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ABSTRACT 

The levelised cost of wave energy is higher than any other Marine Renewable Energy 

(MRE) source. This is because wave energy devices have not reached their maturity with 

high levels related to installation and operating cost. The high cost is also partly attributed 

to over-conservative foundation designs that are mainly based on knowledge from the oil 

and gas industry, which areas is not necessarily applicable to MRE devices. Geotechnical 

engineering plays an important role to ensure the foundations perform adequately, 

particularly where they act as a reaction point to produce energy in point-absorber wave 

energy converters (WEC). The requirement for survivability in extreme conditions yields 

dynamic loads of short duration and high magnitude that potentially far exceed the more 

typical monotonic loading that the anchor would usually be designed to withstand. These 

dynamic loads may occur several times over the design life of a WEC. Although the 

anchor can be designed to resist such loads, the anchor becomes very large and costly. A 

key design question is whether we can design smaller anchors, which fail in a 

geotechnical sense but experience limited displacement, such that their integrity remains 

over the life of the device. As such, the objective of this research is to investigate the 

response of anchors to this type of loading and quantify post-peak residual capacity and 

displacement magnitude to assess their survivability. 

The study used centrifuge experimental modelling to investigate the performance 

of a pile anchor and a plate anchor in sands, subjected to dynamic loading events. It has 

been observed that both anchors mobilised additional resistance, resulting from the inertia 

effect and drainage effect (notably in saturated soils). Also, the monotonic residual 

capacity mobilised after episodes of dynamic loading indicates that the anchor has the 

ability to survive extreme forces. However, the post-failure residual capacity depends 

largely on the development of displacement magnitudes, suggesting that the foundation 

is no longer defined as ultimate capacity but as a displacement evolution with the limiting 

value governed by serviceability criteria associated with the operation of the device in 

normal working conditions. To design a foundation in such a survivability-based 

framework, a criterion for displacement development must, therefore, be established, and 

consider cyclic strength degradation as well. The present research explores the post-

failure resistance of a foundation for the first time, forming a significant change in the 

paradigm of current design approaches, which are governed by deterministic ultimate 

capacity and limited displacement criterion.  
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NOTATION 

Italic variables 

A  ................ Area 

Ai  ............... Wave amplitude 

CPTO  ........... Coulomb damping coefficient 

CPT  ........... Cone penetrometer test 

D  ................ Diameter 

D50  ............. Sand particle diameter (50%) 

E  ................ Young modulus 

e  ................. Void ratio 

emax  ............. Maximum void ratio 

emin  ............. Minimum void ratio 

Fd  ............... Damping force 

Fb  ............... Buoyancy force 

Fe  ............... Excitation force 

Fext  .............. External force 

Ff  ................ Foundation force 

G  ................ Shear modulus 

Gs  ............... Specific gravity of soil 

g  ................. Gravitational acceleration 

H  ................ Height (dimension) 

Hs  ............... Significant wave height 

k  ................. Spring constant (or stiffness) 

L  ................ Length 

L/D  ............ Aspect ratio 

MRE  .......... Marine Renewable Energy 

m  ................ Body mass 

N ................. Centrifuge acceleration level 

O&G  .......... Oil and Gas 

PTO  ........... Power Take-Off 

Rs  ............... Soil resistance 

Rz  ............... Surface rough coefficient 

r  ................. Radius 



x 

S  ................ Spectral density 

Te  ............... Energy period 

Tp  ............... Peak period 

t .................. Thickness (or time) 

Vult  ............. Ultimate capacity 

WEC  .......... Wave Energy Converter 

 

Symbol 

𝑎 ................. Acceleration 

𝑎𝑖𝑖 ............... Added mass coefficient 

𝑏𝑖𝑖 ............... Radiation damping coefficient 

𝑐 .................. Mechanical damping coefficient 

𝐷𝑟 ............... Relative density 

𝑓 ................. Wave frequency 

𝜙𝑖   .............. Phase angle 

𝜙𝑐𝑣  ............. Critical state friction angle 

𝛾   ............... Unit weight 

𝛤   ............... Excitation force coefficient 

𝑁𝑐, 𝑁𝛾  ........ Bearing capacity factors 

𝜂  ................ Mean water level 

𝑝  ................ Exceeding probability 

𝑞𝑐 ................ CPT tip resistance 

𝜌𝑤 ............... Water density 

𝜎𝑣  ............... Vertical stress 

𝜏 .................. Shaft friction 

𝜐 .................. Poinsson ratio 

𝑠𝑢  ............... Undrained shear strength 

𝑣  ................ Velocity 

𝜔  ................ Wave angular frequency 

𝑤  ................ Movement, displacement 

�̇�  ................ Pile velocity 

�̈�  ................ Pile acceleration 

𝑦  ................ Buoy motion 

�̇�  ................ Buoy velocity 



xi 

�̈�  ................ Buoy acceleration 

𝑌 ................. Buoy displacement amplitude 

𝑧  ................. Depth 

𝜓  ................ Dilation angle 

 

Superscripts/subscripts 

  .................. Effective stress quantity (also submerged) 

b  ................. Buoyant 

d  ................. Dry sand (or dynamic load) 

m  ................ Monotonic 

p  ................. Peak capacity 

s  ................. Saturated sand (or static load) 

u  ................. Undrained condition 

 

 



 

 

 Introduction 

1.1 Background 

Harnessing marine renewable energy (MRE) has become a central approach to mitigate 

climate change and enhance energy security. MRE sources consist of offshore wind 

energy and ocean energy (e.g. surface waves, tides, ocean currents, and thermal and 

salinity gradients) (Borthwick 2016). Offshore wind energy is the most industrialised type 

among others (Appiott et al. 2014), with 2.2 GW capacity installed at the end of 2016, in 

which 88% is located in the seas off the coast of European countries (Global Wind Energy 

Council 2017). The value is forecast to be nearly 25 GW by 2020 (Pineda & Tardieu 

2017). Ocean energy, while abundant and widespread, currently contributes marginally 

to global electricity production. It has been estimated at the global installed capacity of 

less than 1.0 GW by 2020 (Ocean Energy Forum 2016), which is far below that of 

offshore wind energy. The slow growth of the sector has been hampered by barriers 

mainly associated with technology development, finance and market, environmental 

issues, and grid integration (MacGillivray et al. 2013; Magagna & Uihlein 2015). 

However, it is expected to scale up over the short, and medium term as the technology is 

reaching commercial maturity. 

This situation is precisely the case for wave energy. The industry is expected to 

contribute 170 MW by 2020 only (Magagna & Uihlein 2015) in a global theoretical 

potential of 3000 GW (Reguero et al. 2015) (regional distribution of wave power resource 

can be found in (Pontes et al. 2010)). Wave energy, also referred to as Blue Energy, is 

hydrokinetic energy that can be harvested by transforming water motion into electricity. 

This water motion is mainly induced by surface waves, which are originated from the 

wind; thus, their properties (i.e. significant wave height and energy period) depend on 

wind speed, fetch length, and duration. Wave energy is spatially concentrated, persistent, 

and experiences small losses over long travelling distances (Clément et al. 2002; Falnes 

2005), suggesting that it can become one of the lower cost renewable energy sources. 
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1.2 Wave technologies 

Over the past decades, an extensive range of conversion technologies has been explored 

to harness wave power. There are different classification systems for the conversion 

technology, including point absorber, attenuator, terminator, oscillating wave column, 

pressure differential body, and overtopping device, which are generally illustrated as in 

Figure 1.1 (Drew et al. 2009; Falcão 2010; López et al. 2013). Table 1-1 summarises 

examples of current wave energy projects. A notable example of point absorber 

technology is the CETO prototype developed by Carnegie Clean Energy (Fiévez & 

Sawyer 2015). This wave energy converter (WEC) has been installed and tested over 12 

months off the Western Australia coast. It differs from other wave energy conversion 

technologies from being fully submerged and being able to generate electricity offshore. 

The Pelamis device is a wave attenuator, with a power output ranging from 200 kW to 

2.5 MW (Dalton et al. 2010). The oscillating wave column (OWC) technology uses wave 

action to compress and decompress the trapped air above the free-surface to spin a 

generator (Falcão & Henriques 2016). OWC converters are deployed mostly nearshore in 

up to 10m of water (e.g. Islay LIMPET) (Heath 2000), or offshore in 40-80m of water 

(e.g. Ocean Energy Buoy) (Ocean Energy 2017). Wave Dragon, developed by a Danish 

company, is an illustration of the overtopping technology, consisting of two wave 

reflectors to collect water, before releasing them to hydro turbines to generate electricity 

(Tedd & Kofoed 2009). 

