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« Utilisez la nature, cette immense auxiliaire dédaignée. Faites travailler pour vous
tous les souffles de vent, toutes les chutes d'eau, tous les effluves magnétiques.
Réfléchissez au mouvement des vagues, au flux et reflux, au va-et-vient des marées.
Qu'est-ce que l'océan? une énorme force perdue. Comme la terre est bête! ne pas
employer l'océan! »
Victor Hugo, Quatrevingt-treize, 1874.
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ABSTRACT
Anchors form an integral part of any offshore floating renewable energy device and
ensuring the performance of these key elements under environmental conditions are
of crucial importance. In the current energy context of shifting from a conventional
source of energy toward clean energy solutions, the development of arrays of
floating Wave Energy Converters (WECs) has raised significant interest. However,
the cost associated with anchoring systems is relatively high with respect of the total
cost of the offshore renewable energy project, hampering commercial development
of large-scale arrays of WECs.
In an array configuration, cost reduction can be achieved by sharing anchor points
with multiple floating WECs. As a consequence, the total number of anchors for the
project can be reduced. However, the loading condition at the anchor becomes
complex, including cyclic, alternate and most importantly multi-directional, a case
that is not currently addressed in design practice.
This thesis aims at providing preliminary insights into (i) the characteristics of multidirectional loading on shared anchors, (ii) the performance of pile and suction
foundations under multi-directional loading and (iii) the behaviour of soil, at the
element level, under multi-directional loading. The focus is on sand, which is
dominant in the shallow waters relevant to the development of WECs, and the work
undertaken involves a blend of hydrodynamic numerical modelling, geotechnical
physical modelling and soil element testing. The outcomes are expected to assist in
identifying the key aspects governing the performance of anchors under
multi-directional loading to guide further research.
A preliminary hydrodynamic numerical model was developed to characterise
mooring loads on shared anchors. Using OrcaFlex, a floating structure analogous to a
WEC point absorber type was modelled and validated against field measurements
(structure’s motion and mooring loads), provided by the University of Exeter, UK.
After validation for a range of measured environmental conditions, the
single-structure model was extended to a six-structures model, organised in an array.
For an anchor sharing configuration with 2- and 3-line connections, it was
demonstrated that the variation of the direction and the magnitude of the resultant
load is significantly higher than an anchor with a 1-line connection. The complexity
viii

of multi-directional load cases was identified and subsequently characterised by a
simple and easy to use analytical model, introducing a load conditions framework
that is relevant for geotechnical design of a shared anchor.
Failure mechanism of pile and caisson anchors under multi-directional loading was
studied through geotechnical centrifuge modelling at the University of Western
Australia. One set of experiments consisted of evaluating the performance of pile
anchors subjected to cyclic loads applied from one, two and three directions to
replicate multi-directional load cases identified in the hydrodynamic numerical
modelling of an array of WECs. The results of the physical modelling demonstrated
that the number of line connections, as well as the phase between the different line
loadings on a shared anchor, has a significant influence on the anchor’s performance.
The second set of experiments consisted in estimating the capacity of a caisson
anchor in a monotonic, multi-directional loading condition. This was achieved by
applying a pre-load F1, equal to a fraction of the monotonic capacity, in one direction
before loading the caisson to failure in another direction F2 at a different angle α
from the pre-load F1. The results of this second series of physical modelling
demonstrated that the capacity of caisson anchors can be significantly reduced by a
change of loading direction.
The study is then expanded with soil element testing to support results from the
physical modelling. An extensive series of Direct Simple Shear tests were performed
using the Illinois multi-directional cyclic Direct Simple Shear (I-mcDSS) apparatus
at the University of Illinois at Urbana-Champaign (UIUC) to investigate the
behaviour of silica and calcareous sands, subjected to multi-directional direct simple
shear stresses. A framework focussing on the response under two independent
shearing directions under drained conditions was adopted. The experimental program
involved multi-directional monotonic and multi-directional cyclic shear tests. It was
demonstrated that there is a relationship between the volume change and the
direction of the shear stress paths. The soil sample exhibits larger volumetric
contraction for large shear stress reversal. SEM (scanning electron microscope)
analyses were used to characterise sand particles’ shapes and surface textures.
However, no significant correlations were found between particles’ shapes or surface
textures and the measured volumetric contraction under multi-directional shear stress
conditions.
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Chapter 1: Introduction

Chapter 1 - INTRODUCTION

1.1.

BACKGROUND AND CONTEXT

Energy consumption is expected to rise due to globalLY expanding access to
electricity. The challenge of decarbonising electrical power has become a
governmental mission in many countries. Targets to reduce CO2 emissions (such as
those imposed in the 2015 Paris Agreement) and new policies in favour of
renewables (competitive governmental loans, feed in tariff systems, etc.) are
gradually introduced. For the first time in 2016, global investment in electricity
sector overtook that of oil and gas (International Energy Agency, 2016). Renewables
now represent two-thirds of global investment in power plants and has become for
many countries, the cheapest source of new power generation (International Energy
Agency, 2017). In the European Union, 80% of new power capacity is from
renewables (Wind Europe, 2018). With the depletion of fossil fuel reserves and
environmental preservation, the exploitation of renewable energy sources is the most
rational alternative.
Taking the example of Australia, according to Geoscience Australia and BREE
(2014), solar radiation is the largest source of renewable energy (16.106 TWh/yr),
which is about 63,500 times the 2014/15 Australian electricity generation
(252 TWh/yr). The total wave energy resource around Australia is estimated to be
around 2,760 TWh/yr (Hemer et al., 2017). However, only a fraction of the wave
resource can realistically be collected and fed into the existing grid. As such, the
potential for wave energy around the Australian coast is estimated to be 700 TWh/yr
(Hemer and Rosebrock, 2017), which is still more than twice the 2014/15 Australian
electricity demand. Fig. 1-1 illustrates the scale of the renewable energy resources
available in Australia in comparison with the demand and the coal reserves. The
technology for solar and wind energy (both onshore and offshore) is relatively
mature and commercially established, while tidal and wave energy technologies are
still in their early stages of development and commercialisation. According to Wind
Europe (2018), as of 2018, Europe has a total installed offshore wind capacity of
15,780 MW (~4,149 fixed and between 5-10 floating grid-connected offshore wind
turbines across 11 countries). Tidal stream generators accounted for 17 MW of the
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installed capacity in 2016 while wave energy converters did not contribute as they
are still in a pre-commercial demonstration phase (World Energy Council, 2016).

Fig. 1-1 Australian wave resources compared with other resources available for
power generation, source Geoscience Australia and BREE (2014)

1.2.

WAVE ENERGY

The idea of converting the motion of ocean waves into electricity started in the
1950s. The potential of this new source of renewable energy was demonstrated by
showing that 80% of the wave energy flux generated could be collected back by a
Wave Energy Converter (WEC) (Salter, 1974). A WEC is essentially a device that
converts the motion of the ocean wave into electricity, typically via a mechanical
system called power take-off (PTO) or a turbine. There are now various methods to
capture the energy of the waves; point absorbers, flaps, rotating masses, etc. WECs
can be either fixed nearshore or floating offshore. For floating configurations, the
mooring system, either taut or catenary, secures the WEC on station. The natural
frequency of the WEC is typically chosen to match the wave frequency, such that
power generation is maximised. Mooring loads may then be very dynamic, with a
significant inertia component.
WECs such as Carnegie’s CETO6M and Bombora’s mWave currently have the
largest rated capacity (< 1.5 MW). In comparison, tidal stream turbines have a
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maximum capacity of 1 to 2 MW and offshore wind turbines have a capacity
between 3 and 10 MW. To be commercially viable, grid-connected WECs must form
a cluster of platforms and generate power of reasonable magnitude (say between
10 to 50 MW) at a cost that is competitive with other energy sources.
The Levelised Cost Of Electricity (LCOE) is a measure of the cost of power
production that allows for comparison of different technologies. As illustrated in
Fig. 1-2, WECs are about 7 times more expensive than nuclear power, the most
competitive source of power. However, this type of estimation is questionable as the
wave energy technology is limited to a very specific market, where the electricity is
already expensive such as remote communities where the cheapest alternative
(nuclear or coal) are not possible to implement. As such, comparing LCOE of wave
energy with nuclear energy is not always relevant. Wind power is now a competitive
source of energy since significant reduction of the LCOE by a factor of more than 3
(from more than $165/MWh to approximately $55/MWh) were achieved during the
period 1992-2005 (Lemming et al., 2008). Similar trends are expected for the wave
energy sector. However, several technological milestones are yet to be reached in
order to make wave energy commercial and competitive. The anchoring system of
such wave energy systems is one area, among others, of research where significant
cost savings can be achieved. Several research directions in anchor technology were
proposed by Gaudin et al. (2017). For example, Fiumana et al. (2018) has explored
the potential of active suction to temporally increase the tensile capacity of bucket
foundation for offshore floating renewables. Duong (2019) has explored the
performance of anchors under dynamic loading from WECs to specifically resist
snatch loads that mainly results from reaching the end of stroke of the power takeoff. The cost-reduction strategy considered in this thesis is anchor sharing.
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Fig. 1-2 Levelised cost of different power technologies, reproduced from Astariz
et al. (2015)

1.3.

ANCHORING SYSTEMS FOR WAVE ENERGY

Numerous studies on anchoring solutions for floating devices, developed for the oil
and gas industry are reported in the literature. Despite this extensive engineering
background, the cost associated with anchoring systems for WECs can rise to around
20% of the total cost of the project (Moura Paredes et al., 2013). In addition, the
wave energy sector brings new challenges for anchoring systems, as developed in
this thesis, which are not considered in the oil and gas sector. Accordingly,
anchoring engineering practices developed for the oil and gas industry are not always
relevant for the wave energy sector for various reasons, as explained later in
Chapter 2. Hence, there is an economical and technological imperative to advance
the state-of-knowledge for anchoring WECs such that reliability and performance
can be maintained at a reduced cost. Generally, the choice of anchoring system is
based on multiple parameters such as:
•

The size and number of the floating structures to anchor;

•

The water depth and distance to shore;

•

The type of mooring system (catenary or taut);

•

The environmental loading (wave and current loads);

•

The properties and characteristics of the seabed.

To be competitive, WECs will need to be installed in large numbers, exceeding 50 to
100 units (taking existing offshore wind farms as a reference). Consequently, an
array of WECs will require a significant number of anchors (say about 150 anchors
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for 50 floating units, assuming three-point mooring system such as the Carnegie’s
CETO6M). Moreover, the large group of anchors will be spread across a large
surface area (~ 100 km2). This particular configuration is fundamentally different to
a typical oil and gas project that require a lower number of anchors (~10 to 20) over
a smaller surface area (multiple areas of ~0.01 km2).
Most of the current research on WEC technology focusses on the power extraction
methods. To date, WEC installations in the open ocean environment have taken a
rather traditional and conservative approach to anchoring, e.g. by using gravity
anchors located directly on the seabed. This is an acceptable approach for low load
magnitude on the anchor point. Focus is on demonstrating that the technology works
and can survive extreme sea states. However, for the commercialisation phase, it
becomes necessary to develop economical anchoring solutions, specifically tailored
for WEC applications.
As noted earlier, WECs differ from floating oil and gas platforms, in so far as there
are unique geotechnical engineering challenges that require consideration:
1- The large number of WECs offers the possibility to share the anchor point
within an array. Multi-directional loading resulting from anchor sharing in
arrays are expected.
2- To produce a maximum amount of energy, WECs must be designed to
resonate in ocean waves. The resulting large motions of the WECs create
important dynamic loading on the anchors, with potentially significant
inertial components.
3- The large area of WEC arrays increases the potential for significant soil
variability.
The challenge addressed in this thesis is the multi-directional loading from anchor
sharing. This may contribute to the reduction in the LCOE by reducing the total
number of anchors and consequently reducing the cost of wave energy installations.
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1.4.

ANCHOR SHARING CONCEPT

The anchor sharing concept adopts a configuration where more than one WEC
mooring line is connected to a ‘shared anchor’ as shown in Fig. 1-3(a). Considering
the small array of six floating WECs on Fig. 1-3(b), each WEC would require
18 anchors with no anchor sharing. However, Fig. 1-3(c) shows that for the same
numbers of WECs with anchor sharing, the total number of anchors is reduced to 10.
Anchor sharing has a significant cost reduction potential as the total number of
anchors can be drastically reduced.

(a)

(b)

(c)

Fig. 1-3 (a) Side view of two WEC structures sharing one anchor point, (b) top
view of an array of three-point mooring WEC structures without anchor
sharing and (c) with anchor sharing
The interconnection of the mooring systems forms regular arrangements, with a
geometry that is imposed by the number of mooring lines per WEC. Some WECs
may require three, four or even five mooring lines to maintain the floating structure
on station. Fig. 1-4 shows several potential patterns for 3-, 4- and 5-point mooring
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systems. Each pattern has a given anchor reduction potential. Generally, the more
lines that are connected to a single anchor, the fewer anchors are needed. Table 1-1
and Fig. 1-5 summarises the number of anchors and line connections for each
pattern. It is noticed that array in Fig. 1-4(b) uses the least number of anchors for the
same number of WECs. This is the direct consequence of anchor sharing where
anchors may be connected up to four mooring lines, each pulling in different
directions.
The direct consequence of anchor sharing is that mooring loads are applied to the
anchor from different directions, which is fundamentally different to anchoring for
oil and gas floating structures and therefore not currently considered in design.
As environmental loading is cyclic in nature, the total load acting on the shared
anchor becomes cyclic and multi-directional.
As multi-directional loading is not a loading scenario for floating oil and gas
platforms, existing codes and standards do not provide guidance on how to design an
anchor to resist multi-directional tensile, cyclic loading.

(a)

(b)

(c)

(d)

Fig. 1-4 Example of ‘anchor efficient’ array arrangements for 3-, 4- and 5-point
mooring systems
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Fig. 1-5 Total number of anchors for 3-, 4- and 5-point mooring systems with
anchor sharing and 3-point mooring without anchor sharing
Table 1-1: Characteristic of ‘anchor efficient’ WEC arrays
Array arrangement Fig. 1-3(b) Fig. 1-4(a) Fig. 1-4(b) Fig. 1-4(c) Fig. 1-4(d)
Mooring system
3-point
3-point
3-point
4-point
5-point
Anchor sharing
no
yes
yes
yes
yes
WECs
6
6
6
6
6
Anchors
18
11
8
12
20
Anchors per device
3
1.8
1.3
2
3.3
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1.5.

RESEARCH OBJECTIVES

This thesis is organised around the following six objectives:
1. Characterise the nature of multi-directional loading for a given WEC under a
range of sea conditions and anchor sharing configuration.
2. Investigate the response and performance of a pile anchor to the
multi-directional load cases generated in 2. Identify the multi-directional
loading regimes that are most detrimental to anchor performance.
3. Understand, at the soil element level, the behaviour of soil under
multi-directional shear stresses to provide insight into the geotechnical
aspects that must be considered in the design of anchors (i.e. at the macroelement level).
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1.6.

METHODOLOGY

These six objectives presented are addressed using a blend of hydrodynamic
numerical modelling, geotechnical modelling and soil element testing.

1.6.1. Hydrodynamic modelling
Multi-directional loading is characterised through hydrodynamic numerical
modelling using OrcaFlex software. In collaboration with the University of Exeter,
UK, the numerical modelling of a point absorber device was developed and validated
against a database of field measurements. The numerical model was calibrated to
match the heave motion of the point absorber and the mooring loads as measured in
the field. The validated numerical modelling is then extrapolated to replicate an array
of WEC point absorber types, and the multi-directional mooring loads on shared
anchors was characterised for several sea state conditions.

1.6.2. Geotechnical centrifuge modelling
The range of multi-directional load cases was then applied to two typical offshore
anchors, a caisson anchor and a short rigid pile anchor, both embedded in fine silica
sand. Reduced scale models were tested in the two geotechnical beam centrifuges
(see Fig. 1-6) at the Centre for Offshore Foundation Systems (COFS) at the
University of Western Australia (UWA). Displacements and rotations of the anchors
were measured under the multi-directional loadings established from the
hydrodynamic analyses to quantify the response of the anchor and identify the
multi-directional loading regimes that are most detrimental to anchor performance.

1.6.3. Soil element testing
The remainder of the thesis focuses on the response of soil under multi-directional
shear stress paths to provide insights into the aspects that govern soil behaviour
under multi-directional loading. Using the Illinois multi-directional cyclic Direct
Simple Shear test apparatus (I-mcDSS) (see Fig. 1-7) at the University of Illinois at
Urbana-Champaign (UIUC), USA, multi-directional stress paths were applied on
fine silica and calcareous sand samples. The volumetric response of sands under
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such multi-directional shear stress conditions was quantified to identify the loading
directions that most affect the soil response.

(a)
(b)
Fig. 1-6 Geotechnical beam centrifuges at COFS; (a) Acutronic Model C661
3.6 m diameter beam centrifuge (b) Actidyn Model C72 10 m diameter beam
centrifuge

Z

Y
X
(a)
(b)
Fig. 1-7 (a) Illinois multi-directional cyclic Direct Simple Shear (I-mcDSS)
device at UIUC (b) I-mcDSS mould
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1.7.

THESIS STRUCTURE

The outline of this thesis is structured by chapters to address the six research
objectives as shown in Fig. 1-8.
▪

Chapter 1 (Overview, motivation, research objectives, thesis structure)
describes the original context and the originality of the research work.

▪

Chapter 2 (Literature review) firstly provides a state-of-the-art of the WECs
technologies and their current anchoring systems. Secondly, previous studies
on multi-directional loading of anchors are considered and thirdly, the
state-of-knowledge on soil behaviour in multi-directional stress paths is
reported.

▪

Chapter 3 (Multi-directional mooring load characterisation) presents the
analytical approach and the hydrodynamics numerical modelling to
characterise the multi-directional loading cases.

▪

Chapter 4 (Geotechnical centrifuge modelling) replicates in a geotechnical
centrifuge the multi-directional load cases identified in chapter 3 on a
shallow caisson anchor and a short rigid pile in fine silica sand.

▪

Chapter 5 (Soil element testing) investigates the response of fine silica and
calcareous sands under multi-directional stress paths in a multi-directional
Direct Simple Shear apparatus.

▪
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Chapter 6 (Conclusions) summarises and concludes the findings of the thesis.
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Fig. 1-8 Map of the thesis structure
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Chapter 2 – LITERATURE REVIEW

2.1.

OVERVIEW

A rush to technological development is underway among Wave Energy Converter
(WEC) developers to harvest wave energy. Floating WECs are in the early stage of
development and the sector faces several challenges, of which one is the anchoring.
There is an opportunity to reduce the cost of WECs by addressing the economy of
the anchors, where cost-effective and performant anchors are needed for floating
WECs. Addressing this challenge requires a multi-disciplinary approach to
understand both the nature and magnitude of the loading imparted by the WECs
hydrodynamics in arrays and also the geotechnical response of the anchor to this
loading condition. Consequently, this literature review chapter is cross-disciplinary,
and reviews a broad range of engineering categories to provide the reader with a
basis to understand the research presented in this thesis and how it adds to the
existing knowledge base. Therefore, the content of this literature review is multifold:
1. The available wave resources are reviewed along the Australian coasts to
justify the potential for wave energy. The different ways of harvesting wave
energy are listed, with an associated discussion on their anchoring systems.
2. The difference in hydrodynamic behaviour between floating oil and gas
structures and WECs are investigated, and their effects on the anchoring
system noted.
3. The literature associated with performance of offshore anchors (piles,
caissons) to bi-directional, orthogonal and multi-directional loading is
reviewed and knowledge gaps are identified.
4. Knowledge gaps are also identified in the fundamentals of soil mechanics,
with a review of sand behaviour under multi-directional shearing.
5. The global outcomes of the literature review and the motivations for the
current work are presented.
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2.2.

BACKGROUND OF OFFSHORE RENEWABLE ENERGY

2.2.1. Fundamentals of offshore renewable energy power
Some basic concepts of Offshore Renewable Energy (ORE) power are presented in
this section. It provides the reader with the necessary knowledge for estimating the
power absorption of ORE.
Wave energy is defined by the size of the resulting waves, which depends on the
wind speed, the length of time for which the wind blows and the distance over which
it blows (usually referred to as the fetch). Wave power is calculated from the square
of the wave height. A suitable wave energy site would have a mean significant wave
height greater than 2 m.
Tidal energy is driven by the gravitational effect of the moon. This phenomenon
causes sea level elevations (vertical water displacements) and ocean currents
(horizontal water displacements). Energy extraction is derived from the kinetic
energy of the moving flow. Tidal power is calculated from the cube of the flow
speed times the seawater density. A suitable tidal site would have a flow speed of at
least 3 m/s and/or a tidal range greater than 7 m.
Wind energy is driven by the magnitude of the mean wind speed. Variation in the
mean wind speed is due to variations in temperature at the surface of the earth. Wind
energy is calculated from the cube of the mean wind velocity times the air density.
A suitable wind energy site would have a mean wind power density of at least
700 W/m2 (corresponding to a mean wind speed of 8.5 m/s) at 50 m height.
Table 2.1 gives the various formulae to calculate the power from wave, tidal and
wind energy.
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Table 2.1: Summary of the offshore renewable energy resources
Power available
The power associated with an ocean wave is
𝑃 = 𝑣𝜌𝑔𝐻2
where
𝑃 is the power per meter width of wave front in W/m.
𝑣 is the group velocity of the wave in m/s.
Wave power
𝜌 is the density of the sea water.
𝑔 is the gravitational acceleration in m/s2.
𝐻 is the wave height in m (from trough to crest).
𝜌𝑔𝐻2 is the energy density in J/m2.
The wave power is proportional to the square of the wave height.
The available power from the tide and wind is
1
𝑃 = 𝜌𝑣 3
2
where
Tidal & offshore 𝑃 is the available power in W.
𝜌 is the density of the flow (water flow for tidal and air flow for wind)
wind power
in kg/m3.
𝑣 is the flow (water or wind) speed in m/s.
The tidal and wind power are proportional to the cube of the flow
velocity.

2.2.2. Sources of offshore renewable energy
2.2.2.1.Wave energy
In order to best exploit the varying wave resources, WECs must be able to extract
energy from a large range of wave heights and frequencies. Hence, understanding the
wave resource is essential. In Australia, the lowest wave energy density sites
(< 2.5 kJ/m2) are located on the northern Australian shelf, as shown by Fig. 2-1. On
the other hand, the southern shelf benefits from higher wave energy density
(> 2.5 kJ/m2). Some particular locations exhibit far more energy potential
(e.g. western and southern Tasmania). The total wave energy crossing the 25 m
depth isobath between Geraldton and the southern tip of Tasmania is over
1,300 TWh/yr (Geoscience Australia and BREE, 2014), about 5 times the country’s
total energy requirements. Tasmania has by far the best wave energy resources
across Australia with a wave height, period, and energy flux of 3 m, 12.3 s and
51 kW/m respectively at Cape Sorell (100 m water depth). The South West region of
Western Australia is the most wave energetic site in Western Australia. As a
comparison, wave power off the Northern Territory shelf is typically less than
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10 kW/m. As shown in Fig. 2-1, the shelf waters off Victoria and Tasmania are the
most suitable sites for harvesting wave energy.

Fig. 2-1 Total annual wave energy (TJ/m) on the Australian continental shelf
(water depths less than 300 m) and wave energy projects. The total annual wave
energy at each location represents an average of the 11 years from March 1997
to February 2008, reproduced from Geoscience Australia and BREE (2014)
2.2.2.2.Tidal energy
Tidal energy is a global, large resource that may be exploited by tidal barrages,
which can take advantage of the ebb and flow of the tides or in the open ocean by
collecting the kinetic component of the tidal energy with a tidal turbine. With current
technologies it is assumed that out of the 3 TW of tidal resource available, at least
60,000 MW are technically extractable (International Energy Agency, 2009).
However, as there are only a few studies on the estimation of the world potential
tidal resources, such estimations require validation. Some sites are well-known for
their high tide energy potential due to their high tidal ranges such as:
•

The Bay of Fundy (between New Brunswick and Nova Scotia) in Canada,
which has a mean tidal range of 10 m.

•

The Severn Estuary (between England and Wales) in the UK, with a mean
tidal range of 8 m.

•
2-2-4

Northern France with a mean tidal range of 7 m.
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In Australia, the largest tidal ranges (greater than 4 m) are located in the northern
shelf of Australia (from Port Hedland northwards to Darwin and the southern end of
the Great Barrier Reef) where the energy densities are larger than 100 J/m3 as shown
by Fig. 2-2. The lowest tidal energy sites are found on the southern half of the
Australian shelf (with the exception of Bass Strait (sea strait separating Tasmania
from Australia mainland)). Two major estimated tidal energy sites are identified in
Australia at King Sound (Kimberley, Western Australia) and Banks Strait
(Tasmania) where the estimated energy is 8 TWh/yr and 0.13 TWh/yr respectively
(Behrens et al., 2012).

Fig. 2-2 Spatial distribution of total annual tide kinetic energy (GJ/m2) on the
Australian Continental shelf (water depths less than 300 m) and existing and
proposed tidal energy projects, reproduced from Geoscience Australia and
BREE (2014)
2.2.2.3.Offshore wind energy
Australia’s promising offshore wind energy resources are located mainly on the
southern and western part of the continent, where wind speed reaches more than
9 m/s as shown by Fig. 2-3. The best offshore wind resource sites are located off the
coast of Tasmania, Victoria, South Australia and Western Australia.
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Fig. 2-3 Predicted average wind speed at a height of 80 m and Committed and
proposed projects, reproduced from Geoscience Australia and BREE (2014)
2.2.2.4.Summary
ORE is present in large quantities both worldwide and along Australian coastlines.
Worldwide, wave, tidal and offshore wind energy open a new and un-exploited
renewable energy reservoir, estimated at 2 TW, 3 TW and 1,200 TW respectively
(World Energy Council, 1993; International Energy Agency, 2009). Australia has
exceptional potential for tidal energy along its northern coastline and for wave
energy along its western/southern coastline. Wave energy has potential to contribute
to the global energy mix both worldwide and in Australia. Wave and tidal energy
technologies are at an early stage of development relative to the offshore wind
industry, which is more advanced. The different anchoring systems used for these
technologies are reviewed later in section 2.4.

2.2.3. Technological maturity of floating ORE
Wave energy is the least developed source of ORE. However, for floating
configurations, all sources of ORE are marginally developed. The installed capacity
of floating ORE remains within the order of 20-30 MW worldwide; ~15-20 MW for
floating wind, a few MW for floating tidal and some early prototypes scale totalling
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less than 1 MW for floating WECs (International Energy Agency, 2017). The high
cost of anchoring systems is currently hampering the expansion of this technology
(Gaudin et al., 2017).

2.3.

LOAD REGIME FROM FLOATING RENEWABLE ENERGY

DEVICE
Designers have to achieve optimum resonance with the most typical wave height /
wavelength to maximise power generation, while still achieving reasonably efficient
energy capture from the less typical waves. The regime of these (energetic) waters is
crucial to optimise the power production of the WEC but is also crucial for the
geotechnical engineers as it governs the mooring load that arrives at the anchoring
parts. Mooring loads are expected to vary significantly from one WEC to another,
depending on the mooring system (catenary or taut), the WEC operational mode
(e.g. point absorber, oscillating water column, rotating mass, wave activated body,
etc.), the WEC weight, etc. Peak tension and mooring load variation may be
influenced by a broad range of parameters such as:
•

Mooring line (length, material, number, induced damping)

•

Device type (weight, wave extraction system, Power Take-Off system (PTO),
heave response)

•

Water depth

•

Tidal range

•

Sea conditions

•

Marine growth (increases drag coefficient and weight of the mooring line).

2.3.1. Modelling WEC mooring loads
The dynamic response of mooring systems (oil and gas structures and WEC) can be
classified in four categories (Suhara et al., 1981):
1. Quasi-static condition; no dynamic effects.
2. Harmonic oscillating condition; sinusoidal response of the tension.
3. Snap condition; slacks within a short time before becoming taut and
generating a large peak mooring load.
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4. Slack condition; after snatch condition, the acceleration at the top end of the
mooring is larger than the gravitational acceleration.
Modelling the occurrence and consequences of snap loads in mooring systems is
challenging and is an entire field of research, which is not attempted in this
dissertation. In the case of WECs, the mooring system must provide the compliance
required to maximise wave power extraction, while keeping the WEC on station
during storm conditions. Synthetic ropes have greater compliance than wire ropes or
chains and are often used for such applications (Weller et al., 2015). Mooring
components can be designed to have greater compliance (i.e. gradually lowering
stiffness as a function of the component elongation as shown in Fig. 2-4). Studies
have shown that such components can reduce peak mooring loads (snap condition)
(McEvoy, 2017; Gordelier et al., 2018). Using polymer spring components, McEvoy
(2017) found that the wave loading can be absorbed by 80%, while Gordelier et al.,
(2018) showed a 45% average increase in dynamic axial stiffness. Different loadreducing mooring component materials are presented in Table 2.2.

Fig. 2-4 Comparison of the stiffness profile of multiple mooring components,
reproduced from McEvoy (2017)
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Table 2.2: Elongation of different mooring components property
Material
Elongation at maximum break load [%]
Nylon
20-30 (Weller et al., 2015)
Polyester
15-25
Polypropylene
~10
Rubber
80 (McEvoy, 2017)
HMPE (High Modulus Polyethylene)
~5
Sea conditions may be adequately described using two parameters; HS and TP.
•

The significant wave height, HS is defined as the mean height of the highest
one-third of waves in a sea state period.

•

The peak period, TP is defined as the wave period associated with the largest
peak in the wave power spectrum.

The influence of the sea conditions (HS, TP) on the peak mooring load on one WEC,
moored with three catenary mooring lines was investigated by (Harnois et al., 2016).
Higher occurrences of peak mooring loads were observed for some well-defined
environmental conditions as shown in Fig. 2-5. Over a period of 18 months, the
largest peak mooring loads were measured on mooring line 3, Fmax > 40 kN for
HS > 1.5 m and within 6 s < TP < 8 s. The mooring line orientated with the storm
direction experienced the largest peak loads. The magnitude of loading in the line 3
is at least 2.5 higher than the magnitude of line 2 (see Fig. 2-5). This is relevant for
anchor sharing as the direction of the resultant multi-directional loading will be
influenced by the magnitude of each of the mooring line connected to the shared
anchor. Additionally, as shown in Fig. 2-6, the ratio between the highest peak
mooring loads and 90% of the operational load is about 7 (Harnois et al., 2016). As
the mooring load is dynamic, there is an inertia component to be considered in the
loading regime of floating WECs.
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Fig. 2-5 Representation of peak mooring loads as a function of the sea
conditions (HS, TP), reproduced from Harnois et al. (2016)
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Fig. 2-6 Load history on a 10-minute period with large peak load, reproduced
from Harnois et al. (2016)
The study of mooring loads due to the motion of floating WECs is a new field of
research and the available field data are limited. However, numerical modelling and
the field measurement of the loads in the semi-taut mooring system of the wave
energy device MARMOK-A5 is reported in Weller et al. (2017). The mean and
range of the measured tension was reported to be Fmean = 24.3 kN and
Frange = 11.9 kN for a calm sea state (HS = 1.11 m, TP = 9.5 s) and Fmean = 37.5 kN
and Frange = 70.9 kN for a storm sea state (HS = 4.83 m, TP = 13.3 s). The range of
the mooring tension can vary by a factor up to 7 between calm and storm conditions,
while the mean tension can increase by up to 50% in storm conditions.
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load cell

Fig. 2-7 Orcaflex representation of the MARMOK-A5 device and mooring
system, reproduced from Weller et al. (2017)
Taut mooring, semi-taut mooring and catenary mooring will likely generate loading
regimes on anchors that can be very different from one to another. This has a
significant consequence for anchor loading.

2.3.2. Characterisation of multi-directional mooring load on shared anchors
Anchor sharing is a new concept and available studies are limited. Reduction of the
number of anchors by anchor sharing for floating offshore wind farms was
investigated by Fontana et al. (2016, 2018). This numerical study considered a
semi-submersible floating structure with a multi-line anchor configuration to
estimate the total force on the shared anchors. The analysis was limited to two
mooring line geometries and two cases of wind/wave loading. The maximum multidirectional mooring loads was observed to be reduced by 30 and 58% when two
mooring lines pull at 180° and 90° respectively on a shared anchor. It appears that
anchor sharing may result in load reduction on this occasion, indicating some
conservatism in the design. It was also found that the average direction of multiline
anchor net force was aligned with environmental load direction. The load reversal of
the resultant multi-directional load was noted to be small and infrequent within a
load case. Therefore, anchors must be designed to resist different main loading
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directions that are imposed by the storm directions. The main storm directions of one
site can be well characterised.

2.3.3. Concluding remarks
Modelling of mooring loads from floating WECs is peculiar to a given set of
circumstances and/or sites and limited knowledge exists. The characterisation of
mooring loads from WEC is challenging as it is dependent on a broad range of
parameters (mooring type, mooring material, WEC operation mode, water depth,
wave conditions, etc.). Characterisation of the mooring load generated by the WEC
is the first step for understanding the anchor response.
For instance, the cyclic nature of wave loading will induce cyclic anchor loads, but
these may lead to drained, partially drained or undrained behaviour in the soil
depending on the loading frequency, anchor dimensions and seabed properties. The
response will be further complicated in the case of anchor sharing, which brings a
loading regime that will impart multi-directional, cyclic loading on the anchor.
The next section reports existing studies on offshore foundation performance under
multi-directional cyclic loading that are relevant to this dissertation.

2.4.

ANCHORING

SYSTEMS

USED

FOR

WAVE

ENERGY

TECHNOLOGIES
This section aims to provide the reader with the relevant knowledge on existing
anchoring solutions used for prototypes of floating wave, tidal and wind renewable
energy devices.

2.4.1. Anchors design for wave energy technologies
As mentioned above, the wave energy sector is still in its infancy. As such, any
review of the anchoring solutions used for WECs may be somewhat premature, since
most of the experience has been with ‘demonstrated’ WECs that have been deployed
at sea for relatively short durations. Consequently, the use of a basic, temporary,
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anchorage, has been sufficient for most of these cases. Multiple anchor types are
already used by wave energy developers to install their prototypes at sea. The anchor
choice is principally governed by (i) the type of mooring system, either taut or
catenary, (ii) the magnitude of the loads and (iii) the geotechnical properties of the
seabed. The following sections provide an overview of the anchor types used with
WECs illustrated with an application of the anchor to a particular WEC prototype.

Drag embedment anchor
The Pelamis WEC prototype was anchored to the sea with a combination of four
drag embedment anchors (Vryhof Anchors, 3 tonnes Stevpris Mk5) and clump
weights as shown by Fig. 2-8(a). Designed to penetrate the seabed, drag embedment
anchors can sustain large horizontal loads (from a catenary mooring configuration)
by the resistance of the soil in front of the anchor. This anchor is best suited to soft
soil conditions (e.g. clays and silts). Anchor handling vessels, barges and heavy
lifting cranes are necessary to install drag embedment anchors. While this type of
anchor solution is economical for the development of WEC prototypes and
performance in soft soil, it is not suitable for anchor sharing as drag embedment
anchors can only sustain uni-directional loadings. The final position of the drag
embedment anchor depends highly on the seabed strength and the initial tension
applied on the line during installation. As shown by Harnois et al. (2012), a storm
event may potentially drag the anchor further and significantly affect the total
response of the WEC, as well as the power production.

(a)
(b)
Fig. 2-8 (a) Pelamis WEC: Mooring & Anchoring system, (b) Vryhof Stevpris
drag embedment anchor, reproduced from Vryhof (2019)
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Gravity anchor
The WEC Oceanus 2 developed by Seatricity is an example of a point absorber
where four 30-tonne steel boxes filled with concrete were used as the anchoring
system (see Fig. 2-9). Gravity anchors are dead weights placed on the seabed to
resist vertical and/or lateral loading. They are often used for WECs due to their low
cost and adaptability to a broad range of seabed conditions (e.g. soft clays, sands or
rocky seabeds). The vertical holding capacity of a gravity anchor is equal to the
submerged weight of the material composing the anchor. For instance, the concrete
blocks of the Oceanus 2 weighing 30 tonnes in the air provide a maximum holding
capacity of 16.8 tonnes when in water (without consideration of embedment and
seabed friction). Increasing the holding capacity of the anchor by means of
increasing the anchor weight will consequently result in heavy lifting crane
operations and will increase installation costs. However, due to their symmetry,
gravity anchors are suitable for multi-directional loading.

Fig. 2-9 Seatricity prototype: 30-tonne gravity concrete anchor, reproduced
from Seatricity (2019)
Driven pile
Aquamarine Power and Carnegie Clean Energy developed a near-shore surge device
(Oyster) and a fully submerged point absorber (CETO5) respectively, which were
anchored to the seabed via steel driven piles (see Fig. 2-10). Driven piles are
relatively long and slender deep foundation elements driven to a target depth. They
can resist compressive, lateral and tensile loads. Geotechnical investigation in deep
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stratigraphic layers is required to estimate the variation in soil strength with depth
and consequently estimate the pile capacity. Such investigations are costly as are the
heavy-pile-driving equipment and vessels needed for installation. However, due to
their symmetry driven piles are suitable for multi-directional loading.

Fig. 2-10 Driven pile foundation of the CETO 5, reproduced from Carnegie
Clean Energy (2019)
2.4.2. Anchor design for tidal energy technologies
A breakdown analysis of support structures was performed on 25 tidal technology
developers by IRENA (2014). The majority of the tidal prototypes (56%) are
anchored to the seabed (with ballast weight), 36% are floating structures tethered in
position and 4% use monopile foundations. As an example, drilled piles were used to
anchor the Sustainable Marine Energy’s floating tidal turbine structure shown in
Fig. 2-11. The foundation design for a tidal energy device depends on the operation
principle of the device (horizontal axis, vertical axis, oscillating, etc.), which in turn
influences the loading conditions on the foundation. The loading of a floating tidal
structure becomes bi-directional with a period of 12 hours when the structure is
subjected to both ebb and flood tides.
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Fig. 2-11 Sustainable Marine Energy Ltd PLAT-O floating prototype,
reproduced from Sustainable Marine Energy (2019)
2.4.3. Anchor design for offshore wind energy technologies
Commercial offshore wind farms are usually made of three-blade wind turbines on
fixed structures, in shallow water (< 50m). There are also floating wind turbine
prototypes, which allow the technology to operate in deeper water environment
(> 50m). The offshore wind turbine substructures come in a variety of designs as
shown in Fig. 2-12. Monopile foundations represent actually 75% of the foundations
chosen for offshore wind farms (NREL, 2015). Jacket structures accounts for 10%,
followed by gravity based foundation (8%), Inward Battered Guide Structures (5%),
tripods (2%) and floating structures (0.1%).

Fig. 2-12 Offshore wind turbine foundation designs, left to right: monopile,
jacket structure, IGBS, semi-submersible structure, tension leg structure and
spar buoy, reproduced from NREL (2015)
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Floating offshore wind turbines such as the WindFloat (see Fig. 2-13(a)), Hywind
demonstrator, Floatgen and Fukushima FORWARD floating wind turbine prototypes
were anchored to the seabed via a catenary mooring system made of heavy chains
and drag embedment anchors. The first floating wind farm, Hywind Scotland
(see Fig. 2-13(b)), was made of 5 turbines that were anchored with 5x3 suction
anchor buckets (D = 5 m, L = 16 m, L/D = 3.2).

(a)

(b)
Fig. 2-13 Offshore wind farm technologies (a) Floatgen 2 MW offshore wind
turbine anchored with six drag embedment anchors (b) Hywind Scotland
project, 5x6 MW offshore wind turbines anchored with 15 suction anchor
buckets, reproduced from Ideol (2019) and Equinor (2019)
2.4.4. Summary of anchor choices for offshore renewable energy devices
Floating WECs, floating tidal turbines and floating wind turbines vary greatly in
size, magnitude of mooring load applied, water depth and type of mooring. As such,
a limited range of anchoring solutions is in used. Table 2.3 lists the pros and cons of
some of anchoring systems for ORE applications. Anchor solutions have been
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reviewed by Knappett et al. (2015) the information provided in Table 2.3 are the
view of the author.
Globally, gravity anchors appear to be suitable for small-scale WECs, with taut and
catenary mooring system. Drag embedment anchors (vertical loaded anchors (VLA)
excluded) can resist large horizontal loads but are limited to catenary mooring
system and exhibit incertitude regarding the final anchor position. The choice of
anchor type appears to be governed by (i) the mooring configuration, (ii) the
magnitude of the loads and (iii) the geotechnical properties of the seabed.
Advanced full-scale WEC prototypes in need of higher holding capacity have used
driven and grouted piles (CETO 5, Oyster). This option was selected as pile
foundations represent a reliable and proven technology in the offshore oil and gas
industry. It is however argued in the next section that the differences between oil and
gas and wave energy sectors are such that the direct transfer of technology is not
appropriate.
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Table 2.3: Summary of anchors used in oil and gas and offshore renewable
energy sectors
Drag
Gravity
Suction
Parameter
embedment
Pile anchor
anchor
caisson
anchor
Available in
Available in
different
Availability
different sizes Custom-made
Custom-made
sizes and
and weights
weights
Deep water
No
Yes
Yes
Yes
(> 200m)
Shallow water
Yes
Yes
Yes
Yes
(< 200 m)
Easy to use
Yes
Yes/No
No
No
Recoverable
Yes
Yes
No
Yes
Geophysical
Geotechnical
Geotechnical
survey to
survey, sample survey, sample
inform about
coring to
coring to
Site investigation
No
bathymetry
inform about
inform about
and nature of
mechanical soil mechanical soil
surface
properties
properties
sediments
Rocky
Seabed
seabed and
Soft soil
Soft soil
Soft soil
suitability
soft soil
Cost
Low
Low
High
High
Holding capacity
Limited
Moderate
High
High
Taut,
Mooring system
Catenary
Taut, catenary Taut, catenary
catenary
Potential for
Yes
No
Yes
Yes
inclined loading
Potential for
Yes
No
Yes
Yes
anchor sharing
Adapted to oil
Yes
Yes
Yes
Yes
and gas
Yes for
Yes for
small-scale
small-scale
prototypes
prototypes
Adapted to
with vertical
Not at this
Not at this
with
WECs
and
stage
stage
horizontal
horizontal
loads only in
loads in the
the kN range
kN range
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2.5.

DIFFERENCES BETWEEN THE WAVE ENERGY AND THE OIL

AND GAS SECTOR
The novelty of WEC technology is such that existing anchoring knowledge from the
oil and gas industry cannot be directly applied to the wave energy industry (Gaudin
et al., 2017). Adaptation or improvement of the existing practices has been
investigated in a few studies (Houlahan et al., 2012; Stevens et al., 2015). The
applicability of existing anchor types for WECs has been reviewed and discussed by
Knappett et al. (2015) and Diaz et al. (2016). It was suggested that emerging
solutions such as suction caissons and drop-installed plate anchors may be efficient
for WECs, as they generate more resistance per unit weight of material used.
Differences between a WEC and an oil and gas structure are listed in this section.
When considered together, these differences make the application of anchoring
systems on an oil and gas structure irrelevant to a WEC. Existing designs do not
account for the new challenges brought by the wave energy industry (Huang and
Aggidis, 2008; Cassidy et al., 2014). The following is a non-exhaustive list of the
specific requirements of WECs that are relevant for the anchor design.

2.5.1. Load conditions – load cycle number
The most striking aspect of a WEC is the large number of small-amplitude load
cycles on the moorings and foundations. Assuming a design life of 25 years and a
load period of 10 s, an order of 107 load cycles is found (25 years x 365 days x 24 h
x 60 minutes x 60 s / 10 s = 7.9.107). Oil and gas structures typically consider an
order of 104 cycles in the lifetime of the structures. Corresponding design codes,
(e.g. API-2A-WSD (2000)) for offshore piles account for such cyclic loading by
using p-y curves method, which predict the displacement of slender piles to a
monotonic and cyclic loading. Such an approach may not be appropriate for WECs,
where far too many cycles need to be considered in the design.

2.5.2. Load conditions – structure’s natural frequency
Offshore oil and gas structures are typically designed to have a natural frequency
that is significantly different from the wave frequency (DNV-RP-F205, 2010). This
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is to prevent large resonant effects. For WECs, the device needs to oscillate as much
as possible to maximise power output. The heave amplitude response of a WEC at
periods at, or near the wave period, resulting in an increased in the dynamic
component of the mooring line load (Johanning and Wolfram, 2005).

2.5.3. Surface area, site investigation, economy, layout and stratigraphy
To have a significant impact on power production and to ensure economic viability,
WECs are expected to be commissioned in large arrays of small power output units.
By way of comparison, a typical offshore wind farm contains about 100 wind
turbines, each turbine producing 3 to 10 MW. The area encompassed by a
commercial wind farm is relatively large in comparison with oil and gas structures.
The world’s largest offshore wind farm array is the London Array where some 175
wind turbines (generating a total of 630 MW) occupy an area of 107 km2. Similarly
to offshore wind farms of 20 years ago, future WEC farms would be expected to
consist of fewer assets of about 1-2 MW each.
The accurate estimation of the soil characteristics (e.g. soil classification,
composition, stratigraphy and mechanical soil properties) over a large area is a
challenge. Clearly, the offshore renewable energy sector will have to work with a
lower density of geotechnical investigations than the oil and gas sector. A direct
consequence of poorer geotechnical characterisation will be higher uncertainty in the
anchor performance, which in turn will necessitate conservatism in the design and
increase costs. There is a need for new site investigation techniques to be developed.
This aspect is considered beyond the scope of this thesis.
Floating oil and gas developments are now typically in water depths greater than
500 m, where fine-grained sediments are typically encountered. Floating WECs are
likely to be installed in shallow water, say < 200 m, where coarse-grained soils (sand
and gravels) are prevalent (Seibold and Berger, 1993).
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Fig. 2-14 Comparison of the geotechnical footprints of oil and gas structures
and WECs, reproduced from Gaudin et al. (2017)
2.5.4. Environmental and human risks
The environmental risk associated with oil spills for oil and gas structures has meant
that the methodologies have ended up to be very conservative and costly.
The environmental risk is substantially lower for WECs. Inevitably, a less
conservative approach may be adapted for WECs. Unlike oil and gas structures,
WECs are not permanently manned, such that the environmental risk, the risk of
human loss is greatly reduced. Hence, there is a potential to adopt less conservative
designs, which would reduce the cost of anchoring systems.

2.5.5. Concluding remarks
For the aforementioned reasons, it would be inappropriate to apply the anchoring
systems for oil and gas applications directly to WEC applications. Transformational
research needs to be undertaken in the geotechnical engineering field to provide
significant cost reductions on the site investigation methods and on anchoring
designs. With respect to the cost reduction strategies considered in this thesis, anchor
sharing can only be implemented with asymmetric anchors, such as pile and caisson
anchors. As such, a complete review of pile and caisson type anchors to uni-, bi- and
multi-directional loading is presented in the next section.
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2.6.

MULTI-DIRECTIONAL

LOADING

OF

PILE

AND

CAISSON

ANCHORS
Existing standards that govern the design of offshore foundations consider a single
loading direction (API RP 2SK, 2005; DNV-RP-E303, 2005). No specific design
guidelines exist for anchors that are subjected to uni- and multi-directional inclined
loading in sand.

