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Mission statement
The Centre will carry out fundamental research
at an internationally recognised standard of
excellence in the areas of the mechanics of
seabed sediments, offshore geohazards and of
offshore foundation and engineering systems.
It will use its expertise to service the offshore
petroleum and renewable energy industries at
both a national and international level.

Goals
Research goals
The principal research aims of the Centre are to identify the
key micro-structural response of natural seabed sediments
and to establish quantitative links between that response
and the performance of foundation systems and offshore
infrastructure. The goals in our key research areas are:

modelling technology: To develop innovative
physical modelling techniques that deliver research
needs relevant to the complexity of offshore sediments
behaviour and offshore soil structure interaction.

ÌÌ Physical

Develop stochastic analysis techniques to
account for natural variability of sediments properties
and environmental loadings in the quantifying of risk to
offshore foundations and infrastructure.

ÌÌ Georisk:

sediments: To identify the key mechanisms
at a micro-structural level that dictate critical aspects
of behaviour, and quantify that behaviour scientifically
sound models that capture key features of seabed
sediments behaviour.

ÌÌ Offshore

geohazards and seabed mobility: To analyse
and quantify risks to offshore infrastructure due
to geotechnical hazards and to establish a design
framework for optimising the choice of foundation
and subsea engineering systems, taking account
of risk factors.

ÌÌ Offshore

foundations systems: To develop conceptual
models for the calculation of foundation performance,
accounting for the specificity of environmental, and to
encapsulate these models into unified design methods.

ÌÌ Offshore

engineering: To develop coupled fluidstructure-soil models for problems such as multi-footed
platforms, scour, pipeline response, deep water riser
and moored systems, as well as emerging renewable
energy systems.

ÌÌ Offshore

modelling technology: To develop the
innovative computational techniques and tools
necessary to model offshore infrastructure, with a focus
on developing computational algorithms capturing multiphase sediment response, consolidation and strain rate
effects in large deformation problems.

ÌÌ Numerical

In addition to the above research aims, there are a number
of broader goals that the Centre strives for:

Service goals
to be recognised internationally for provision of advice and
specialist modelling services to the offshore petroleum and
renewable energy industry and to provide a core of people
with internationally recognised expertise in the area of
offshore foundation systems, geohazards and engineering
through PhD programs and post-doctoral training.

Teaching goals
to provide a stimulating atmosphere that will attract the
highest quality research students at Honours and PhD
level, to ensure excellent academic and technical support
of their studies and to help develop the specialist offshore
consultancy profession in Australia.

Financial goal
to attract sufficient research funding from industry and other
research grants, to remain self-sufficient and to achieve the
research, service and teaching goals of the Centre.
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Director’s report
COFS mission is to carry out fundamental
research in the mechanics of seabed sediments,
geohazards, offshore foundations and offshore
engineering, and to use this expertise to service
the offshore industry in building more economic
and safer developments.
Fulfilling our mission has been publically acknowledged
in 2013 with a suite of awards for our researchers. COFS
founding Director Mark Randolph was named Western
Australia’s Scientist of the Year with the Western Australian
state government citing that Mark’s “leadership has
established Perth as an internationally recognised hub for
excellence in geotechnical engineering, attracting many
international companies to seek solutions in Perth for their
geotechnical engineering problems”. We are all proud of this
endorsement of Mark’s achievements and COFS’ mission.
In an amazing double success for COFS, Shazzad Hossain
was also named the Woodside Early Career Scientist of
the Year at the same award ceremony. In another double
header, the O-Tube and recently established Remote
Intelligent Geotechnical Seabed Survey (RIGSS) JIP, led
by COFS’ David White and Conleth O’Loughlin, were
presented with Australian Gas Technology Innovation
Awards in the pre-commercialisation category. Our students
were also recognised in 2013. Lloyd’s Register Foundation
PhD Top-up student Lucile Quéau was awarded the
Western Australian Marine Science Postgraduate Award
(sponsored by the UNESCO IOC and the WA Branch of
the Institute of Marine Engineering, Science & Technology)
for her work on the fatigue of steel catenary risers for
deepwater platforms, Anthony Blake received a Society of
Underwater Technology Scholarship, and Guan Tor Lim
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the 21st GFWA prize from the Australian Geomechanics
Society. Congratulations also to Susan Gourvenec,
Shazzad Hossain, Antonio Carraro and Christophe Gaudin
for success in the highly competitive Australian Research
Council Discovery, DECRA and LIEF rounds.
COFS continues as a leading contributor to the Australian
Research Council Centre of Excellence for Geotechnical
Science and Engineering (ARC CoE CGSE). Exciting
developments in 2013 include the launch of a national
soft-soil testing site at Ballina in New South Wales. Under
the leadership of Dr Richard Kelly, a full scale embankment
was constructed and instrumented. The COFS laboratories
have recently received high quality soil samples for testing
and we plan an in-situ penetrometer test-off in 2014. COFS
hosted the 4th annual CGSE conference at Bunker Bay
Resort in the Margaret River region in December and we
thank Shiao Huey Chow and Monica Mackman for their
wonderful organisation. With 89 attendees it was a fantastic
opportunity to present our latest research outcomes and
to build collaborative plans. The workshop included a
highly successful 3-minute thesis completion amongst
the PhD students, mini-workshops on industry impact,
Ballina testing site and geotechnical risk, and local replays
of the 8th Terzaghi Oration of Dr Suzanne Lacasse of the
Norwegian Geotechnical Institute and the 2nd McClelland
Lecture of Mark Randolph (for those not fortunate enough
to hear the original ISSMGE versions in Paris!).
Our mission of servicing the offshore industry received an
incredible boost with the appointment of Mike Efthymiou,
formerly Shell’s General Manager of Offshore Structures,
to a part-time appointment as the Shell EMI Professor of

Offshore Structures. Having played a key role in developing
Shell’s Floating LNG capacity, Mike is uniquely placed to
work within UWA academia developing floating system
technologies for our unique environment. He was joined
within the Shell EMI initiative by new Research Associates
Wenhua Zhao (PhD from Shanghai Jiaotong University)
and Hugh Wolgamot (DPhil from Oxford University, to
commence in early 2014). These are key appointments that
extend our expertise into hydrodynamics and are integral in
our plan to develop and integrate UWA’s capabilities in all
offshore engineering sciences.
Susan Gourvenec’s contributions to offshore geotechnical
industry practice were recognised with her being voted
on as a full committee member of both the International
Standards Organisation (ISO) and American Petroleum
Industry (API) geotechnical resource groups in 2013 after
Mark Randolph stepped down in 2010 after 25 years of
committee service. The two committees are responsible
for producing documents of design and guidance and
recommended practice across all areas of offshore
geotechnical engineering.

(not-so local) Houston office of geotechnical consultancy
Advanced Geomechanics and Youhu has been appointed
to the offshore group at the Norwegian Geotechnical
Institute in Oslo.
In 2013 we established the Martin Fahey Visiting Fellowship
to honour the contribution made by Martin Fahey in the
establishment and success of the UWA Geotechnical
Testing Laboratory, the Geomechanics Group and
COFS. Fellowships are awarded to enable researchers
with a strong or developing profile, who are capable of
making a significant contribution to the research effort
of UWA, to undertake a period of collaborative research
in a geomechanics field. Our first Fellow was Professor
David Muir Wood of the University of Dundee who spent a
productive two months with us. We are proud to announce
Dr Ashraf Osman of the University of Durham as our 2014
Martin Fahey Visiting Fellow. Applications for 2015 will be
open on our web site around June 2014.
I trust you will enjoy the highlights presented in our 17th
Annual Report. We look forward to continuing to service the
offshore oil, gas and renewable energy industries in 2014.

No respite from the frantic pace of offshore developments
in Australia was provided in 2013, with COFS remaining
an important resource for soils and model testing for our
local industry. During 2013, soil characterisation, centrifuge
and O-Tube tests were conducted for clients Advanced
Geomechanics, Arup, Atkins Borear, Atteris, BP, Canadian
Seabed, Carnegie Wave Energy, Chevron, Coffey Atkins
Australia, Daewoo Shipbuilding and Marine Engineering,
Delmar, Fugro, ICAIST, Illuka Resources, Keppel Offshore
and Marine Technology, Knight Piésold, Shanghai Tongji
University, Shell, STBB, Subsea7, Total, Tu Hamburg –
Harburg, TuTech Innovation, WA Energy Research Alliance,
UTEC Geomarine Ltd and WorleyParsons. An overview
of these studies, as well as the significant upgrades in
equipment that we have embarked on, are provided in
the separate Soil Characterisation, Centrifuge, O-Tube
and Rock Mechanics Laboratory reports. Early in 2014
we welcomed Dr Yaurel Guadalupe from the University
of Rhode Island as our new Senior Engineer to lead the
management of our soils characterisation laboratory. As
you will read in the laboratory report he and Offshore
Sediments Stream leader Antonio Carraro are already busy
commissioning a suite of new state-of-the-art machines.
An exciting future lies ahead.
Santiram Chatterjee, Chengcai Luo, Divya Salliyil
Kodakkattu Mana, Fauzan Sahdi, Zachary Westgate and
Youhu Zhang are congratulated for successfully completing
their PhD theses in 2013. Only Chengcai has remained in
Perth, appointed as a Research Associate on the O-Tube
at UWA. Fauzan, Santiram and Divya have returned to
academia in Malaysia (University Malaysia Sarawak) and
India (IIT, Roorkee) respectively. Zachary has joined the

Mark Cassidy
Director, Centre for Offshore Foundation Systems
ARC Laureate Fellow
Lloyd’s Register Foundation Chair of Offshore Foundations
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Personnel and
organisation
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Organisation structure
Director and
Deputy Director

Management Committee

Technical Support
Geotechnical Testing
Laboratory Manager

Centrifuge Manager

Chief Technicians (Centrifuge)
Senior Technician (Centrifuge and Workshop)

Senior Engineer
(Soils)

Business Manager

Chief Electronics Engineer

Senior Electronic Engineers

Administrative
Officer

Administrative
Officer

Accounts Officer

Administrative
Assistant

Purchasing
Officer

Senior Technicians (Soils)
Technicians (Soils)

Offshore Sediments

Seabed Geohazards

Offshore Foundation Systems

Offshore Engineering

ÌÌ GeoRisk
ÌÌ Numerical Modelling
ÌÌ Physical Modelling

ÌÌ GeoRisk
ÌÌ Numerical Modelling
ÌÌ Physical Modelling

ÌÌ GeoRisk
ÌÌ Numerical Modelling
ÌÌ Physical Modelling

ÌÌ GeoRisk
ÌÌ Numerical Modelling
ÌÌ Physical Modelling

Management Committee
The Management Committee is chaired by the Director
and membership consists of the Deputy Director, Business
Manager, leaders of the research streams, the postgraduate
co-ordinator and a senior academic in the Geomechanics
discipline within the School of Civil, Environmental

and Mining Engineering. The terms of reference of the
Management Committee are:
ÌÌ to formulate long term strategies;
ÌÌ to review the progress of scientific objectives; and
ÌÌ to maintain budgetary targets.