Fundamentally, each conversion concept includes a power take-off (PTO) system 

that convert mechanical energy via captor motions into useable energy forms. It is typical 

to make a distinction between pneumatic, hydraulic, mechanical, or direct PTO systems 

(Grimwade et al. 2012). The PTO equipment is typically the most novel concept of a 

WEC and is of great importance as it affects not only the efficiency of power production 

but also the survivability of the device. Unlike other devices, point-absorber converters 

require taut-moorings to keep them in position, with the anchors at the seabed end of the 

mooring providing the reaction point needed to allow the PTO to produce energy. In 

extreme conditions, large loads may occur, thereby affecting its performance (i.e., high 

amplitudes of displacement). 
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The role of geotechnical design is to ensure that the anchors perform adequately. 

As can be seen from Table 1.1, there is the fact that few anchor solutions was currently 

exploited by the wave industry. Gravity anchors (located directly on the seabed) are 

generally the first option considered for WECs but become unsuitable for large devices 

as the higher mooring loads would require prohibitively massive gravity anchors. 

Embedded anchors such as piles or drag anchors are then increasingly considered. Beside 

the narrow range of anchor solutions, their design was mainly based on knowledge and 

experience gained from the oil and gas industry, which is relevant to large structures and 

features extreme conservatism. As a result, the anchor may represent a significant cost of 

a wave energy converter project. A cost breakdown currently shows a value of up to 30% 

for the foundation of an MRE project budget, which is considerably higher than the 2-3% 

of an O&G project (Table 1-2). This state has a negative impact on the wave energy 

industry. 

1.3 Motivations 

The role of anchoring systems is vital for both the operation and survival (e.g. during 

extreme storms) of the wave energy converter but has received less attention compared 

to hydrodynamics or PTO components. Thus, the response and performance of anchors 

as applied to WECs is uncertain. The research presented here is needed to provide a better 

understanding of the nature of loads experienced by a point absorber and to provide 

insights into the anchor performance that can lead to a less conservative design approach 

and generate significant savings in foundation engineering. 

To meet this objective, this thesis involved an interdisciplinary approach combining 

hydrodynamics and geotechnical engineering with the following steps established: 

1. To investigate the response of a point absorber in wave conditions relevant to 

the device. This step involves analyses conducted for control strategies 

defined for the PTO system, which is related to continuous power production 

or survivability. The latter mode may induce failure for the PTO component 

that subsequently results in dynamic loads, which are significant in magnitude 

but prevail over a short period. These high amplitude loads will affect the 

survivability of the associated anchoring system. 
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2. To examine the performance and survivability of anchoring systems relevant 

to point absorbers. With a focus on large point absorbers, this step investigates 

the performance of pile and plate anchors under large tensile loading through 

centrifuge testing. Specific attention is given to the ability of the anchors to 

resist multiple episodes of high dynamic loading as identified in step 1 and to 

develop monotonic resistance post dynamic failure. Outcomes provide 

insights into the suitability of the anchoring systems for large point absorbers 

and define the requirements for new design approaches. 

1.4 Thesis structure 

The overall structure of the dissertation takes the form of five chapters, including the 

introduction and conclusion chapters that are schematically shown in Figure 1.2 and 

described as below: 

Chapter 1 introduces anchoring systems for wave energy converters. It emphasises 

the importance of understanding the foundation response under loading produced by 

point-absorber wave energy converters operating in normal and extreme conditions. 

Chapter 2 first provides a short history of the numerical modelling techniques for 

simulating the complex interactions between waves and oceans structures. The chapter 

then discusses fundamental principles for the design of different anchor types that are 

currently used for marine structures with a focus on their dynamic effects and post-peak 

behaviour. 

Chapter 3 presents a model developed to predict the hydrodynamic behaviour of a 

floating point-absorber and assesses the resulting load time series that are applied on a 

taut mooring line. The aims are to identify load cases and load history transferred to the 

anchor under different wave heights and periods. The chapter then considers various 

strategies for saving cost on the anchoring system by investigating how different anchor 

types are scaled with such loading conditions. 

Chapter 4 examines the performance of a pile foundation and a plate anchor 

subjected to dynamic loads, arising from the control strategies explored in chapter 3, 
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through physical modelling. The chapter evaluates the additional anchor capacity due to 

inertia, rate effects and drainage effects, and compare the performance of these two 

anchor types. Outcomes demonstrate that anchors can sustain several episodes of dynamic 

loading and still maintain monotonic resistance. 

Chapter 5 review the research findings and present some recommendations for the 

design of anchors for large taut-moored point absorbers. 
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Table 1-1 Details of available wave energy converters 

Name Developer Location Water 

Depth 

(m) 

Class Power 

output 

(kW) 

PTO type Fixed / 

Floating 

Mooring 

type 

Anchors 

Pico Wave Energy 

Centre 

Azores 

(Spain) 

- OWC 400 Pneumatic Fixed - Base structure 

Limpet Voith Hydro 

Wavegen 

Islay 

(UK) 

15 OWC 250 Pneumatic Fixed - Base structure 

Oceanlinx Oceanlinx Australia 40-80 OWC 320 Pneumatic Fixed - Gravity, suction, drag 

anchor 

Osprey WaveGen Ltd Dounreay 

(Scotland) 

15 OWC 500 Pneumatic Fixed - Gravity foundation 

Wave Dragon Wave Dragon Nissum 

Bredning 

(Denmark) 

6 - 20 OT 20 Hydraulic Floating Slack-

mooring line 

Gravity anchor 

Tapchan Norwave Norway - OT 350 Hydraulic Fixed - Base structure 

SSG WaveEnergy Kvitsøy 

(Norway) 

- OT 150 Hydraulic Fixed - Base structure 

Power Buoy Ocean Power 

Technologies 

Scoland 

(UK) 

55-250 OB 150 Hydraulic Fixed - Gravity foundation 

Pelamis Wave Power 

Delivery Ltd 

EMEC 

(UK) 

50-250 OB 750 Hydraulic Floating Slack-

mooring line 

Drag anchor 
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AWS AWS Ocean 

Energy 

Portugal 100 OB 200 Hydraulic Floating Slack-

mooring line 

Gravity anchor 

CETO 5 Carnegie Wave 

Energy 

Australia 20-30 OB 240 Hydraulic Fixed - Monopile 

Seabased Seabased Lysekil 

(Sweden) 

20-100 OB 30 Hydraulic Floating Taut moored Gravity base anchor 

Oyster Aquamarine Power EMEC 

(UK) 

10-15 OB 315 Mechanical Fixed - Pin pile 

Wave 

Roller 

AW Energy 

WaveRoller 

Peniche 

(Portugal) 

8-20 OB 300 Mechanical Fixed - Gravity foundation 

Note: OWC = oscillating water column, OT = overtopping device, OB = oscillating body 
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Table 1-2 Summary of the LCOE for several energy sources and associated 

foundation’s cost 

Production  

technology  

LCOE 

 

Foundation cost 

[% total cost] 

Reference  

O&G A$110/MWh 2-3% (Lazard 2017) 

Wind A$290/MWh 19-22% (Willow & Valpy 2011) 

Wave A$560/MWh 20-30% (Paredes 2013), (Neary et al. 

2014) 
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Figure 1.1 Current wave energy technologies (after Straume, 2010) 
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Chapter 1: Introduction

Introducing the anchoring system of a point-absorber wave 

energy converter and emphasizing a need of the understanding 

of anchor performance under loads produced by the converter 

during extreme conditions

Chapter 3: Considerations on foundation solutions for 

WECs

• Identifying load cases and load history applied on the 

foundation

• Introducing different design strategies for the anchoring 

system.

Key conclusions:

• Extreme loads are dynamic in nature

• Avoidance and survivability strategies seem appropriate for 

the design of the WEC s anchor

Chapter 4: Performance of anchor under dynamic loading

• Quantifying post-failure resistance and displacement of 

friction and bearing anchors subjected fast dynamic loads

• Identifying resistance components mobilized during dynamic 

loading.