2.6.1. Vertical cyclic loading on pile
The uplift resistance of pile comprises the shear resistance along the shaft, the
normal stresses generated at the base of the pile and the pile weight. In sand, the base
resistance would not be mobilised under drained loading. The axial pile capacity can
be calculated from Eq. (2.):
𝑄𝑑 = 𝑄𝑓 + 𝑤

(2.1)

where:
Qd is the total load
Qf is the skin friction resistance, Qf = f.As
f is the unit skin friction capacity
As is the embedded wall surface area of the pile
w is the pile weight

The API RP 2A (2000) guidelines suggest that the unit skin friction capacity (i.e.
shear stresses along the pile), f may be estimated by Coulomb’s Law from Eq. (2.2):
𝑓 = 𝐾𝜎′𝑣 𝑡𝑎𝑛𝜙

(2.2)

where:
K = ratio of effective lateral to effective vertical pressure
σ'v = vertical effective stress (overburden stress), σ'v = z.γd
ϕ = pile-soil interface friction angle.
The pile-soil friction angle primarily depends on the roughness, Ra of the interface
of the pile, relative to the size of the sand particles, but also the mineralogy and
shape of the sand particles.
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The pile shaft capacity is usually reached at small displacement (0.005 to 0.02/D)
and will depend on the pile geometry and the soil profile. The axial displacement of
a pile can be obtained by the use of the t-z method, where t is the load transfer and z
is the relative displacement of the pile . The axial behaviour of the pile can be
idealised with a bi-linear t-z curve as shown in Fig. 2-15. The slope of the initial
portion is defined by the stiffness of the horizontal spring. The ultimate resistance t,
is defined by the pile-soil frictional interface.

Fig. 2-15 Axial loading on pile, t-z method

2.6.2. Horizontal cyclic loading on pile
For lateral loading, the soil resistance, p is related to the pile deflection, y over the
pile length, with the differential equation Eq. (2.3) developed by Reese et al. (1974).
𝑑4 𝑦
𝑑2𝑦
𝐸𝐼
+ 𝑃𝑥
+𝑝−𝑊 =0
𝑑𝑥 4
𝑑𝑥 2

(2.3)

where:
EI is the flexural rigidity of the pile (ignored for short rigid pile)
Px is the axial load
p is the lateral soil reaction per unit length, p = kx
k is a parameter relating the pile deflection y and the soil reaction p
W is the distributed load along the pile length.

The lateral behaviour of the pile can also be idealised with a bi-linear p-y curve as
shown in Fig. 2-16. The slope and ultimate resistance, pult. of the curve are governed
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by the soil properties and the pile geometry. Analyses have shown that soil near the
surface is relatively important for the lateral capacity of pile.

Fig. 2-16 Lateral loading on pile, p-y method

2.6.3. Inclined cyclic loading on pile
The response of piles to inclined loading (also referred as combined loading) can be
treated independently in terms of axial and lateral response (Darr et al., 1990). The
inclined resistance of a pile can be calculated by comparing the axial and horizontal
components of the applied inclined load with the axial and horizontal capacities.
Considering the case of axial loading with static lateral loading, the lateral pile
deflection would result in an increase of the loading against soil in one side and a
decrease on the other side. The unequal distribution in lateral loading against the soil
may result in modification of the t-z curve.
Considering the case of lateral loading with static axial loading, the vertical force
may affect the equilibrium of forces on the wedge in the upper section of the pile by
the vertical movement of the pile, which would reduce the lateral resistance of the
wedge. The resulting movement of the upper part of the wedge may reduce the skin
friction of the embedded length of pile.
Therefore, greater effects of combined loading would be expected on short rigid
piles than long piles. The most striking aspect of combined loading is to be able to
determine whether the failure occurs in the axial or lateral failure mechanism.
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Reddy and Ayothiraman (2015) investigated the coupling effects of uplift and lateral
loading by conducting a series of 1g testing. Three model piles having
D = 25.4 mm (1-inch) and aspect ratios, L/D = 18, 28 and 38 were embedded in a
well-graded sand (Badapur Sand). Firstly, a static vertical pre-load was applied to the
pile before applying a horizontal monotonic failure loading. Secondly, the reverse
operation was also implemented, where a static horizontal pre-load was applied to
the pile before applying a vertical monotonic failure loading. For both cases, the
static pre-loading was equivalent to 0.4, 0.6 and 0.8 of the maximum measured
monotonic capacity. Load-displacement curves for L/D = 18 (shorter pile of the test
series) are presented in Fig. 2-17.
Surprisingly, it was found that the presence of uplift load increases the lateral
resistance of the pile (see Fig. 2-17(a)). The maximum horizontal monotonic
capacity without static vertical uplift loading was measured at 429 N. With the
application of a vertical uplift loading of 80% of the maximum vertical uplift
capacity, the ultimate horizontal load was measured at 714 N (+ 40% increase).
Similarly, the ultimate vertical uplift gradually increases as the magnitude of the
static horizontal loading increases (see Fig. 2-17(b)). The vertical uplift capacity
increased by 85% with a static pre-load of 0.8 times the maximum horizontal
capacity.
It was suggested that these changes are due to the nature of the failure pattern under
combined loading. Larger aspect ratios resulted in moderate increase in ultimate
vertical capacity with static lateral load, while it resulted in significant increase in
ultimate horizontal capacity with static uplift load.
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(a)
(b)
Fig. 2-17 (a) Variation of ultimate lateral capacity against aspect ratio and (b)
variation of ultimate uplift capacity against aspect ratio, reproduced from
Reddy and Ayothiraman (2015)

2.6.4. Two-way horizontal cyclic loading on piles in sand and clay
Barton (1982)
Concerned with the design of piles to resist a large horizontal component (wave
loading) in combination with a large vertical component (structure dead weight),
Barton (1982) measured the deflection and bending moment of long flexible piles
(D = 15.9 mm) in dense saturated sand (Dr ~79%, ϕ = 43°) subjected to lateral load
through centrifuge modelling technique (centrifugal acceleration of 38g). It was
observed that on reversal of the loading direction, material at the back of the pile
becomes liquefied and flows into the cavity behind the pile, later becoming
compacted when the pile reverses direction. The soil flows because it cannot sustain
tensile stresses, leaving a cavity. During the initial half cycle of load it was noted
that soil in front of the pile undergoes shearing and failure. Over numerous load
cycles, more material flows (i.e. the lateral response become stiffer with number of
cycles) until a steady state is reached, within 6 to 10 cycles. Results suggested that
two-way cyclic loading resulted in smaller deflections than one-way cyclic loading.
Individual cycles of load-displacement response were observed not to be
symmetrical as there are residual bending moments and displacements induced in the
pile during load removal. Similar tests were performed with dry sands.
Consequently, larger lateral deflections were observed during the first few cycles
before reaching a steady state after ~20 cycles. This behaviour was captured in a
numerical model that incorporated a no-tension yield criterion into an elastic
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analysis. The dominant feature in non-linear soil-pile interaction was the relaxation
of tensile stresses behind the pile.

Morisson (1986)
The work performed by Morisson (1986) was motivated by the use of closely-spaced
groups of piles for offshore structures placed in deeper water, in severe
environments. Driven piles (D = 0.27 m, L = 16 m) on compacted uniform
fine-medium sand (strength gradient = 1.41 MPa/m, ϕ = 38.5°) overlaying stiff
over-consolidated clay were subjected to displacement-controlled cyclic lateral loads
(up to 200 cycles). Piles were instrumented for load deflections, pile head rotations
and bending moments at several depths. Results presented in Fig. 2-18 show that the
pile resistance slightly decreased by 10-15% over the first 20 cycles before
recovering some resistance between the 20th and 100th load cycle. Independently of
the imposed pile deflection range, the resistance of the pile remained steady over 100
to 200 load cycles.

Fig. 2-18 Load and deflections applied in the direction of the first loading
(tension stroke), reproduced from Morisson (1986)
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Long and Vanneste (1994)
This study compared 34 full-scale cyclic lateral load tests to quantify the parameters
important in the behaviour of piles subjected to repetitive lateral loading. As shown
in Fig. 2-19, it was demonstrated that one-way cyclic loading (RH = 0) induced more
permanent strain, greater cumulative deformations and greater degradation than
two-way cyclic loading (RH = -1). In this publication, two models were developed to
account for cyclic loading effects. It was concluded that the most important
parameter that governs the behaviour of piles during cyclic loading is the presence of
load reversal (two-way loading).

Fig. 2-19 Effect of cyclic strength degradation over number of cycles for several
cyclic load ratio, reproduced from Long and Vanneste (1994). RH = magnitude
of minimum lateral load / magnitude of maximum lateral load, RH = -1 indicates
two-way cyclic tests and RH = 0 indicates one-way cyclic tests
Jeanjean (2009)
Jeanjean (2009) reported a series of centrifuge tests were performed to determine the
tangent and secant moduli of the p-y curves that were used to calculate the lateral
displacements in a FEM program for cyclic conditions. The modelling of piles in a
two-way cyclic mode was not the main focus but one test was performed under such
conditions. The pile (D = 19 mm, L = 421 mm) was accelerated at 48g and subjected
to cyclic lateral load (up to 1,000 cycles) under displacement-controlled in kaolin
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clay. It was noted that for this two-way cyclic loading test, the global response does
soften but quickly reaches equilibrium after about 50 cycles. It was also observed
that after 1,000 cycles of two-way loading (test 4), the subsequent monotonic
strength is much higher than other tests of one-way cyclic loading (test 1, 2 & 3) as
shown in Fig. 2-20.

Fig. 2-20 Pile head load-displacement backbone for all tests, reproduced from
Jeanjean (2009)
Leblanc et al. (2010)
This publication presents a series of 1g laboratory tests that investigated the
accumulated rotation of stiff monopiles (D = 80 mm, L = 360 mm) under one- and
two-way loading in dry Leighton Buzzard 14/25 silica sand. The horizontal load was
applied at an eccentricity of 430 mm from the sand surface. As shown in Fig. 2-21, it
was found that accumulated rotation in two-way loading can be up to four times
larger than one-way loading. Therefore, two parameters characterising the degree of
‘reversal’ of the applied moment were introduced by Eqs.(2.4) and (2.5):

𝜁𝑏 =

𝑀𝑚𝑎𝑥
𝑀𝑅

(2.4)

𝜁𝑐 =

𝑀𝑚𝑖𝑛
𝑀𝑚𝑎𝑥

(2.5)

Where MR is the measured static moment capacity of the pile, and Mmin and Mmax are
the minimum and maximum moment in a load cycle. The parameter ζb, indicates the
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range of the cyclic moment loading normalised by the measured static moment
capacity of the pile. The parameter ζc, indicates the degree of ‘moment reversal’ and
is equal to 0 for one-way loading, and -1 for two-way loading.

one-way
loading
two-way
loading

Fig. 2-21 Measured normalised displacements Δθ/θs, as a function of N, ζb and
ζc, reproduced from Leblanc et al. (2010)
Heidari et al. (2014)
This study reviewed the existing numerical modelling methods for predicting the
response of piles under lateral loading. A new model is proposed that combined a
beam on nonlinear Winkler foundation model with a strain wedge model-based on
p-y curves incorporating the 3D soil-pile interaction response of a laterally loaded
pile in cohesive soil. The cyclic loops computed on a concrete pile subjected to
two-way cyclic loading in clay are shown in Fig. 2-22. The progressive gapping at
the front and back of the pile during cyclic loading, which increases the lateral
displacement and maximum bending moment of the pile shaft is captured by this
model. The cyclic degradation of soil stiffness and strength during soil-pile gap
formation is accounted for using an elliptical degradation function on the
unload-reload curves.
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Fig. 2-22 Computed load-displacement response of concrete pile subjected to
two-way lateral loading, reproduced from Heidari et al. (2014)
Rudolph et al. (2014a)
Rudolph et al. (2014) presented cyclic loading data from 1g and centrifuge tests on
monopiles, where the load direction was varied to reflect different wind and wave
loading directions. The 1g and centrifuge experiments both considered
medium-dense and dense sand (Cuxhaven sand, North Sea typical fine sand). Both
sets of experiments showed that the non-zero cyclic loading led to a higher
accumulation of pile head displacements. A greater lateral load will cause the pile to
displace further in the vertical direction. The influence of the load angle was
observed to be stronger in medium dense sand than in dense sand.

2.6.5. Horizontal multi-directional load on caissons in sand
Su (2012)
Motivated by the investigation of pile resistance to horizontal multi-directional
loading, Su (2012) performed a series of 1g tests in Pintan sand. The pile dimensions
were D = 38 mm and the embedded length was varied to achieved aspect ratios
L/D = 9.12, 10.5, 11.8 and 13.2. Different multi-directional loading patterns at
200 mm above the surface were considered; cross loading, figure-8 and irregular.
It was found that the lateral resistance of the pile under multi-directional loading
paths is generally can be up to 30% lower than the uni-directional path. It was argued
that plastic deformations of the soil surrounding the pile and irrecoverable soil-pile
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interactions during loading in the first direction weaken the resistance of soil to the
pile movement along the orthogonal direction. The soil density and stress
distribution are not symmetrical after the first loading direction. This was explained
by the force increment vector that always deviates from the direction of the
displacement increment vector. As a result of this deviation, the formation of the
passive zone in front of the pile during circular loading varies continuously, as
illustrated in Fig. 2-23. As the loading direction changes, part of the soil around the
pile either leave or fall into the passive zone.

Fig. 2-23 Illustration of influenced zone under (a) uni-directional strain path
and (b) circular strain path, reproduced from Su (2012)
Rudolph et al. (2014b)
The performance of monopiles in sand for offshore wind turbines, subjected to cyclic
horizontal loading with a varying loading direction (from wind and wave loading)
was investigated through centrifuge modelling by Rudolph et al. (2014b). A pile
diameter of 5 m (25 mm) and embedment length of 25 m (125 mm) with a load
applied 72 m (360 mm) above the soil surface was chosen to reproduce the loading
of a monopile supporting an offshore wind turbine. The accumulated displacement of
the monopile was reported to increase by 40 to 60% with a varying loading direction
compared to uni-directional load direction. Larger variation of load angle resulted in
larger accumulated displacements.
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Fig. 2-24 Plan view of the loading direction and measured displacement against
loading angle after 3,000 load cycles, reproduced from Rudolph et al. (2014b)
2.6.6. Horizontal and inclined orthogonal load on piles and caissons in clay
As previously reported, the majority of the studies available on laterally loaded piles
consider one-way cyclic loading (uni-directional) and fewer studies are available on
laterally loaded piles under two-way cyclic loading (bi-directional). Few studies
have investigated the performances of offshore foundations to multi-directional
loadings.

Levy (2007)
The influence of the change in loading direction and magnitude on piles in clay was
investigated through a series of drum centrifuge tests by Levy (2007). Piles (D = 5
and 10 mm and L = 130 mm) were subjected to horizontal multi-stage loading (loadunload-reload) at an angle 0° and 90° (orthogonal) at different percentages of their
ultimate horizontal capacity during the initial loading stage. Larger displacements
were observed in the orthogonal reloading direction for 0.8P/Pult. (0.78D at 0° and
0.94D at 90°). The monotonic reloading-displacement curve did not follow the
unloading curve, suggesting a variation in the global stiffness of the soil-pile system
due to the first loading. A Winkler type of soil-pile interaction model that adopts
local yield surfaces along the pile was developed. It considers local interaction
between the two perpendicular lateral directions in the form of a circular yield
surface, for each soil element along the pile. The evolution of the elastic yield
surface after multi-directional cyclic loading is represented in Fig. 2-25. Their
theoretical work suggests that a reduced value of the strength would mean
de-structuring of the soil. Therefore, it might be expected that piles undergoing a
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change in lateral loading direction should experience a greater degradation of the
overall capacity with cumulative pile head displacements.

Fig. 2-25 Evolution of the elastic yield surface for post-cyclic monotonic loading,
reproduced from Levy (2007)
Chung (2012) and Burns et al. (2014)
The performance of a caisson in clay under inclined cyclic orthogonal (90°)
(Fig. 2-26) was investigated through centrifuge modelling by Chung (2012) and
Burns et al. (2014). The modelling considered a caisson (D = 25 mm and
L = 50 mm) with the lines connected to padeyes at 20 mm from the caisson tip,
angled at 45° from horizontal. The soil was normally consolidated Kaolin clay at
120% water content. The study mainly consisted in comparing the uni-directional
monotonic and cyclic load response with orthogonal and a double line configuration,
comprising multiple cyclic loading combination. It was shown that the application of
a second orthogonal load may decrease the monotonic capacity by 31%. The
capacity of caissons under double line cyclic loading was observed to increase by 52
to 71% when subsequently monotically loaded to failure. The observed higher
caisson capacity was justified by a larger mobilisation of soil volume around the
caisson, providing more resistance. Also, the average caisson displacement was 38%
higher under double line loading.
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Fig. 2-26 Conceptual and experimental setup for double line (orthogonal)
loadings. PLM: low mean load, PLA: low amplitude load, PRE Resultant load,
ωsweep sweep angle formed by double line cyclic loadings and ωpeak maximum
angle formed by double line cyclic loadings, reproduced from Burns et al.
(2014)
2.6.7. Concluding remarks
A significant amount of research exists on the response of pile to horizontal bi- and
multi-directional loading that provides general insights, which are relevant for this
thesis. The performance of a single pile to lateral bi-directional and orthogonal
loading has been investigated at different levels; field tests, centrifuge modelling and
finite element modelling. Generally, two-way cyclic loading of piles in sand results
in larger lateral resistance and smaller cyclic pile deflections compared with
equivalent uni-directional cyclic loading. Densification of the soil surrounding the
pile occurs due to soil material flowing down the gap formed during each load cycle.
However, the study of performance of offshore anchors to multi-directional inclined
loadings was investigated in clay only and it was shown that the capacity can reduce.
Therefore, there is a need to investigate the response of offshore anchors under larger
range of inclined multi-directional loading in sand.
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2.7.

BEHAVIOUR OF SOIL UNDER MULTI-DIRECTIONAL SHEAR

STRESSES
The soil beneath and surrounding foundations is subjected to a range of stress
conditions that can be simplified and reproduced in a laboratory environment using
DSS, triaxial compression and triaxial extension apparatuses (Andersen, 2009).
Direct shear (shear box test), Direct Simple Shear (DSS) and triaxial compression
(TxC) tests are among the most common apparatuses for determination of the shear
strength of the soil. The shear behaviour of a granular soil is defined by five major
variables:
•

The relative density, Dr

•

The vertical effective stress, σ’v0

•

Boundary conditions (K0 vs isotropic)

•

Volume condition (drained or constant volume)

•

The soil fabric.

2.7.1. Direct Simple Shear
The Direct Simple Shear (DSS) was developed by (Bjerrum and Landva, 1966) to
replicate the strain conditions in the field of a ‘large flake of soil’ that occurred in
some landslides in quick clay. In DSS, consolidated soil specimen is brought to
failure by application of horizontal strain increments to the soil as shown in
Fig. 5-27.
σ'v0

σ'v0

τh
soil

σh

Initial conditions

τv

soil
τh

τv
σh

Shear stresses applied

Fig. 5-27 Stress conditions during DSS test
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Two lateral confinement methods are recommended by (ASTM, 2004) to ensure K0
conditions; wire-reinforced membrane and stacked teflon-coated rings. Both
methods force the soil material to deform with a constant cross-sectional section
during shear loading. Wire-reinforced membranes are specifically manufactured by
the Norwegian Geotechnical Institute (NGI). The comparison of the two confining
methods may be found in (Baxter et al., 2010; McGuire, 2011; Kwan and Mohtar,
2014) where minimal difference was reported. The advantage of wire reinforced
membrane is the constraint against average lateral strains is provided for each
horizontal plan through the sample. Membrane compliance is not expected to be
important during drained and undrained testing (Nicholson et al., 1993).

2.7.2. Friction angle
In DSS, under drained conditions, the maximum mobilised friction angle ϕmax, which
can be defined as the sum of inter-particle friction, rearrangement, crushing and
dilation contribution (Terzaghi et al., 1996) may be obtained from multiple methods:

The first method considers that the horizontal plane is the plane of maximum stress
obliquity so that the friction angle is determined from Eq. (2.4):

tan 𝜙 𝑚𝑎𝑥 =

𝜏𝑥𝑦
𝜎𝑣

(2.4)

Since ϕmax and the initial stress conditions are known, using the Mohr failure
hypothesis, the shear stress on the failure plane at failure is determined by the point
of tangency of the Mohr circle at failure. The Mohr failure circles are obtained by
drawing the only circle tangent to the critical state line that diameter lie along the
σ-axis and that have σ3 = σ’v0 (Robert Holtz ; William Kovacs, 1986). For the same
initial relative density and multiple vertical effective stresses, a failure envelope
corresponding to the maximum stress obliquity (i.e. ratio of τ/σ is a maximum on this
plane) may be obtained.
The second method considers that the horizontal plane is the plane of maximum
shear stress (not necessarily 45°) so that the friction angle is determined from
Eq. (2.5):
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sin 𝜙𝑚𝑎𝑥 =

𝜏𝑥𝑦
𝜎𝑣

(2.5)

It can be argued that this method is maybe less accurate than the tangent method.

A third method was proposed by de Josselin de Jong (1971) which assumes that the
vertical plane is the plane of maximum stress obliquity so that the friction angle is
calculated from Eq. (2.6). This mode of failure may only be considered for clays.
𝜏𝑥𝑦
sin 𝜙𝑚𝑎𝑥 . cos 𝜙𝑚𝑎𝑥
=
2
(1 + 𝑠𝑖𝑛 𝜙𝑚𝑎𝑥 )
𝜎𝑣

(2.6)

A fourth method proposed by Joer et al. (2010) calculates the normal and shear
stresses for an observed actual diagonal shear plane through the sample, without
accounting for unrealistic complementary shear stresses as from Eq. (2.7):

𝜙𝑚𝑎𝑥 = 𝑡𝑎𝑛 − 1

𝐹ℎ
𝐹𝑣

(2.7)

This thesis work uses the first method, with the tangent to obtain the friction angle.

2.7.3. Importance of the soil fabric in laboratory testing
The sample preparation method strongly influences the soil fabric (i.e. orientation of
particles in the soil specimen), which in return influences mechanical properties,
such as mobilised strength, dilatancy rate, internal stress distribution and secant
deformation modulus (Oda, 1972; Nemat-Nasser and Tobita, 1982). Controlled
pouring and compaction of sand produce a uniform but anisotropic fabric. Dry
deposited sands (high e0) are more likely to present an anisotropic fabric compared
to dynamic compaction sample preparation (low e0) (Oda, 1972). The geometrical
anisotropy of the soil particles in the sample may result in corresponding
anisotropies in the mechanical response of the soil (Lafeber, 1966). However, there
is no easy and standard method for measuring fabric. The best that can be done is to
try to closely replicate the in-situ soil deposition with dry pluviation methods.
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In terms of effective stresses, the mechanical behaviour of cohesionless soils is not
affected by saturation, as water has no significant effect on the interparticle sliding
resistance in the range of particle surface roughness commonly encountered under
natural conditions (Finn et al., 1978). However, water may affect particle crushing in
weak sediments. For the range of vertical effective stresses, sand materials and mode
of shear considered in this thesis, the effect of water is believed to be limited.
Therefore, all the soil element tests were made on dry sands, as it is quicker to
implement and consequently, more shear tests could be performed.

2.7.4. Particle damage in laboratory testing
Granular soils are frictional materials. The friction between the grains principally
contributes to the wear and fracture of the soil skeleton. The extent of the damage to
the grains may be classified under three levels (i) abrasion of particle surface, (ii)
crushing of sharp and long particle corners and edges, (iii) cleavage and fracture of
the particle. The consequence of particle crushing may be significant for some
geotechnical applications, such as the stability of driven piles in sand. It was reported
by Clinton et al. (2005) that the shaft friction developed by driven piles in calcareous
sand may be about one-third of that in siliceous sand. The lower pile capacity in
calcareous sand is attributed to the increase in compressibility of the soil structure
generated by particle breakage. From oedometer and centrifuge tests, McDowell and
Bolton (2000) showed that the peak resistance of a pile in calcareous sand was
strongly dependent of the initial particle size distribution. The change in particle size
distribution (i.e. increase of finer particle portion) is an indicator of particle damage.
Particle damage and crushing may be significant in soil laboratory testing such as
decomposed granites and carbonate sands. The study of particle damage and
crushing is well documented in 1D compression and in ring shear devices. It is
globally acknowledged that the extent of particle crushing is larger in shear loading
than in one-dimensional compression loading. Particle damage and particle crushing
were observed in ring shear apparatus at very low normal stress, σ’v0 = 30 kPa to
50 kPa (Hardin, 1985; Luzzani and Coop, 2002; Coop et al., 2004; Sadrekarimi and
Olson, 2010) for very large strain, γ > 10,000% (representing a 50 m landslide).

Centre for Offshore Foundation Systems

2-2-41

Chapter 2: Literature Review

Soil particle shape and angularity have a profound effect on its mechanical
behaviour. Thomas and Bray (1999) and O’Sullivan et al. (2002) showed that
ellipsoid particles rotate less than spherical particles. An assembly of rounded
particles exhibits greater softening behaviour with fabric anisotropy change with
strain, whereas an assembly of elongated particles requires more shearing to modify
its initial fabric anisotropy to the critical state condition (Nouguier-Lehon et al.,
2003).
The strain level reached in ring shear is far beyond the shear strain reached in triaxial
and DSS tests. Consequently, the critical state strength may be reached well before
particle crushing occurs. However, from the mineralogical composition of the
calcareous sand considered in this thesis, it may be suggested that particle damage or
crushing took place during multi-directional cyclic simple shear tests.

2.7.5. Multi-Directional Direct Simple Shear
Multiple laboratory programs of multi-directional simple shear behaviour on sands
have been performed over the last few decades to study the soil response to
multi-directional cyclic loading. The majority of the studies fall into the category of
earthquake engineering, notably on sand resistance to liquefaction (Seed and Lee,
1966; Casagrande and Rendon, 1978; Ishihara and Yamazaki, 1980; Kammerer et
al., 2002). Other studies investigated multi-directional loading for shallow footings
(DeGroot et al., 1996), or submarine slopes under dynamic loading (Rutherford and
Biscontin, 2013). Testing equipment was initially limited to bi-directional motions.
This limitation only allows the sample specimen to be sheared under two orthogonal
directions, applied one after the other. This was later improved to allow circular and
figure-8 patterns with independent loading tables on Multi-Directional Simple Shear
(MDSS) devices (Kammerer et al., 2002). Relevant publications that studied the
response of soil under multi-directional loading are reported and discussed in detail
below.

Pyke (1975)
Pyke’s dissertation is one of the very first studies on sand liquefaction using a
shaking table. The main outcome of this work is that greater compaction (about
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twice as much) was observed for sand shaken in two directions compared to sand
shaken in one direction. Also, the effect of the second shearing direction is not as
dramatic as that suggested by the greater compaction, since the stresses causing
liquefaction under multi-directional shaking are about 20% less than those causing
liquefaction under shaking in one direction only, as shown in Fig. 2-28.

Fig. 2-28 Variation of shear modulus in shaking table tests, reproduced from
Pyke (1975)
Casagrande and Rendon (1978)
In this publication, Casagrande explores the development of a gyratory shear
apparatus capable of applying one shear force (x) and one gyratory shear force (y).
The top of the sample is able to rotate through 360°. This apparatus was designed to
study sand liquefaction. However, both shear forces couldn’t be applied
simultaneously. The device allowed measurement of the distribution of moisture
content through the specimen and measurement of the corresponding relative density
for an undrained response. It was mainly used for the investigation of the
redistribution of the relative density through a specimen. Different types of
liquefaction-dilation response were examined.

Ishihara and Yamakazi (1980)
Another apparatus was developed by the University of Tokyo to perform
multi-directional undrained simple shear tests on saturated sand specimens.
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This apparatus was designed to study the upward propagation of shear waves during
earthquakes. The strain paths investigated were circular, elliptical and alternate
shear. The elliptical strain paths were aimed at assessing the phase difference
between two cyclic stress components acting in orthogonal directions. As shown in
Fig. 2-29, it was shown that the more circular the stress path is, the more the shear
strength reduced. Similarly for alternate shear, increasing the stress amplitude in the
direction perpendicular to the major loading direction reduced the shear strength.

Fig. 2-29 Cyclic stress ratio versus cyclic stress amplitude ratio between two
directions, τs/τl = 0 is uni-directional stress path and τs/τl = 1 is circular stress
path, reproduced from Ishihara and Yamazaki (1980)
Boulanger and Seed (1995)
This laboratory study presents results of bi-directional cyclic and monotonic
undrained simple shear test on Sacramento river sand. The concern here was to
approximate the seismic loading conditions found beneath sloping ground (earth
embankments and slopes). As such, the influence of the direction of an initial static
shear stress coupled with a bi-directional cyclic shearing was investigated.
Two directions of the initial static shear were considered; (i) parallel and (ii)
perpendicular to the bi-directional cyclic shear (i.e. no circular or figure-8 motion).
It was found that the perpendicular (i.e. longitudinal) cyclic loading resistance
ranged between 70% and 95% of the parallel (i.e. transversal) cyclic loading
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resistance for a shear stress ratio of 0.2 and 0.3. The difference in both cyclic shear
resistances was lower (between 95% and 100%) for a shear stress ratio of
0.1.The lower resistance in the perpendicular direction was justified by the higher
amount of shear stress reversal and principal stress rotation that occurs under these
specific loading conditions. In bi-directional cyclic loading (pure shear stress
reversal) with or without initial static shear stress in the same direction of shearing,
the principal stresses rotate around a single horizontal axis. However, if the initial
static shear stress is applied perpendicularly to the bi-directional cyclic loading, the
principal stresses will rotate around both a horizontal and vertical axis. In fact, the
perpendicular static shear generates a resultant shear stress whose magnitude and
horizontal direction vary cyclically. Additionally, several consolidation stress ratios
was investigated and it was concluded that the ratio of perpendicular cyclic loading
resistance to parallel cyclic loading resistance was insensitive to the consolidation
stress ratio.

DeGroot et al. (1993) & (1996)
Complex loading conditions were encountered in offshore artic gravity structures
when the horizontal ice load becomes much greater than the horizontal sliding
resistance of the soil beneath the footing. Initially loaded by the weight of the gravity
structure, the soil is then subjected to significant lateral shear stresses and can exhibit
large lateral deformations. During this process the principal stresses will change in
direction and magnitude. These can produce large rotations and even reversal in the
direction of the horizontal shear stress acting at soil elements within the foundation
soil. The device developed by DeGroot at MIT, was intended to experimentally
reproduce the stress conditions of this complex loading on the offshore artic gravity
structure DeGroot et al. (1993). The vertical and first horizontal stresses represent
the stress conditions from the weight of the gravity structure, and a second horizontal
stress is made possible to represent the ice loading. As a result, the device is capable
of applying (at the same time) the vertical stress and two independent horizontal
shear stresses to the soil specimen. The impacts of loading in a second direction were
investigated on Boston Blue Clay. Multiple series were performed with variation of
the angle between the two shear loads from 0° to 150° in 30° increments (DeGroot et
al. 1996). The significant influence of the load angle on the undrained shear-strain
behaviour was demonstrated. As the load angle, α varies from 0° to 150°, the peak
Centre for Offshore Foundation Systems
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shear resistance and the normalised vertical stress at peak decreases significantly
while the shear strain at the peak increases significantly (Fig. 2-30). It was also
observed that the total shear strain increases when the load angle is greater than 90°.
Furthermore, as the load angle increases from 0° to 180° there is a large increase in
the normalised shear modulus G/σ'vc. It was concluded that there was a significant
influence of the magnitude and direction of the second shearing load on the
undrained behaviour of the soil sample. Indeed, at low shear angle (α < 90°) the soil
is extremely brittle and requires little shear strain to reach failure whereas at higher
angle (α > 120°) the soil became more ductile, with large shear strains at failure.

Fig. 2-30 Normalised shear stress-strain curves for CAUMDSS tests on
OCR = 1 (τhc/σ'v0 = 0.20), reproduced from DeGroot et al. (1996)
Kammerer (2002)
Some of the UC Berkeley research efforts have focussed on the performance
assessment of foundations on liquefiable soil. A comprehensive cyclic MDSS testing
program on medium and high density liquefiable sand was carried out by Kammerer
et al. (2002) using the UC Berkeley bi-directional simple shear apparatus. Circular,
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oval and figure-8 strain paths coupled with an initial static driving shear stress were
reproduced. This study largely discussed the significant effects of the stress reversal
and stress rotation on the cyclic and permanent shear strains. Indeed, strains in some
multi-directional loading can quickly reach very large values for load paths at low
values of average shear stress. The high level of shear strain potential was justified
by a given combination of excess pore pressure and driving shear stress
(see Fig. 2-31). In a circular direct simple shear tests, shear stress are never removed,
just rotated which bring the soil in a constant state of dilation, with the grains riding
over one another and the point of contact between the grains constantly changing.

Fig. 2-31 Schematic representation of relationship between pore pressure
generation and driving shear stress, reproduced from Kammerer et al. (2002)
Rudolph et al. (2014b)
Recently, the offshore wind industry has considered new dynamic load cases where
the wind and/or sea current loads may be applied to the pile foundation with a
gradual variation of direction over time. As a result of this new load case
consideration, the Hamburg University of Technology (TUHH) in cooperation with
GDS Instruments developed the VDDCSS (Variable Direction Dynamic Cyclic
Simple Shear) to replicate under laboratory conditions the progressive variation of
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shear load direction. It was globally found that a high change in shearing direction
resulted in an increased accumulation of shear strain.
Li et al. (2016)
This publication investigated the exact same load paths as DeGroot et al. (1996) with
Leighton Buzzard sand, using another version of the VDDCSS. The aim of the study
was to investigate the influence of the orientation and magnitude of the consolidation
shear stress. The experimental procedure consisted in applying a static shear stress
on the specimen during consolidation, at an angle α = 30, 60, 90, 120, 150 and 180°,
followed by the application of a second undrained shear stress, until failure of the
sample. It was observed that a smaller angle, α between the first and second
horizontal shear stress leads to more brittle responses with higher peak strengths, and
a larger angle, α leads to more ductile responses.

Sibley (2016)
This dissertation relates the effects of small-amplitude preshearing that leads to
improved liquefaction resistance in cyclic DSS tests for four different sands under
drained and undrained conditions. Generally, it was found that the amount of change
in relative density that occurs during drained cyclic preshearing is influenced by
particle angularity, with the more compressible fabric of the more angular sands
experiencing greater volumetric change compared to the rounded sands. Also, under
preshearing conditions, looser specimens exhibit larger volume changes. It was then
suggested that the intensity of the preshearing strain was an important factor
controlling the volume change and the subsequent increases in liquefaction
resistance.

Bhaumik et al. (2017)
In this publication, the preliminary results of the I-mcDSS (the same apparatus was
used in this dissertation) are reported. Circular and figure-8 strain paths were
modelled on four dry drained sands under strain-control. It was shown that figure-8
loading resulted in higher volumetric strain than equivalent circular and
bi-directional strain paths.
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2.8.

WHAT HAS THE LITERATURE REVIEW REVEALED?

The ocean environment represents an untapped reservoir of renewable energy
resources, in Australia and worldwide. At the moment there are no commercial wave
energy developments. The development of WECs is principally hampered by
prohibitive costs. Most of the work (e.g. anchor design and soil element testing)
describes in this chapter has been relevant for the oil and gas sector, while few
studies are available for the wave energy sector.
The multi-directional loading regime is peculiar and depends on the WEC, the
environmental conditions (i.e. geographical location) and geometry of the array. The
performance of axi-symmetrical anchors to multi-directional loading has been
investigated superficially. It is mainly observed that under horizontal loading, pile
foundations experience least permanent displacements under two-way cyclic loading
compared with one-way cyclic loading. Soil flowing at the back of the pile is the
primary reason for lower displacement and increase in lateral capacity. However,
varying the horizontal and vertical load components on an anchor piles may change
some of these outcomes. Also, the existing knowledge on soil behaviour under
multi-directional strain paths are limited to a few cyclic motions (e.g. circular
elliptical, figure-8) and limited to a few sand materials. It is usually observed that
sands contract more in a two-dimensional strain path than an equivalent
uni-directional strain path.
Therefore, a logical progression of work to study anchor sharing would be:
•

Firstly, consider the particular loading regimes of WECs in array and
examine particular aspects of multi-directional loading.

•

Secondly, include the peculiarity of the multi-directional loading in the
design of offshore anchor.

•

Thirdly, track the volume change during the multi-directional shearing
process to better inform the anchors displacement to multi-directional
loading.
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Chapter 3 – MULTI-DIRECTIONAL MOORING LOAD
CHARACTERISATION ON SHARED ANCHOR

3.1.

INTRODUCTION

Anchor sharing by means of inter-connecting multiple mooring lines to a limited
number of anchors presents an economical alternative to the traditional single
anchoring system. The absence of knowledge on anchor sharing and especially on
the characteristics of the multi-directional mooring load regime makes the design of
anchors for such applications challenging.
Peak tension and mooring load variation may be influenced by a broad range of
parameters such as:
•

Mooring line (number, taught, catenary);

•

Device type (weight, wave extraction system, Power Take Off system, heave
response);

•

Water depth;

•

Tidal range;

•

Metocean conditions.

This chapter aims at identifying the loading regimes applied by floating wave energy
converters on an anchor with two or three mooring lines. To this purpose, a
numerical model using OrcaFlex was developed and compared against existing field
data.
The organisation of the chapter is summarised in Fig. 3-1. Firstly, the numerical
model was compared with field measurements of a single floating structure.
The field measurements included structure motion, mooring lines tension and wave
conditions measured at the FabTest wave energy test site (Smith et al., 2012; Ashton
et al., 2014). Secondly, after validation, the numerical model was extrapolated to
model an array of six floating structures connected to ten shared anchors.
Estimations of the mooring load history on shared anchors that are connected to one,
two and three mooring lines were obtained for six selected sea states. Finally, an
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analytical model was developed to simplify and characterise multi-directional
loading for shared anchors in a way that is relevant for geotechnical design.

Fig. 3-1 Organisation of the chapter
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3.2.

FIELD MEASUREMENTS OF FLOATING STRUCTURE

A three years mooring load database was made available by the Offshore Renewable
Energy group of the University of Exeter (UoE), UK. The South West Mooring Test
Facility (SWMTF) project was operated at sea, in Falmouth Bay, about 5 km off the
coast of Cornwall as shown in Fig. 3-2, between 2010 and 2014. This project aimed
at collecting field mooring load measurements of a 3-point mooring floating
structure, mimicking the dynamic response of a scaled point absorber type WEC in
real open ocean conditions. The instrumentation measured the 6 DOF motion of the
floating structure; 3 translations (surge, sway, heave) and 3 rotations (roll, pitch,
yaw). The tension measured in the three catenary mooring lines was measured by
in-line load cells and the wave conditions were recorded with ACDPs (Acoustic
Doppler and Current Profilers).

3.2.1. Test location
The buoy operated at a water depth range between 27.00 m (lowest astronomical
tide) and 33.15 m (highest astronomical tide) inclusive. The maximum tidal variation
is 5.40 m and the mean tidal variation of 4.60 m. The position of the buoy was
50°04.75' (N), 05°02.85' (W) and considered as the point of origin (0, 0) m in this
analysis.

FabTest
SWMTF

Fig. 3-2 Falmouth Bay test site location
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3.2.2. Introduction of the SWMTF project
The SWMTF buoy modelled a floating structure analogous to a scaled point absorber
type WEC. The structure had a generic elementary cylindrical shape linked to the
seabed by three leg catenary mooring lines as shown in Fig. 3-3. The mooring lines
were equally spread at 120° and anchored with drag embedment anchors as shown in
Fig. 3-4. The dimensions and sensors of the floating structure are listed in Table 3.1
and Table 3.3, respectively. Load cells were placed on the top end of each mooring
line (i.e. at the bottom of the buoy). The motion tracker was placed in the electronic
module on-board the structure. Other sensors were also used (compass, GPS,
anemometer, conductivity, temperature, pressure sensors, etc.) but are not reported in
this thesis.
Table 3.1: Dimension of the floating structure
Parameter
Value
Weight in air
3250 [kg]
Float diameter
2900 [mm]
Overall height
6150 [mm]
Height from centre of lifting eyes 3500 [mm]

(a)
(b)
Fig. 3-3 SWMTF floating structure (a) before sea trial and (b) during sea trial,
reproduced from Harnois (2014)
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Fig. 3-4 Plan view of the floating structure, its mooring lines and position of the
ADCP, reproduced from Harnois (2014)
3.2.3. SWMTF mooring lines
SWMTF was moored to the seabed using three catenary mooring lines, made of
44 mm synthetic nylon ropes, bow shackles series and studless 36 mm chain.
Fig. 3-5 shows a sketch of the mooring line composition. Torsion in the line was
prevented by two swivels positioned at each end of the line. Three drag embedment
anchors were used as listed in Table 3.2.
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Fig. 3-5 Sketch of the mooring line composition, reproduced from Harnois
(2014)
Table 3.2: List of anchors
Mooring line Anchor
Anchor type
Holding capacity
1
1
1.1 tonne Danforth
180 kN
2
2
1 tonne Stevin
219 kN
3
3
1.1 tonne Danforth
180 kN
3.2.4. SWMTF instrumentations
Table 3.3 lists the instrumentations used to measure the motion of the structure and
the tension in the mooring lines.
Table 3.3: List of sensors placed on the floating structure
Recording
Sensor
Parameter
Resolution
Range
frequency
surge/sway/heave: surge/sway/heave:
Systron6 DOF
5 µg
-2 to +2 g
Donner
motion
20 Hz
roll/pitch/yaw:
roll/pitch/yaw:
Motionpak
tracker
0.002 °/s
-50 to +50 °/s
axial load
Mooring
cells: Elite
20 Hz
1 kg
0 to 7000 kg
line tension
10062
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3.2.5. Wave data
An ADCP was installed about 25 m from the SWMTF buoy model as shown in
Fig. 3-4. The ADCP is a hydro acoustic current meter akin to a sonar system that
measures water current velocities in a water column up to 1,000 m long. The ADCP
is shown in Fig. 3-6 and its characteristics are listed in Table 3.4. ADCPs were
installed and recovered every two months to replace the batteries and retrieve data.
Therefore, multiple ADCP installations were executed to cover the entire sea trial
period. The data of the ADCP were continuously recorded and saved every 17.067
minutes (2048 points at 2 Hz). After the recovery of the ADCP, data were processed
using the manufacturer’s software WavesMon. Sea parameters such as the
significant wave height Hs, the wave period Tp, the wave direction Dw, the current
direction Dc, the current velocity Mc, and the water depth d were calculated for each
17.067 minutes.
Table 3.4: ADCP characteristics
Sensor

Parameter

Recording
frequency

Resolution

Range

velocity:
velocity:
1 mm/s*
± 5 m/s
2 Hz
wave period:
wave period:
10 mm
0 to 1000 m
* the accuracy of the velocity measurement depends on the quantity of
suspended material in the water column.
ADCP Teledyne
RDI Workhorse
Sentinel

water beam
elevation
and current

Fig. 3-6 ADCP setup and installation, reproduced from Herduin (2015)
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3.3.

ORCAFLEX NUMERICAL MODEL

The OrcaFlex package software was used to model the SWMTF buoy model.
The numerical model was compared against the field measurements described in
Section 3.2 in both time and frequency domain analysis for a range of sea conditions.

3.3.1. Calculation method of the hydrodynamic loads
OrcaFlex is a computer package for mooring design that offers coupled mooring
analysis. It calculates the motion of a floating structure in a diffraction program and
later derives the load effects using convolution techniques with dynamic reaction
from the mooring lines. Morison’s equations are used to calculate the hydrodynamic
loads on the cylinders composing the floating structures and give the actual position
of the structure at each time step. Added mass and drag forces are only calculated for
the portions of the cylinders which are in the water. Next, the position of each node
of the mooring lines is calculated and the position of the moored buoy is found after
several coupling iterations.

3.3.2. Model details
OrcaFlex offers two ways to model a floating structure similar to WECs: (i) vessel
and (ii) 6D spar buoy (Orcina, 2014).
The vessel mode is usually used to model ships or similar floating rigid structures.
Using this mode, the size of the structure is assumed large enough for wave
diffraction to be significant, since the vessel modelling option is based on RAOs
(Response Amplitude Operators) and QTFs (Quadratic Transfer Functions), which
can be obtained by tank testing or by separate diffraction analysis software
(WAMIT, Hydrostar, Genie, ANSYS Aqwa, etc.).
The 6D spar buoy mode is used to model axi-symmetric buoys where
surface-piercing effects are important (when the buoy diameter is small compared to
the wavelength). The buoy is a rigid structure having all six degrees of freedom three translational (x, y, z) and three rotational (rot1, rot2, rot3). This modelling
mode was chosen. The SWMTF floating structure is modelled as a series of five coaxial cylinders. The physical properties of the modelled floating structure are listed
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in Table 3.5. Note that in OrcaFlex, the centre of mass is relative to the buoy origin,
here set at (0, 0, 0) in the x-y-z coordinates.
Table 3.5: SWMTF floating structure input parameters
Dimensions:
Weight in air [kg]
3,250
Float diameter [m]
2.9
Centre of gravity from mean
0.341
water line [m]
Mass moments of inertia, Ixx
4.26679
2
[te/m ]
Mass moments of inertia, Iyy
4.23005
2
[te/m ]
Mass moments of inertia, Izz
1.17860
2
[te/m ]
Geometry:
Cylinders
5
Diameter [m]
2.900
Cylinders dimensions are upon
2.175
buoy dimensions
1.450
0.360
1.100
Length [m]
0.940
0.230
0.230
0.490
0.210
Bulk Modulus [kPa]
Infinity
The buoy is incompressible
Drag & Slam:
Munk moment coefficient
0
No destabilising moment
Drag Forces:
Normal area [m2]
D.L
From (Sumer and Fredsøe, 1997)
2
2
Axial area [m ]
(π.D ) /4
for irregular wave and for
Normal coefficient
1.00
KC(a) > 10, Cd(b) = 1.00
Axial coefficient
1.00
Drag Moments :
Normal area moment [m5]
(D5)/60
From (Sumer and Fredsøe, 1997)
5
4
Axial area moment [m ]
(L.D )/32
for irregular wave and for
Normal coefficient
1.00
KCa > 10, Cd = 1.00
Axial coefficient
1.00
Slam force
0
Slam forces are not considered
Added Mass and Damping:
Values for cylinders
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Added Mass
Normal force coefficient, Ca
Axial force coefficient, Ca
Inertia
Normal force coefficient, Cm
Axial force coefficient, Cm
Added moments of inertia
Unit Damping force

Unit Damping moment
Applied loads:

1.00
0.64

From (Sumer and Fredsøe, 1997)

2.00
1.64
0
0

C m = Ca + 1
C m = Ca + 1
Cylinders are not hollow
OrcaFlex ‘strongly recommends’
to set this parameters only by
calibration against real test results

0
0

No applied loads to be considered
on the buoy
Contact:
0
No contact between the buoy and
the seabed
(a)
KC is the Keulegan-Carpenter number, which is a dimensionless quantity
describing the relative importance of the drag forces over inertia forces.
(b)
Cd is the drag coefficient, which is a dimensionless quantity that is used to
quantify the drag (i.e. resistance) of an object in a fluid environment.