UWA Faculty of Engineering,
Computing and Mathematics

ARC Centre of Excellence
University of Newcastle
University of Wollongong

Engineering Zone project
Australian
Research
Council
School of Civil, Environmental
and Mining Engineering

Shell EMI Chair in
Offshore Engineering

Major funding sources/industry
engagements

Lloyd’s Register Foundation
Centre of Excellence

COFS
Australia China
Natural Gas
Technology Fund

UWA Energy and
Minerals Institute

UWA Oceans
Institute

National Geotechnical
Centrifuge Facility

Our collaborating organisations
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Staff
Director/ARC Future
Fellow/Lloyd’s Register
Foundation Chair
of Offshore Foundations

Winthrop Professor Mark Cassidy

Deputy Director

Professor Christophe Gaudin

Winthrop Professors

Winthrop Professor Mark Randolph
Winthrop Professor Mike Efthymiou

ARC Future Fellow/Shell
EMI Chair

Winthrop Professor David White

Professorial Fellow
(Research)

Professor Boris Tarasov

Professor

Professor Susan Gourvenec

Professor/Geotechnical
Laboratory Manager

Professor J. Antonio H. Carraro

Associate Professor/
Centrifuge Manager

Dr Conleth O’Loughlin

Lloyd’s Register
Foundation Associate
Professor

Dr Britta Bienen

Lloyd’s Register
Foundation Assistant
Professor

Dr Scott Draper

Associate Professor

Dr Muhammad Shazzad Hossain

Assistant Professors

Dr Nathalie Boukpeti

Business Manager

Ms Lisa Melvin

Accounts Officer

Mrs Monika Mathyssek-Kilburn

Purchasing Officer

Mr Ivan Kenny

Administrative Officer

Ms Heather Gordon

Administrative Officer

Mrs Monica Mackman

Administrative Assistant

Ms Suzanna Santa/Ms Sandy Burnett

Senior Engineer

Dr Nathalie Boukpeti

Senior Technicians (Soils)

Mrs Behnaz Abdollahzadeh
Mrs Claire Bearman
Mrs Usha Mani

Dr Shiao Huey Chow
Mr James Hengesh
Dr Mehrdad Kimiaei
Dr Dong Wang
Dr Wenhua Zhao
Lloyd’s Register
Foundation Lecturer

Dr Jinhui (Lisa) Li

Lloyd’s Register
Foundation Research
Associate

Dr Xiaowei Feng

Research Associates

Dr Santiram Chatterjee
Dr Youngho Kim
Mr Fillippo Gaone

Ms Ying Guo
Technicians (Soils)

Mrs Sharmin Farhana
Ms Satoko Ishigami
Mrs Masoomeh Lorestani

Senior Technician
(O-Tube)

Mr Alex Duff

Laboratory Assistant
(O-Tube)

Ms Wei Sun

Chief Electronics Engineer Mr John Breen
Electronics Engineer

Mr Shane De Catania

Senior Technician
(Electronic)

Mr Guido Wager

Chief Technician
(Beam Centrifuge)

Mr Manuel Palacios

Chief Technician
(Drum Centrifuge)

Mr Bart Thompson/Mr Greg Outridge

Senior Technician
(Beam Centrifuge)

Mr Kelvin Leong

Senior Technician
(Workshop)

Mr David Jones

Ms Khin Seint

COFS staff numbers
100_____________________________________________________

Mr Leo Hyde
Dr Sam Stanier
Dr Yinghui Tian
Dr Cristina Vulpe
Dr Qiuchen Wei

80_____________________________________________________

60_____________________________________________________

Mr Bassem Youssef
Dr Youhu Zhang

40_____________________________________________________

Dr Mi Zhou
20_____________________________________________________

0_____________________________________________________
2010

2011

Postgraduate
Academic
Professional
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2012

2013

Research streams
Offshore
Sediments

Offshore
Geohazards and
Seabed Mobility

Offshore
Foundation
Systems

Offshore
Engineering
Science

Stream Leader

Stream Leader

Stream Leader

Stream Leader

Antonio Carraro

David White

Christophe Gaudin

Scott Draper

Research Staff

Research Staff

Research Staff

Research Staff

Nathalie Boukpeti
Mark Randolph
Boris Tarasov
Cristina Vulpe
David White

Nathalie Boukpeti
Scott Draper
Christophe Gaudin
James Hengesh
Mark Randolph
Yinghui Tian

Britta Bienen
Mark Cassidy
Shiao Huey Chow
Xiaowei Feng
Susan Gourvenec
Shazzad Hossain
Youngho Kim
Conleth O’Loughlin
Mark Randolph
Sam Stanier
Cristina Vulpe
Dong Wang
Qiuchen Wei
David White
Mi Zhou

Britta Bienen
Mark Cassidy
Santiram Chatterjee
Mehrdad Kimiaei
Mark Randolph
Yinghui Tian
David White
Bassem Youssef
Wenhua Zhao

Research Students
Cathal Colreavy
Hongliang Ma
John Morton
Hamed Poornaki
Somaye Sadeghian
Fauzan Sahdi
Yue Yan

Technical Staff
Behnaz Abdollahzadeh
Claire Bearman
Sharmin Farhana
Ying Guo
Satoko Ishigami
Masoomeh Lorestani
Usha Mani

Research Students
Youkou Dong
Indranil Guha
James Hengesh
Simon Leckie
Huiting Liu
Chengcai Luo
Jiajie Ma
Henning Mohr
Beau Whitney
Fan Yang
Qin Zhang

Research Students
Anthony Blake
Michael Cocjin
Dengfeng Fu
Wen Gao
Pan Hu
Chao Han
Kai Xiang Koh
Omid Kohan
Xiaojun Li
Divya Mana
Colm O’Beirne
Raffaele Ragni
Stefanus Safinus
Shinji Taenaka
Shah Neyamat Ullah
Youhu Zhang
Jingbin Zheng

Research Students
Santiram Chatterjee
Steven Cheng
Indranil Guha
Jerry Liu
Lucile Queau
Jalal Mirzadehniasar
Amin Rismanchian
Zack Westgate
Ehssan Zargar
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Members within
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Research Staff
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Dong Wang
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Mark Cassidy
Shiao Huey Chow
Christophe Gaudin
Mark Randolph
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David White
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GeoRisk
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Team Leader

2013

Mark Cassidy

Research Staff
James Hengesh
Jinhui (Lisa) Li
Yinghui Tian
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Offshore Sediments

UWA publications in leading geotechnical journals
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and Seabed Mobility
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Offshore Engineering
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Research stream
reports
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Offshore sediments
The main goal of the Offshore Sediments research
stream is to identify the key mechanisms at a
micro-structural level that dictate critical aspects
of behaviour, and quantify that behaviour with
scientifically sound models that capture key
features of seabed sediments behaviour.
A series of fundamental studies focusing on the rigorous
characterization and analysis of various aspects of the
mechanical behaviour of offshore sediments continued
in 2013. Various experimental, analytical and numerical
techniques were used to understand and explain the
engineering behaviour of offshore sediments. A few
highlights of these studies are presented below:

Stiffness degradation and damping of
carbonate and silica sands
While stiffness and damping are important design
parameters for various geotechnical analyses, they are
particularly relevant in applications relying on the rigorous
understanding of the mechanical response of cyclicallyloaded soils such as those affected by wave loading,
storms and earthquakes. A state-of-the-art resonant
column apparatus was used in this study to assess the
stiffness degradation and damping of a carbonate sand
from the North West shelf of Australia. A silica sand with

(a)

particle size distribution identical to that of the carbonate
sand was also tested to evaluate the effect of mineralogy
on the experimental results obtained during this study.
Specimens were subjected to mean effective stresses up
to about 2 MPa during the tests. Changes in particle size
distribution were determined to quantify particle breakage.
At similar density and stress states, increasing shear
strains led to a decrease in stiffness and corresponding
increase in damping of the soils tested, as expected.
While the carbonate sand was typically stiffer than the
silica sand at similar states, stiffness degradation in the
carbonate sand was more pronounced and generally took
place at smaller strains than in the case of the silica sand
tested. This sheds some light into the potentially relevant
effect of particle breakage on the rigorous assessment of
dynamic properties of offshore carbonate sands. Inherent
errors associated with the use of conventional silica sand
framework to assess small-strain stiffness and damping of
carbonate sands are also being studied.
More details of this work can be found in: Carraro,
J.A.H. and Bortolotto, M.S. (2015). Stiffness degradation
and damping of carbonate and silica sands. Proc.
3rd International Symposium on Frontiers in Offshore
Geotechnics (ISFOG), Norwegian Geotechnical Institute,
Oslo, Norway, under review.