Key conclusions:

• Additional capacity mobilized under dynamic loading, 

constituted of inertia, and radiation damping and suction 

effects

• Both anchors maintain capacity after failure

Chapter 5: Conclusion

Chapter 2: Literature review

Providing a review on numerical modelling techniques for 

hydrodynamic simulations and on design principles for offshore 

anchor types

 

Figure 1.2 Flowchart of the thesis 





 

 

 Literature review 

2.1 Introduction 

Point absorbers are commonplace, constituting the majority of wave energy deployment 

(45 % of deployed projects (López et al. 2013)). The originality of the technology lies in 

the insensitivity to wave direction (Grimwade et al. 2012), allowing them to converse 

power efficiently from all directions, so energy is harnessed continuously. The converters 

consist of a floater, an absorber, and are tethered to a single anchor. The anchoring system 

is of great importance when it not only maintains the device in position but acts as reaction 

point to produce energy. It is therefore for the anchoring system can be significant for 

large point absorbers when subjected to large tensile loads (in the order of MW scale). 

As the anchoring system presents a significant cost (as shown in Chapter 1), the 

success of the industry depends strongly on the accurate prediction of loads transferred to 

the anchor and on the efficiency of its design. However, predicting extreme loads is 

problematic. This is because the devices are designed to resonate excitation forces with 

the aim of maximising power output, consequently resulting in large amplitude motions 

such that non-linear hydraulic effects should be considered. Also, the size of device is 

generally smaller than a wavelength that additionally leads to differences in viscous 

effects when compared to offshore oil and gas facilities, which are often designed to 

minimise fluid-structure interactions. 

This chapter reviews methods that are currently used for simulating the complex 

interaction of structures and ocean waves. The review is then extended to fundamental 

principles for designing an anchoring system, where knowledge and experience are 

currently gained from the oil and gas industry. 

2.2 Hydrodynamics 

The following sections will discuss approaches that are available for predicting loads 

generated and transmitted to the anchor of a point absorber. Above all, it is essential to 

examine the basic process that leads to the loading on the anchor. 
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2.2.1 From hydrodynamics to soil mechanics 

Understanding environment characteristics is an essential step to describe the loading 

regimes prevalent on foundations when a WEC experiences wave actions. Ocean waves 

consist of many components of different heights, periods and directions, leading to the 

sophisticated appearance of waves in nature (Figure 2.1). As waves propagate, there tends 

to be a dominant direction. 

In a real sea, the surface elevation above the mean water level 𝜂(𝑡) will be of the 

complex form shown in Figure 2.2a, which is the sum of wave components of different 

heights and wavelengths. It is fortunate that, over an interval of time (a few hours), the 

statistical characteristics of the sea remain almost stationary, so that a power spectrum 

can represent the sea state (illustrated as in Figure 2.2b). The spectral density is 

proportional to the square of the wave amplitude at each frequency. 

A wave spectrum indicates which frequencies carry most energy in the sea during 

the time interval of measurements, and therefore, provides an assessment of the resource. 

Wave spectra can be produced from surface elevation measured by a wave rider buoy at 

a given location. The Pierson-Moskowitz spectrum is typical of sites in the North Atlantic 

Ocean (Pierson & Moskowitz 1964), and the JONSWAP spectrum represents North Sea 

conditions (Hasselmann et al. 1973). Among these, the JONSWAP spectrum is more 

general because it was developed to consider the growth of waves over a limited fetch 

and wave attenuation in shallow water, thus is used extensively by the offshore industry. 

For uni-directional seas, both spectra are described via two main variables - 𝐻𝑠 

(significant wave height) and 𝑇𝑒 (energy period): 

𝑆(𝑓) =
𝐴𝐻𝑠

2

𝑇𝑒
4𝑓5

𝑒
(−

𝐵

𝑇𝑒
4𝑓4)

(2.1) 

where 𝐴  and 𝐵  depend on the general locality of the data obtained and 𝑓  is wave 

frequency. 

The significant wave height 𝐻𝑠 and the energy period 𝑇𝑒 (or the peak period 𝑇𝑝) are 

the most general parameters to represent a sea state and are utilised to determine 

characteristics relevant to wave energy devices. The significant wave height 𝐻𝑠 is defined 
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as the average of the highest one-third of the trough to crest wave heights and matches 

well with one’s visual impression of wave height reasonably (Dalrymple & Dean 2000). 

The energy period 𝑇𝑒 is a mean wave period based on the spectral distribution of wave 

energy transport, and the peak period 𝑇𝑝 is defined as the period corresponding to the 

peak in the variance density spectrum of sea surface elevation. The peak period 𝑇𝑝 

represents the harmonic frequency component having the most significant amount of 

energy, implying that it is often advantageous for some wave energy converters to be 

tuned to this frequency. 

The annual variation in sea states can be represented by a scatter diagram (Figure 

2.2c), which indicates how often a sea state occurs annually at a combination of wave 

height and period. Evidently, characterizing the environment in terms of the two 𝐻𝑠 and 

𝑇𝑝 variables is desirable for the design process. 

The water surface elevation associated with a wave spectrum can be obtained by 

decomposing wave amplitude values at prescribed frequencies and then summing the 

contributions from the component frequencies, assigning a random phase difference to 

each frequency component, so that: 

𝜂(𝑡) = ∑ 𝐴𝑖cos(𝜔𝑖𝑡 + 𝜙𝑖)∞
𝑖=1 (2.2) 

where the amplitude is 𝐴𝑖 = √2. 𝑆. Δ𝜔  with 𝑆 being the variance density assoicated with 

the spectrum outlined above and 𝜔 = 2𝜋𝑓. The random nature of the sea is introduced 

by the phase angle 𝜙𝑖  distributed within [0:2π], associated with each sinusoidal 

component. Generating the surface profile can be useful to identify energy contained 

within wave motions and to simulate resulting motions of a wave energy converter in 

operational and stormy seas. 

2.2.2 State-of-the-art techniques for predicting extreme loads 

In addition to the experimental testing, numerical modelling is the main approach used to 

simulate the response of a WEC in a set of conditions. A representative model of a WEC 

should encompass all relevant factors such as the wave-structure interactions, the PTO 

system, and the mooring system reaction as the case of point-absorber WECs. The choice 



  

Chapter 2: Literature review 

26 

of any numerical model will be dependent on its ability to capture hydrodynamic 

phenomena, including irregular waves, radiation flows, or viscous effects. A variety of 

numerical modelling methods are available for dealing with the problem. 

2.2.2.1 Linear potential flow models: Cummins equations 

If it is assumed that WEC motions are small compared to the incident wave length (and 

any other key geometric length scales) it is possible to model the response of a WEC 

using linear potential flow theory. Adopting this approach, when a WEC is considered as 

a system of floating bodies, their response can be mathematically described in the form 

(Cummins 1962): 

∑ [(𝑀𝑖𝑗 + 𝐴𝑖𝑗
∞)�̈�𝑗(𝑡) + ∫ 𝐾𝑖𝑗(𝑡 − 𝜏)

𝑡

−∞
�̇�𝑗(𝜏)𝑑𝜏 + 𝐶𝑖𝑗(𝑥𝑖)]

6

𝑗=1
= 𝐹𝑖

𝑒(𝑡) − 𝐹𝑖
𝑒𝑥𝑡(�̇�, 𝑥, 𝑡)

(2.3)

  

where 𝑀𝑖𝑗 and 𝐶𝑖𝑗 represent the mass of the floater and the restoring coefficient matrix, 

𝐴𝑖𝑗
∞ is the added mass at infinite frequency, and 𝐾𝑖𝑗  is the radiation impulse response 

function (RIRF) (or the memory function since it represents a memory effect due to the 

past motion of the body). The 𝐹𝑒 and 𝐹𝑒𝑥𝑡 terms denote the action of wave and external 

forces. While the Cummins equation is based on the hypothesis of small amplitude 

motion, the model is still extremely powerful because nonlinearities arising from 

hydrodynamics and mechanical dynamics (e.g. the PTO and moorings) can be included 

in the 𝐹𝑒𝑥𝑡 term (Bharath et al. 2018; Giorgi et al. 2016). 

The Cummins time-domain formulation can be used for any system, provided that 

the whole system can be modelled by a series of ODEs. Both implicit and semi-implicit 

solutions (e.g. Backward Euler, Runge-Kutta, Crank-Nicolson) are used for solving the 

equation. It is evident that computational time is an vital limitation when multiple WECs 

with complex control strategies and several degrees of freedom are required (Ricci et al. 