Fig. 3-7 Graphical view of the 6D SWMTF floating structure
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3.3.3. Environmental conditions
An investigation of the influence of the environmental load conditions on the peak
mooring load of the SWMTF floating structure is described in Harnois et al. (2016).
It was demonstrated that the dynamics of the system is such that large peak mooring
loads are observed at low and high tides and even for small values of Hs.
Consequently, the numerical model was compared against a group of six specified
sea states measured by the ADCP that encompasses several mooring load regimes
(i.e. low tide, high tide, eastern storm, southern storm and calm conditions) as listed
in Table 3.6. The wave scatter diagram of the six selected sea states is shown in
Fig. 3-8.
The wave surface elevation derived from the ACDP pressure sensor measurements
was used as a wave elevation input parameter in OrcaFlex. The wave surface
elevation profile generated by OrcaFlex and the wave spectrum is shown in
Fig. 3-9(a) and Fig. 3-9(b) respectively and was compared with the wave
measurement of the ADCP. It was observed that OrcaFlex replicates accurately the
input wave surface elevation measured by the ADCP. A slight difference was
observed when replicating the wave crest and trough as shown in Fig. 3-10. The low
recording frequency of the ADCP (2 Hz) was not suitable to measure accurately the
wave crest and trough. Consequently, the discrepancies observed between the
measured and modelled surface wave profiles may be the results of poor quality
measurement of the ADCP (see Fig. 3-10). OrcaFlex applies a Fast Fourier
Transform (FFT) to transform the measured wave elevation measured by the ADCP
into frequency components. Each frequency component is represented by a single
Airy wave. The modelled wave elevation profile is built from the combination off all
the single Airy wave frequency components.
For the current forces, a power law that define how the current decay with depth was
used for vertical current as recommended in Orcina (2014). This method defined a
current speed as measured by the ADCP at the surface and at constant direction. The
current speed in the water column was assumed constant close to the free water
surface. The current direction was also assumed constant during a given sea state.
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Table 3.6: List of selected sea states
Hs
Tp Dw
d
Dc
Mc
Sea state
[m] [s] [°] [m] [°] [m/s]
1
0.19 8.20 179 28.60 192 0.17
2
0.14 8.60 119 32.40 310 0.13
3
2.75 8.20 163 31.94 3
0.08
4
2.80 8.20 118 29.55 196 0.14
5
2.56 6.90 86 28.55 172 0.34
6
2.31 6.50 86 33.75 324 0.21
Sea state 1: Calm conditions, small Hs, low tide
Sea state 2: Calm conditions, small Hs, high tide
Sea state 3: Southern storm conditions, high Hs, high tide
Sea state 4: Southern storm conditions, high Hs, low tide
Sea state 5: Eastern storm conditions, high Hs, low tide
Sea state 6: Eastern storm conditions, high Hs, high tide

Sea states

Fig. 3-8 Wave scatter diagram of the six considered sea conditions (open
markers are high tide, solid markers are low tide)
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(a)
(b)
Fig. 3-9 Environmental load combination input for sea state 6: (a) Time domain
signal of the wave surface elevation and (b) wave surface elevation spectrum

Fig. 3-10 Environmental load combination input for sea state 6: Time domain
signal of the wave surface elevation showing the discrepancies between the
measured and modelled wave surface elevation
3.3.4. Model simplification and assumptions
The numerical model was a simplification of the SWMTF structure and its mooring
systems for some well-defined realistic sea conditions. The development of the
numerical model was made with the following simplifications:
1. The seabed was considered flat.
2. The wind forces were not modelled.
3. The wave direction was modelled without directional spreading.
4. Surface currents and deepwater currents may act in different directions.
Although multi-directional current profile can be modelled in OrcaFlex, the
current direction is assumed unique and constant.
5. There are uncertainties regarding the anchor point location, within 1 to 5 m.
Consequently, the mooring footprint diameter in the model was adjusted so
that the modelled pre-tension matches the measured pre-tension. The static
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pre-tension for a footprint diameter ranging from 46 to 53 m for high and low
tide conditions are shown in Fig. 3-11.

Fig. 3-11 Static pre-tension against mooring footprint diameter for high and low
tide

3.4.

VALIDATION WITH FIELD MEASUREMENTS

This section compares the results of the numerical model with the field
measurements for the six selected environmental conditions listed in Table 3.6.
Rather than a wave-to-wave approach, which seeks to analyse mooring load from
individual waves, a spectral analysis that describes the distribution of the variance
with respect to the frequency of the signal is adopted.
In the analysis of a point absorber, the heave component of the motion is the most
important. Therefore, the validation analysis was limited to the heave acceleration of
the floating structure and to the loads in the three mooring lines.

3.4.1. Methodology to estimate the performance of the numerical model
The energy spectral density of the heave acceleration and the tension in the lines 1, 2
and 3 were defined from Eq. (3.1):
+∞

𝐸=∫

(3.1)

𝑥(𝑡)2 𝑑𝑡

−∞

in which E is the energy of a signal x(t) (heave acceleration and tension)
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To estimate the quantitative performance of the model, several bulk parameters
traditionally used in the analysis of ocean waves (Molin 2006) were calculated to
compare the mooring loads of the numerical model with the field measurements.
Firstly, the mean wave period Tm02 was calculated from Eq. (3.2):
𝑇𝑚02 = √𝑚0 ⁄𝑚2

(3.2)

in which m0 and m2 are the zeroth-order and second-order moment of the signal
spectrum as calculated from Eq. (3.3):
𝑚𝑛 = ∫ 𝑓 𝑛 𝑆𝐹𝑟𝑚𝑠 (𝑓)𝑑𝑓

(3.3)

in which SFrms is the spectrum of Frms and f is the sample frequency. We then obtain
m0 and m2 from Eq. (3.4) and Eq. (3.5) respectively:
𝑚0 = ∫ 𝑆𝐹𝑟𝑚𝑠 (𝑓)𝑑𝑓

(3.4)

𝑚2 = ∫ 𝑓 2 𝑆𝐹𝑟𝑚𝑠 (𝑓)𝑑𝑓

(3.5)

Basically, the zeroth-order moment is the area under the energy spectral density
curve and the second-order moment is a measure of the width of the spectrum about
the mean (i.e. the standard deviation of an equivalent Gaussian spectrum).
Secondly, the bulk force in the mooring line was calculated from Eq. (3.6):
𝐹𝑟𝑚𝑠 = √8𝑚0

(3.6)

Later, the model performance was quantified for multiple simulations, from two
statistical measures: the relative bias, RB and the scatter index, SI as calculated from
Eq. (3.7) and Eq. (3.8) respectively.
𝑅𝐵 =

𝑖
𝑖
∑𝑁
𝑖=1(𝐻𝑚 − 𝐻𝑓 )

𝑖
𝑖
√ 1 ∑𝑁
𝑁 𝑖=1(𝐻𝑚 − 𝐻𝑓 )
𝑆𝐼 =
1 𝑁
𝑖
∑
𝑁 𝑖=1 𝐻𝑓
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𝑖
∑𝑁
𝑖=1 𝐻𝑓

2

(3.8)
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in which Hm is the parameter (heave or tension) obtained by the numerical model and
Hf is the parameter obtained from the field measurement, i is the sea state and N is
the total number of simulations (N = 6).
The totality of the time and frequency-domain representation of the heave
acceleration of the structure and the tension in the three mooring lines can be found
in Annex 3-1 for the six selected sea states. Statistical results (mean, maximum,
minimum, standard deviation) and bulk parameters (m0, m2, Frms and Tm02) for heave
acceleration and mooring loadings are also presented in Annex 3-1. The next two
sections present the results of the numerical model validation for sea states 2 and 3,
which represents calm conditions and storm conditions, respectively.

3.4.2. Comparison of numerical model with field measurements for sea state 2
This section compares the numerical model results and field measurements based on
time series and energy spectral density results for sea state 2 as shown in Fig. 3-12.
Fig. 3-12(a) shows the time series of the numerical model and the field
measurements for the heave acceleration. In this case, the sea conditions are calm,
Hs = 0.19 m. The heave acceleration in the numerical model varied from -0.21 to
0.17 m.s-2 with a standard deviation of 0.08, while in the field, heave acceleration
varied from -0.24 to 0.24 m.s-2 with a standard deviation of 0.09. The mean heave
period, Tm02 in the numerical model was 2.50 s and 2.66 s in the field. The
zeroth-order moment, m0 of the heave acceleration spectra is 0.0010 smaller in the
numerical model. This indicated that the numerical model slightly under-predicted
the heave motion for sea state 2.
Fig. 3-12(c) shows the time series of the numerical model and the field
measurements for the mooring load in the line 1. The tension was slightly
under-estimated in the numerical model and varied from 3.73 to 4.15 kN, while the
tension in line 1 measured in the field varied between 3.76 to 4.21 kN. The
zeroth-order moment, m0 of the tension in line 1 was slightly higher (m0 = 0.0003) in
the numerical model. The smaller measured tension may be associated with the
smaller heave acceleration amplitude. The zeroth-order moment, m0 was slightly
smaller (m0 = -0.0951) for line 2 but larger (m0 = 0.0015) for line 3.
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Fig. 3-13 provides a zoomed section of Fig. 3-12(a-c) for the heave acceleration and
mooring load in the line 1 between the 620th and 760th second for the simulation of
the sea state 2 conditions. It can be observed that the model did not replicate
correctly the behaviour of the floating structure for each single wave. In the 140
seconds period simulation reported in Fig. 3-13, only the period between 700 to
720 s showed very good matches between the field and the model. Many factors may
be at the origin of the observed discrepancies such as the inaccuracies in the
measurement of the ADCP position with respect to the SWMTF structure. For
example, the time histories of the wave surface elevation were inserted into the
model at the measured ADCP position (25 m away from the SWMTF structure).
This modelling technic can lead to unmeasurable discrepancies of the wave
excitation at the structure between the field and the model. However, the model
appeared to be performant for a statistical approach. The statistical parameters can be
well captured by the model as shown in Table 3.7.

(a)

(b)

(c)
(d)
Fig. 3-12 Comparison of the numerical model with the field data for sea state 2;
(a-b) heave acceleration, (c-d) tension mooring line 1
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good match

good match
(a)
(b)
Fig. 3-13 Zoomed section on 140 seconds of simulation for (a) the heave
acceleration and (b) the tension mooring line 1 for sea state 2
3.4.3. Comparison of numerical model with field measurements for sea state 3
This section compares the numerical model results and field measurements based on
time series and energy spectral density results for sea state 6 as shown in Fig. 3-14.
Fig. 3-14(a) shows the time series of the numerical model and the field
measurements for the heave acceleration. In this case, the sea conditions were
stormy, Hs = 2.31 m. The heave acceleration varied from -4.97 to 2.83 m.s-2 in the
numerical model and varied from -2.87 to 3.05 m.s-2 from the field measurement.
The heave acceleration was over-predicted by the model. Fig. 3-14(b) shows the
heave energy spectra for the sea state 3. The width of the heave energy spectra was
wider in the model. The second-order moment of the heave acceleration, m2 was
twice as large in the model prediction (m2 = 0.0678) than in the field measurement
(m2 = 0.0397). The zeroth-order moment of the heave acceleration, m0 was larger in
the numerical model (m0 = 0.7531) than in the field measurement (m0 = 0.6458). It
can be observed that the mean heave acceleration period was significantly smaller
for the numerical model by 0.5127 s.
Fig. 3-14(c) shows the time series of the tension in the line 1 for sea state 3. The
mooring load in line 1 ranged from -4.06 to 30 kN in the numerical model and
from -0.27 to 27.59 kN in the field. The mooring line was made of rope and chains
and can technically not sustain negative (compression) load. Therefore, the negative
tension was an artefact of the numerical model. Overall, the mooring load was
over-predicted in the numerical model.
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Fig. 3-15 provides a zoomed section of Fig. 3-14(a-c) for the heave acceleration and
mooring load in the line 1 between the 620th and 760th second for the simulation of
the sea state 3 conditions. As mentioned previously, the numerical model cannot be
used for an accurate wave to wave approach of the structure and mooring system
behaviour. As shown in Fig. 3-15(b), only two peak mooring loads were accurately
reproduced between the 640th and the 650th second. The rest of the results between
the 650th and 760th second can be quite useful for a statistical analysis.

(a)

(b)

(c)
(d)
Fig. 3-14 Comparison of the numerical model with the field data for sea state 3;
(a-b) heave acceleration, (c-d) tension mooring line 1

peak loads accurately
reproduced

(a)
(b)
Fig. 3-15 Zoomed section on 140 seconds of simulation for (a) the heave
acceleration and (b) the tension mooring line 1 for sea state 3
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3.4.4. Comparison of numerical model with field measurements for all sea
states
The relative bias, RB and scatter index, SI were calculated to estimate the
performance of the model for the six sea states and for the two variables considered;
heave acceleration and mooring loads in lines 1, 2 and 3. Some studies
(Dobrochinski, 2014; Rijnsdorp and Zijlema, 2016) have considered that a value of
RB and SI smaller than 15% may be qualified as good agreement, between 15% to
30% as reasonable agreement and values larger than 30% as significant
discrepancies.
Table 3.7 lists RB and SI for the two variables. It was observed that the minimum
mooring load was the worst modelled parameter with up to 400% difference between
the numerical model and the field measurement. As mentioned previously, the
numerical model generated negative compressive load in the mooring lines and was
the result of the software’s poor handling of slack lines. Overall, the maximum
mooring load was globally well captured by the model with a RB value of 16% and
13% for mooring line 1 and 2 and a RB value of 51% for mooring line 3, which
experienced the largest load. Therefore, the numerical model lost accuracy and
performance in predicting the mooring loads under large loads, e.g. > 20 kN, which
were typically obtained for large significant wave height, e.g. Hs > 1 m. However,
good agreement was obtained for the zeroth-order moment, m0 of the heave
acceleration as indicated by RB and SI of 4% and 9% respectively, which was lower
than 15% as recommended in (Rijnsdorp and Zijlema, 2016).
Table 3.7: Estimation of the performance of the numerical model
variable, H
parameter
heave acceleration tension line 1 tension line 2 tension line 3
RB
SI
RB
SI
RB
SI
RB
SI
min
40%
-24%
-81% 54% -92% 56% -400% 324%
mean
0%
0%
11%
9%
-24% 12% 13%
9%
max
-17%
10%
16% 10% 13%
8%
51%
31%
standard dev.
1%
6%
9%
7%
2%
6%
16%
12%
m0
4%
9%
18% 13% 10% 16% 32%
19%
m2
26%
24%
62% 40% 66% 44% 46%
38%
Tm02
-5%
5%
-17%
9%
-14%
8%
-2%
6%
Frms
-1%
5%
7%
7%
3%
7%
13%
8%
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3.4.5. Concluding remarks
Overall, the energy spectral density curves and time series were reproduced well in
the numerical model for the considered parameters. It was also noted that the
agreements were better for calm conditions than for storm conditions. The numerical
model exhibited significant discrepancies for significant wave height larger than
Hs = 1 m. For example, the mooring load on line 3, which was the most loaded
mooring line, was reproduced with significant discrepancies with the field
measurement.
Despite the lack of accuracy of the model to accurately replicate mooring loads for
defined environmental conditions, it was shown that the model can be relevant for
statistical analysis. The statistical parameters (min, mean, max, standard deviation,
m0, m2, Tm02 and Frms) can be accurately obtained by the model. The model can be
relevant to provide an accurate statistical estimation of the multi-directional loading
regime on shared anchors.

3.5.

ESTIMATION OF MULTI-DIRECTIONAL LOADING ON SHARED

ANCHORS WITHIN AN ARRAY OF FLOATING STRUCTURES
The numerical model was extrapolated to model a triangular array with six floating
buoys that share some of their anchors as shown in Fig. 3-17. The same six sea states
previously modelled were considered.

3.5.1. Method to calculate multi-directional loading
The multi-directional load components of a shared anchor (FRx, FRy, FRz) was
obtained by adding the components (Fix, Fiy, Fiz) of each of the i mooring lines
connected to the shared anchor as shown in Fig. 3-16 and described by Eq. (3.9),
Eq. (3.10) and Eq. (3.11):
𝑛

𝐹𝑅𝑥 = ∑ 𝐹𝑖 cos(𝛼𝑖 ) . cos(𝛽𝑖 )

(3.9)

𝑖=1
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𝑛

𝐹𝑅𝑦 = ∑ 𝐹𝑖 sin(𝛼𝑖 ) . cos(𝛽𝑖 )

(3.10)

𝑖=1
𝑛

(3.11)

𝐹𝑅𝑧 = ∑ 𝐹𝑖 . sin(𝛽𝑖 )
𝑖=1

where n is the number of line connections, Fi is the tension in mooring line i, αi is the
horizontal angle of the vector Fi to the coordinate’s origin (azimuth angle) and βi is
the vertical angle of the vector Fi to the coordinate’s origin (polar angle). The
multi-directional load can also be described with a spherical coordinate system
(FR, αR, βR). The magnitude of the resultant multi-directional load on a shared
anchor, FR was calculated from Eq. (3.12):
𝐹𝑅 = [𝐹𝑅𝑥 2 + 𝐹𝑅𝑦 2 + 𝐹𝑅𝑧 2 ]

0.5

(3.12)

The variation of direction of the resultant multi-directional load on the shared
anchor, αR was calculated from Eq. (3.13):
𝑎𝑅 = tan−1 [

𝐹𝑅𝑦
]
𝐹𝑅𝑥

(3.13)

The vertical angle of the resultant multi-directional load on the shared anchor, βR
was calculated from Eq. (3.14):
𝛽𝑅 = tan−1 [
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𝐹𝑅𝑧
2

(𝐹𝑅𝑥 + 𝐹𝑅𝑦 2 )

0.5 ]

(3.14)
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Fig. 3-16 Global reference system for calculating the resultant multi-directional
loading
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3.5.2. Modelled array
The modelled array of six floating structures is shown in Fig. 3-17 and Fig. 3-18.
An array of six floating structures was selected to model (i) a case with one anchor
connected to 3 mooring lines, (ii) three cases with one anchor connected to 2
mooring lines and (iii) three cases with one anchor connected to 1 mooring line. The
spacing between each floating structure was 95 m and was imposed by the mooring
footprint of the SWMTF.
north

anchor 7
anchor 5
anchor 3

buoy C

anchor 1

buoy B
buoy A

ACDP

anchor 6
anchor 4
anchor 2

buoy D
buoy E

anchor 8
anchor 9
buoy F

anchor 10

Fig. 3-17 Plan view of the modelled array

Fig. 3-18 Graphical view of the modelled array
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3.5.3. Multi-directional load results
The results of the numerical modelling are presented in Annex 3-2. Each group of
plots presents the multi-directional loading for a shared anchor with two and three
mooring lines for each of the six sea states. The heave response was not analysed in
this section. The analysis was focussed on the mooring loading across the array, for
anchors with 1-line, 2-line and 3-line connections.

3.5.4. 2-line connection
This section compares the results of Anchor 2 (see Fig. 3-17), which is a 2-line
connection case with anchors 1 and 10, which are 1-line connection cases. The set of
plots in Fig. 3-19 compares the time series and spectrum of the magnitude of
resultant load, FR and the variation of direction of the resultant load, αR of Anchor 2
with Anchor 1 and 10, for sea state 1. Fig. 3-19(a) compares the time series of the
mooring loads for 1-line and 2-line connection anchors. It can be observed that the
magnitude of the mooring load was slightly larger for a 2-line connection case. For
this case, the mean load was between 2.53 to 2.54 kN for 1-line connection and
between 2.53 to 2.58 kN for a 2-line connection. The maximum amplitude of the
mooring load was also slightly smaller in a 2-line connection with a maximum
mooring load that ranges between 3.64 to 3.88 kN for a 2-line connection and
between 3.45 to 3.95 kN for a 1-line connection. Fig. 3-19(b) shows the spectrum of
the mooring load for Anchor 1, 2 and 10. It can be observed that the mooring load
spectrum was lower for a 2-line connection than for a 1-line connection.
Fig. 3-19(c) shows the loading angle time series for a 2-line connection. It can be
observed that a 2-line connection resulted in multi-directional loading, with a
moderate variation of the loading direction, where α varies from 15.4 to 21.1°. In a
1-line connection, the mooring load was uni-directional, α = 0°. Fig. 3-19(d) shows
the spectrum of the variation of direction of the resultant multi-directional load. For a
1-line connection, the direction of the loading spectrum was zero as the load was
applied in one direction only. Fig. 3-19(e) shows the horizontal projection of the
multi-directional loads, Fx against Fy. This type of chart summarises the angle and
magnitude of multi-directional loading for a 2-line connection in calm conditions.
The mean loading direction, αMEAN is 143.3°, which was close to half the angle
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between the two mooring lines, α = (210 + 90) / 2 = 150°. The wave direction for sea
state 1 was Dw = 179°. Therefore, it appeared that during calm conditions, the wave
direction and the mean loading angle on a 2-line connection shared anchor were not
necessarily aligned.
The set of plots in Fig. 3-20 shows the time series and energy spectral density of the
resultant multi-directional load for a shared anchor with a 2-line connection for sea
state 6. The mean mooring load in a 2-line connection varies from 4.64 to 8.30 kN,
which was higher than for a 1-line connection where the mean mooring load varied
from 3.86 to 7.64 kN. The maximum mooring load in a 2-line connection varied
from 15.48 to 64.21 kN, which was slightly smaller than for a 1-line connection
which varied from 11.66 to 65.54 kN. However, the loading angle varied
significantly (as indicated by Fig. 3-20(c)) from α = 90 to 210°, while for a 1-line
connection, the loading angle is zero. It was observed from Fig. 3-20(e) that on a
2-line connection, the mooring load on one line was much higher than the mooring
load on the second line. The mean loading direction, αMEAN was 154.8°, which was a
change of about 12° from sea state 1. The wave direction for sea state 6 was
Dw = 86°. Therefore, it appeared that during storm conditions as well as calm
conditions, the wave direction had a limited influence on the mean loading angle on
a 2-line connection shared anchor. Also, as indicated in Fig. 3-20(e), the direction of
the resultant load, αR during large peak mooring loads appeared to be imposed by the
loading direction of the most loaded mooring line. For this example, the mooring
line connecting Anchor 2 with Buoy E was orientated at 210° and the largest peak
mooring load occurred at an angle, αR = 195 to 205°. Once again, this indicated that
the wave direction had a limited influence on the variation of the direction of the
resultant load.
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Anchor 1
Anchor 10

FR

Anchor 2

(a)

(b)

αR

Anchor 2

(c)

(d)

Dw = 179°

(e)
Fig. 3-19 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 1, (a) mooring load time series, F (b)
mooring load spectrum (c) loading angle time series, α (d) loading angle
spectrum and (e) plan view of horizontal mooring load Fx, Fy
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FR

Anchor 10
Anchor 2
Anchor 1

(a)

(b)

αR

Anchor 2

(d)

(c)

Dw = 86°

(e)
Fig. 3-20 Time and frequency domain analysis of mooring loads for two
mooring line connection case for the sea state 6, (a) mooring load time series, F
(b) mooring load spectrum (c) loading angle time series, α (d) loading angle
spectrum and (e) plan view of horizontal mooring load Fx, Fy
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3.5.5. 3-line connection
This section analyses the results of anchor 4, which is a 3-line connection case. The
results are presented in Fig. 3-21 and Fig. 3-22 for sea states 1 and 6 respectively, in
a similar fashion to the previous section. For completeness, all the results for the six
sea states can be found in Annex 3-2.
Fig. 3-21(a) shows that the mooring load amplitude is greatly reduced in a 3-line
connection. In the 3-line connection considered in this example, the three lines were
separated by 120° from each other in the horizontal plane. This configuration
resulted in a load compensation in the horizontal plane, which decreased the mean
load from 2.53 to 2.61 kN in a 1-line connection to 0.13 kN in a 3-line connection,
for sea state 1, as indicated in Table 3-1.5. The spectrum of the mooring load was
also greatly reduced as indicated by Fig. 3-21(b). For calm conditions, the mooring
load spectrum in a 3-line connection was smaller than the mooring load spectrum in
any of the three cases with a 1-line connection. The loading angle varied from 0 to
360° in a 3-line connection for calm and storm conditions as shown in Fig. 3-21(c)
and Fig. 3-22(c). The direction of application of the resultant mooring load changed
constantly as indicated by the large spectrum of the variation of direction of the
resultant multi-directional load in Fig. 3-21(d).
During storm conditions, the reduction of the mean mooring load was lower, and
decreased from 7.64 kN in a 1-line connection and to 6.34 kN in a 3-line connection.
However, the mooring load spectrum peaked at a smaller frequency, indicating
higher acceleration in the resultant multi-directional mooring loading. The higher
acceleration was associated with the large variation of direction of the resultant
multi-directional load.
As observed for a 2-line connection, the direction of the resultant load, αR during
large peak loads also appeared to be imposed by the loading direction of the most
loaded mooring line, even in a 3-line connection (see Fig. 3-21(e)).
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Anchor 10
Anchor 1
Anchor 7
1-line
Anchor 2

(a)

(b)

Anchor 4

1-line

(c)

(d)

Dw = 179°

(e)
Fig. 3-21 Time and frequency domain analysis of mooring loads for a two
mooring line connection case for sea state 1, (a) mooring load time series, F (b)
mooring load spectrum (c) loading angle time series, α (d) loading angle
spectrum and (e) plan view of horizontal mooring load Fx, Fy
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Anchor 2
Anchor 10
Anchor 7
Anchor 1
1-line

(a)

(b)

Anchor 4
1-line

(c)

(d)

Dw = 86°

(e)
Fig. 3-22 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 6, (a) mooring load time series, F (b)
mooring load spectrum (c) loading angle time series, α (d) loading angle
spectrum and (e) plan view of horizontal mooring load Fx, Fy
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3.5.6. Conclusions on multi-directional loading
Comparing the numerical results for a single-line anchor and a multi-line anchor had
shown that shared anchors were subjected to loading conditions that significantly
varied in direction and magnitude, during both calm and storm conditions. Sea state
conditions severely influenced mooring loads. In a 3-line anchor sharing
configuration, it was shown that the mean resultant load magnitude can be reduced
by up to 95%, and 25% in calm conditions and storm conditions respectively. This
was due to load cancelation effects as the three mooring loads were applied in
opposing directions, at 120° from each other. In terms of peak mooring load, the
maximum resultant load magnitude on the anchor can be reduced by up to 90% and
4% in calm conditions and storm conditions respectively. In a 2-line anchor sharing
configuration, the loading conditions also showed a strong variation in direction and
magnitude. The mean resultant load magnitude can be reduced by 3% and 44% in
calm conditions and storm conditions respectively. A 2-line connection, where the
lines were separated by 120°, did not benefit from the load compensation of a 3-line
connection. A shared anchor with a 2-line connection separated by an angle smaller
than 90° was expected to result in a higher mean resultant load than the equivalent
1-line connection anchor. The presence of load reversal was significant on shared
anchors, as indicated by the variation of the loading angle. By way of comparison, a
1-line connection case did not have a variation of loading angle. Also, the mean
loading direction, αMEAN can significantly vary with respect to the environmental
conditions and the array layout. However, the wave direction, Dw did not appear to
govern the mean loading direction, αMEAN. During storms, the orientation of the
mooring lines had a stronger influence than the wave direction, Dw on the direction
of the resultant load, αR during peak loads. Table 3.8 summarises the mooring load
conditions observed on shared anchors.
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Table 3.8: Summary of load conditions on shared anchors
Mooring lines connection
1-line
2-line
Calm
conditions

Low load amplitude.
No variation of
loading direction.

Low load amplitude.
Small variation of
loading direction.

Storm
conditions

High load
amplitude.
No variation of
loading direction.

High load amplitude.
Large variation of
loading direction.

3-line
Very low load
amplitude.
Large variation of
loading direction.
Moderate to high load
amplitude.
Large variation of
loading direction.

Multi-directional mooring loads may be divided into four categories, in terms of
magnitude of resultant load, FR against the variation of direction of the resultant
load, αR as shown in Fig. 3-23. Each sea state condition and mooring line
configuration can be associated to a multi-directional mooring load family.
Intuitively, the mooring load family ‘II’ is the most critical, with the highest
magnitude of resultant load, FR and the largest variation of direction of the resultant
load, αR. Alternatively, the load family number ‘III’ is the optimum alternative with
the lowest resultant load and the lowest resultant mooring load direction range. It is
currently unknown which of these multi-directional mooring load families is the
most onerous for the geotechnical design of shared anchors.
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Fig. 3-23 Multi-directional mooring load families
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3.6.

SIMPLIFICATION OF THE CHARACTERISATION OF MULTI-

DIRECTIONAL MOORING LOAD – ANALYTICAL MODEL
Characterisation of the multi-directional loading presented in the previous section is
complex. Multi-directional loading is expected to be very different from one WEC
array to another and also different from one environmental condition to another.
It was previously found in Section 3.5 that the orientation of the mooring line has a
stronger influence on the direction of the resultant of the multi-directional mooring
load than the wave direction, Dw. The complexity of the anchor sharing can be
simplified to establish the fundamentals of the problem and present it in a simple
framework that is relevant for geotechnical design of offshore anchors. It was
globally observed that in anchor sharing, the resultant multi-directional load pulls the
anchor in different directions at the same time, with higher load acceleration.

3.6.1. Assumptions
As a first approximation, wave conditions can be simplified by linear wave theory,
which can be used to characterise the load regime of WECs in shallow water. This
theory is valid for wave heights much smaller than the wavelength and water depth
(i.e. for waves in shallow water). The wave particle velocity is a cosine function of
displacement, x described by Eq. (3.15):

𝜂(𝑥, 𝑡) = 𝐴 cos(𝑘𝑥 − ω𝑡)

(3.15)

where η is the displacement of the water surface, A is the wave amplitude (half crest
to trough distance), k is the wavenumber (𝑘 = 2𝜋/𝜆), λ is the wavelength, ω is the
wave frequency (𝜔 = 2𝜋/𝑇𝑃 ) and Tp is the wave period. The wavelength, λ for
deepwater conditions is established from Eq. (3.16):
𝑔 𝑇𝑃 2
𝜆=
2𝜋

(3.16)

where g = 9.81 m/s2 is the gravitational acceleration.
Linear wave theory assumes the waves to be sinusoidal. Similar assumptions are
made by the analytical model; the mooring loads are also assumed to be sinusoidal.
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3.6.2. Simplified methodology to formulate multi-directional for shared
anchors
The simplified framework aims at establishing the mooring load distribution on a
shared anchor, with respect to the height and orientation of the waves. Let us
consider two floating bodies A and B connected to five anchors, with one anchor (3)
sharing loads between the two floating structures as shown in Fig. 3-24.
A three-point mooring system was chosen for this simplified approach. The
structures are subjected to a wave series of wavelength λ, at an angle ε to an
imaginary line passing through the two floating bodies. The inter-device spacing
between A and B is noted, W and the projected distance between A and B parallel to
the wave direction is LA-B, projected, α is the angle between the mooring lines (120° for
the three-point mooring configuration) and ΦA-B is the phase angle representing the
time needed by the wave to travel from A to B, along LA-B, projected.

Fig. 3-24 Plan view of two floating bodies (noted A and B) with three-point
moorings and one shared anchor point (Anchor 3)
For the array layout presented in Fig. 3-24, the heave acceleration experienced by the
two floating structures is identical, but occur with a time difference, which is equal
to the time needed for the wave to travel from structure A to structure B (ignoring
any secondary effects resulting from wave radiation, second wave order, wake effect
or difference in water depth). Consequently, the mooring loads generated at anchors
(3, 4, 5) by the structure B can be assumed to be equal to the mooring loads
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generated at anchors (1, 2, 3) by the structure A with the time difference. The
mooring loads at the three anchors of structure A are then assimilated as the
reference mooring load case, Fref and mooring loads at any other structure may be
referred to as Fn. A general expression for the force applied on the anchor of the nth
structure is given by Eq. (3.17):
𝐹𝑛 = 𝐹𝑟𝑒𝑓 sin(2𝜋. 𝜔𝑡 + 𝜔𝑛 )

(3.17)

where Fn are the forces applied on the set of mooring lines of the nth structure and the
reference structure, respectively, λ is the wave frequency obtained from linear wave
theory, t is the time and 𝜔𝑛 is the phase angle from the reference structure to the nth
structure expressed by Eq. (3.18):
𝜔𝑛 = 2𝜋

𝑊 cos(𝜀)
𝜆

(3.18)

3.6.3. Multiple multi-directional load cases
Focusing on anchor 3 shown in Fig. 3-24, the multi-directional load distribution
experienced by the shared anchor is obtained by the square root of the sum of the
sinusoidal load signals of each of the two mooring lines connected to the shared
anchor from Eq. (3.17) and Eq. (3.18). For this case, α1 is the angle between the two
mooring lines, taken at 90°.
Fig. 3-25 shows the time series of different loading combinations where F1 is applied
at ω1 = 0 and F2 is applied at ω2 = 0, π/9, π/4, 7π/18 and π/2. Arbitrarily, ω2 is
always given as the phase angle from F1 to F2. Fig. 3-26 plots the resultant
horizontal multi-directional loads for different phase angles, ω2. It shows the range
of possible resultant multi-directional load cases, which may be observed by
different wavelengths, wave directions and inter-device spacing.
It can be seen that a single anchor sharing configuration can generate multiple
combinations of resultant multi-directional loads. When F1 and F2 are ‘in-phase’
(ω1 = ω2 = 0), the resultant load is uni-directional, high in amplitude and low in
variation of direction (red line). In the same way, when F1 and F2 are ‘out-of-phase’
(ω1 = 0 and ω2 = π/2), the resultant load is lower in amplitude, but the variation of
direction is high (light blue line).
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ω2

Fig. 3-25 Time series of sinusoidal loading for several phase angles, ω1 = 0,
ω2 = 0, π/9, π/4, 7π/18 and π/2

Fig. 3-26 Plan view of load case combinations for a shared anchor with two
mooring lines connection, F1 and F2 at an angle α2 = 90° and for several phase
angles, ω2 = 0, π/9, π/4, 7π/18 and π/2

An example application of this simplified approach was reported in Herduin et al.
(2016) and it was shown that for some cases, a small variation of the wave period of
TP = 1.3 s was sufficient to modify the phase angle, ω2 from 0 to π/2, and
substantially alter the loading regime on the shared anchor.
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The same approach can be extended for a shared anchor connected to three mooring
lines as shown in Fig. 3-27. Under such a load combination, the resultant load in the
horizontal plane can be circular (the three loads act at equal phase), elliptical,
two-way (2 loads out-of-phase from the third load), or completely compensated
(three loads are ‘in-phase’).

Fig. 3-27 Plan view of load case possibilities for a shared anchor with three
mooring lines connection, F1, F2 and F3 at an angle α1 = 0°, α2 = 120°, α3 = 240°
and for several phase angle, ω2 = ω3 = 0, ω2 = 0 ω3 = π/2, ω2 = π/6 ω3 = π/3,
ω2 = π/6 ω3 = π/2, ω2 = π/3 ω3 = 2π/3
Fig. 3-26 and Fig. 3-27 are important for a geotechnical design perspective. From a
geotechnical standpoint, it is currently unknown which of these load combinations is
the most detrimental. This knowledge gap is addressed in Chapter 4.
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3.7.

IMPLICATION OF MULTI-DIRECTIONAL MOORING LOADS

FOR GEOTECHNICAL DESIGN OF SHARED ANCHORS
The failure of a pile under one horizontal lateral load is governed by a wedge type
failure mechanism as shown in Fig. 3-28. Under these conditions, the volume of soil
mobilised in front of the pile corresponds to a passive wedge and the volume of soil
mobilised behind the pile corresponds to an active wedge. On either side of the pile,
the soil is subjected to volume changes that are dependent on the initial soil
conditions and the nature of the loading.
In two-way horizontal cyclic loading, the stiffness of the surrounding soil is likely to
change differently than under one-way cyclic loading. The mechanism for a pile
under two-way cyclic loading results in smaller stiffness degradation than one-way
loading (Long and Vanneste, 1994). In two-way loading in sand, the soil in front of
the pile undergoes shearing and rupture (Barton, 1982).
Behind the pile, the soil flows down the gap as it cannot sustain tensile stresses. This
portion of soil becomes later compacted when the load reverse direction. With
subsequent cyclic loading, soil on both sides of the pile densifies and the lateral
response becomes stiffer, on both loading sides (Nanda et al., 2017; Nicolai et al.,
2017).
In multi-directional loading, the mechanism is unknown. Fig. 3-29 represents the
hypothetical ‘wedge’ resulting from multi-directional mooring loads. For a 2-line
connection at α2 = 120° as shown in Fig. 3-29(b), there may be some portions of the
soil mass that act both as active and passive wedges. However, some other portions
may only act as passive or active wedges. Therefore, it is suggested that there may
be three different wedge behaviours around the pile; (i) passive wedge, (ii) active
wedge and (iii) passive-active wedge. For a 2-line connection case, the angle
between the two mooring lines α2, the mean loading direction αMEAN, but also the
magnitudes of F1 and F2 are of primary interest for determining the distribution of
the each of the three wedge types around the pile.
For a 3-line connection configuration as shown in Fig. 3-29(c), all the soil around the
pile may contributes to both passive and active resistance. The change in soil volume
contributing to the active or passive resistance may be governed by the angle
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between the three mooring lines, the mean loading direction and the magnitude of
the three mooring loads (as demonstrated in this chapter) but may also be governed
by the initial soil conditions.
The next chapter investigates the influence of the identified factors that are likely to
influence the response of pile to multi-directional loading; (i) the angle between the
two mooring lines, α2 for a 2-line connection case (ii) the wave direction, Dw for
2- and 3-line connection cases and (iii) the load magnitudes, F1, F2 and F3 for a
3-line connection case during storm conditions.

Fig. 3-28 Lateral failure mechanism for short rigid pile under one-way
horizontal loading (a) general shape (b) real distribution of the soil resistance
along the pile and (c) idealised distribution of the soil resistance along the pile,
reproduced from Randolph and Gourvenec (2011)

(a)
(b)
(c)
Fig. 3-29 Potential passive-wedge type failure in multi-directional loading with
(a) one, (b) two and (c) three mooring line connections, reproduced from
Herduin et al. (2018)
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3.8.

SUMMARY AND CONCLUSIONS

A numerical model was developed and compared against field mooring load
measurements obtained from a scaled WEC to characterise multi-directional cyclic
mooring loads. The first step consisted of validating a numerical model of one
floating structure for six selected sea state conditions, covering calm and storm
conditions at low and high tides that included a broad range of mooring loadings.
The second step consisted of duplicating the numerical model to an array of six
floating structures to compare the mooring loads on shared anchors with 2- and
3-line connections with the mooring loads on a single line anchor. Ultimately, future
work on the hydrodynamics modelling would aim to improve the accuracy of the
model by considering more secondary effects, such as radiation, wave dispersion,
etc. Nonetheless, the current model was considered an efficient and pragmatic means
of assessing the response under multi-directional loading.
The characterisation of multi-directional mooring loading is complex but can be
accurately identified for a specific array and environmental conditions. An analytical
model was developed that categorised multi-directional loading into families that are
relevant for geotechnical design. The analytical model was later used in Chapter 4 to
define the relevant loading regimes to be considered to study the response of
offshore anchors to multi-directional loading.

3-3-42

Centre for Offshore Foundation Systems

Chapter 3: Multi-directional mooring load characterisation

3.9.

REFERENCES

Ashton, I., Blundy, R., Harnois, V., Whatley, A., Morvan, A., and Johanning, P.L.
(2014). Data collection , analysis and provision for the FaBTest site (Technical
report).
Barton, Y.O. (1982). Laterally loaded model piles in sand: centrifuge and finite
element analyses. The University of Cambridge, PhD Thesis.
Dobrochinski, J.P.H. (2014). A combination of SWASH and Harberth to compute
wave forces on moored ships. Delft University of Technology, MSc Thesis.
Harnois, V. (2014). Analysis of highly dynamic mooring systems : peak mooring
loads in realistic sea conditions Submitted in September 2014 by.
Harnois, V., Thies, P., and Johanning, L. (2016). On Peak Mooring Loads and the
Influence of Environmental Conditions for Marine Energy Converters. J. Mar. Sci.
Eng. 4: 29.
Herduin, M. (2015). Dynamic behaviour of mooring systems for WECs applications.
University of Exeter, MSc Thesis.
Herduin, M., Gaudin, C., Cassidy, M.J., Loughlin, C.O., and Hambleton, J. (2016).
Multi-directional load cases on shared anchors for arrays of floating structures. In
Proceedings of the Asian Wave and Tidal Energy Conference, AWTEC2016,
(Singapore), pp 1–9.
Herduin, M., Gaudin, C., and Johanning, L. (2018). Anchor Sharing in Sands:
Centrifuge modelling and soil element testing to characterise multi-directional
loadings. In Proceedings of the International Conference on Ocean, Offshore and
Artic Engineering, OMAE2018, pp 1–9.
Long, J., and Vanneste, G. (1994). Effects of Cyclic Lateral Loads on Piles in Sand.
J. Geotech. Eng. 120: 225–244.
Molin, B. (2006). Hydrodynamique Marine Deuxième partie: hydrodynamique des
structures offshore (Ecole Centrale de Marseille).
Nanda, S., Arthur, I., Sivakumar, V., Donohue, S., Bradshaw, A., Keltai, R., et al.
(2017). Monopiles subjected to uni- and multi-lateral cyclic loading. Proc. Inst. Civ.
Eng. - Geotech. Eng. 170: 246–258.
Nicolai, G., Ibsen, L.B., O’Loughlin, C.D., and White, D.J. (2017). Quantifying the
increase in lateral capacity of monopiles in sand due to cyclic loading. Géotechnique
Lett. 7: 1–8.

Centre for Offshore Foundation Systems

3-3-43

Chapter 3: Multi-directional mooring load characterisation

Orcina (2014). OrcaFlex Manual. Orcina Ltd 44: 1–429.
Randolph, M., and Gourvenec, S. (2011). Offshore Geotechnical Engineering (CRC
Press).
Rijnsdorp, D.P., and Zijlema, M. (2016). Simulating waves and their interactions
with a restrained ship using a non-hydrostatic wave-flow model. Coast. Eng. 114:
119–136.
Smith, H.C.M., Ashton, I.G.C., Parish, D.N., and Johanning, L. (2012). Wave
resource assessment for the Falmouth Bay marine energy test site ( FaBTest ). In
Proceedings of the International Conference on Ocean Energy, ICOE 2012, pp 1–6.
Sumer, B.M., and Fredsøe, J. (1997). Hydrodynamics Around Cylindrical Structures.

3-3-44

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

Chapter 4 - GEOTECHNICAL CENTRIFUGE MODELLING

4.1.

INTRODUCTION

The previous chapter introduced the hydrodynamic numerical modelling for the
characterisation of multi-directional loading for shared anchors, as observed in
arrays of floating Wave Energy Converters (WECs). Simplifications were made in
the characterisation of the multi-directional loading, so that it gives a reliable first
estimate of the load history to be expected on shared anchors. This chapter presents
the results of the geotechnical centrifuge modelling program carried out at the
University of Western Australia (UWA). The structure of this chapter is presented in
Fig. 4-1. Firstly, the cyclic performance of pile anchor under the loading regime
identified by the hydrodynamic analysis in Chapter 3 was investigated. Secondly, the
analysis is further expanded with a physical modelling study that investigated the
change in capacity of a caisson anchor to monotonic multi-directional loading.
Physical modelling was used to replicate the complex pile-soil interaction of shared
anchor with a correct soil stress model. All the tests were performed in fine silica
sand using the 3.6 and 10 m diameter beam geotechnical centrifuges at UWA.
This chapter presents the experimental setup and the results of a fundamental
centrifuge modelling framework of monotonic and cyclic multi-directional loading
on caisson and short rigid pile anchors.
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Fig. 4-1 Organisation of the chapter
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4.2.

CENTRIFUGE PRINCIPLE AND SCALING LAWS

Geotechnical centrifuge modelling can replicate processes that happen offshore by
appropriately scaling soil stresses, in a laboratory environment. Centrifuge modelling
works as follows; a physical model of a foundation made at 1/nth scale when
increased in weight nth times by increasing the g-forces nth times can exhibit
effective stress levels similar to those in a full scale foundation (in which g is the
gravitational acceleration of 9.81 m2.s-1). By subjecting a soil sample and a reduced
scale model to centrifuge acceleration, the field stress can be appropriately scaled.
Such modelling helps to better understand the behaviour of geotechnical structure
and the mechanical behaviour of soils.
Geotechnical centrifuge modelling uses scaling laws, which are relationships that
link the engineering quantities between the scaled model and the field prototype as
shown in Table 4.1.
Table 4.1: Scaling factors in centrifuge modelling
Scaling relationship
Parameter
Dimension*
(scale model / field model)
force
M.L.T-2
1/n2
-1 -2
stress
M.L .T
1
strain
~
1
length
L
1/n
area
L2
1/n2
volume
L3
1/n3
mass
M
1/n3
density
M.L-3
1
velocity
L.T-1
n
-2
acceleration
L.T
n
time (consolidation)
T
1/n2
*M, L and T are quantities of mass, length and time respectively.
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4.3.

LIST OF VARIABLES

The list of variables used in this chapter is presented in Table 4-2.
Table 4-2: Notation used in this chapter
Notation Parameter
Cone tip resistance gradient
∇qc
Ac
Projected area of the cone
Cg
Coefficient of gradation
Cu
Coefficient of uniformity
D
Anchor diameter
D10
Grain size with 10% retained material
D30
Grain size with 30% retained material
D50
Average particle size
D60
Grain size with 60% retained material
Dr
Relative density
DW
Wave direction
e
Void ratio
emax
Maximum index void ratio
emin
Minimum index void ratio
F1
Load in the first loading direction defined by α1
F2
Load in the second loading direction defined by α2
F3
Load in the third loading direction defined by α3
Fcone
Measured cone penetration force
Fhmono
Averaged measured horizontal monotonic resistance
Fmaxv3
Maximum Fz with 3-line connection loading case
Fmono
Averaged measured inclined monotonic resistance
Fpeak
Measured peak resistance in monotonic tests
Resultant load magnitude for 2- and 3-line connection loading
FR
case
fs
Skin friction
fu
Total predicted vertical pile capacity
Fvmono
Averaged measured vertical monotonic resistance
Fvpeak
Measured peak vertical resistance
Horizontal component of the resultant load FR in the
Fx
x-direction
Horizontal component of the resultant load FR in the
Fy
y-direction
Fz
Vertical component of the resultant load FR in the z-direction
g
Gravitational acceleration
Gs
Specific gravity
HS
Significant wave height
K
Ratio of effective lateral to effective vertical pressure
k1
Secant stiffness in the loading direction defined by α1
Kp
Coefficient of passive earth pressure
kpeak
Secant stiffness at peak resistance
L
Anchor skirt or wall length
N
Number of cycles
Pu
Ultimate lateral soil resistance
Pw
Pile weight
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Unit
[MPa/m]
[mm2]
[m]
[mm]
[mm]
[mm]
[mm]
[%]
[°]
[N]
[N]
[N]
[N]
[N]
[N]
[N]
[N]
[N]
[kPa]
[N]
[N]
[N]
[N]
[N]
[N]
[m2.s-1]
[m]
[-]
[N/mm]
[-]
[N/mm]
[mm]
[-]
[N]
[N]
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qc
TP
W
α1
α2
α3
αR
β1
β2
β3
δ1
δ2
δ3
δmono
δpeak
δvmono
δx
δy
δz
σ'v
ϒd
ϕpeak(DS)
ϕult.(DS)
ω1
ω2
ω3
ωx
ωxy
ωy

Cone tip resistance
Wave period
Inter-device spacing
Loading direction in the horizontal plane for the first load, set
by definition in the x-direction at 0°
Loading direction in the horizontal plane for the second load
Loading direction in the horizontal plane for the third load
Resultant load angle for 2- and 3-line connection loading case
Loading inclination in the loading direction defined by α1
Loading inclination in the loading direction defined by α2
Loading inclination in the loading direction defined by α3
Anchor displacement in the loading direction defined by α1
Anchor displacement in the loading direction defined by α2
Anchor displacement in the loading direction defined by α3
Averaged anchor displacement at peak in inclined monotonic
test
Anchor displacement measured at peak resistance in
monotonic tests
Averaged anchor displacement at peak in vertical monotonic
test
Anchor displacement in the x-direction
Anchor displacement in the y-direction
Anchor displacement in the z-direction
Total vertical stress
Total soil unit weight
Friction angle at peak resistance obtained from Direct Shear
test under drained conditions
Friction angle at ultimate condition obtained from Direct Shear
test under drained conditions
Phase angle of load F1
Phase angle of load F2
Phase angle of load F3
Anchor rotation around the x-axis
Resultant anchor rotation around the horizontal plane
Anchor rotation around the y-axis
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[MPa]
[s]
[m]
[°]
[°]
[°]
[°]
[°]
[°]
[°]
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
[mm]
[kPa]
[gr/cm3]
[°]
[°]
[rad]
[rad]
[rad]
[°]
[°]
[°]
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4.4.

RESPONSE OF SHORT RIGID PILE ANCHOR TO CYCLIC

MULTI-DIRECTIONAL LOADINGS

4.4.1. Introduction
The results from an extensive series of centrifuge modelling on short rigid pile
anchor in saturated fine silica sand under multi-directional cyclic loadings are
reported. The multi-directional load cases identified in the hydrodynamic analysis of
Chapter 3 are here applied to a pile anchor, Results of pile behaviour to one cyclic
loading direction are compared with results of pile behaviour to two and three cyclic
loading directions.

