengths in one layer and lower strengths in the next. It is
indeed possible that a number of different profiles may require analysis, each reflecting
bounds on the problem (and consequence) at hand.
Uncertainty in parameters other than strength may also be required. For example, the depth
of a layer interface may be a critical factor for punch-through calculations. If there is
uncertainty in its depth (or in the thickness of a layer), this should be accounted for in the
final bearing capacity analysis. Uncertainties may arise due to spatial variability or
uncertainty in interpretation of the test data (see Sections 4.8 and 6.2).
For relatively homogeneous soil layers confidence bands can be determined in a meaningful
way by a proportion of the standard deviation of the measurements above and below the
mean profile, where the chosen proportion should reflect the uncertainty and severity of
consequences. Calculating at ±1 standard deviation from the mean undrained shear
strength is often recommended within industry practice (see Lacasse et al., 2007).
Other sources of uncertainty in the bearing capacity prediction are discussed in Section 4.
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4. Prediction of spudcan penetration
4.1 Background and aims
Before a jack-up is installed at any site, a prediction of the spudcans penetration into the
seabed as a function of the imposed loads should be made. Provision should then be made
to monitor the actual load-penetration response on site, and this response should be
compared with the predictions (see Section 4.8).
To make the predictions the following information is required :

•

The geometry of the spudcans,

•

A ground model and design soil profile (see Section 3),

•

The expected light-ship load and maximum preload on each spudcan.

At most sites the predicted soil resistance will increase with the depth of penetration,
although not necessarily monotonically. As a minimum, predictions of penetration at lightship (still water) load, FV , 0 , and at full preload, FV ,100 , should be made. Recommended best
practice is that a complete load penetration curve should be predicted, normally extending to
at least to a depth z1 , which is the maximum of :

•

the predicted penetration at 1.5 times the maximum preload value,

•

0.5 times the spudcan diameter below the predicted penetration at the preload value.

The geotechnical data should be such that soil properties are determined (see Section 3) to
a depth z 2 , normally at least one spudcan diameter below z1 . Exceptions to the above
guidelines may be justified where there is sufficient knowledge of the geological conditions to
give confidence that no hazards are overlooked, or if rock or very hard soil layers of
adequate thickness are encountered, the bearing capacity of which ensure foundation
integrity.
The above requirements mean that an approximate estimate of expected spudcan
penetration needs to be made before the on-site geotechnical site investigation, based on
the understanding of the site from the desk study. The flexibility should be retained to adjust
the scope of the site investigation as data become available.
These recommendations are not concerned with the determination of the appropriate level of
preload, which is determined by other factors, they are solely concerned with the accurate
prediction of the load-penetration response. The purposes of this load-penetration prediction
are :
1. To establish whether the rig may be able operate at the site (e.g. whether the leg length
available is sufficient).
2. To identify any potentially hazardous conditions (e.g. the possibility of punch-through), so
that plans can be made to mitigate risks.
3. To provide a benchmark against which the actual load-penetration performance can be
compared (see Section 4.8). If the performance is in accord with the predictions, then the
comparison provides reassurance (although not a guarantee) that the ground conditions
have been properly understood. Deviations from the predictions may indicate an
inadequate understanding of ground conditions. In this latter case the consequences
depend critically on the nature of the deviations, and whether there are possible
implications of hazards.
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4.2 Basis of spudcan penetration prediction methods
Load-penetration predictions for spudcans are based on the application, at each depth of
penetration, of a bearing capacity calculation. Such calculations are well established in soil
mechanics, where they are more commonly applied to the calculation of the capacity of
foundations constructed either on the soil surface or, more commonly, in a shallow
excavation. Note, however, that in foundation design large safety factors are often
employed, so that the accuracy of bearing capacity calculations is not normally critical to a
design. In predicting spudcan penetration the accuracy of the bearing capacity calculation is
a very important issue.
In bearing capacity theory the foundation capacity is calculated as the plan area of the
foundation multiplied by an appropriate bearing pressure, which is a function of the strength
of the soil, the self-weight of the soil and the depth of the base of the foundation below the
soil surface. Countless variants of bearing capacity theory exist that take account (with
various degrees of rigour) of foundation geometry, special soil conditions and other factors.
This document provides guidance on methods appropriate for spudcans.
Geometry
The penetration of a spudcan into the seabed is conventionally defined as the distance of the
tip (lowest point on the spudcan) beneath the mudline, z in Figure 4.1. In bearing capacity
analysis it is often more convenient to use the lowest depth of the maximum plan area,
h = z − ym in Figure 4.1, instead. Careful distinction between the two variables z and h is
essential.
Most spudcans are polygonal in plan. For the purposes of bearing capacity calculations
each plan section should be converted to an equivalent circle of diameter D enclosing the
same area as the polygon. The overall spudcan geometry can then be idealised as a series
of conical and / or cylindrical sections, as indicated in Figure 4.1.

Figure 4.1: Definition of penetration depths z and h
Soil properties
The geotechnical model for the site should define the design properties of the soil horizons at
each spudcan location, each extending between defined depths below mudline. Bearing
capacity calculations then require that each soil horizon is idealised as one or the other of:

•

Fine-grained material which can be treated as “undrained” during spudcan penetration,
and which can be characterised by an “undrained shear strength”. We use the term
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“clay” to describe these materials, although they may not be clays in terms of strict
geological classification.

•

Coarse grained material which can be treated as “drained” during spudcan penetration,
and which can be characterised by a frictional strength. We use the term “sand” to
describe these materials, although again this idealisation may be appropriate for a wider
class of materials.

For clays the following design properties are required (see also Table 2.1) :

•

the buoyant unit weight γ ′ .

•

the peak undrained strength, su , expressed as the equivalent value that would be
obtained from the UU test 2. The strength of a horizon may be expressed either as a
constant value or as a linear variation of strength with depth in the form su = sum + ρz .
The case that strength decreases with depth ( ρ negative) requires special treatment.

•

additional supplementary information such as the Plasticity Index (PI), water content and
sensitivity of the clay may be useful in some cases. These variables can be useful for
instance in establishing the consistency of data, but are not directly used in the following
text.

For sands the following design properties are required (see also Table 2.1) :

•

the buoyant unit weight γ ′ .

•

the peak angle of friction, φ′ , expressed as the equivalent value that would be obtained
from a drained triaxial test at an appropriate stress level (see Section 3.4). The angle of
friction is usually treated as constant within any one soil horizon.

For sands the Relative Density I D may be defined instead of the angle of friction φ′ . In that
case the equivalent angle of friction should be estimated using the correlation procedures set
out by Bolton (1986, 1987), or more specific correlations appropriate for particular soils or
regions, see Section 3.4.
Backflow
An important difference, by comparison with more conventional foundations, is that a
spudcan is continuously pushed into the seabed, displacing soil as it goes, resulting in
differences in the displacement mechanisms in the soil. An important feature is that after a
certain penetration depth, the soil flows back into the hole above the spudcan, and the
determination of this depth is addressed in Section 4.3, Stage 2.
Spudcan roughness
For some of the recommended methods of estimating bearing capacity factors, these factors
depend on the value of the spudcan roughness factor α , which is defined as the ratio of the
maximum shear strength that can be mobilised on the spudcan surface to the shear strength
of the adjacent soil. By definition, 0 ≤ α ≤ 1 . In the absence of evidence that supports any
other value we recommend simply using α = 0.5 . (SNAME (2008) recommends 0.4 in clay,
and White et al. (2008) suggest 0.6 in sand).
2

It is important to note that there is no implication that the UU represents the “best” method of
measurement for the undrained strength, or indeed that the behaviour of a clay can be represented by
a single undrained strength. In Section 3 for instance we recommend using N kt values based on
high quality laboratory data for undrained strength rather than the UU test. The recommendation to
use the equivalent UU strength value simply reflects the fact that, for the remainder of this Section, it is
essential to use a strength value that is unambiguously defined. The choice of the UU rather than any
other test reflects most common current practice.
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Layered Soils
At most sites the soil will not be in the form of a single homogeneous layer, but will consist of
a number of layers. Methods of dealing with layered systems are discussed in Section 4.5,
but as a preliminary to these methods we first address single-layer clay sites (Section 4.3) or
sand sites (Section 4.4).
Alternative methods
Alternative approaches for load-penetration calculations, which do not require a detailed
bearing capacity calculation, are addressed in Section 4.7.

4.3 Spudcan penetration in clay
This section deals with calculation of the load-penetration curve for a deposit that can be
treated as a single layer of clay, with a strength that may increase linearly with depth.

Stage 1: determination of geometry
The calculation of bearing capacity needs to take into account the changing geometry as the
spudcan penetrates the soil, as well as the changes in soil strength.
If z < ym (see Figure 4.1) then the spudcan is “partially penetrated” as the full plan area is
not yet in contact with the soil. The plan area should be calculated from the intersection of
the mudline with the spudcan profile, see Figure 4.2. An “equivalent cone angle” should be
calculated, such that the base of the cone is the current plan area, and the cone encloses the
same volume as the embedded part of the spudcan :
2
3
πDeff
1 πDeff Deff
×
tan (β 2 ) =
tan (β 2 )
Vc = ×
3
4
2
24

Figure 4.2: Definition of equivalent cone
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Stage 2: determine critical depth of penetration for backflow
The depth of penetration h at which the penetration mechanism changes from (principally)
flow to the surface to (principally) flow around the spudcan is called the critical cavity
depth hc . We recommend that the value of hc is determined by iterative solution of the
dimensionless equation suggested by Hossain et al. (2005, 2006) :

hc ⎛ suh ⎞
⎟
=⎜
D ⎜⎝ γ ′D ⎟⎠

0.55

1⎛ s ⎞
− ⎜⎜ uh ⎟⎟
4 ⎝ γ ′D ⎠

... (4.3.2)

where suh = sum + ρhc is the local strength value at the critical depth. Other methods for
estimating the critical depth may be used if they can be justified.

Stage 3: appropriate formula
If z ≤ y m then there is partial penetration, no backfill can occur and the following bearing
capacity expression should be used :

Qv = s u 0 N c Aeff + γ ′Vc

... (4.3.3)

where :
Aeff =

2
πDeff

4

and Nc is inclusive of the shape factor for a circular foundation.
If z ≥ ym and h ≤ hc then the following bearing capacity expression should be used :

Qv = su0 Nc A + γ′(VC + Ah)

... (4.3.4)

where VC is the volume of the “conical” spudcan below the level h of the shoulder, i.e.

Vc = VC when z = ym .
If z ≥ ym and h > hc then the following bearing capacity expression should be used :

Qv = su0 Nc A + γ′(VC + Ahc )

... (4.3.5)

The above calculations make the approximations that, until the critical depth, there is no
backflow at all, and after the critical depth there is full incremental backflow around the
spudcan. This is clearly an idealisation, as in reality a more gradual transition will occur.
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Stage 4: determination of bearing capacity factor
We recommend that the bearing capacity factors published by Houlsby and Martin (2003)
should be used as they involve direct calculations of appropriate factors for conical shaped
footings. Houlsby and Martin present the bearing capacity factor Nc (in tabular form and in
the form of an approximate curve-fit) as a function of the following variables :

•

the cone angle β ,

•

the dimensionless embedment depth h D (presented in Houlsby and Martin as h 2 R ),

•

the roughness factor α (for which we recommend a value of 0.5, see above),

•

the dimensionless measure of the rate of increase of strength with depth ρD sum
(presented in Houlsby and Martin as 2Rρ sum ).

Alternative published values of bearing capacity factors may be used if they can be justified,
but it is important to note that the conclusions drawn about the overall accuracy of the
calculation, see Section 4.8, are derived from the use of the Houlsby and Martin factors : the
use of other factors would result in different conclusions.

4.4 Spudcan penetration in sand
This section deals with calculation of the load-penetration curve for a deposit than can be
treated as a single layer of sand.

Stage 1: determination of geometry
This proceeds exactly as for penetration in clay (Section 4.3, Stage 1), except that, as the
bearing capacity in sand tends to be much larger, and the penetrations therefore much
smaller, the partial penetration calculation is of more importance.

Stage 2: backflow
Normally soil backflow starts immediately after the widest cross-section of the spudcan is
below the ground surface, and any unsupported sand above the level of the spudcan flows
freely into the hole above the spudcan. The backfill sand would usually be assumed to rest
at the “angle of repose”, which may be taken as approximately the critical state friction angle
φ cv , see Figure 4.3. However, predicted penetrations in sand will often be sufficiently small
that only partial penetration occurs and backflow is not relevant.

Stage 3: appropriate formula
If z ≤ ym then there is partial penetration, no backfill can occur and the following bearing
capacity expression should be used :

Qv =

1
γ ′Deff N γ Aeff + γ ′Vc
2

... (4.4.1)

where

Aeff =

2
πDeff

4

If z ≥ ym then the following bearing capacity expression should be used :
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Figure 4.3: Backflow in sand

⎛1
⎞
Qv = ⎜ γ ′DN γ ζ hγ + γ ′hN q ζ sq ζ hq ⎟ A + γ ′(VC − Vsoil )
⎝2
⎠

... (4.4.2)

where VC is the volume of the “conical” spudcan below the level h of the shoulder and Vsoil
is the volume of the backfill soil that rests in the spudcan, see Figure 4.3. The ζ hγ , ζ sq and

ζ hq factors are discussed below.
Stage 4: determination of bearing capacity factors
The bearing capacity in sand depends on two factors, each of which is a function of the angle
of friction, which should be determined according to the procedures in Section 3.4. Note that
the procedures recommended here differ significantly from those recommended in SNAME
(2008). It is recognised that in sands significant displacements are required to mobilise the
theoretically available bearing capacity. If a calculation is based on realistic values of the
peak angle of friction then, for a penetration process such as that of an approximately conical
spudcan, the soil resistance will be significantly overestimated, as at any stage of penetration
the deformations in the soil will be insufficient to have mobilised the full strength of the sand
throughout the relevant region. In the SNAME guidelines this problem is dealt with by
artificially reducing the angle of friction used in the bearing capacity calculation. This
procedure involves the use of unrealistically low angles of friction that bear little resemblance
to those measured by any test. Here we therefore prefer a more direct approach : we first
calculate the soil resistance using a realistic value of the friction angle, and then apply a
reduction factor (see Stage 5 below) to the calculated resistance. It is arguable that, for
consistency, a similar procedure should be used in clays, but experience shows that for clays
a calculation that does not employ any such factors provides sufficient accuracy that the
added complication is not justified.
The bearing capacity factors required for sand are :

•

N γ , which is relevant to all cases,

•

N q , which is only relevant once full penetration of the spudcan is achieved ( h > 0 ).
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For N γ , we recommend that the values given by Cassidy and Houlsby (2002) should be
used. These are calculated directly for conical shaped footings, and are presented in terms
of the following variables :

•

the cone angle β ,

•

the roughness factor α (for which we recommend a value of 0.5, see above),

•

the peak angle of friction φ′ .

The Cassidy and Houlsby values are only presented for surface footings ( h = 0 ). For h > 0
we recommend (at least as an interim measure) that the value ζ hγ = 1.0 should be used as
recommended by Vesic (1975), i.e. no adjustment should be made to this term to account for
depth of embedment.
For N q there are no published factors calculated directly for conical shaped footings and
until such are developed we recommend the use of those described by Vesic (1975), in

⎛ π φ′ ⎞
tan 2 ⎜ + ⎟ for a plane strain surface footing is
⎝4 2 ⎠
used with the application of an empirical shape factor ζ sq = 1 + tan φ′ to convert this to a
which the theoretical value of N q = e

value

appropriate

for

π tan φ′

axial

symmetry

and

a

depth

factor

⎛h⎞
2
ζ hq = 1 + 2 tan φ′(1 − sin φ′) tan −1 ⎜ ⎟ to allow for an increase in the contribution of this factor
⎝D⎠
2 h
which is
with depth. (Vesic also includes the simpler formula ζ hq = 1 + 2 tan φ′(1 − sin φ′)
D
appropriate for small depths). Note that this procedure means that no account is taken of the
influence of cone angle or roughness on the N q factor.

Stage 5: mobilisation factor
In sand an extra stage in the calculation is necessary, see discussion above on selection of
friction angle for the bearing capacity factor calculation at Stage 4. In principle this stage
should also be adopted in clay, but experience suggests that it has a sufficiently small
influence on clay calculations that the additional complication is not justified.
In order to apply the mobilisation factor, Equations 4.4.1 and 4.4.2 become modified to :

Qv =

1
γ ′Deff N γ Fmob Aeff + γ ′Vc
2

...(4.4.1a)

⎛1
⎞
Qv = ⎜ γ ′DN γ Fmob ζ hγ + γ ′hN q Fmob ζ sq ζ hq ⎟ A + γ ′(VC − Vsoil )
⎝2
⎠

...(4.4.2a)

Based on back analysis of 10 case records in the InSafeJIP database, of which 8 are from
the North Sea region, and the others from the Gulf of Mexico and offshore Australia, we
recommend that a value of the reduction factor Fmob of 0.25 to 0.5. It would be expected
that lower values of Fmob would be applicable to more compressible materials (e.g.
carbonate sands) and higher values for stiffer materials, but little quantitative evidence exists.
If alternative values of the reduction factor are better established they should be used.
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Note that the above procedures are intended solely for the estimation of the load-penetration
response of the spudcan during preloading. Calculation procedures are set out in the
SNAME guidelines for determining fixity of spudcans under combined horizontal and moment
loading, and these require selection of appropriate bearing capacity factors. The SNAME
and forthcoming ISO procedures are not consistent with the above procedure, and the
different modelling methods should not be mixed.