2011). 



  

 Chapter 2: Literature review 

27 

2.2.2.2 Fully nonlinear potential flow (FNPF) models 

When wave-structure interactions involve steep waves, particularly in extreme 

conditions, floating WECs experience large excursions. Provided viscous effects remain 

negligible in these conditions, fully nonlinear potential flow (FNPF) models may be 

required to assess the hydrodynamic performance of WECs. In the FNPF theory, 

assumptions of an incompressible and irrotational fluid are made. Consequently, the 

governing continuity and momentum equations of the FNPF model can be expressed in 

the form of the velocity potential ∅, given by: 

𝛻2𝜙 = 0

𝛻 (
𝜕𝜙

𝜕𝑡
+

1

2
𝛻𝜙. 𝛻𝜙 +

𝑝

𝜌
+ 𝑔𝑧) = 0

(2.4) 

where 𝑝  is the pressure in the fluid, 𝜌  is the fluid density, and 𝑔  is the gravity 

acceleration. In addition to the governing equation of the fluid domain, the body’s 

equation of motion that can be expressed by Newton’s second law: 

𝑚
𝑑2𝑥

𝑑𝑡2 = 𝐹ℎ − 𝑚𝑔 + 𝐹𝑒𝑥𝑡 (2.5) 

where 𝐹𝑒𝑥𝑡  is the external forces due to moorings or power take-off, 𝑔 is the gravity 

acceleration, and 𝐹ℎ is the fluid loading applied on the body, integrated over the body 

surface 𝑆𝐵: 

𝐹ℎ = −𝜌 ∫ (
𝜕𝜙

𝜕𝑡
+

1

2
𝛻𝜙. 𝛻𝜙 + 𝑔𝑧) 𝑛𝑑𝑆

𝑆𝐵

(2.6) 

The set of equations in the FNPF theory can be solved using the mixed Eulerian-

Lagrangian method (Bai & Taylor 2009) or high-order spectral method (Bonnefoy et al. 

2010). Although the FNPF models exhibit computational efficiency, they are unable of 

correctly modelling interactions where viscous effects become significant because of the 

assumptions of irrotational flow and negligible viscous effects. Like the Cummins model, 

wave loads during wave breaking cannot be captured by the FNPF model. 
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2.2.2.3 Computational fluid dynamics (CFD) models 

When viscous effects, such as flow separation around a WEC, more sophisticated models 

such as CFD may be needed to accurately predict WEC motions. CFD models solve the 

Navier-Stokes equations, which represent an incompressible fluid that comprises the 

continuity equation: 

𝛻. 𝑢 = 0 (2.7) 

and the momentum equation: 

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
+

1

𝜌
𝐹𝑖 (2.8) 

where 𝑢 is the fluid velocity vector, 𝜈 is the kinematic viscosity. In practice, for most 

wave energy systems, the flow will be turbulent, i.e. the equations then become the 

Reynolds Averaged Navier-Stokes (RANS) equations, thus turbulence closure model is 

required to perform simulations. 

CFD solvers are widely classified into two groups: Eulerian grid-based methods 

(e.g. finite different method, finite volume method) and Lagrangian particle-based 

methods (e.g. smoothed-particle hydrodynamic method). As dependent on 

approximations of the numerical algorithms, fundamental errors and numerical 

dissipation are unavoidable. The choice of numerical algorithm and discretisation scheme 

are critical to achieving good solutions. Besides, the CFD models are more 

computationally intensive in comparison with the FNPF models due to the grid generation 

procedure. 

This hydrodynamic section has provided a review of the state-of-the-art methods 

for modelling the interactions of structures and ocean waves. As a first step into the 

investigation of the anchor performance, this research adopts the simple method (i.e. the 

Cummins equation) for predicting extreme loads generated on the anchor with 

fundamental design principles reviewed in the next section. 
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2.3 Geotechnics 

When a WEC is deployed, it is expected to encounter not only diverse geomaterials but 

also various layers. While seabed sediments in deep waters are typically fine-grained 

cohesive soil (e.g. soft clay or silt with little spatial and mechanical variability), sediments 

in shallow waters exhibit much spatial heterogeneity of granular soils that may range from 

sandy silt to solid limestone (Andersen 2009; Randolph & Gourvenec 2011). The site at 

Garden Island off the coast of Perth (Australia) where the CETO5 point absorber from 

Carnegie Wave Energy was deployed, is an example associated with such heterogeneity. 

The region contains loose, calcareous sand to weakly cemented calcarenite (investigation 

to 12 m depth) (data obtained from the Carnegie site survey report). This investigation is 

of interest in sandy soils since they are frequently encountered in water depths currently 

relevant to floating wave energy converters. Sandy soils are often characterised by the 

relative density 𝐷𝑟  (%), effective friction angle 𝜙′  (0), and dilation angle 𝜓  (0) with 

typical properties summarised in Table 2-1. 

2.3.1 Wave energy converter foundations 

As mentioned, the anchoring system of point absorbers is vital, as it provides the 

combination of two main important roles: position keeping and acting as a reaction point 

for the PTO. Thereby, the anchor size is strongly influenced by the scale of the point 

absorbers, which generate loads that range widely from kN to MN. 

At low amplitude loading, gravity-based anchors would be the easiest and most 

economical solution, if they do not influence the local flora. In contrast, at high amplitude 

loading, the gravity-based anchors become prohibitive due to the scale that would be 

required to resist the much higher tensile loads. Instead, embedded anchors, which 

mobilise additional capacity from soil strength together with their self-weight, have the 

merits of being suitable for wave energy applications. Historically, two main forms of 

embedded foundations have been employed for marine structures, including: (tension) 

pile and plate anchor. These are also the main foundation types considered in this 

investigation. 
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The pile foundation is a long and slender column, made of reinforced concrete, steel, 

or a combination of these materials. The pile penetrates the soil via driving, jacking, or 

cast-in-place (i.e. drilling and grouting). The jacking technique is favoured due to the low 

levels of noise and minimal spoil disposal during installation (Deeks et al. 2005). Once 

embedded, under vertical tensile loading, the pile foundation mobilises the resistance 

derived from friction along the pile-soil interface. Pile foundation can also provide lateral 

resistance when subjected to horizontal loading at the seabed. In this case the failure 

mechanism is different and pile capacity is derived from shear resistance within the soil 

mass. It becomes important to note that, for a taut mooring, the load inclination is 

expected to between these two limits of vertical and lateral loading. 

Evolved from traditional drag anchors that were widely used for anchoring ships, 

the plate anchor technique is represented by the vertically loaded anchor (VLA) and the 

suction embedded plate anchor (SEPLA), which generally consists of a thinner shank or 

a wire bridle connected with the anchor plate. While VLAs are installed by drag 

embedment (i.e. as for a traditional drag anchor), SEPLAs are installed at targeted depth 

using the suction installing technique, leading to more reliable calculations of the holding 

capacity. Compared to pile foundations, plate anchors are anticipated to withstand 

significant uplift force. 

2.3.2 Design principles for pile foundations 

Guided by limit state design philosophies, most foundation designs involve 

considerations of ultimate capacity. The ultimate capacity of offshore pile anchors relates 

to their ability to resist tensile loads and is a fundamental input to sizing the anchor. The 

ultimate capacity depends on the submerged self-weight of the pile and the friction 

mobilized at the pile-soil interface, which is a function of the nature of the interface, the 

soil mechanical characteristics, and the loading rate. 

Much research effort has been devoted to the study of the ultimate pile capacity. 

The prediction generally often relies on the well-known -method, which is based on 

effective stress analysis of sands, as shown in Figure 2.3a (API-2A-WSD 2000). The   

values together with limit values for shaft friction are provided in Table 2-2. The API 
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method is widely used for preliminary design but lacks a theoretical basis. Over the last 

decade, the design process has favoured (cone penetration test) CPT-based methods. They 

relate to the tip resistance of CPT tests and the effective stress (Figure 2.3b). The CPT-

based methods are streamed into the four main approaches that have been developed 

(based on an established database) considering details on installation, local soil 

conditions, loading condition, and foundation dimensions. Table 2-3 summarises such 

equations, being of the general form: 

𝜏𝑓 = 𝑎�̅�𝑐 (
𝜎𝑣0

′

𝑝𝑎
)

𝑝

𝐴𝑟
𝑏 [max (

𝐿−𝑧

𝐷
, 𝑣)]

−𝑐
(tan𝛿𝑐𝑣)𝑑 [min (

𝐿−𝑧

𝐷

1

𝑣
, 1)]

𝑒
(2.9) 

All methods are used for both compression and tension loading. Among them, the UWA-

05 provides more accurate estimations since it reflects the governing mechanisms during 

loading (Randolph & Gourvenec 2011). More details of these methods can be found in 

the work of (Lehane 2005). 