(b)

Figure 1: (a) Stiffness degradation of silica and carbonate sands (with similar particle size distribution)
tested at similar states in a resonant column apparatus, (b) Resonant column specimen.
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Novel methods for characterising pipe-soil
interaction forces in situ in deep water
A physical study was undertaken to characterise the
axial pipe-soil interaction forces, using the toroid and
ball penetrometer. The entire deployment process for the
study included: (1) undrained penetration conducted at a
dimensionless velocity of vD/cv = 1 for the three devices:
toroid, ball and pipe; (2) overloading (i.e. unloading by a
specific load ratio) and consolidation; and (3) axial sliding
with different velocities ranging from 0.001 mm/s and 1
mm/s (at model scale). Figure 2 illustrates the relationship
between the measured values of residual axial resistance
F/W and the normalised shearing time Tv, for the toroid
penetrometer with high OLR. The effects of consolidation
are not as strong as they might be on a rougher interface.
But the patterns in this figure show reasonable correlation
with the measured points falling within the zone of the
S-shaped consolidation curves estimated from numerical
results. Although the fitted consolidation curves show some
shifting from the FE estimate due to the selection of the
start of consolidation recording or inaccuracy of assumed
values of cv0, it is evident that the absolute time for the
transition from undrained to drained state (T90/T10 ) is in
close agreement with the FE estimate. It is validated that
S-shaped consolidation curves were able to describe the
entire axial sliding process, including undrained, transitional
and drained state.

Undrained

Normalised axial resistance, F/W

1.2

Transition Phase

Sampling disturbance effects in
carbonate soil
The large quantity of tests conducted in the COFS
Geotechnical Testing Laboratory on carbonate soil
samples over the past few years has triggered interest in
investigating the effects of sampling disturbance on the
measured mechanical properties of carbonate soils. As
part of this investigation, an experimental study of sampling
disturbance of a carbonate silty sand from the North West
shelf of Australia was carried out. Key triaxial test results
obtained during this study are illustrated in the image below.
Sampling disturbance is simulated in the triaxial apparatus
following Baligh’s Ideal Sampling Approach. Main findings
show that while reconsolidation to in situ stresses after
disturbance allows the shear stiffness to be estimated
reasonably well, it also leads to an overestimation of the
undrained shear strength of the soil. This overestimation
is due to the sample densification that results from the
undrained ideal sampling disturbance process followed by
reconsolidation. This research on sampling disturbance is
now continuing as a new PhD project.
More details of this work can be found in: Lim, G.T.,
Boukpeti, N. and Carraro, J.A.H. (2014). Sampling
disturbance effects in carbonate soil. TBD, under review.

More details of this work can be found in: Yan, Y. (2013).
Novel Methods for Characterising Pipe-soil Interaction
Forces In Situ In Deep Water. PhD Thesis. The University
of Western Australia.
1.4

Physical modelling
highlight

Drained

cv0 = 0.082 mm2/s

1.0

vD/cv0 = 194
vD/cv0 = 19.4, 1.94

0.8

vD/cv0 = 0.194

0.6
0.4
0.2
0.0
1E-6

Drained limit
C-T-01 Numerical S-shape
C-T-02 Numerical S-shape
C-T-01 undrained transition
C-T-01 Positive sweeps
C-T-02 Positive sweeps

1E-5

vD/cv0 = 0.194
vD/cv0 = 19.4, 1.94
vD/cv0 = 194

C-T-01 Fitting numerical S-shape
C-T-02 Fitting numerical S-shape
C-T-02 undrained transition
C-T-01 Negative sweeps
C-T-02 Negative sweeps

1E-4
1E-3
1E-2
1E-1
1E+0
Normalised time factor, Tv = cv0t/D2

1E+1

Figure 2: Effect of time on axial sliding resistance using toroid
penetrometer (cv0 = 0.082 mm2/s; 2.6m2/year).

1E+2

Ideal sampling disturbance corresponding to the axial strain
history at centreline of an ideal sampler.
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Numerical modelling
technology highlight
Numerical solutions for improved site
investigation capabilities
A cone or ball penetrometer equipped with a pore pressure
transducer can be used to obtain in situ consolidation
characteristics of a seabed soil. Theoretical solutions
exist to derive consolidation parameters from piezocone
dissipation tests, but no such solution yet exists for the
newer piezoball penetrometer. Development and dissipation
of excess pore pressure around a penetrometer. The large
deformation effective stress finite element method, RITSS,
has been used to benefit interpretation of the dissipation
test, especially for piezoballs. An advanced, coupled porefluid stress, critical state soil model has been incorporated
into our existing in-house developed large deformation
capability to model piezocone and piezoball penetration
and dissipation. Normalised times based on the operative
coefficient of consolidation, for piezocone and piezoball
respectively, have been proposed to unify dissipation curves
following undrained penetration. This study provides insight
for estimating the permeability of offshore sediments in an
efficient and economical way. Ultimately, a piezoball test
will be able to provide information on strength, remoulding
and consolidation characteristics in a single test, rather
than requiring a T-bar or ball penetrometer test for
strength characteristics and a piezocone for consolidation
characteristics – potentially halving the in situ testing time.
More details of this work can be found in: Mahmoodzadeh,
H., Randolph, M.F. and Wang, D. (2014). Numerical
simulation of piezocone dissipation test in clays.
Géotechnique, under review.

(a) (a)

(b) (b)

LDFE analyses of cone penetration in
soft‑stiff-soft clays
LDFE analyses in three-layer uniform soft-stiff-soft clay
have been investigated. The results were validated against
previous results prior to undertaking a parametric study,
exploring a range of normalised soil properties and layer
thickness. Identified interesting features of soil failure
mechanisms can be described as below. When the cone
tip enters into the 2nd (stiff) layer (Figure 3a), the soil around
the cone shoulder flows upward to the 1st layer, leading
to upward deformation of the layer interface (or localised
surface heave of the 2nd layer). The soil adjacent to the
cone edge flows downward in the 2nd layer, mobilising a
somewhat cavity expansion type failure. When the cone
tip is fully penetrated into the 2nd layer (Figure 3b), the soil
flow is concentrated in a limited zone beneath the cone
in the 2nd (stiff) layer, leading to mobilisation of the peak
capacity in the penetration resistance profile. With the
proximity of the cone to the 3rd (soft) layer, the soil flow
is predominantly attracted by the underlying soft layer,
which results in a deformation of the 2nd-3rd layer interface
(Figure 3c). Finally, when the penetration depth exceeds the
2nd-3rd layer interface by 1.2D, the cone tip becomes fully
embedded in the soft soil of the 3rd layer. It is seen that no
stiff clay plug is trapped at the base of the advancing cone
with smooth interface (see Figure 3d).

(a)

(c)

(a) (a)

(c) (c)

(b) (b) (b)

(d) (d) (d)

Figure 3: Soil flow mechanisms at different stages when the cone
penetrates through soft-stiff-soft clays.

Dissipation around a piezoball for determination of consolidation
characteristics – measured in the centrifuge and predicted with LDFE.
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(c) (c)

Offshore geohazards and seabed mobility
The Offshore Geohazards and Seabed Mobility
Research Stream represents an important interface
between geotechnical engineering, which has been the
traditional core of COFS’ activity, and the neighbouring
disciplines of hydraulics, sediment transport,
geomorphology and geology.
The most active trans-disciplinary interface in this stream
is ocean-seabed interaction, particularly through research
using UWA’s unique O-Tube facilities. The O-Tube flume
concept is a UWA innovation. An O-Tube is a recirculating
water tunnel, driven by an inline propeller, which can
be used to create flow kinematics that mimic seabed
conditions during storms, tides, solitons or simply
ambient conditions.
Since 2008 UWA has been developing the O-Tube concept,
to support research into new techniques for the stability
design of subsea pipelines as well as research on other
fluid-soil-structure interaction topics. The O-Tube program
was initiated by UWA in partnership with Woodside,
Chevron and the Australian Research Council. This industry
involvement has underpinned the applied research focus of
the O-Tube facilities.
During 2013 the Large O-Tube was principally occupied by
the STABLEpipe Joint Industry Project (JIP), supported by
Woodside and Chevron. Pipeline stabilisation represents
a massive cost for oil and gas developments offshore
Australia. The onerous metocean conditions mean that
pipelines require primary and secondary stabilisation, which
may take the form of concrete pipeline coating or rock
dumping. These methods are expensive and leave behind
a massive environmental footprint. The STABLEpipe JIP is
pursuing a radical alternative: we are aiming to quantify the
natural self-burial of the pipeline that results from instability
of the seabed. If this natural stabilisation process can be
relied on, engineered stabilisation may be eliminated. The
end of 2013 saw Phase II of the JIP reaching completion,
with the UWA research team drafting a new recommended
practice for pipeline design on mobile seabeds.
The Phase II testing program involved a wide parametric
study of two-dimensional and three-dimensional scour
within the large O-Tube, to assist the development and
calibration of models for predicting the onset and evolution
of seabed scour. Meanwhile, the mini O-Tube was used for
a fundamental study to investigate the relative erodibility of
different sediments.
The first PhD student to use the large O-Tube – Chengcai
Luo – was awarded his PhD during 2013. His studies have
led to quantification of the onset and progression of scour