4.5 Spudcan penetration in layered materials
Two important cases arise where the soil can effectively be considered as a single layer :
(a) there is a sufficiently thick surface layer of strong material that the spudcan is
confined entirely to that layer, and its penetration is unaffected by lower layers (if the
layer thickness is less than one spudcan diameter, the properties of the underlying
soils are likely to affect the penetration. We are unable to establish with precision the
minimum thickness necessary to eliminate the possibility of influence of underlying
layers),
(b) deep layers of geologically continuous soft clays occur (usually with strength
increasing approximately linearly with depth), as often encountered in the Gulf of
Mexico.
These cases account only for a minority of the geological conditions likely to be encountered,
and the majority of sites will involve a system of layers of materials of different types and
strengths.
There are essentially two ways of dealing with layered systems, and their relative
advantages and disadvantages are summarised as follows :

•

Averaging methods : these methods recognise that the resistance at any depth
depends not just on the specific soil properties at that depth, but on some weighted
average over a range of depths. They involve applying averaging procedures either to
the soil properties or to the finally calculated bearing capacity. Here we recommend the
former procedure. These methods have the principal advantage that they are relatively
versatile, and can be applied to almost any layering system, even if it includes many
different layers. They have the disadvantage that, because they do not make use of the
specific mechanisms that occur in certain cases, they may be intrinsically less accurate
than mechanism-based approaches.

•

Mechanism-based methods : for certain relatively simple layering systems, at present
confined to simple two-layer systems, it is possible to exploit knowledge of the
mechanisms of soil deformation during penetration to develop more accurate procedures
for load-penetration estimates. The advantages and disadvantages are complementary
to those of the averaging methods : they are much less versatile, but are more accurate if
a soil profile corresponds to one of the cases that has been addressed below.

We recommend that for any layered system, an effort is first made to simplify the system
sufficiently so that it can be treated by one of the mechanism-based approaches (see
Section 4.5.2). If this is not possible then the averaging procedure should be used. Because
of the huge range of possibilities that might be encountered, it is not possible to be
prescriptive, and engineering judgement has to be exercised about which method is
appropriate. Where there is some doubt, then both methods should be applied and
compared. In general, where there are very sharp contrasts in soil properties in the vicinity
of critical depths for the spudcan penetration, the mechanism-based methods are preferred,
even if some significant simplification of the profile is required. Where the profile consists of
large numbers of layers, especially if the contrast in strength is not too great (say less that
2.0 between layers) then the averaging techniques are likely to be satisfactory.
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4.5.1 Strength averaging methods
We first describe strength averaging techniques entirely in the context of multiple layers of
clay soils, and treat interbedded clays and sands later.
4.5.1.1 Clay layers
It is widely recognised that averaging methods must take into account the properties of the
soils both above and below the foundation level. The key question is the depths of soil
above and below the foundation that should be included in the averaging process. Some
understanding of the appropriate depths can be gained from consideration of the
mechanisms of deformation around the foundation. However, these mechanisms vary with
differing soil properties, so that averaging depths themselves need to change according to
the soil profile. In order to avoid such complication, however, we recommend a simple
procedure using fixed averaging depths that only depend on the geometry of the spudcan.
This is a compromise, and if specific information is available about alternative averaging
depths then that may be used.
Whenever layering is present there is a level of subjectivity in the interpretation of the soil
profile, and the averaging technique has been calibrated to remove influence of this
subjectivity as far as possible. Calculations have been carried out for a single layer of soil
with the strength increasing linearly with depth, and an equivalent “staircase” profile
reproducing approximately the same strength variation by a series of layers each of constant
strength. The averaging depths have been chosen so that the two calculations give
approximately the same result.
It is recommended that an averaging process is applied as illustrated in Figure 4.4. At a
depth of penetration h the strength is averaged from the elevation z = h − 0.25 h (point A on
Figure 4.4(b)) to z = h + 0.25yc + 0.25D (point B on Figure 4.4(b)), where yc is the height of
the equivalent cone representing the spudcan. The distance 0.25yc is the distance of the
centre of gravity of the cone below the spudcan elevation z = h (point G on Figure 4.4(a),
assuming the spudcan shape below the widest cross-section is approximated by the
equivalent cone).
Over the averaging depth, sufficient equally spaced sampling points (say 20 or more) should
be used in a calculation to obtain proper representation of each soil layer. At each point the
soil strength in clay will be represented by an equation su = sum + ρz . The values of ρ at
each point (e.g. at X in Figure 4.4(b)) are simply averaged over the N sampling points :

ρ=

1 N
∑ ρi
N i =1

... (4.5.1)

The su values are first projected back to the level of the spudcan su 0 = sum + ρh (point Y in
Figure 4.4(b)), and then the values of su0 averaged :

su 0 =

1 N
∑ su 0i
N i =1

... (4.5.2)
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Figure 4.4: Strength averaging procedure

Finally the equivalent mudline value of sum is calculated from sum = su0 − ρh .
procedure ensures that for most layering profiles both sum
representative of the layered system.

This

and ρ are genuinely

A simpler alternative would be to carry out a straight line “least squares” fit to the sampling
points, and use the resulting linear variation of strength for the subsequent calculation.
Whilst this works well for most situations, it can result in unrealistic artefacts for some
patterns of layering, and is not recommended.
4.5.1.2 Clay and sand layers
At present little evidence exists to calibrate procedures for dealing with interbedded layers of
clays and sands. In the absence of alternatives we therefore propose the following as an
approach that should at least yield results that capture the essential trends of behaviour.
The method proceeds exactly as in Section 4.5.1.1, except that, if any of the sampling points
used for obtaining an averaged strength profile falls within a sand layer the following
procedure should be followed :
1. Calculate the spudcan resistance as if the soil consisted of a single layer of sand with the
properties of the given layer,
2. Calculate the bearing capacity factor Nc that would be determined for the spudcan at this
depth of embedment in clay, assuming ρ = 0 ,
3. Determine the undrained strength su that would give the same calculated resistance as
in Step 1, when the Nc factor from Step 2 is used,
4. Use the value of su from Step 3, together with ρ = 0 , in the averaging procedures for
strength.
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4.5.2 Mechanism based methods
Where a soil strength profile can be reasonably simplified as a two-layered system, the
following methods can be used, depending on the strength arrangement i.e. soils that are
strong-over-soft (Section 4.5.2.1) or soft-over-strong (Section 4.5.2.2). Experience suggests
that the accuracy of the predicted load-penetration profile is affected both by the choice of
simplified soil strength profile as well as the analysis method used. If a simplified twolayered soil strength profile cannot be confidently established e.g. where multiple thin layers
of different materials or strengths are encountered, using the strength averaging technique
as described in Section 4.5.1 is considered more appropriate.
4.5.2.1 Two-layered system – strong-over-soft soils
Where a strong soil overlies softer material a rapid penetration or punch-through can occur
during installation if the load-penetration profile indicates a peak followed by a reduction in
bearing resistance, or where there is a constant bearing resistance with depth. The
evaluation of such risk is discussed in Section 4.8. Discussions relevant to punch-through
hazard also appear in Sections 5.3, 6.2, and Appendix A2.1.1.
(a) Sand over clay
General considerations for assessment of spudcan penetration in sand over clay are :

•

The sand is treated as drained with strength represented by friction angle, φ ′ , or relative
density, I D , and critical state friction angle, φ cv ; and the clay treated as undrained with
strength s ub .

•

The resistance in the two-layered system is bounded by the resistance in the lower clay
(as lower bound) and uniform sand (as upper bound) at all times.

•

Backflow will occur as for a foundation in sand.

•

Formation and subsequent progression of the sand plug trapped below a penetrating
spudcan into the underlying clay should be considered.

•

The calculation is divided into two parts: when the spudcan is penetrating the upper layer
( h < hlayer ) and lower layer ( h ≥ hlayer ), in which h layer is the thickness of the upper layer
(see Figure 4.5).
Q
QvV

φφcvcv
dh

hlayer
H
DD

SAND
h'layer

SAND
[γ′sand, φ′ or (ID, φcv)]

(ID, γ′s and )

su,0
ubs

CLAY
(s u or s u0 , k)

s us

1

CLAY
[s ub or (s ubs, ρ), γ′clay]

ρk
z

Figure 4.5: Nomenclature for spudcan penetration in sand over clay
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(i) Bearing capacity calculation when h < hlayer
The recommended approach depends on the relative strengths of the upper and lower
layers.
For loose to medium dense sand ( I D < 0 .65 or φ′ < 36 ), little recent research has been
performed. We therefore recommend the punching shear method by Hanna and Meyerhof
(1980), largely because it is well-known, and in spite of the fact that it suffers from the
limitation of not being able to model the progressive change of failure mechanism or to model
the plug progression. Other methods can be used if they are justified.
o

This approach results in the formula :

QV = N c s ubs A +

(

)

γ ′sand 2
hlayer − h 2 πDK s tan φ ′ + γ ′sand (hA + VC − V soil )
2

... (4.5.1)

(subject to the upper bound of the calculated value of QV in uniform sand), where K s the
punching shear coefficient, VC the spudcan base volume and Vsoil the volume of backfill
sand above spudcan. Other parameters are as defined on Figure 4.5. Refer to Section 4.3
for the determination of bearing capacity factor Nc and Section 3.4 for the selection of φ ′ .
The inclusion of γ ′sand (hA + VC − Vsoil ) is to account for the soil backflow and spudcan
buoyancy.

o
The original K s values given in Hanna and Meyerhof (1980) are for φ′ ≥ 40 , but we
o
o
recommend this approach only for loose to medium dense sand with 25 < φ′ < 35 and
su
0 .1 <
< 0 .5 in which K s can be determined as follows :
γ ′sand D

⎛ su ⎞
⎟⎟
K s tan φ′ ≈ 2.5⎜⎜
′
γ
D
⎝ sand ⎠

0 .6

... (4.5.2)

Note that Equation 4.5.2 is an approximate fit to values given by Meyerhof and Hanna
(1978). Over the relevant range, the Equation gives K s values of 10 to 100% higher than
those calculated using equation recommended by SNAME (2008) i.e. K s tan φ ′ ≈ 3

su

γ ′sand D

.

Other values can be used if they are justified.
For dense sand over soft clay, back-analysis of centrifuge test results indicates that the
above method underestimates peak resistance. Calculation for such soil profiles can be
improved by using recently developed methods such as those of Teh et al. (2009) and Lee et
al. (2009). These methods provide estimates of bearing capacity when the spudcan is at
different depths, taking into consideration the change in shear strength of sand, and
accounting for the progressive change of failure mechanism.
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Figure 4.6: Nomenclature of spudcan penetration in sand over clay when h ≥ h layer
The “load-spread” method (SNAME 2008) has certain deficiencies but is frequently used to
model sand over clay as it allows for both the incorporation of squeezing or general bearing
failure of the clay and the plug effect. A load spread within the sand of 1:3 and 1:5 is
recommended (SNAME 2008). Details of load-spread calculations and comments are given
in Appendix A4.5.1. This empirical method should be cautiously applied as it has no
theoretical basis. The method has been used to model the effects of brittle punch-through
conditions, where a thin layer of cemented carbonate sand overlies soft to firm carbonate
clays, using an increased load spread of up to 1:1, although caution in applying such an
empirical approach is advised.
The above methods are for clean sand over clay. Where, for example, cemented carbonate
materials over softer soils is concerned, there is little evidence of which procedures are most
appropriate. Future research is needed in this area.
(ii) Bearing capacity calculation when h ≥ hlayer
Beyond the sand-clay interface, the resistance is assessed as a foundation in the clay, and
the methods in Section 4.3 may be used, with the upper sand layer contributing to the
overburden stress. However, sand from the upper layer may be trapped below the
penetrating spudcan (see Figure 4.6). Allowance for the trapped sand plug increases the
predicted bearing capacity for h ≥ hlayer . The increase is mainly due to the side friction on the
sand plug and the depth effect on the bearing capacity factor. One possible calculation
method with consideration of the sand plug is given in Appendix A4.5.2.
(b) Strong clay over soft clay
General considerations for assessment of resistance in strong clay over soft clay are :

•

Undrained analysis is applied to both the upper and lower clay layers.

•

The resistance in the two-layered system is bounded by resistance in the lower clay (as
lower bound) and upper clay (as upper bound) at all times.

•

The possibility of soil backflow in the upper layer may be assessed using the procedures
for a single layer (Section 4.3, Stage 2). Soil backflow may occur in the lower layer when
hc determined following procedure in Section 4.3 is greater than hlayer . In this case, hc
should be determined using the equation suggested by Hossain and Randolph (2009) :
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Figure 4.7: Nomenclature of spudcan penetration in strong clay over soft clay
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⎢
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⎠ ⎦⎥

0 .5

... (4.5.4)

where the parameters are as defined on Figure 4.7.

•

Formation and progression of the clay plug trapped below a penetrating spudcan into the
underlying clay should be considered.

We recommend the Hossain and Randolph (2009a, 2010) method for calculating resistance
in strong clay over soft clay. The method includes three stages :
Stage 1 – Calculation of initial to peak bearing capacity,
Stage 2 – Calculation of post-peak bearing capacity,
Stage 3 – Calculation of bearing capacity when h > hlayer .
The punching shear method (Brown and Meyerhof, 1969) provides a reasonable prediction
of peak bearing capacity for

hlayer
D

≤ 1, but fails to predict the post-peak behaviour. Details of

the method are included in Appendix A4.5.3. Other methods can be used if they are justified.
4.5.2.2 Two-layered system – soft-over-strong soils
When a spudcan penetrates a soft-over-strong system, an increase in resistance occurs as
the spudcan approaches the strong stratum : this is termed “squeezing”. For a very strong
lower stratum, the deformations will be fully confined in the upper layer, with the soft soil
mainly squeezed sideways.
The squeezing resistance is bounded by the resistance of the upper layer (as lower bound)
and lower layer (as upper bound), and is governed by the strength difference and distance to

′ = hlayer − h (Figure 4.8). When
the hard layer, hlayer
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H
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D
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CLAY
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Figure 4.8: Nomenclature of spudcan penetration in soft clay over hard stratum clay
occurs; in which n is the “squeezing factor”. For a very strong lower layer, the following can
be used :

⎛
⎞
D
− 1⎟ As utop + γ ′clay ,top (hA + VC − V soil )
QV = ⎜ N c +
⎜
⎟
′
nhlayer
⎝
⎠

... (4.5.5)

(subject to the lower bound of the calculated value of QV in the upper layer), where the
parameters are as defined on Figure 4.8 or earlier sections. Refer to Section 4.3 for the
determination of bearing capacity factor Nc . The component γ ′clay,top (hA + VC − Vsoil )
accounts for soil backflow and spudcan buoyancy. The squeezing resistance must be limited
by the bearing capacity of the lower hard stratum.
The value n = 3 was proposed by Meyerhof and Chaplin (1952), but recent analyses suggest
n = 8 may be more appropriate, so that squeezing only occurs when the spudcan is much
closer to the stronger layer.
A squeezing resistance calculation for a lower layer that cannot be treated as “very strong”
compared to the upper layer is described in Appendix A4.5.4.
Note that the averaging methods (see Section 4.5.1) implicitly account, albeit approximately,
for squeezing.

4.6 Time-dependent effects
4.6.1 Scour
Where sandy soils are present at the mudline current and wave action can cause sediment
mobility so that material can be washed away from around and beneath the spudcans,
(vessel propeller wash can also cause scour). The removal of soil from around and beneath
the spudcan can result in a reduction of bearing capacity during the installation and operating
period. Scour is not addressed in detail within this Guideline however due consideration
should be given to this process during the jack-up site operability assessment. (See also
Section 5.2).

4.6.2 Partial drainage
In the above it has been assumed that the soils can be treated as “clays” (perfectly
undrained or “sands” (perfectly drained). In practice a wide range of other materials are
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encountered, including the full range of silty clays through to silty sands in which the degree
of drainage may be uncertain.
In general spudcan foundations are sufficiently large, and the drainage paths therefore
sufficiently long, that on the typical timescale of preloading the behaviour of all except the
coarsest of materials (e.g. clean sands) will be essentially “undrained” (see Table 3.5.1).
This raises the key question (to which there is no simple answer) of the determination of the
“undrained strength” of a silt or silty sand. It also raises the time–dependent behaviour of
these materials as the transient pore pressures, set up during the installation process, begin
to dissipate. The processes involved are complex, but in general:

•

In loose materials which tend to compress on shearing (e.g. loose sands and silts,
carbonate sands) the transient excess pore pressures will be positive. As these
pressures dissipate the effective stress levels in the soil increase. This will be
accompanied by small amount of compression, but also an increase in the strength of
the soil.

•

In medium dense to dense materials which tend to dilate on shearing (e.g. medium
dense sands and silts) the transient excess pore pressures will mainly be negative. As
these pressures dissipate the effective stress levels in the soil decrease. This will be
accompanied by a decrease in the strength of the soil, which may result in further
settlement of the spudcans.

Thus in either loose or dense materials, partial drainage may result in spudcan settlement
subsequent to preloading – in the first instance due to soil compression, in the second
instance due to reduction of strength. Such movements would, however, normally be
expected to be relatively small.

4.6.3 Other rate effects
It is recognised that clays, in particular, show some “viscous” increase in strength : that is the
measured undrained strength increases slightly with the rate of shearing of the clay. Thus,
during a rapid installation, the strength of the clay would be slightly higher than would be the
case for very slowly applied loads. In cases where the rate of increase of resistance with
depth is very low (e.g. the middle range of cases in Table 4.2) then this could result in
significant spudcan settlement while holding preload, as the strength of the clay may appear
to reduce with time.