4.4.2. Geotechnical beam centrifuge facility
The experimental program was conducted at the University of Western Australia in
the 10 m diameter beam centrifuge (Actidyn model C72) as shown in Fig. 4-2.
Commissioned in 2016, the 10 m beam centrifuge is rated to a capacity of
240 g-tonnes, with a payload of 2400 kg at the maximum acceleration level of 100 g.
The facility is described in detail in Gaudin et al. (2018). The container allows for a
soil specimen area of 1000 mm wide by 1000 mm long and 480 mm in depth, which
at 100 g represents a soil sample of 100 m by 100 m by 48 m. Specifications of the
geotechnical beam centrifuge C72 are provided in Table 4-3 and compared with the
C661 centrifuge, also operated at UWA.
Table 4-3: Comparison of geotechnical beam centrifuges performance and
sample sizes
Centrifuge specifications
Sample specifications
Diameter
Width
Length
Depth
Model
Payload
[m]
[mm]
[mm]
[mm]
C661
3.6
400 kg at 100 g
390
650
325
C72
10
2400 kg at 100 g
1000
1000
480
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Fig. 4-2 Actidyn C72 10 m diameter geotechnical beam centrifuge
4.4.3. Model anchor
The model anchor used throughout this testing program is a close-ended short rigid
pile anchor (D = 23 mm, L = 155 mm, L/D = 6.7) as shown in Fig. 4-3. At 100 g, the
model pile represents a prototype pile anchor 2.3 m diameter and 15.5 m in length.
Piles were manufactured from a hollow piece of aluminium and closed by screw
caps on both sides. Piles were filled with water to prevent water intrusion inside the
pile during saturation, which would have resulted in an increased weight of the pile
(~20 N at 100 g). Fine silica sand grains were glued to the pile outer shaft to create a
fully rough interface. Consequently, the frictional resistance is identical to the
soil-soil friction response.
Piles were pre-embedded in place during raining in order to avoid sample disruption
during installation and to have repeatable conditions between tests. The load was
imposed at the pile head through three steel cable loops, creating loading points
located at 170 mm from the pile end (15 mm from the sand surface).

Centre for Offshore Foundation Systems

4-4-7

Chapter 4: Geotechnical centrifuge modelling

The ratio of the pile diameter to the average particle size (D/D50) is not correctly
scaled in geotechnical centrifuge modelling. Therefore, care should be taken to
ensure that the scaling does not introduce errors in the modelling. Studies
recommend that a ratio D/D50 > 100 is suitable to limit the particle size effects on
frictional interfaces Garnier et al. (2007). These tests were conducted in fine silica
sand with an average particle size D50 = 0.19 mm ensuring a ratio D/D50 = 121 > 100.
A study on the grain size scaling effects on frictional interfaces, Garnier et al. (2007)
suggested that there are limited effects on the peak shear strength in pull-out load
tests of piles for ratio D/D50 greater than 100.

(a)
(b)
(c)
Fig. 4-3 Schematic representation of the pile anchor (a) side view (b) 3D view
and (c) real pile, dimensions are in mm
4.4.4. Model reference
The same local reference system as introduced in Fig.3-14 adopted in Chapter 3 is
here used for each pile anchor. The first loading direction, F1 is arbitrarily orientated
along the positive x-direction, set at α1 = 0°. The load in each line, Fi can be
decomposed in the local reference such as 𝐹𝑖 = √𝐹𝑥𝑖 2 + 𝐹𝑦𝑖 2 + 𝐹𝑧𝑖 2 , with i = 1, 2
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or 3 and the resultant, FR is [∑𝑛𝑖=1 𝐹𝑖 2 ]0.5 . The rotation measured along the
x-direction is noted ωy and the rotation measured along the y-direction is noted ωx.
The resultant rotation in the horizontal plane, ωxy was calculated from
𝜔𝑥𝑦 = 𝑐𝑜𝑠 −1 (cos 𝜔𝑥 cos 𝜔𝑦 ).

4.4.5. Instrumentations
The list of sensors used for this test program is provided in Table 4-4. Three in-line
load cells were mounted on each actuator via pin connectors. Actuators were
equipped with LDTs (Linear Differential Transformers) that measure the
displacements along the tension line. A 3D-printed support was fixed on the pile
head to host two accelerometers to measure the pile rotations in two orthogonal
directions (ωx, ωy). The accelerometers were calibrated following the method
proposed by Beemer et al. (2018). A M6 thread bar was placed on top of the
3D-printed support and connected to three linear transducers to measure the pile
head displacement (δx, δy, δz). The combination of the three linear transducers and
the two accelerometers provide a 5DOF (δx, δy, δz, ωx, ωy) motion tracking system.
The processing and combination of the raw measurements from the linear
transducers and accelerometers is provided in Annex 4-1.

4.4.6. Motion control and data acquisition systems
Three electric 1D-actuators as shown in Fig. 4-4(a) were used for this test program to
apply independently three load-controlled loads in-flight. For CPTs (Cone
Penetration Tests) and vertical monotonic loading, a 2D-actuator was used as shown
in Fig. 4-4(b). Details of the actuators are provided in Table 4-5.
The complex cyclic multi-directional load demands was applied by the Package
Actuator Control System 2nd version (PACS2), developed in-house at UWA.
It provides the user with four Proportional Integral Derivative (PID) Controller
channels which can be set up individually in either displacement or load-controlled,
and synchronised using a built-in waveform (e.g. sinusoidal, saw tooth etc.) and
sequence generator.
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DigiDAQ is the data acquisition software system developed in-house at UWA. It is
capable of real time data acquisition on up to 64 channels, and high speed
simultaneous capture at up to 1 million samples per second. The DigiDAQ Graphical
User Interface provides data logging from sensors connected to a DigiDAQ unit and
also collects data from other sources such as PACS2 and the centrifuge control
system (e.g. centrifuge rotational speed, bearing temperature etc.).
Table 4-4: List of sensors
Sensor
Measured parameter
Load cell
F1, F2, F3
Linear transducer
δx, δy, δz
ωx, ωy

16g Accelerometer

Sensitivity
0.1 N
0.001 mm
57 mV/g
0.003° (at 100 g)

Range
2000 N
45 mm
180° (at 1 g)
9.20° (at 100 g)

motor
gearbox

driving screw

cable

(a)
(b)
Fig. 4-4 Electric actuators used in the C72 geotechnical beam centrifuge;
(a) 1D-actuators (b) 2D-actuator
Table 4-5: Actuators’ specifications
C661
2D-actuator
vertical
horizontal
direction
direction
max stroke
250
180
[mm]
max speed
3
3
[mm/s]
max thrust
2
6.5
[kN]
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C72
2D-actuator
vertical
horizontal
direction
direction

1D-actuator
vertical
direction

615

740

310

13

13

3

12.7

12.7

1.2
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4.4.7

Soil model and preparation

4.4.7.1. Soil properties
Fine Silica Sand (SS) is commonly used in centrifuge modelling at UWA and, as
such, has been extensively characterised (Chow et al., 2019). The properties and
grain size distribution curve of the SS material used for this testing program are
given in Table 4-6 and Fig. 4-5 respectively. SS has a narrow range of particle sizes
(i.e. poorly graded sand) with an average particle size, D50 of 0.19 mm, a coefficient
of uniformity, Cu of about 1.59 and a minimum and maximum void ratio of 0.49 and
0.78 respectively. Recent Direct Shear (DS) results may be found in Chow et al.
(2019) on dense SS material (Dr = 88 to 98%) at vertical stress ranging from σ'c = 21
to 400 kPa. The peak and ultimate friction angle measured were ϕpeak(DS) = 42.8° and
ϕult.(DS) = 32.5° respectively for Dr0 = 91.7° at σ'v0 = 101.1 kPa.
Table 4-6: Properties of SS material
Property
specific gravity, Gs
maximum void ratios, emax
void ratio at Dr = 70%, e70
minimum void ratio, emin
minimum dry density, γmin
maximum dry density, γmax
average particle size, D50
grain size with 60% retained material, D60
grain size with 30% retained material, D30
grain size with 10% retained material, D10
coefficient of uniformity, Cu
coefficient of gradation, Cg
peak friction angle (drained DS), ϕpeak(DS)
ultimate friction angle (drained DS), ϕult.(DS)
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SS
2.65
0.78
0.58
0.49
14.9 [kN/m3]
17.8 [kN/m3]
0.19 [mm]
0.19 [mm]
0.16 [mm]
0.12 [mm]
1.59
1.04
42.8
[°]
32.5
[°]
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Sand

Fines
Fine

Medium

Coarse

Fig. 4-5 Particle size distribution curve of SS material
4.4.7.2.Sample preparation method
Two sand samples were reconstituted by dry pluviation using a sand rainer. The
opening width, travelling speed and dropping height are listed in Table 4-7. The
target relative density was Dr = 70%. Sand was pluviated in successive layers of
10 mm to maintain relative density homogeneity. The sand surface was vacuumed a
first time at 150 mm to obtain a flat surface to place the pile as shown in Fig. 4-6.
The 15 piles were then hung from a custom-built mesh to keep the pile straight
during following pluviation cycles, as shown in Fig. 4-6. Piles were pre-embedded
into the sand mass to avoid the complex processes associated with the intense
shearing and distortion occurring during pile installation. Next, sand was rained
again to reach the target pile embedment of 155 mm (sand height of 305 mm). The
sand surface was vacuumed to achieve a flat surface at the correct sample height.
Finally, the sand sample was saturated with water to replicate saturated conditions.
Sample saturation was obtained by capillary absorption of tap water from the bottom
of the sample. The saturation process was performed at a rate slow enough to avoid
piping.
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raining direction
custom mesh

Fig. 4-6 Preparation of the sand sample, showing the pile pre-embedded method
Table 4-7: Sand rainer parameters
Target Dr
Dropping height
[%]
[mm]
~ 70%
1450

Opening width
[mm]
4

Travelling velocity
[mm/s]
100

4.4.7.3.Soil strength characterisation – CPT tests
Nine CPTs were conducted on each soil sample using a 7-mm diameter cone
(60° cone tip) as shown in Fig. 4-7. Three CPTs were performed prior pile testing
and the remaining six CPTs were performed after completion of the testing program.
The location of the CPTs is shown in Fig. 4-13. Three CPTs could be performed
during the same flight. The cone penetrated over a depth of 180 mm (18 m at
prototype scale) at a rate of 1 mm/s to ensure drained conditions. The penetrometer
is strain gauged just above the tip – there is also a load cell mounted that measure the
tip resistance during penetration. The cone resistance, qc is calculated from Eq. (4.1).
𝑞𝑐 =

Centre for Offshore Foundation Systems

𝐹𝑐𝑜𝑛𝑒
𝐴𝑐

(4.1)
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Where qc is the tip resistance (cone net bearing pressure), Fcone is the measured force
acting

on

the

cone

and

Ac is

the

projected

area

of

the

cone

(Ac = π.r2 = π.(7/2)2 = 38.48 mm2).
The measured cone penetration resistance profiles are provided in Fig. 4-8(a) and
Fig. 4-8(b) for sample 1 and 2 respectively. The depth is presented in prototype unit.
All the CPTs, with the exception of CPT_12_1, CPT_13_1 and CPT_33_2, showed
linear profiles with depth. The average rate of increase in cone resistance with depth
vary from ∇qc = 0.29 to 0.32 MPa/m for the sample 1 and from 0.33 to 0.34 MPa/m
for the sample 2. A shallow to deep transition is observed at about z = 3 m. This is a
shallow effect and corresponds to about three times the cone diameter. The response
becomes linear for depth larger than 3 m. At 15.5 m depth (location of the pile
anchor tip), the average rate of increase in cone resistance with depth varies from
about 0.37 to 0.43 MPa/m in both samples. Sample 1 provides slightly greater
homogeneity than sample 2, as indicated by the closeness of the cone penetration
resistance profiles. Sample 1 is also slightly weaker than sample 2. At 10 m depth,
the soil resistance varies from 21 to 26 MPa for sample 2 and from 20 to 22 MPa for
sample 1.
The upper 12 m of sample 1 was considered homogenous, as indicated by the
closeness of the measured cone penetration resistance profiles. At any fixed depth,
the cone resistance, qc did not vary by more than 5%. However, below this depth,
some discrepancies were observed, especially for CPT_12_1 and CPT_13_1.
Sample 2 is considered less homogenous than sample 1.
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2D-actuator

7-mm CPT

60° cone tip

load cell

Fig. 4-7 Cone Penetration Test setup

∇qc = 0.30 MPa/m

∇qc = 0.34 MPa/m

(a)
(b)
Fig. 4-8 Measured cone penetration resistance profiles for (a) sample 1 and (b)
sample 2
Centre for Offshore Foundation Systems
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4.4.7.4.Soil relative density
Empirical methods are available to determine the relative density from the
interpretation of CPT results. For normally consolidated fine to medium clean sands,
the correlation between Dr and qc shown in Eq. (4.2) using the empirical relationship
suggested by Jamiolkowski et al. (2003):
𝐷𝑟 =

1
𝑞𝑐 /𝑃𝑎
𝑙𝑛 (
)
𝐶2
𝐶0 (𝜎′𝑣 ⁄𝑃𝑎)𝐶1

(4.2)

in which, C0, C1 and C2 are empirical fitting parameters, σ'v is the total vertical stress,
Pa is the reference pressure taken at 100 kPa. For SS, the fitting parameters were
taken from (Schneider et al., 2008) as follow; C0 = 300, C1 = 0.46 and C2 = 2.96.
Eq. (4.2) can be re-written as follow:
𝐷𝑟 =

1
𝑞𝑐 /100
𝑙𝑛 (
)
2.38
128(𝜎′𝑣 ⁄100)0.65

(4.3)

From this calculation, the relative density profiles are presented in Fig. 4-9. Based on
the cone penetration resistance qc, the relative density, Dr was found around 82% for
sample 1 and around 85% for sample 2 (see Table 4-8).
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(a)
(b)
Fig. 4-9 Calculated relative density profiles for (a) sample 1 and (b) sample 2
Using Eq. (4.4), the void ratio, e can be calculated from the relative density, Dr
obtained from qc:
𝑒 = 𝑒𝑚𝑎𝑥 − 𝐷𝑟(𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛 )

(4.4)

The total soil unit weight, ϒd is then calculated from the void ratio of the soil sample
from Eq. (4.5):

ϒ𝑑 =

𝐺𝑠
𝑒+1

(4.5)

Measurements of relative density and soil unit weight for both samples are listed in
Table 4-8.
Table 4-8: Sand sample characteristic
Soil
Dr
ϒd
sample [%] [kN/m3]
1
~82.0 17.18
2
~85.0 17.28
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4.4.7. Experimental setup and testing layout
The multi-directional loading rig for the C72 geotechnical beam centrifuge is shown
in Fig. 4-10 and schematic drawing is provided in Fig. 4-11. Two aluminium
I-beams (base = 80 mm, height = 216 mm and thickness = 8 mm) were used to
support the platform of the loading rig. The platform is made of two aluminium
plates (thickness = 10 mm) that were clamped to the I-beam with 8 thread bars
(diameter = 16 mm). This configuration allows for the loading rig to be quickly
translated along the I-beam and accurately positioned. The electric actuators were
placed on the top plate of the platform. The bottom plate of the platform was used to
hang a third aluminium plate (see Fig. 4-12) through four threaded bars
(diameter = 12 mm). This plate contains six pulleys positioned at different location
to direct the loading cables from the actuator to the pile. The pulleys were placed so
that multiple loading angle can be replicated (e.g. 2-line configuration at α2 = 30°,
60°, 90°, 120°, 180°, or 3-line configuration at α2 = 120° and α3 = 240° or even
4-line configuration with α2 = 90°, α3 = 180° and α4 = 270°). The actuators were
positioned vertically to be easily placed at the different loading spots of the top plate.
The height of the third plate can be accurately adjusted to control the line
inclination, β. The multi-directional rig remained static during testing. Therefore, the
line inclination was not maintained as the pile displaced during loading. The line
inclination varied from 45° to 42° at failure.
The layout of the piles in the sand sample allow for a minimum lateral boundary
distance of 4D as shown in Fig. 4-13. For cone penetration in dense sand, a
minimum lateral boundary distance of 10D is recommended to avoid boundary
effects (Bolton et al., 1999). The nine CPTs were performed in between the piles
(see Fig. 4-13).
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1D-actuators

camera
load cells

pile

linear displacement transducers

accelerometer

Fig. 4-10 Multi-directional loading rig used on the Actidyn C72 10 m diameter
geotechnical beam centrifuge
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Fig. 4-11 Schematic drawing of the multi-directional loading rig, dimensions are
in mm
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Fig. 4-12 Drawing of the third plate, dimensions are in mm
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Fig. 4-13 Test layout (dimensions are in mm)
4.4.8. Experimental outline – loading conditions
The monotonic performance of the pile anchor to 1-line loading was estimated
before multi-directional load testing. The test program of cyclic multi-directional
loadings on short rigid piles can be divided into three cyclic loading categories:
(i) multi-directional alternate cyclic loading; (ii) multi-directional phase cyclic
loading with two lines to replicate the multi-directional load cases obtained from the
hydrodynamic analysis in Chapter 3; and (iii) multi-directional phase cyclic loading
with three lines to replicate the multi-directional load cases obtained from the
hydrodynamic analysis in Chapter 3. For each loading category, the loading
conditions in each line is applied at the same amplitude, at the same frequency
(0.05 Hz) and at the same inclination, β = 40° (to replicate the inclination of a taut
mooring for WEC such as CETO 6M of Carnegie Clean Energy, taken as an
example).
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4.4.8.1.Monotonic uni-directional cyclic loading
The monotonic test plan is introduced in Table 4-9. Two load inclinations, β = 40°
and 90° were considered to investigate the maximum inclined Fmono and vertical
Fvmono monotonic capacity.
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Table 4-9: Monotonic test plan
Soil
Test ID
Test type
sample
mono_01_1
vertical
mono_02_1
1
mono_03_1
inclined
mono_04_1
mono_01_2
vertical
mono_02_2
2
mono_03_2
inclined
mono_04_2
Table 4-10: Cyclic test plan
Soil
Test ID
Test type
sample
cyc_01_1
cyc_02_1
cyc_03_1
alternate loading
1
cyc_04_1
cyc_05_1
cyc_06_1
cyc_07_1
cyc_01_2
2-line phase loading
cyc_02_2
cyc_03_2
cyc_04_2
2
cyc_05_2
3-line phase loading
cyc_06_2
cyc_07_2
cyc_08_2
time history
cyc_09_2
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β α1
[°] [°]
90

Comments

Section
§4.3.11.1.

0
40

§4.3.11.3.

90

§4.3.11.1.
0

40

§4.3.11.3.

β α1
[°] [°]

40

0

40

0

40

0

40

0

α2
α3
ω1
ω2
ω3
Comments
Section
[°] [°] [rad] [rad] [rad]
0
1-line alternate loading (reference) §4.3.12.2.
60
2-line alternate loading
§4.3.12.6.
90
2-line alternate loading
§4.3.12.6.
120 2-line alternate loading
§4.3.12.6.
180 2-line alternate loading
§4.3.12.4.
120 240
3-line alternate loading
§4.3.12.4.
π/4
π/9
90
0
§4.3.12.8.
7π/18
π/2
0
0
equivalent vertical loading
0
π/2
equivalent two-way loading
120 240
0
§4.3.12.10.
π/6
π/2
equivalent elliptical loading
π/3
2π/3
equivalent circular loading
120 240
0
§4.3.12.12.
-
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4.4.8.2.Multi-directional alternate cyclic loading
The cyclic test plan is presented in Table 4-10. In this alternate cyclic loading
category, piles were loaded in one, two or three directions, alternatively, as shown in
Fig. 4-14. Considered loading angles in the horizontal plane were α2 = 0°, 60°, 90°,
120° and 180° for 2-line loading and α2 = 120°, α3 = 240° for 3-line loading.
The chosen angles represented the potential angle between mooring lines in the
arrays of WECs reported in Chapter 1. Arbitrarily, the first loading direction was
always applied along the positive x-direction, set at α1 = 0°. Fig. 4-14 decomposed
the load in each line in the first, second and third direction, noted F1, F2 and F3 into
Fx, Fy and Fz components as it is applied on the pile anchor. The minimum mean
and maximum values of F1, F2 and F3 and Fx, Fy and Fz for each loading conditions
are listed in Fig. 4-10. In Fig. 4-14, plots on the left-hand side show the sinusoidal
load history in each line, F1, F2 or F3. The middle plots show the plan view of the
resultant horizontal load, Fx against Fy. The right-hand side plots show the resultant
vertical load, Fz against time. As a consequence of keeping the load magnitude
identical in each of the line, the mean of the resultant vertical load Fz load is higher
for a 2-line and a 3-line connection. This study is focussing on the performance of
pile anchor to multi-directional loading. Therefore, the load magnitude was increased
to different level until failure was reached. In this cyclic loading category, the load
amplitude was defined as a proportion of the maximum monotonic inclined capacity;
0.25Fmono, 0.50Fmono, 0.60Fmono and 0.75Fmono.

1-line alternate loading
(a)
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2-line alternate loading, α2 = 60°
(b)

2-line alternate loading, α2 = 90°
(c)

2-line alternate loading, α2 = 120°
(d)

2-line alternate loading, α2 = 180°
(e)
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3-line alternate loading, α2 = 120°, α3 = 240°
(f)
Fig. 4-14 Load magnitude in each of the line and the horizontal resultant
(Fx, Fy) and vertical (Fz) loads for (a) 1-line alternate loading (b) 2-line alternate
loading at α2 = 60° (c) 2-line alternate loading at α2 = 90° (d) 2-line alternate
loading at α2 = 120° (e) 2-line alternate loading at α2 = 180° and (f) 3-line
alternate loading at α2 = 120° α3 = 240°
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Table 4-11: Minimum, mean and maximum load for F1, F2, F3 and Fx, Fy, Fz for each alternate cyclic loading condition
Test ID

cyc_01_1

cyc_02_1

cyc_03_1

cyc_04_1

cyc_05_1

4-4-28

Load
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]

0.25Fmono
0.50Fmono
min mean max
min mean
0.07
0.16
0.25
0.07 0.285
0.036 0.083 0.129 0.036 0.147
0.000 0.000 0.000 0.000 0.000
0.057 0.131 0.204 0.057 0.233
0.07
0.16
0.25
0.07 0.285
0.07
0.16
0.25
0.07 0.285
0.018 0.062 0.129 0.018 0.110
0.000 0.036 0.112 0.000 0.064
0.057 0.131 0.204 0.057 0.233
0.07
0.16
0.25
0.07 0.285
0.07
0.16
0.25
0.07 0.285
0.036 0.083 0.129 0.036 0.147
0.000 0.000 0.000 0.000 0.000
0.057 0.131 0.204 0.057 0.233
0.07
0.16
0.25
0.07 0.285
0.07
0.16
0.25
0.07 0.285
-0.065 0.021 0.129 -0.129 0.037
0.000 0.036 0.112 0.000 0.064
0.057 0.131 0.204 0.057 0.233
0.07
0.16
0.25
0.07 0.285
0.07
0.16
0.25
0.07 0.285
-0.129 0.000 0.129 -0.258 0.000

0.60Fmono
0.75Fmono
max
min mean max
min mean
0.5
0.07 0.335
0.6
0.07
0.41
0.258 0.036 0.173 0.310 0.036 0.212
0.000 0.000 0.000 0.000 0.000 0.000
0.409 0.057 0.274 0.490 0.057 0.335
0.5
0.07 0.335
0.6
0.07
0.41
0.5
0.07 0.335
0.6
0.07
0.41
0.258 0.018 0.130 0.310 0.018 0.159
0.224 0.000 0.075 0.268 0.000 0.092
0.409 0.057 0.274 0.490 0.057 0.335
0.5
0.07 0.335
0.6
0.07
0.41
0.5
0.07 0.335
0.6
0.07
0.41
0.258 0.036 0.173 0.310 0.036 0.212
0.000 0.000 0.000 0.000 0.000 0.000
0.409 0.057 0.274 0.490 0.057 0.335
0.5
0.07 0.335
0.6
0.07
0.41
0.5
0.07 0.335
0.6
0.07
0.41
0.258 -0.155 0.043 0.310 -0.194 0.053
0.224 0.000 0.075 0.268 0.000 0.092
0.409 0.057 0.274 0.490 0.057 0.335
0.5
0.07 0.335
0.6
0.07
0.41
0.5
0.07 0.335
0.6
0.07
0.41
0.258 -0.310 0.000 0.310 -0.387 0.000

max
0.75
0.387
0.000
0.613
0.75
0.75
0.387
0.335
0.613
0.75
0.75
0.387
0.000
0.613
0.75
0.75
0.387
0.335
0.613
0.75
0.75
0.387
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Fy [/Fhmono] 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fz [/Fvmono] 0.057 0.131 0.204 0.057 0.233 0.409 0.057 0.274 0.490 0.057 0.335 0.613
0.16
0.25
0.07 0.285
0.5
0.07 0.335
0.6
0.07
0.41
0.75
F1 [/Fmono] 0.07
0.16
0.25
0.07 0.285
0.5
0.07 0.335
0.6
0.07
0.41
0.75
F2 [/Fmono] 0.07
0.07
0.16
0.25
0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.41
0.75
F3 [/Fmono]
cyc_06_1
Fx [/Fhmono] -0.065 0.000 0.129 -0.129 0.000 0.258 -0.155 0.000 0.310 -0.194 0.000 0.387
Fy [/Fhmono] -0.112 0.000 0.112 -0.224 0.000 0.224 -0.268 0.000 0.268 -0.335 0.000 0.335
Fz [/Fvmono] 0.057 0.131 0.204 0.057 0.233 0.409 0.057 0.274 0.490 0.057 0.335 0.613

Centre for Offshore Foundation Systems

4-4-29

Chapter 4: Geotechnical centrifuge modelling

4.4.8.3.Multi-directional phase cyclic loading with two lines
As discussed in Chapter 3, the significant wave height Hs, the wave period Tp, the
wave direction Dw and the inter-device spacing, W are the main parameters
influencing the loading regime on shared anchors. It was demonstrated that the phase
angle, ω between the different mooring loads on one shared anchor can significantly
modify the regime of the multi-directional loadings. The multi-directional phase
cyclic loading category investigates the influence of the phase angle, ω in a 2-line
orthogonal loading configuration, at α2 = 90°. The definition of the phase angle, ω is
illustrated in Fig. 4-17. The orientation of the loading F1 is noted α1 and the phase
angle of the sinusoidal signal is noted ω1. Similar notation is adopted for F2.
The group of plots in Fig. 4-15 gives the details of the considered loading conditions.
Arbitrarily, the loading, F1 in line 1 is always set at ω1 = 0 rad and at α1 = 0°.
Five phase angles were considered for the loading, F2 in line 2, ω2 = 0, π/9, π/4,
7π/18 and π/2 rad. The phase angles were chosen such as the transition from in-phase
loading to out-of-phase loading is appropriately investigated. For the case shown in
Fig. 4-15(a), where ω1 = ω2 = 0, the two load signals are in-phase and the resultant
loading FR on the anchor is equivalent to a uni-directional loading case at an
inclination of 45° in the horizontal plan (with respect to α1). The horizontal load path
(Fx, Fy) is linear and the vertical component, Fz is sinusoidal. Conversely, for the
case shown in Fig. 4-15(e), where ω1 = 0 and ω2 = π/2, the two load are
out-of-phase. The horizontal load path (Fx, Fy) is non-linear and the vertical
component, Fz is constant. For other combination, the horizontal load is elliptical or
circular while Fz is sinusoidal. Fig. 4-16 summarise the five cyclic load combinations
considered for the 2-line loading configuration and Table 4-12 lists the minimum,
mean and maximum load values for each loading conditions.
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ω1 = ω2 = 0
(a)

ω1 = 0, ω2 = π/9
(b)

ω1 = 0, ω2 = π/4
(c)

ω1 = 0, ω2 = 7π/18
(d)

ω1 = 0, ω2 = π/2
(e)
Fig. 4-15 Load magnitude in each of the line, horizontal resultant (Fx, Fy) and
vertical (Fz) loads for an anchor connected to 2 lines, pulling at different phase,
ω2

Centre for Offshore Foundation Systems
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(a)
(b)
Fig. 4-16 Summary of the considered load combinations for the two line loading
configuration (a) horizontal load resultant (Fx, Fy) and (b) vertical load
resultant (Fz)

Fig. 4-17 Definition of the phase angles, ω for multi-directional sinusoidal load
signals
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Table 4-12: Minimum, mean and maximum load for F1, F2, F3 and Fx, Fy, Fz for each 2-line phase cyclic loading condition
Test ID

cyc_07_1

cyc_01_2

cyc_02_2

cyc_03_2

Load
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]

0.25Fmono
0.50Fmono
0.60Fmono
min
mean
max min
mean
max min
mean
max min
0.07
0.16
0.25 0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.07 0.162432 0.25 0.07 0.290811 0.5
0.07 0.342162 0.6
0.07
0
0
0
0
0
0
0
0
0
0
0.036
0.083
0.129 0.036
0.147
0.258 0.036
0.173
0.310 0.036
0.036
0.084
0.129 0.036
0.150
0.258 0.036
0.177
0.310 0.036
0.158
0.264
0.365 0.218
0.471
0.714 0.242
0.554
0.853 0.279
0.07
0.16
0.25 0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.07 0.161564 0.25 0.07 0.288735 0.5
0.07 0.339604 0.6
0.07
0.042
0.095
0.149 0.042
0.169
0.297 0.042
0.199
0.357 0.042
0.042
0.096
0.149 0.042
0.172
0.297 0.042
0.202
0.357 0.042
0.121
0.259
0.394 0.134
0.462
0.785 0.138
0.543
0.941 0.146
0.07
0.16
0.25 0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.07 0.161564 0.25 0.07 0.288735 0.5
0.07 0.339604 0.6
0.07
0.042
0.095
0.149 0.042
0.169
0.297 0.042
0.199
0.357 0.042
0.042
0.096
0.149 0.042
0.172
0.297 0.042
0.202
0.357 0.042
0.208
0.259
0.307 0.341
0.462
0.578 0.394
0.543
0.686 0.473
0.07
0.16
0.25 0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.07
0.16
0.25 0.07
0.285
0.5
0.07
0.335
0.6
0.07
0.042
0.095
0.149 0.042
0.169
0.297 0.042
0.199
0.357 0.042
0.042
0.095
0.149 0.042
0.169
0.297 0.042
0.199
0.357 0.042
0.258
0.258
0.258 0.459
0.459
0.459 0.540
0.540
0.540 0.660
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0.75Fmono
mean
0.41
0.419189
0
0.212
0.216
0.678
0.41
0.415907
0.244
0.247
0.665
0.41
0.415907
0.244
0.247
0.665
0.41
0.41
0.244
0.244
0.660

max
0.75
0.75
0
0.387
0.387
1.062
0.75
0.75
0.446
0.446
1.175
0.75
0.75
0.446
0.446
0.848
0.75
0.75
0.446
0.446
0.660
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4.4.8.4.Multi-directional phase cyclic loading with three lines
This cyclic loading category investigates the influence of the phase angle, ω2 and ω3
for a pile anchor connected to three lines. The approach is identical to the previous
loading category but with 3 lines. Fig. 4-18 shows the different loading combinations
considered for a line load magnitude of 0.25Fmono. For the case shown in
Fig. 4-18(a), where ω1 = ω2 = ω3 = 0, the three load signals are in-phase and the
resultant loading FR on the anchor is equivalent to vertical cyclic loading case.
The horizontal load path (Fx, Fy) is zero while the vertical component (Fz) is
sinusoidal. Similarly, for the case shown in Fig. 4-18(b), where ω1 = ω2 = 0 and
ω3 = π/2, the load in the lines 1 and 2 are in-phase while the load in the line 3 is outof-phase. It results in a resultant loading FR on the anchor equivalent to two-way
cyclic loading configuration. The horizontal load path (Fx, Fy) is linear and the
vertical component (Fz) is sinusoidal, with an amplitude smaller than the loading
combination in Fig. 4-18(a). For the case shown in Fig. 4-18(d), where ω1 = 0,
ω2 = π/3 and ω3 = 2π/3, the three load signals have a phase difference of one third of
a cycle between each. The horizontal load path (Fx, Fy) is circular while the vertical
component (Fz) is constant (see Table 4-13).
In a 3-line configuration, the cyclic magnitude is normalised by the maximum
monotonic vertical capacity Fvmono. Similarly to the previous cyclic loading category,
the study aimed to investigate the performance of the pile. Therefore, the load
magnitude was increased to different level until failure was reached. Loading
category were chosen as follow 0.20Fmono, 0.25Fmono and 0.30Fmono.
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ω1 = ω2 = ω3 = 0
(a)

ω1 = ω2 = 0, ω3 = π/2
(b)

ω1 = 0, ω2 = π/6, ω3 = π/2
(c)

ω1 = 0, ω2 = π/3, ω3 = 2π/3
(d)
Fig. 4-18 Load magnitude in each of the line, horizontal resultant (Fx, Fy) and
vertical (Fz) loads for an anchor connected to 3 lines

Fig. 4-19 Summary of the considered load combinations for the three line
loading configuration
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Table 4-13: Minimum, mean and maximum load for F1, F2, F3 and Fx, Fy, Fz for each 3-line phase cyclic loading condition
Test ID

cyc_04_2

cyc_05_2

cyc_06_2

cyc_07_2

4-4-36

Load
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]
F1 [/Fmono]
F2 [/Fmono]
F3 [/Fmono]
Fx [/Fhmono]
Fy [/Fhmono]
Fz [/Fvmono]

min
0.04
0.04
0.04
0.000
0.000
0.097
0.04
0.04
0.04
-0.018
-0.031
0.145
0.04
0.04
0.04
-0.024
-0.027
0.145
0.04
0.04
0.04
-0.027
-0.027
0.169

0.10Fmono
mean
0.07
0.07
0.07
0.000
0.000
0.169
0.07
0.07
0.070001
0.000
0.000
0.169
0.07
0.070702
0.070001
0.000
0.000
0.170
0.07
0.070703
0.069299
0.000
0.001
0.169

max
0.1
0.1
0.1
0.000
0.000
0.242
0.1
0.1
0.1
0.018
0.031
0.193
0.1
0.1
0.1
0.024
0.027
0.193
0.1
0.1
0.1
0.027
0.027
0.169

min
0.04
0.04
0.04
0.000
0.000
0.097
0.04
0.04
0.04
-0.048
-0.082
0.226
0.04
0.04
0.04
-0.063
-0.071
0.225
0.04
0.04
0.04
-0.071
-0.071
0.290

0.20Fmono
mean
0.12
0.12
0.12
0.000
0.000
0.290
0.12
0.12
0.120003
0.000
0.000
0.290
0.12
0.121872
0.120003
-0.001
0.001
0.291
0.12
0.121874
0.11813
0.000
0.002
0.290

max
0.2
0.2
0.2
0.000
0.000
0.483
0.2
0.2
0.2
0.048
0.082
0.354
0.2
0.2
0.2
0.063
0.071
0.354
0.2
0.2
0.2
0.071
0.071
0.290

min
0.04
0.04
0.04
0.000
0.000
0.097
0.04
0.04
0.04
-0.062
-0.108
0.266
0.04
0.04
0.04
-0.083
-0.094
0.266
0.04
0.04
0.04
-0.094
-0.094
0.350

0.25Fmono
mean
0.145
0.145
0.145
0.000
0.000
0.350
0.145
0.145
0.145005
0.000
0.000
0.350
0.145
0.147457
0.145005
-0.001
0.001
0.352
0.145
0.147459
0.142545
0.000
0.003
0.350

max
0.25
0.25
0.25
0.000
0.000
0.604
0.25
0.25
0.25
0.062
0.108
0.435
0.25
0.25
0.25
0.083
0.094
0.435
0.25
0.25
0.25
0.094
0.094
0.350

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

4.4.8.5.Multi-directional irregular cyclic loading with three lines - load time
series input
The three previous cyclic loading categories aimed at developing a fundamental
understanding of the pile response under load regimes relevant to array of floating
WECs. Multi-directional mooring loads history obtained from the hydrodynamic
numerical model developed in Chapter 3 showed that the direction of the wave, Dw is
likely to result in largest peak and mean mooring load in the mooring line that are
parallel to Dw. This cyclic test series aimed at replicating the difference in mean and
peak mooring load in a 3-line taut mooring configuration. The mooring loads on the
Anchor 4 (3-line connection) of the array shown in Fig. 3-15 (see Chapter 3) was
used as a load time serie. The mooring loads were selected over a period of 2 hours
for the sea state 6, which represented the storm loading conditions as listed in Table
3.6.
It was reported in the previous section that the pile anchor failed vertically when
loaded in three directions. Consequently, the load time series in the three lines was
scaled such that the maximum vertical resultant of the 3 load time series, Fmaxv3
equals to 0.5 and 1.0 the vertical monotonic capacity, Fvmono. Fig. 4-20(i-j) shows the
largest peak vertical resultant load of the time history that reaches 0.5 and 1.0Fvmono.
The load time series are identical for the two tests, but with different scale factor.
The load time series in the lines 1, 2 and 3 is shown in Fig. 4-20(a-c-e) respectively
for Fmaxv3 = 0.5Fvmono and in Fig. 4-20(b-d-f) for Fmaxv3 = 1.0Fvmono.
To achieve accurate load control, an initial load of 50 N was applied on all lines.
The loading in each line included an initial ramping to reach the first value of the
load history at a rate of 1 N/s. For completeness, the projection of the multidirectional load conditions, Fx, Fy, Fz are reported in Fig. 4-20(g-i) for
Fmaxv3 = 0.5Fvmono and Fig. 4-20(h-j) for Fmaxv3 = 0.5Fvmono.
For both load cases, the line 1 experiences the lowest mean and peak load while the
line 3 experiences the largest peak and mean load. This difference in mean and peak
load magnitude in each line can be observed in Fig. 4-20(a-b-c-d-e-f).
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The quality of the load control achieved by the motion controller PACS2 is shown in
Fig. 4-21 for a period of 25 s on the line 3. It can be observed that the measured load
is very similar to the demand load. The two signals are on top of each other. In signal
processing, the cross-correlation parameter is a measure of similarity of two signals.
From the cross-correlation parameter, the degree of similarity between the two
signals is estimated to be 96%.
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(e)

(f)

(g)

(h)
Fmaxv3 = 1.0Fvmono

Fmaxv3 = 0.5Fvmono

(i)
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(k)
(l)
Fig. 4-20 Resultant multi-directional load history (a-b) load time series in the
line 1, F1 (c-d) load time series in the line 2, F2 (e-f) load time series in the line 3,
F3 (g-h) horizontal resultant load path Fx, Fy (i-j) vertical resultant load, Fz and
(k-l) loading angle, αR against time

Fig. 4-21 Load demand and load cell measurement for load time series input
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Table 4-14: Minimum, mean and maximum load for F1, F2, F3 and Fx, Fy, Fz for
each time history loading condition
min mean max
Test ID
Load
0
0.062 0.107
F1 [/Fmono]
0
0.08 0.178
F2 [/Fmono]
0
0.09 0.426
F3 [/Fmono]
cyc_08_2
Fx [/Fhmono] 0.000 -0.008 0.003
Fy [/Fhmono] 0.000 -0.003 0.031
Fz [/Fvmono] 0.000 0.283 0.626
0
0.085 0.179
F1 [/Fmono]
0
0.122 0.331
F2 [/Fmono]
0
0.143 0.854
F3 [/Fmono]
cyc_09_2
Fx [/Fhmono] 0.000 -0.016 0.006
Fy [/Fhmono] 0.000 -0.006 0.066
Fz [/Fvmono] 0.000 0.429 1.253
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4.4.9. Monotonic test results
For each sample, four monotonic tests were performed to establish the capacity of
the pile and the level of cyclic loading applied. The measured monotonic uplift
vertical resistance of the pile was averaged from two tests at β = 90° and two tests at
β = 40°. All monotonic tests were performed under displacement control, at a
loading rate of 0.1 mm/s to ensure drained conditions. The location of each
monotonic and cyclic test for both samples is shown in Fig. 4-22.
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(a)

(b)
Fig. 4-22 Location of monotonic and cyclic test for (a) sample 1 and (b) sample 2
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4.4.9.1.Drained vertical resistance
Predicted vertical capacity
During drained vertical monotonic loading, the pile resistance is made of (i) the
shear stresses generated along the pile shaft (i.e. skin friction) and (ii) the pile
weight. The API-2A-WSD (2000) guidelines suggest that the shear stresses along the
pile, fs may be estimated by Coulomb’s Law from Eq. (4.6):
𝑓𝑠 = 𝐾𝜎′𝑣 𝑡𝑎𝑛𝜙

(4.6)

where:
ϕ is the pile-soil interface friction angle, as determined from drained direct simple
shear or direct shear test. The peak friction angle from drained DS test reported in
(Chow et al., 2019) was taken ϕpeak(DS) = 42.8° for Dr = 91.7%.
K is the ratio of effective lateral to effective vertical pressure, taken as
K = 1-sinϕ = 0.36.
σ'v is the vertical effective stress (overburden stress), σ'v = z.γd.
Integrating Eq. (4.6) over the pile length (L = 155 mm) and assuming K = 0.36,
ϕpeak(DS) = 42.8°, the total skin friction is predicted to be fs = 499 N (5.46 MPa) for
sample 1 and fs = 502 N (5.50 MPa) for sample 2. The pile weight, Pw is 216 N, so
the total predicted vertical capacity is fu = 715 N for sample 1 and fu = 718 N for
sample 2. The change in soil unit weight, (ϒd = 17.28 – 17.18 = 0.10 kN/m3)
between the two samples resulted in a difference of relative density of
Dr = 85 - 82 = 3%, a consequent change of friction angle by ~1° and eventually
modify the predicted vertical capacity by 5 N. Results are summarised in Table 4-15.
The difference between the measurement and the prediction is noted Δ in percentage.
The shaft friction for tension piles in sand can be empirically estimated with CPT
from the UWA-05 method as per Eq. (4.7) from (Schneider and Lehane, 2005).
−0.5
𝑓
ℎ
0.3
𝑓𝑠 = . 0.03. 𝑞𝑐 𝐴𝑟 [𝑚𝑎𝑥 ( , 2)
] 𝑡𝑎𝑛𝜙
𝑓𝑐
𝐷
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where:
f/fc is the ratio of capacity (= 0.75 in tension)
qc is the measured cone tip resistance
Ar is the effective area ratio (1-(Di/D)2 = 1)
D is the pile diameter
h is the distance behind the pile tip

The shaft friction can be estimated for each monotonic tests with the closest CPT.
For example, the shaft friction of mono_01_1 can be estimated using UWA-05 with
CPT_33_1 and mono_02_1 with the average of CPT_33_1 and CPT_32_1, as shown
in Fig. 4-22. Similarly, the shaft friction of mono_01_2 can be estimated from
CPT_33_2 and CPT_32_2 and mono_02_2 can be estimated from CPT_32_2 and
CPT_31_2. The predicted skin frictions obtained from the UWA-05 method for the
four monotonic vertical tests are reported in Table 4-15. Considering Δ the difference
between the predictions and the measurements. The predictions were significantly
lower than the measured skin friction in the centrifuge experiments, by about
Δ = -6.8 to -31.9% for API 2000 and by about Δ = -39.5 to -50.7% for the UWA-05.
Scale effects in centrifuge modelling on tension capacity of rough pile in sand was
investigated by (Lehane et al., 2005). Lateral stress change during shear to the shaft
capacity of pile. For example, the increase in lateral effective stress for a rough pile
with D = 18 mm, L = 130 mm at 99.6g, in SS material at Dr = 84% is 3. The higher
measured pile vertical friction resistance is obtained from this lateral effective stress
increase that occurs during shearing to failure (Lehane et al., 2005).
Measured vertical capacity
Fig. 4-23 shows the load-displacement curves for four monotonic vertical tests in the
two samples and results are listed in Table 4-17. A typical non-linear response is
observed for this set of monotonic tests. The drained vertical resistance is increasing
with vertical displacement. Before peak resistance, work hardening behaviour is
observed and it is followed by strain-softening after peak resistance. For sample 1,
the measured skin friction resistance was measured at fs = 541N and 618 N, which is
8.5% and 21% respectively larger than the predicted skin friction resistance from the
API method. For sample 2, the measured skin friction resistance was measured at
fs = 681 N and 745 N, which is 22% and 29% respectively larger than the predicted
Centre for Offshore Foundation Systems
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friction resistance from the API method. The vertical monotonic resistance, Fvmono
was averaged to 795 N for sample 1 and 929 N for sample 2, and used as a reference
for the following tests (see Table 4-18). The drained vertical resistance is higher in
sample 2 than in sample 1, which coincides with the larger resistance profile
measured with CPTs measured in sample 2. The displacement reached at peak is
larger for vertical monotonic test in sample 2. The displacement at peak is
δpeak = 2.76 mm (0.120D) and 2.39 mm (0.104D) for sample 1 and δpeak = 4.83 mm
(0.210D) and 3.91 mm (0.170D) for sample 2. Considering the measured vertical
capacity, it is observed that the sample 2 was slightly stronger than sample 1 by
about 14%. Although not monitored, the pile’s head rotation for vertical test is
considered ωxyvmono = 0°.

Fig. 4-23 Measured pile vertical capacity for sample 1 and 2
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Table 4-15: Monotonic vertical prediction and measurement
Measurement
Prediction
fs
fs
Fvmono
Soil
ϒd
Fvmono
[N]
Δ
[N]
Test ID
– Pw
sample
[kN/m3] [N]
(API
[%] (UWA[N]
2000)
05)
mono_01_1
757
541
-6.8
327
1
17.18
504
mono_02_1
834
618
-18.4
322
mono_01_2
897
681
-25.5
370
2
17.28
507
mono_02_2
961
745
-31.9
367

Δ
[%]
-39.5
-47.9
-45.6
-50.7

4.4.9.2.Drained horizontal resistance
For short rigid piles, horizontal failure occurs by rigid rotation of the pile about a
centre of rotation below the soil surface, or at some point along the pile length. Short
rigid pile failure mechanism involves failure within the soil only and the pile is not
considered to fail in bending. As a first step, the ultimate lateral soil resistance, Pu
may be estimated by Eq. (4.8) from Broms (1964):
𝑃𝑢 = 1.5. 𝛾𝑑 . 𝐿2 . 𝐷. 𝐾𝑝

(4.8)

where:
ϒd is the soil unit weight
L is the pile length
D is the pile diameter
Kp is the coefficient of passive earth pressure, 𝐾𝑝 = 𝑡𝑎𝑛2 (45 + 𝜙/2)
ϕ is the pile-soil interface friction angle, as determined from drained direct simple
shear or direct shear test. The peak friction angle from drained DS test reported in
(Chow et al., 2019) was taken ϕpeak(DS) = 42.8°.
From Eq. (4.8), the ultimate horizontal soil resistance is estimated to be Pu = 6161 N
for sample 1 and 6197 N for sample 2.
A more refined estimation of the lateral capacity can be obtained with the concept of
subgrade reaction by means of the p-y method (Reese et al., 1974). For elastic pile,
the pile-soil interaction is governed by the differential Eq. (4.9):
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𝑑4𝑦
𝑑2𝑦
𝐸𝐼
+ 𝑃𝑥
+𝑝−𝑊 =0
𝑑𝑥 4
𝑑𝑥 2

(4.9)

where:
EI is the flexural rigidity of the pile (here neglected because short rigid pile is
considered not to bend)
Px is the axial load
p is the lateral soil reaction per unit length
W is the distributed load along the pile length

Using the cloud based application (GeoCalcs, 2019) that implement Eq. (4.9), the
ultimate horizontal soil resistance was estimated to be Pu = 8854 N for sample 1 and
8876 N for sample 2. Similarly to the prediction of the drained vertical capacity, the
change of dry unit weight in sample 1 and 2 incurred minor changes in the
prediction.
The multi-directional load test setup did not allow for the horizontal resistance to be
measured. However, an investigation of the interaction of the vertical and horizontal
capacity for the same pile anchor in similar soil conditions was made by Huang et al.
(2019) and is shown in Fig. 4-24. The drained horizontal resistance was found to be
Fhmono = 1450 N.