processes that lead to pipeline self-burial, using calcareous
sediments representative of Australian conditions. He
also studied the changing pipe-soil resistance forces as
the seabed morphology around a pipeline is altered by
sediment transport. Meanwhile, work in the mini O-Tube has
yielded experimental data to validate methods for assessing
erosion and backfilling around seabed trenches, with and
without a pipeline present.
The scour mechanisms observed in the O-Tubes are
now also being compared to a unique dataset of field
observations recovered during annual pipeline surveys
on the North West Shelf of Australia, in collaboration
with Woodside. New image analysis techniques have
been developed to reinterpret archive footage from visual
inspections of pipelines, in order to quantify the changing
burial state.
During 2014, the next phase of the STABLEpipe JIP will
involve collaboration with the DNV verification agency, to
finalise a new recommended practice for pipeline stability
design. This will incorporate the outcomes of the O-Tube
research program and set seabed mobility as the central
element of pipeline stability assessments, leading to
improved design.
Seismic and shallow gas geohazards continue to be studied
at COFS. During 2013, studies into the geological evidence
to constrain design earthquakes both onshore and offshore
Australia were published. This work has followed field
investigations along the coast of WA and inshore, examining
evidence of uplift and active fold growth. Although Western
Australia is commonly viewed as a stable continental
region with low rates of earthquake activity, geological and
geomorphological evidence indicates that active tectonic
processes are occurring. Surface expressions of faults
in the Murchison region of WA are capable of generating
earthquakes in the range of Mw6.4-7.4, which is consistent
with the largest historically observed earthquake in the
region, the 1941 Mw 7.1 Meeberrie event. The rupture of
combined fault segments could push these Mmax values
up to Mw 7.4-7.7, which would be similar to the 2001 Mw 7.7
Bhuj India event. Probabilistic seismic hazard assessments
incorporating these types of structures may yield larger
design earthquakes than are typically considered in
this region.
Moving offshore, geohazard studies using 3D seismic
survey data have examined the seabed geomorphology
in the deep water regions to the north west of Australia,
beyond current developments. Collaboration with Perthbased company TotalDepth, using their proprietary
algorithms to process the 3D seismic data, allowed virtually
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all peak and trough surfaces to be extracted in an unbiased
and automated manner yielding a 3D visual database of the
seafloor. The subsurface extent and geometry of landslide
failure planes was mapped, as well as the thickness and
volumes of slide deposits. The subsurface expression of
the large mass transport complexes illustrates a history of
sediment accumulation followed by repeated slope failure
and debris run-out.
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Figure 5: Simon Leckie’s PhD work has involved automated
interpretation of historic pipeline survey video footage, to reveal
temporal and spatial variations in burial state (we acknowledge the
support of Woodside).

Figure 4: Wei Sun unburying a self-buried pipeline in the mini O-Tube.
Figure 6: Jim Hengesh’s geohazard studies of the deep waters beyond
current Australia offshore developments have mapped a complex
system of fluid expulsion features, landslides and debris flows.

Numerical modelling technology highlight
Meshless methods for modelling
high‑velocity scenarios
A meshless method, material point method (MPM),
has been used to tackle extremely large deformation
problems in offshore geomechanics. Although the large
deformation finite element analysis approach RITSS,
developed in COFS, is versatile to cover many practical
large deformation boundary value problems, the MPM
takes advantage in reproducing high-velocity scenarios
such as submarine sliding and subsequent slide impact
on the pipeline. A modified total stress analysis model
considering softening and rate-dependency of soil strength

has been incorporated into the MPM codes. The run-out
of sliding predicted by the MPM agrees well with centrifuge
test results, and we are currently working on quantifying the
impact force of the slide material to on-bottom pipelines.
Our MPM codes with GPU parallelisation can achieve 20fold speed-up of calculation times on an ordinary laptop.
More details of this work can be found in: Ma, J., Wang,
D. and Randolph, M.F. (2014). A new contact algorithm
in the material point method for geotechnical simulations.
International Journal for Numerical and Analytical Methods
in Geomechanics, Ahead of Print DOI: 10.1002/nag.2266

Modelling a submarine slide through the meshless MPM – Soil softening in mass sliding along a gentle slope.
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Offshore foundation systems
The Offshore Foundation Systems Research
Stream has been the core of the COFS activities
since its creation and remains a large part of our
activities, along with the three other research streams.
It mobilises most of the COFS academics, technicians
and students and initiates and generates most of the
physical and numerical modelling developments.
COFS can take pride in having produced major
breakthroughs over the years related to offshore
foundation systems that are now established as best
practice and are widely disseminated in industry. This
notably includes, among others, the assessment of cavity
stability during spudcan penetration and conditions for
spudcan punch through, the development of vertical,
horizontal and moment yield envelopes to establish the
combined capacity of shallow and skirted foundations,
the establishment of bearing capacity factors for a wide
range of anchoring systems, the development of yield
envelopes to predict trajectory of a wide range of drag
and dynamically penetrated anchors, the development of
an energy based model to predict dynamically penetrated
anchors embedment and the establishment of analytical
models to predict Steel Catenary Risers (SCR) and pipeline
embedment during laying, lateral buckling and walking.
Building on the accumulated knowledge and expertise,
COFS is pursuing significant developments in these areas.
A comprehensive overview of the research undertaken
can be obtained from the publication list presented in
this report, and details can be found in each paper.
A snapshot is presented below, with a particular focus on
two research avenues that COFS will be actively pursuing
in the coming years.
Some of the major achievements this year include the
implementation and use of the Modified Cam Clay Model
for a large variety of consolidation related problems,
associated with pipelines, shallow foundations and
spudcans. This leaded to the development of an analytical
model to predict post preloading vertical bearing capacity
of shallow and skirted foundations and the prediction of
spudcan capacity following operation period. Additional
developments are still being undertaken in this area, notably
to develop VHM yield envelopes of skirted foundations
following vertical preloading and to establish the uplift
capacity of subsea foundation as a function of the
surrounding soil consolidation.
The work on suction embedded plate anchors initiated
by a research collaboration with ExxonMobil is coming to
completion. A plasticity framework has been developed to
predict anchor trajectory during keying and the subsequent

anchor capacity. This enabled a parametric study, which
with the support of LDFE analysis, has led to the design
of a new anchor, which padeye location and keying flap
orientation optimise the anchor trajectory and its capacity to
increase embedment under inclined loading. Refinements of
the modelling also enable to account for the anchor shank
which has a significant influence on the anchor trajectory
during keying.
The performance of dynamically embedded plate anchor is
still being investigated, with particular attention on specific
anchor geometry such as the OMNI-Max, developed by
Delamr US, and the Dynamically Embedded Plate Anchor
(DEPLA), developed at UWA and now licenced to Vryhoff
Anchor. The main body of the research has focused on
the anchor trajectory following embedment and the design
features enabling the anchor to dive, i.e. to increase
embedment under specific pulling conditions. Both physical
and numerical modelling were undertaken to establish
the conditions resulting in anchor diving, associated with
strength gradient, anchor geometry and pulling angle.
Further refinements include the use of the Modified Cam
Clay Model to establish the pore pressure field around the
anchor during penetration and its evolution with time and
influence on anchor capacity.
In addition, COFS is investigating new areas that are
relevant to issues currently faced by industry or that
anticipate future industry trends and scientific challenges.
Upon decommissioning, the retrieval of subsea
structures and foundations may be challenging due to the
development of suction at the foundation invert. The uplift
capacity of subsea mudmat has been investigated both
physically and numerically, with a particular focus on the
mechanisms governing the development of suction at the
interface and solutions to relieve suction and minimise the
uplift resistance. The magnitude of suction generated during
uplift is essentially governed by the initial pore pressure
field, which varies with consolidation under the foundation
dead weight, uplift rates, drainage length and boundaries
conditions. Results revealed that the generation of a peeling
mechanism was more efficient than a reduction of drainage
length to reduce the magnitude of suction. Developments
are in progress to design a subsea mudmat that features
an innovative self-integrated suction relief mechanism that
would facilitate the structure retrieval.
Helical anchors are becoming more and more popular
both offshore and onshore. COFS is engaging a large body
of research both numerically and physically to investigate
anchor installation and capacity in sand and clay. Centrifuge
developments include a multi-helices anchor that can be
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Physical modelling technology highlight
The study involves centrifuge model tests of a mudmat
foundation on soft clay and complementary large
deformation finite element analysis.
Image 3 shows the model foundation and loading arm,
which is capable of controlling the vertical load, horizontal
and moment load and allowing movement in six degrees
of freedom.

Vertical load

Actuator attachment

Loading

Roller

Model

Horizontal load cell

Hinge

Schematic of a mobile subsea foundation system.

Mobile foundations for subsea
infrastructure
Increasing demands on subsea infrastructure coupled with
soft seabed conditions in deep water are resulting in the
size and weight of subsea shallow foundations exceeding
capabilities of conventional installation vessels.

Laser targets
Hinge

Laser targets

Base plate

Foundation and loading arm set up in centrifuge tests. The laser targets
on the corners of the foundation enable foundation displacements to be
determined in-flight.

One innovation to reduce foundation footprints involves
designing foundations to move tolerably to absorb applied
load rather than being engineered to resist all applied loads
and remain stationary (image 2).
New research at COFS is investigating mat foundations
that are designed to move tolerably across the seabed
under applied loading, resulting from thermal expansion
of connected pipelines.
The study addresses the potential of tolerable foundation
mobility to reduce foundation footprints – i.e. foundations
that are designed to move tolerably and relieve some of the
applied loads rather than being sufficiently large to resist
all loading.
The design challenge is to engineer a foundation that can
undergo controlled and limited sliding across the seabed
to relieve the applied loads, whilst not damaging the
connection points through unwanted rotation or settlement.

18 | cofs.uwa.edu.au

Increased sliding resistance of mobile foundation from centrifuge testing
(left, during pipeline heating and expansion in a start-up event and right,
during pipeline cooling and contraction in a shut-down event).

Changes in resistance, settlements and rotation of the
foundation during sliding cycles and intervening periods
of rests have been observed for varying operative vertical
loads, rates of foundation movement and duration of
reconsolidation between foundation movements.
Image 4 shows the increase in foundation resistance
to sliding following periodic monotonic cycles of
remoulding and reconsolidation. Figure 4 demonstrates
how accumulated settlements are affected by varying
operational conditions.
More information on this enabling technology can be found
in Susan Gourvenec’s article on The Conversation http://
theconversation.com/mobile-foundations-the-key-tounlocking-offshore-reserves-22543.

installed in-flight, monitoring the vertical load applied and
the torsion generate at each helices. This enables the
establishment of vertical-torsion yield envelopes than can
be used to predict the installation torque during installation.
Developments are in progress to correlate torque with
in-situ soil properties and establish the anchor uplift
capacity as a function of the installation parameters and
the geometry of the anchor.
The future holds exciting promises with two new research
avenues that COFS is actively pursuing. These relate to
mobile foundations and foundations and anchoring systems
for floating renewable energy devices. Both avenues
present new challenges associated with post-failure soil
behaviour and behaviour over many thousands of cycles.
COFS expects these challenges to be at the heart of
geotechnical science in the coming years and aims to
build on its existing knowledge and capabilities to develop
a state-of-the-art expertise to be implemented in industry
best practice.