4.7 Alternative approaches
4.7.1 Direct correlation with penetrometer tests
The methods described in the preceding sections rely on the determination of a design soil
profile, followed by the application of a bearing capacity calculation. If high quality, almost
continuous, penetration testing data are available (typically from piezocone penetration test,
but alternatively from a T-bar or ball penetrometer) then an alternative is available. The
penetration of a spudcan into the seabed is a continuous penetration of a very large footing.
The piezocone penetration test involves the penetration of what is effectively a very small
foundation (albeit with the complicating factor of the attached shaft). This immediately
suggests the possibility of direct correlation between the two processes. The essential
features are as follows for clay soils.
The Nc value for a typical deeply penetrated spudcan is approximately 9.0, and the N kt
value recommended for cone interpretation is approximately 13.5 (if calibrated against
average strength of CAUC, CAUE and DSS) or 18.6 (if converted to equivalent UU strength
using average conversion factor of 1.38, see Table 3.2). Combination of the bearing
capacity expressions for the spudcan and for the piezocone leads to :
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Qv =

Nc
q net A + γ ′(hA + VC − V soil )
N kt

... (4.7.1)

in which the Nc Nkt ratio may range between 0.48 and 0.67. The self weight and buoyancy
terms in the spudcan analysis have been included as γ′(hA + VC − Vsoil ) .

The above method leads to a quick and simple means of estimating spudcan resistance.
Clearly some averaging procedure would be needed to account for any strongly layered
systems.
In Appendix A4.7.1, procedures are described that account (at least approximately) for the
cases where the soil is sufficiently coarse that partial drainage will occur during the
penetrometer test, even though the spudcan penetration will be undrained. This results in
modifications (reductions) to the Nc Nkt ratio.

4.7.2 Hossain and Randolph approach
Hossain and Randolph (2009b) describe a method which may be used as an alternative to
the procedures described above. The approach has the following key features:

•

instead of the bearing capacity factors used above, a set of formulae for the bearing
capacity factors are used which have been calibrated against centrifuge tests and finite
element analyses.

•

the bearing capacity factors incorporate the effect of soil shear strength increase with
depth

•

the method takes the transition from shallow to deep failure mechanisms (once backflow
occurs) into consideration by a change in bearing capacity formulae

•

a tentative procedure is put forward to account for softening and for rate effects (where
sufficient information is available).

4.8 Variability of parameters and accuracy of calculations
4.8.1 Accuracy of calculations
All the above calculations have been presented as if the parameters defining the problem
could each be determined with certainty. However, this is not the case as every variable
used in the calculations is subject to some margin of error, and indeed the accuracy of the
calculations themselves is uncertain. It is possible to approach this problem statistically (see
for instance the discussion by Houlsby (2010)) by assigning standard deviations or
coefficients of variation to all the parameters. However here a simpler approach is
suggested which is calibrated against field records.
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Figure 4.9: Cumulative distribution of ratio of observed to predicted resistance
The InSafeJIP database contained 96 distinct measurements for spudcans in clay (including
some cases with quite complex layering profiles) where it was possible to compare the
predicted spudcan resistance QV , using the procedures described above, with the observed
load on the spudcan FV . In these cases the undrained strengths had been converted to the
equivalent UU value. For each point the ratio FV QV is calculated, and the values are
ranked in ascending order and plotted in Figure 4.9, where the ordinate is the cumulative
position in the ranking (allowing for weighting factors on the measurements so that each site
is equally weighted, irrespective of the number of measurements at the site).
The (weighted) mean value of the FV QV values is 1.06, indicating that on average the
procedures described here underestimate the actual resistance in clay – a “better” estimate
would be obtained by multiplying the calculated values by 1.06.
Table 4.1 shows the FV QV values for different percentiles in the distribution. The 50th
percentile is at a ratio of 1.07, indicating that the median of the distribution is slightly different
from the mean, a consequence of the fact that the distribution is slightly asymmetric about
the mean.
The 25th and 75th percentile values are 0.92 and 1.18. This indicates that, if the calculated
resistance against depth curve is multiplied by 0.92 and 1.18, these curves would provide
bounds within which 50% of measurements would be expected to fall.
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Table 4.1: Measured/predicted load ratios for spudcans in clay
Percentile

FV QV ratio

5%
25%
50%
75%
95%

0.64
0.92
1.07
1.18
1.42

Similarly the 5th and 95th percentile values are 0.64 and 1.42. This indicates that, if the
calculated resistance against depth curve is multiplied by 0.64 and 1.42, these curves would
provide bounds within which 90% of measurements would be expected to fall. These ratios
are, however, nearer the “tails” of the distribution, and the exact factors must be regarded as
rather less well defined than the 25th and 75th percentiles.
Unfortunately the InSafeJIP database did not contain sufficient measurements for other types
of ground conditions (e.g. sand sites, strongly layered sites) to be able to carry out a similar
assessment of accuracy leading to statistically significant results.
The principal source of the variability in the calculations is the uncertainty surrounding the
value of the undrained strength (see Section 3.3), and this is almost certainly the main
reason for the spread between the percentile lines. However, it is important to realise that
there are other sources of uncertainty that are not captured simply by multiplying the
calculated resistance by various factors. The primary uncertainties in this regard are related
to spudcan penetration depth and are typically due to the following :

•

borehole (test and sample) depth measurement tolerances,

•

tolerances on measurement of the penetration of the spudcan itself,

•

spatial variations in the ground, e.g. differences in water depths and depths to layer
boundaries between the borehole and spudcan locations.

The above effects can be taken into account by recognising that the boundaries of probable
behaviour may be displaced in the depth direction as well as the resistance direction. Such
sources of uncertainty can be minimised by meticulous attention to the correct registration of
depths both during the site investigation and spudcan installation.

4.8.2 Observed spudcan penetration performance
The observed spudcan penetration response should be compared with the predictions
particularly at still water and full preload conditions with regard to :

•

how well do the observations compare to the predictions?

•

are there any potentially hazardous conditions that may arise?

A tentative set of actions is set out in Table 4.2. The proposed action depends on (a) how far
the response is from the median line and (b) whether the trend of measurements follows the
same trend as the predictions. If only the penetration at preload is measured, no information
about the trend will be available, considerably reducing the value of the prediction. Therefore
we recommend that the penetration at light-ship load, FV ,0 , should always be measured
as well as the penetration at full preload, FV ,100 , and ideally, continuous measurements
should be taken throughout the installation process.
If the trend of the measurements follows that predicted then it may be assumed that the
analytical model may reasonably represent the actual soil failure mechanisms. If the model
and actual mechanism correspond then any discrepancy between prediction and
measurement is best explained by a systematic offset, such as the soil strengths being
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consistently over-estimated. Depending on the magnitude of the difference, further
investigation may or may not be appropriate to explain the discrepancy.
If the observed spudcan load penetration path does not follow that predicted then this would
provide an immediate warning and the installation could only continue with extreme caution.
Even if the final penetration is within the expected range, if the trend is not predicted correctly
then the model may not be capturing the appropriate mechanisms, and the agreement may
be no more than coincidental. If the measurements are far from the prediction and the trend
is incorrect, then that is a clear indication of shortcomings in the understanding of the ground
conditions and further investigation will be necessary.
Only general comments and suggestions for appropriate action can be given as engineering
judgement will be required. For instance, in soils where there is clear evidence to support a
steady and significant increase of capacity with depth there will be less need for caution
compared with a site where there is a potential for punch-through to occur.
In Table 4.3 possible spudcan penetration behaviours for strongly layered soil systems are
described which include punch-through, rapid and normal penetration. Note that while both
punch-through and rapid penetration events involve rapid settlement, the former infers an
out-of-control situation where the hull trim cannot be maintained within allowable tolerance by
jacking, and which could lead to severe consequences and lost drilling time, (Osborne and
Paisley 2002).
Whether a punch-through or rapid penetration is more likely to occur during spudcan
penetration in a strong-over-soft soil system depends on the characteristics of the layered
system and jacking capability of the jack-up compared with the spudcan settlement rates. As
the latter is rig dependent it is not considered in Table 4.3.
The characteristics of the strongly layered system are evaluated based on the range of
applied forces relative to QV , peak , and gradient of the QV − z profile after peak bearing
capacity, QV , peak .

In situations where punch-through conditions are identified then

assessments of the controllability of the potential leg plunge in terms of jack-up structural
integrity should be made. The plunge depth, h pt , is governed by either the air gap
maintained during preloading or the development of the QV − z profile (as labelled in the first
diagram of Table 4.3), whichever is smaller. Therefore where a punch-through is expected
the air gap must be minimised.
This document is concerned with the installation and removal of jack-up units, and not with
the assurance of safe operations under working conditions. However, the situation where
QV ,min < FV ,100 < QV , peak deserves a special mention, as in this condition the extent to which
the peak capacity in the upper layer exceeds the design load is critical to the assessment of
the foundation integrity. In such circumstances it is unlikely that the spudcans will punchthrough the stronger layer during preloading, however during the design storm condition
there may be a significant reduction in the foundation vertical capacity due to the imposition
of lateral and moments loads. If FV ,0 < QV ,min then although punch-through during design
storm conditions may be considered unlikely the jack-up operability would have to be
considered in detail, as would the condition where : QV ,min < FV ,0 < QV , peak as expert advice
would similarly be required. Further caution would be necessary if, following installation
preloading, the spudcans suffer further settlements, or the foundation bearing capacity is
reduced as a result of scour, cyclic loading or other such mechanisms.
Where a potential for punch-through is identified, installation should only be attempted
according to special procedures developed in order to ensure the safety and integrity of the
jack-up and any adjacent facilities. Refer to Section 6.2 for recommended preloading
strategies.
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Table 4.2: Categories of observed response and suggested actions
Comparison of field data
with prediction
Data follow
Percentile
trend of
predictions1

Example

Diagnosis

Suggested
action

Qv, Fv

Good prediction:
model closely fits
observed
behaviour.

None required.

No

Moderate
prediction: model
may not capture
mechanism
correctly, in which
case fit may be
coincidental.

Interrogate
assumptions made
in model in attempt
to identify
satisfactory
explanation of
discrepancy.

Yes

Moderate
prediction: model
captures essential
trend of data, but
may contain
systematic error.

Attempt to identify
reason for
systematic error.

Poor prediction:
important features
of mechanisms
may not be
captured.

Need to identify
reasons for failure
to model important
mechanisms and
establish improved
model.

Poor prediction:
model may capture
trend of data, but
large systematic
error.

Essential to identify
source of systematic
error to explain
discrepancy.

Yes
z

Within
25%-75%

Outside
25%-75%,
but within
5%-95%

Qv, Fv

No
z

Yes

Potentially
dangerous as the
mechanisms and
Qv, Fv
values assumed in
Prediction fails to
the predictive model
capture observed
are clearly
No
response.
inappropriate.
Further action
z
required to
understand site
conditions.
1
NOTE: If only one measured point then no assumption about trend of data should be made.

Outside
5%-95%
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Table 4.3 Summary of spudcan penetration behaviour in strongly layered systems
Characteristic of two-layer soil
profile

Generic Qv − z profile

Qv,min Qv,peak

•

Very strong over soft soils
with relatively high hlayer D

•

e.g. dense sand overlying soft
clay, very stiff clay crust
overlying soft clay
QV − z profile shows
softening post peak
Assessment of plunge depth
is necessary

Qv

hP-T

•
•

Range of
applied
load1

Spudcan
penetration
behaviour

FV ,100 <

Normal
penetration shallow

QV ,min
QV ,min <
FV ,100 <
QV , peak
FV ,0 <
QV , peak
< FV ,100

z

QV , peak
< FV ,0
•
Qv,peak

Qv

Strong over firm soils or firm
over soft soils with relatively
large hlayer D . Also possible
in very strong over soft soils
with relatively low hlayer D

•

e.g. loose sand overlying soft
clay

•

QV − z profile has vertical
post peak gradient.

•

Assessment of rapid leg run
distance is necessary

•

Loose over firm soils. Also
possible in firm soil over soft
soil or strong soil over firm
soil with relatively low

z
Qv

FV ,100 <
QV , peak
FV ,0 <
QV , peak
< FV ,100

QV , peak
< FV ,0

Extreme
caution: see
discussion
Possible
punchthrough
Normal
penetration deep
Normal
penetration shallow
Possible
rapid
penetration
Normal
penetration deep

hlayer D
•

e.g. loose sand overlying firm
clay.

•

QV − z profile has positive
gradient

•

Punch-though analysis not
required

z

NOTE: 1 Fv ,0 = light-ship load; and Fv ,100 = maximum preload
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5. Ground preparation
5.1 Background and aims
Some ground conditions may present difficulties for jack-up operations and as such
constitute geohazards. The four primary geohazards which may affect jack-up installation
and operation are punch-through, scour, spudcan-footprint interaction and extraction
difficulties. A detailed discussion of jack-up geohazards is included in Appendix A2.1.1.
Should the presence of potential geohazards be identified during the site assessment then
the risks of these features adversely affecting the foundation integrity would have to be
managed, and this could be by ground preparation or modification, if repositioning the jackup is not possible.
This section provides an introduction to scour protection, Section 5.2, and perforation drilling,
Section 5.3, which is a method of punch-through risk reduction. Some other ground
preparation methods are briefly mentioned in Section 5.4, although the full range of available
methods are not discussed in this Guideline.

5.2 Scour protection
As this item lies outside the InSafeJIP work scope only an introduction to the subject is
included here.
Scour is the removal of seabed soils by currents and waves and can be due to natural
processes or caused by structures being placed on the seabed which interrupt the natural
flow regime. Seabed mobility, and hence scour, is initiated when the water particle velocity
at the seafloor exceeds the critical soil particle entrainment velocity (Clarom 1993). The
former increases with increasing current velocity, wave height and period, and decreasing
water depth; whereas the latter is a function of soil particle size and water depth.
When jack-up spudcans are installed on free draining sand they rarely penetrate to their
maximum bearing diameters. Under minimal spudcan penetration conditions the water flows
more aggressively around the water column obstruction (the embedded tip) and this can
result in more removal of soil from around and beneath the footings. Removal of such
material results in a reduction in bearing capacity and an increase in spudcan settlement,
colloquially termed “shakedown”. Scouring has caused additional 0.5 to 1 m of penetration
for spudcan installation in some zones in the North Sea and 3 to 4 m in the China Sea
(Clarom 1993), and the rate could reach about 0.5 to 1 m/day (Sweeney et al. 1988). The
lateral development of scouring could extend to 10 to 20 m around the spudcan (Clarom
1993).
With partial undermining of a spudcan by scour, high concentration of eccentric loads can
occur which can affect the structural integrity and foundation stability. The sliding capacity
(especially of the windward leg) and spudcan fixity may also be significantly reduced
following the removal of seabed soils around a spudcan by scour.
Of particular note is the situation where a punch-through may exist whereby the spudcans
may initially be installed within an upper granular layer which overlies a soil of lesser bearing
capacity. If scour occurs and reduces the thickness of the upper sand, then spudcan
settlement could occur following a reduction in bearing capacity. With increased settlement
the margin of bearing capacity against punch-through would decrease, and this could lead to
a scour-induced punch-through failure with potentially catastrophic consequence during jackup operation.
Therefore the potential for scour to occur around a spudcan installed on sand should be
considered during the site operability assessment.

61

InSafeJIP Guideline

Where scour is identified as a potential problem then regular seafloor inspections or survey
by remotely operated underwater vehicle (ROV) are required, and if remedial and
preventative action is required this may be achieved by :

• Placement of sand / gravel bags, or gravel dump around the spudcans, or beneath
them prior to installation
• Increase of spudcan penetration depth by jetting and / or cyclic preloading
• Installation of scour protection mattress and / or artificial seaweed
The effects of scour may be reduced by the use of caissons or skirted spudcans. Detailed
information regarding scour development and protection is discussed elsewhere, e.g.
Rudolph et al. (2009).