Once the foundations are sized, their performance should be considered. It is 

important to point out that the anchor performance is related to the displacement 

generated under applied loading. The load transfer method, which is centred on the 𝑡 − 𝑧 

relationship (Coyle & Reese 1966), is widely employed to evaluate the response of a pile 

foundation under static and cyclic loading. The method essentially considers the soil 

medium as distinct horizontal layers for which they can be represented by a series of 

springs (illustrated as in Figure 2.4). Each spring models the soil-pile interaction via a 

load transfer curve that basically relates the applied load and resulting displacement. The 

spring can represent both linear and non-linear behaviour and can be extended for tensile 

loads, which are predominant for wave energy applications. 

2.3.3 Design principles for plate anchors 

Like the pile foundation, the plate anchor must be designed to resist vertical tensile forces. 

Several theoretical approaches for estimating the ultimate uplift capacity of plate anchors 

are available. These methods can be classified into the limit equilibrium and plasticity 

analysis. The limit equilibrium method considers the balance of the weight of an assumed 

soil block in addition to the shear stress that develops along the slip surface (i.e. the 

interfaces between the displacing soil block and the surrounding soil). The ultimate 
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capacity of plate anchor in sand is then expressed through a bearing capacity (or breakout) 

factor 𝑁𝛾, given by: 

𝑁𝛾 =
𝑉𝑢𝑙𝑡

𝛾′𝐻𝐴
(2.10) 

where 𝛾′ is the submerged unit weight, 𝐻 is the embedment depth of the anchor, and 𝐴 is 

the area of the anchor. Much research has been placed on quantifying 𝑁𝛾, which is heavily 

influenced by embedment ratio, the shape of anchor, aspect ratio, and failure mechanism 

(e.g. shallow or deep). Traditionally, 𝑁𝛾  for a strip anchor is defined by assuming a 

truncated pyramidal plan through the anchor edge to the surface was widely assumed (as 

shown in Figure 2.5) (Meyerhof & Adams 1968), given by: 

𝑉𝑢𝑙𝑡

𝛾′𝐵𝐻
= 𝑁𝛾 = 1 +

𝐻

𝐵
𝐾𝑢tan𝜙 (2.11) 

where 𝐵 is the plate width, 𝜙 is the internal friction angle, and 𝐾𝑢 is the nominal uplift 

coefficient of earth pressure on vertical plan (typical 0.95 for practice purpose). The 

solution of (Meyerhof & Adams 1968) gave the 𝑁𝛾 value smaller than the one of (Murray 

& Geddes 1987), which is calculated by: 

𝑁𝛾 = 1 +
𝐻

𝐵
(sin𝜙 + sin

𝜙

2
) (2.12) 

An alternative approach widely used in geotechnical engineering to investigate the 

anchor capacity is the plastic limit analysis (PLA). The approach is based on the theory 

of plasticity developed by (Drucker et al. 1943), resulting from requirements for plastic 

solutions to an equilibrium problem that must obey the statically admissibility, 

kinematically admissibility, and yield condition (Yu 2006). The PLA analysis becomes 

more rigorous since only the strength properties of geomaterials are required that are 

much easier to measure than the deformation properties, which are needed for other load-

path analysis (Chen & Liu 1990). By assuming the independence of the soil strength and 

the deformation, the PLA is a direct method to provide upper and lower limits on the 

actual collapse load for an anchor-soil system. 

The lower bound theorem states that the limit load is calculated from an equilibrium 

distribution of stresses that is also everywhere below yield will be lower than the exact 
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collapse load, thereby satisfying the stress continuity condition in forming the statically 

admissible stress field (Shield 1954). While the lower bound theorem satisfies the 

statically admissible and yield condition, the upper bound theorem relates to the 

kinematically admissible condition of a failure mechanism, that is: the displacement field 

satisfy all displacement boundary conditions with no gaps opening in the interior. The 

upper limit of the true external load is then computed from an energy equation between 

the internal energy dissipation and the work of external loads, also known as the virtual 

work analysis. When the bound theorems are exceptionally beneficial in providing 

benchmarks for evaluating foundation solutions, they are incorporated into routine design 

calculations, such as OptumG2 program. Full details of these numerical procedures can 

be found in (Krabbenhøft & Lyamin 2014), and will not be presented here. 

A brief description of the procedure for the plastic limit analysis of a strip plate 

anchor in sand is given by (Murray & Geddes 1987). The upper bound solution leads to 

the collapse load after considering the balance between the external work of applied loads 

and internal energy dissipation, assuming the failure mechanism consisting of straight 

lines from the anchor edge to the ground surface (Figure 2.6): 

𝑁𝛾 = 1 +
𝐻

𝐵
tan𝜙 (2.13) 

The Equation 2.13 recognises that the PLA method is shown to yield a close agreement 

with the equilibrium solution of (Meyerhof & Adams 1968). Note that the PLA method 

assumes rigid-plastic soil behaviour and ignore the effect of elastic deformations on the 

ultimate uplift capacity (Aubeny 2017). This means that the method is adequate to 

evaluate true collapse loads only. 

Whilst the ultimate capacity of plate anchors is defined via limit equilibrium or 

plate limit analysis, their performance is assessed using numerical methods (Hao et al. 

2014), in addition to experimental testing (Bradshaw et al. 2016; Choudhary & Dash 

2017; Chow et al. 2015; Liu et al. 2012; Sujatha & Balamurugan 2014). 
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2.3.4 Effects of dynamic loading 

It is imperative to note that foundation performance depends on the nature of loading. 

Most foundation problems in wave industry are associated with dynamic loadings (Heath 

et al. 2017). These dynamic loads give rise to foundation’s responses more complicated 

than the static counterpart regarding the rate of loading, which results in an inertia effect 

associated with the accelerations of the structure during its motion. Also, the rate-

dependent nature adds complexity to the interaction problem since soil’s responses are 

intensely controlled by their mechanical properties that are affected by effective stress 

(i.e. grain-to-grain contact), rate and level of strain. 

Like ocean environment, understanding soil responses subject to dynamic loadings 

is an essential step to investigate the foundation performance. The following sections 

encapsulate such responses at both element and foundation level. 

2.3.4.1 Dynamic deformation and strength characteristics of soils 

The effect of strain rate on soil’s response has been first investigated by the work of 

(Casagrande & Shannon 1949). They conducted dynamic tests using a pendulum loading 

apparatus on the Manchester dry sands. The soil state was dense with the void ratios 

ranging from 0.61 to 0.88 for the minimum and maximum value, respectively. The 

pendulum loading machine suits for fast transient tests since the time of loading is 

between 0.05 and 0.01s. Observations from fast tests indicate that the strength of sand 

increased only 10 per cent compared to the slow test (Figure 2.7). Subsequently, 

(Whitman 1957) performed transient loading tests on the Ottawa dry sand for both very 

loose and very dense states. The author observed an increase in the soil strength of about 

10 to 15 per cent in fast tests (with the time of loading 0.05 second) compared to slow 

tests (1 second). Also, observations at TUDelft Geotechnical Laboratory on Itterbeck 

sands (𝐷𝑟 = 83 %) exhibited an increase in shear strength due to loading rate up to 20 % 

over static tests (the rate of deformation = 0.0125 m/s), although the stiffness shows no 

rate effect (as illustrated in Figure 2.8) (Huy 2006). 

A similar pattern was also observed for saturated soils. In dense sands (or dilative 

materials with the increase in the volume change when shearing), the drainage effect still 
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exists since pore pressure does not have enough time to dissipate fully, leading to an 

increase of strength over the static tests. Seed & Lundgren (1954) have first investigated 

this effect for saturated sand under rapid transient loading. They indicated that there was 

no time for drainage to occur since the rate of loading was so fast, so that the strength of 

soil has about 15 to 20 per cent higher than the strength of static or slow transient tests 

(both in undrained conditions). The increase in the strength was attributable to the 

development of negative pore-water pressure due to the dilatancy effect and due to the 

high rate of loading. However, the loading rate has little effect on saturated loose sands. 