Technical results from the research will be presented in
upcoming journal articles by Cocjin, Gourvenec, White
and Randolph.
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Figure 7: Vertical-Torsion yield envelopes of helical anchor in clay as a
function of the pitch to diameter ratio.

Cumulative settlements observed during episodes of sliding and
intervening rest periods for different operational conditions.
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Offshore renewable energy
Offshore renewable energy is expected to become a $200+
billion annual market by 2020 and COFS aims to become a
major actor in research and design of foundation systems
for offshore renewable energy, both fixed and floating.
Foundation engineering is a critical aspect of offshore
renewable energy development, considering that the
cost of foundation can reach up to 35% of the cost of the
device. Optimisation of foundation systems is perceived
as being major element to facilitate widespread usage of
the technology.
To that purpose, COFS is actively engaging with many
stakeholders in the field, both from industry and academia.
A research agreement has been signed with Carnegie
Wave Energy to optimise foundation design for their CETO5
and CETO6 buoyancy actuator, notably investigating
performance degradation over millions of tensile load cycles
changing in direction. A PhD student, co-supervised with
Carnegie Wave Energy has been recruited and physical
and numerical modellings are being planned for 2014 to
predict the performance of the grouted pile foundation of
their CETO5 prototype being installed 3 km offshore Garden
Island in Western Australia.
COFS is currently collaborating with Pelamis Wave Power,
Seaflex, Deep Sea Anchors, the University of Dundee
(Scotland) and University College of Cork (Ireland) within the
European Programme GEOWAVE to qualify an economical
torpedo type anchor developed by Deep Sea Anchors as
catenary mooring systems for the Pelamis wave energy
converter. The physical modelling part of the project is
being undertaken at COFS, mobilising two academics and
one full-time post-doc.

Figure 8: Investigating uplift resistance of subsea structures.

Figure 9: The Pelamis wave energy converter requires 2 catenary
mooring lines at each extremity, attached to anchors. Dynamically
penetrating anchor are considered as an economical and efficient
anchoring solution for both sand and clay.

A collaboration with Hamburg University is in progress to
investigate the displacement accumulation of large diameter
piles in sand under cyclic loading of varying directions, used
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for offshore wind turbines. Variations in the loading direction
have been shown, for the first time under relevant stress
levels, to significantly increase the pile head displacement
for all multi-directional tests on both loose and dense sand.
This series of tests forms part of a much larger research
project at TUHH.
Contacts are also being established with Ocean Power
Technology and Bombora WavePower, which we hope will
come to fruition by the end of 2014.
Most of the projects initiated are still in their infancy, but
starts to yields promising results. Dynamic embedment of
anchor in loose or dense sand has been demonstrated.
Embedments achieved are of the same order of magnitude

than embedment in clay and are sufficient to provide the
capacity required to anchor floating energy converter via
catenary mooring. Models are currently being developed
to predict final embedment and anchor trajectory in sand,
similar to those developed for clay over the last years.
Suction caissons are a promising options to anchor floating
energy devices assembled is array so anchoring systems
may be shared to reduce their numbers and the associated
foundation cost. This however results in multidirectional
cyclic loading for which no design guidelines have been
established yet. Preliminary centrifuge tests demonstrated
that detrimental effect on the caisson displacement and
rotation of a second loading direction if the peak cyclic load
was significant compared to the monotonic capacity.

Figure 10: Experimental set-up for pile drift tests in the beam centrifuge.

Figure 11: Shared anchoring systems concept for floating renewable energy. Multidirectional cyclic loading
is applied on the suction caisson, leading to either soil hardening or soil softening depending on the nature
of the soil, the amplitude and phase of the cycles.
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Numerical modelling highlights
New no-user-coding large deformation finite
element code
COFS’ numerical modelling technology stream has recently developed
a simple Large Deformation Finite Element approach, which falls within
the established Remeshing and Interpolation Technique with Small
Strain (RITSS) framework (developed in-house). Early realisations of
RITSS were built around the finite element program AFENA and recent
implementations employed commercial packages, such as ABAQUS
and LS-DYNA. However, all available RITSS implementations require
users to write in-house code for mapping field variables from the old to
new mesh, which has been the largest barrier to wider application of
the RITSS approach. This is especially challenging for the inexperienced
user, as inappropriate or less rigorously coded subroutines can lead
to unacceptable errors or numerical instabilities. A simple but practical
approach has been proposed to avoid user coding for mapping of
stresses and material properties from the old to new mesh. This was
accomplished by adopting the ABAQUS built-in technique ‘mesh-tomesh solution mapping’. This significantly reduces the coding work and
makes the RITSS approach accessible for non-programmers. The figure
shows a model for simulating the large strain, three dimensional anchor
keying process and the failure mechanism at completion of the keying
process using the new method.

Keying of a plate anchor using the new RITSS method.

More details of this work can be found in: Tian, Y., Cassidy,
M.J., Randolph, M.F., Wang, D. and Gaudin, C. (2014) “A Simple
Implementation of RITSS and Its Application in Large Deformation
Analysis.” Computers and Geotechnics, 56, 160-167

Coupled LDFEA
Both large deformations and the effect of excess pore pressure
accumulation/dissipation feature strongly in many offshore foundations
problems. Combining the capabilities of the commercial software
Abaqus with the in-house developed RITSS approach has enabled
numerical analyses of complex problems: the discontinuous installation
of the spudcan footing of a jack-up platform being one example where
the complex footing geometry and the soil-footing interface further
challenges. The complete installation process, including a pause that
allows consolidation to occur and further penetration capturing the
increase in post-consolidation resistance, has been simulated with the
new coupled large deformation technique, and the numerical results
agree favourably with experimental results obtained from centrifuge
testing. The numerical technique offers insights far beyond experimental
results, which will be advantageous in developing predictive models. It
also opens up new avenues of research, particularly when paired with
advanced constitutive models, for example detailed investigation of
footing response under cyclic loading.
More details of this work can be found in: Wang, D. and Bienen, B.
(2014). Large deformation analysis of consolidation underneath spudcan
footing. Proc. 14th Int. Conf. International Association for Computer
Methods and Advances in Geomechanics
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Excess pore pressures accumulated during
spudcan penetration.

Georisk highlight
Shallow foundations
The natural variability in geological deposits, coupled with
the existing uncertainty in loading conditions and limited
on-site data, make the determination of risk a challenging
problem for government authorities and engineering
practice. The current study on understanding the failure
mechanism of a foundation in natural variable soils is
seen as the first step towards the risk management. The
natural variability of soils was integrated with both limit
analysis method and finite element method through working
with the University of Newcastle. The statistical bearing
capacity factors and failure mechanisms of foundations in
spatially variable soils were revealed. Safety factors were
proposed for foundations embedded at various depths
at different levels of failure probability. When coupling
with combined vertical, horizontal and moment loading
the risk of foundation is expressed using probabilistic

In random soils

failure envelopes. These research results shed light on
future works, such as sampling schemes of natural soils,
stochastic modelling of wave-structure-soil interactions,
as well as risk-based prediction of foundation failure,
slope stability, and landslides. The research outcomes
will strengthen reliability-based design of offshore
foundations and support cost-effective decision-making
in engineering practice.
For more information please refer to Li, J.H., Cassidy,
M.J., Tian, Y., Huang, J.S., Lyamin, A.V., Uzielli, M. (2014)
Comparative study of bearing capacity of buried footings
using random limit analysis and finite element method.
Proc. 14th Int. Conference of the Int. Association for
Computer Methods and Advances in Geomechanics
(IACMAG), Kyoto, Japan.

In uniform soils

Bearing capacity of a strip footing using RFEM.
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Engineering science
The Offshore Engineering Science Research Stream
is a relatively new addition to COFS core research
activities. The research stream has been established to
focus on a wider range of offshore disciplines, including
offshore structural design and hydrodynamics. These
activities are often vital to a proper understanding of
the full fluid-soil-structure interaction which drives the
design of many offshore systems.
At least four areas of engineering science research have
grown rapidly in 2013. These include (i) research on deep
water risers, (ii) the probabilistic analysis of the failure of
offshore platforms in extreme sea states, (iii) hydrodynamics
of marine renewable energy and (iv) the hydrodynamics of
floating structures. Within these activities, the Engineering
Science Stream maintains strong links with the other
research stream within COFS, particularly on offshore
renewables, subsea pipelines and georisk.
Significant advancement is being made into the analysis of
steel catenary risers (SCRs), which provide a technically
feasible and commercially efficient solution for transport of
hydrocarbons from the seabed to the sea surface in deep
waters. Research within the group on this topic is tackling
all aspects of the nonlinear nature of the riser-soil-fluid
interaction, including the dynamic response and fatigue
design of SCRs in the touch down zone (TDZ), development
of new riser-fluid-soil interaction models and simplification of
dynamic analysis processes.

is leading new research into offshore floating systems,
including Floating Liquefied Natural Gas (FLNG). Research
in this area is expected to grow significantly in the coming
year through the appointment of new personnel.

Structural dynamic analysis and fatigue
design of risers in deep waters
COFS is continuing to make significant advancement in
the analysis of Steel Catenary risers (SCRs). This work is
focused on the simplification of dynamic structural analysis,
fluid-riser-soil interaction and simplification of soil models.
A schematic representation of a SCR in deep water is
shown in Figure 12. Lucile Quéau has utilised OrcaFlex
software with optimization software mode FRONTIER to
model tens of thousands of SCR configurations under
static and dynamic loading. Based on these results an
Artificial Neural Network (ANN) has been developed for
approximation of the maximum static stress range in
SCRs at the Touch Down Zone (TDZ), which is accurate
to ± 5% over 99% of the modelled configurations. This
approximation benefits SCR fatigue design by providing
a simple and robust tool that can be used to plot design
charts, which indicate the effect of the variation of the input
parameters on the fatigue damage.