5.3 Perforation drilling
If an unacceptably high punch-through risk has been identified so that safe jack-up
installation cannot be achieved by preloading techniques in accordance with Section 6.2, and
it is not possible to avoid this risk by relocation, then ground modification by perforation
drilling may be considered as an option to reduce the punch-through risk.
Review of case studies indicates that perforation drilling has been performed to various
degrees of success. The ability to reduce the punch-through risk by perforation drilling
depends on the percentage reduction in the ratio of the reduced peak to the minimum postpeak bearing resistances, QV , peak QV ,min . A reduced ratio of unity or less means that the
punch-through potential has completely been eliminated, although this may not be either
achievable or necessarily required.
If perforation drilling is considered a viable option for safe jack-up foundation installation then
the following issues should be addressed:
Soil type - Ground modification by perforation drilling is generally more suited to
predominantly clay than sand ground conditions. In (clean) sand ground, it is difficult to
ensure that the drilled holes can remain open and that the sand is not mixed with the
underlying clay. However, degradation of the bearing capacity of thin cemented sand layers
should be possible.
Perforation distribution pattern - The perforation drill hole distribution commonly used is
an equilateral triangular grid within the spudcan footprint. A greater reduction in the punchthrough resistance ratio may be achievable with an increased density of perforations located
within and outside the spudcan periphery.
The as-constructed hole pattern may not be as regular as planned due to drillbit positioning
control, hole collapse, hydraulic fracturing and linkage between adjacent perforations due to
excess drilling (water or air) pressure etc. The expected reduction in the punch-through
resistance ratio should be re-evaluated on completion of the drilling operation.
Optimum perforation spacing - The drill hole “perforations” are typically constructed by
open flush rotary drilling methods using a 26-inch bit sometimes coupled with a 36-inch hole
opener, which forms a hole of the bit diameter (or hole opener diameter if it is used) or
perhaps slightly greater due to drill string flexibility and soil wash-out.
The drill hole spacing (centre-to-centre) determines the efficiency of the perforation drilling
scheme. As the drill string is unrestrained at the seabed the drill hole spacing has to be large
enough so that the bit does not wander into either the target location of a hole to be drilled or
a previously drilled hole. Experience suggests that the efficiency of perforation drilling
reduces once the spacing falls below about 2.3 hole diameters. However, increasing the
hole separation results in fewer perforations and less total soil removal. If an inadequate
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number of perforation holes are drilled then the process will not succeed in removing the
punch-through risk.
Perforation depth - There is no clear evidence to suggest that advancing the perforating drill
holes beyond the stronger upper layer (overlying a weaker layer and hence providing the
punch-through mechanism) reduces the punch-through risk. Extending the perforations into
the underlying clay layer would reduce the overall bearing capacity profile which includes
QV , peak and QV ,min but the reduction in the QV , peak QV ,min ratio is likely to be marginal.
Unless the applied preload is larger than the reduced QV , peak , the punch-through risk will
remain, albeit at a lower load level.
Drilling technique - To date perforation drilling has been achieved using the rotary open
hole water flush method. If insufficient flush rates are used then the disturbed soil may not
be removed from the hole. On the other hand, if excess drilling pressures are applied then
this may lead to hydraulic fracturing and linkage between adjacent perforations. Both
scenarios significantly reduce the effectiveness of the operation.
By using reverse circulation (i.e. using an airlift to remove cuttings from the base of the hole
up through the centre of the drill string to surface) the effectiveness of the excavation, and
hence overall process, may be increased as the material removal efficiency would improve.
As this method may not yet have been specifically used for perforation drilling it is not
possible to confirm its efficiency, reliability or the system availability on vessels so far used
for this operation.
The drilling operation can only be performed under favourable weather conditions so that
correct positioning and handling of drill bit can be achieved. The availability of suitable
weather conditions is therefore an important consideration.
Theoretical assessment - The reduced QV , peak after perforation drilling is often estimated
by multiplying the original QV , peak by the percentage (%) of soil volume removed from the
ground bounded by the spudcan footprint. However, this crude estimation may not be
applicable as experimental data suggests that factors such as perforation distribution pattern
in particular, perforation depth, drilling methods etc. may significantly affect the reduction of
QV , peak . These issues are discussed in greater detail in Appendix A5.3.1.
If a perforation drilling operation is not performed as planned, e.g. a significant number of
holes have collapsed, drilling is halted due to insufficient drilling pressure, occurrence of a
mix of hard and underlying soft materials etc, in which the hard layer is weakened but not to
the desired level, the actual reduced QV , peak cannot be expected to be assessed to a high
level of accuracy. Therefore jack-up installation following perforation drilling at such a
location should be conducted with extreme caution.

5.4 Other ground preparation methods
Other potential measures to mitigate punch-through may include :

• construction of gravel berms to form a strong supporting layer in order to increase the
foundation bearing capacity,
• leg working with the help of acceptable wave action to weaken the thin strong layer so
that the layer is driven through and the legs are safely found below the strong layer,
• using a jack-up with skirted spudcans, which will develop a different vertical bearing
capacity profile. Centrifuge tests showing cases of reduced punch-through risk are
detailed in Teh et al. (2008) and Gan et al. (2010) in which the amount of the
reduction was shown to be primarily governed by the ratio of skirt height to the strong
soil layer thickness.
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Guidance as to the relative success or problems associated with these methods is not
provided here as relevant field data were not made available to the InSafeJIP.
Where a spudcan is located in or nearby an adjacent spudcan footprint there may be a
tendency for the spudcan to slide towards the centre of the footprint. This displacement may
be relative to the other spudcans so that excessive lateral forces and bending moments may
be developed. This phenomenon is referred to as spudcan-footprint interaction, or “SFI”. If
possible the jack-up should be positioned so that its spudcans are not influenced by the
presence of footprints. As the subject of SFI is excluded from the InSafeJIP work scope the
subject is not discussed further here.
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6. Jack-up installation, operational considerations and spudcan
extraction
6.1 Background and aims
Once a jack-up is selected as a candidate for operations at a location a site specific
operability assessment should be conducted. During this assessment any potentially
problematic foundation conditions during installation, operation and extraction should be
identified. These potentially problematic conditions could possibly be avoided, prevented, or
mitigated with the implementation of appropriate procedures.
This section addresses jack-up foundation issues during unit installation, operation and
removal.

6.2 Installation procedures
All jack-ups have marine operating procedures which are to be followed implicitly unless
under extraordinary circumstances whereupon the owners’ authority would be required for
procedural amendment.
For the purpose of planning jack-up operations, within the context of the ground conditions,
the following information should be available:

• Rig preloading capacity and operating limits - Installation and operating loads, hull
inclinations, extraction capacity etc. to remain within specified limits.
• Foundation performance – Geophysical site survey and geotechnical site
investigation reports (requirements: see Section 2) should be available with any / all
potential foundation risks identified during the site operability assessment (see
Section 4) and procedures for managing any potential risk defined for jack-up
installation, operation and removal.
• Weather forecasts and metocean data – Jack-up installation and demobilisation
operations require periods of suitable weather conditions in order to minimise the
effects of environmental loads acting on the structure. Reliable weather forecasts will
be required. The site specific meteorological data (contained in the “Spot Location
report”) will have been used for the site operability assessment, conducted prior to
unit installation.
The installation procedure may be planned in accordance with the Marine Operations Manual
(MOM) and should be managed by suitably qualified, trained and experienced personnel who
understand the procedures and potential foundation risks with the ability to plan and safely
manage any potential risks.
For self-elevating independent three leg jack-ups the unit specific MOM should specify a
preloading sequence. This sequence may be by simultaneous or prescribed preloading, or a
combination of both, as defined below :

• Simultaneous preloading (also known as “all-round” preloading), in which during
preloading the hull is held with minimal draught or airgap and the preload is
incrementally increased on all the legs simultaneously.
• Prescriptive preloading (also known as “leg-by-leg” preloading), in which during
preloading the hull is kept at, in or close to water level, with each individual leg
preloaded by sequential filling and discharge of selected preload ballast tanks. The
final preloading phase may be by all-around loading with the foundation load unlikely
to exceed the previous maximum load applied during the final individual leg
preloading phase. Prescriptive preloading takes longer than all-around preloading
and is considered to be safer particularly where punch-through risk(s) have been
identified.
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The number or preloading phases required is usually a function of the spudcan penetration,
the allowable maximum airgap during preloading and the tidal range.
In certain situations in order to manage any potential foundation risks identified during the
site operability assessment it may be necessary to amend the installation procedures as
provided in the jack-up’s MOM.
During the installation preloading process it is important to monitor and record the loadpenetration response for each spudcan and identify any difference in the individual leg
behaviour and any deviation which may occur from the predicted response. Should any such
deviation be apparent then this should be investigated and appropriate action taken (refer to
Section 4.8.2).
Foundation conditions which may affect the jack-up installation process include :

• Punch-through – potentially occurs in ground exhibiting post-peak reduction in
bearing resistance, in which exceeding the peak bearing resistance would result in
excessive and uncontrollable spudcan settlement and loss of hull trim. Refer to
Section 6.2.1 for remedial action during punch-through.
• Toppling failure – where the rate of increase in soil strength and bearing capacity is
lower than the rate of load increase on the downward leg caused by the structure
toppling as the load on this leg increases with a shift of the rig’s centre of gravity. As
the unit topples further so the bearing capacity decreases with increasing vertical,
lateral and moment loads. This progressive failure continues until either the bearing
capacity increases or the foundation loads decrease as the hull enters the water.
• Set-up effect – refers to the strengthening of a localised soil zone beneath the
spudcans during a delay in the preloading process due to consolidation and / or
thixotropy. The load required to re-instigate penetration may exceed the previously
applied and hence may cause sudden rapid penetration or punch-through.
• Continuous leg settlements during preload holding – this can occur in soil with high
plasticity due to viscous effects and soil consolidation under load, or in partially
drained soils which may lose strength with time while under load.
• Backflow – backflow of soil on top of the spudcan increases the load on the foundation
thereby increasing the bearing capacity required to support the footing. In soft clay
and sand immediate backflow will be triggered when the widest spudcan diameter is
below the mudline. The backflow depth in other soils can be determined from Section
4.3. Where backflow and / or infilling occurs following installation preloading the
leeward leg foundation may have inadequate capacity to withstand the design storm
load condition.
The purpose of holding the preload for predetermined periods is to ensure that during
operation, with the hull jacked to operating airgap, any additional leg settlement, equal or
otherwise, will be minimal and manageable.
Recommended preloading strategies for spudcan installation in single soil layer and stronglylayered soils are provided in Tables 6.1 and 6.2, respectively. It should be noted that in all
cases, the following recommendations apply :

• At all times the hull inclination and rack phase difference (RPD) should be closely
monitored, and remain within the allowable limits.
• The preload should be held until leg settlements have ceased or have decreased to an
acceptable rate and no further backflow is expected.
• The preloading procedure should be conducted in accordance with the MOM. Where
deviation from the MOM is required express permission should be sought from the
owner with such action endorsed by the appropriate authorities, (for example the
owner designer, Marine Warranty Surveyor etc.)
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Table 6.1: Recommended preloading strategies for spudcan installation in single-layered soil

Very soft to soft
CLAY or very
loose SILT with
zero or low
increase of bearing
capacity with depth

Spudcan penetration response
Deep penetration
(typically z final ≥ 2 D )

Fv,0 Fv,100

Qv

Preferred preloading strategy
- Simultaneous preloading with standard
air gap. Consider leg-by-leg preloading if
installation alongside a platform or in
comparatively deep water where toppling
control could be potentially problematic.

Risks/ undesirable
phenomena
- Susceptible to set-up effects
(and hence leg runs / punchthrough).

- High, possibly differential leg
penetration rates which may
- If penetration rate is excessive, preload lead to toppling and excessive
in several phases of incrementally RPD’s. The process is to be
increasing load.
carefully managed.
- Continuous leg settlements
during preload holding phase.
Multiple preloading phases
may be required to reach final
stable penetration depth.

z

Soil profile

zfinal > 2D
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Table 6.1: Recommended preloading strategies for spudcan installation in single-layered soil (cont.)
Soil profile

Spudcan penetration response

Soft to firm CLAY
or very loose to
loose SILT with
significantly
increasing bearing
capacity with
depth.

Moderate to deep penetration,
(typically 0.5D < z final ≤ 2 D )

Firm to stiff CLAY/
medium dense to
dense SILT

Shallow penetration
(typically z final ≤ 0.5 D )

Fv,0 Fv,100

Qv

Preferred preloading strategy

Risks/ undesirable
phenomena

- Simultaneous preloading with standard - Susceptible to set-up effects
air gap.
(and hence leg runs / punchthrough).
- Avoid / minimise delays in the preloading
process.
- Continuous leg settlements
during preload holding stage.

z
Fv,0 Fv,100

Qv

- Simultaneous preloading with standard - - Susceptible to set-up effects
air gap and preload holding time.
(and hence leg runs / punchthrough).
- Avoid / minimise delays in the leg
penetration process.
.
- Viscous soil failure at high
preload possibly resulting in
uneven settlements
- Sudden cave-in of cavity
above the spudcan which
could increase the footing load
and cause further footing
settlement.

z
Table 6.1: Recommended preloading strategies for spudcan installation in single-layered soil (cont.)
68

InSafeJIP Guideline

Soil profile
Uniform SAND1

Spudcan penetration response
Minimal penetration

Fv,0 Fv,100

Qv

Preferred preloading strategy

Risks/ undesirable
phenomena

- Simultaneous preloading with standard - Large impact load when
air gap and minimum preload holding time. spudcans first in contact with
the seabed, especially on
dense sands and cemented
materials.
- Insufficient sliding resistance
especially at the windward leg.
- If risk of scouring exists the
consequence of scour should
be addresses and scour
protection
installed
if
necessary (Refer to Section
5.2).

z

NOTE: 1 The recommended strategy is strictly for a siliceous sand soil profile. Where carbonate sand is encountered, the foundation capacity may be
subjected to cyclic degradation and hence different preloading strategy may be preferred (see Erbrich 2005).
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Table 6.2: Recommended preloading strategies for spudcan installation in strongly layered soils
Soil
profile

Spudcan penetration response

Preferred preloading strategy

Severe punch-through potential

- Consider relocating the installation site.

Fv,0 Fv,100

Fv,0 Fv,100

Qv

Strongly
layered
soils

z

OR

Qv

Risks/ undesirable
phenomena
- Punch-through hazard

- If relocation is unfeasible the upper - Refer to Section 6.2.1 for
strong layer could be weakened until remedial action.
punch-through potential is eliminated
prior to installation (refer to Sections 5.3
and 5.4). If installation alongside a
structure then the furthest leg(s) should
be preloaded first (usually bow) so that
hull movements due to unexpected leg
penetrations will be away from the
structure. The prealoading should be
according to leg-by-leg preloading
procedures.
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Table 6.2: Recommended preloading strategies for spudcan installation in strongly layered soils (cont.)
Soil
profile

Spudcan penetration response

Preferred preloading strategy

Rapid leg penetration / Punch-through potential

Fv,0 Fv,100

Fv,0 Fv,100

Qv

Strongly
layered
soils

z

OR

Qv

Risks/ undesirable
phenomena

- An assessment of the controllability of - Rapid leg penetration
punch-through
the potential leg plunge during the or
punch-through in terms of jack-up hazard.
structural integrity should be considered.
- Refer to Section 6.2.1
- Sequential preloading with the hull in for remedial action.
the water with suitable weather window
with minimal wave action is available.
Cautious preload application is required
as the load approaches the peak bearing
resistance. Also be aware of potential
set-up effects.
- If installation alongside a structure then
the furthest leg(s) should be preloaded
first (usually bow) so that hull movements
due to unexpected leg penetrations will
be away from the structure.
- Ensure that final leg penetrations are
such that the spudcans are safely
supported in the lower soil layer.
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Table 6.2: Recommended preloading strategies for spudcan installation in strongly layered soils (cont.)
Preferred preloading strategy

Minimum punch-through potential

- Simultaneous preloading with minimum
air gap several phases of incrementally
increasing load and with longer preload
holding time.

- If risk of scouring exists
the consequence of scour
should be addresses and
scour protection installed if
necessary
(Refer
to
Section 5.2).

- Simultaneous preloading with minimum
air gap and preload in several phases of
incrementally increasing load. Note that
the preloading phases may be
determined by the combined effects of
the rate of load application (which is
mainly governed by the water ballast
pumping rate), spudcan settlement and
tidal conditions

- Susceptible to set-up
effect (in clay / silt layers).

Fv,0 Fv,100

Fv,0 Fv,100

Qv

z

OR

No punch-through potential

Fv,0 Fv,100

Qv

Qv

- Avoid/ minimise delay in preloading
process

z

Strongly
layered
soils

Risks/ undesirable
phenomena

Spudcan penetration response

z

Soil
profile
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above the spudcan will
increase the footing load
and could result in rapid
footing settlement with
effects similar to a punchthrough.
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6.2.1 Remedial action following rapid spudcan penetration
Leg runs and punch-throughs usually occur on a single leg at any one time, although
occasionally more than one leg may simultaneously suffer such an event. On completion of
the punch-through leg settlements the hull may be partially in the water, listing with the legs
inclined. The legs will be resisting large bending moments at the hull interaction points, i.e.
the guide wear plates and jacking pinions.
Following a punch-through the priority should be to jettison the preload ballast by opening the
dump valves. This process is far from instantaneous, however by reducing the hull weight
the structural loads will be reduced. During preload dumping a damage survey and
assessment should be conducted in order to plan the recovery.
Jacking RPD
determinations, and wear plate condition evaluations for all legs, i.e. not only the leg which
has punched-through, should be conducted at this stage.
If the hull trim significantly exceeds that which is allowable as quoted in the MOM, (i.e. is
more than a degree), then jacking should be conducted extremely cautiously in small
increments and on no more than one leg at once and only after dumping all preload and
anything else that can be dumped. If the hull is in the water then, if possible, it is usually
better to jack up on the low side. Simultaneous jacking on both the high and low sides is to
be avoided as this may adversely redistribute the leg moments and lead to structural
overload and damage. During the recovery jacking the RPD and wear plates should
continue to be monitored to avoid overstressing of the leg braces and chords.
Note that the implementation of recovery procedures, following a punch-through, should be
carefully planned and executed with expert advice sought where damage may have
occurred, or may occur during the recovery process. If inappropriate action is taken during
the recovery operation then greater structural damage than caused by the punch-though may
result. The recovery plan will depend on the post punch-through situation, the particular
jack-up design and possibly other factors.
Where a punch-through has occurred and not all the legs have been forced through the
strong layer at the end of the preloading operations then unless the unequal spudcan load –
penetration behaviour can be adequately accounted for by the geological model and
installation method the safety of the installation will require detailed consideration.

6.3 Operational considerations
Following the jack-up installation process, with the hull raised to the required airgap, the legs
are locked in position with the brakes applied and / or chocks fitted. During jacked-up
operations attention should be given to monitoring the hull level for any foundation
settlements which could occur under both ambient and extreme environmental conditions.
Due to the magnitude of the settlements individual leg level monitoring is not always practical
and often differential leg settlements are identified by the hull inclinometers. Therefore hull
inclinations should be maintained within the limits described in the MOM.
For spudcans which are partially embedded or with shallow penetration in granular soils,
scour can result in a reduction of the foundation bearing capacity by removal of soil from
around and beneath the footings. However, for this to occur the currents, wave action or a
combination of both must be severe enough to cause sediment mobility. Minor scour
induced settlements are often referred to as “shakedown” and may be accommodated by
jacking. However where scour occurs it may be necessary to conduct regular ROV surveys
of the foundations, and in extreme circumstances scour prevention, by gravel dumping for
example, may be required. Further discussion on this topic is included in Section 5.2.
Foundation settlements under operational conditions may also result from the imposition of
cyclic loads generated either environmentally or mechanically.
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6.4 Spudcan extraction
On completion of jack-up operations at a site the hull is lowered into the water and the legs
are retracted. The uplift force required to extract the legs from the soil, Fuplift , has to exceed
the soil resistance to extraction, or the “breakout force”, Qbreakout , where:

• Uplift force, Fuplift - The available force Fuplift is governed by the jack-up rack and
pinion capacity and hull buoyancy. This value can be established with a high degree
of certainty and should be assessed before installation.