For example, at the relative density ranging from 60 to 71 %, it was shown by the work 

of (Huy 2006) that there is no increase in the peak strength in comparison to static tests. 

One interesting thing that needs to point out is the shear stress also dependent on 

strain levels. At small strain levels, the soil behaves elastically (so strains are 

recoverable). When the strain increases, the soil stiffness decreases, and the plastic 

behaviour will be observed. At extremely high strain levels, the soil strength decreases 

before following a critical state (also termed as residual strength). However, such 

response during dynamic loading has not been studied thoroughly. 

2.3.4.2 Dynamic response of foundations 

In practice, dynamic response of foundations is typically related to installation problems 

(e.g. driven piles or torpedo anchors). Analyses of dynamic response are generally 

achieved using a single degree of freedom (SDOF) equation or wave equation. These 

methods are summarised as below. 

• Wave equation analysis 

Unlike usual dynamic problem, pile driving is not a simple case of the impact that 

can be solved by the Newton’s law; instead of considering the pile as a non-rigid elastic 

bar along with stress-waves travelling. There has been extensive publication relating to 

the analysis of wave propagation (Coyle & Reese 1966; Goble et al. 1980; Smith 1960), 

where the pile is treated as a series of discrete elements (i.e. lumped masses, illustrated in 

Figure 2.9). The stress waves travelling along the pile are governed by the differential 

equation, given by: 



  

Chapter 2: Literature review 

36 

𝜕2𝑤

𝜕𝑡2
= 𝑐2 𝜕2𝑤

𝜕𝑧2
(2.14) 

where 𝑤  is the displacement at a position 𝑧  and time 𝑡 , and 𝑐  is wave velocity (𝑐 =

√𝐸/𝜌) with 𝐸 being the Young’s modulus and 𝜌 being the density of the pile material. 

The governing equation 2.14 can be solved using characteristic solutions. 

Accurate prediction of the performance of the pile during driving requires 

modelling of the dynamic response of the soil around. Ordinarily, the ultimate dynamic 

capacity 𝑅𝑈𝑑𝑦𝑛𝑎𝑚𝑖𝑐 is described by the pile velocity 𝑉  and the static soil resistance 

𝑅𝑈𝑠𝑡𝑎𝑡𝑖𝑐  via: 

𝑅𝑈𝑑𝑦𝑛𝑎𝑚𝑖𝑐
= 𝑅𝑈𝑠𝑡𝑎𝑡𝑖𝑐

(1 + 𝐽𝑉) (2.15) 

When an elasto-plastic behaviour of the soil model is assumed, the 𝑅𝑈𝑠𝑡𝑎𝑡𝑖𝑐   is expressed 

𝑅𝑈𝑠𝑡𝑎𝑡𝑖𝑐
= 𝑘𝑄 (2.16) 

where 𝑘 is the soil stiffness and 𝑄 is the soil deformation corresponding to the ultimate 

soil resistance (also called quake). In the original work of Smith (1960), the damping 

coefficient 𝐽 represents all dynamic effects of the soil, generally taken in the range 0.1-

0.2 s/m along the pile shaft. However, the damping parameter does not fully capture the 

dynamic mobility of soil and the increase in pore water pressure. Moreover, no attempt 

to account for radiation damping owning to the inertia of the soil has been considered. 

The more recent advances in modelling the dynamic interaction between pile and soil 

have been summarised in the work of Randolph (1991), considering the inertial resistance 

of the soil. 

The dynamic shear stress at the pile-soil interface was given by: 

𝜏𝑑 =
1

2𝜋𝑟0
(𝐾𝑠𝑤 + 𝐶𝑠

𝜕𝑤

𝜕𝑡
) (2.17) 

where 𝐾𝑠 and 𝐶𝑠 represent the spring stiffness and damping coefficient of a soil slice, 𝑟0 

is the radius of the pile. The equation recognises that the shear stress induced at the pile-

soil interface depends on both the displacement and velocity of the pile. Since the motions 
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of the pile and the soil are different during slipping, it is more convenient to express 

equation 2.17 in the form: 

𝜏𝑑 = 𝜏𝑠[1 + 𝛼(𝛥𝑣 𝑣0⁄ )𝛽] (2.18) 

with 𝜐 = 1 m/s and Δ𝜐 being the relative velocity between the pile and the soil. The 

values for the radiation parameter 𝛽 is taken as 0.2 and the viscous parameter 𝛼 between 

0 and 1. 

It is noticed that the stress waves generated during pile driving are compression 

waves. It may be feasible to extend the wave equation from impact driving to uplift, 

particularly in extreme conditions where tensile stress waves are predominant in wave 

energy applications. However, the inertia effect of the foundation should be considered. 

• Limit equilibrium analysis 

The inertia resistance potentially increases the pile uplift capacity. According to the 

dynamic theory, an object with the mass subjected to dynamic loading exhibits resistance 

attributed by the inertial effect. Compared to the wave-equation method, which lacks 

considerations on such an effect for the dynamic resistance, the limit equilibrium analysis 

will solve this issue. When a system is considered to behave as a rigid body, it is possible 

to apply Newton’s second law to describe its motions, given by: 

𝑚𝑝
𝑑2𝑤

𝑑𝑡2 + 𝐶𝑠
𝑑𝑤

𝑑𝑡
+ 𝐹𝑠 = 𝐹𝑒𝑥𝑡 (2.19) 

Where 

𝑚𝑝 = mass of pile 

𝑤 = displacement of pile 

𝐹𝑠 = soil resistance 

𝐹𝑒𝑥𝑡 = external force 
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The soil resistance 𝐹𝑠  is generally described through a stiffness term 𝐾𝑠  and the 

displacement of pile 𝑤; thus, the governing equation can be rewritten as: 

𝑚𝑝
𝑑2𝑤

𝑑𝑡2 + 𝐶𝑠
𝑑𝑤

𝑑𝑡
+ 𝐾𝑠𝑤 = 𝐹𝑒𝑥𝑡 (2.20) 

The Equation 2.20 recognises the importance of the inertia factor (𝑚𝑝�̈�). There are 

several methods for capturing the dynamic soil resistance (Wong et al. 1992);  (Vanden 

Berghe & Holeyman 2014). Most of such studies were applied in vibratory-driving 

problems. In addition, the principles can be applied for dynamic installed anchors 

(O’Loughlin et al. 2009). 

2.3.5 Centrifuge modelling 

Attempts have been made to understand the dynamic response of foundations during 

installation. While analytical and numerical methods play an essential role, physical 

modelling provides a potent modelling tool to investigate the foundation performance 

under a given loading condition. Also, it brings benchmark to verify numerical models or 

to assist with the design. Among physical modelling approaches, the centrifuge has its 

merits to avoid full-scale load tests, which are sizeable and costly (Gaudin 2009). 

The centrifuge modelling is fundamentally based on the requirement of stress 

similarity between the model and the prototype (Taylor 1995; Wood 2004); thus, it is 

customary to adopt a length scale that is inversely proportional to the gravity scale, given 

by: 

𝑁 =
𝐿𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒

𝐿mod𝑒𝑙
=

𝑎mod𝑒𝑙

𝑔
(2.21) 

where 𝑁 is the centrifuge acceleration ratio, 𝐿𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 is the prototype length, 𝐿𝑚𝑜𝑑𝑒𝑙 is 

the model length, and 𝑎𝑚𝑜𝑑𝑒𝑙 is the acceleration of the model. Key scaling relationship 

for dynamic modelling is summarized in Table 2-4. It is noted that the dynamic event and 

consolidation event have different time scale factor, 𝑁  and 𝑁2  respectively. 

The application of the centrifuge to dynamic problems was mainly recognized in 

earthquake and blast areas (Hushmand et al. 1988; Kutter 1992; Schmidt & Housen 1987; 

Steedman 1991). Also, centrifuge dynamic modelling involves piles subjected to rapid 
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loading (Hölscher & Tol 2009). With a wide range of applications, centrifuge modelling 

has become an important tool within geotechnical dynamic applications. Clearly, the 

success of centrifuge dynamic modelling is dependent on sophisticated actuators (to 

generate dynamic loading), containers (to minimize boundary effects), or MEMS 

accelerometers (to measure rapid movements). 