Fig. 4-24 Measured interaction of the vertical and horizontal components of the
pile capacity, reproduced from Huang et al. (2019)
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Table 4-16: Monotonic horizontal prediction and measurement
Pu
Pu
Soil
ϒd
L
D
Kp
Fhmono
[N]
[N]
3]
sample [kN/m [mm] [mm] [-]
[N]
Broms (1964) Reese (1974)
1
17.18
6161
8854
155
23
3.19
1450
2
17.28
6197
8876

4.4.9.3.Drained inclined resistance
All the following cyclic tests were performed at an inclination, β = 40°, replicating a
taut mooring. Two monotonic inclined load tests were first executed in each sample,
to be used as a reference to quantify the effect of multi-directional loading.
Fig. 4-25 summarises the load-displacement relationships for the four monotonic
inclined load tests. Tests in sample 1 and 2 have relatively similar stiffness
responses, but a different ultimate capacity due to the difference in density/CPT
resistance (as identified earlier in Sections 4.4.7.3 and 4.4.7.4). As summarised in
Table 4-17, the measured ultimate inclined resistance was Fpeak = 996 N and 1027 N
for sample 1 and Fpeak = 1159 N and 1169 N for sample 2. The inclined monotonic
resistance, Fmono was averaged to 1011 N for sample 1 and 1164 N for sample 2, and
used as a reference for the following tests. The average monotonic values Fmono and
Fvmono, which will be used as reference for the rest of the analysis in this chapter are
summarised in Table 4-18.
The displacement reached at failure was δpeak = 18.88 mm (0.821D) and 17.94 mm
(0.780D) for sample 1 and δpeak = 14.83 mm (0.645D) and 19.60 mm (0.852D) for
sample 2. Considering the measured inclined capacity, it was observed that the
sample 2 was slightly stronger than the sample 1 by about 14%. Larger pile
resistance in sample 2 was expected from the difference in CPT results that showed
that sample 2 (Dr = 85%) was denser than sample 1 (Dr = 82%).
The measured secant stiffness at peak, kpeak was measured by Eq. (4.10) and listed in
Table 4-17.

𝑘𝑝𝑒𝑎𝑘 =
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Fig. 4-26 shows the load against the pile’s head rotation. For monotonic test in one
direction, ωx = ωxymono, as ωy = 0°. The rotation was successfully measured only for
one test in each sample; mono_03_1 and mono_03_2. The pile’s head rotation
reached at failure is summarised in Table 4-18.
The post peak softening behaviour could not be accurately measured because of the
physical limitation of the 5DOF tracking system, only allowing ± 1D lateral
displacement to be measured.
Video footages of the inclined monotonic tests (see Fig. 4-27) allowed for
observation of soil surface deformation. At failure (δ1 = 1D), gapping behind the pile
was minimal and soil uplift in front (berm) of the pile was also limited. It will be
shown later that under multi-directional loading, the soil deformations around the
pile were more significant.

Fig. 4-25 Measured load-displacement under monotonic loading along the
loading line
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Fig. 4-26 Measured pile load-rotation under monotonic loading around the
y-axis
Table 4-17: Summary of monotonic test results
δpeak
Soil
β Fpeak Fvpeak
Test ID
sample
[°] [N]
[N] [mm] [/D]
mono_01_1 90
757
2.76 0.120
mono_02_1 90
834
2.39 0.104
1
mono_03_1 40 996
16.97 0.738
mono_04_1 40 1027
17.73 0.771
mono_01_2 90
897
4.83 0.210
mono_02_2 90
961
3.91 0.170
2
mono_03_2 40 1159
15.73 0.684
mono_04_2 40 1169
16.49 0.717

kpeak
[N/mm]
391.44
446.34
96.73
90.77
273.33
365.46
93.69
111.00

Table 4-18: Reference monotonic values
Inclined
Vertical
Soil
Fmono
δmono
ωxymono Fvmono
δvmono
ωxyvmono
sample
[N] [mm] [/D]
[°]
[N] [mm] [/D]
[°]
Sample 1 1011 17.35 0.754 2.75
795
2.58 0.112
0
Sample 2 1164 16.11 0.700 2.81
929
4.37 0.19
0
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ωy

F1

limited soil surface
deformation at failure
Fig. 4-27 View of the soil deformation at failure for mono_03_2
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4.4.10. Cyclic test results
This section presents the measured response of pile anchors to multi-directional
cyclic loads, alternate and phased with 1-, 2- and 3-line loading directions as
introduced in Table 4-10.
4.4.10.1.Secant stiffness framework
Typically, the cyclic response of laterally loaded pile can be identified in a secant
stiffness framework. The load-deflection behaviour (p-y behaviour) in a given load
cycle can be described in terms of increments of loads, ΔF and displacements, Δδ as
defined in Fig. 4-28 and Eq. (4.11).

Fig. 4-28 Secant stiffness definition in a load cycle
𝑘=

𝛥𝐹
𝛥𝛿

(4.11)

The change in secant stiffness, Δk indicates the stiffness degradation and hardening.
Therefore, negative value indicates stiffness degradation and positive value indicates
stiffness increase (hardening) over load cycles.
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4.4.10.2.Uni-directional alternate 1-line cyclic loading
Firstly, the cyclic resistance of the pile was investigated along 1-line load direction
by applied the loading conditions defined in Fig. 4-14(a). Multiple load sequences
were applied to the pile as a ratio of the monotonic inclined capacity, Fmono as
follow; 0.25Fmono, 0.50Fmono, 0.60Fmono and 0.75Fmono. The magnitude of the load
was increased after the pile reached steady state conditions (i.e. no further plastic
deformation in a cycle). For this single line cyclic test, the pile was brought to failure
by monotonic loading. However, for any other cyclic test, the pile reached failure
during the cyclic loading sequence. Table 4-19 lists the number of load cycles
applied for each load sequences as well as the load and displacement reached at
failure. The displacement at failure is given in the global reference (δx, δy, δz) and in
the local reference (δ1, δ2, δ3). A total of 164 load cycles were applied to this pile as
follow: 60 load cycles at 0.25Fmono, 53 load cycles at 0.50Fmono and 51 load cycles at
0.75Fmono.
Fig. 4-29(a) shows the load-displacement curves in the direction of loading, F1
against δ1. For uni-directional loading conditions, displacements are measured along
the loading direction. At F1 = 0.25Fmono, the horizontal displacement is δx = 0.049D
and the vertical displacement is within the same order δz = 0.06D. As the magnitude
of the cyclic load is increased to 0.50Fmono and to 0.75Fmono, large plastic
displacements are observed for the first few cycles only of that new load sequence
(see Fig. 4-29(b-c)). Subsequent load cycles show a very quick stabilisation of the
pile’s head displacement. Overall, the cyclic load-displacement response follows the
envelope of the monotonic response.
Fig. 4-29(e) shows the change in secant stiffness, Δk1 in the direction of loading F1.
A significant amount of scatter is present in the secant stiffness data. This is because
the measured difference in displacement in a cycle is very small. It is observed that
the secant stiffness always increases during cyclic loading, for the three magnitudes
of loading. This indicates a decrease of plastic displacements at each load cycle.
Although this observation agree with (Leblanc et al., 2010), it opposes with current
methodology of degrading static p-y curves to account for cyclic loading (Randolph
et al., 1996; API RP 2A-WSD, 2005).
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To conclude the test, the pile was monotically loaded to failure. The cable used for
this test broke shortly before the ultimate pile capacity could be measured.
The ultimate pile capacity after cyclic loading was found to be higher than 1.14Fmono
(1193 N) and is significantly higher than the monotonic pile capacity. However, the
large displacement observed shortly before the cable’s rupture indicates that the
measured ultimate pile capacity of 1.14Fmono is relatively close to the ‘real’ ultimate
pile capacity post cyclic loading.
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monotonic
load to failure
monotonic
load to failure

(a)

(b)

large plastic
deformation

lateral failure

(c)

(d)

(e)
Fig. 4-29 Cyclic results of 1-line alternate loading (a) load, F1 against the
number of cycles, N (b) load-displacement curves in the loading direction, (c)
displacement, δ1 against the number of cycles, N (d) pile’s head vertical
displacement, δz against pile’s head horizontal displacement, δx and (e)
degradation of secant stiffness against the number of cycles, N
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Table 4-19: Results of 2-line alternate cyclic loadings
Test ID
cyc_01_1 cyc_02_1 cyc_03_1 cyc_04_1 cyc_05_1 cyc_06_1
Soil sample
1
β [°]
40
α1 [°]
0
α2 [°]
60
90
120
180
120
α3 [°]
240
0.25Fmono
60
45
36
50
51
81
0.50Fmono
53
88
65
88
8
0
N
0.60Fmono
0
38
27
18
0
0
0.75Fmono
51
32
16
0
0
0
total
164
407
288
312
118
162
δ1/D
0.816
0.809
0.742
0.754
0.777
1.143
δ2/D
0.845
0.848
0.833
0.758
1.037
Displacement
δ3/D
1.116
at failure
δx/D
0.467
0.663
1.001
0.325
0.924
-0.301
δy/D
0.004
0.451
0.647
1.142
0.058
0.044
δz/D
0.193
0.817
0.607
0.282
1.258
1.671
failure mechanism
horizontal horizontal inclined
inclined
vertical
vertical
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4.4.10.3.Analysis and concluding remarks
This test shows that the pile capacity is influenced by the load cyclic history with
respect to mean and peak load and number of cycles when loaded in one direction.
The plateauing of vertical displacement with number of cycles could be attributed to
soil hardening due to densification of the soil in front of the pile. Increase in ultimate
capacity by at least 14% compared to the monotonic capacity was reported. This is in
line with a study on plate anchors subjected to irregular loading (obtained from wave
tank test on a WEC) where an increase of ultimate capacity of 13% was reported
(Chow et al., 2015). An increase in ultimate capacity post cyclic of 10% was also
reported in (Gómez Bautista, 2017) for caisson anchors under sinusoidal cyclic load.
4.4.10.4.Multi-directional alternate 2- and 3-line cyclic loading
Two alternate cyclic tests were run with 2-line and 3-line loading directions and
compared with 1-line loading test. As indicated in Fig. 4-30, the pulling directions of
the 2-line test were α1 = 0° and α2 = 180° and the pulling directions of the 3-line test
were α1 = 0°, α2 = 120° and α3 = 240°. Results are presented in Fig. 4-31 and
Fig. 4-32.
As illustrated in Fig. 4-31(b), the 3-line loading conditions results in larger resultant
vertical component, Fz than 2-line loading, which also has Fz larger than 1-line
loading configuration.
The pile normalised vertical displacement, δz/D suddenly increases for the test at
α2 = 180° as shown in Fig. 4-31(d). As listed in Table 4-19, for the test at α2 = 180°,
the pile fails after applying 51 load cycles at F = 0.25Fmono and 8 load cycles at
F = 0.50Fmono in each of the two directions (N = 118 load cycles in total). The rate of
lateral displacement decreases until N = 51 load cycles as shown in Fig. 4-32(b),
after which steady conditions were observed with no further permanent displacement
at each cycles. Consequently, the load magnitude was increased to F = 0.50Fmono and
vertical failure was quickly reached within 8 load cycles in both directions. It can be
observed that the bottom of the pile ‘kicks out’ fairly rapidly. This observed pile
load-displacement behaviour contrasts with 1-line loading configuration, where the
pile fails laterally at much higher load magnitude and at much high number of load
cycles.
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For the 3-line test, the pile fails after applying 81 load cycles at F = 0.25Fmono in
each of the three directions (N = 243 load cycles in total). For this test Fig. 4-32(c)
shows the normalised horizontal displacement, δx/D against the normalised vertical
displacement, δz/D. The rate of lateral displacement decreases until N = 28, before
gradually increasing until failure.
As indicated by Fig. 4-31(d) and Fig. 4-32, both 2-line and 3-line loading pile failed
vertically with comparison with the 1-line test that failed horizontally. The vertical
failure mechanism can also be identified from Fig. 4-31(e) where the resultant
rotation, ωxy is lower than 0.5° at failure, which is significantly lower than the
measured resultant rotation at failure for 1-line test, ωxy = 2.5°.

Fig. 4-30 Multi-directional alternate cyclic conditions for 1-, 2- and 3-line
loading configuration
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(a)

(b)

(c)

(d)

stiffness increase

stiffness decrease

(e)
(f)
Fig. 4-31 Results of alternate cyclic loading conditions (a) plan view of
horizontal load (Fx, Fy) (b) vertical loading (Fz) (c) plan view of normalised
horizontal displacement (δx/D, δy/D) (d) normalised vertical displacement (δz/D)
(e) resultant rotation (ωxy) against load cycle and (f) change in secant stiffness
(Δk1)
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densification
(a)
(c)
(b)
Fig. 4-32 Normalised horizontal displacement δx/D against normalised vertical
displacement δz/D for (a) 1-line, (b) 2-line and (c) 3-line loading configuration

4.4.10.5.Analysis and concluding remarks
This set of tests clearly shows that the failure mode of the pile is influenced by the
number of line loadings, which in taut mooring is closely related to the magnitude of
the vertical load component. The addition of line loading significantly contribute to
the reduction of the pile performance.
4.4.10.6.Multi-directional alternate 2-line cyclic loading
The series of test reported in this section compares the response of piles when loaded
in two directions, alternatively as shown in Fig. 4-33. Five alternate cyclic loading
conditions introduced in Fig. 4-14 and Table 4-10 are analysed in this section. The
angle between two loading directions was taken as α2 = 60°, 90° and 120° as
illustrated in Fig. 4-33.
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Fig. 4-33 Multi-directional alternate cyclic conditions
The 3-dimensional loading conditions (Fx, Fy, Fz) are summarised in Fig. 4-34(a-b).
Results of pile’s load displacement, rotation and secant stiffness are shown in
Fig. 4-34(c-d-e-f) and listed in Table 4-19. Previous analysed results with 1-, 2- and
3-line loading configuration are still plotted for comparison.
For the other 2-line loading configuration tests with α2 = 60°, 90° and 120°, the
measured resultant rotation at failure was around ωxy = 3°. The rotation at failure
from a monotnic inclined loading test was about ωxymono = 2.75°.
The secant stiffness is observed to significantly increase at low load magnitude for
every multi-directional test. After N = 40 load cycles, the secant stiffness for the test
at α2 = 180° suddently dropped until failure. After analysing Fig. 4-34(d) and
Fig. 4-34(f) together, it appears that the loss of secant stiffness coincide with an
increase of vertical displacement. For the test at α2 = 120°, the secant stiffness
decreases significantly during the first cycle at F = 0.50Fmono and re-increase
gradually until it reaches steady conditions. However, a third increase of the load
magnitude to F = 0.60Fmono resulted in failure of this pile. Under similar loading
conditions, the test at α2 = 60° and 90° showed stronger resistance and failed at a
larger load magnitude of F = 0.75Fmono. For both tests, no significant loss of secant
stiffness was observed. The drop of secant stiffness appeared to be linked to the
increase of vertical displacement, which is more significant for large loading angle.
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(a)

(b)
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(c)

(d)

(e)

(f)
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stiffness increase

stiffness decrease

(g)
Fig. 4-34 Results of alternate cyclic loading conditions (a) plan view of
horizontal load (Fx, Fy) (b) vertical loading (Fz) (c) plan view of normalised
horizontal displacement (δx/D, δy/D) (d) normalised vertical displacement (δz/D)
(e) resultant rotation (ωxy) against load cycle and (f) change in secant stiffness
(Δk1)
4.4.10.7.Analysis and concluding remarks
This set of tests clearly show that the failure mode of the pile was influenced by the
angle, α2 between the 2-line loading directions. The displacement of the pile’s head
(δx, δy or δz) plateaued with number of cycles at low load amplitude (F < 0.25Fmono)
for every tests. This could be attributed to soil hardening due to densification.
However, larger load amplitude (F > 0.50Fmono) resulted in significant acceleration
of the vertical displacement, which eventually lead to vertical failure.
Fig. 4-35 summarises the normalised vertical displacement, δz/D reached during each
cyclic load amplitude for all loading angles, α2. At smaller load magnitude,
F = 0.25Fmono, it can be observed that larger vertical displacement occurred for large
loading angle. Conversely, lesser vertical displacement occurred for small loading
angle. It was demonstrated in the previous section that the 1-line loaded pile failed
horizontally, while the 2-line loaded pile at α2 = 180°, failed vertically. It then
appeared that as the loading angle increases from 0° to 180°, the failure mechanism
evolves from horizontal to vertical. With the set of tests reported in this section, it is
not possible to give an exact loading angle from which the failure mechanism mode
changes from horizontal to vertical. Nevertheless, the averaged vertical displacement
reached at peak in the two monotonic vertical loading tests, δvmono = 0.112/D

4-4-64

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

introduced in Table 4-18 could be used as a threshold. It can be assumed that vertical
mechanism is dominant if the pile cannot sustain a vertical displacement larger than
0.112/D. Considering this criteria, only the 2-line loaded pile at α2 = 180° failed
vertically.
A similar approach can be adopted for the horizontal failure mode. Considering
δmono = 0.6/D a threshold defining horizontal failure mode, a pile that fails at a line
displacement smaller than δmono is not considered to fail horizontally. Considering
this criteria, the tests at α2 = 180°, 120° and 90° did not fail horizontally. The tests at
α2 = 120° and 90° neither failed vertically nor horizontally, but in a combination of
both.
As a consequence of the different failure mechanism, the resistance of the pile under
2-line loading at α2 = 180° is significantly lower than the resistance of the pile under
2-line loading at α2 = 60°. For the tests at α2 = 60°, 90°, 120° and 180°, the vertical
load component, Fz is identical and the measured behaviour is an indication of the
contribution of the horizontal load Fx, Fy on the stability of the pile anchor. It is
suggested that for large loading angle, α2 > 120°, there may be reduction of the
lateral resistance all around the pile.
A relationship between the pile’s head rotation and the loading angle is shown in
Fig. 4-36. Large loading angle may generate larger vertical displacement but it also
results in lower pile’s head rotation.
The loading angle has also a direct influence on the secant stiffness of the system.
Larger loading angle results in decrease of secant stiffness and consequent loss of
pile resistance. The more reversed was the loading direction, the higher was the
reduction of stiffness in each load cycle. Also, the change in secant stiffness was
identical in both loading directions.
Video footages (see Fig. 4-37) showed evidence of craters and berms around the pile
during cyclic for each multi-directional test. However, these footages are insufficient
to make firm conclusions on the volume change around the pile. But it can be
suggested that as the pile ratchets upward at each multi-directional load cycle,
vertical displacement accumulates and are combined with reduction in contact area
and consequent loss of friction resistance.
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Fig. 4-35 Summary of normalised vertical displacement, δz/D under alternate
loading for multiple loading angle, α
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Fig. 4-36 Summary of rotation, ωxy under alternate loading for multiple loading
angle, α
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α2 = 180°
ωxy

F1

F2
Δδz

berm

significant soil surface
deformation at failure
Fig. 4-37 View of the soil surface deformation at failure for cyc_05_1

4.4.10.8.Multi-directional phase 2-line cyclic loading
This series of tests aimed at replicating the loading conditions for a shared anchor
with a 2-line configuration in array of WEC for different wave direction, Dw. The set
of plots presented in Fig. 4-38 show the measured load-displacement response of a
pile subjected to multi-directional 2-line cyclic load conditions with α1 = 0° and
α2 = 90° (orthogonal). Results are listed in Table 4-20. Contrary to the previous
section, where the load was applied alternately, this set of tests investigate the
influence of the phase angle, ω2 between the two loading directions, F1 and F2 as
introduced in Fig. 4-15. The following phase angle for F2 were considered; ω2 = π/9,
π/4, 7π/18 and π/2. Note that for this set of tests, the first loading direction, F1 is
always in the x-direction, α1 = 0° at ω1 = 0 rad. Consequently, these load
combinations generated different levels of vertical load magnitude, Fz as shown in
Fig. 4-38(b) and also different horizontal load path, Fx and Fy as shown in
Fig. 4-38(a). The load sequence in the two lines was a sinusoidal and the load
magnitude was identical in both lines. The two tests with 1-line alternate cyclic
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loading and 2-line alternate cyclic loading at α2 = 90° are also reported here for
comparison.
In multi-directional loading mode with 2-line loading, the lowest pile performance is
observed for the loading condition ω2 = π/9, where the pile failed at F = 0.50Fmono.
This represents a decrease in ultimate capacity of about 56% ((1.14-0.5)/1.14 = 56%)
for 2-line loading compared to 1-line loading that failed at F = 1.14Fmono.
It is observed from Fig. 4-38(c) that the pile’s head horizontal displacement
(δx against δy) ranged between 40° to 45° in direction for all tests. This indicates that
the pile fails along the mean resultant load direction, αMEAN = 90°/2 = 45°. In
Chapter 3, it has been identified that during calm sea conditions, the mean loading
direction, αMEAN was equal to half of the angle between the two mooring lines, α2.
For each test, the pile never displaced more than 45° horizontally. Therefore, the
direction of the first load seems to slightly influence the failure direction.
Fig. 4-38(d) shows the normalised vertical displacement, δz/D against load cycles.
It is observed that the test at ω2 = π/9 fails the most suddenly with a quick vertical
failure after 80 load cycles (73 load cycles at F = 0.25Fmono and 7 load cycles at
F = 0.50Fmono). It was also observed from Fig. 4-38(a) and Fig. 4-38(b) that the test
at ω2 = π/9 had the second smallest variation of load angle, αR but the highest and
largest variation of Fz. The large amplitude variation of Fz is likely the cause of
quick vertical failure. For the test at ω2 = π/9, it appears that the failure of the pile is
governed by the large vertical component, Fz of the multi-directional loading.
The test at ω2 = 7π/18 showed the smallest vertical displacement, δz over load cycles.
The normalised vertical displacement reached 0.18D at failure after 79 load cycles at
F = 0.25Fmono, 179 load cycles at F = 0.50Fmono and 37 load cycles at F = 0.60Fmono.
This test required the largest number of load cycles to reach failure with a total of
295 load cycles and a maximum cyclic magnitude of F = 0.60Fmono. This test has a
lower variation and lower magnitude of Fz compared to the test at ω2 = π/9. Also, the
angle of application of the resultant load for ω2 = π/9 is half that of for ω2 = 7π/18. It
appears that the variation of Fz plays a greater role than the variation of the angle of
application of the load, αR on the performance of the pile. Clearly, the amplitude and
variation of Fz influences the total response of the pile. However, it would be
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recommended to carry out additional experiments for ω2 = 7π/18 with higher
inclination angle β, to match the Fz variation of ω2 = π/9. Fig. 4-38(e) shows the
resultant rotation, ωxy against the number of load cycles, N. For every test, the
resultant rotation at failure was measured between ωxy = 2 to 4°, indicating a lateral
failure mechanism. Under 1-line alternate cyclic loading, the pile failed at ωxy = 1.7°
and under inclined monotonic test the pile failed at ωxy = 2.5°. At low load cycle
amplitude, F = 0.25Fmono, the largest measured rotation were observed for load cases
with the largest magnitude of Fz.
Fig. 4-38(f) shows the change in secant stiffness, Δk1 in the first line against the
number of cycles, N. The change in secant stiffness is similar along the two loading
directions, Δk1 and Δk2 indicating that the load-displacement response is identical in
both loading directions. Consequently, only Δk1 is represented. It is observed that the
secant stiffness increases significantly for the test that have the largest variation of
the angle of application of the load, αR. With the information obtained from this test
series, it is not clear how the secant stiffness is related to the angle of application of
the load.
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(a)

(b)

(c)

(d)

(e)
(f)
Fig. 4-38 Results of 2-line phase cyclic loading (a) plan view of horizontal load
(Fx, Fy) (b) vertical loading (Fz) (c) plan view of normalised horizontal
displacement (δx/D, δy/D) (d) normalised vertical displacement (δz/D) (e)
resultant rotation (ωxy) against load cycle and (f) change in secant stiffness (Δk1)
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Table 4-20: Results of 2-line phase cyclic loadings

N
Fzmax
[/Fvmono]
Fzmean
[/Fvmono]
Fzmin
[/Fvmono]
Fzmax
[/Fvmono]
Fzmean
[/Fvmono]
Fzmin
[/Fvmono]
Fzmax
[/Fvmono]
Fzmean
[/Fvmono]
Fzmin
[/Fvmono]

test ID cyc_01_2 cyc_07_1 cyc_02_2 cyc_03_2
soil sample
2
1
2
2
β [°]
40
α1 [°]
0
α2 [°]
90
α3 [°]
ω1 [rad]
0
0
0
0
ω2 [rad]
π/9
π/4
7π/18
π/2
ω3 [rad]
0.25Fmono
73
69
80
79
0.50Fmono
7
173
173
179
0.60Fmono
0
7
4
37
total
80
249
257
295

0.25Fmono

0.50Fmono

0.4

0.39

0.32

0.24

0.255

0.2775

0.255

0.24

0.11

0.165

0.19

0.24

0.77

0.74

0.61

0.43

0.445

0.48

0.46

0.43

0.12

0.22

0.31

0.43

-

0.81

0.69

0.5

-

0.52

0.52

0.5

-

0.23

0.35

0.5

0.757
0.757
0.685
0.685
0.362
lateral

0.847
0.847
0.847
0.657
0.558
inclined

0.407
0.407
0.421
0.417
0.39
inclined

0.67
0.67
0.703
0.642
0.217
inclined

0.60Fmono

δ1/D
δ2/D
δ3/D
Displacement
at failure
δx/D
δy/D
δz/D
failure mechanism
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α2 = 90°
ωxy

F2
F1

berm

crater

significant soil surface
deformation at failure
Fig. 4-39 View of the soil surface deformation at failure for cyc_01_2
4.4.10.9.Analysis and concluding remarks
In multi-directional phase 2-line cyclic loading, the amplitude and variation of the
vertical component, Fz can significantly contribute to the pile’s secant stiffness
degradation and consequent loss of resistance. It also appeared that a larger range of
loading angle of the resultant multi-directional load, αR can result in larger pile
resistance. The contribution of the horizontal load path Fx, Fy on the horizontal
failure is unknown at this stage with the available information from this test series. It
is insufficient to state whether the variation of the vertical component Fz plays a
greater role than the variation of the horizontal load component Fx, Fy on the pile
failure mechanism. However, larger magnitude of Fz, led toward a more vertical
failure mechanism. As summarised in Fig. 4-40 and Fig. 4-41 it appears that the
array arrangment that would result in the loading conditions ω2 = 7π/18 may provide
the smallest vertical displacement over cycles and potentially the higher pile
resistance under 2-line loading at α2 = 90°. Different conclusions might be expected
if the same set of tests would be performed at α2 = 60°, 120° or 180°.

4-4-72

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

0.6

fail

fail

0.5

ω
δz [/D]

0.4
0
0.3

fail

π/9
π/4

fail

0.2

1-line

7π/18

2-line

π/2

0.1
0
0.25Fmono 0.5Fmono
0.50Fmono 0.60F
mono 0.75F
mono 1.14F
mono
0.25Fmono
0.6Fmono
0.75Fmono
1.14Fmono
F

Fig. 4-40 Summary of normalised vertical displacement, δz/D under 2-line
loading for multiple phase angle, ω

4.5

fail

4
3.5

ωxy [°]

3

ω
fail

fail

fail

2.5

0°

1-line

π/9

2

π/4

1.5

7π/18

1

2-line

π/2

0.5
0
0.25Fmono 0.5Fmono
0.50Fmono 0.60F
mono 0.75F
mono 1.14F
mono
0.25Fmono
0.6Fmono
0.75Fmono
1.14Fmono
F

Fig. 4-41 Summary of rotation, ωxy under 2-line loading for multiple phase
angle, ω
4.4.10.10.

Multi-directional phase 3-line cyclic loading

As introduced in Fig. 4-18, this set of tests investigates the influence of the phase
angles between three loading directions with α1 = 0°, α2 = 120° and α3 = 240°.
The following phase angle combinations for F2 and F3 were considered; ω2 = 0 &
ω3 = 0 (equivalent to pure vertical loading), ω2 = 0 & ω3 = π/2 (equivalent to
two-way loading), ω2 = π/6 & ω3 = π/2 (equivalent to elliptical loading), ω2 = π/3 &
ω3 = 2π/3 (equivalent to circular loading). Note that for this set of tests, the first
loading direction, F1 is always in the x-direction, α1 = 0° at ω1 = 0 rad.
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Consequently, these load combinations generated different level of vertical load
magnitude, Fz as shown in Fig. 4-42(b) and also different horizontal load path as
shown in Fig. 4-42 (a).
The set of plots presented in Fig. 4-42 (c-d-e-f-g) shows the measured
load-displacement response, the pile’s head rotation and the secant stiffness. Results
are listed in Table 4-21. The load in the three lines was followed a sinusoidal and the
magnitude was identical in the three lines. The previously reported results along
1-line cyclic loading and 3-line alternate loading are also reported here for
comparison.
For this test series, as every pile failed vertically, it may be more appropriate to
express the load sequence in terms of resultant vertical load. Therefore, for
F = 0.10Fmono applied in each of the three lines, the resultant vertical load magnitude
Fz = 0.24Fvmono.
As a general remark, it is observed that for each test that the pile failed at a value
much lower than the peak monotonic resistance obtained under monotonic loading.
In uni-directional loading mode, the pile failed at 1.14Fmono. In multi-directional
loading mode with 3-line loading, the lowest pile performance was observed for the
loading

condition

that

is

equivalent

to

pure

vertical

cyclic

loading

(ω1 = ω2 = ω3 = 0), where the pile failed after 167 cycles (80 load cycles at
F = 0.24Fvmono or F = 0.10Fmono and 87 load cycles at F = 0.55Fvmono or
F = 0.20Fmono). This load combination is the most damaging for the pile stability.
For this test, the pile fails vertically and Fig. 4-43 shows the soil surface deformation
around the pile at failure for the same test. No soil movement around the pile was
noticeable. This represents a decrease in ultimate capacity of about 78%
((1.14-0.25)/1.14 = 78%) for 3-line loading compared to 1-line loading. This is
greatly due to the summation of the vertical components of each of the line loading
in a 3-line loading configuration. This effect is expected to be smaller in horizontal
3-line loading configuration, where the vertical component may be very small.
Conversely, the load combination equivalent to two-way loading (ω1 = 0, ω2 = 0 and
ω3 = π/2) is the least damaging for the pile stability. For this load condition, the
variation of the vertical component is the smallest.
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Under this load combination, a total number of 335 load cycles were necessary to
reach failure (80 load cycles at F = 0.24Fvmono, 177 load cycles at F = 0.55Fvmono and
78 load cycles at F = 0.71Fvmono). The resistance of the pile subjected to circular and
elliptical horizontal loading is stronger than the equivalent vertical loading but
weaker than the equivalent two-way loading. This is an interesting finding
considering that the mean vertical load, Fz is the same for all the tests. Therefore, the
difference may come from the variation of Fx, Fy and the amplitude of Fz.
For this test series, it is observed that each pile failed in the vertical direction as
observed from Fig. 4-42(d), where δx and δy < 0.15D. The vertical failure mechanism
was also visible from Fig. 4-42(f) where the resultant rotation, ωxy at failure was
below 0.25°. As observed in Fig. 4-42(e), the normalised vertical displacement, δz/D
quickly increased before failure. This failure response is typical of vertically loaded
piles. The amplitude of Fz was higher for the equivalent vertical load case, which
may explain the quick vertical failure. However, for the circular load test, Fz was
constant and the horizontal loads Fx, Fy varied the most compared to the three other
tests. This test showed better performance than the equivalent vertical load test by a
very small margin as indicated by the number of load cycles to failure (79 load
cycles at F = 0.24Fvmono and 110 load cycles at F = 0.55Fvmono), which was only 22
cycles shorter than the vertical loading combination. Therefore, large variation of the
horizontal loads Fx, Fy significantly degraded the resistance of the pile. As observed
for the series of test with 2-line phase loading, the increase in secant stiffness was
also observed for the 3-line phase loading combination (see Fig. 4-42(g)).
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(a)

(b)

F2

F1

F3
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(d)
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(g)
Fig. 4-42 Results of 3-line phase cyclic loading (a) plan view of horizontal load
(Fx, Fy) (b) vertical loading (Fz) (c) plan view of normalised horizontal
displacement (δx/D, δy/D) (d) normalised vertical displacement (δz/D) (e)
resultant rotation (ωxy) against load cycle and (f) cyclic secant stiffness
degradation (Δk1)
Table 4-21: Results of 3-line phase cyclic loadings
test ID
cyc_04_2 cyc_05_2 cyc_06_2 cyc_07_2
soil sample
2
β [°]
40
α1 [°]
0
α2 [°]
120
α3 [°]
240
ω1 [rad]
0
0
0
0
ω2 [rad]
0
0
π/6
π/3
ω3 [rad]
0
π/2
π/2
2π/3
0.24Fvmono
80
80
80
79
(0.10Fmono)
0.55Fvmono
87
177
180
110
N
(0.20Fmono)
0.71Fvmono
0
78
7
0
(0.25Fmono)
total
167
335
267
189
δ1/D
0.718
0.278
0.243
0.817
δ2/D
0.718
0.278
0.243
0.967
Displacement
δ3/D
0.718
0.155
0.283
1.07
at failure
δx/D
-0.022
0.077
0.113
-0.365
δy/D
-0.009
-0.043
-0.195
0.068
δz/D
0.87
0.43
0.433
0.979
failure mechanism vertical
vertical
vertical
vertical
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α2 = 120°
α3 = 240°

ωxy

F3
F2

F1

Δδz

no soil surface
deformation at failure
Fig. 4-43 View of the soil surface deformation at failure for cyc_04_2

4.4.10.11.

Analysis and concluding remarks

This series of tests aimed at replicating the loading conditions for a shared sanchor
with a 3-line configuration in array of WEC for different wave direction, Dw. In
multi-directional 3-line phase cyclic loading, the failure mechanism is vertical
regardless of the phase angles, ω2 or ω3. Therefore, the amplitude and variation of
the resultant vertical component, Fz appears to be the governing factor for failure.
The most detrimental multi-directional load combination is when pure vertical load
is applied with no resultant horizontal loading (Fx, Fy) applied (ω1 = ω2 = ω3 = 0).
This loading combination resulted in the highest vertical displacement. Conversely,
the least detrimental multi-directional load combination is when equivalent two-way
lateral resistance is mobilised (ω1 = ω2 = 0, ω3 = π/2).
However, at this stage, it is not possible to conclude on how the cyclic horizontal
loading (Fx, Fy) contributes to the degradation of the axial shaft resistance. Ideally,
future work would focus on the coupling between multi-directional horizontal, Fx, Fy
and vertical resistance, Fz. It would be recommended to carry out an additional series
of tests that maintains Fz constant during cyclic loading and vary Fx and Fy.
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Overall, the failure mode of 3-line multi-directional load combination appears to be
principally governed by the cyclic resultant vertical load, Fz. At this stage, the
influence of the cyclic resultant horizontal load (Fx, Fy) on the performance of the
pile is unclear. Fig. 4-44 summarises the pile’s vertical displacement for each load
sequence. The sequence at F = 0.10Fvmono did not generate vertical displacement as
the pile weight is larger than the load sequence. As summarised in Fig. 4-45, the
pile’s head rotation is small under 3-line loading.

0.25

fail

δz [/D]

0.2

ω

0.15

fail

vertical
two-way

0.1

circular

fail

0.05

fail

3-line

ellipse

0
0.10Fmono
0.10Fmono
0.24Fvmono

0.20Fmono
0.20Fmono
0.55Fvmono
F

0.25F
mono
0.25Fmono
0.71Fvmono

Fig. 4-44 Summary of normalised vertical displacement, δz/D under 3-line
loading for multiple phase angle, ω

0.4

fail
0.35

fail

fail

0.3

fail

ω

ωxy [°]

0.25
vertical

0.2

two-way

0.15

circular

0.1

ellipse

3-line

0.05
0
0.10Fmono
0.10F
mono
0.24Fvmono

0.20Fmono
0.20Fmono
0.55Fvmono
F

0.25Fmono
0.25F
mono
0.71Fvmono

Fig. 4-45 Summary of rotation, ωxy under 3-line loading for multiple phase
angle, ω
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4.4.10.12.

Multi-directional irregular cyclic 3-line loading

As discussed in Chapter 2, the ratio between mean and peak mooring load for WEC
can be significant. This series of two tests aims to investigate the response of a pile
anchor to the specific type of irregular cyclic loading experienced by WECs.
The replicated mooring load conditions correspond to a 2-hour storm as introduced
in Fig. 4-20. Table 4-22 lists the statistical parameters (max, mean and standard
deviation) of the multi-directional load history.
The load time series in the three lines was scaled such that the maximum vertical
resultant of the 3 load time series, Fmaxv3 equals to 0.5 and 1.0 the vertical monotonic
capacity, Fvmono. Note that for this set of tests, α1 = 0°, α2 = 120° and α3 = 240°.
The test at Fmaxv3 = 1.0Fvmono failed after about 50 load cycles, while
Fmaxv3 = 0.5Fvmono did not fail. Fig. 4-46(a) shows the resultant vertical load, Fz and
the

normalised

vertical

pile

head

displacement,

δz/D

against

time

for

Fmaxv3 = 0.5Fvmono. The mean of the resultant vertical load, Fz was 0.226Fvmono (see
Table 4-22) with peak loads ranging from 0.3 to 0.5Fvmono.
It is observed that the vertical displacement increases rapidly to 0.005D over the first
20 cycles (0 to 200 s) before plateauing during subsequent load cycles
(see Table 4-23). During large peak loads (0.46Fvmono), plastic vertical displacement
within the order of 0.0025D can be observed (see Fig. 4-46(c)). However, later in the
time series, for a similar peak load (0.43Fvmono), no further plastic vertical
displacements are observed (see Fig. 4-46(c)). Independently of the load time
history, the vertical displacement of the pile head stabilises after ~3000 s
(corresponding to about 375 load cycles). Similar behaviour is observed for the
pile’s lateral displacement and rotation along the loading line. Larger displacements
are observed along the loading line, δ1, δ2 and δ3 than in the vertical direction, δz.
Displacements of the pile’s head can also be analysed from Fig. 4-47. The pile
displaced more toward a lateral direction than a vertical direction.
For Fmaxv3 = 1.0Fvmono, the mean of the resultant vertical load was Fz = 0.342Fvmono
(see Table 4-22) with resultant vertical peak loads ranging from 0.4 to 0.7Fvmono.
Similarly, for Fmaxv3 = 0.5Fvmono the mean of the resultant vertical load was
Fz = 0.226Fvmono (see Table 4-22) with resultant vertical peak loads ranging from 0.3
to 0.5Fvmono. It appeared that the high mean resultant vertical load magnitude
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Fz = 0.342Fvmono combined with large resultant vertical peak loads Fz = 0.7Fvmono has
resulted in early failure of the pile.
Fig. 4-46(d-e-f) shows the normalised load in lines 1, 2 and 3 respectively and the
normalised pile head displacement in the loading directions 1, 2 and 3 against the
time. The line 3 is the most loaded lines and consequently experienced the larger line
displacements δ3 = 0.11D and larger rotation ω3 = 0.27° by the end of the test.
Large plastic displacements are observed over the first 20 load cycles before
plateauing and eventually reaching constant displacement after about 125 load cycles
for line 1, and about 500 load cycles for line 3 and the displacement along the line 1
continuously increases. Large plastic rotation and steady conditions are also reached
for ω1, ω2 and ω3 as shown in Fig. 4-46(g-h-i).
Table 4-22: Statistical parameters of loading for both load history test
test
load
max [N] mean [N] standard dev.
F1
128.1
74.3
7.4
F1/Fmono
0.107
0.062
F2
214.1
95.6
19.4
F2/Fmono
0.178
0.080
F3
511
107.4
39.8
F3/Fmono
0.426
0.090
Fmaxv3 = 0.5Fvmono
Fx
5.7
-15.7
10
Fx/Fhmono
0.004
-0.010
Fy
64
-6
21.9
Fy/Fhmono
0.040
-0.004
Fz
487.5
220.3
38.3
Fz/Fvmono
0.50
0.226
αR
360
183.1
48.8
F1
215
101.6
14.5
F1/Fmono
0.179
0.085
F2
397
146.6
40.6
F2/Fmono
0.331
0.122
F3
1024.6
171.6
83.9
F3/Fmono
0.854
0.143
Fmaxv3 = 1.0Fvmono
Fx
12.1
-33.3
21.1
Fx/Fhmono
0.008
-0.021
Fy
135.3
-12.6
46.4
Fy/Fhmono
0.085
-0.008
Fz
975
333.6
80.86
Fz/Fvmono
1.0
0.342
αR
360
183.1
48.8
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steady condition
steady condition

(g)

(h)

steady condition

(i)
Fig. 4-46 Results of 3-line irregular cyclic loading for Fmaxv3 = 0.5Fvmono (a)
resultant vertical load, Fz and vertical displacement, δz against time (b) zoom of
plot (a) between 1550 and 1700 s (c) zoom of plot (a) between 5350 and 5500 s
(d) load, F1 and displacement, δ1 against time (e) load, F2 and displacement, δ2
against time (f) load, F3 and displacement, δ3 against time (g) load, F1 and
rotation, ω1 against time (h) load, F2 and rotation, ω2 against time (i) load, F3
and rotation, ω3 against time
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F1
F2
F2
F3

F3

(a)

(b)

vertical
failure

F2
F1

lateral
displacement
F3

F1

F1

F2

F3

(c)
(d)
Fig. 4-47 Pile head 3D displacement (a) 3D projection (δx, δy, δz) (b) side view
(δx, δz) (c) side view (δy, δz) and (d) top view (δx, δy)

The group of charts in Fig. 4-48 shows the results of irregular cyclic loading for
Fmaxv3 = 1.0Fvmono. Firstly, this test failed after ~50 load cycles. As observed on
Fig. 4-47, the pile failed vertically and along the line 3, which was the most loaded
line. The mean of the resultant vertical load, Fz was 0.342Fvmono (see Table 4-22)
with peaks ranging from 0.4 to 0.7Fvmono. As observed in Fig. 4-48(a), a large peak
load, Fz = 0.7Fvmono occurred at 390 s and induce a significant vertical displacement
increment of δz = 0.1D. After this, the following peak loads were smaller in
magnitude and failure occurred 60 s later. This large peak load appears to be the
reason of the quick failure of the pile.

4-4-84

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

Fig. 4-48(e-f-g) show the rotation along the lines 1, 2 and 3 respectively. As
expected, the largest rotation are observed along the loading direction 3, ω3 = 3.8° at
failure.

(a)

(b)

(c)

(d)

(e)

(f)
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(g)
Fig. 4-48 Results of 3-line irregular cyclic loading for Fmaxv3 = 1.0Fvmono (a)
resultant vertical load, Fz and vertical displacement, δz against time (b) load, F1
and displacement, δ1 against time (c) load, F2 and displacement, δ2 against time
(d) load, F3 and displacement, δ3 against time (e) load, F1 and rotation, ω1
against time (f) load, F2 and rotation, ω2 against time (g) load, F3 and rotation,
ω3 against time
Table 4-23: Results of irregular cyclic 3-line loadings - load time series input
test ID
cyc_08_2 cyc_09_2
soil sample
2
β [°]
40
α1 [°]
0
α2 [°]
120
α3 [°]
240
ω1 [rad]
ω2 [rad]
ω3 [rad]
Fmaxv3 /Fvmono
0.5
1.0
load cycles [N]
~900
~50
test time [s]
7200
480
δ1/D
0.04
0.454
δ2/D
0.07
0.67
displacement
δ3/D
0.113
0.805
at failure
δx/D
0.057
-0.647
δy/D
0.042
0.141
δz/D
0.01
0.659
failure mechanism no failure vertical
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4.4.10.13.

Analysis and concluding remarks

For the high load magnitude test, Fmaxv3 = 1.0Fvmono, the pile anchor failed vertically
after ~50 load cycles, while for the small load magnitude test, Fmaxv3 = 0.5Fvmono the
pile anchor did not fail and displaced laterally.
Large resultant vertical peak loads (like the one observed at 0.7Fvmono) generated
large vertical displacement δz = 0.1D. Clearly, the magnitude of the cyclic loading
affected the pile’s performance and governed the failure mode (either vertical or
lateral failure). For load conditions made of a mean vertical resultant load of
Fz = 0.226Fvmono associated with resultant vertical peak loads ranging from 0.3 to
0.5Fvmono, failure was not observed. The reported results indicated that a resultant
vertical load threshold of Fz = 0.226Fvmono was sufficient to prevent failure.
4.4.10.14.

Conclusions

Several conclusions can be drawn from this extensive cyclic loading centrifuge test
series. Overall, the centrifuge tests on short rigid pile under multi-directional
inclined loading have shown that shared anchors are always less performant than
non-shared anchors.
In alternate loading cases, as the angle between two loading direction increases,
more vertical displacement is generated over cycles, which eventually lead to
reduced lower pile performance. As the loading angle increases, the pile translate
from a lateral failure to a more vertical failure mechanism, thus reducing the
performance.
Similarly, the addition of loading lines decreases the pile’s performance. The pile
loaded in three directions is less performant than a pile loaded in two directions,
which is also less performant than a pile loaded in only one direction. A 3-line
loading configuration resulted in a decrease of ultimate capacity by 86.5%
((1.14-0.5)/1.14 = 86.5%) compared to 1-line loading and a 2-line loading
configuration resulted in a decrease of ultimate capacity by 56% compared to 1-line
loading, for the loading regime considered.
In the case of 2-line phase loading, the amplitude and variation of the vertical
component, Fz significantly contributes to the pile’s secant stiffness degradation and
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consequent loss of resistance. It also appeared that a larger variation of direction of
the resultant load, αR can result in higher pile resistance as larger volume of soil may
be mobilised as shown in Fig. 4-50.
In the case of 3-line phase loading, the lowest pile’s performance was observed for
the case where the full vertical capacity is mobilised (in-phase loading).
As summarised in Fig. 4-51, under pure vertical loading conditions, there is no
lateral resistance mobilised since the resultant horizontal loading (Fx, Fy) is null.
Only the pile’s shaft frictional resistance is mobilised. The best pile’s performance
was observed for the case where the resultant loading was two-way (two in-phaseload magnitudes are out-of-phase with the third load magnitude). For this case, some
lateral resistance is mobilised along with the pile shaft frictional resistance.
Lastly, the time history input tests have shown that the cyclic magnitude in the three
lines may govern the mode of failure of the pile (vertical or horizontal).

from lateral to vertical failure mechanism
not to scale

δz 
ωxy 

δz ~ 0
ωxy 

1-line

3-line alternate
α2 =120°
α3 =240°
Fig. 4-49 Summary of pile’s displacement at failure under multi-directional
alternate cyclic loading
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not to scale

ω2 = π/9
ω2 = 7π/18
Fig. 4-50 Summary of soil mobilisation under multi-directional 2-line phase
cyclic loading

not to scale

τf

τf

τf

σh

σh

σh

ω1 = 0
ω1 = 0
ω1 = 0
ω2 = 0
ω2 = π/3
ω2 = 0
ω3 = 0
ω3 = 2π/3
ω3 = π/2
vertical
circular
two-way
Fig. 4-51 Summary of stress mobilisation under multi-directional 3-line phase
cyclic loading
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4.5.