• Breakout force, Qbreakout - The spudcan / soil breakout mechanism and therefore the
development of Qbreakout is mainly governed by the spudcan embedment depth, soil
type and strength recovery / enhancement of the surrounding soils previously
disturbed by the spudcan penetration as a result of re-consolidation.
Leg extraction difficulties can be caused by a range of soil conditions and most commonly
occurs where the spudcans are deeply embedded in very soft clays and / or very loose silts.
For deeply embedded spudcans in soft clay and / or very loose silts Q breakout can increase
substantially with the length of time the jack-up remains operational at that specific location,
mainly due to an increase in the soil strength beneath the spudcan, thereby increasing the
reverse end bearing. The use of skirted spudcans in soft clay and loose silt conditions is
generally to be avoided as this can result in extremely high resistance to extraction. The
assessment of Q breakout for spudcan extraction in clay is discussed in Section 6.4.1.
The capacity for the jack-up to extract its legs may be assessed prior to installation, where :

Net Fuplift > Q breakout

... (6.4.1)

in which for a given buoyant weight of spudcan, Wspud and leg, Wleg
Net Fuplift = Available Fuplift − Wspud − Wleg

… (6.4.2)

Generic leg extraction procedures are provided in the jack-up’s MOM.

6.4.1

Qbreakout for spudcan extraction in clay

Q breakout is normally developed after a spudcan has been raised about 0.1 to 0.2 spudcan
diameters from its final penetration, h final .

This depth is termed the “breakout depth”,

hbreakout . Depending on hbreakout and the cavity depth, hc , the failure plane during a
spudcan extraction may extend from the spudcan base to the ground surface (for shallow
embedment) or formed locally around the spudcan (for deep embedment). A crude
estimation of Qbreakout for different embedment conditions is given in Appendix A6.4.1.
Other methods can be used if they can be justified.
When cavitation occurs under high uplift force where the spudcan base is separated from the
surrounding soil, maintaining the high uplift force may lead to a brief period of self-
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accelerating spudcan extraction as during post-peak extraction the resistance continuously
decreases but the applied uplift force is (near) constant. The acceleration will decrease as
hull buoyancy, and hence uplift, decreases.
Theoretically, spudcan extraction in clayey soils is considered as an undrained process.
Partial soil drainage may occur if the spudcan is extracted very slowly, or if there are
intermittent pauses during the extraction process. The change in soil drainage can result in
soil strengthening as a result of consolidation and thus increasing the resistance to
extraction.
Soil with higher strength tends to mobilise a wider failure zone and hence develop a higher
Q breakout . When the net Fuplift is insufficient to facilitate extraction, the pull-out time required
may increase logarithmically for unaided extraction method (Lee 1973).

6.4.2 Aided extraction methods for jack-up removal
Where a risk of leg retraction difficulty has been identified i.e. Net Fuplift < Qbreakout the
standard spudcan extraction procedures may be supplemented with the following :

• Water jetting through spudcan nozzles
• Cyclic loads
• Excavation of the soil present above the spudcan
These methods may reduce Qbreakout by either weakening the soil strength, reducing soil
weight or shortening the shear plane, as illustrated in Figure 6.1, and the methods can be
applied individually, simultaneously or sequentially.
The success of these methods is variable and much depends on the local ground conditions,
the spudcan geometry, system efficiency and experience of the operators. The efficacy of
these techniques is discussed further in Table 6.3.
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Top jetting

Bottom jetting

(a) Water jetting

Soil
remoulding

(b) Cyclic loading

Excavation
of top soil

(c) Excavation of top soil

Figure 6.1: Aided extraction methods
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Table 6.3: Aided extraction methods for jack-up removal
Method

Specific purpose(s)

Recommended practice / Cautions*

Water jetting - Application
of pressurised fluid through
the spudcan jetting nozzles
(upper and / or lower
surfaces).

- Base jetting: To reduce the The following comments apply to base jetting.
extraction resistance by altering
- The jetting system should be tested prior to contact of the spudcan with the
the pore pressure component of
seabed at a location. Clearance of nozzles should be ensured and equal pressure
the response.
and flow through the nozzles is preferable.
- Top jetting: To loosen the soil
- Early commencement of jetting i.e. when the hull is still at floating draught is
present around and on top of the
recommended.
spudcan.
- Generally jetting at low pressure / high flow rate is recommended. However, high
pressure / low flow rate may be applied briefly at the commencement of jetting to
ensure the nozzles are unblocked.
This is best achieved by a positive
displacement pump (e.g. mud pump) where the volume of flow can be monitored
and nozzle unblocking can be assured.
- The threshold of hydraulic fracture in the soil provides an upper limit to the jetting
pressure that can be applied to assist extraction.
- Jetting has been shown to be beneficial even if negative pore pressures at the
spudcan base are not fully eliminated (Bienen et al. 2009).
- The reduction of mobilised negative pore pressure/ generation of positive pore
pressure at the spudcan base correlates to the jetting volume. For a given rate of
uplift and spudcan area, the achieved jetting volume underneath the spudcan is
determined by the jetting flow rate applied. Guidance on the required jetting flow
rate for spudcan extraction in normally consolidated clay is provided in Bienen et al.
(2009).
- Once Qbreakout is overcome, application of high volume jetting is expected to lead
to self-accelerating spudcan extraction.
- Extreme caution is to be exercised when disconnecting pressurised jetting hoses.

NOTE: * Compliance of the extraction procedure with the jack-up’s MOM is implicitly assumed.
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Table 6.3: Aided extraction methods for jack-up removal (cont.)
Method

Specific purpose(s)

Recommended practice / Cautions*

Cyclic loads – Effect of - To remould the surrounding soil - Could be effective when the leg has shown signs of movement but then suddenly
small
amplitude
wave under cyclic loading conditions
refused such as when engaging a stiffer soil layer impeding its extraction.
loading
- The wave loading should be sufficiently rapid to avoid consolidation and
strengthening of the soil around the spudcan.
- A case study, including cautions to this approach, is provided by Erbrich (2005)
Excavation of top soil Mechanical removal of soil
resting on the upper
surface of the spudcan.

- To reduce the weight of top soil
and shorten the shear plane
above the spudcan (Figure 6.1c).
However, in all but very deep
penetrations or extended periods
of
jack-up
operations
this
represents a comparatively minor
overall contribution to the uplift
resistance.

- Access to these materials through the leg well and between the leg members can
be difficult.
- The soil excavation method should discharge soil away from the area to avoid
subsequent soil slumping and back-filling.
- Soil excavation tool access to the material located above the spudcan is often
hindered by the poor access due to the cross braces of the leg truss structure and
the vertical inaccessibility due to the hull surrounding the leg. The implementation
of top soil excavation is therefore usually challenging and may be of minimal effect.

NOTE: * Compliance of the extraction procedure with the jack-up’s MOM is implicitly assumed.
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Following leg extraction (with or without aided procedures) the soil within the vicinity of the
spudcan and leg when in the ground would have been considerably disturbed and usually a
surface expression, in the form of a crater remains. These seabed craters are commonly
referred to as “footprints”. The strength of the disturbed soil may vary substantially from the
intact strength, however, to determine such soil strength can be complex as the soil may
undergo the following phases of shearing and consolidation:

• Shearing during spudcan installation first under full preload then unload to operation
load level;
• Consolidation under operational load over the operating period;
• Shearing during spudcan extraction (if with aided procedures, the soil will be further
disturbed);
• Reconsolidation under self-weight following spudcan removal.
Further, due to the large volume of soil displaced during spudcan installation and extraction,
the local soil profile may vary across the disturbed zone in both vertical and lateral directions.
In layered soil systems the spudcan installation and removal process can cause the local soil
stratigraphy to be modified.
To determine the soil strength profile relevant for subsequent jack-up installation careful
consideration should be given to the virgin soil conditions, the effect of the initial jack-up
installations on these conditions, the spudcan bearing stresses and respective observed and
predicted penetrations. Where there is concern regarding the installation of spudcan over
existing footprints additional geotechnical site investigation may be required.
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List of notations
A

=

spudcan widest bearing area

Aeff

=

effective spudcan bearing area in contact with soil

Bq

=

pore pressure coefficient

CoV

=

coefficient of variances

D

=

widest diameter of spudcan/ penetrometer

Deff

=

effective diameter of spudcan in contact with soil

Dhole

=

diameter of the perforation

FV

=

applied/measured/observed vertical force

FV , 0

=

light-ship load

FV ,100

=

maximum preload

Fmob

=

reduction factor for sand bearing capacity

Fr

=

normalised sleeve friction

Fuplift

=

uplift force

G

=

shear modulus

ID

=

relative density

I RD

=

dilatancy index

Ir

=

rigidity index

Ks

=

punching shear coefficient

LL

=

liquid limit

N

=

sampling points

N ball

=

ball factor

Nbreakout

=

breakout factor

Nc , N γ N q = bearing capacity factors
,

N 'c

=

modified bearing capacity factor

N kt

=

cone factor

NT −bar

=

T-bar factor

OCR

=

overconsolidation ratio
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PL

=

plastic limit

Q

=

normalised cone resistance

Qbase

=

base resistance

Qbreakout

=

break-out force

Qcrushing

=

crushing strength

Qend −bearing = bearing capacity of the clay column in the underlying clay
Q shaft

=

shaft resistance of the imaginary stiff clay column

Qshear

=

shear force mobilised along the failure plane above a spudcan

Qside

=

side friction mobilised along the spudcan’s side wall

QV

=

vertical bearing capacity

QV ,min

=

minimum post-peak bearing capacity

QV , peak

=

peak bearing capacity

R

=

spudcan radius

St

=

sensitivity

Tmax

=

maximum torsional moment

Trem

=

remoulded torsional moment

V

=

dimensionless velocity group

VC

=

volume of spudcan full base

Vc

=

volume of spudcan partially embedded base

Vsoil

=

volume of the backfill soil

Vtop

=

volume of the spudcan upper can covered by the backflow soil

Wleg

=

buoyant weight of leg

Wsoil

=

buoyant weight of backflow soil

Wspud

=

buoyant weight of spudcan

a

=

cone area ratio

a

=

hyperbolic fitting constant (Appendix A4.7.1 only)

b

=

hyperbolic fitting constant (Appendix A4.7.1 only)

c

=

hyperbolic fitting constant (Appendix A4.7.1 only)

c'

=

apparent cohesion
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ch

=

coefficient of consolidation for horizontal drainage

cv

=

coefficient of consolidation for vertical drainage

d

=

diameter of penetrometer/ vane blade diameter (only Section 3.3.1.2)

d cone

=

diameter of cone

de

=

equivalent diameter of T-bar

f base

=

factor of strength enhancement due to soil reconsolidation

f top

=

strength reduction factor to account for soil remoulding

f1

=

percentage reduction in the periphery of the clay column

f2

=

percentage reduction in the plan area of the clay column

h

=

spudcan penetration depth measured from the lowest depth of the maximum
plan area / vane blade height (only Section 3.3.1.2)

hbreakout

=

breakout depth

hc

=

critical cavity depth

hcolumn

=

height of soil column remained above a spudcan

hcrit

=

depth of QV , peak , also known as critical depth

h final

=

spudcan final penetration during installation

hlayer

=

thickness of upper strong layer

h'layer

=

effective distance between spudcan base to lower soil layer

hnet

=

net breakout depth (= hbreakout − hc )

h plug

=

height of sand plug

h pt

=

plunge depth

ht

=

height of spudcan upstand, (upstand height of the widest diameter)

m

=

constant controlling dilatancy

n

=

squeezing factor (Section 4.5.2.2)/ number of data point (Section 3.6.1)

n1

=

number of perforations drilled below the spudcan periphery

n2

=

number of perforations drilled below the spudcan plan area

pr

=

pressure (= 1 kPa)

p ref

=

atmospheric pressure i.e. 100 kPa

p'

=

mean effective stress at failure
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qT −bar

=

T-bar penetration resistance

qc

=

measured cone resistance

q net

=

net penetrometer resistance

q net ,drained

=

drained net penetrometer resistance

q net ,undrained = undrained net penetrometer resistance

qt

=

cone resistance corrected for pore pressure effects

su

=

undrained shear strength of clay

su _ tool

=

undrained shear strengths measured using the prescribed tool

sua

=

undrained shear strength averaged over a prescribed distance

sub

=

undrained shear strength of the lower clay layer

subs

=

surface undrained shear strength of the lower clay layer

suh

=

undrained shear strength of clay at depth hc

sum

=

undrained shear strength at mudline

sutop

=

undrained shear strength of the upper strong clay layer

su0

=

undrained shear strength at layer surface

su ,base

=

undrained shear strength of soil beneath a spudcan

su , plugbase

=

undrained shear strength corresponding to the level of sand plug base

su , rem

=

remoulded undrained shear strength

su , side

=

undrained shear strengths mobilised along ht

su

=

mean undrained shear strength

sum

=

averaged undrained shear strength at mudline

su 0

=

averaged undrained shear strength at layer surface

u2

=

pore pressure measured at the cone shoulder

v

=

spudcan/ penetrometer penetration rate

vcone

=

Cone penetration rate

w

=

water content

yc

=

height of the equivalent cone representing the spudcan

ym

=

height of spudcan tip
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z

=

distance from sea floor to spudcan tip/ Depth below mudline

z final

=

final spudcan tip penetration

z

=

mean depth

α

=

spudcan roughness

α LP

=

load spread angle

β

=

spudcan cone angle

Δu

=

excess pore pressure

ζ hγ , ζ hq

=

depth factors

ζ sq

=

shape factor

φ cv

=

critical state angle of friction

φ′

=

angle of friction

φ′pk

=

peak friction angle

γ′

=

buoyant unit weight of soils

γ ′clay

=

buoyant unit weight of clay

γ ′clay,top

=

buoyant unit weight of top clay

γ ′clayb

=

buoyant unit weight of lower clay

γ′sand

=

buoyant unit weight of sand

ρ

=

undrained shear strength gradient

ρ

=

averaged undrained shear strength gradient

σ

=

standard deviation

σ v0

=

total in-situ vertical stress

σ' n

=

effective normal stress applied during direct shear test

σ' h0

=

effective in-situ horizontal stress

σ'v0

=

effective in-situ vertical stress

τ

=

Shear stress
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List of abbreviations
API

=

American Petroleum Institute

ASTM

=

American Society for Testing and Materials

BHA

=

bottom hole assembly

BS

=

British Standard

C

=

complex

CAU

=

anisotropically consolidated undrained triaxial test

CAUC

=

anisotropically consolidated undrained triaxial compression test

CAUE

=

anisotropically consolidated undrained triaxial extension test

CID

=

isotropically consolidated drained triaxial test

CIU

=

isotropically consolidated undrained triaxial test

DS

=

direct shear (Shear box) test

DSS

=

direct simple shear

JIP

=

Joint Industry-funded Project

JU

=

jack-up rig

MinV

=

miniature vane

MOM

=

Marine Operations Manual

MV

=

motor vane

PP

=

pocket penetrometer

PSD

=

particle size distribution

ROV

=

remotely operated underwater vehicle

RPD

=

rack phase difference

S

=

simple

SFI

=

spudcan-footprint interaction

SI

=

site investigation

SPI

=

spudcan-pile interaction

SNAME

=

Society of Naval Architects and Marine Engineers

TD

=

target depth/termination depth

TV

=

torvane

UU

=

unconsolidated undrained triaxial test

UXO

=

unexploded ordnance

VC

=

very complex

WO

=

work-over
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Appendix A2
Appendix A2.1.1: Geotechnical SI planning – Geohazards
The geohazards associated with jack-up rig installations reported by SNAME (2008) are
discussed below in no particular order :
(a) Adverse shear strength profiles – these are profiles which can result in rapid and
uneven spudcan penetration behaviour, and they normally feature one of the following :