Work at COFS is also focusing on the response of
structures to extreme wave loading. This work is building
on previous research at COFS on the reliability and
probabilistic performance analysis of fixed and jack-up
platforms subjected to extreme storms. Advances are being
made into better understanding of the extreme structural
response as well as the failure limit state of structures
and estimation of the probability of failure of the offshore
platforms under extreme wave loads.
Research on renewable energy within the stream has
focused on wave and tidal energies. Research concerning
tidal stream energy has been through collaboration with
The University of Oxford in the UK, and has led to improved
estimates of the resource. Results from this research
have been reported widely in the UK and in Scottish
Parliament. COFS is undertaking research in wave energy in
cooperation with Carnegie Wave Energy, facilitated through
CSIRO Researcher in Business program.
Research in floating structures has been initiated by the
Shell EMI funded Chair in Offshore Engineering Professor
David White, who together with Prof. Mike Efthymiou
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Figure 12: General view of a SCR in deep water.

Accurate fatigue design of a SCR requires the use of a
nonlinear riser-soil interaction models. Ehssan Zargar
started working on a new comprehensive hysteretic model
for nonlinear soil behaviour which could be implemented in
Finite Element (FE) analysis of SCRs. This model accounts
for the main features needed in a riser-soil interaction model
in the TDZ. COFS research, led by Jiayue Liu, is focused
on better understanding of the effect of nonlinear riser-soil
interactions on SCR fatigue performance. Finite Element

(FE) analysis has been developed to model nonlinear soil
behaviour and dynamic response of an SCR (Figure 13).
This work builds on research at COFS to understand and
subsequently reduced aspects of the complex non-linear
behaviour of soils into an equivalent linear soil models that
can be used readily in design.

Probability of failure of offshore platforms
under extreme random waves
Research at COFS aims to develop a simple framework for
estimation of the failure probability of dynamically sensitive
offshore structures considering the effect of the random
nature of sea-state in the extreme response and the failure
threshold of the structure.
The extreme response of structure is calculated by
convoluting the extreme crest height distribution and
extreme response distribution statistics. In order to
calculate the failure limit state, a novel method has been
developed to find maximum deck displacement distribution
relevant to overall collapse of the platform. For this aim,
a large enough number of random simulations (e.g. 1000
random simulations here) have been constrained in a range
of successively decreasing crest heights. This methodology
has been used successfully for a sample jack-up platform,
located in 106 m of water depth. Effects of wave spreading
have also been considered explicitly for this sample
jack-up structure. Figure 14 shows a 3D spreading CNW
with crest height of 20 m passing through the sample
jack‑up platform.

Figure 13: ABAQUS results for static response analysis of
an oscillating SCR.

Numerical modelling technology highlight
Hydrodynamics of floating structures
FLNG facilities are an emerging alternative to develop
offshore gas fields. Offloading from a FLNG facility to an
LNG carrier is a critical part of the operation and reliable
prediction of the hydrodynamics of FLNG facilities is
therefore essential for safe operation in real sea states.
A numerical model has been developed to predict the
coupled responses of the multi-body system in side-by-side
configuration, which has been validated through physical
model tests.
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to facilitate the coupled analysis. The numerical model
provides reliable predictions of vessel motions, relative
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considering the hydrodynamic interactions between the
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More details of this work can be found in: Zhao, W.H., Yang,
J.M., Hu, Z.Q., Tao, L.B., 2014. Prediction of hydrodynamic
performance of an FLNG system in side-by-side offloading
operation. Journal of Fluids and Structures, 46, pp. 89-110.
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Subsea pipeline interaction
COFS researchers have continued to study pipeline-seabed
interaction, to assess the interaction forces that stabilise
pipelines against hydrodynamic loading and thermal and
pressure-induced expansion. A major milestone during
2013 was the completion of a review for the SAFEBUCK
Joint Industry Project, to provide a new framework for
assessing axial pipe-soil resistance. This review compared
recent theoretical and numerical research at COFS
with a database of model test results from both NGI’s
large-scale laboratory testing and also Fugro’s in situ
SMARTPIPE instrument.
A particular focus of this review was the influence of
drainage on axial pipeline sliding resistance. It has been
shown through model tests that a process of consolidationinduced hardening occurs during episodes of pipeline
axial sliding. The repeated shearing of the soil adjacent to
the pipe leads to successive generation and dissipation
of excess pore pressure, with the soil specific volume
eventually reaching the critical state. At this ultimate

state, the drained and undrained resistances are equal
and the axial pipe-soil friction is higher than is commonly
assumed in design, based on the initial undrained state.
This discovery potentially unlocks significant design benefit,
through enhanced long-term axial pipe-soil friction.
The outcome of this review is a set of recommendations
for the assessment of axial pipe-soil interaction forces,
including both calculation procedures and also suitable
laboratory testing methods to derive input parameters.
The study has been scrutinised by the JIP Participants
and during 2014 the COFS approach will be incorporated
in an update of the SAFEBUCK Guideline, which is the
de facto design code for offshore pipeline buckling and
walking. COFS also supported the API/ISO Geotechnical
Resource Group by drafting a new supplementary section
for the forthcoming revision of the ISO 19901/4 design
code on pipe-soil interaction. The new design methods
are leading to improved assessments of lateral buckling
and axial walking, with cost savings through reduced
mitigation works.

Figure 14: 3D spreading CNW passing through the sample jackup platform.

Figure 15: Consolidation hardening in an interface shear box test with episodic sliding
– an analogue for the long term rise in axial friction on seabed pipelines.
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David White and Mike Efthymiou, in the COFS centrifuge laboratory.

The Shell EMI Chair in Offshore Engineering
In 2012 UWA’s Energy and Minerals Institute (EMI)
and Shell Australia agreed to establish a new Chair in
Offshore Engineering, to support new academic staff
and grow research and teaching across the disciplines
of geotechnics, structures and metocean. The Shell EMI
Chair is administered within COFS, forming part of our
diversification beyond geotechnical engineering, and the
Shell-supported staff are also part of the School of Civil,
Environmental and Mining Engineering.
Shell has been involved in the Australian oil and gas
industry since the beginning of the North West Shelf
Venture, in which it now holds a 17% stake. Shell will
shortly become an Operator in Australia when the Prelude
project delivers first gas from its revolutionary Floating LNG
facility. As part of Shell’s growing presence in Australia,
the Shell EMI initiative in offshore engineering aims to
strengthen UWA and Western Australia’s position as a
global offshore engineering hub, through world-class
research and education. COFS’ established reputation in
geomechanics provides a platform on which the Shell EMI
Chair is fostering broader expertise in offshore structures
and metocean engineering.
At the start of 2013 COFS’ Professor David White was
appointed to the Shell EMI Chair in Offshore Engineering.
Two further appointments were made later in the year.

Dr Wenhua Zhao joined from Shanghai Jiaotong University,
bringing expertise in the highly topical area of FLNG
hydrodynamics. In addition, Mike Efthymiou – formerly
Shell’s General Manager of Offshore Structures – accepted
a part-time appointment as the Shell EMI Professor of
Offshore Structures.
Mike brings a wealth of industry experience to UWA as
well as enormous expertise in offshore engineering. He
is recognised worldwide as a pioneer across many areas
of offshore engineering. During his 30 year Shell career
he played a key role in the development of FLNG. He is
the author of several patents on aspects of the design
and was the Lead Technical Authority in Shell for the
turret, moorings, production risers, water intake risers and
topsides structural design. He remains a consultant to Shell
and continues to be involved in technical developments
associated with Prelude, other Shell FLNG projects and
their wider engineering program.
On Mike’s first day at UWA he delivered the first in a series
of undergraduate lectures on floating structures and his
expertise and enthusiasm has invigorated many areas of
research across offshore engineering at UWA. The interview
below provides some background to Mike’s career, and his
reflections on taking up this new role at UWA.
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Reflections from an FLNG pioneer
Mike Efthymiou, Shell EMI Professor
of Offshore Structures
Reproduced from an interview given to Shell’s
Communication team.

in a candidate field in Namibia, which led to the enthusiasm
for FLNG falling further. The team worked quietly behind
the scenes to resolve some of the issues which took a few
years to overcome – such as side-by-side offloading – and
this went through to 2007.

So what led to the interest being revitalised?
Around 2007 the support for FLNG was renewed – gas
was becoming more precious than oil because it was
cleaner and emitted less CO2, and the price for both oil
and gas was much higher than in 2000, making FLNG a
much more attractive proposition. Stranded fields remained
undeveloped and there was no way to develop them
efficiently. In 2007 Prelude was discovered so this gave a
focus to the efforts around FLNG.

How much collaboration was required to get FLNG
from concept to reality?
The success of FLNG really came down to a merging of
technological expertise – my team had naval architecture
and offshore structures experience – ships, moorings, risers
– and needed to merge this experience with Shell’s LNG
discipline. From the LNG side people like Barend Pek and
Harry van der Velde and their LNG teams were critical to the
success of FLNG.

On Saturday 30 November 2013 the hull of Shell’s
first floating LNG facility Prelude floated out of the
dry dock at the Samsung Heavy Industries yard in
Geoje, South Korea.
What are your thoughts as you see the progress
being made with Prelude?
Mike Efthymiou and FLNG model.

I have been extremely pleased to see the progress. There
will be more FLNG facilities to come, as the concept of
‘design one, build many’ was in the team’s thoughts from
the start.

Mike, how did the FLNG concept come about?
Back in the late-90s, Alan Bliault from my team submitted a
business case for Shell to consider FLNG to the Shell Game
Changer program. It all started from there. Game Changer
was open to all Shell staff and was managed by a small
group whose role was to evaluate and filter these ideas.
At that time, FLNG was a talking point amongst many in the
industry, but no one had made the first move in bringing the
idea to life.