RESPONSE OF CAISSON ANCHOR TO MONOTONIC MULTI-

DIRECTIONAL LOADINGS

4.4.1. Introduction
The previous section has focussed on the investigation of pile anchor to cyclic multidirectional loading. This section adopts a different approach to the study of multidirectional loading of offshore anchors by considering a caisson anchor (L/D = 1)
subjected to monotonic loads in different directions in fine silica sand, through
centrifuge modelling. Shallow caisson anchors with taut mooring configuration were
selected for this study as it may considered as a cheaper solution to anchor floating
renewable energy (Gaudin et al., 2017; Zhao et al., 2019).
The objective of this preliminary experimental study was to investigate the change in
capacity of caisson anchor to multi-directional loading independent of load cycle
number. A total of 15 tests were performed, six to establish the monotonic capacity
for reference and nine to investigate multi-directional loading. A multi-directional
load test consisted in loading the caisson in one direction, at a fraction of its
monotonic reference capacity before loading the caisson to failure at an angle, α2 in
the horizontal plane from that first loading. Three loading angles α2 = 60°, 90° and
120° were investigated over three soil samples. The magnitude of the load along the
first loading direction, F1 was varied from 0.30, 0.50 and 0.85 times the failure load
Fmono. Responses of caisson anchor to multi-directional loading are compared with
response to 1-line monotonic loading.

4.4.2. Geotechnical beam centrifuge facility
The experimental program was conducted at the University of Western Australia in
the 3.6 m diameter beam centrifuge (Acutronic Model 661) as shown in Fig. 4-52.
Commissioned in 1989, the 3.6 m geotechnical beam centrifuge is rated to a capacity
of 40 g-tonnes, with a payload of 200 kg at the maximum acceleration level of 200g
(see Table 4-3). At lower accelerations increased payload is achievable, with a
maximum payload of 400 kg at 100 g maximum. The facility is described in detail in
(Randolph et al., 1991). The soil specimen area is 390 mm wide by 650 mm long,
which at 100 g represents a sample of 39 m by 65 m by 32.5 m. In this centrifuge,
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two electrical 2D-actuators can be accommodated offering each vertical and
horizontal degree of freedom. The maximum vertical and horizontal strokes are
250 mm and 180 mm respectively (see Table 4-5). Both axes have a maximum
velocity of 3 mm/s. The 2D-actuator provides loading capabilities of 2 kN
horizontally and 6.5 kN vertically. Custom built motion control software allows load
and displacement control conditions of the 2D-actuator (De Catania et al., 2010).

Fig. 4-52 Acutronic Model 661 3.6 m diameter geotechnical beam centrifuge
4.4.3. Instrumentations
The load-displacement response of the caisson was monitored during each test. The
load cell was placed in the mooring lines to measure the tension in the line 1 and 2,
F1 and F2. Pin connectors were used to easily connect and disconnect the load cell.
The load cell had a maximum capacity of 2 kN. Actuators were equipped with
LVDTs that measure displacements along the loading direction, δ1 and δ2. For the
presented tests, the 2D-actuator stayed static in the horizontal direction and the
vertical motor was used to pull the caisson. Consequently, the vertical displacement
measured from the 2D-actuators corresponds to the mooring line displacement, δ1
and δ2. This technique did not capture the displacement and rotation of the caisson in
the 5 DOF.
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4.4.4. Model anchor
The geotechnical performance of caisson anchor was investigated using a 1:100
reduced scale model as shown in Fig. 4-53. The caisson has a diameter D of 40 mm
and a skirt length L of 40 mm (L/D = 1), with a wall thickness t of 1 mm. The
caisson anchor was built from a single piece of aluminium. The surface was
considered smooth. Slotted holes were drilled at L/3 from the tip of the caisson skirt
to insert padeye for loading point. The position of the loading point was chosen to
maximise the caisson horizontal capacity by reducing rotation and generate pure
translation during loading.
Each padeye was connected to the 2D-actuators with braided stainless steel fishing
line (1 mm diameter) that modelled the mooring lines. Through a setup of pulleys,
the caisson could be loaded in five pulling directions, α2 = 0°, 60°, 90°, 120° and
180°. All tests were carried out at an acceleration of 100 g, resulting in caisson field
dimensions of 4 m in diameter and 4 m in skirt length.
z

10
°
90

60°

4,5

14

F1

0

14

120
°

10

180°

40

26

40

ß

4

F2

ß

a

Ø4

1

y

x

(a)

(b)

loading line

(c)

padeye

slotted hole
(d)
Fig. 4-53 Schematic representation of the caisson anchor (a) plan view (b) side
view (c) 3D view and (d) photograph of the scale model, dimensions are in mm
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4.4.5. Soil model
The same sand as the one used in the pile test is used here. Properties and particle
size distribution are given in Table 4-6 and Fig. 4-5 respectively. All samples were
reconstituted by dry pluviation using a sand rainer. Sand rainer parameters used to
obtain a very dense sand sample (Dr ~ 90%) are listed in Table 4-24. Sand was
rained in successive layers of 10 mm to maintain relative density homogeneity
through the sample. As opposed to the previous section on pile test, the investigation
on caisson anchor was made on dry sand.
Table 4-24: Sand rainer parameters
Target Dr
Dropping height
[%]
[mm]
~90%
1100

Opening width
[mm]
1.2

Travelling velocity
[mm/s]
120

4.4.5.1.Soil strength characterisation – CPT tests
CPTs were conducted on each soil sample using the same 7-mm diameter cone as
reported in the previous investigation on piles. The cone penetrated over a depth of
100 mm (10 m at prototype scale) at a rate of 1 mm/s. Three CPTs were performed
on each soil sample as shown in Fig. 4-54. The three CPTs were performed in the
same flight. The cone tip resistance, qc is calculated from Eq. (4.1) and plotted in
Fig. 4-56. The relative density was estimated from qc using Eq. (4.3) and is also
plotted in Fig. 4-56.
Considering the upper 5-6 m layer of the sample, the resistance of the soil was
observed to be consistent across the sample and also similar for the three soil
samples. The response becomes linear for depth larger than 3 m. At 4 m depth
(location of the caisson anchor tip), the soil resistance varies from 11 to 12 MPa.
The three soil samples were considered homogenous and consistent.

Centre for Offshore Foundation Systems

4-4-93

Chapter 4: Geotechnical centrifuge modelling

penetration

7-mm CPT

2D-actuator

CPT-13

load cell

CPT-12

CPT-11

Fig. 4-54 Cone Penetration Test setup
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∇qc = 0.43 MPa/mm

(a)

∇qc = 0.44 MPa/mm

(b)

∇qc = 0.43 MPa/mm

(e)
Fig. 4-55 Measured cone penetration resistance for (a) sample 1, (b) sample 2
and (c) sample 3
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4.4.5.2.Soil relative density
The total relative density was calculated from Eq. (4.3). Calculated relative density
profiles are shown in Fig. 4-56 and the calculated soil unit weights for both samples
are listed in Table 4-25.
Table 4-25: Sand sample characteristic
Soil
Dr
γd
sample
[%]
[kN/m3]
1
~83%
17.21
2
~83%
17.21
3
~83%
17.21
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(a)

(b)

(e)
Fig. 4-56 Calculated relative density profiles for (a) sample 1, (b) sample 2 and
(c) sample 3
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4.4.6. Experimental setup
Photograph and schematic drawing multi-directional loading rig for the C661
geotechnical beam centrifuge is shown in Fig. 4-57 and Fig. 4-58. A sliding cross
beam with a double pulley system allowed the loading direction F2 to vary from 60°,
90° and 120°. The two lines were loaded independently. The fourth caisson test
location was used to repeat a multi-directional monotonic test. Each of the three soil
samples has investigated a loading angle, α2 = 60°, 90° and 120°.

4-4-98

Centre for Offshore Foundation Systems

Chapter 4: Geotechnical Centrifuge Modelling

2D-actuators

load cells
F2
F1

LVDT2

LVDT1

camera

camera

F1

load cells
F2

pulley

caisson

pin connector

Fig. 4-57 Multi-directional loading rig used on the Acutronic Model 661 3.6 m
diameter geotechnical beam centrifuge
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Fig. 4-58 Schematic of multi-directional loading setup (dimensions are in mm)
4.4.7. Testing procedure and testing layout
The location of CPTs and caisson load tests are shown in Fig. 4-59. Each soil sample
adopted the same layout. A minimum lateral boundary distance of three times the
diameter was respected between each tests. A distance of ten time times the diameter
from lateral boundary was adopted for CPTs, as recommended by Bolton et al.
(1999) in dense fine silica sand. There were some overlaps between the CPTs and
caisson tests. This was minimised by pulling the caisson to failure in a direction
opposite to the location of CPTs.
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Fig. 4-59 Testing layout for multi-directional monotonic tests (dimensions are in
mm)
The procedure for each sand sample is as follows:
1.
2.
3.
4.
5.
6.

Soil sample preparation by dry sand raining
Caisson installation at 1 g (assuming wished in place conditions)
Spin up to 100 g
Execute load test on the caisson
Spin down to 1 g
Repeat steps (2) to (5) up to six times per soil sample

4.4.8. Experimental outline – loading conditions
This study explores the influence of the magnitude and the direction of the first
applied load, F1 on the caisson anchor capacity in a second loading direction. The
purpose was to investigate whether multi-directional loading has an effect on the
monotonic bearing capacity of caisson in sand.
Firstly, the peak uni-directional monotonic capacity, Fpeak of the caisson was
estimated in each soil sample. Secondly, caissons were loaded in a given direction,
α1 = 0° at a fraction of the measured monotonic capacity, then unloaded and
re-loaded to in a second direction, α2 up to failure. The three stages of loading are
illustrated in Fig. 4-60. Parameters investigated included the magnitude of the first
load F1 and the loading angle α2. Three load angles α2 = 60°, 90° and 120° and three
load magnitudes F1 = 0.30, 0.50 and 0.85 times the peak load Fpeak were selected.
Centre for Offshore Foundation Systems
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Table 4-26 summarises the test program. The tests are intuitively named.
For example, M-60-030 indicates a monotonic multi-directional test with α2 = 60°
and F1 = 0.30Fpeak. The load inclination angle β was kept constant at 30° for all tests
to replicate taut mooring, as initially considered in the early development of the
CETO 6M wave energy converter. Each test in this study was performed at a
centrifuge acceleration level of 100 g.

F2 applied at
α2 = 60°, 90° and 120°

F1 = 0.85Fpeak
F1 = 0.50Fpeak
F1 = 0.30Fpeak

Fig. 4-60 Multi-directional monotonic loading mode considered

Table 4-26: Multi-directional monotonic load test program
Soil
β α1 α2
Test ID
F1
F2
sample
[°] [°] [°]
mono_01_1
- monotonic
mono_02_1
- monotonic
1
M-60-030 30 0
0.30Fpeak monotonic
M-60-050
60 0.50Fpeak monotonic
M-60-085
0.85Fpeak monotonic
mono_01_2
- monotonic
mono_02_2
- monotonic
2
M-90-030 30 0
0.30Fpeak monotonic
M-90-050
90 0.50Fpeak monotonic
M-90-085
0.85Fpeak monotonic
mono_01_3
- monotonic
mono_02_3
- monotonic
3
M-120-030 30 0
0.30Fpeak monotonic
M-120-050
120 0.50Fpeak monotonic
M-120-085
0.85Fpeak monotonic
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Table 4-27: Displacement rates
Rate
[mm/s]
CPT penetration
1
Caisson installation
0.2
Caisson loading
0.1
Caisson un-loading
0.5
4.4.9. Monotonic uni-directional test results
This section describes the inclined load-displacement relationship of the caisson
anchor during monotonic loading. Load-displacement curves for the monotonic
uni-directional tests are shown in Fig. 4-61. The measured peak capacity, Fpeak, the
displacement at peak capacity δpeak and the secant stiffness, k for the six monotonic
tests is summarised in Table 4-28.
Test mono_01_2 showed a stiffer response (k = 51.25 N/mm) than test mono_02_2
(k = 48.07 N/mm). A similar observation can be made for sample 3, where test
mono_02_3 (k = 52.83 N/mm) is stiffer than mono_01_3 (k = 49.21 N/mm). Overall,
secant stiffness for sample 2 and 3 were similar. The measured secant stiffness of
sample 1 (k = 43.47 N/mm) was lower than of sample 2 and 3.
Measured loads are normalised by the inclined monotonic capacity, Fpeak and the
measured displacements are normalised by the caisson diameter, D.
4.4.9.1.Measured peak capacity
A typical load-displacement relation for the monotonic loading of caisson in dense
sand is shown in Fig. 4-61. The load reached peak capacity, followed by softening
and reached residual capacity. The maximum peak capacity was defined as Fpeak and
used as reference for the following multi-directional monotonic tests.
Firstly, it can be observed that for each sample, the measured peak capacity, Fpeak is
quite consistent among the two monotonic tests. For example, the measured peak
capacity in sample 2 was Fpeak = 205 and 201.9 N and in sample 3 Fpeak = 198.8 and
207.1 N. The difference in measured peak capacity for sample 2 and 3 are 3.1 and
8.2 N respectively. In sample 1, test mono_02_1 did not exhibit a peak load capacity.
Sample disturbance during installation or connection of the mooring line may be at
the origin of the peak load absence.
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4.4.9.2.Measured displacement at failure
The measured displacement at peak capacity was quite consistent among monotonic
tests. The displacements reached at peak was δpeak = 0.104 for sample 1,
δpeak = 0.100D and 0.105D for sample 2, δpeak = 0.101D and 0.098D for sample 3.
The difference in measured displacement at peak capacity for sample 2 and 3 was
0.005D and 0.003D respectively. Overall, the displacement at peak was quite
consistent across the three soil samples.

4.4.9.3.Measured secant stiffness
The measured secant stiffness at peak, kpeak was measured by Eq. (4.4).
Test mono_01_2 showed a stiffer response (k = 51.25 N/mm) than test mono_02_2
(k = 48.07 N/mm). Similar observations can be made for sample 3, where test
mono_02_3 (k = 52.83 N/mm) is stiffer than mono_01_3 (k = 49.21 N/mm). Overall,
the secant stiffness for sample 2 and 3 was similar. The measured secant stiffness of
sample 1 (k = 43.47 N/mm) was lower than of sample 2 and 3.
Table 4-28: Summary of the monotonic uni--directional load tests
Fpeak
δpeak
kpeak
Soil
Test ID
sample
[N] [mm] [/D] [N/mm]
mono_01_1 181.7 4.18 0.1044 43.47
1
mono_02_1
no peak
mono_01_2 205
4
0.1
51.25
2
mono_02_2 201.9 4.2
0.105
48.07
mono_01_3 198.8 4.04 0.101
49.21
3
mono_02_3 207.1 3.92 0.098
52.83
4.4.10. Monotonic multi-directional test results
Load-displacement curves for the first loading, F1 and second loading, F2 are shown
separately in Fig. 4-61. Measured peak capacity, Fpeak displacement at failure, δpeak
and secant stiffness, k for monotonic multi-directional tests are reported in
Table 4-29.
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4.4.10.1.

Measured peak capacity

Typical loading-unloading curves were observed for each first loading, F1. For the
set of tests performed at α2 = 60°, the presence of the first loading F1 appears to
slightly increase the measured peak capacity in F2 for all magnitudes of the first
load. The monotonic capacity in the second loading direction, F2 was equal to 1.04,
1.00 and 1.07 of the monotonic uni-directional capacity for a magnitude of the first
load at 0.30, 0.50 and 0.85Fpeak, respectively (see Table 4-29).
For a loading angle α2 = 90°, the measured peak capacity in F2 was slightly lower
than Fpeak. As indicated in Table 4-29, the measured peak capacity in F2 was down to
0.96, 0.97 and 0.95Fpeak for F1 = 0.30, 0.50 and 0.85Fpeak.
For the last set of tests performed at α2 = 120°, the measured monotonic capacity in
F2 was also lower than Fpeak. The measured peak capacity in F2 was 0.99 and
0.89Fpeak for F1 = 0.30 and 0.50Fpeak. Most importantly, for the test with
F1 = 0.85Fpeak at α2 = 120°, the load-displacement relationship tended toward
residual capacity without peak capacity mobilisation (see Fig. 4-61(c)).

4.4.10.2.

Measured displacement at failure

The measured displacement at failure at α2 = 60° was similar to the uni-directional
monotonic reference tests, within ± 0.004D. However, for α2 = 90° and 120° test
series, the displacement reached at peak in F2 was always smaller than the measured
peak displacement in monotonic test. For example, the displacement reached at peak
for test M_90-050 was about 0.02D smaller than the peak displacement in the
reference monotonic test.

4.4.10.3.

Measured secant stiffness

As observed in Fig. 4-61, the secant stiffness in F1 was quite consistent in each soil
sample within ± 0.56, 0.2 and 0.6 N/mm for soil samples 1, 2 and 3 respectively.
This indicated a good repeatability of the loading across tests. For almost every test,
the secant stiffness of F2 was always higher than the stiffness in the monotonic
reference test. The stiffness of the test M_120_085 was the only exception as it has
the same stiffness of the monotonic reference test.
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F1

F2
stiffer

(a)

F1

F2
stiffer

(b)

F1

F2
stiffer
no peak
strength

(c)
Fig. 4-61 Measured load-displacement curves under uni- and multi-directional
monotonic loading (a) α2 = 60° (b) α2 = 90° and (c) α2 = 120°
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Table 4-29: Summary of the monotonic multi-directional load tests
α2
Fpeak
δpeak
k
Soil
Test ID
load
sample
[°]
[N] [/Fpeak] [mm] [/D] [N/mm]
F1
54.5
0.30
1.16 0.029 46.98
M_60_030
F2 188.9 1.04
4.00 0.100 47.23
F1
90.8
0.50
19.8 0.049 45.86
1
M_60_050 60
F2 181.4 1.00
4.32 0.108 41.99
F1 154.5 0.85
3.32 0.083 46.54
M_60_085
F2 194.6 1.07
4.16 0.104 46.78
F1
61.5
0.30
1.08 0.027 56.94
M_90_030
F2 197.6 0.96
3.84 0.096 51.46
F1 105.5 0.50
1.84 0.046 57.34
2
M_90_050 90
F2 199.7 0.97
3.28 0.082 60.88
F1 174.3 0.85
3.04 0.076 57.34
M_90_085
F2 194.2 0.95
3.72 0.093 52.20
F1
62.1
0.30
1.20 0.030 51.75
M_120_030
F2 205.9 0.99
3.96 0.099 51.99
F1 103.5 0.50
2.00 0.050 51.75
3
M_120_050 120
F2 183.4 0.89
3.52 0.088 52.10
F1 175.9 0.85
3.32 0.083 52.98
M_120_085
F2
no peak

4.4.10.4.

Visual observations

This set of tests was executed in dry silica sand and soil surface deformation can be
easily observed. Fig. 4-62, Fig. 4-63 and Fig. 4-64 show photographs of the final
caisson conditions for the tests mono_01_1, M_60_030 and M_60_085 respectively.
The displacement reached at failure for all tests was 0.3D. It was noted that the
caisson exhibited considerable rotation with a significant mobilisation of the soil
failure wedge in front of the caisson, and a crater behind the caisson. The size of the
soil deformation for each berm and crater was estimated visually with Lsd, as the
length of the soil deformation and Wsd the width of the soil deformation.
For the test mono_01_1, the berm (Lsd = 0.6D, Wsd = 2D) appeared bigger than the
crater (Lsd = 0.5D, Wsd = 1.6D). For pre-loading at F1 = 0.30Fmono, no crater or berm
were observed around the caisson during F1 (see Fig. 4-63). The caisson
displacement at F1 = 0.30Fmono was 0.029D. The final soil deformations after F2
were of similar size as the soil deformation during monotonic loading (Lsd = 0.6D,
Wsd = 2D).
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However, for pre-loading at F1 = 0.85Fmono, berm and crater are observed along the
F1 loading direction (see Fig. 4-64). This berm was formed by a caisson
displacement of 0.083D and had a berm length (Lsd = 0.4D) slightly smaller than the
length of the berm during monotonic loading (Lsd = 0.5D). The size of the crater due
to F1 could not be determined. The application of F2 resulted in overlapping of the
berm and crater with F1. Such overlapping of berm and crater may be associated
with the change of caisson capacity.

~0.5D
crater

~1.6D

D

berm

~2D
~0.6D
F1

Fig. 4-62 View of the soil surface deformation at failure for mono_01_1
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α2 = 60°
F1 = 0.30Fmono
F1
no berm
from F1

F2
~0.6D

D

~2D

~1.6D
~0.5D

berm
from F2

crater

Fig. 4-63 View of the soil surface deformation at failure for M_60_030
α2 = 60°
F1 = 0.85Fmono

F1
berm
from F1

overlapping
F2
~0.4D
~2D
~0.5D
D

~2D

~2D
~0.7D

berm
from F2
crater

Fig. 4-64 View of the soil surface deformation at failure for M_60_085
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4.4.11. Conclusions
This study has presented preliminary results from a centrifuge testing programme
where the response of caisson anchor to multi-directional inclined loading was
investigated. Results of peak capacity change are summarised in Fig. 4-65 and the
following conclusions may be drawn:
1. The overall capacity of the caisson can be altered by application of only one
multi-directional load cycle.
2. The loading angle, α2 and the magnitude of F1 have an important influence
on the measured capacity of the caisson. For α2 = 120°, the total capacity of
the caisson can vary from -1 to -11% for a magnitude of loading
F1 = 0.30Fpeak and 0.50Fpeak respectively (see Fig. 4-65). While for a smaller
loading angle α2 = 60°, the total capacity of the caisson can increase from
0 to 4% for F1 = 0.30Fpeak and 0.50Fpeak respectively.
3. Stiffer response is observed for every multi-directional monotonic load test.
4. The capacity of the caisson in the second direction, F2 does not exhibit peak
behaviour and tend toward residual after one significant load cycle,
F1 = 0.85Fpeak at α2 = 120°.
In a multi-directional loading configuration, it clearly appeared that a large angle
(α2 > 90°) between two loading lines can significantly reduce the overall capacity of
the caisson anchor. The capacity of the caisson appears to be dependent on the
loading angle, α2 between the two mooring lines as well as the magnitude of load
cycle and the soil initial conditions.
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Fig. 4-65 Summary of peak capacity change under monotonic multi-directional
loading conditions on caisson anchor
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4.6.

SUMMARY AND CONCLUSIONS

Experimental investigations of pile and caisson anchor subjected to multi-directional
loading were conducted using centrifuge modelling technique. The main purpose
was to observe the consequences of the multi-directional loading observed in
Chapter 3 on offshore shared anchors that may be considered for large array of
WECs (e.g. short rigid pile anchor and caisson anchor).
For pile anchor in a 2-line alternate loading configuration, it was demonstrated that
the angle, α2 between the two loading directions can influence the failure mode.
Horizontal failure is the dominant mode for small values of α2 (smaller than 60°) and
vertical failure is the dominant mode for large values of α2 (larger than 120°),
see Fig. 4-49. For intermediate values of α2, the failure mechanism is a combination
of both lateral and horizontal mechanism.
For pile anchor in a 3-line phase loading configuration, it was demonstrated that the
vertical load component, Fz clearly played a significant role in the loss of pile
performance during multi-directional cyclic loading. Larger variation of Fz, resulted
in significant loss of performance, see Fig. 4-51. The mobilisation of lateral
resistance by application of horizontal load components, Fx and Fy may result in
larger resistance. Consequently, in a 3-line loading configuration, the phase of
application of each load has a significant influence on the pile’s performance. The
pile’s performance is at its lowest when the three loads are ‘in-phase’, and at its
highest when the three loads are out-of-phase.
Results of the multi-directional monotonic loading investigation on caisson anchor
have shown the important loss of capacity (~10%) after one multi-directional load
cycle, F1 = 0.85Fpeak applied at α2 = 120°.
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Chapter 5 - MULTI-DIRECTIONAL DIRECT SIMPLE SHEAR
ON FINE SILICA AND CALCAREOUS SANDS

5.1.

INTRODUCTION

The objective of the experimental work presented in this chapter was to provide a
unique database of sand behaviour under a range of previously unexplored multidirectional strain paths, to better understand the response of shared anchors to multidirectional loading, as would be found in array of offshore renewable energy
devices.
Results of soil element testing program carried out at the Department of Civil
Engineering at the University of Illinois at Urbana-Champaign (UIUC) are reported
in this chapter. The test program was inclusive of both loose and high-density sands
to understand the transition between contractive and dilative behaviour of granular
soil to multi-directional shear loads. The study focussed on subrounded silica sand
and angular calcareous sand to estimate the sensibility of different sands to multidirectional shear stresses. A broad range of strain paths were considered to cover
large number of soil responses, where the angle, α2 between two shearing directions
and the strain magnitude in the first direction, γcyc1 were varied. The tests were
conducted in the I-mcDSS (Illinois multi-directional cyclic Direct Simple Shear)
apparatus. The I-mcDSS allowed an element of soil to be confined in the vertical
direction, δz and sheared along any horizontal directions, δx and δy independently.
The organisation of the chapter is summarised in Fig. 5-1.
Specifically, the key objectives of this multi-directional simple shear test program
were to:
1. Establish a benchmark of monotonic direct simple shear tests for a rounded
silica and angular calcareous sand at multiple vertical stresses under drained
and undrained conditions (constant volume).
2. Evaluate the effect of varying the angle between two independent monotonic
and cyclic shear stress directions.
a. Examine the impact of pre-shear on multi-directional load paths
b. Investigate the impact of cycling on multi-directional load paths
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3. Ultimately, develop a database of results that could be used by future
researchers to calibrate numerical models.

Fig. 5-1 Organisation of the chapter
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5.2.

LIST OF VARIABLES

The list of variables used in this chapter is presented in Table 5-1.
Table 5-1: Notation used in this chapter
Notation
Parameter
Cg
Coefficient of gradation
Cu
Coefficient of uniformity
D
Specimen diameter
D50
Average particle size
D30
Grain size with 30% retained material
D60
Grain size with 60% retained material
D10
Grain size with 10% retained material
Dr
Relative density
Dr0
Initial relative density
e
Void ratio
emax
Maximum index void ratio
emin
Minimum index void ratio
Gs
Specific gravity
H
Specimen height
K0
Coefficient of earth pressure at rest, σ'h /σ'v
N
Number of cycles
su
Undrained shear strength
t
Time
Shear stress direction in the horizontal plane for the first
α1
shear, set by definition in the x-direction at 0°
Shear stress direction in the horizontal plane for the second
α2
shear
Shear stress direction in the horizontal plane for the third
α3
shear
γ1
Shear strain magnitude in the direction defined by α1
γ2
Shear strain magnitude in the direction defined by α2
γ3
Shear strain magnitude in the direction defined by α3
|γ|
Accumulated shear strain
γcyc1
Cyclic shear strain magnitude in the direction defined by α1
γcyc2
Cyclic shear strain magnitude in the direction defined by α2
γcyc3
Cyclic shear strain magnitude in the direction defined by α3
γpeak
Peak shear strain
γx
Shear strain in the x-direction
γxy
Shear strain in the horizontal plane
γy
Shear strain in the y-direction
γz
Vertical strain
Δv/v0
Volumetric strain
Change in effective vertical stress or equivalent measured
Δσ'v.
porewater pressure (dry undrained)
σ'v0
Initial vertical effective stress
σ'v
Measured vertical effective stress
σ'v/σ'v0
Normalised vertical effective stress
σ'v0
Initial vertical effective stress
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Unit
[mm]
[mm]
[mm]
[mm]
[mm]
[%]
[%]
[mm]
[-]
[kPa]
[sec]
[°]
[°]
[°]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[kPa]
[kPa]
[kPa]
[kPa]
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τ1
Shear stress in the first direction defined by α1
τ2
Shear stress in the second direction defined by α2
τ3
Shear stress in the third direction defined by α3
Shear stress vector
τ⃗
τcyc/σ'v0
Cyclic shear stress ratio
τpeak
Peak shear stress in a given shear cycle
τx
Shear stress in the x-direction
τx/σ'v0
Normalised shear stress in the x-direction
τx, max
Maximum shear stress in the x-direction
τxy
Shear stress in the horizontal plane
τy
Shear stress in the y-direction
τy/σ'v0
Normalised shear stress in the y-direction, shear stress ratio
ϒd
Total soil unit weight
ϕpeak
Friction angle at peak resistance
ϕult.
Friction angle at ultimate condition (drained)
ϕyield
Friction angle at yield
ϕPT
Friction angle at the phase transformation
ϕmax, undrained Friction angle at ultimate condition (undrained)
The initial conditions are denoted by the subscript ‘0’.
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[kPa]
[kPa]
[kPa]
[kPa]
[kPa]
[kPa]
[kPa]
[kPa]
[kPa]
[gr/cm3]
[°]
[°]
[°]
[°]
[°]
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5.3.

EXPERIMENTAL SETUP

This section describes the I-mcDSS apparatus, presents the two types of sands,
provides the sample preparation techniques and gives the testing procedures.

5.3.1. The I-mcDSS facility
5.3.1.1.General details
Fig. 5-2, Fig. 5-3 and Fig. 5-4 show schematic drawings and photographs of the
I-mcDSS and the mould used. The I-mcDSS can apply a vertical stress, two
independent horizontal shear stresses, a confining stress and a backpressure to a
circular sample. The application of two independent horizontal shear stresses was
made through two shearing tables mounted on the top of each other. The two
shearing tables slid along lubricated rod, which were subjected to frictional
resistance as described later. This configuration allowed the soil specimen to be
sheared along any strain paths on the horizontal plan (e.g. linear, multi-directional,
circular, elliptical, figure-8, etc.). The diameter of the specimen was D = 101.6 mm
(10-inch) and the height could vary from H = 19.05 mm (3/4-inch) to H = 25.4 mm
(1-inch). The diameter to height ratio of the specimen could vary from 5.3 to 4.
Stacked-rings was the confining method used. This method prevented lateral
deformation during consolidation under vertical loading but allowed horizontal
displacement during shear. The stacked rings resulted in the sample being
consolidated under K0 conditions. The shear stresses were transferred to the soil
sample by rough rigid brass porous plates.

Centre for Offshore Foundation Systems

5-5-5

Chapter 5: Multi-directional direct simple shear on fine silica and calcareous sands

Fig. 5-2 Schematic drawing of the I-mcDSS apparatus
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Fig. 5-3 Photograph of the I-mcDSS apparatus
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stacked rings
vacuum
porous stone
O-ring
membrane

Fig. 5-4 Schematic drawing and photographs of the mould
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5.3.1.2.Measuring equipment
Table 5-2 lists the sensors of the I-mcDSS with their accuracies and ranges. The
vertical and shear stresses were measured through three load cells (x-, y- and
z-orientated). Three LDVTs were placed in conjunction with the load cells. The
range of the x- and y-LDVTs was ± 10 mm, while the range of the z-LVDTs was
± 50 mm.
Table 5-2: List of sensors on the I-mcDSS
Instrument
x-LVDT
y-LVDT
z-LVDT
x-load cell
y-load cell
z-load cell

Measured parameter
Shear deformation, γx
Shear deformation, γy
Axial deformation, γz
Shear stress, τx
Shear stress, τy
Vertical stress, σ'v

Accuracy
± 0.001 mm
± 0.001 mm
± 0.001 mm
± 0.01 kPa
± 0.01 kPa
± 0.01 kPa

Range
± 10 mm
± 10 mm
± 50 mm
± 4.4 kN
± 4.4 kN
± 5 kN

5.3.1.3.Control equipment
Actuators
The I-mcDSS allowed application of three independent stresses to the specimen; one
vertical stress, σ'v0 and two horizontal shear stresses, τx and τy with 3 electrical
actuators. The x- and y-tables contained two hydraulic actuators servo valve
controlled that can operate independently under displacement or load control.
User interface
The I-mcDSS was operated through a graphical user interface initiating
communication with the data acquisition controller. Servo loop control was available
for x-, y-, and z-load cells, cell pressure and back pressure. The software allowed the
creation of any strain and stress paths (loading patterns) to be applied in the (x, y, z)
space. Prior running a test, the x- and y-tables were precisely brought to their initial
position (central position). This step also zeroed the x- and y-LVDT readings. The
x- and y-load cells readings and the x- and y-LVDTs readings were also zeroed
manually by the user before each test.
Data recording
The data acquisition system recorded data as .txt files. The sample rate may be set by
the user and was chosen at 10 Hz to accurately measure the load-displacement of the
sample at a shearing rate of 0.05 mm/s.
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5.3.1.4.Modelling drained and undrained conditions
Drained volume condition
Drained conditions may be reproduced on dry sand by keeping the vertical effective
stress, σ'v constant during shear loading. The load control system of the I-mcDSS
was capable of maintaining the vertical effective stress within ± 0.1 kPa during
drained shear tests.
Undrained volume condition
Undrained conditions were simulated in the I-mcDSS by holding the volume of the
soil constant during shear. In other words, the vertical actuator was kept fixed
throughout the shear test, thus ensuring constant volume test. Boundary conditions of
zero vertical strain were maintained in the I-mcDSS with an accuracy of ± 0.01 mm
during undrained shear tests (see Table 5-2).

5.3.1.5.Data correction on the measurements
Shear table friction resistance
The I-mcDSS operated two horizontal shearing tables that slide on the top of each
other on lubricated rods. It was observed that the two tables were subjected to
frictional resistance that increased with displacement. The friction in the system was
estimated by displacing the two shearing tables without a soil sample but with a
surcharge weight equivalent to the vertical effective stress of the following shear
test. Overall, the friction in the system was linearly increasing with displacement as
shown in Fig. 5-5 and Fig. 5-6. For a monotonic displacement of γx = 25%, the
friction in the system was about 3 kPa. The measured friction represented about
6.5% of the peak shear stress that will be later measured in a monotonic test for SS at
σ'v0 = 50 kPa. For a cyclic displacement of γcyc = 1%, the friction in the system was
asymmetrical and contained within -1.8 to +0.6 kPa (see Fig. 5-6). Also, it was
observed that the frictional resistance did not vary over time (at least not after 300
load cycles), as long as the cyclic strain level was kept constant.
The measured frictional resistance of the two shearing tables in the I-mcDSS was
significant and consequently deduced from the measured shear stress of the soil. The
friction was less in the x-table than in the y-table, therefore the specimen was
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sheared along the x-direction (i.e. using the x-table only) for every uni-directional
shear tests.

Fig. 5-5 Stress-strain friction in monotonic test, γx = 25%

Fig. 5-6 Stress-strain loop friction in cyclic test, γcyc = 1%
Top-cap weight
The weight of the top-cap, top porous stone and V-clamp (~ 10 N) were deduced
from the z-load cell reading.
Transducers noise
The unwanted frequency noise of each sensor was removed with Butterworth
filtering method.

5.3.1.6.Limitation of the I-mcDSS
Machine Compliance
Mechanical compliance is an issue in any testing apparatus. The I-mcDSS was made
of four rigid steel rods that reduced compliance. This created uniform simple shear
stress and deformation fields over a significant portion of the soil sample. The
displacement of the top and bottom parts of the sample were monitored during initial

Centre for Offshore Foundation Systems

5-5-11

Chapter 5: Multi-directional direct simple shear on fine silica and calcareous sands

monotonic shear tests, γ = 25% with a vertical effective stress, σ'v0 = 200 kPa. It was
observed that the mechanical deformation of the I-mcDSS was minimal for this level
of vertical stress. For practical considerations, and for the range of vertical effective
stresses considered in this thesis, it was assumed that the deviations from the ideal
boundary conditions may be ignored.
Complementary stresses
The I-mcDSS measured the vertical and horizontal effective shear stresses and
strains. However, the lateral deformations of the soil sample (complementary strains)
cannot be measured. Consequently, vertical plan deformations were assumed linear
over the height of the specimen. Moreover, direct simple shear apparatus does not
impose ideal boundary deformation conditions. Theoretical and experimental
investigations have shown that ‘practical’ boundary conditions may be reached in a
well-designed apparatus. It is also acknowledged that more non-linearities are
generated within the soil specimen at strain larger than γ = 25%. Therefore,
monotonic shear tests in this thesis were sheared up to γ = 25%.

5.3.2. Interpretation of the measurements of the I-mcDSS
Relative density measurement
The relative density, Dr was calculated from Eq. (5.1);

𝐷𝑟 =

𝑒𝑚𝑎𝑥 − 𝑒
𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛

(5.1)

The void ratio of the sample, e was obtained from Eq. (5.2);

𝑒=

𝐺𝑠
−1
𝛾𝑑

(5.2)

where the total soil unit weight, ϒd is found from the measured soil weight and the
volume of the soil specimen measured form the sample height, H.
Normalisation of the measurements
The shear strains, γx and γy were obtained by dividing the measured displacement by
the height of the specimen, H and the shear stresses, τx, τy and σ'v were obtained by
5-5-12
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dividing the measured loads by the horizontal cross section area of the specimen,
π∙D2/4. Additionally, the shear stresses were normalised by the vertical effective
stress τ/σ'v for comparison with literature. This ratio may be referred as shear stress
ratio in some textbooks. The volumetric strain was defined as the change in volume
normalised by the initial volume, δv/v0.
Diameter to height ratio
The diameter to height ratio, D/H for this thesis was chosen to be higher than 5 with
D = 101.6 mm (10-inch) and H = 19.05 mm (3/4-inch). Such ratio was reported to be
sufficiently large to minimise non-uniformities within the specimen (Vucetic and
Lacasse, 1982).
Undrained conditions
Under dry undrained condition, the equivalent pore pressure generation can be
assumed equal to the change in vertical effective stress, Δσ'v (Dyvik et al., 1987).

5.3.3. Calibration of the I-mcDSS with a rubber core material
Fig. 5-7 shows the stress-strain response of a piece of rubber material subjected to
several multi-directional strain paths. A first shear strain along the x-direction was
applied at γ1 = 10% and back to zero strain before applying a second shear strain at
γ2 = 25% in multiple directions, α2 = 60°, 90°, 120° and 180°. The rubber tests were
performed at σ'v0 = 50 kPa.
Fig. 5-7(a) and (b) show the stress-strain response along the x- and the y-direction
respectively. It was observed that the stress-strain response was linear for this
material. Fig. 5-7(c) shows the shear stress response in the horizontal plan. For a
shear strain of γ2 = 25% in every direction, α2 the measured shear stress was found at
43 kPa (highlighted by the circle line). This is a characteristic of elastic isotropic
materials (identical values of a property in all directions) such as rubber. These
initial tests showed that the I-mcDSS correctly measured the linear elasticity of the
tested rubber and was then suitable for soil testing.
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(a) Stress-strain response in x-direction

(b) Stress-strain response in y-direction

(c) Plan view of shear stress in the x- and y-direction
Fig. 5-7 Shear stress-strain response of a rubber material subjected to
multi-directional shear stresses
5.3.4. Description of soil materials
The study focussed on subrounded and angular sands to estimate the sensibility of at
least two different sands to multi-directional shear stresses. Therefore, Silica Sand
(SS) and Calcareous Sand (CS) were considered for this experimental testing. SS and
CS have a different mineralogical composition, SS is mainly made of SiO2 and CS is
made of CaCO3.

5.3.4.1.Silica sand
SS is commonly used in centrifuge modelling at the University of Western Australia
(UWA) and, as such, has been intensively tested (Chow et al., 2019). This sand may
be referred as ‘UWA sand’ in some publications. This sand is commercially
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available, and its properties are listed in Table 5-3. The grain size distribution curve
is shown in Fig. 5-8. SS has a narrow range of particle sizes (poorly graded sand)
with an average particle size, D50 of 0.19 mm, a coefficient of uniformity, Cu of
about 1.59 and a minimum and maximum void ratio of 0.49 and 0.78 respectively.
The surface texture is an important aspect of the sand particles that can influence the
stress-deformation and strength properties of the sample (Oda, 1972). Therefore,
SEM analysis was made at UWA by the CMCA (Centre for Microscopy,
Characterisation and Analysis) to characterise the sand particles shapes and surface
texture. SS was washed at sieve #200 (75 μm) to remove fine particles until washed
water ran clear. The SEM of SS in Fig. 5-9 showed a small range of particle sizes,
shapes and surface textures. Angularity and roundness of sand particles may be
observed to describe particle shapes and compared with Fig. 5-10. Comparing SS
with Fig. 5-10, the angularity of SS was considered subrounded. The sand particles
were mainly composed of round particles with no elongated or platy particles. From
the SEM, it was observed that SS has relatively smooth surface texture compare to
CS and some number of surface fissures. Additional SEM micrographs of SS can be
found in Annex 5-1.
Table 5-3: Properties of SS and CS materials
Property
SS
CS
(b)
Specific gravity, Gs
2.65
2.76(c)
(b)
Maximum void ratios, emax
0.78
1.15(c)
Void ratios at Dr0 = 55%, e55
0.62(b)
0.96(c)
(b)
Void ratios at Dr0 = 95%, e95
0.50
0.83(c)
Minimum void ratios, emin
0.49(b)
0.81(c)
(b)
Minimum dry densities, γmin
14.9
12.5(c)
[kN/m3]
Maximum dry densities, γmax
17.8(b)
15.2(c)
[kN/m3]
(a)
(a)
Average particle size, D50
0.19
0.24
[mm]
(a)
(a)
Grain size with 60% retained material, D60
0.19
0.24
[mm]
Grain size with 30% retained material, D30
0.16(a)
0.17(a)
[mm]
Grain size with 10% retained material, D10
0.12(a)
0.12(a)
[mm]
(a)
(a)
Coefficient of uniformity, Cu
1.59
2.03
Coefficient of gradation, Cg
1.04(a)
1.06(a)
CaCO3
~90%(c)
(a)
Angularity
subrounded
angular(a)
(a)
from this study
(b)
from (Chow et al., 2019)
(c)
from (Sharma, 2004)
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Fines

Sand
Fine

Medium

Coarse

Fig. 5-8 Particle size distribution curves of SS and CS materials
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2 mm

(a)

1 mm

(b)

200 μm

(c)

60 μm

(d)

Fig. 5-9 Scanning Electron Macroscopy of SS
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Fig. 5-10 Standard particle shape classification, reproduced from Mitchell and
Soga (2005)
5.3.4.2.Calcareous sand
The calcareous sand tested in this thesis was extracted from the Quindalup dune on
the site of Ledge Point, village situated about 100 km north of Perth along the Indian
Ocean coast. CS originates from sedimentation in the high energy coastal
environment (Beemer et al., 2018). This sand is a coastal Aeolian calcareous soil,
composed of 90% of calcium carbonate. The grain size distribution curve is shown in
Fig. 5-8 and its properties are listed in Table 5-3.
CS was well graded with an average particle size, D50 of 0.24 mm, a coefficient of
uniformity, Cu of about 2 and a minimum and maximum void ratio of 0.81 and 1.15
respectively. Results from undrained monotonic and cyclic interface direct shear
tests and triaxial tests may be found from Sharma and Ismail (2006).
The SEM analysis shown in Fig. 5-11 suggested that CS grains were mainly
comprised of bioclastic grains. The analysed sample consisted of a variety of particle
shapes. CS was made of a high proportion of sharp-edged, angular, elongated grains.
After comparison with Fig. 5-10, CS was classified as angular. The surface texture of
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CS was rougher than SS and particles were more broken, damaged or fractured.
Additional SEM micrographs of CS can be found in Annex 5-2.

2 mm

(a)

1 mm

(b)

200 μm

(c)

60 μm

(d)

Fig. 5-11 Scanning Electron Macroscopy of CS

5.3.5. Sample preparation methods
When preparing a specimen, a rubber membrane, 0.3 mm thick was first fastened to
the bottom cap of the mould with two semi annular elements. Next, 26 metal annular
rings, coated with air-dry MoS2 (molybdenum disulfide), ensuring low-friction, were
stacked together and provided lateral confinement to the specimen. According to
ASTM D2714-94(2014), this coating material has a coefficient of friction of 0.04 to
0.06. These rings maintained a constant cross-sectional area of the specimen by
creating a rigid circumferential boundary condition. Each annular ring was 0.9 mm
thick. The stack rings were then enclosed in a split-mould. The rubber membrane
Centre for Offshore Foundation Systems
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was then rolled back over the top of the two split-moulds. The membrane was hold
tight to the stacked rings with application of vacuum suction from two hoses
(see Fig. 5-4). O-ring joints were placed on the top of the split-mould to secure the
membrane to the mould.
The sand material was preliminary sieved to remove the larger fragments, like shell
particles in CS, (> 2 mm) and the correct dry weight of sand required to obtain a
loose density sample was measured with an accuracy of ± 0.05 g (scale accuracy).
The weighted sand material was later deposited in the mould using two methods
replicating loose and dense states, as described in the next two sections.

5.3.5.1.Loose density sample preparation method
Once the membrane was held tight to the mould with vacuum, a custom-built sieve
(mesh size = 1 mm) was fitted inside the mould and sand was poured into it.
The sieve was slowly lifted out of the mould and the sand was deposited with small
to zero dropping height. Next, the sand surface was gently levelled with a 50 mm
diameter rod. The flatness of the sand surface was estimated by placing a level on the
top of the rod at five locations of the sample (centre, top, bottom, right, left).
The accuracy of the flatness measurement was in the order of ± 0.5°. Once
satisfactory flatness of the surface was achieved, the top cap was gently placed on
the top of the specimen. Measurements of the flatness of the top cap were also taken
with a level. This method generally produced a sand relative density around 55%
(equivalent to a void ratio of e55 = 0.62 for SS and e55 = 0.96 for CS).

5.3.5.2.Dense density sample preparation method
Dry pluviation is a commonly used and reliable method to achieve a uniform density
in clean poorly graded sands. During air pluviation, well graded sands (especially
with significant amounts of fines) may be subjected to segregation because larger
particles have larger velocities (Vaid and Negussey, 1984). It was shown that the
influence of drop height on densification had a significant importance for drop height
ranging from 0 to 500 mm for Ottawa and Leighton Buzzard sand (Vaid and
Negussey, 1984). Segregation was minimised by using a dropping height of
1000 mm, which is larger than 500 mm as recommended by Vaid and
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Negussey (1984). The sample was further densified to the required relative density
using a combination of surcharge and hand vibration to force the particles to rearrange in a more compacted fashion. A surcharge of 200 N (20 kPa) was placed on
the top of the specimen. Next, the specimen sat on a wooden plank, which was
hammered 200 times with a rubber mallet. Vibration of the wooden plank from the
hammer combined with the top surcharge vibrated the soil and produced relative
density sample around 95% (equivalent to a void ratio of e95 = 0.50 for SS and
e95 = 0.83 for CS). Similarly to the loose density sample, the surface was levelled
and measurements of the flatness of the sand surface and top cap were taken.

5.3.6. Testing procedures
This section describes the multiple steps of a direct simple shear test in the I-mcDSS.

5.3.6.1.Sample connection
After preparation of the soil specimen, the two split-moulds were removed, and the
mould was placed in the I-mcDSS. The bottom-cap of the mould was tightened to
the shearing tables. The vertical actuator was lowered down slowly to reach a seating
load of 10 kPa applied on the top-cap. Next, the top-cap of the mould was rigidly
connected to the vertical actuator of the I-mcDSS with a V-clamp. The disturbance
brought to the sample by this rigid connection was limited. As such, measurement of
the sample height before and after connection was taken at each test. Overall, a
settlement of 0.1 mm was reported during connection of the mould to the apparatus.
This observed settlement at the connection was associated to a flattening of the sand
top surface. This may result in unmeasurable local changes in relative density.

5.3.6.2.One-dimensional consolidation
The specimen was consolidated to the target vertical effective stress, σ'v0 with stress
increments of 2.5 kPa. The vertical stress was maintained until consolidation
equilibrium was reached, which took approximately two minutes. The consolidation
time was previously determined by measuring the vertical deformation of the soil in
oedometer tests, not reported in this thesis. It was measured that 95% of
consolidation in sand was reached in a few seconds.
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5.3.6.3.Shear loading
The second step of a shear test consisted in bringing the soil to failure by means of
horizontal shear stresses. The multi-directional direct simple shear tests were
performed with a constant shear rate of 0.05 mm/s (equivalent 9.5 %/hour) based on
the average sample heights for the loose and dense sample, H ~ 19 mm). One test at
a slower shearing rate (0.001 mm/s) was performed to prove that the soil response
was identical. In order to be time efficient, a constant shear rate of 0.05 mm/s was
chosen.
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5.4.