• strongly layered systems
• constant shear strength with depth
• weakly increasing shear strength with depth
• decreasing shear strength with depth
Strongly layered systems can also be formed by a stiff over soft clay sequence, with the stiff
material being the result of sub-aerial exposure and desiccation which, for example, is a
common feature in the Sunda Shelf, in Southeast Asia.
A thick layer of soft soil with either constant shear strength or weakly increasing strength with
depth can also be problematic for jack-ups as leaning instability can follow differential
spudcan settlement.
Rapid spudcan penetration can occur if the rate of bearing capacity increase is inadequate to
resist the rate of loading increase, imposed by the shift of the toppling structure’s centre of
gravity. The vertical bearing capacity of the settling leg may also be degraded as lateral and
moment loads are applied as the structure topples.
A sudden increase in footing load caused by the collapse of soil on top of the spudcan could
also lead to jack-up instability and result in adverse footing penetration.
Any such resulting rapid leg penetration which occurs such that the hull trim cannot be
maintained within its allowable limits by jacking may be described as a “punch-through”.
Punch-through failure is possibly the most hazardous of all the geohazards for jack-up
foundations, and is responsible for more than half the events accounting for loss of life,
injury, structural damage etc.
The potential of foundation failure due to adverse shear strength profiles should be identified
during the geotechnical site investigation and considered during the site assessment prior to
jack-up installation.
(b) Jack-up footprints - The creation of jack-up footprints on the seabed can present a
hazard for future jack-up operations particularly if the foundation geometry of the new jack-up
is incompatible with the unit initially installed. Incompatible spudcan-footprint-interaction
(SFI) can cause adverse spudcan displacement resulting in an inability to install the jack-up
in the required position, leg splay (inwards and outwards), unacceptable rack phase
difference (RPD) and at worst structural damage. Geophysical techniques such as sidescan
sonar and multibeam echosounder can be used to generate images of existing footprints
(provided they have not become fully backfilled and their surface expression obscured) which
can then be assessed in order to evaluate the risks associated with subsequent jack-up
emplacement.
(c) Spudcan extraction – Extraction of spudcan leg(s) can be problematic due to the
following :
- Deep penetration beyond a given specification within the jack-up manual
- Spudcan embedded below a thick crustal material or penetrated deeply into a thick
layer of silt or a partially drained stratum
- Extended period of operation time
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- The use of inappropriate spudcan design in soft soil conditions (for example caisson
footings with inadequate jetting systems)
- Footing loaded at close to maximum preload pressure over a substantial period of time
in which case the soil underneath the spudcan is strengthened significantly
More discussion on spudcan extraction is given in Section 6 of the Guideline.
(d) Seabed mobility (sand wave migratory field) and scour – These geohazards are
broadly confined to comparatively shallow waters with significant currents, and perhaps wave
induced water velocities, which create bed shear of adequate strength to mobilise granular
soils. The most obvious surface expression of mass soil mobility is a sand wave field.
Locating jack-ups on mobile sediments, particularly sand waves, is generally to be either
avoided, or designed for by the use of scour prevention methods.
For a surface supported spudcan on granular soil the imposition of such a seabed
obstruction will induce locally increased current flow, which can result in localised material
mobilisation. Where this results in a net removal of soil scour pits will develop and material
removal from around and beneath a spudcan will reduce the soil bearing capacity. Therefore
the scour process can affect the foundation stability especially where the surface sand upon
which the spudcan may be founded is underlain by a weaker material.
With partial undermining of a spudcan by scour high concentration of eccentric loads can
occur which can affect the structural integrity and foundation stability.
The change in seabed condition can be checked by divers or using multibeam echosounders
and sidescan sonar, although the worst scour condition is likely to occur at the height of a
storm, at which point it is unlikely that it would be possible to survey the excavation, which
may be expected to partially infill as the storm abates.
(e) Ground instability (mass down-slope movement) - Subsea landslides may constitute
a geohazard for jack-ups. The size of subsea landslides can range from small and
superficial drape slides to colossal down-slope mass movements. As a consequence an
understanding of the seabed morphology and geology for a large area should be acquired
when assessing an area for a jack-up installation. Desk studies should provide an idea of
the risk presented by land sliding allowing the site investigation to be designed with the
presumed risk addressed. Geophysical surveys such as the multibeam echosounder or
sidescan sonar can be used to assess the potential for mass sediment failure by flow and / or
sliding.
Geotechnical borehole analysis and soil testing, together with piezometer installation can
also be used to assess the potential for soil mass instability. Age dating can also be useful in
understanding the history of slope instability over an area of development interest.
(f) Seabed obstructions (manmade or natural) - Environmental obstructions include coral,
outcrops and protected habitats which are under legislation such as 92/43/EEC on the
conservation of natural habitats; and of wild fauna and flora which designates areas into
annexes depending on the level of protection and conservation. The implication of locating a
jack-up rig at an Annex 1 habitat is serious and should not be overlooked. Grab samplers
and underwater cameras can be used to identify seabed obstructions.
Human debris and artefacts are commonly found on the seabed where human activity is
greatest and they include: borehole cutting mounds, drilling grout spills, pipelines, cables and
wrecks as well as UXO, (and dumped materials such as rubber tyres, concrete blocks,
ladders, fenders, umbilicals, cables, fibre optics etc). Human debris is often metallic and
identifiable by magnetometer and perhaps sidescan sonar survey if present on the surface.
(g) Sloping strata (seabed or buried) and infilled channels - Sloping strata can cause a
sliding hazard for jack-ups as during initial loading the legs could slide downslope which may
result in structural damage (unacceptable RPD etc).
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In the worst case the legs could splay to such a degree that they become jammed in the
guides, causing a “bind” situation where the jacking system is unable to move the hull on the
legs.
The angle at which sloping strata may become a problem is site specific. However, as a
general guidance, a seabed gradient of greater than 2° to 4° would be more commonly
regarded as the upper limit before one should consider the potential for leg sliding or
eccentric foundation support.
Sub-bottom profilers can be used to determine the dip and strike of the soil layers and this
can be interpreted in association with geotechnical data during development of the ground
model.
The presence of paleochannels or infilled ice gouges could also be hazardous to the rig
installation when one or two legs are installed in the infilled area whereas the remaining
leg(s) is in non-infilled ground. The infilled area normally contains unconsolidated (or less
consolidated) sediments than the surrounding soils. Channel infill re-worked materials can
be extremely variable and lead to large differential leg penetrations. Emplacement of leg(s)
within infilled channels and at the steep shoulders should generally be avoided.
(h) Foundation overload – Foundation overload can occur during ultimate storm conditions
where the loads and displacements exceed allowable limits.
If the jack-up site specific operability assessment has been suitably conducted then this
situation should not theoretically arise.
(i) Other hazards - Other hazards include jacking delays, alteration of foundation soils after
the initial visit, insufficient leg length, shallow high pressure venting gas (or loss of well
control) that undermines the foundation soils, adverse spudcan-pile, spudcan-pipeline
interaction etc. Although these situations may be potentially hazardous to safe jack-up
installation, operation and / or removal, they are not discussed further here.
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Appendix A2.4.1: Geotechnical sampling - Sample disturbance and precautions
Sample disturbance affects the determination of strength parameters. Unless laboratory
strength testing is performed on high quality samples it will not be representative of in-situ
soil behaviour (Lunne et al. 2008). The main causes of sample disturbance are (Lunne and
Andersen 2007) :
1. Soil disturbance due to the drilling process.
2. Disturbance introduced by pushing the sample tube into the soil.
3. Stress relief as the sample is brought up to deck (especially if gas is present in-situ).
4. Handling, storing and transportation of the sample to an onshore laboratory.
5. Laboratory testing equipment and procedures.
Heave compensation of the drilling and sampling equipment (preferably by a “hard-tie”
system) is crucial to minimise sample disturbance, ensuring that the drill string is not
reciprocated unduly or unintentionally relative to the undisturbed soil. Such motions disturb
the soil ahead of the drill bit and limit the ability to acquire high quality samples. Experienced
drillers are able to minimise the downhole soil disturbance by the control of bit weight,
rotational velocity, flush pressure and flow rate during bit penetration and hole cleaning
operations.
Offshore geotechnical drilling spreads typically comprise open flush rotary systems with an
over-bored API 5” drill string through which sampling and testing systems are deployed. The
tools may be run-in by wireline or umbilical and latch in to the bottom hole assembly (BHA).
The drill bit is attached to the base of the BHA, above which are weighted collars with joints
of pipe above.
Each specialist geotechnical drilling vessel carries a range of sample tubes for soil sampling,
with the most common being the thin walled “Shelby tube” which consists of a thin-walled
steel tube whose lower end is chamfered to form a cutting edge. The area ratio is
approximately 10% with standard 76.2 mm external and 72.9 mm internal diameters. The
maximum tube lengths are typically in the order of 1 m, with the top 100 mm being used for
fixing the tube to the drive head. Shelby tubes can provide high quality undisturbed samples
in soft to stiff cohesive soils, including sensitive clays, provided that the soil has not been
disturbed by the drilling process.
The quality of samples obtained with tube samplers depends on the geometry of the sampler
(DeGroot and Sandven 2004, Hight and Leroueil 2003), with influences including sharp
cutting shoe, minimal inside friction, an area ratio smaller than 17%, and constant velocity
penetration.
Hydraulically driven Shelby piston tube samplers are generally considered to be of the
highest quality achievable when using downhole drilling equipment.
Shelby tubes may be unable to retain clean granular soil samples and some operators use
modified tubes with core catcher systems which create greater soil disturbance but increase
the probability of acquiring soil samples. In harder ground percussive sampling or perhaps
rotary (piggy-back) coring systems may be employed. Percussive sampling systems
generally provide highly disturbed, low quality samples.
Once the sample tube is recovered to deck it is taken to the soil laboratory, where the
sample ends are cleaned and inspected. If the soil at the bottom of the sample tube is
identified as a clay, and where granular inclusions are not expected, then a laboratory motorvane test may be conducted.
If this test is not conducted, or following the test, the soil is extruded from the sample tube by
an hydraulic actuator, preferably in the direction in which it was sampled in order to maintain
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the stress regime present within the sample, as opposed to reversing it and causing
additional disturbance. Often it may not be possible to extrude the soil in the preferred
direction due to the extruder assembly design.
On extrusion the soil sample is carefully inspected with any soil cuttings removed from the
top of the sample and excess drilling fluid, if present, removed. The length of the sample is
then measured, photographed and described by a trained soil technician, geologist or
geotechnical engineer. At this stage it is important to note whether there are any obvious
signs for interstitial gas expansion in the form of sample expansion, or the opening of
expansion cavities, or gas blister on the sample external skin.
It may be possible to identify obviously disturbed soil within the sample, and if present this is
likely to be within the upper section. The zone of disturbed soil will extend below the last
(nominal) depth of drilling (Lunne and Andersen 2007). Soil within this section may be useful
for descriptive purposes but caution should be exercised when interpreting the results of soil
tests when they are conducted on disturbed materials.
Lengths of sample are selected for laboratory testing, with undisturbed clay samples being
cut in lengths of approximately 150 to 180 mm lengths for either UU testing offshore, or
preserved in clingfilm, wrapped in aluminium foil, and then placed in cardboard tubes with the
annulus usually filled with molten paraffin wax. The preserved samples are taken to an
onshore laboratory for additional testing.
For specific engineering applications, such as detailed cyclic soil testing for example,
samples may be sealed in the sample tubes and extruded onshore following examination by
unobtrusive methods, for example by X-Ray photography, although this procedure is
currently seldom, if ever, conducted for jack-up site investigations. X-raying the sample
before extruding the sample allows for the detection of potential disturbed zones (cracks,
remoulding etc) before opening the liner and allows selection of representative samples for
laboratory strength testing (Borel et al. 2005).
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Appendix A2.4.2: Geotechnical field testing – Offshore cone penetration tests
In the cone penetration test a conical penetrometer is pushed into the soil at a constant rate.
Typical dimensions of the cone are an apex angle of 60° and a diameter of 35.7 mm (giving a
cross-sectional area of 10 cm2) with a 150 cm2 friction sleeve. Most offshore cone testing
nowadays incorporate a pore pressure sensor (so-called piezocone), with the most common
location for pore pressure measurement being the cone shoulder ( u 2 position, see Figure
A2.4.2.1). The standard rate of penetration is 20 mm/s (ISSMGE 1999). In downhole mode,
the test is conducted in pushes of, typically, 1m, 2 m or 3 m to a maximum of 4.5 m strokes;
the cone equipment is then recovered to deck and the zone disturbed by the cone is then
drilled out. After that a further piezocone test may be conducted, or alternatively a sample
may be taken. Piezocone testing strokes of only 1 m are to be discouraged, and 3 m (or
greater) is recommended, as this minimises the loss of data between pushes, and the effects
of disturbance during drilling. Whilst the test procedure is reasonably straightforward it does
require strict adherence to the specification as otherwise the success of the test may, to
some degree, become operator dependent (provided of course that the mechanical system is
reliable).

Figure A2.4.2.1: Terminology for piezocone (Lunne et al. 1997)
(a) Assessment of quality
Zero readings should be taken (and reported) before and after a piezocone test, with the
cone on deck prior to running down the drill string, with the tip just above the soil and the
load cells being allowed to stabilise at the ambient temperature, and following the test at the
BHA, and again when returned to deck. Changes in the zero reading, referred to as zero
drift, arise from changes in temperature and other influences and need to be taken into
account when analysing the data (Peuchen et al. 2005, referencing ISSMGE 1999). Effects
of zero drift are generally only significant in soft clays, with strengths below 30 kPa, but it
should be borne in mind that most piezocone tests conducted offshore only guarantee Class
3 accuracy, which allows up to 400 kPa error in the cone resistance (NORSOK 2004).

(b) Cone size
Although the standard cone tip area is 10 cm2, the larger 44 mm diameter (15 cm2) cone is
becomingly increasingly popular, and cone sizes of 25 mm (5 mm2) to 50 mm (20 cm2) are
permitted in guidelines. In addition, mini-cones of 15 mm diameter (1.75 cm2) are
occasionally used, pushed continuously from the seabed to depths of up to about 10 m
(Watson and Humpheson 2005). Reasons for variation in the net cone resistance deduced
from tests using different cone sizes include :
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• Accuracy of correction for pore pressure acting on the back of the cone, with the
correction typically increasing (and becoming less accurate) for the smaller the cone size.
• Minor variations due to different strain rates (proportional to penetration rate, vcone ,
divided by cone diameter, d cone ).

• Effects of soil structure (grain size, uneven cementation, silt lenses, fissures), which will
tend to increase the cone resistance as the cone size reduces.
• Partial consolidation, a function of vconed cone / cv , where cv is the consolidation coefficient,
which can also lead to increased cone resistance as the cone size reduces.
These effects have been discussed in relation to platform design and spudcan penetration
prediction by Watson and Humpheson (2005) and Erbrich (2005).

(c) Pore Pressure Measurement
Pore pressure measurement in cone tests should be standard for the following reasons:

• Pore pressure measurement enhances the profiling capability of the cone penetrometer,
allowing identification of soil type in each layer (Schnaid et al. 2004).
• Pore pressure affects the cone resistance measurement because it acts on the outer
annulus of the back of the cone, reducing the resistance measured by the load cell. It is
vital that the cone tip resistance qc should be corrected for pore pressure effects to allow
accurate soil characterisation, and that site investigation reports provide corrected (total)
cone resistance, qt . The net cone resistance, q net is then obtained by subtracting the
overburden stress.
• Pore pressure measurements allow the evaluation of drainage conditions during
penetration, including identification of partial drainage in intermediate soils (Schnaid et al.
2004), using the non-dimensional parameter V = vd / cv (Finnie and Randolph 1994).
This will aid the correct assessment of representative soil parameters. Intermediate soils
are typically characterised by an increase in penetration resistance (due to partial
consolidation) but a decrease in excess pore pressure ratio, Bq , and unless partial
drainage is detected, the undrained shear strength of the soil can be significantly
overestimated with serious consequences for bearing capacity (load-penetration)
predictions (Randolph 2004, Erbrich 2005, Schneider et al. 2008).
The main advantages of cone penetration testing are the continuous resistance profile that is
achieved, elimination of sample disturbance effects and the extensive experience for
interpretation of soil type and estimating soil parameters from correlations (Lunne and
Andersen 2007). Contrary to other published advice (e.g. Borel et al. 2005) it is not
recommended to perform discontinuous piezocone penetration tests alternating with soil
sampling (or strength testing using other methods) which may result in large degree of
disturbance, and therefore scatter and uncertainty, introduced to those alternative shear
strength measurements. Ideally, Lunne and Andersen (2007) recommend the use of two
continuous profiling methods, such as for example the piezocone and the T-Bar or Ball (see
later) tests, to evaluate the shear strength, however, this is infrequently plausible for jack-up
geotechnical site investigations where dedicated geotechnical drilling spreads are typically
used, and for which T-Bar tests cannot currently be conducted within a 5” API drill string
(note that piezocone and Ball penetrometer tests can be conducted with a 5” API drill string).
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The advancing piezocone test anticipates the effect of a weaker or stronger layer below
before the cone tip enters the layer, and needs significant penetration (5 to 10 diameters)
into a new layer before it reaches a steady state resistance.
By contrast, the cone friction sleeve will measure the average friction of the material as it
passes through it. This measurement may therefore be helpful in defining layer boundaries.
However, the low reliability of friction sleeve data (refer to Section 3.2) should be borne in
mind.

(d) Dissipation tests
In sediments containing a significant proportion of silt, dissipation tests can be conducted in
order to estimate the consolidation coefficient of the soil, and hence estimate (from the
normalised velocity, V ) whether the cone test is likely be influenced by partial consolidation.
Intermediate or partially drained soils can be identified by reference to the normalised cone
resistance, qnet / σ 'v0 and pore pressure coefficient, Bq = Δu / q net , or the excess pore
pressure ratio,

Δu / σ 'v0 .