Did you face any challenges in those early years?
There was enough initial interest from the centre to invest
money in the idea, but overall there wasn’t a widespread
interest in FLNG in the early days. People could not foresee
the potential or recognise it would be a major business in
10 years time. There was an unsuccessful drilling attempt
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Shell’s competitors seem to be catching up…
You can’t keep an innovation like FLNG a secret for a long
time. Competitors can go to the dry dock in Korea, see
what is being built and adopt a lot of the ideas. ExxonMobil,
BP, Chevron, Inpex – there are at least five or six serious
attempts going on. Technology always leaches out
even through legitimate means and you can’t safeguard
everything. Shell has patented certain elements but they
are limited.

Why didn’t Shell patent the FLNG concept as
a whole?
We have about 25 patents on elements of FLNG. In the
literature there was mention of the concept before 1999,
hence a patent simply on the idea of placing LNG on a
floater would not have been a credible patent. The focus

should be on doing the second and third FLNG better and
faster. This is the way to stay one step ahead.

How do you respond to FLNG’s critics?
We’re in very good shape to make it work – we’ve de-risked
every critical aspect. We need to make sure the costs are
kept in check and it’s still important to develop Prelude on
time and within budget to reinforce the credibility of the
FLNG concept. Then the task is to repeat it.

What does your UWA role entail?
It is a combination of teaching and research. UWA is
strengthening the area of floating systems and Shell
encourages that, so there is synergy in this objective. I will
also be training students in FLNG skills and guiding PhD
students, as well as visiting companies in Perth to see if
they can collaborate with UWA and together play a role in
the supply chain for future FLNGs and floating systems in
general. This will increase the contribution of local content
and raise the profile of UWA.

What are your thoughts about innovation at Shell?
I joined Shell in 1981 and at that time we were producing
offshore from 150 metres of water – now we are producing
in 3000 metres, so every year we need to stretch the
boundaries further. When you innovate you need to go
through the process methodically and have the courage to
go through with new ideas. There’ll be some obstacles and
technical difficulties, and there will be those who are ready
to abandon a new concept if there are disappointments; to
succeed you need to believe in your ability to deliver and be
willing to persevere to overcome these hurdles.

How do you respond to FLNG’s critics?
We’re in very good shape to make it work – we’ve de-risked
every critical aspect. We need to make sure the costs are
kept in check and it’s still important to develop Prelude on
time and within budget to reinforce the credibility of the
FLNG concept. Then the task is to repeat it.

Why did this role appeal to you?
After I retired it was appealing to undertake an academic
role. I had previously worked with Delft University in
Offshore Engineering and a lot of the students joined
Shell. There came a point when the family wanted to be
somewhere other than Holland. Jan Flynn – the Shell
champion of the Shell-UWA link – mentioned the UWA role
and it appealed. I have been appointed for a five year term.
I am excited about working for an institute that is a
recognised centre of excellence in offshore engineering.
I am enjoying getting to know the people and developing
new partnerships, trusting that these will lead to new
technological breakthroughs that will benefit both UWA
and Australia.

What do you think is the future of FLNG?
About 25 years ago there were no FPSOs, but now
that people see the advantages the number has grown
considerably. FLNG will be a similar story. To enable other
breakthroughs we’ll need other opportunities such as
solutions for harsher environments e.g. the North Sea and
the Arctic. We are working on these new avenues, which
will change the game again.

And broader innovations? What’s next on
the cards?
For offshore oil and gas, the aspiration is to do more
on the seabed – subsea – and to execute a lot of this
remotely through control and automation. This requires
new equipment to be developed and qualified but it will be
of significant benefit in producing from remote, harsh and
Arctic environments. So the rewards will be substantial.
There are a lot of good things we can do in oil and gas that
can take us through the next few decades. Renewable
energy sources will become much more important in the
coming decades but the transition to an energy mix which
is primarily based on renewable sources may take 50 years.
During this period innovations in oil and gas will play a
major role.

The stern of the 482 m-long Prelude FLNG facility in Geoje Yard, Korea.
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Centrifuge report
For the uninitiated, a geotechnical centrifuge spins
reduced scale models at incredible speeds to increase
the gravitational forces acting on the models. This allows
self-weight stresses in the field to be replicated in the
centrifuge tests, meaning that the centrifuge test results
can be interpreted in terms of expected behaviour at full
scale. COFS currently operate a 3.6 m diameter fixed
beam centrifuge and 1.2 m diameter drum centrifuge.
The combination of these two complimentary centrifuges,
and the support of a dedicated team of eight technicians,
allows COFS to physically model a wide range of complex
soil-structure interaction problems.
2013 saw the beam and drum centrifuge enter their 25th
and 16th year of service. After 16 years of dedicated care
of the drum centrifuge, Bart Thomson decided to pursue
a new business venture. Whilst we were certainly sad to
see Bart leave COFS, we wish him every success in his
new career.

Actidyn have been busy on the design of the new 10 m
diameter beam centrifuge which is expected to be ready for
factory inspection in Paris in September 2014 and delivery
at COFS by December 2014. We will have to wait a little
longer to spin our 3rd centrifuge as we await completion of
the new Indian Marine Research Centre, which will be the
new home for the entire centrifuge facility in 2016.
2013 was another busy year for the beam centrifuge, with a
total of 20 projects and 6312 hours of continuous spinning.
The departure of Bart and some drum upgrades meant the
drum was a little less busy that usual, but still racked up
4656 hours of continuous spinning over 7 projects. Included
in this workload were industry projects on the behaviour
of Pipeline End Termination Units (PLETs) during cyclic
loading on silt (Chevron and Advanced Geomechanics),
1g pipe-soil interaction during axial sweeping in calcareous
silt (Woodside Energy and Advanced Geomechanics),
feasibility of borehole mining in sand (Iluka Resources)
and characterisation of intact silt tube samples (Chevron
and Advanced Geomechanics). We would like to take this
opportunity to thank our industry clients for their support
and look forward to further exciting projects during 2014.

Vertical axis

Figure 16: Bart at his farewell function.

We also welcome Kelvin Leong to the centrifuge team.
Kelvin joins us from Total Marine Technology, where
his many years as an ROV pilot are now being put to
good use in the beam control room, which he remarked
is “just like an ROV shack”. We were also pleased to
welcome Guanlin Ye as a temporary member of the team.
Guanlin joined us during 2013 from Shanghai Jiao Tong
University, where he is learning the ropes of operating a
drum centrifuge in preparation for the arrival of their new
drum centrifuge in 2014.

Figure 17: Kelvin Leong joins the centrifuge team.
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Figure 18: PLET tests.

Figure 19: 1g axial pipe tests for Woodside Energy and Advanced
Geomechanics.
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Geotechnical testing laboratory report
In 2013, the Geotechnical Testing Laboratory provided
advanced testing services to 9 industry clients resulting
in the publication of 24 technical reports. The lab also
provided support to the research activities of 87 academic
users at UWA. Over 300 undergraduate engineering
students used our teaching facilities within the same period.
In-house research and development as well as acquisition
of state-of-the-art geotechnical testing equipment were
among the top priorities of the Geotechnical Testing Lab in
2013. A few highlights on this topic include:
Hollow Cylinder: a state-of-the-art dynamic hollow cylinder
apparatus was commissioned to the COFS Geotechnical
Testing Lab (Figure 20). A hollow cylinder device allows
rigorous and systematic analyses of the effects of
principal stress rotation and intermediate principal stress
changes to be carried out experimentally, without the
usual simplifications associated with more conventional
testing protocols. This allows soil anisotropy analyses to
be carried out on specimens with similar dimensions and
consistent fabric. As a result of recent research in this
rapidly expanding area of experimental geomechanics, it
is now possible to reconstitute uniform and homogeneous
specimens of uncemented soils deposited underwater for
hollow cylinder testing.

Resonant Column: a new resonant column apparatus
has been added to the COFS Geotechnical Testing Lab’s
inventory (Figure 21). This new device is fully automated and
allows application of cell pressures up to 3 MPa. Accurate
assessment of soil stiffness and understanding of how
it degrades with strain are crucial aspects of advanced
soil-structure interaction analyses. Other analyses that
require knowledge of soil damping can also be conveniently
conducted at COFS via design of an experimental
program that involves the use of our new resonant column
apparatus. A recent study on the stiffness degradation of
an offshore carbonate sand from the North West shelf of
Australia is highlighted in the Offshore Sediments research
stream section of this report.
More details of the work mentioned above can be found
in: Carraro, J.A.H. and Bortolotto, M.S. (2015). Stiffness
degradation and damping of carbonate and silica sands.
Proc. 3rd International Symposium on Frontiers in Offshore
Geotechnics (ISFOG), Norwegian Geotechnical Institute,
Oslo, Norway, under review.

For more details on this topic please see: Tastan, E.O. and
Carraro, J.A.H. (2013). A New Slurry-Based Method of
Preparation of Hollow Cylinder Specimens of Clean and
Silty Sands. ASTM Geotechnical Testing Journal, 36(6), pp.
811–822, doi:10.1520/GTJ20130056, ISSN 0149-6115.
Figure 21: New resonant column apparatus at COFS.

Figure 20: (a) General view.
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(b) Specimen set up.

UWA Simple Shear (New Generation): in 2013, major
progress was made on the research and development of
advanced testing devices originally designed at COFS a
couple of decades ago. A good example of such initiative
involves the development of the new generation of the
so-called UWA simple shear devices, which now feature
state-of-the-art control and data acquisition technology.
This new generation of UWA simple shear devices (Figure
22) is capable of emulating the performance of the original
UWA simple shear apparatuses previously designed and
developed at COFS. These new devices will also be able
to subject simple shear specimens to alternative types
of boundary conditions depending on the specific needs
of the analysis to be conducted. The new system is fully
automated and features user-friendly graphic interface that
greatly facilitates testing operation and data analysis in real
time, while the test is being performed.

Figure 22: New generation of UWA simple shear apparatus.