TESTING PROGRAM

5.4.1. Repeatability
Any soil element testing is subjected to measurement variability, from both the
equipment and the soil. The uncertainties of the particle arrangement during the
sample preparation method (soil fabric) and the homogeneity of the sand may
contribute to variations in the measured soil response. Therefore, two series of eight
monotonic uni-directional shear tests on dense SS and dense CS, at σ'v0 = 50 kPa
under drained conditions were performed to estimate the measured variability of
these sands in the I-mcDSS (see Table 5-4).
Table 5-4: List of repeatability tests
Test ID
mono_CS_01
mono_CS_02
mono_CS_03
mono_CS_04
mono_CS_05
mono_CS_06
mono_CS_07
mono_CS_08
mono_SS_01
mono_SS_02
mono_SS_03
mono_SS_04
mono_SS_05
mono_SS_06
mono_SS_07
mono_SS_08

Drainage Material

σ'v0
γ1
[kPa] [%]

Drained

CS

50

25

Drained

SS

50

25

5.4.2. Monotonic uni-directional strain path
Prior investigating the response of the soil to multi-directional shear stresses, the
response of dense and loose SS and CS was characterised in uni-directional
monotonic shear, γ = 25% for the following vertical effective stress, σ'v0 = 25, 50,
100, 200 and 500 kPa.
As discussed in Chapters 2 and 3, offshore renewable energy devices loading are
typically subjected to a load period of ~10 s. The assumption of a drained, partially
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drained, or undrained volume conditions for this loading conditions in sand is
debatable. It was chosen to perform most of the multi-directional shear test under
drained conditions. However, some monotonic uni-directional shear tests on both
sands were also performed under undrained conditions to create a more complete
database for potential future numerical modelling. The list of drained and undrained
monotonic shear tests is provided in Table 5-5.
Table 5-5: List of monotonic uni-directional tests
σ'v0
γ1
Test ID
Drainage Material Dr0
[kPa] [%]
mono_CS_08
50
25
mono_CS_09
25
25
mono_CS_10 Drained
CS
dense 100
25
mono_CS_11
200
25
mono_CS_12
500
25
mono_CS_13
25
25
mono_CS_14
50
25
Undrained
CS
dense
mono_CS_15
100
25
mono_CS_16
200
25
mono_CS_17
25
25
mono_CS_18
50
25
mono_CS_19 Drained
CS
loose 100
25
mono_CS_20
200
25
mono_CS_21
500
25
mono_CS_22
25
25
mono_CS_23
50
25
Undrained
CS
loose
mono_CS_24
100
25
mono_CS_25
200
25
mono_SS_08
50
25
mono_SS_09
25
25
mono_SS_10 Drained
SS
dense 100
25
mono_SS_11
200
25
mono_SS_12
500
25
mono_SS_13
25
25
mono_SS_14
50
25
Undrained
SS
dense
mono_SS_15
100
25
mono_SS_16
200
25
mono_SS_17
25
25
mono_SS_18
50
25
mono_SS_19 Drained
SS
loose 100
25
mono_SS_20
200
25
mono_SS_21
500
25
mono_SS_22
25
25
mono_SS_23
50
25
Undrained
SS
loose
mono_SS_24
100
25
mono_SS_25
200
25
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5.4.3. Monotonic multi-directional strain path
This section presents the monotonic multi-directional strain paths investigated.
The monotonic multi-directional tests investigated in this thesis can be divided into
four stress paths groups, as described in Fig. 5-12. The majority of the
multi-directional monotonic shear tests were consolidated at a vertical effective
stress, σ'v0 = 50 kPa to replicate the average stress level experienced by the pile and
caisson anchor in the geotechnical centrifuge modelling (see Chapter 4).
For each multi-directional strain path, the specimen was sheared in one direction, to
a proportion of the maximum peak monotonic strength, τ1 = 0.5 and 0.95τmax.
By varying the amplitude of the first shear strain, the soil specimen may be brought
before peak state conditions and close to peak state conditions. Next, the specimen
was brought to failure by shearing in a direction, α2 = 60°, 90°, 120° and 180° from
the first shear direction, α1. Similar shear angles were considered by (DeGroot et al.,
1996). A shear strain magnitude of γ1 = 1% and 10% corresponded to a shear
strength mobilisation of 50% and 95% of the maximum monotonic peak capacity.
One percent strain corresponds to a displacement of 0.19 mm and ten percent strain
corresponds to a displacement of 1.90 mm. Fig. 5-12(a) and (b) show the strain paths
groups A and B, which imposed a first shear strain γ1 = 1% and γ1 = 10%
respectively. Also, Fig. 5-12(c) and (d) show the strain paths C and D, which
included a shear strain reversal in the first direction. With the shear strain being
zeroed at the end of the first shear, as shown in Fig. 5-12(c) and (d). All monotonic
multi-directional direct simple shear tests reported in this chapter were performed on
dry SS and CS, loose and dense density under drained conditions (constant σ'v0), with
strain-controlled loading conditions and at a vertical effective stress, σ'v0 = 50 kPa.
The list of monotonic multi-directional shear tests is provided in Table 5-6.
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γ2 = 25%

γ1 = 1%

(a)
Strain path group A:
Initial shear strain γ1 = 1%

γ1 = 1%

γ1 = 10%

(b)
Strain path group B:
Initial shear strain γ1 = 10%

γ1 = 10%

(c)
(d)
Strain path group C:
Strain path group D:
Initial shear strain γ1 = 1%
Initial shear strain γ1 = 10%
with strain reversal
with strain reversal
Fig. 5-12 Multi-directional monotonic strain paths groups including (i) the
first shear strain direction (arbitrary set at α1 = 0° along the x-direction) and
starting from the origin (0, 0), and (ii) the second shear strain direction
α2 = 60°, 90°, 120° and 180°
For the monotonic multi-directional shear test, the following terminology was used.
The stress and strain amplitude in the first shear direction (being the x-direction) was
denoted τ1 and γ1, and stress and strain amplitude in the first shear direction was
denoted τ2 and γ2. The measurement of the shear strain and shear stress were made
orthogonally (x, y) in the I-mcDSS so shear strain and shear stress in the second
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direction of shear were equal to the square root of the sum of the square of the
orthogonal measurements:
𝛾1 = 𝛾𝑥1

(5.4)

𝜏′1 = 𝜏′𝑥1

(5.5)

2
2
𝛾2 = √𝛾𝑥2
+ 𝛾𝑦2

(5.6)

𝜏′2 = √𝜏′2𝑥2 + 𝜏′2𝑦2

(5.7)

𝜏′𝑥2
)
𝜏′𝑦2

(5.8)

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 (

The complete characterisation of multi-directional monotonic direct simple shear
response required the definition of the following parameters:
|γ| = accumulated shear strain as defined by Eq. (5.9):
|𝛾| = 𝛾1 + 𝛾2

(5.9)

Table 5-6: List of monotonic multi-directional tests
Test ID
mono_CS_26
mono_CS_27
mono_CS_28
mono_CS_29
mono_CS_30
mono_CS_31
mono_CS_32
mono_CS_33
mono_CS_34
mono_CS_35
mono_CS_36
mono_CS_37
mono_CS_38
mono_CS_39
mono_CS_40
mono_CS_41
mono_CS_42
mono_CS_43
mono_CS_44
mono_CS_45

Drainage Material

Dr0

σ'v0
[kPa]

Strain
paths
group

Drained

CS

dense

50

A

Drained

CS

dense

50

B

Drained

CS

dense

50

C

Drained

CS

dense

50

D

Drained

CS

loose

50

A
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α2
[°]

γ1
[%]

γ2
[%]

60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180

1
1
1
1
10
10
10
10
1
1
1
1
10
10
10
10
1
1
1
1

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
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mono_CS_46
mono_CS_47
mono_CS_48
mono_CS_49
mono_CS_50
mono_CS_51
mono_CS_52
mono_CS_53
mono_CS_54
mono_CS_55
mono_CS_56
mono_CS_57
mono_SS_26
mono_SS_27
mono_SS_28
mono_SS_29
mono_SS_30
mono_SS_31
mono_SS_32
mono_SS_33
mono_SS_34
mono_SS_35
mono_SS_36
mono_SS_37
mono_SS_38
mono_SS_39
mono_SS_40
mono_SS_41
mono_SS_42
mono_SS_43
mono_SS_44
mono_SS_45
mono_SS_46
mono_SS_47
mono_SS_48
mono_SS_49
mono_SS_50
mono_SS_51
mono_SS_52
mono_SS_53
mono_SS_54
mono_SS_55
mono_SS_56
mono_SS_57
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Drained

CS

loose

50

B

Drained

CS

loose

50

C

Drained

CS

loose

50

D

Drained

SS

dense

50

A

Drained

SS

dense

50

B

Drained

SS

dense

50

C

Drained

SS

dense

50

D

Drained

SS

loose

50

A

Drained

SS

loose

50

B

Drained

SS

loose

50

C

Drained

SS

loose

50

D

60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180
60
90
120
180

10
10
10
10
1
1
1
1
10
10
10
10
1
1
1
1
10
10
10
10
1
1
1
1
10
10
10
10
1
1
1
1
10
10
10
10
1
1
1
1
10
10
10
10

25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
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5.4.4. Cyclic multi-directional strain path
Sand compaction can be twice as great when cycled in two directions than when
cycled in one direction (Pyke, 1975). Also, the cyclic shear strain magnitude greatly
influences the response of sands to cyclic Direct Simple Shear loading (Thiers and
Seed, 1968). As such, it was chosen in this study to vary the angle between the two
shearing directions, α and the cyclic shear strain magnitude along the first direction
only, γcyc1.
Cyclic multi-directional tests were performed following the stress paths described in
Fig. 5-13. The specimen was sheared up to γcyc1 along the x-direction, α1 = 0° and
brought back to zero strain. Next, the specimen was sheared up to γcyc2 along α2 and
brought back to zero strain again. This formed two load cycles at α1 and α2, which
were repeated 150 times so that N = 300 load cycles were applied in total.
Five different types of cyclic loading tests were performed as shown in Fig. 5-13:
one-way cyclic test (α1 = 0°), perpendicular cyclic test (α2 = 90°), two-way cyclic
test (α2 = 180°) and two intermediate loading conditions at (α2 = 60° and 120°).
In other publications, the herein reported test at α2 = 180° is usually referred as a
bi-directional or two-way cyclic direct simple shear test. Equally, the cyclic test at
α1 = 0° reported in this study is usually referred as cyclic direct simple shear test in
different publications.
Three values of cyclic shear strain, γcyc1 = 1/3%, 2/3% and 1% were selected for the
α2 = 90° case as shown in Fig. 5-14. The cyclic shear strain magnitude in the second
direction is kept constant, γcyc2 = 1% for each cyclic test.
The influence of the number of shearing directions was also investigated. Shear
strain paths with 1, 2 and 3 shearing directions are shown in Fig. 5-15. The strain
path with one shearing direction considered α1 = 0°. The strain path with two
shearing direction considered α1 = 0° and α2 = 120°. The strain path with three
shearing direction considered α1 = 0°, α2 = 120° and α3 = 240°. The strain paths were
noted 1D, 2D and 3D shear loading mode.
All cyclic multi-directional direct simple shear tests reported in this chapter were
performed on dry SS and CS, loose and dense density under drained conditions
(constant σ'v0), with strain-controlled loading conditions and at a vertical effective
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stress, σ'v0 = 50 kPa. The cyclic multi-directional strain path conditions are
summarised in Fig. 5-16 and listed in Table 5-7.

α1 = 0°

α1 = 0°

α2 = 60°

α2 = 60°

α2 = 90°

α2 = 90°

α2 = 120°

α2 = 120°

α2 = 180°

α2 = 180°

Fig. 5-13 Cyclic shear strain variation along the x- and y-direction against the
number of cycles (left) and plan view of strain paths (right)
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γcyc1 = 1/3%

γcyc1 = 1/3%

γcyc1 = 2/3%

γcyc1 = 2/3%

γcyc1 = 1%

γcyc1 = 1%

Fig. 5-14 Cyclic shear strain variation along the x- and y-direction against the
number of cycles (left) and plan view of strain paths (right)

α1 = 0°

α2 = 120°

α2 = 120°
α3 = 240°

α1 = 0°

α2 = 120°

α2 = 120°
α3 = 240°

Fig. 5-15 Cyclic shear strain variation along the x- and y-direction against the
number of cycles (left) and plan view of strain paths (right)
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3

3

γcyc2 = 1%
γcyc1 = 1/3%
γcyc1 = 2/3%
γcyc1 = 1%

4
4
2

1

2

1

γcyc1 = 1%
γcyc2 = 1%

(a)

(b)
γcyc2 = 1%
3

2
1
4
6

γcyc1 = 1%

5
γcyc3 = 1%

(c)
Fig. 5-16 Plan view of strain paths for the three cyclic strain path groups (a)
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Table 5-7: List of cyclic multi-directional tests
Test ID
cyc_CS_01
cyc_CS_02
cyc_CS_03
cyc_CS_04
cyc_CS_05
cyc_CS_06
cyc_CS_07
cyc_CS_08
cyc_CS_09
cyc_CS_10
cyc_CS_11
cyc_CS_12
cyc_CS_13
cyc_CS_14
cyc_CS_15
cyc_CS_16
cyc_SS_01
cyc_SS_02
cyc_SS_03
cyc_SS_04
cyc_SS_05
cyc_SS_06
cyc_SS_07
cyc_SS_08
cyc_SS_09
cyc_SS_10
cyc_SS_11
cyc_SS_12
cyc_SS_13
cyc_SS_14
cyc_SS_15
cyc_SS_16

Drainage

Material

σ'v0
[kPa]

Dr0

Drained

CS

50

dense

Drained

CS

50

loose

Drained

CS

50

Drained

CS

50

Drained

CS

50

Drained

SS

50

dense

Drained

SS

50

loose

Drained

SS

50

Drained

SS

50

Drained

SS

50
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dense
dense
loose
loose
dense
loose

dense
dense
loose
loose
dense
loose

α2
[°]

α3
[°]

N
[-]

γ1
[%]

γ2
[%]

γ3
[%]

60
90
120
180
60
90
120
180
90
90
90
90
120
120
60
90
120
180
60
90
120
180
90
90
90
90
120
120

240
240
240
240

150
300
300
300
300
150
300
300
300
300
300
300
300
300
450
450
150
300
300
300
300
150
300
300
300
300
300
300
300
300
450
450

1
1
1
1
1
1
1
1
1
1
0.33
0.66
0.33
0.66
1
1
1
1
1
1
1
1
1
1
1
1
0.33
0.66
0.33
0.66
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
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5.5.

RESULTS & DISCUSSION

5.5.1. Repeatability
Results of stress-strain, volumetric strain and relative density change for the
repeatability tests are presented in Fig. 5-17 and are analysed in Table 5-8. The peak
and ultimate friction angles were calculated with the tangent method as discussed in
Chapter 2.
The standard deviations of the ultimate friction angle, ϕult. were 1.20 and 1.99 for SS
and CS respectively. The standard deviation of the peak friction angle, ϕpeak for SS
was found around 1.04 and around 2.34 for CS. The standard deviation of the change
in relative density at the ultimate strength was 1.77 for SS and 2.49 for CS.
The variation of the relative density change during monotonic uni-directional simple
shear was larger for SS than for CS.
The variation of the measured peak and ultimate friction angles and change in
relative density at the ultimate strength was higher for CS than for SS. There are
many factors that could explain largest variability for CS. The particle size
distribution curve of CS (see Fig. 5-8) was wider than SS. CS was more angular
(see Annex 5-2) and dilated more than SS and potentially resulted in more variation.
The larger variation in particle shape may have resulted in less homogeneous
samples for CS than for SS. For example, more round particles on bottom and more
angular at top may be found on CS sample. All these factors may have resulted in
higher variability in the estimation of both the peak and ultimate friction angles.
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dense SS

(a)

dense CS

(b)
dense CS

dense SS

(c)

(d)

Fig. 5-17 Repeatability monotonic uni-directional shear test results (a-b)
stress-strain curves and (c-d) volumetric strain responses
(a-c) dense SS and (b-d) dense CS
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Table 5-8: Repeatability results of monotonic uni-directional direct simple shear tests on SS and CS materials
Dr0 Drult. ΔDr τ'peak τ'ult. ϕpeak
ϕult
γpeak dv/v0
Test ID
Material
[%] [%] [%] [kPa] [kPa] [°]
[°]
[%]
[-]
mono_SS_01
95.2 82.8 12.4 37.7 30.5 36.3 30.7 10.6 -0.02
mono_SS_02
96.7 83.4 13.3 38.2 31.5 36.6 31.5 11.4 -0.202
mono_SS_03
95.7
88
7.7
34.9 31.6 34.2 31.5 10.6 -0.13
mono_SS_04
95.7 85.7
10
36.1 31.7
35
31.5 10.5 -0.167
mono_SS_05
95.7 85.8
9.9
39.2 35.2 37.3 34.4 12.1 -0.158
mono_SS_06
SS
96.9
87
9.9
37
33.2 35.7 32.7
9.2
-0.19
mono_SS_07
95.5
85
10.5 36.6 31.2 35.4 31.2
8.8 -0.192
mono_SS_08
95.4 83.5 11.9 35.9 30.7 34.7
31
12.1 -0.17
standard dev.
0.61 1.84 1.77 1.38 1.55 1.04 1.20 1.21
0.06
average
95.85 85.15 10.70 36.95 31.95 35.65 31.81 10.66 -0.15
COV
0.64 2.16 16.53 3.74 4.84 2.91 3.77 11.39 -38.13
mono_CS_01
95.1 71.7 23.4 44.9 37.7 38.7 34.6 13.1 -0.238
mono_CS_02
95
78.8 16.2 41.4 35.4 41.6 36.8 13.2 -0.214
mono_CS_03
94.5 76.1 18.4 45.7 38.2
38
33.9 12.8 -0.259
mono_CS_04
95.1 75.8 19.3 40.4 34.6 41.5 37.3 13.3 -0.213
mono_CS_05
95.6 76.9 18.7 45.4 39.2 39.6 32.7 12.8 -0.232
mono_CS_06
CS
94.8 73.8
21
42.7 33.5
39
35.3 13.8 -0.261
mono_CS_07
96.8 81.2 15.6 41.3 37.5 41.3 36.9 12.8 -0.191
mono_CS_08
95.8
77
18.8 45.3 38.7 45.3 38.7 11.7 -0.216
standard dev.
0.72 2.90 2.49 2.17 2.08 2.34 1.99 0.60
0.02
average
95.3 76.4 18.9 43.4 36.9 40.6 35.8 12.9
-0.2
COV
0.76 3.79 13.14 5.01 5.65 5.76 5.57 4.67 -10.61
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5.5.2. Monotonic uni-directional simple shear tests
Uni-directional monotonic direct simple shear tests were conducted on SS and CS
for four vertical effective stresses (σ'v0 = 25, 50, 100 and 200 kPa) under undrained
conditions and for five vertical effective stresses (σ'v0 = 25, 50, 100, 200 and
500 kPa) under drained conditions. The definition of the various calculated friction
angles for drained and undrained tests is illustrated in Fig. 5-18.
•

ϕpeak represents the friction angle at the peak resistance in drained conditions.

•

ϕult. represents the friction angle at the ultimate resistance (maximum strain).
Under some testing conditions, critical state was not completely reached.
Therefore, under drained conditions, the friction angle obtained at maximum
strain was noted ultimate and not critical.

•

ϕmax,

undrained

represents the maximum measured friction angle under

undrained conditions.
•

ϕyield represents the point on the stress path where the maximum shear stress
is mobilised by the soil structure under undrained conditions without
undergoing large irrecoverable deformations. This point is also assimilated
with the initiation of contractive deformation.

•

ϕPT represents the friction angle of the soil at the lowest vertical effective
stress.

ϕpeak

ϕult.

ϕpeak

ϕmax, undrained

ϕult.
ϕmax, undrained
ϕyield

ϕPT
ϕyield

ϕPT

(a)

(b)

Fig. 5-18 Typical relationship for drained and undrained DSS test at
σ'v0 = 100 kPa (a) stress-strain curves and (b) stress path
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5.5.2.1.Drained monotonic uni-directional results (constant vertical effective
stress)
Stress-strain response, volume response and stress path for uni-directional
monotonic shear tests under drained conditions are shown in Fig. 5-19 for SS and
Fig. 5-20 for CS. Fig. 5-19(a) and (b) show the stress-strain behaviour of SS, for
loose and dense densities respectively for all the levels of vertical effective stress.
For each test, the initially dense SS reached a maximum strength (peak strength),
followed by a decrease in resistance (softening) and reached the ultimate strength
(residual), Fig. 5-19(a). For the loose SS, peak strength was not observed, and the
maximum strength was close to the ultimate strength of the dense sand, Fig. 5-19(b).
This indicated that the ultimate strength was approaching critical state. Similar
drained behaviour was observed for CS as shown in Fig. 5-20(b). Comparing the two
sands, it can be observed that CS mobilised higher shear stress than SS. The shape of
the sand particles may explain this maximum mobilised shear stress. CS was mostly
composed of angular particles, which had a higher frictional resistance than SS,
which was mostly composed of rounded particles (see Fig. 5-9 and Fig. 5-11).
The angularity of the particles of CS produced more dilation and resulted in higher
shearing resistance than SS.
Fig. 5-19(e) and Fig. 5-19(f) show the volumetric strain response of SS, for loose
and dense densities for all level of vertical effective stress (σ'v0 = 25, 50, 100, 200
and 500 kPa). Overall, the evolution of the volume changes from loose to dense was
similar among the two sands and for the range of vertical effective stresses
considered. In terms of volume change, dense sands initially contracted a little before
dilating and levelling-off at the ultimate condition. Constant volume conditions were
reached for the dense SS. As the vertical effective stress increased, the volumetric
strain decreased. At higher confinement, rearrangement of particles (dilation)
became more difficult and the soil became less dilatant (i.e. the volumetric strain at
ultimate condition was lower). Loose sands initially contracted before an apparent
expansion at strain larger than γ = 15%. As the relative density increases, the
contractive behaviour gradually evolves into a dilative behaviour. Such volume
change is typical of sands.
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Comparing the volume change of the two sands during shear, it was noted that the
dilation and the contraction of SS was lower than CS. Constant volume conditions
were reached at about γ = 15 to 18% for SS. For CS, constant volume conditions
were not clearly observed in the range of strain considered (γ = 25%). However, an
approaching steady condition was visible from a shear strain of about γ = 20%.
As commonly observed for calcareous sands (Sharma and Ismail, 2006; Sharma and
Joer, 2015), CS does not reach critical conditions as quickly as SS (γult. = 17% for SS
and γult. = 23% for CS), likely due to larger difference between emin and emax for CS
than for SS (wider gradation curve for CS). The above results confirm that the range
of relative density considered (Dr0 = 55% and 95%) was suitable to show both
dilative and contractive behaviour in the I-mcDSS.
In addition to the volume change plots, the dilative and contractive response of sands
may be represented with the relative density, Dr plotted against the horizontal shear
strain, γ (see Fig. 5-19(g-h) for SS and Fig. 5-20(g-h) for CS). This plot essentially
presents the same information as the volumetric strain response plots. Loose sands
initially underwent relative density increase (i.e. contraction) of about ΔDr = 5%
before decreasing and reaching back the same initial density at the ultimate
conditions. Little contraction was observed for dense sands (lower than ΔDr = 1%)
before dilation and a reduction of the relative density by about ΔDr = 15% at the
ultimate conditions.
Fig. 5-19(c-d) and Fig. 5-20(c-d) show the stress path of SS and CS respectively and
for loose and dense conditions for all level of vertical effective stress (σ'v0 = 25, 50,
100, 200 and 500 kPa). Under drained conditions, the vertical effective stress,
σ'v was kept constant throughout the test. Consequently, the stress path was
represented by a single vertical straight line joining the vertical effective stress at
initial condition, σ'v0 to the failure envelope as shown in Fig. 5-18. The peak friction
angle mobilised, ϕpeak and the ultimate friction angle, ϕult. can then be obtained. Table
5-9 lists ϕpeak and ϕult. for both sands, at dense and loose densities under the range of
vertical effective stress investigated. The ultimate friction angle was developed at
large strain (γ > 20%) and was irrespective of initial conditions. The critical state was
defined as the condition when no volume change occurs by shearing (i.e. constant
volume reached). Globally, CS shows a higher peak friction angle than SS by about
3° in loose state and by about 4° in the dense state. Both sands became less and less
Centre for Offshore Foundation Systems
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dilatant, as the vertical effective stress increases, as shown by the decrease of ϕpeak.
Particle shape may allow for more interlocking at particle contacts at low confining
stresses (σ'v0 < 50 kPa), which resulted in larger peak friction angles.
This phenomenon was clearly observed in Fig. 5-19(c-d) for SS.
The drained failure envelopes for both sands at loose and dense densities are plotted
in Fig. 5-21. In general, the failure envelope of sands is non-linear. The curved
strength envelope may be the results of the decrease in the geometrical interference
component of shear strength with increasing vertical effective stress (Terzaghi et al.,
1996). However, the failure envelope was represented by a straight line in the stress
path plot.

(a)
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ϕpeak

ϕpeak

(c)

(d)

(e)

(f)

(g)

(h)

Fig. 5-19 Dry drained monotonic uni-directional results, SS; (a-b) stress-strain
curves, (c-d) stress paths, (e-f) volumetric strain responses, (g-h) relative density
curves (a-c-e-g)
dense SS and (b-d-f-h) loose SS
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(a)

(b)
ϕpeak

(c)
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(e)

(f)

(g)

(h)

Fig. 5-20 Dry drained monotonic uni-directional results, CS; (a-b) stress-strain
curves, (c-d) stress paths, (e-f) volumetric strain responses, (g-h) relative density
curves
(a-c-e-g) dense CS and (b-d-f-h) loose CS

SS

(a)

CS

(b)

Fig. 5-21 Strength envelopes for (a) SS (b) CS
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Table 5-9: Results of drained uni-directional monotonic shear tests for SS and
CS
σ'v0
Dr0 Drult. ΔDr ϕpeak ϕult. γpeak
Test ID
Material
[kPa] [%] [%] [%]
[°]
[°]
[%]
mono_SS_09
25
96.8
82
14.8 41.8 36.7 8.75
mono_SS_08
50
95.2 82.8 12.4 36.3 34.4 10.57
mono_SS_10
SS
100
96.8 83.4 13.4 36.6 31.3 11.84
mono_SS_11
200
97.9 87.2 10.7 33.5 29.6 14.01
mono_SS_12
500 102.9 93.9 9.0
34 32.4 19.21
mono_SS_17
25
51.9 47.6 4.3
35.3
mono_SS_18
50
55.4 49.8 5.6
32
mono_SS_19
SS
100
60.8 56.4 4.4
32.8
mono_SS_20
200
59.6
60 -0.40
30.6
mono_SS_21
500
70.7
72 -1.30
31.3
mono_CS_09
25
94.2 70.7 23.5 41.2 33.8 10.78
mono_CS_08
50
95.1 71.7 23.4 41.3 37.3 12.02
mono_CS_10
CS
100
94.3 72.7 21.6 41.2 37.1 15.28
mono_CS_11
200
95.2 79.2 16.0 39.3 35.9 16.72
mono_CS_12
500 99.15 96.1 3.05 37.8 37.8 22.11
mono_CS_17
25
51.9
44
7.9
33.2
mono_CS_18
50
55.4
45
10.4
37.4
mono_CS_19
CS
100
60.8 45.8 15.0
35
mono_CS_20
200
59.6 50.7 8.90
36
mono_CS_21
500
70.7 70.4 0.30
33.9
-

5.5.2.2.Undrained
behaviour)

monotonic

uni-directional

results

(constant

volume

Stress-strain, equivalent pore water pressure generation and stress path of SS and CS
sands for undrained monotonic shear tests are shown in Fig. 5-22 and Fig. 5-23
respectively. The maximum capacity of the horizontal load cells (400 kPa) did not
allowed for undrained shearing up to 25% strain at high density at σ'v0 = 200 and
500 kPa. As such, some tests were stopped at 15% strain at σ'v0 = 200 kPa and tests
at σ'v0 = 500 kPa were not performed.
Fig. 5-22(a) and (b) show the stress-strain behaviour of dense and loose SS for
several vertical effective stress, respectively. Similarly to the drained behaviour,
higher shear strength was mobilised with higher vertical effective stress. Dense sands
significantly showed larger shear strength than loose sands without peak resistance
observed (see Fig. 5-22(a)). At equivalent vertical effective stress, high density SS
showed a shear stress response between 5 to 12 times higher than the loose density
SS at large strain (γ > 15%). The difference of shear stress mobilised at γ = 15% for
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dense SS was between 2 to 10 times higher than loose SS. Similar results were
reported by Vaid and Sivathayalan (1996) on Fraser Delta sand, where the shear
stress was found four times higher at γ = 20% with a relative density increasing from
25% to 50%. It was also noted from the stress-strain plots that only the loose density
SS exhibited a peak resistance for the range of vertical effective stress considered
(see Fig. 5-22(b)). The peak response observed on the stress-strain curves of constant
volume shear test is an indicator of contractive deformation. Increasing vertical
effective stress caused more contractive response as observed by the prominence of
the peak resistance at σ'v0 = 200 kPa. A similar contractive response on loose density
Fraser Delta sand (Dr0 = 40%) at σ'v0 = 400 kPa were reported by Vaid and
Sivathayalan (1996) on undrained monotonic DSS tests.
The friction angle at yield, ϕyield could only be measured for loose SS and were found
around 14° (see Table 5-10). The effective stress conditions at yield for loose SS are
shown in Fig. 5-24(a). It was noted that the friction angle at yield was independent of
the vertical effective stress; therefore, a straight line could be drawn.
The point of minimum vertical effective stress was assumed as the phase
transformation and the friction angle at the phase transformation, ϕPT was obtained at
this particular point. Table 5-10 lists ϕPT for both SS and CS. It has been reported by
(Vaid and Sivathayalan, 1996) that the friction angle at the phase transformation was
constant regardless of the relative density and the vertical effective stress. Linear
regression noted ϕ*PT was performed on the measured friction angle at phase
transformation for both loose SS and CS (see Fig. 5-24(c) and Fig. 5-24(d)). Sands
are granular materials and as such do not have shear resistance at zero vertical
effective stress (no cohesion). Therefore, the linear regression was forced through
(0, 0). It is noted that the ϕ*PT is higher for SS than CS by 1.4°.
Fig. 5-22(c) and (d) show the change in total vertical effective stress, Δσ'v, which
was assumed equivalent to the pore water pressure generation that would be
measured in an equivalent undrained saturated test (Dyvik et al., 1987). Under
constant volume conditions, the change in vertical effective stress is an indicator of
volume change tendency. Positive pore water pressure would develop if the soil
contracts under shearing. Conversely, negative pore pressure would develop if the
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soil dilates under shearing. As reported by Peacock and Seed (1968) and Finn (1972)
significant excess pore water pressure develops in DSS.
The undrained stress path is shown in Fig. 5-22(e) and (f) for SS and Fig. 5-23(e)
and (f) for CS. The maximum undrained shear stress was observed to be independent
of the vertical effective stress (like the friction angle at the phase transformation).
Therefore, at large strain, a unique straight line (critical state line) can be drawn
joining the origin of the stress path plot to the maximum shear stress of each vertical
effective stress. The maximum mobilised friction angle under undrained conditions,
ϕmax,

undrained

can be deduced from linear regression, ϕ*max, undrained. Table 5-10 lists

ϕmax, undrained for both sands and both densities. The measured ϕ*max, undrained was
higher by 2.7° for CS. These results were similar with the drained conditions results
where the drained failure envelope was higher for CS. The particle shape and
roughness of CS likely played a non-trivial role in the shear-strain behaviour by
producing higher frictional resistance under both drained and undrained conditions.

loose SS

dense SS

(a)
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dense SS

loose SS

(c)

(d)

ϕmax, undrained

ϕmax, undrained

dense SS

(e)

loose SS

(f)

Fig. 5-22 Dry undrained monotonic uni-directional results for SS; (a-b) stressstrain curves, (c-d) pore pressure response, (e-f) stress paths
(a-c-e) dense SS and (b-d-f) loose SS
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loose CS

dense CS

(a)

(b)

loose CS

dense CS

(c)
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loose CS

dense CS

(e)

(f)

Fig. 5-23 Dry undrained monotonic uni-directional results for CS; (a-b)
stress-strain curves, (c-d) pore pressure response, (e-f) stress paths
(a-c-e) dense CS and (b-d-f) loose CS
Table 5-10: Results of undrained uni-directional monotonic shear tests for SS
and CS
ϕmax,
ϕ*max,
σ'v0
Dr0
ϕPT ϕ*PT ϕyield
Test ID
Material
[kPa] [%] undrained undrained [°]
[°]
[°]
[°]
[°]
mono_SS_13
25
93.8
32.4
mono_SS_14
50
95.6
32.8
mono_SS_15
100 94.6
31.4
25.9
mono_SS_16
200 97.1
30.4
19.1
SS
31
25.4
mono_SS_22
25
52.6
37.3
36.9
14.1
mono_SS_23
50
55.6
32.8
17.8
9.5
mono_SS_24
100 66.2
31.4
22.2
14.3
mono_SS_25
200 56.1
30.4
28.6
14.9
mono_CS_13
25
95.4
34.6
mono_CS_14
50
96.1
34.6
mono_CS_15
100 95.2
34.2
mono_CS_16
200 96.3
33.6
20.7
CS
33.7
24
mono_CS_22
25
48.7
31
21.8
mono_CS_23
50
50.6
32.1
22.4
mono_CS_24
100 50.5
31.9
21.8
mono_CS_25
200 50.2
32
24.9
-
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No yield point measured on CS
SS

(a) ϕyield

(b) ϕyield

SS

(c) ϕPT

(d) ϕPT

SS

(e) ϕmax, undrained
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CS

CS

(f) ϕmax, undrained
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(g) ϕpeak

(h) ϕpeak

Fig. 5-24 Summary of effective stress conditions measured in monotonic shear
tests; (a-b) friction angles at yield (c-d) friction angles at phase transformation
(e-f) maximum undrained friction angles (g-h) maximum drained friction
angles
5.5.3. Monotonic multi-directional simple shear tests
The response of SS and CS under multi-direction shear stresses (strain controlled)
are shown in Fig. 5-25(a-b) and Fig. 5-25(c-d) respectively. Absolute and shear
stress normalised by vertical effective stress (τ'/σ'v0) is provided for comparison with
existing literature. Results of individual monotonic multi-directional direct simple
shear tests are presented in Annex 5-4 and include: (i) plan view of strain path (ii)
shear-strain curves in the x-direction (iii) shear-strain curves in the y-direction (iv)
plan view of the shear stress τ'x against τ'y (v) stress path (vi) volumetric strain
against accumulated shear strain and (vii) relative density and void ratio against
accumulated shear strain.
As shown in shear stress vector – strain plots, Fig. 5-26(a) most tests reached a
critical shear stress state. Shear strength (peak and critical) of the sediment in the
y-direction, τ'y, was influenced by applying the shear stress in the x-direction, τ'x and
vice versa. This was most readily seen in the α2 = 60° and 120° experiments.
Interestingly, this meant that the behaviour of sand in multi-directional simple shear
can be represented by a (τ'x, τ'y) ‘failure’ envelope analogous to those introduced by
Nova & Montrasio (1991) and Bransby & Randolph (1998). For an isotropic sample
the failure envelope would be circular with a radius equal to the τ'x monotonic
strength, but this would not be the case if prestrain introduced anisotropy into the
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system. In the four charts in Fig. 5-25, the monotonic τ'x peak and critical shear
strength have been superimposed with the dashed and solid circles, respectively, for
reference.
During the α2 = 60° large strain experiments the stress paths more or less follows the
yield envelope until failure was reached. For both sets of 60° < α2 < 180°
experiments, the stress paths can be seen cutting inside the monotonic failure
envelope suggesting nonlinear elasticity, Fig. 5-25. For elastic material such as
rubber, the stress paths would follow the shearing direction (see Fig. 5-7). This could
be the result of soil grains reorganisation and stress relaxation in the x-direction.
Interestingly at an angle, α2, of 60° stress in the x-direction, τ'x, was maintained
while stress in the y-direction, τ'y, increased, mimicking a load-control test. This can
be especially seen in the small prestrain tests, Fig. 5-25(b-d) where the 60° shear
paths were essentially vertical. This suggested that critical shear strength was
dependent on the magnitude of prestrain and the loading angle, α2, Fig. 5-25. Critical
strength difference was maximum at an angle, α2, of 90° to the prestrain increment.
The maximum variation was four times larger than the monotonic COV reported in
Table 5-8.
Mechanical properties of sands (e.g. mobilised strength, dilatancy rate) can be
influenced by the initial sample fabric/preparation methods (Oda, 1972). Since
critical state is independent of initial void ratio and the reconstituted sample should
have been radial isotropic, fabric anisotropy must be introduced to the sample by the
large prestrain increment impacting the critical state behaviour in the subsequent
reloading. The exception to this was the 180° case where the shear strength was
equal to the τ'x monotonic strength. It was likely the results of sand particles going
back to the ‘holes’ left behind during the prestrain restoring the initial fabric.
This zone may be called elastic, even though microscopically soil particles may not
go back to their original positions after the prestrain increment. At the other
reloading angles, the fabric reorganises and the critical shear strength changes, this
would be akin to plastic expansion of the (τ'x, τ'y) failure envelope. Less critical state
variations were seen during the small prestain tests, but only dense samples exhibit
obvious trends with shearing angle, Fig. 5-25(a-c). It was suspected that the small
prestrain was not enough to reliably reorganise the loose soil fabric. Randomness
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could still play a role in the measured variation of critical state stress. It was possible
that the COV measured from eight monotonic samples may not be representative of
that seen in multi-directional direct simple shear, but given the dependency of
critical strength on shearing angle, seen in Fig. 5-25, and the studies from Oda
(1972) and Yimsiri and Soga (2010), this was believed to be a real phenomenon.
It was observed throughout all tested dense sands at large prestrain that the peak
shear strength in the subsequent monotonic reloading was reached at larger shear
strain, γpeak for large shearing direction. Similar strain magnitude responses have been
reported in DeGroot et al. (1996), Kammerer et al. (2002) and Rudolph et al. (2014)
in direct simple shear mode. SS and CS had markedly similar behaviour with the
exception of CS showing reduction in critical strength in the dense sample after large
prestrain, Fig. 5-26(b). This could be the result of immeasurable particle crushing
along the shear band, but it could be that fabric rearrangement in a high angularity
sediment results in lower strength or softening. In fact, it could be argued that
strength gain or loss were equally likely due to the rearrangement of sample fabric.
Regardless, more investigation is needed.
No measurable difference in the particle size distribution was recorded before and
after multi-directional shearing. It is plausible that particle crushing occurred in
small quantities within the shear band, as has been described by others (e.g.
Sadrekarimi and Olson (2010)).
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large prestrain

small prestrain

γ1 = 10%

γ1 = 1%

τult.

τult.

τpeak

τpeak

(a)

(b)

small prestrain

large prestrain

τult.

τult.
τpeak

τpeak

(c)
(d)
Fig. 5-25 Plan view of effective stresses (τ'x,, τ'y) of SS (a-b) and CS (c-d); (a-c)
small prestrain (b-d) large prestrain (open markers are loose sands, solid
markers are dense sands)
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γ1 = 10%

γ2 = 25%

(b)

(a)

Fig. 5-26 (a) Shear stress vector against shear strain magnitude (b) Critical
shear stress change against shearing angle, open markers are loose densities
and full markers are dense densities
In drained conditions, the initiations of plastic strains can be determined by
examining the onset of permanent volumetric strain. The volumetric response for SS
and CS is shown in Fig. 5-27. The shear strain magnitude in the direction of
shearing, |γ| is plotted against the void ratio e, and the relative density, Dr.
During the large prestrain experiments, reloading at angle, α2 > 60°, corresponded
with volumetric contraction in both SS and CS, with maximums at 180°,
Fig. 5-27(b-d). In the case of the dense tests, this corresponded with a phase
transformation from dilation to contraction, Fig. 5-27(b-d). As seen in Fig. 5-28, the
minimum void ratio of the sample was linearly related to the reload angle, α2, but
strain to reach maximum contraction varied, Fig. 5-27(b-d). This behaviour was
likely the result of the relaxation of the shear stress vector, ⃗τ'⃗, as seen in Fig. 5-25.
The shear stress vector was calculated from Eq. (5.10):
⃗τ'⃗ = 𝜏’1 + 𝜏’2

(5.10)

During reloading, particle reorganisation appeared to result in a large decrease in τ'x
such that the shear stress vector, ⃗τ'⃗ , also decreased and the sample contracted. Once
⃗τ'⃗ began to increase again the samples went through phase transformation again and
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dilated towards the critical void ratio. The α2 = 60° tests did not exhibit this double
phase transformation, instead ⃗τ'⃗ stayed practically constant and its volumetric
behaviour was similar to a test with an angle, α2 of 0°, Fig. 5-25(b-d).
At small prestrains of, γ1 = 1%, this effect was small to non-existent, Fig. 5-27(a-c),
since the rate of τ'x dissipation (slope of stress path) was much lower and overall the
shear stress vector, ⃗τ'⃗, followed similar course to the uni-directional simple shear test.
At 1% prestrain the sample had experienced minor structural rearrangement but at
10% prestrain, the structure rearrangement was such that the sample had a new
anisotropic and non-uniform structure. For large prestrain, fully developed plastic
strain resulted in yield envelope expansion. SS and CS showed similar volumetric
behaviours. However, the high angularity CS did exhibit larger volume changes than
the subrounded SS, as would be expected, Fig. 5-27(c-d) (Sharma, 2004).
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γ1 = 1%

γ2 = 25%

constant volume
conditions reached

γ1 = 10%

γ2 = 25%

large
contraction
α increases

(a)
γ1 = 1%

γ2 = 25%

(b)
γ1 = 10%

γ2 = 25%

α increases

(c)
(d)
Fig. 5-27 Volumetric response of SS (a-b) and CS (c-d); (a-c) small prestrain
(b-d) large prestrain (open markers are loose sands, solid markers are dense
sands)
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large prestrain

Fig. 5-28 Minimum void ratio reached during reloading against shearing angle

dilation
shear stress release

dilation
shear stress increase

dilation
shear stress release

dilation
shear stress increase

contraction
contraction
shear stress release shear stress increase

contraction
contraction
shear stress release shear stress increase

(a)

(b)

Fig. 5-29 Volumetric and stress change in multi-directional simple shear stress
mode after large prestrain; (a) loose SS and CS and (b) dense SS and CS
Monotonic reloading starts at (0, 0)
At this stage, it is supposed that the test at α2 = 180° behaved similarly to the
standard DSS because the sand particles rolled slightly on top of each other during
the initial shear strain and went back to the ‘hole’ left behind during the second
monotonic shear direction (at 180°). Conversely, when the second shear direction
was applied at an angle (α2 = 60°, 90°, 120°), the sand particles were prevented to go
back into the hole left behind and were constrained to push adjacent particles away
prior climbing them, which then generated more contraction and in turn delayed the
dilation phase. This behaviour is illustrated in Fig. 5-30.
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Fig. 5-30 Schematic of particle movements in multi-directional monotonic shear
tests
5.5.4. Cyclic multi-directional simple shear tests
This section describes the cyclic multi-directional direct simple shear tests that were
performed on SS and CS under drained conditions. Results of individual cyclic
multi-directional direct simple shear tests are presented in Annex 5-5. The
stress-strain curves (hysteresis loop) are decomposed into x- and y-direction. The
number of applied cycles was chosen based on few initial one-way and two-way
cyclic tests on SS. A steady stress-strain-volume response was seen to be reached
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between the 75th and 100th load cycles. Liquefaction study with large strain (γ = 3%)
typically applied a number of cycles lower than 100 load (Ishihara et al., 1975) while
study on small-strain behaviour (γ < 0.01%) apply between 1,000 to 10,000 load
cycles (Dyvik et al., 1981). Based upon practices found in literature and the cyclic
strain amplitude considered in this study, γcyc < 1%, the number of applied load
cycles was set at 300 load cycles.

5.5.4.1.Cyclic test result with variation of the shearing angle
Similarly to the monotonic multi-directional direct simple shear tests, two initial
void ratios were considered for the cyclic tests that corresponded to a loose
(Dr0 ~ 55%) and a dense (Dr0 ~ 95%) state for SS and CS. The loading combination
and strain paths are reported in Fig. 5-13. The results of a typical two-way cyclic
loading condition test (α2 = 180°) are presented in Fig. 5-31(a-b) for a loose density
SS and Fig. 5-31(c-d) for a dense density SS. The stress-strain behaviour along the
x-direction is shown in Fig. 5-31(a) and the volumetric strain response is shown in
Fig. 5-31(b). For purpose of clarity, only four selected cycles are represented
(N = 1, 5, 10 and 150).
It can be clearly identified that the shear stress increased over loading cycles,
indicating a hardening type mechanism. This strain-hardening deformation type was
accompanied by volumetric contraction (densification). The mobilised shear stress
increased from τ'x = 14.5 kPa to 26.1 kPa and the relative density increased from
Dr = 54.8% to 87.7% from the 1st cycle to the 150th cycles. Steady conditions were
not exactly reached after 150 load cycles (see Fig. 5-33). Results for loose CS under
two-way cyclic loading condition are similarly shown in Fig. 5-32. Similar response
was observed with shear stress increasing from τ'x = 13.0 kPa to 22.9 kPa and the
relative density increases from Dr = 53.5% to 87.3% from the 1st cycle to the 150th
cycles. For dense CS, the shear stress increased from τ'x = 19.6 kPa to 23.6 kPa and
the relative density increases from Dr = 95.7% to 101.9% from the 1st cycle to the
150th cycles. Surprisingly, CS showed a weaker cyclic response than SS.
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loose SS

N = 150

G

loose SS
N = 150

N = 10
N=5

N=1

N=1

(b)

(a)
dense SS

dense SS

(c)

(d)

Fig. 5-31 Two-way cyclic loading condition results for SS, γcyc = 1% (a-b) loose
initial conditions (c-d) dense initial conditions
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loose CS

loose CS

N = 150

N = 10
N=5
N=1

(b)

(a)
dense CS

dense CS

(d)

(c)

Fig. 5-32 Two-way cyclic loading condition results for CS, γcyc = 1% (a-b) loose
initial conditions (c-d) dense initial conditions
Results for SS and CS to two-way cyclic loading are summarised in Fig. 5-33 for
loose and dense density where the degradation index, βi and the volumetric strain,
δv/v0 are plotted against load cycles. The degradation index as introduced by Idriss et
al. (1978) is defined in Eq. (5.11) as the ratio of secant shear modulus at each cycles,
GNx and the secant shear modulus at the first cycle, GN1.