The central part of this investigation was carried out in the beam centrifuge at the 

National Geotechnical Centrifuge Facility (NGCF) at the University of Western 

Australia. The NGCF machine is the Acutronic 661 Model with a nominal working radius 

of 1.55 m, which can bring a maximum payload of 200 kg at an acceleration of 200g. 
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Table 2-1 Typical properties of cohesionless soils (Meyerhof 1956) 

Type b 

(kN/m3) 

Dr 

(%) 

’ 

(0) 

Loose 7-8.5 0-50 28-30 

Medium dense 8.5-10 50-70 30-36 

Dense 9.5-11 70-85 35-42 

Very dense 9.5-11 85-100 40-45 
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Table 2-2 Coefficients for the API-00 method for piles in sand 

Density Soil type Shaft friction  

factor,  (−) 

Shaft friction  

limit, ,lims  (kPa) 

Medium dense Sand-silt 0.29 67 

Medium dense 

Dense 

Sand 

Sand-silt 

0.37 81 

Dense 

Very dense 

Sand 

Sand-silt 

0.46 96 

Very dense Sand 0.56 115 
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Table 2-3 CPT-based equations for ultimate shaft friction of piles 

Methods Equations Comments Ref. 

Fugro-05 0.15 0.85'

0

*
0.045 max ,8v

f c

a

h
q

p R




−
    

=     
   

 
Direct 

correlation 

with cq  

(Fugro 

2004; 

Kolk et al. 

2005) 

ICP-05 ( )' '0.8 tanf rc rd cva   = +   

1a =  for closed-ended piles and 0.9  for 

open-ended piles 
0.13 0.38'

' 0

*
0.029 max ,8v

rc c

a

h
q

p R




−
    

=     
   

 

' 2rd G r R =   

5 20.023 0.00125 1.21 10cG q x − = + −    

with ( )
0.5

'

0c v aq p =   

Account for 

“dilation” 

effect  

(Chow et 

al. 1997) 

NGI-05 . . . . . .f tip a Dr load tip mat sigz z p F F F F F =  

( )
1.7

2.1 0.1
rD rF D= −  

loadF  = 1.0 for tension, 1.3 for 

compression 

tipF  =1.0 for driven open-ended, 1.6 for 

closed-ended 

matF  = 1.0 for steel, 1.2 for concrete 

( )
0.25

'

0sig v aF p
−

=  

tipz  = 1.0 for pile tip depth 

( )
0.5

'

0

0.4 log
22

c
r e

v a

q
D

p

 
 =
 
 

  

Indirect 

correlation 

with cq  ; 

account for 

“friction 

fatigue” effect 

(Clausen 

et al. 

2005) 

UWA-05 0.5

0.30.75.0.03 max ,2 tanf c r cv

h
q A

D
 

−  
=   

   

 

( )
2

1r iA D D= −   

Incorporated 

into the API-

RP-2A 

guidelines 

(B Lehane 

et al. 

2005; 

Lehane 

2005)  

With ap  = atmospheric pressure (100 kPa); '

rc  = effective radial stress after 

installation and equalisation; cv  = constant volume interface friction angle; '

rd  = 

increase in radial stress due to loading stress path (dilation); z = pile embedment depth; h 

= L-z distance from the pile tip; D = outside pile diameter; R = outside pile radius; R* = 

equivalent radius ( )2 2

iR R− . 



  

 Chapter 2: Literature review 

43 

  



  

Chapter 2: Literature review 

44 

Table 2-4 Scaling factor for dynamic modelling 

Parameters Prototype Model 

Stress   

Length/Displacement L L/N 

Velocity v v 

Acceleration a Na 

Force F F/N2 

Mass m m/N3 

Time (dynamic) T t/N 

Time (consolidation) tv tv/N
2 
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Figure 2.1 Result of sum of wave components with different heights, periods and 

directions (source: www.carbontrust.com) 

  

http://www.carbontrust.com/
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Figure 2.2 Characteristics of real seas with (a) change in water surface elevation in 

one sea state, (b) power spectrum for a single sea state, and (c) annual variation of 

sea states (source: T.W. Thorpe, Energetech, Australia) 

  

(b) 

(a) 

(c) 
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Figure 2.3 Loading mechanism of piles in sand following: (a) the -method, (b) the 

CPT-based method 

  

Qs = f.As 

f = ’
v0 

Vult 

W’ 

-method CPT-based method 

W’ 

Qs = f.As 

f = f(qc, 
’
v0, h, R) 

 

h 

z 

Vult 

(a) (b) 



  

Chapter 2: Literature review 

48 

 

Figure 2.4 Development of t-z relationship (after (Aubeny 2017)) 
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Figure 2.5 Loading mechanism of plate anchors in sand 
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Figure 2.6 Problem of vertical loading using the lower and upper bound theorems 

(after (Murray & Geddes 1987)) 
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Figure 2.7 Strain rate effect (after (Casagrande & Shannon 1949)) 
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Figure 2.8 Stress-strain relations for different loading rates (after (Huy 2006)) 
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Figure 2.9 Model for capturing the response of pile driving in the wave equation 

method (after (Aubeny 2017)) 

 



 

 

 Considerations on anchor 

solutions for WECs 

3.1 Introduction 

Being spatially concentrated, high power density, and having potential estimated at above 

3000 GWh (Reguero et al. 2015), wave energy has the ability to become an important 

renewable energy source. However, the industry is still at the early stage of development 

(Edenhofer et al. 2011). 

For the wave energy to become an alternative renewable energy source in the future 

energy mix, the sector must develop efficient energy converters and subsequently transfer 

from single to multiple units (Gaudin et al. 2018). With an integrated system of multiple 

units, for example, a wave energy farm may occupy a large area up to several square 

kilometres with significant change in soil types and properties (Heath et al. 2017; Ricci 

et al. 2012). According to (IEA. 2015), this transition potentially reduces the cost of 

electricity from $18,100/kW for a 3MW wave energy plant to $9,100/kW for a 75MW 

plant. 

Obviously, to reach those targets, there must be an early important step for which 

the devices transfer from prototype-scale to commercial-scale. To date, a large number 

of wave energy projects have been installed and tested (Dalton et al. 2010; Falcão & 

Henriques 2016; Fiévez & Sawyer 2015; Heath 2000; Ocean Energy 2017; Tedd & 

Kofoed 2009); however, none of them have become commercially viable. A current 

estimation of the LCOE for wave energy suggests a cost of €225/MWh compared to 

€165/MWh for offshore wind or €190/MWh for tidal energy (Astariz et al. 2015). 

To improve the commercial viability of wave energy, a large volume of research 

has been undertaken to investigate the efficiency of WEC power take-off (Falcão & 

Henriques 2015; Fitzgerald & Bergdahl 2008) and hydrodynamics (Johanning et al. 

2007). However, at present, foundations or anchors have received relatively less attention. 

The main function of the anchors is to keep the WECs securely during extreme events by 
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attaching them to a fixed point on the seabed. A second crucial function is to act as a 

reaction point for the PTO in some point-absorber technologies. In some instances, the 

cost of the anchor can be a significant fraction of the total capital cost of a device (up to 

30% (Moura Paredes et al. 2013)). 

The role of geotechnical engineering is vital in ensuring anchors perform 

successfully and efficiently for WECs. In all cases, the anchor performance depends 

strongly on the loading regimes it experiences and the geotechnical properties of the local 

seabed sediment where the device is expected to operate. While the geomaterial properties 

witness significant changes from coarser soils in shallow waters to finer soils in deep 

waters, loading regimes are a challenge for industry with a special requirement for 

maximum power output over full range of sea conditions (Falnes 2007). Also, the 

converters need to survive extreme waves that have the potential to result in very large, 

but infrequent, hydrodynamic loads (Madhi & Yeung 2018; Ransley et al. 2017). The 

success of the wave industry depends on accurately estimating load cases and designing 

foundations to resist such loading scenarios. Therefore, understanding the response of the 

converter in a range of sea states is an essential way to identify loading regimes to be 

applied to the anchor. 