When dissipation tests are conducted they are normally performed at the end of individual
strokes in the soil layer of interest. The change in pore pressure is measured until at least
50% of consolidation is achieved. While dissipation tests do not provide reliable estimation of
cv (strictly the consolidation coefficient for horizontal drainage, ch ) in partially drained soils
(Schneider et al. 2007), it is still helpful to consider the qnet / σ 'v0 , as a function of V , in order
to identify zones where partial consolidation may have affected the cone resistance. This
would allow correction for partial consolidation to be performed on the cone resistance before
it is used to derive undrained shear strength. The non-dimensional groups Bq or Δu / σ 'v0
are also useful in that regard (see Randolph 2004). However, these tests are not currently
conducted during jack-up geotechnical site investigation partly because it requires longer
testing time particularly in clay, and additionally few contractors are able to perform them. In
fact, the testing time to reach 50% of consolidation in intermediate soils (with ch = 100 to
10,000 m2/yr) is reasonably short i.e. < 10 min (Mayne et al. 2001). This test duration is
estimated for a 10 cm2 piezocone with the pore pressure measurement located at the cone
shoulder, which penetrates into soil with rigidity index ranging from 20 to 500. Therefore, in
areas where partially drained soils are known to be potentially problematic for jack-up
foundations dissipation tests could be conducted and the data would provide valuable
information for bearing capacity prediction and assessment of installation options. The data
is also useful for jack-up leg extraction.
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Appendix A2.4.3: Geotechnical field testing – full-flow penetrometer penetration
tests
In the last decade, the use of full-flow penetrometers such as the cylindrical T-bar, and
spherical ball penetrometer, has increased particularly in deepwater sites, generally
supplementing cone testing (Randolph et al. 1998, Lunne et al. 2005). Although they are
seldom employed during jack-up geotechnical site investigations for reasons previously cited,
these devices offer potential advantages over the cone :

• Minimal correction for pore pressure and overburden stress, and also a higher signal
(change in resistance) relative to the hydrostatic head; both of these are due to high area
ratio, with the projected area of the penetrometer being typically 10 times that of the shaft.
• Flow mechanisms that are more amenable to analysis and hence theoretically based
resistance factors from which to deduce the shear strength of the soil; current solutions
allow for the effects of strain rate and softening of the soil (Zhou and Randolph 2009).
• Monitoring of the penetrometer resistance during extraction provides an estimate of the
soil sensitivity, and also indicates any potential zero drift of the load cell; in principle the
same could (and should) be done with a cone penetrometer, but is seldom, if ever, done.
• Cyclic penetration and extraction tests allow the remoulded penetration resistance to be
measured, hence allowing estimation of the remoulded shear strength of the soil and its
sensitivity. This has direct application to spudcan penetration calculations.
A joint industry project was undertaken jointly between the Norwegian Geotechnical Institute
and the Centre for Offshore Foundation Systems, reviewing the use of in situ penetrometer
tests (cone, T-bar and ball) for estimating intact and remoulded shear strengths in soft
sediments (Low et al. 2010). The recommended resistance factors are summarised in
Section 3.3.1.1.
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Appendix A2.4.4 Geotechnical field testing – In-situ vane tests
In-situ vane tests (also referred to as remote vane tests) may be conducted using a
downhole tool or, at shallow depths, from a seabed rig. Unlike the continuous profile
obtained from a penetrometer, in situ vane testing only provides strength measurements at
discrete depths.
There are several sizes of in-situ vane with diameters ranging from 38.1 to 65 mm. The most
commonly used in-situ vane is 65 mm in diameter and 130 mm high, with net area ratio of
around 9 to 11% and perimeter ratio of 3 to 4%. Shear strength measurements are affected
by the thickness of the vane blades due to the related disturbance (Cerato and Lutenegger
2004). The standard penetration rate shall not exceed 25 mm/s, after which a waiting times
of 2 to 5 minutes is applied before the vane is rotated at 0.1 or 0.2°/s (NORSOK 2004). The
testing procedure in a vane test is important as the strength measured is sensitive in
particular to the wait period before rotation as well as the rotation rate (Chandler 1988), with
potential overestimation of undrained shear strength in silty soils due to rapid consolidation
following insertion of the vane. Offshore in-situ vane shear measurements are not usually
corrected at all, which differs from onshore practice (Aas et al. 1986, Kolk et al. 1988,
Randolph 2004). Some possible reasons for this deviation include (i) some reported offshore
cases where the su measured by McClelland remote vanes were found comparable to those
measured by miniature vane and UU on 3-inch pushed samples (Quiros et al. 1983); (ii) the
net effect of plasticity index PI on the vane shear measured shear strength may not exist
(Terzaghi et al. 1996, Mayne et al. 2001); and (iii) the insertion of some offshore vanes which
are operated by offline system inherently causes soil disturbance, producing a measured su
value that is lower than the actual one (Randolph 2004). However, reasons (i) and (ii) may
be valid only for the specifically mentioned marine sediments and loading conditions.
Vane tests are commonly used to estimate the remoulded shear strength and hence the
sensitivity, St , for the soil. The knowledge of remoulded shear strength is useful for the
design of jack-up revisit. However, current offshore equipment is not designed to allow rapid
rotation of the vane for 10 revolutions at a rate ≥ 4 rev/min recommended to remould the soil
before measuring the remoulded strength (NORSOK 2004). Instead, the common offshore
practice involves determination of peak and remoulded shear strengths from a continuous
measurement of torque-rotation curve. For a full vane shear test which includes rotation at
0.2°/s from 0° to 90°, remoulding over 180° at 0.6°/s and the remoulded/ residual strength
phase over a final 90° at 0.2°/s, it requires 20 min of testing time. Despite the test adopting a
shortened procedure, it is still considered quite long for an in-situ test by today’s standards
(Peuchen and Mayne, 2007). Because of this in-situ vane tests conducted offshore are
rarely continued for more than half to one revolution, and thus will tend to overestimate the
remoulded shear strength, underestimating the sensitivity. New equipment is being
developed to allow rapid rotation (Peuchen and Mayne 2007), and this would also allow the
effects of rotation (or strain) rate on shear strength to be measured (Randolph 2004).
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Appendix A2.5.1: Geotechnical laboratory testing
The performance of simple laboratory testing is usually acceptable in the following situations
where there is reasonable knowledge of the ground conditions and local jack-up operating
experience where poor quality data has proved adequate for jack-up site assessment and
approvability purposes.
However, these arguments do not eliminate the fact that the simple laboratory test data is
generally of poor quality. The drawbacks of individual simple laboratory testing are
elaborated below :

(a) Unconsolidated undrained triaxial (UU) test
This laboratory shear strength test uses cylindrical soil samples of length/diameter ratios of
approximately 2. The specimen is subjected to an all-round pressure (equal to the estimated
in-situ total overburden pressure) and sheared due to compression at constant volume, i.e.
without drainage. The shear failure occurs in the soil mass, not along a failure plane predetermined by the testing tool.
Sample disturbance can significantly affect unconsolidated undrained triaxial (UU) test shear
strength (Lunne and Andersen 2007) and can lead to misleading results (Ladd and DeGroot
2003), with the omission of re-consolidation also being a contributing factor (Trevor and
Mayne 2004). Acquiring small samples has the effect of contributing to soil disturbance.
There is also a perception that the UU test is unreliable for undrained shear strengths less
than around 50 kPa, and this may be due to sample disturbance. UU tests are more likely to
provide unreliable results for silty material, or clay with silt pockets and / or lenses, due to the
fact that there is no drainage so that the soil can neither dilate nor contract during shearing.

(b) Miniature vane and motor vane tests
Although the miniature vane and motor vane tests are not carried out in-situ but on samples
taken from the seabed, most of the points raised in Appendix 2.4.4 apply. The motor vane is
a bench-mounted tool, which applies a constant rate of increase in torque. The applied
torque is machine-controlled. The torque required to turn the vane via a calibrated spring is
recorded. The undrained shear strength is derived from calibration charts of torque versus
undrained shear strength. The miniature vane can refer to the same tool, but may also be a
handheld version, with the rate of torque increase being kept as constant as possible.
In contrast to the torvane, and even the pocket penetrometer, the miniature vane test is
carried out within the body of the sample, and so is less influenced by disturbance or loss of
suction at the sample edges. However, the (tested) samples should be examined to identify
any pockets, seams and / or partings after testing as presence of these features could
influence the test results. The variability of vane test results due to factors such as
disturbance during insertion and varying degrees of local consolidation following insertion is
a disadvantage of the test.

(c) Torvane
The torvane is a hand-held tool consisting of a circular disc with short blades on the disc
underside radiating outwards. The torvane is penetrated into a flat sample surface and
rotated at a constant rate such that failure occurs in 5 to 10 seconds. The torsional spring in
the torvane is calibrated to indicate directly the shear strength of the soil. The torvane
generally measures shear strength values up to 150 kPa. For soil with shear strength
values larger than 150 kPa, the torvane results will deviate largely with consistency. (Note
that there are different vane adaptors for different shear strength ranges.)
Since the torvane test is conducted at the surface of the sample, it is sensitive to the amount
of disturbance, so the test should be conducted on a freshly cut surface of the sample.
Intermittent silt lenses within a clay sample may contribute to the degree of scatter in results.
To some degree the test may be operator dependent as the results will be influenced by the
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manner in which the test is conducted. However, the test provides a quick preliminary
estimation of the soil strength, and allows for preliminary real-time bearing capacity
calculations to be conducted during the drilling operations to ensure that the borehole is
progressed to an adequate depth.

(d) Pocket Penetrometer
The pocket penetrometer is a small hand-held tool. A cylinder is pushed into the soil,
inducing shear failure in a small clay zone, with a compressive spring reading taken with the
plunger at 6.4 mm penetration into the soil which provides an estimate of the soil undrained
shear strength read directly from a conversion chart. There are a series of plunger sizes to
suit specific strength ranges, although the device is not generally considered appropriate for
use in very soft soils.
To some degree the test may be operator dependent as the results will be influenced by the
manner in which the test is conducted. The test is fundamentally a bearing capacity test, and
hence will be strongly influenced by factors such as the rigidity index of the soil and the
variation of suction and effective stress in the outer few millimetres of the sample. As for the
other tests carried out on unconfined samples, any loss of suction and effective stress will
reduce the measured strength, while any slight drying out of the sample surface prior to
testing will increase the strength. However, the test provides a quick preliminary estimation
of the soil strength, and allows for preliminary real-time bearing capacity calculations to be
conducted during the drilling operations to ensure that the borehole is progressed to an
adequate depth.
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Appendix A2.5.2: Geotechnical laboratory testing – Testing frequency
An example of the testing frequency requirement for onshore and offshore laboratory tests is
given in Table A2.5.2.1 which may be viewed as a minimum requirement when such
information is not established for a project. Planning with inclusion of high quality tests, i.e.
consolidated triaxial (compression and / or extension) and direct simple shear tests (see
Section 3.3.2) is highly recommended.

Table A2.5.2.1: Test frequency for onshore and offshore laboratory testing (Paisley and
Chan 2006)
Laboratory testing

Testing frequency

Onshore laboratory testing
A. Shear Strength / Angle of Internal Friction
A1. Triaxial compression test
(i) Unconsolidated undrained: Intact
(ii) Unconsolidated undrained: Remoulded
(iii) Consolidated drained, multi-stage (granular
soils)

Every clay sample
Every 2nd clay sample
About 3-5 per boring

A2. Motor Vane

Additional tests where necessary to
supplement field data

B. Classification tests
B1. Moisture content
B2. Atterberg limits
B3. Sieve analysis, complete with that fraction
passing through No.: 200 sieve on each significant
sand or silt strata
B4. Specific gravity
B5. Density
B6. Hydrometer

Additional tests to complete water
content profile
Every 2nd clay sample
Every sand sample
Minimum 1 per stratum
Additional sample test where
required to complete density profile
About 5-10 boring

Offshore laboratory testing
A. Shear Strength
A1. UU Triaxial Compression (Undisturbed)
A2. Miniature/Motor Vane (Undisturbed and
remoulded)
A3. Torvane
A4. Pocket penetrometer
B. Classification tests
B1. Natural moisture content
B2. Unit Weight determination
B3. Visual classification
B4. Photographic record

All clay samples
Each clay layer
All clay samples
All clay samples
All samples
All samples
All samples
Representative samples
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Appendix A3
Appendix A3.2.1: Identification of soil type and layers
The soil classification charts proposed by Schneider et al. (2008) are given below :

Zone

Soil Type

Zone

Soil Type

1a

SILTS and “Low Ir” CLAYS

2

Essentially drained SANDS

1b

CLAYS

3

Transitional soils

1c

Sensitive CLAYS

Figure A3.2.1.1 New piezocone soil classification charts in various plotting formats
(Schneider et al. 2008)
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Appendix A3.3.1: Variability of soil sample for laboratory testing
The volume of testing sample used in the characterisation tests may be orders of magnitude
smaller than the volume sheared during the spudcan installation. Overestimation of the
strength (in a measured profile) may occur due to selection of higher quality sections of
sample for testing (e.g. in a strongly fissured layer, smaller sections of samples without
fissures may have been chosen for testing).
If fissuring or slickensided soils are noted by the soils technician, it is good practice to run
two UU tests per Shelby tube if at all possible as well as remoulded UU tests. An
appropriately labelled photographic record of the sample fissuring is extremely important.
In a non-fissured soil, on the other hand, the large volume of soil being sheared by the
penetrating spudcan (mechanism of similar depth to the spudcan diameter) could average
out fluctuations in the variability of soil properties, thereby making the average profile
appropriate for bearing capacity analysis.

106

InSafeJIP Guideline

Appendix A3.3.2: Determination of remoulded shear strength or sensitivity
Lunne and Andersen (2007) attribute rate effects as the primary reason for difference
between the remoulded strength recorded between in-situ full-flow penetrometer tests, vane
tests in field or laboratory, UU tests and fall cone tests. Typical strain rates associated with
each test are: 60 %/hr (2 x 10-4 s-1) for UU tests, 10-2 s-1 for vane tests with rotation rate of
0.1º/s, 2 x 10-1 s-1 for full-flow penetrometer tests, and 2.5 x 101 s-1 for fall cone tests. The
rate for the vane tests is based on uniform strength conditions (Einav and Randolph 2006),
so the real rate will be an order of magnitude higher for conditions where the soil close to the
vane has been remoulded.
Other factors include:
1. The current offshore field vane test equipment is not designed to allow rapid rotation
of the vane for 10 revolutions at a rate ≥ 4 rev/min recommended to remould the soil
before measuring the remoulded strength (NORSOK 2004). As such, the recorded
sensitivity could be less than the true sensitivity. Note also that downhole in-situ vane
tests may be either conducted at a constant rate of strain or increasing stress.
2. Laboratory vane tests can be rotated far enough to fully remould the soil within the
narrow band of material being sheared, although partial consolidation, with flow of
water away from the shear band, may lead to overestimation of the remoulded shear
strength.
3. UU tests on remoulded material may provide a reasonable determination of su,rem
(although the deduced sensitivity will be subject to any variability in the corresponding
intact strength). It is a relatively low strain rate test, which is appropriate for the
penetration and extraction rates of spudcans.
4. The fall cone device may be used to obtain intact and remoulded shear strengths,
and hence the sensitivity. The test is not operator dependent so that the test results
can therefore be expected to be of increased reliability compared with other quick
index strength tests.
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Appendix A3.4.1: Based on high quality onshore laboratory testing results
Isotropically consolidated drained test (CID)
For CID tests, a set of three specimens obtained from the same sampling depth is normally
tested. The first specimen is consolidated under an equal all-round pressure equivalent to
either 1 2 σ'v0 , or the mean in-situ effective stress, σ' m . The σ' m is estimated as

⎛ σ'v 0 +2σ' h0 ⎞
⎜
⎟ in which σ'h0 = K 0 σ'v0 . The consolidation pressure is increased by one and
3
⎝
⎠
two times for the second and third specimens, respectively. However, the consolidation
pressure is only an approximation as the K0 value relies on φ ' which is to be determined.
The review of sand cases in the InSafeJIP database indicates that the σ' m for the first
specimen is estimated using K0 of between 0.5 and 1.5. The specimens are normally
sheared up to a maximum axial strain of 15 to 20%, with φ ' corresponding to maximum
deviator stress, maximum effective principal stress ratio, and 10% or maximum axial strain
are reported.
Advantage may be gained if the shearing process can be extended until a stage where
constant volume (critical state) is achieved to obtain the critical state friction angle, φ cv .
To derive φ ' from a set of test results, attempt should be made such that the lowest possible
value of c' is derived. The c' value should be zero for a clean uncemented sand.

Direct shear test (DS)
In a direct shear test, the test specimen of up to about 25 mm thickness is sheared
horizontally along its mid-height at a rate of displacement that is slow enough to prevent
development of excess pore pressure, while subjected to a normal stress, σ' n . The σ' n is
applied by means of a static weight hanger. Usually, a set of three to five specimens from a
same sampling depth is tested under different σ' n .
A saturated cohesionless test specimen is prepared by first placing the material in saturated
form into a shear box and then compacting the material by vibration to achieve the in-situ
density. It may not be practicable to prepare a loose saturated cohesionless specimen using
this method (BS 1377-7 1990).
During shearing, the shear stress, τ , is continuously recorded until it peaks and then falls, or
the horizontal displacement reaches 15% of the diameter. Based on the relationship
between τ at failure and σ' n , the peak φ ' (and c' ) can be determined.
Normally only a single shearing stage test is performed. Advantage may be gained if multireversal shear test is performed in which in addition to the peak φ ' (and c' ) of the soil, the
residual φ ' can be obtained. Theoretically, the peak φ ' deduced from direct shear tests
would be larger than that from triaxial testing condition. Further, in direct shear test the soil
fails on a designated plane which may not be the weakest one. Depending on the purpose
of application, the former deduced φ ' may require reduction, or otherwise, it may over-predict
the spudcan capacity.
To derive φ ' from a set of test results, attempt should be made such that the lowest possible
value of c' is derived. The c' value should be zero for a clean uncemented sand.
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Appendix A3.6.1: Determining bounds on the soil strength profile
The CoV of tools in the InSafeJIP database was determined statistically. Figure A3.6.1.1
shows all of the CoV of undrained shear strength measured by different testing methods.
These represent CoV for the measurements for the type of test against itself. These
combine variations in soil properties within the layer and the measurement error introduced
by the tool and measurement procedure. The latter is, however, expected to be dominant.
Results of CoV categorised according to the individual tool are also summarised and
compared to values presented in the literature in Table A3.6.1.1.