𝛽𝑖 =

𝜏′𝑁𝑥 ⁄𝛾𝑁𝑥 𝐺𝑁𝑥 𝜏𝑁𝑥
=
=
𝜏′𝑁1 ⁄𝛾𝑁1 𝐺𝑁1 𝜏𝑁1

(5.11)

The degradation index, βi indicates a strain-hardening behaviour when the index is
higher than one and a strain-softening behaviour when the index is lower than one.
Globally, the volume contraction of SS and CS was larger for high initial void ratio,
δv/v0 = 4% to 4.5% respectively. The large volume contraction resulted in an
increase of the shear resistance as shown by the increase of the degradation index, βi
in Fig. 5-33(a). The degradation index was about 1.5 for loose sands after N = 300
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load cycles and about 1.15-1.2 for dense sands. It is also noted that CS contracted
slightly more than SS (and thus exhibits more hardening) for both initial void ratio.
As mentioned in the monotonic testing section, this was likely due to the higher
initial void ratio of CS compared to SS. This is consistent with existing data reported
in Silver and Seed (1972) and Duku et al. (2008). Drained cyclic compression
triaxial tests on SS and CS also showed a strain-hardening type behaviour as
reported by Wichtmann et al. (2005) and Sharma and Fahey (2003) respectively.
Additionally, Finn et al. (1982) found that sands became stronger with increasing
number of load cycles and eventually reaches a steady stress-strain hysteresis loop.
On the volumetric strain response, it was firstly observed that the relative density
change (ΔDr) that occurred during cyclic multi-directional shear was influenced by
the particle angularity, with the largest contractive response for CS sands compared
to SS sands. Similar volume response was observed by Sibley (2016) on cyclic
bi-directional drained DSS tests for four different sands.

contraction

(a)
(b)
Fig. 5-33 Cyclic test results for loose and dense SS and CS under bi-directional
cyclic loading (α2 = 180°)
Fig. 5-34 and Fig. 5-35 show the results of multi-directional cyclic direct simple
shear tests for all shearing angles considered (α2 = 0°, 60°, 90°, 120° and 180°).
It can be observed that one-way and two-way cyclic loading produce the same
degradation index for loose SS although the total volumetric strain response was
almost twice higher for the two-way than for the one-way loading case. Similar order
of volume and secant shear modulus changes were reported in Pyke (1975) in dry
sands, where the sand compaction was twice larger under horizontal orthogonal
shearing direction than under one horizontal shearing direction. Loose CS showed a
different response where the degradation index for one-way cyclic loading was small
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(βi = 1.04), while the volumetric strain was δv/v0 = 2.1%. For comparison, under
identical loading conditions, loose SS had a degradation index of βi = 1.52 and a
volumetric strain of δv/v0 = 2.7%. For loose CS, the degradation index, βi was found
to increase by approximately 1.04 to 1.45 as the shearing angle increased from
α2 = 0° to 180°.

SS

CS

(a)

SS

(b)

contraction

(c)

CS
contraction

(d)

Fig. 5-34 Cyclic test results for loose SS and CS, α2 = 0°, 60°, 90°, 120° and 180°
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(a)

(b)

SS

CS
contraction

(c)

contraction

(d)

Fig. 5-35 Cyclic test results for dense SS and CS, α2 = 0°, 60°, 90°, 120° and 180°
The volumetric strain response of perpendicular and intermediate cyclic loading was
always comprised between the one-way and two-way cyclic loadings without a clear
relationship with the shearing angle, α2. As observed previously for monotonic
multi-directional direct simple shear tests, the volumetric response was strongly
influenced by the shearing angle, α2. Shearing in any particular direction should not
influence the behaviour unless more particle movement was introduced by changing
direction. Larger shear angle results in larger volumetric compression and particle
rearrangement. Unlike circular stress path loading, the principal stresses were here
removed at each cycle and reimposed in a different direction, α2. Consequently, at
each cycle, particles were being locked in the loading direction and unlocked in the
unloading direction. When this process was cyclically repeated in a different
direction, α2 it may be suggested that more than one shear failure plan orientation
were mobilised in the sample. This concept is further described in Fig. 5-36, where
the shear failure plans are drawn along two sections for one-way, orthogonal and
two-way cyclic loading.
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For orthogonal cyclic loading, it is suggested that part of the existing failure plan
mobilised in the first cyclic shearing direction is re-mobilised in the second cyclic
shearing direction. For two-way cyclic loading, a second shear failure plan is
mobilised in the second shearing direction (γcyc2 = 0% to -1%). It is suggested that
the area around the first failure plan has densified sufficiently and is thus stronger
than the rest of the sample structure. Consequently, the soil structure follows a ‘new’
failure path orientation that required the least work for contraction.
Globally, it was suggested that shearing in multiple directions may create multiple
failure plans orientation, which produced larger soil contraction nearby the failure
plans and in turn results in greater shear resistance. Using DEM analysis, Iwashita
and Oda (1998) showed that very large void ratios inside the shear band were
associated with particle rotation inside and near the shear band. Particles inside the
shear band tended to rotate, while particles outside the shear band remained in their
original position. Similar soil particle behaviour is suggested to occur in the cyclic
multi-directional shear test reported in this chapter. A recent DEM model validated
against experimental behaviour of steel ball bearings in direct simple shear was
presented in Bernhardt et al. (2016) and could potentially be used to validate the

B

B

B

proposed concept.

B-B

B-B

a = 90°
A

A

A-A

A

A

B

A

B

A

a = 180°

A-A

B

a = 0°

B-B

A-A

Fig. 5-36 Plan and section view of the soil sample showing the hypothetical
shear failure plans mobilised in cyclic multi-directional direct simple shear test
Fig. 5-37 summarises the observed cyclic multi-directional behaviour. For high and
low initial void ratios, the soil hardening behaviour can be observed from the
degradation index increase as the shear angle increases. However, the volume
change during cyclic multi-directional was different for high and low initial void
ratio. Very little volume contraction was reported for low initial void ratio. It was
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therefore not possible to conclude on the influence of the shear angle in the
behaviour of low initial void ratio material in cyclic multi-directional direct simple
shear test. However, for high initial void ratio materials, the influence of the shear
angle was clear, and more volume contraction was generated for large shear angle.

dense

loose

N = 300

N = 300
hardening

hardening

softening

softening

(a)

N = 300

dense

(b)

N = 300

loose

(c)
(d)
Fig. 5-37 Summary results of cyclic multi-directional behaviour on the 300th
load cycle

5.5.4.2.Cyclic test result with shearing amplitude variation, γcyc1
The variation of the strain magnitude, γcyc1 during cyclic multi-directional direct
simple shear test (α2 = 90°) is described in this section. The loading combination and
strain paths were introduced in Fig. 5-14. Results for SS and CS at different shear
strain magnitude are summarised in Fig. 5-38 for loose density (Dr0 ~ 55%) and in
Fig. 5-39 for dense density (Dr0 ~ 95%) where the degradation index, βi and the
volumetric strain, δv/v0 are plotted against loading cycles.
The increase of shear resistance in orthogonal cyclic loading for low shear strain
magnitude (γcyc1 = 1/3%) was small (0.98 < ßi < 1.05) and identical for the range of
initial void ratio and sands considered in this study. After N = 300 load cycles, the
degradation index was about twice higher for loose sands than for dense sands.
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Larger volumetric contraction was observed for larger cyclic shear strain, γcyc1 = 1%
than for smaller cyclic shear strain, γcyc1 = 1/3%. This was consistent with existing
data reported in Silver and Seed (1972) and Duku et al. (2008).
Fig. 5-40 summarise the results for both sands and initial void ratios. Results show
the degradation index, βi and volumetric strain, δv/v0 reached at 300th cycles against
the shear angle. On loose SS and CS, as represented by a dash straight line, it clearly
appeared that larger volumetric contraction was generated in the sample for larger
shear strain. However, this was not the case for dense SS and CS, where the
volumetric contraction was identical for all the shear strain magnitude considered.
Regardless of the energy brought to the sample (cyclic shear strain magnitude), the
sample won’t exhibit void ratio lower than the minimum void ratio, unless particles
breakages occur. The results on the degradation index were too scattered to draw any
conclusions.

SS

(a)

CS

(b)

CS

SS

(c)

(d)

Fig. 5-38 Cyclic test results for different cyclic strain magnitude for loose (a-c)
SS and (b-d) CS
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Fig. 5-39 Cyclic test results for different cyclic strain magnitude for dense (a-c)
SS and (b-d) CS
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Fig. 5-40 Summary cyclic test results for SS and CS, for different cyclic strain
magnitude
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5.5.4.3.Cyclic test with 1, 2 and 3 shear strain directions
The cyclic direct simple shear test with three loading directions is reported in this
section. The loading combination and strain paths were reported in Fig. 5-15. Cyclic
tests in 1, 2 and 3 shear direction loading mode are noted 1D, 2D and 3D test.
Results of degradation index and volumetric strain against load cycles are shown in
Fig. 5-41 for loose materials and in Fig. 5-42 for dense materials.
Again, it could be clearly identified that the shear stress increased over loading
cycles, indicating a hardening type mechanism for the test with three shear
directions. The soil strength was observed to be significantly increased in a 3D test
as indicated by the degradation index, βi which could be larger than a 1D and 2D
tests for loose SS and CS. For 1D test, the degradation index was about 1 after 150
load cycles. For 3D tests, the degradation index increase after 300 load cycles was
about 1.5 and 1.4 for dense SS and CS respectively. The volumetric strain was also
much greater in a 3D test. Considering the test performed on loose SS, the
volumetric strain reached after 150 load cycles was about 4% for 3D test, 3.2% for a
2D test and 2.7% for a 1D test. Similar trends were observed for loose CS and dense
SS and CS.
The cyclic results presented in this section validate the observations previously made
in monotonic multi-directional direct simple shear tests, where more volume
contraction was generated with more strain reversal. For this set of test, the
volumetric strain appeared to be translated into increases of shear resistance for both
loose and dense sands, with the exception of the loose SS test.
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Fig. 5-41 Cyclic test results for loose SS and CS, for different shear strain
direction
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Fig. 5-42 Cyclic test results for dense SS and CS, for different shear strain
direction
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5.5.5. Particle damage and sieve analysis
Calcium carbonate sand grains are weaker than silica sand grains. Consequently,
particle damage in carbonate sediments is more likely when shearing, but not
guaranteed. Particle crushing that may occur in the direction of the shear can limit
the dilation effect and alter the soil strength. Therefore, sieve analysis were
performed before and after cyclic multi-directional shear tests to look for evidence of
particle damage (e.g. fracture, abrasion, etc.) through change in the particle size
distribution curves. Sieve analyses were carried out on SS and CS after the shearing
conditions reported in Table 5-11.
The results of the sieve analysis are shown in Fig. 5-43 for SS and in Fig. 5-44 for
CS. No change in particle size was observed for both sands. However, an increase in
finer particle portion would have been interpreted as abrasion damage of the particles
and a decrease of larger particle portion would have been interpreted as particle
fractures.

Table 5-11: Cyclic multi-directional shear stresses conditions for the two tested
samples at SEM
Dr0 σ'v0 γcyc1 α2 N
Test ID
Material
[%] [kPa] [%] [°] [-]
cyc_SS_03
SS
97.4
50
1
90 300
cyc_CS_03
CS
98.0
50
1
90 300
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Fig. 5-43 Particle Size Distribution curves for SS at initial conditions and after
cyclic multi-directional direct simple shear test

Fines

Sand
Fine
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CS

Fig. 5-44 Particle Size Distribution curves for CS at initial conditions and after
cyclic multi-directional direct simple shear test
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5.5.6. Scanning Electron Macroscopy (SEM) analysis
For completeness, the soil particle shape of SS and CS was investigated to estimate
particle breakage, crushing and/or fracture that may occur during cyclic
multi-directional shear stresses that would have not been noticed by sieve analysis,
reported in the previous section. The analysis sought to show evidences of fresh
cleavage in the soil particles. CS was bioclastic, therefore it may be difficult to
assess geological particle damage from shearing. After comparison of SS and CS
before and after shear, no increase in surface roughness texture, fractures, or
damages were observed on grains. It was concluded that for the stress conditions
considered, there was likely no damage induced into the soil particles through cyclic
multi-directional shearing. From the SEM analysis, it was concluded that particle
damage did not occurred for all the tests reported in this thesis.
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5.6.

SUMMARY AND CONCLUSIONS

5.6.1. Summary
The results presented in this chapter were preliminary and aimed at informing the
behaviour of short rigid pile and caisson anchors to multi-directional loading.
The analyses relied on the capabilities of the instrumentations to describe the
response of two sands to multi-directional monotonic and cyclic shear stresses. By
conducting several types of multi-directional direct simple shear tests on two
different sands it has been possible to demonstrate some of the effects caused by
multi-directional shear stresses. The results obtained from the I-mcDSS constitute a
unique database of sands’ stress-strain-volume behaviour under a range of previously
unexplored stress paths.
Under drained monotonic uni-directional direct simple shear mode, dense sands
reached peak and ultimate resistance. If the shearing direction, α2 was changed
during the test at high shear strain level (γ1 = 10%), shear stresses were released in
proportion to the change of shearing direction. More shear stress was released as the
shear angle increased with complete stress reversal (i.e. complete stress release) for
α2 = 180°. The soil structure contracted as the shear stresses were released (shear
angle increased) before dilating due to particles locking.
In a less compacted arrangement (loose sand), contraction was also proportional to
the resultant shear stress release. It was therefore noted that soil contraction as a
result of shear stress release was triggered at low shear strain level (γ1 = 1%) for
loose sands. However, dense arrangement required higher shear stress forces to
contract than loose arrangement. If the shear stresses were re-applied in an
orthogonal direction, α2 = 90°, the particles were forced to move in a direction
perpendicular to the initial direction. This resulted in a complete release of the shear
stresses in the initial direction (τ'x decreases) and a built-up of shear stress in the
orthogonal direction (τ'y increases). During this process of shear stress contact force
re-distribution and re-orientation within the sample, the soil fabric contracted. If the
shear stresses were re-applied at α2 = 60°, τ'x was almost maintained constant during
the reloading and the shear paths were essentially vertical in the reloading direction.
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In a cyclic multi-directional direct simple shear test, the shear stress was applied in
one direction, removed and re-applied in the opposite direction before being
re-applied in a second direction, removed, and re-applied in the opposite second
direction, for each cycles. This resulted in the structure being in a constant
re-organisation and subjected to large volumetric strain. The amount of contraction
generated in the sample was clearly dependent on the shearing angle, α2. In a
bi-directional shear mode (α2 = 180°), after 150 cycles, an initially loose SS material
(Dr0 ~ 55%) reached a higher relative density (Dr ~ 78.5%) than a uni-directional
shear mode (Dr ~ 65.6%). This represented a density increase of 12.9%.
It was also demonstrated that in cyclic multi-directional loading mode, larger cyclic
strain amplitude and more shear stress reversal generated larger volume contraction.

5.6.2. Conclusions
The conclusions that can be drawn from this chapter are as follows:
1. For both sands and initial void ratios, greater volumetric contractions were
reached in multi-directional direct simple shear mode than uni-directional
direct simple shear mode.
2. Greater volumetric contractions were reached for high initial void ratio sands
(loose state) than low initial void ratio sands (dense state). For every
multi-directional direct simple shear tests, the volumetric change of loose and
dense sands always converged toward the critical void ratio, Fig. 5-27.
However, the path toward the critical void ratio (volume contraction) highly
depended on the shear stress release. Soil deformations were essentially path
dependent.
3. Loose and dense SS and CS experienced significant volume contraction to
the change of shearing direction after yielding of the soil (elasto-plastic
deformations reached at large strain), Fig. 5-28.
4. The amount of change in relative density (ΔDr) that occurred during
monotonic and cyclic multi-directional direct simple shear was influenced by
particle angularity, as would similarly occur in monotonic and cyclic
uni-directional direct simple shear. Angular CS experienced greater volume
change than the rounded SS tested in this study.

5-5-76

Centre for Offshore Foundation Systems

Chapter 5: Multi-directional direct simple shear on fine silica and calcareous sands

5. Larger shear strength was measured in the direction perpendicular to the
particles’ orientations (within the order of 10 to 15%) for loose sands in a
contractive and dilative behaviour phase, Fig. 5-25 and Fig. 5-26.
6. Dense sands did not show a significant increase of the critical shear
resistance for all tests under multi-directional direct simple shear stresses.
This could be the result of a reorganisation of the particles’ alignment and
subsequent reorganisation of the contact force distribution between particles,
which was more significant in loose sands (more compressible material) than
dense sands. The measured soil anisotropy was structural.
7. In cyclic multi-directional shear mode, larger shear angle resulted in larger
volumetric contraction and larger shear strength, Fig. 5-37.
8. Larger volume contraction was also observed for larger cyclic shear strain
magnitude, Fig. 5-40 and for larger shear stress reversal, Fig. 5-41 and
Fig. 5-42.
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Chapter 6 - CONCLUSIONS

6.1.

SUMMARY

The research presented in this thesis provided preliminary insights into the complex
multi-directional loading of shared anchors, as would be found in array of Wave
Energy Converters (WECs). Multiple aspects of the problematic were addressed;
1. The multi-directional cyclic mooring loading on shared anchors in an array of
WECs was numerically modelled with OrcaFlex (Chapter 3) to identify the
loading regimes that are applied on anchor connected to two or three mooring
lines An easy-to-use analytical approach was develop to provide a fist
approximation of the loads applied, which can be used for preliminary design
of the anchors.
2. The response of shared pile and caisson anchors under drained monotonic
and cyclic multi-directional loading conditions were investigated using
geotechnical centrifuge modelling technique (Chapter 4). Results help
identifying loading regimes that are the most detrimental to anchor
performance.
3. The volume change of fine silica and calcareous sands under previously
unexplored multi-directional shear stress conditions was characterised using
a multi-directional Direct Simple Shear apparatus (Chapter 5). Results
highlighted the influence of multi-directional shearing on the volumetric
deformation for both sands, providing insights into the observed response of
offshore anchors under multi-directional loading.
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6.2.

MAIN CONTRIBUTIONS

6.2.1. Multi-directional mooring load characterisation
In an array of WECs, the loading regime on shared anchor is complex.
A hydrodynamic numerical model was developed and compared against field
mooring load measurement obtained from a reduced-scale WEC to characterise
multi-directional cyclic mooring loading conditions for a very specific array of
WECs subjected to well-defined environmental conditions. This investigation has
resulted in the following conclusions:
•

Shared anchor points were subjected to loading conditions that significantly
vary in direction and magnitude, during both calm and storm conditions.

•

Shared anchor points may be subjected to horizontal load cancellation effects
if two or three mooring lines applied load in opposite directions. Such load
conditions on the shared anchor may be observed for certain combinations of
environmental conditions and array layout that make the WECs oscillating
‘in-phase’. Load cancellation can significantly reduce the maximum and
mean resultant mooring load magnitude, FR. For example, in a 3-line anchor
sharing configuration, it was shown that the mean resultant load magnitude
can be reduced by up to 95%, and 25% in calm and storm conditions,
respectively. In terms of peak mooring load, the maximum resultant load
magnitude on the shared anchor point can be reduced by up to 90% in calm
conditions and by 4% in storm conditions.

•

The conditions for load cancellation are not completely met when the WECs
are not oscillating ‘in-phase’. The resultant load is applied on the anchor with
a mean direction, αMEAN that vary significantly as a function of the
environmental conditions and the array layout. The wave direction, Dw did
not appear to be the main factor that governs the mean loading direction,
αMEAN. During storm load conditions, the angle between of the mooring lines
had a stronger influence than the wave direction, Dw on the direction of the
resultant load, αR during peak loads. As shown in Fig. 3.20(e), the mean
loading direction, αMEAN was 154.8°, while the wave direction, Dw was 86°.
Therefore, it appeared that during storm conditions as well as calm
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conditions, the wave direction had a limited influence on the mean loading
direction, αMEAN on a 2- and 3-line connection shared anchor.
Given the large diversity of mooring loads that would be generated by different
WECs, layouts, and environmental conditions, an easy-to-use analytical approach
was used to provide a first approximation of cyclic multi-directional loading
regimes. The model assumed that linear wave theory generating sinusoidal mooring
load signals acting on a shared anchor point at multiple phase angles. It was shown
that two cyclic loads with the same frequency and magnitude can results in alternate
(phase angle of π) and non-alternate (phase angle of 0) cyclic load conditions. The
resultant of the forces applied on the anchor varies cyclically in direction and
magnitude as the phase angle varies from 0 to π. The loading regimes identified were
subsequently used as input to investigate the behaviour and performance of anchors
under cyclic multi-directional load conditions.

6.2.2. Performance of shared pile anchors
In chapter 4, the performance of a 100:1 scaled short rigid pile anchor in silica sand
under cyclic multi-directional loading was investigated. A purpose built
multi-directional loading rig was developed to allow multiple independent taut
mooring loads to be applied to a pile in a high-g environment. This setup allowed for
measurement of the horizontal (δx, δy), vertical (δz) displacements and two rotations
in the horizontal plane (ωx, ωy). This setup was used to develop an extensive set of
experimental data on the behaviour of shared pile anchors in silica sand and provided
the following observations:
•

In a 2-line loading configuration, it was observed that the angle of loading
between the two directions, α2 has an important effect on the pile failure
mechanism. Under alternate loading conditions, as the loading angle between
two loading directions increased, the pile’s failure mode evolved from a
lateral failure to a more vertical failure mechanism, thus considerably
reducing its performance, Fig. 4-49. For pile anchor loaded in two directions,
alternatively at an angle, α2 smaller than 90°, the dominant failure mode was
horizontal. For angle larger than 120°, the dominant failure mode was
vertical.
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•

The number of line connections to the pile was also found to reduce the pile’s
performance. A 3-line loading configuration resulted in a decrease of
ultimate capacity by 86.5% compared to 1-line loading and a 2-line loading
configuration resulted in a decrease of ultimate capacity by 56% compared to
1-line loading. The dominant failure mode for a pile subjected to a 3-line taut
loading configuration was always vertical, principally due to the larger
resultant vertical load component, Fz brought by the addition of taut loading
lines.

•

Under orthogonal phase loading conditions (α2 = 90°), small variation of
direction of the resultant load, αR was found to significantly reduce the pile’s
performance, while large variation of direction of the resultant load, αR was
found to be the least damaging load conditions for the pile’s performance.
It was suggested that the higher performance may be due to the larger
mobilised volume of soil resulted from the large variation of direction of the
resultant load, αR, Fig. 4-50.

•

The lowest pile’s performance was observed for the 3-line loading case when
the loadings applied ‘in-phase’. Under these specific loading conditions, the
magnitude of the horizontal resultant load, Fz was the highest, Fig. 4-51.
Conversely, the highest pile’s performance was observed for the case where
the loadings were ‘out-of-phase’ (i.e. two loads were in-phase together and
out-of-phase with the third load).

•

Lastly, real mooring load time histories from a WEC point absorber type
have been used as input load applied on the pile anchor. Steady conditions
was reached and failure was not observed after applying ~900 irregular load
cycles in three lines replicating storm conditions of the sea state 6 as defined
in Chapter 3. The mean and range of the irregular load cycles can be defined
as a fraction of the monotonic vertical capacity Fvmono as follow: the mean
vertical resultant load was Fzmean = 0.226Fvmono and peak vertical loads
ranged from Fzpeak = 0.3 to 0.5Fvmono. However, for higher load magnitude,
Fzmean = 0.342Fvmono and Fzpeak ranging from 0.4 to 0.7Fvmono, the pile failed
after 50 load cycles.
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6.2.3. Performance of shared caisson anchors
Also in Chapter 4, the performance of a 100:1 scaled caisson anchor was
investigated in silica sand under monotonic multi-directional loading. A second
purpose built multi-directional loading rig was developed to allow independent taut
mooring load in a high-g environment. For the caisson anchor study, only the
measurement of the displacements along the two loading lines (δ1, δ2) was possible.
The following observations were provided:
•

The capacity of caisson anchors was affected by monotonic multi-directional
loading. The change in capacity was a function of the angle between the two
loading directions. Large loading angle may result in loss in capacity, and
notably loss in peak capacity, while small loading angle may result in
capacity increase, Fig. 4-65.

•

Change in stiffness was observed for every multi-directional loading case,
Fig 4-61.

6.2.4. Volume change of sands in multi-directional direct simple shear mode
This thesis also investigated the behaviour of silica (SS) and calcareous (CS) sands
tested under different loading conditions - monotonic uni-directional drained and
undrained

shearing,

monotonic

multi-directional

drained

shearing,

cyclic

uni-directional drained shearing and cyclic multi-directional drained shearing - with
emphasis given to the angle between shearing directions. The I-mcDSS (Illinois
multi-directional cyclic Direct Simple Shear) was used for this experimental work.
The following conclusions on monotonic multi-directional Direct Simple Shear
mode were drawn:
•

All monotonic and cyclic multi-directional direct simple shear tests showed
greater volumetric contractions than uni-directional direct simple shear
tests, Fig. 5-27 and Fig. 5-36.

•

For every multi-directional direct simple shear tests, the volumetric change of
loose and dense sands always converged toward the critical void ratio.
However, the path toward the critical void ratio (volume contraction) highly
depends on the shear stress release, which was controlled by the shear strain
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level, γ1 and the shearing angle, α2, Fig. 5-26. Soil deformations were
essentially path dependent.
•

During drained monotonic multi-directional shear test on dense SS and CS,
change in shearing direction at high shear strain level (γ1 = 10%), resulted in
shear

stress

release

in

proportion

to

the

change

of

shearing

direction, Fig. 5-24. More shear stress was released as the shear angle
increased with complete stress reversal (i.e. complete stress release) for
α2 = 180°.
•

The soil structure contracted as the shear stresses were released (shear angle
increases) before dilating due to particles locking, Fig. 5-28.

•

Similar response was observed on loose sands for change in shearing
direction at high but also at low shear strain level (γ1 = 1 and 10%).
In multi-directional shearing mode, dense arrangement required higher shear
stress forces to contract than loose arrangement.

•

Larger volume contraction (sand densification) leads to larger critical shear
stress for loose SS and loose CS in multi-directional direct simple shear
mode.

The behaviour of CS and SS was also investigated in cyclic multi-directional Direct
Simple Shear mode and the following conclusions were drawn:
•

Large shearing angle, α2 resulted in larger volumetric contraction than
uni-directional

Direct

Simple

Shear

test.

For

loose

sands under

multi-directional Direct Simple Shear with shearing angle, α2 = 180°, the
volumetric contraction, δv/v0 after 300 load cycles for was about 1.5 to 2%
larger than uni-directional Direct Simple Shear test, Fig. 5-36.
•

For multi-directional Direct Simple Shear with shearing angle, α2 = 90°,
larger magnitude of the first cyclic shear direction, γcyc1 resulted in larger
volumetric contraction, Fig. 5-39. For γcyc1 = 0.33%, the volumetric strain
δv/v0 = 1.2 and 1.9% for loose CS and SS respectively, while for γcyc1 = 1%,
the volumetric strain δv/v0 = 3.1 and 3.3% for loose CS and SS respectively.
This indicated that larger volumetric contraction obtained in multi-directional
Direct Simple Shear test did not outweigh the larger volumetric contraction
obtained from larger cyclic shear strain magnitude.
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•

The investigation on the number of shearing direction on the soil behaviour
has also shown that larger volume contraction was obtained when the sample
was sheared along more than one shearing direction. After 150 load cycles,
the volumetric contraction in one direction was δv/v0 = 2.7% and 2.1% for SS
and CS respectively, while it δv/v0 = 4% and 3.9% for SS and CS, Fig. 5-41.

6.3.

AREAS FOR FUTURE RESEARCH

The understanding of pile behaviour under multi-directional inclined loading is of
critical importance to reduce the cost of anchoring system in offshore renewable
energy developments and enable the commercial development of array of WECs.
This research has identified a small number of multi-directional loading conditions
for a point-absorber WEC type and provided a preliminary investigation into the soil
behaviour and anchor performance for such multi-directional loading conditions.
These preliminary observations enabled the identification of the future research
required to fully design anchoring systems under multi-directional loading.

6.3.1. Hydrodynamic research
The developed hydrodynamic numerical model was validated against field data for a
single WEC point absorber type. Consequently, the modelling of multi-directional
loading did not consider potential interaction between WEC within the array
(e.g. wake effect, wave radiation, etc.), which could impact the loading conditions in
an array. Advanced models that define accurately the full range of multi-directional
loading conditions on shared anchors in WEC array are necessary. This can be
achieved by full scale deployment of multiple WECs that share their anchor points,
to study the hydrodynamic interactions between the WECs and to also gather the
first field database of multi-directional mooring load in WEC array. Also, further
studies aiming at identifying the differences in loading conditions on shared anchors
from several types of WEC (e.g. point absorber, attenuator, oscillating wave surge,
etc.) would greatly contribute to the commercial development of large scale array of
WECs.
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6.3.2. Experimental research
The experimental studies presented in this thesis were preliminary and considered a
limited range of parameters. This has provided valuable insights. If such pile anchors
were to be used in large array of WECs, further research of the pile’s performance
under multi-directional loading is necessary to provide design recommendations.
In particular, the change in lateral resistance would need to be accurately quantified
during loading. Also, a comprehensive study that purely investigates the
3-dimensional coupling between the horizontal and vertical load component is
necessary to inform the design of shared anchors for array of WEC. This thesis was
limited to a short rigid pile that does not develop plastic hinge at failure. It would be
relevant to investigate the performance of long slender pile under multi-directional
loading and potentially recommend a threshold aspect ratio beyond which the effects
of multi-directional loading are negligible.
In order to further expand knowledge of soil behaviour in multi-directional shear
stress conditions, it is recommended to investigate the failure mechanism in
multi-directional Direct Simple Shear mode. Reasons for such volume change
relationship with shearing angle are not known. Tracking failure plans and/or
particles orientation during multi-directional Direct Simple Shear test might be
useful to quantify the mechanism that is responsible for volume change. The
reported soil behaviour in multi-directional shear stress was limited to two sands and
one vertical stress level. It would be highly valuable to verify if the behaviour of
sands in multi-directional shear stress is stress-dependent. Also, it would be
interesting to know if the behaviour of highly crushable materials in
multi-directional Direct Simple Shear mode results in significant contraction below
the minimum void ratio and consequently modify the soil resistance. Such
information, coupled with those presented in this thesis could be used to develop a
comprehensive constitute model that account for multi-directional shearing that
could be subsequently used to explain and model the behaviour of anchors under
multi-directional loading.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.1 Comparison of the numerical model with the field data for sea state 1;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3

Annex 3-1-2
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.2 Comparison of the numerical model with the field data for sea state 2;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.3 Comparison of the numerical model with the field data for sea state 3;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.4 Comparison of the numerical model with the field data for sea state 4;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.5 Comparison of the numerical model with the field data for sea state 5;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
(h)
Fig. 3-1.6 Comparison of the numerical model with the field data for sea state 6;
(a-b) heave acceleration, (c-d) tension mooring line 1, (e-f) tension mooring line
2, (g-h) tension mooring line 3
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Table 3-1.1: Comparison of the numerical model with the field measurements
for heave acceleration
sea state
parameter
1
2
3
4
5
6
min
[m2.s]
mean
[m2.s]
max
[m2.s]
standard
deviation
m0

m2

Frms

Tm02

Annex 3-1-8

model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff

-0.26
-0.27
0.01
0
0
0
0.23
0.28
-0.05
0.06
0.08
-0.028
0.0038
0.0073
-0.0035
0.0004
0.0007
-0.0003
0.1736
0.2416
-0.068
3.0592
3.026
0.0332

-0.21
-0.24
0.03
0
0
0
0.17
0.24
-0.07
0.08
0.09
-0.01
0.0036
0.0046
-0.001
0.0006
0.0006
0
0.1705
0.1915
-0.021
2.5026
2.6565
-0.1539

-4.97
-2.87
-2.1
0
0
0
2.83
3.05
-0.22
0.92
0.81
0.11
0.7531
0.6458
0.1073
0.0429
0.0478
-0.0049
2.4545
2.273
0.1815
4.1886
3.6759
0.5127

-2.64
-1.89
-0.75
0
0
0
1.58
2.01
-0.43
0.43
0.55
-0.12
0.1791
0.3096
-0.1305
0.0126
0.0196
-0.007
1.1969
1.5739
-0.377
3.7724
3.9726
-0.2002

-3.51
-3.14
-0.37
0
0
0
3.39
4.65
-1.26
0.9
0.85
0.05
0.7973
0.7276
0.0697
0.0891
0.0612
0.0279
2.5256
2.4126
0.113
2.9909
3.4477
-0.4568

-3.18
-2.12
-1.06
0
0
0
3.09
3.31
-0.22
0.76
0.72
0.04
0.5246
0.4885
0.0361
0.0678
0.0397
0.0281
2.0486
1.9769
0.0717
2.7813
3.5094
-0.7281
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Table 3-1.2: Comparison of the numerical model with the field measurements
for tension in line 1
sea state
parameter
1
2
3
4
5
6
min
[kN]
mean
[kN]
max
[kN]
standard
deviation
m0

m2

Frms

Tm02

model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff

2.21
2.09
0.12
2.44
2.39
0.05
2.92
2.75
0.17
0.07
0.1
-0.03
0.0063
0.0082
-0.0019
0.0006
0.0008
-0.0002
0.2245
0.2567
-0.0322
3.1715
3.1618
0.0097
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3.73
3.76
-0.03
3.95
3.96
-0.01
4.15
4.21
-0.06
0.07
0.08
-0.01
0.0035
0.0032
0.0003
0.0006
0.0004
0.0002
0.1669
0.1593
0.0076
2.2621
2.6171
-0.355

-4.06
-0.27
-3.79
6.33
4.47
1.86
30
27.59
2.41
3.39
3.11
0.28
11.0977
9.666
1.4317
0.4953
0.3429
0.1524
9.4224
8.7936
0.6288
4.7336
5.3092
-0.5756

-2.15
0.58
-2.73
3.87
3.29
0.58
11.4
8.12
3.28
1.45
1.13
0.32
2.1027
1.3009
0.8018
0.1583
0.0416
0.1167
4.1014
3.2261
0.8753
3.645
5.5908
-1.9458

1.75
1.56
0.19
3.14
2.96
0.18
5.06
5.65
-0.59
0.45
0.57
-0.12
0.2138
0.3195
-0.1057
0.0171
0.0168
0.0003
1.3079
1.5988
-0.2909
3.5388
4.3618
-0.823

0.19
1.14
-0.95
4.3
4.52
-0.22
13.55
9.31
4.24
1.21
1.11
0.1
1.3093
1.2367
0.0726
0.1049
0.0778
0.0271
3.2364
3.1454
0.091
3.5336
3.9861
-0.4525
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Table 3-1.3: Comparison of the numerical model with the field measurements
for tension in line 2
sea state
parameter
1
2
3
4
5
6
min
[kN]
mean
[kN]
max
[kN]
standard
deviation
m0

m2

Frms

Tm02
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model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff

2.05
2.01
0.04
2.36
2.39
-0.03
2.59
2.76
-0.17
0.06
0.1
-0.04
0.0041
0.0095
-0.0054
0.0004
-0.001
0.0014
0.1805
0.2754
-0.0949
3.0686
3.0553
0.0133

3.63
3.6
0.03
3.99
3.97
0.02
4.23
4.34
-0.11
0.09
0.15
-0.06
0.0069
0.102
-0.0951
0.0012
-0.0016
0.0028
0.2344
0.2858
-0.0514
2.3829
2.5613
-0.1784

-1.29
-0.01
-1.28
3.01
4.47
-1.46
15.11
12.01
3.1
1.97
1.7
0.27
4.0456
2.814
1.2316
0.3139
0.1441
0.1698
5.689
4.7447
0.9443
3.5898
4.4197
-0.8299

-0.68
-0.31
-0.37
2.16
3.29
-1.13
9.55
8.5
1.05
1.19
1.33
-0.14
1.4325
1.8047
-0.3722
0.1041
0.0714
0.0327
3.3853
3.7997
-0.4144
3.7097
5.0271
-1.3174

-2.81
-0.39
-2.42
1.63
2.96
-1.33
10.88
9.39
1.49
1.45
1.32
0.13
2.0844
1.7906
0.2938
0.2158
0.1132
0.1026
4.0836
3.7848
0.2988
3.1078
3.9774
-0.8696

-0.51
0.19
-0.7
3.21
4.52
-1.31
9.92
9.35
0.57
1.35
1.37
-0.02
1.6904
1.8681
-0.1777
0.1293
0.1339
-0.0046
3.6774
3.8659
-0.1885
3.6162
3.7351
-0.1189
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Table 3-1.4: Comparison of the numerical model with the field measurements
for tension in line 3
sea state
parameter
1
2
3
4
5
6
min
[kN]
mean
[kN]
max
[kN]
standard
deviation
m0

m2

Frms

Tm02

model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff
model
field
diff

2.02
2.01
0.01
2.36
2.39
-0.03
2.6
2.79
-0.19
0.06
0.1
-0.04
0.0045
0.0084
-0.0039
0.0004
0.0011
-0.0007
0.1891
0.2585
-0.0694
3.0695
2.8036
0.2659
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3.71
3.66
0.05
3.96
3.97
-0.01
4.19
4.24
-0.05
0.08
0.11
-0.03
0.0046
0.0061
-0.0015
0.0008
0.001
-0.0002
0.1916
0.2204
-0.0288
2.3554
2.4413
-0.0859

-3.59
0.12
-3.71
4.08
4.48
-0.4
20.9
12.98
7.92
2.15
1.74
0.41
4.6582
2.9468
1.7114
0.4532
0.1666
0.2866
6.1046
4.8553
1.2493
3.206
4.2061
-1.0001

-0.54
0.4
-0.94
3.84
3.29
0.55
11.72
8.88
2.84
1.18
1.14
0.04
1.3653
1.3523
0.013
0.0752
0.0645
0.0107
3.305
3.2891
0.0159
4.2622
4.5777
-0.3155

-1.15
-2.72
1.57
4.11
2.96
1.15
21.71
16.1
5.61
1.97
1.88
0.09
4.5684
3.687
0.8814
0.2619
0.2077
0.0542
6.0454
5.4311
0.6143
4.1765
4.2138
-0.0373

-6.45
-1.47
-4.98
6.05
4.52
1.53
36.45
19.49
16.96
3.11
2.37
0.74
7.8331
5.9622
1.8709
0.3288
0.3285
0.0003
7.9161
6.9063
1.0098
4.8807
4.2604
0.6203
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Dw = 179°

Dw = 179°

(a)

Dw = 179°

(b)

(c)

Fig. 3-2.1 Time and frequency domain analysis of mooring loads for two
mooring line connection case for the sea state 1, (a) anchor 2, (b) anchor 6 and
(c) anchor 3
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Dw = 179°

Fig. 3-2.2 Time and frequency domain analysis of mooring loads for three
mooring line connection case for the sea state 1, anchor 4
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Dw = 119°

Dw = 119°

(a)

Dw = 119°

(b)

(c)

Fig. 3-2.3 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 2, (a) anchor 2, (b) anchor 6 and (c)
anchor 3
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Dw = 119°

Fig. 3-2.4 Time and frequency domain analysis of mooring loads for three
mooring line connection case for the sea state 2, anchor 4
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Dw = 163°

Dw = 163°

(a)

Dw = 163°

(b)

(c)

Fig. 3-2.5 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 3, (a) anchor 2, (b) anchor 6 and (c)
anchor 3
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Dw = 163°

Fig. 3-2.6 Time and frequency domain analysis of mooring loads for three
mooring line connection case for sea state 3, anchor 4
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Dw = 118°

Dw = 118°

(a)

Dw = 118°

(b)

(c)

Fig. 3-2.7 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 4, (a) anchor 2, (b) anchor 6 and (c)
anchor 3
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Dw = 118°

Fig. 3-2.8 Time and frequency domain analysis of mooring loads for three
mooring line connection case for sea state 4, anchor 4
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Dw = 86°

(a)

Dw = 86°

(b)

Dw = 86°

(c)

Fig. 3-2.9 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 5, (a) anchor 2, (b) anchor 6 and (c)
anchor 3
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Dw = 86°

Fig. 3-2.10 Time and frequency domain analysis of mooring loads for three
mooring line connection case for sea state 5, anchor 4

Centre for Offshore Foundation Systems

Annex 3-2-11

Annex 3-2 - Multi-Directional Mooring Load Characterisation

Dw = 86°

(a)

Dw = 86°

(b)

Dw = 86°

(c)

Fig. 3-2.11 Time and frequency domain analysis of mooring loads for two
mooring line connection case for sea state 6, (a) anchor 2, (b) anchor 6 and (c)
anchor 3
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Dw = 86°

Fig. 3-2.12 Time and frequency domain analysis of mooring loads for three
mooring line connection case for sea state 6, anchor 4
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Table 3-2.1: Comparison of multi-directional loading with uni-directional
loading

sea state

1

2

3

4

5

6

line
connection
anchor
number
anchor
connected to
buoy
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]
FMEAN [kN]
FMAX [kN]
standard dev.
αRANGE [°]*
αMEAN [°]

uni-directional
1-line

multi-directional
2-line

3-line

1

3

2

2

3

6

4

A

A

A

A, E

B, A

D, C

B, D, E

2.61
3.8
0.07
0
210
3.95
4.31
0.08
0
210
6.95
47.86
4.44
0
210
3.78
13.38
1.44
0
210
3.47
7.88
0.59
0
210
4.49
15.72
1.45
0
210

2.54
3.45
0.06
0
330
3.99
4.28
0.09
0
330
2.94
12.12
1.89
0
330
2.17
11.18
1.25
0
330
1.65
7.79
0.84
0
330
3.86
11.66
1.71
0
330

2.53
3.95
0.06
0
90
3.96
4.31
0.08
0
90
4.19
27.95
2.3
0
90
3.79
18.71
1.33
0
90
5.42
46.22
4.09
0
90
7.64
65.54
7.87
0
90

2.57
3.88
0.05
21.1
143.3
3.96
4.19
0.05
10.7
145.1
6.88
46.66
3.76
195.2
127.2
4.08
18.01
1.23
180
145.8
5.37
44.87
3.31
163.5
157.7
8.3
63.19
6.23
360
154.8

2.58
3.64
0.05
15.4
26.5
3.97
4.18
0.06
12
25.6
6.68
46.81
3.85
360
70.4
3.56
12.18
1.23
360
59.5
3.14
7.32
0.57
360
56.5
4.64
15.48
1.23
360
66

2.53
3.72
0.03
20.1
265.2
3.97
4.21
0.06
11.9
265.3
4.41
25.81
1.91
360
250.6
3.53
17.66
1.2
360
241.6
5.25
45.71
3.64
360
230.4
8.28
64.21
6.37
360
249.5

0.13
0.57
0.07
360
107.5
0.13
0.44
0.07
360
208.3
5.06
45.52
3.92
360
119.6
2.32
16.81
1.43
360
154.6
4.07
44.31
3.49
360
162.5
6.34
61.65
6.28
360
177.3

* range of loading angle
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Annex 4-1 – Calibration of Accelerometers for use in Geotechnical Centrifuge Modelling

This annex describes the methodology and procedure to calibrate accelerometers for
use in geotechnical centrifuge modelling.

Accelerometer description:
Two accelerometers (16g and 3g) were used to monitor the rotation of the pile
anchor. The accelerometer naming indicates the acceleration range that can be
measured by the accelerometer (e.g. 16g accelerometer can measured acceleration
ranging from -16g to +16g). Each pile anchors had a 3D-printed support that hosted
two accelerometers on top of each other’s as depicted in Fig. 4-1-1. Accelerometers
were simply inserted into the slot of the 3D-printed support. The gravity field held
the accelerometers in place during test. This ensured minimal disturbance to the pile
when connecting the accelerometers to the pile anchor.

3D-printed support

3g Accelerometer
16g Accelerometer

pile anchor
Fig. 4-1-1 Photograph showing the position of the two accelerometers on the pile
anchor
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The 3-axis accelerometer had with 3 analog outputs for X, Y and Z axis
measurements on a 19x19 mm breakout board as shown in Fig. 4-1-2. The sensor
consists of a micro-machined structure, which is suspended by polysilicon springs as
shown in Fig. 4-1-3. As acceleration is applied to the structure, a change in
capacitance is measured between the moveable plates attached to the structure and
the fixed plates connected to the accelerometers. The change in capacitance on each
axis is converted to an output voltage proportional to the acceleration on that axis.
The specifications of the two accelerometers are listed in Table 4-1-1.

Fig. 4-1-2 Photograph of the 16g Accelerometer

Fig. 4-1-3 Schematic representation of the working principle of the
accelerometer, reproduced from O’Loughlin et al. (2014)
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Table 4-1-1: List of accelerometers technical specifications
16g Accelerometer 3g Accelerometer
sensitivity [mV/g]
57 ± 6
300 ± 30
0g voltage [V]
1.5 ± 0.15
1.5 ± 0.15
span output [V]
± 1.8 ± 0.15
± 1.8 ± 0.15
cross-axis sensitivity
± 1%
± 1%
alignment error [°]
± 1%
± 1%
noise [μg/rms]
300
150
temperature offset ± 1 mg (-40 +85°C) ± 1 mg (-40 +85°C)
accuracy
0.15°
0.018°
Calibration at 1g:
The calibration factor, CF of the accelerometer is the linear relationship between the
applied acceleration in-line with the axis measurement direction, an and the
measured voltage, Vn as defined by Eq. (4-2.1):

CF =

𝛥𝑎𝑛
𝛥𝑉𝑛

(4-2.1)

The voltage can be easily measured by rotating the accelerometer in Earth’s gravity
such that the applied acceleration varies from -1g to 1g. A 3D-printed angular
calibrator ranging from 0° to 90°, at 15° increments, developed by (Beemer et al.,
2018) was used as shown in Fig. 4-1-4. The result of the 1g calibration for axis X
and Y of both accelerometers is presented in Fig. 4-1-5. Linear regression was
performed on the measurements to calculate the calibration factor, CF obtained from
Eq. (4-2.1). The coefficient of determination, R2 of the linear fit and CF are listed in
Table 4-2-2. The closer R2 is to 1, the better the fit of the regression line.
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ωy
ωx

ωy, measured

Fig. 4-1-4 Photograph of the calibration of the 16g Accelerometer at 1g
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1.65
16g Accelerometer
1.63

Vn [V]

ωy
1.61

ωx

1.59
1.57
1.55
0

0.2

0.4

0.6

0.8

1

an [g]
(a)
1.65
3g Accelerometer

1.6

Vn [V]

1.55
ωy

1.5
ωx

1.45
1.4
1.35
1.3
1.25
0

0.2

0.4

0.6

0.8

1

an [g]
(b)
Fig. 4-1-5 Measured voltage against gravity field for (a) 16g Accelerometer and
(b) 3g Accelerometer
Table 4-2-2: List accelerometer calibration factors
16g Accelerometer 3g Accelerometer
ωx
ωy
ωx
ωy
R2
0.9998
0.9999
0.9998 0.9997
CF
-0.0592 -0.0613 -0.3156 -0.3289
1/CF -16.89
-16.31
-3.17
-3.04
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Cross axis sensitivity due to internal misalignment:
It was reported in Beemer et al. (2018) that the internal misalignment of the
accelerometer can result in significant cross-axis acceleration measurement in high-g
environment. The internal misalignment is unique to each sensor and results in error
in the tilt measurement. Accelerometers were calibrated following the method in
Beemer et al. (2018). As indicated in Table 4-1-1, both accelerometers are subjected
to internal misalignment error of ± 1°.
The estimation of the cross axis-acceleration in high-g environment were conducted
in the 240 g-ton, 10 m diameter beam geotechnical centrifuge at UWA (Gaudin et
al., 2018). In geotechnical beam centrifuge, the free-swinging basket is subjected to
tilting at low magnitudes and may results in angular rotation of the accelerometer
relative to the centrifuge gravity (Beemer et al., 2018). Therefore, accelerometers
were placed on the fixed cross-arms of the centrifuge to ensure that the axis
measurement is perpendicular to the centripetal acceleration and gravity was at a
known angle to the sensor. Accelerometers were spun up to 45g and voltage was
measured. Results are shown in Fig. 4-1-7. It is observed that the 16g Accelerometer
did not show significant variation of the measured voltage in the x and y axis
measurement. This was interpreted as a minimal internal misalignment of the sensing
unit. However, the 3g Accelerometer showed a significant and highly non-linear
variation of the measured voltage against the centrifuge gravity. The non-linearity is
thought to be due to the intrinsic cross-axis interference in the accelerometers since
angular misalignment will be linear. Therefore, only the data measured form the 16g
Accelerometer were used in the interpretation of the results.
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16g Accelerometer

fixed cross-arm

Fig. 4-1-6 Photograph of the test setup to measure cross-axis misalignment
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16g Accelerometer x-axis

3g Accelerometer x-axis

(a)

(b)

3g Accelerometer y-axis

3g Accelerometer y-axis

(c)
(d)
Fig. 4-1-7 Measured voltage against centrifuge gravity for (a) 16g
Accelerometer x-axis, (b) 3g Accelerometer x-axis, (c) 16g Accelerometer y-axis
and (d) 3g Accelerometer y-axis
Finally, the rotations, ωx and ωy were obtained from the measured voltage following
Eq. (4-2.2):

ω = arcsin (
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Vn
)
g.CF

(4-1.2)
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