Lab Testing Capabilities: the new advanced testing
capabilities that have been recently introduced to the
Geotechnical Testing Lab at COFS are summarised
below in Figure 23 along with several other testing
protocols available.

Figure 23: Testing capabilities available at the COFS Geotechnical Testing Lab.
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O-Tube laboratory report
The O-Tube flume concept is a UWA innovation. An
O-Tube is a recirculating water tunnel, driven by an inline
propeller, which can be used to create flow kinematics that
mimic seabed conditions during storms, tides, solitons
or simply ambient conditions. Since 2008 UWA has been
developing the O-Tube concept to support research into
new techniques for the stability design of subsea pipelines
as well as research on other fluid-soil-structure interaction
topics. This work has been driven at UWA by Liang Cheng
from the School of Civil and Resource Engineering (SCRE)
and David White from COFS together with Hongwei An and
Scott Draper. Hongwei is a Lab Supervisor at the Large
O-Tube whilst Scott manages the Mini O-Tube.
The O-Tube program was initiated by UWA in partnership
with Woodside, Chevron and the Australian Research
Council. This industry involvement has underpinned the
applied research focus of the O-Tube facilities. Since its
inception the Large O-Tube has been used in numerous
industry research projects to support offshore engineering
design, including the STABLEpipe Joint Industry Project
(JIP) supported by Woodside and Chevron. This work has
mainly focused on pipeline stability, both for existing and
proposed pipelines, but has also included work to assess
the stability of rock berms, scour around pile groups and
scour around rectangular caissons.
Three types of O-Tube have been established at UWA. The
main facility is the Large O-Tube, built in 2010. This facility
comprises a huge closed-loop flume with a 20 m-long bed
of natural seabed soil and an actuator-controlled 200 mm
diameter model pipe. The second facility is a Mini O-Tube,
approximately five times smaller than the larger O-Tube in
all dimensions. This facility was originally built in 2008 as
a proof-of-concept for the Large O-Tube. Finally, the third
facility is termed the Small O-Tube, and was assembled

Figure 24: The large O-Tube at UWA’s Shenton Park campus.
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Figure 25: Awards won by the O-Tube team.

in 2013. This O-Tube has an improved operating range
compared to the Mini O-Tube and is slightly larger. The
design and assembly of all the O-Tubes was undertaken
by UWA’s in-house technical team, and the control and
actuation systems are evolved versions of the technologies
developed for the geotechnical centrifuges. The design and
operation of the O-Tubes is set out by An et al. (2013).
The O-Tubes have significant advantages over conventional
laboratory flumes because they can reproduce combined
wave and current action, up to the very large velocities
typical of cyclonic and tidal conditions on the North West
Shelf of Australia. Recent research by PhD student Henning
Mohr has provided a solid foundation for understanding
the hydrodynamics within an O-Tube. This is enabling
better control of the O-Tubes and improving interpretation
of experimental results so as to extrapolate to field/
prototype conditions.
Research being performed in the Large O-Tube is making a
significant difference to pipeline stability design in Australia.
To date, the research findings have yielded technical
outcomes with a benefit-to-cost ratio greater than 10:1 for
industry partners, according to an investor advisory briefing
published by Woodside Energy Ltd. The Mini O-Tube and

Small O-Tubes complement the larger O-Tube and can be
used to easily investigate sediment transport mechanisms
in a variety of different soils. This advantage has been
exploited to investigate the erosional properties of soil
samples recovered from field locations.

O-Tube in numbers
ÌÌ O-Tube

facilities in the world: 1
of O-Tubes at UWA: 2
ÌÌ Year O-Tube program was established: 2009
ÌÌ Tons of water forced through a one meter high O-Tube
flume allowing researchers to track the impact of wave
and current loading on underwater infrastructure: 60
ÌÌ Maximum current velocity in meters per second which
can be simulated in the Large O-Tube: 3
ÌÌ Benefit-to-cost ratio on investment from Industry
partners: 10-1
ÌÌ Millions of dollars invested in developing UWA O-Tube
program: >4
ÌÌ Number of parts in model pipe: >150
ÌÌ Scale of mini O-Tube to large O-Tube: 1:5
ÌÌ Number

Present research is focusing on hydrodynamic forces on
pipelines on mobile seabeds, driven by the STABLEpipe JIP.
PhD research is focusing on 3-dimensional scour and the
erosional properties of biogenic sediments.
During 2013 the O-Tube team at UWA won the Australian
Gas Technology Innovation Award. This achievement adds
to the three other previous awards that the program has
picked up.

Key publication
An H., Luo C., Cheng L. & White D.J. 2013. A new facility for
studying ocean-structure-seabed interactions: the O-Tube.
Coastal Engineering. 82(88–101)

Figure 27: Pipeline instability in the large O-Tube.

Figure 26: Large O-Tube control room and test section.
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Rock mechanics laboratory report
Alternative rock mechanics of seismogenic
depths developing in COFS
Failure mechanisms acting in hard rocks (representing the
seismogenic layer of the Earth’s crust) at highly confined
compression (corresponding to seismogenic depths)
are practically unexplored due to imperfection of testing
methods which are not able to preclude uncontrollable and
violent failure of testing specimens in the post-peak region.
Today post-peak failure mechanisms for hard rocks are
considered similar to those of comprehensively studied
relatively soft rocks.
Special experimental studies conducted on an ultra-stiff
and servo-controlled triaxial testing machine developed in
COFS and theoretical investigations have allowed identifying
a hitherto unknown shear rupture mechanism acting in hard
rocks at highly confined compression [1-6]. This mechanism
provides extraordinary post-peak properties for hard
rocks which are in conflict with traditional understanding
of the nature of rock strength, brittleness, and sources of
instability. The new knowledge offers a novel perspective
on rock mechanics of seismogenic depths, earthquake
mechanisms, nature of lithospheric strength, etc. The
essence of the new approach is briefly reported here.

Fan-hinged shear rupture mechanism
Shear rupture is the only macroscopic failure mode at
highly confined compression. It is because at this stress
condition the formation of long tensile cracks is suppressed
but propagation of a shear rupture through intact material
is provided due to creation of micro-tensile cracks in the
rupture tip as shown in Figure 28a. The micro-cracking
process creates intercrack blocks (known as dominoblocks) inclined at angle α0 to the rupture plane. It is
generally accepted that domino-blocks formed in the
rupture tip collapse at their rotation caused by shear
displacement of the rupture faces leading to the creation
of frictional structureless medium (gouge) in the shear
rupture interface (Figure 28b).

Figure 28: Frictional and fan-hinged shear – two mechanisms of shear
rupture propagation.
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COFS’s studies show that domino blocks formed in hard
rocks at highly confined compression can withstand rotation
without collapse behaving as hinges. Due to consecutive
generation and rotation domino-blocks create a fanstructure representing the shear rupture head (figure 29c).
The fan-hinged structure can be formed in small primary
ruptures and in large segmented faults.
On the basis of special experiments, physical and
mathematical modelling it was established that the fanhinged structure combines such unique features as:
extremely low shear resistance, self-sustaining stress
intensification, and self-unbalancing conditions. Due to this
hard rocks at confined compression become extremely
brittle and the failure process caused by the fan-mechanism
is inevitably very dynamic and violent.
The fan-mechanism activation has the following important
feature: for creation of the initial fan-structure high local
shear stresses are required corresponding to the material
strength, however, after completion of the fan-head it can
propagate through intact rock mass at shear stress levels
significantly less than frictional strength of pre-existing
faults. The fan-mechanism makes hard rocks at confining
stresses of seismogenic depths paradoxically weak
and brittle.

Lithospheric strength and earthquake
mechanisms
Earthquakes are normally related to pre-existing
discontinuities (e.g. boundaries between tectonic plates,
faults), which implies an essential role of them in earthquake
activity. It is generally accepted that the lithospheric
strength is determined by the frictional strength of preexisting discontinuities which is considered to be the
lower limit on rock shear strength for the seismogenic
layer. According to the conventional approach the primary
earthquake mechanism comprises stick-slip instability
along pre-existing faults representing the weakest link of
the crust structure.
The new development assumes that shear strength of
intact hard rock can be lower than frictional strength of
pre-existing faults if the fan-mechanism is activated. High
local stresses necessary to form the initial fan-structure in
intact rock can be generated in the vicinity of pre-existing
discontinuities representing stress concentrators. Thus,
according to the new approach pre-existing discontinuities
play the role of stress concentrators creating the starting
conditions for the fan-mechanism, but instability (e.g.
earthquakes) occurs due to the development of new
faults in the intact rock mass.

Paradoxically low strength of intact rock provided by the
fan-mechanism (below the frictional strength) makes the
generation of new faults in intact rock mass preferential
to reactivation of pre-existing faults. This unique feature of
the fan-mechanism allows that the majority of earthquakes
are resulted from generation of new faults. However, the
proximity of the pre-existing discontinuities to the area
of instability caused by the fan-mechanism creates the
illusion of stick-slip instability on the pre-existing faults,
thus concealing the real situation.
Figure 29 illustrates the nature of earthquakes generated
by the fan-mechanism. Figure 29a shows a fragment of the
rock mass with the local zone of high shear stress adjoining
a pre-existing discontinuity where the fan-structure is
initially generated and a large zone of low stress where the
fan-head can easily propagate. In Figure 29b the red graph
illustrates shear resistance of the fan-head at two stages:
nucleation (length of the fan-head ℓfan, strength τu) and
propagation (length of created shear fracture L >>> ℓfan,
strength τfan ). The horizontal dotted line shows the level of
frictional strength τf. The horizontal solid line corresponds
to the field stress level τ.

Figure 29: Nature of earthquakes generated by the fan-mechanism.

It should be noted, that the new understanding of hard rock
properties and earthquake mechanics are in conflict with
the conventional approaches and due to this the earthquake
community accepts the new ideas with significant
resistance. We believe, however, that further development
of this subject and intensive publication in professional
journals and presentation on corresponding conferences
will make finally the new approach generally accepted.
Reliable prediction of dynamic events is possible only on
the basis of correct understanding of failure mechanisms.
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