Figure A3.6.1.1: CoV of each shear strength testing method
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Table A3.6.1.1: Summary of CoV of tools derived from InSafeJIP database
Tool

UU

CoV in InSafeJIP Database

CoV

in Literature

Number
of data
groups

CoV

CoV

Range
* (%)

Mean
(%)

Number
of data
groups

Testing
Range

24

3-37

20

13

CoV

CoV

Range
(%)

Mean
(%)

15363kPa

11-49

33

10350kPa

10-30

Reference
Phoon and Kulhawy
(1999)
Uzielli et al. (2006)

MinV

24

0-48

20

Not found

MV

13

3-18

12

Not found

Torvane

59

2-31

13

Not found

PP

45

4-44

19

Not found

23**

Phoon and Kulhawy
(1999)

Piezocone

32

2-41

12

5-40

27

Based on qt:
corrected tip
resistance

<20

Uzielli et al. (2006)

Based on qc: cone
tip resistance

20-40

Uzielli et al. (2006)

NOTE:
* range excludes values thought to be higher due to silt layers
** The piezocone test data identified additional layers or silt pockets that went undetected by the other

tools. The resulting high CoV of cone data therefore reflects the piezocone’s advantageous profiling
capabilities in the 14 InSafeJIP data sets used. A lower CoV is expected for the piezocone in more
homogeneous material.

The CoV of friction angle measured by different laboratory testing are provided in Table 3.4.
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Appendix A4
Appendix A4.5.1: Load spread method
At penetration h , the bearing capacity is calculated as :

h ' layer
⎛
tan α LP
QV = ⎜⎜1 + 2
D
⎝

⎞
⎟( N c s ubs )A + γ ' sand (hA + VC − V soil )
⎟
⎠

… (A4.5.1.1)

(subject to the upper bound of the calculated value of QV in uniform sand), in which h'layer is
the effective thickness ( = hlayer − h ), α LP the load spread angle, Nc the bearing capacity
factor (refer to Section 4.3), subs the undrained shear strength of the lower clay, A the
spudcan widest area, γ′sand the buoyant unit weight of sand, Vsoil the volume of backfill sand
above spudcan, and VC the spudcan base volume. The inclusion of γ′sand (hA + VC − Vsoil ) in
the Equation is to account for the soil backflow and spudcan buoyancy.

The α LP value recommended by SNAME (2008) ranges between tan (1 5) for loose sand
−1

and tan (1 3) for dense sand. Calibrating this range of values against peak bearing
resistance measured from the centrifuge test on dense sand over soft clay indicated an
average underestimation of 40-50% (Teh et al. 2010, Lee 2009). A higher value i.e.
−1

tan−1 (1 1.5) has shown to best fit the peak bearing resistance, although tan−1 (1 2) may be

more acceptably used (Lee 2009). Note that experience is needed in order to apply this
method.
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Appendix A4.5.2: Bearing capacity calculation when h ≥ h layer
The following is a possible method for assessment of spudcan bearing capacity when
h ≥ h layer with inclusion of sand plug (Craig and Chua 1990; Teh 2007).
For h = hlayer ,

4 s ua h plug
⎛
QV = ⎜⎜ N c s u , plugbase + σ ' v +
D
⎝

⎞
⎟⎟ A − γ 'V soil
⎠

… (A4.5.2.1)

For h ≥ (hlayer + ht ) ,

4 s ua ( h plug + ht ) ⎞
⎛
⎟ A − γ 'V soil
QV = ⎜⎜ N c s u , plugbase + σ ' v +
⎟
D
⎝
⎠

… (A4.5.2.2)

(subject to the lower bound of the calculated value of QV in the lower clay without
consideration of sand plug), in which Nc is the bearing capacity factor, su , plugbase the
undrained shear strength corresponding to the level of the sand plug base,

σ ' v the effective

stress at the level of the sand plug base, sua the undrained shear strength averaged from
( h − ht ) to ( h + h plug ), h plug the height of the sand plug, ht the height of the spudcan widest
diameter, A the spudcan widest area, γ ′ the unit weight of backfill soils, and Vsoil the
volume of backfill soils above spudcan.
For dense sand over soft clay with hlayer / D ≤ 1 , h plug was measured to be ranging between
0.6 to 1 hlayer (Craig and Chua 1990, Teh 2007, Lee 2009). A smaller h plug is expected for
loose to medium dense sand over clay.
The Nc values back-analysed from centrifuge data generally fall between the values given
by Houlsby and Martin (2003) and by Hossain et al. (2006) (see Figure A4.5.2.1). Applying
the former set of Nc values in the calculation gives lower bound predictions of QV for
h ≥ h layer , and hence these values are recommended.
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Back-calculated data (ρD/subs)
(0)

(0.6)

(0.8)

(0.9)

(1.2)

(2)

16
14
(Hossain et al. 2006)

Nc

12
10
8
6

ρD/subs = 0, 1, 2, 3, 4, 5 (Houlsby and Martin 2003)

4
0

0.5

1

1.5

2

2.5

(h+hplug )/D

Figure A4.5.2.1: N c values for spudcan bearing capacity calculation when h ≥ hlayer (Teh
2007)
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Appendix A4.5.3: Punching shear method
At penetration h , the bearing capacity is calculated as:

⎛ h'layer
⎞
QV = ⎜⎜ 3
sutop + N c subs ⎟⎟ A + γ ' clay,b (hA + VC − Vsoil )
⎝ D
⎠

… (A4.5.3.1)

(subject to the upper bound of the calculated value of QV in the upper layer), in which h'layer
is the effective thickness ( = hlayer − h ), sutop the undrained shear strength of the upper clay,

subs the surface undrained shear strength of the lower clay, N c the bearing capacity factor
(refer to Section 4.3), A the spudcan widest area, γ ' clay,b the buoyant unit weight of the
lower clay, VC the spudcan base volume, and Vsoil the volume of backfill soil above the

spudcan. The inclusion of γ′sand (hA + VC − Vsoil ) in the Equation is to account for the soil
backflow and spudcan buoyancy.
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Appendix A4.5.4: Squeezing calculation
This section provides recommendation for a two-layer clay system where the lower layer is
stronger (though NOT infinitely stronger) than the upper layer. For such cases, the degree of
squeezing and hence the squeezing resistance is affected by the strength ratio between the
layers, sub / sutop , in which sub and sutop are the undrained shear strengths of the lower and
upper layers, respectively.

QV = AN'c sutop + γ 'clay,top (hA + VC − Vsoil )

… (A4.5.4.1)

(subject to the lower bound of the calculated value of QV in the upper layer), in which N ' c is
the modified bearing capacity factor, γ 'clay,top the buoyant unit weight of the top clay, VC the
spudcan base volume, and Vsoil the volume of backfill soil above the spudcan.
The values of N ' c are given in Figure A4.5.4.1. Note that these values were derived for
surface flat footings on clays with uniform strength profile. Alternative published values of
N 'c may be used if they can be justified.

8.5

Brown and Meyerhof (1969)
Merifield and Nguyen (2006)

8

h'layer/D = 0.1 to 0.125

N'c

7.5

h'layer/D = 0.2

7

h'layer/D = 0.25 to 0.3

6.5

6
1

2

3

4

sub/sutop

Figure A4.5.4.1: Values of N ' c
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Appendix A4.7.1: Effect of drainage time
The cone factor N kt is affected by partial drainage. Figure A4.7.1.1 (from Yi et al. 2009)
presents the ratio by which the cone factor should be increased as a function of a nondimensional velocity V = vd / cv , which accounts for the effects of consolidation parameters
and soil stiffness on the cone factor. Note that viscous effects are not taken into account in
this approach : such effects would result in an increasing cone factor with velocity in the
undrained regime.

Hyperbolic fitting constants
b
c
m
G/p' φ'
140 23° (Φ=23,3.2
0.85
1.1
Series-8
G/Po'=142.2)
105 23° (Φ=23,2.65
0.85
1.1
Series-7
G/Po'=106.7)
70
23°
2.05
0.85
1.1
Series-6 (Φ=23, G/Po'=71.1)
35
23° (Φ=23,1.1
0.8
1.1
Series-1
G/Po'=35.6)
17.5 23° (Φ=23,0.6
0.8
1.1
Series-5
G/Po'=17.8)
Randolph
&
Hope
(2004)
Randolph & Hope (2004)

5

qnet /qnet,undrained

4

3

qcnet
qref

2

1

q net
q net.undrained

= 1+

b
1 + cV m

0
0.001

0.01

0.1

1

10

100

1000

1000

Non-dimensional
Velocity V
V = vd/c
v

Figure A4.7.1.1: Normalized cone resistance versus non-dimensional velocity for various
G p ′ ratios
The curves on the figure are expressed as :

q net
q net ,undrained

= 1+

b
1 + cV m

… (A4.7.1.1)

where c and m are constants with values of 0.8 and 1.1 respectively, and b is given as a
function of G p ′ by :

116

InSafeJIP Guideline

b=

q net ,drained
q net ,undrained

− 1 ≈ 0.33 − 0.022

Note that, for a given G p ′ ,

G
p'

… (A4.7.1.2)

qnet,drained qnet,undrained is treated as independent of φ′ .

The above procedure could be used to apply the direct piezocone test method to materials
where partial drainage is important, as follows :
(a) the value of N kt applicable for the piezocone test should be increased by the ratio

(qnet

qnet,undrained) piezocone indicated in Figure A4.7.1.1, with V calculated with the parameters

for the piezocone test.
(a) the value of Nc applicable for the spudcan penetration should be increased by the ratio

(qnet

qnet,undrained)spudcan indicated in Figure A4.7.1.1, with V calculated with the parameters

(

for the spudcan installation. In practice the value of qnet qnet,undrained

)spudcan will usually be

very close to 1.0, as (in all but the coarsest of materials) the spudcan installation process is
effectively undrained.
The overall effect is that the normal factor
(in most cases) simply by

Nc
N kt

(qnet

would

0.67

(qnet

therefore

qnet,undrained ) piezocone

(q net q net ,undrained )spudcan
Nc
is multiplied by
, or
N kt
(q net q net ,undrained ) piezocone

1

qnet,undrained ) piezocone
become

. The typical recommended value of

between

(see Section 4.7.1).

117

(qnet

0.48

qnet,undrained ) piezocone

to

InSafeJIP Guideline

Appendix A5
Appendix A5.3.1: Prediction of bearing capacity reduction by perforation
drilling
A simple solution for the prediction of bearing capacity reduction of a stiff clay overlying
softer clay due to perforation drilling is discussed in this section. The solution considers only
the effect of perforation hole distribution pattern on the bearing capacity of the upper layer
and is based on the results of five centrifuge tests. The method described should therefore
be applied with appropriate caution.
In an undisturbed ground of stiff overlying soft clays, the initial penetration of a spudcan
tends to develop near vertical shear planes in the upper layer and is followed by general
shear bearing failure mechanism in the lower clay. The near vertical shear planes, which are
located directly below the periphery of the spudcan, form an imaginary stiff clay column with
a plan area identical to that of the spudcan. The peak bearing capacity of the spudcan is
contributed by (i) the shaft resistance of the imaginary stiff clay column, Qshaft , and (ii) the
bearing capacity of the clay column in the underlying clay, Qend −bearing .
With a number of perforations drilled below the spudcan periphery, n1 , and plan area, n2 ,

Q shaft and Qend −bearing are expected to be reduced by f1 and f 2 , respectively. Considering
merely the reduction in the area of the shearing planes, a simple solution for approximating
the reduced peak bearing capacity on perforated ground is given below.

D hole

component ƒ 1Qshaft
component ƒ 2Qend-bearing

Figure A5.3.1.1: Schematic of components of resistance acting on perforation system
Reduced QV , peak = f1Qshaft + f 2 Qend −bearing

… (A5.3.1.1)
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in which the f1 is defined as the percentage reduction in the periphery of the clay column :

f1 = 1 −

n1 Dhole
πD

0 ≤ f1 ≤ 1

… (A5.3.1.2)

and f 2 is the percentage reduction in the plan area of the clay column :

⎛D ⎞
f 2 = 1 − n 2 ⎜ hole ⎟
⎝ D ⎠

2

0 ≤ f2 ≤ 1

… (A5.3.1.3)

in which Dhole is the diameter of the perforation.

The Qshaft and Qend −bearing capacity

components may be computed assuming punching shear failure as follows :

Qshaft = 3 sutopπDhlayer
4

… (A5.3.1.4)

Qend −bearing = N c subs A

… (A5.3.1.5)

in which N c is the bearing capacity factor (refer to Section 4.3) and subs the surface
undrained shear strength of the lower clay.
Figure A5.3.1.2 compares the performance of the simple solution against experimentally
measured data presented in the InSafeJIP first year report. A difference of 1 to 11% is found
between the measured and calculated percentage reduction in QV , peak , suggesting that the
simple solution may be adequate for design purposes. Nevertheless, the solution was
derived based on the following assumptions/simplifications, and it can be improved by future
research.

•

The failure mechanism after perforation drilling remains unchanged.

•

QV , peak is simply assumed to occur at the ground surface and hence soil backflow was
not considered.

•

The effect of perforation depth is not considered and hence the drilled depth is
assumed to be equivalent to the stiff clay thickness.

•

The change in soil properties induced by the effect of drilling method is not considered.
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Figure A5.3.1.2: Comparison of theoretical and experimental percentage reduction in QV , peak
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Appendix A6
Appendix A6.4.1: Assessment of Q breakout for spudcans in clay
The spudcan embedment and soil shear strength prior to extraction govern the uplift failure
mechanism and hence the theoretical assessment. Three possible soil failure mechanisms,
mainly dependent on the spudcan embedment, are illustrated in Figure A6.4.1.1.

su,base , γ′clay,base

Flow from
surface

(a) Shallow embedment

hc
hbreakout

hc

su, γ′
su, γ′

hcolumn

hcolumn

hbreakout

ht
Flow from
surface and
around spudcan

su,base , γ′clay,base
ht

su,base , γ′clay,base

(b) Intermediate embedment

Flow around
spudcan only

(c) Deep embedment

Figure A6.4.1.1: Mechanism of an embedded spudcan during extraction
For spudcan extraction from shallow embedment (Figure A6.4.1.1a), a reverse end bearing
mechanism may be expected.
For intermediate embedment (Figure A6.4.1.1b), the theoretical Q breakout may comprise the
following components :

Qbreakout = Qshear + Qside + Wsoil + Qbase

... (A6.4.1.1)
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in which Qshear is the shear resistance mobilised along vertical planes above the spudcan,

Qside the side friction mobilised along the spudcan’s side wall, Wsoil the overburden soil
weight, and Qbase the base resistance. For spudcans with a small side wall thickness, ht ,
the Qside component can be omitted. These resistance components can be computed as
follows :

Qshear = πDhcolumn su f top

... (A6.4.1.2)

Qside = πDαht su f base

... (A6.4.1.3)

(

)

Wsoil = 1 πD 2 hcolumn − Vtop γ '
4

... (A6.4.1.4)

Qbase = 1 πD 2 N breakout s u ,base f base
4

... (A6.4.1.5)

in which Nbreakout is the breakout factor, α the spudcan-soil interface roughness (suggested
as 0.5, see Section 4.2), f top the strength reduction factor to account for soil remoulding,
and f base the factor of strength enhancement due to soil reconsolidation. Other parameters
are as defined on Figure A6.4.1.1.
The complete expression for assessing Qbreakout for the intermediate embedment case is
given as :

Qbreakout = πD (hcolumn s u f top + α ht s u f base )
+

... (A6.4.1.6)

1
πD 2 (N breakout s u ,base f base + hcolumn γ ') − Vtop γ '
4

For the deep embedment case (Figure A6.4.1.1c), the failure planes tend to develop locally.
As such, Q breakout may only comprise Qbase and Wsoil :

(

)

Qbreakout = 1 πD 2 N breakout su ,base f base + hcolumn γ ' − Vtop γ '
4

... (A6.4.1.7)

To date, insufficient information exists to establish the criterion used to evaluate the transition
between different failure mechanisms. If other methods are available then they can be used
if they are justified.
The following discussion on the selection of N breakout

f
and f base has been developed
, top
from hindcast analysis of a number of centrifuge tests. Note that the back-analyses were
carried out with the following assumption made : for cases with 0 ≤ hnet / D ≤ 1, in which hnet
is defined as ( hbreakout − hc ), the failure mechanism for intermediate embedment was
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assumed; whereas for hnet / D > 1, the deep mechanism was considered.
assumptions are subject to further verification.

These

The back-analysis results suggest that the N breakout values fall between 3 and 5 (Figure
A6.4.1.2), which are slightly lower than other suggested values such as those by Clarom
(1993) of 5 to 6.
6
Clarom (1993)
5

N breakout

4

3

2

Data reported by Purwana et al. (2005,2009)
Immediate extraction
su0 (kPa) = 1 to 28
ρ (kPa/m) = 1.6 to 5
h final/D = 0.2 to 1.7

1

0
0

0.2

0.4

0.6

0.8

1

1.2

1.4

h net/D

Figure A6.4.1.2: Back-calculated N breakout
The clay is first weakened during a rig installation and then regains its strength with time
when consolidation takes place over the rig’s operation period. As an approximation, f top is
expected to fall between 1 S t to 1, in which S t is the sensitivity of the soil. For different
preload ratios (defined as the ratio of the load imposed during the operational period to
maximum preload), and preload holding periods, the increase in capacity (and hence
strength) can be as low as 10% and up to 100% (see Zdravkovic et al. 2003, Barbosa-Cruz
2007, Bienen et al. 2010). In view of this, f base is likely to range from 1 to 2. Figure 6.3
indicates that the back-analysed f top and f base increase with operational period.

The

results shown in Figure A6.4.1.3 were back-analysed using an average value of N breakout of
4. Two data points fall slightly outside the theoretical upper and lower bounds obtained using
f top of 1 S t and 1, and f base of 1 and 2. Improvement of the prediction may be achieved by
varying N breakout .
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40
(f top = 1; f base = 2)

35

Qbreakout (MN)

30
25
20

(f top = 1/St; f base = 1)

15
10
Soft clay (h final /D = 1.4 to 1.6, preload ratio = 0.75)
Measured (Purwana et al. 2005)
Calculated (N_breakout = 4)

5
0
0
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Operation period (day)

Figure A6.4.1.3: Variation in f top and f base with operational period
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