This chapter aims at calculating the load history applied to an anchor with the aim 

of subsequently investigating how the anchor size scales with such loading. As a first 

attempt to address this type of issue in research (to the authors’ knowledge), the study 

focuses on a point absorber connected to an anchor via a taut mooring line, similar to that 

being design by Carnegie Clean Energy (Carnegie Clean Energy 2019), who are currently 

working on a new CETO 6 concept for a commercial scale production. A second reason 

for this choice of WEC is because point absorbers constitute the majority of wave energy 

deployment (45% of deployed projects (López et al. 2013)). From the anchor design 

perspective, the taut mooring line results in a reaction point at the seabed, which requires 

careful (and often costly) anchor design. The expectation is that a better understanding of 

the loads, associated with the development of alternative anchor solutions, will lead to a 

less conservative anchor design approach that can generate significant savings in 

foundation engineering for taut moored WECs. 
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The first section of this chapter presents a mathematical model developed to 

estimate the loads produced by a semi-submerged spherical floating body on its anchor. 

The second section presents a sizing exercise of different anchor types, including an 

anchor that would not normally be considered by industry. Note that calculations for the 

anchor are going to focus on sandy soils only, since they are the most type of sediments 

encountered in water depths relevant to floating WECs. Potential strategies to minimise 

loads are then identified and discussed for the different anchor types. 

3.2 Dynamics of wave energy converters 

Wave energy conversion systems display much variety, incorporating a wide range of 

technologies (Drew et al. 2009; Falcão 2010; López et al. 2013). It would be impractical 

to analyse all the available device configurations since they are likely to rely on 

purposely-developed control strategies. Instead, the emphasis is placed in this Chapter on 

modelling of a generic device that has a relatively simple power take off system. Also, it 

is important to recognise that geotechnical interest associated with anchor design is of 

secondary consideration to optimal power output. This is because whilst operational sea 

states are important from the economic perspective; extreme sea states are more important 

from the survivability standpoint in which anchor design is critical and power generation 

is secondary. 

A floating point absorber, illustrated as in Figure 3.1a, is one of the most basic and 

well-studied methods to convert wave motion (via mechanical and hydraulic systems) 

into power for driving electrical generators (López et al. 2013). 

A floating point absorbed experiences motion when subjected to wave excitation. 

To predict this motion, the device is normally treated as a single body system attached to 

a spring-damper system that represents the PTO system. With this assumption, the 

dynamics of a body of mass  𝑚  subjected to an excitation force, according to the 

Newton’s second law, can be expressed in the form of the following equation: 

(𝑚 + 𝑎𝑖𝑖)�̈� + 𝑏𝑖𝑖�̇� + 𝑘𝑦 = 𝐹𝑒 + F𝑒𝑥𝑡 (3.1) 

where 𝑘 is the hydrodynamic stiffness of the system (resulting from buoyancy), 𝑎𝑖𝑖 is the 

added mass at infinite frequency, 𝑏𝑖𝑖 is the radiation damping coefficient, 𝑦 is the heave 
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(or vertical) motion of the buoy and 𝐹𝑒 is the wave excitation force. In this equation, the 

F𝑒𝑥𝑡 term is external forces associated with the PTO system. Only the vertical dynamics 

are considered since the point-absorber converters are designed to transform heave 

motion into power. Details of those input parameters are given as follows. 

3.2.1 Wave excitation force 

The wave excitation force is a function of time. In irregular sea waves, the excitation force 

can be modelled as a linear superposition of infinite independent sinusoidal components, 

given by: 

𝐹𝑒(𝑡) = ∑ |𝛤(𝜔𝑖)|𝐴𝑖cos(𝜔𝑖𝑡 + 𝜙𝑖)∞
𝑖=1 (3.2) 

where Γ(𝜔)  is the excitation force coefficient. The amplitudes of the frequency 

components 𝐴𝑖 are identified from the energy spectral density 𝑆(𝜔), with components 

having an amplitude equal to the mean square value of 2𝑆Δ𝜔 . The phases 𝜙𝑖  are 

randomly selected within [0:2π]. 

3.2.2 Added mass and hydrodynamic damping 

The 𝑎𝑖𝑖(𝜔)  and 𝑏𝑖𝑖(𝜔)   variables are the added mass and the radiation damping 

coefficient, respectively. They parameterise the forces in phase with acceleration and 

velocity, respectively, which result from motion of the device, and are unique to a given 

shape of the buoy. In this work these variables have been computed with the use of 

HydroSTAR (HydroSTAR 2019). 

3.2.3 External PTO forces 

Determining the PTO forces is especially challenging. This is because the PTO system is 

device-specific with different control strategies applied for a variety of working 

conditions (e.g. improving power absorption or assuring survivability of the equipment) 

that also result in a complex behaviour of the device (Ricci et al. 2012). Typically, the 

PTO force comprises two components, i.e.: 

𝐹𝑒𝑥𝑡 = −(𝑘𝑠𝑦 + 𝑐�̇�) (3.3) 
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with the first one (represented by a spring) being proportional to displacement, and the 

second one (represented by a damper) being proportional to velocity. While 𝑘𝑠  is the 

mechanical spring coefficient, 𝑐  represents the mechanical damping coefficient. 

Evidently, the PTO force is defined from the motions of the floating body, which is 

restricted by the reaction forces from the anchoring system; i.e. the anchor force is the 

same as the PTO force (𝐹𝑓 = 𝐹𝑒𝑥𝑡). 

With the existence of the spring term, the stability of the system is guaranted if no 

restoring force is present. However, in the case of WECs oscillating in heave as in this 

study, the spring term is neglected (i.e. 𝑘𝑠 = 0) since the floater experiences a restoring 

hydrostatic force (i.e. buoyancy force 𝐹𝑏 = 𝜌𝑔𝑆 with 𝑆 being the cross-sectional area at 

the undisturbed sea level). The 𝐹𝑓  component is then rewritten as the result of the 

damping coefficient c  and the buoy velocity y : 

𝐹𝑓 = −𝑐�̇� (3.4) 

3.3 Solutions for the device response 

It is evident that forces generated on the anchor depend on the PTO equipment that is 

strongly controlled by motions of the floater. In accordance with linear theory and 

considering fluid motion and device motion to be harmonic, the displacement of the 

floating body is given by 𝑦 = Re{|𝑌(𝜔)|𝑒𝑖(𝜔𝑡+𝜙)} , where 𝑌(𝜔)  is the displacement 

amplitude at each frequency component , and   is the phase of the incoming waves. In 

the time domain, the displacement amplitude is the sum of all components across the 

spectrum. For each frequency component the velocity �̇� and the acceleration �̈� become: 

�̇� = Re{𝑖𝜔|𝑌(𝜔)|𝑒𝑖(𝜔𝑡+𝜙)} (3.5) 

and 

�̈� = Re{−𝜔2|𝑌(𝜔)|𝑒𝑖(𝜔𝑡+𝜙)} (3.6) 

Substituting the expressions for the displacement, velocity, and acceleration together with 

the expressions for the excitation force into the equation of motion (Eq. 3.1), the complex 

displacement amplitude of the floating body is obtained according to: 
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𝑌 =
𝐹𝑒,𝑖

𝑘−(𝑚+𝑎33)𝜔2+𝑖(𝑐+𝑏33)𝜔
(3.7) 

The emphasis of this study is to investigate the magnitude of loads experienced by 

a heave-oscillating WEC. For a given spherical semi-submerged body, as assumed here, 

the maximum energy generation occurs when 𝑘 = (𝑚 + 𝑎33)𝜔2 and 𝑐 = 𝑏33, giving the 

power of 𝑃max =
|𝐹𝑒.𝑖|2

8𝑏33
. However, it is impossible to obtain such a tuning for a floating 

sphere with the natural buoyancy force (Evans 1976). The system stiffness becomes 𝑘 =

𝑘𝑏 = 𝜌𝑔𝜋𝑅2. The damping stiffness of the device is then determined by: 

𝑐 = √(𝑏33)2 + (𝑘 𝜔 − (𝑚 + 𝑎33)𝜔2⁄ ) (3.8) 

The force applied to the foundation is subsequently estimated by: 

𝐹𝑓 = Re{−𝑖𝜔𝑐|𝑌|𝑒𝑖(𝜔𝑡+𝜙)} (3.9) 

In an irregular sea wave, the time series of the foundation forces is calculated as a sum of 

independent component at each frequency. The maximum tensile forces per cycle within 

a sea state are then determined through a zero-crossing analysis. The process is repeated 

for all sea states, before concatenating to obtain a long time series of forces. 

3.4 Environmental conditions 

Converters are site specific; that is, the size of the device and their components (e.g. 

mooring and anchoring systems) are sensitive to the environmental conditions. 

Depending on the availability of data, the analysis should be undertaken for all sea states 

monitored (or forecast). 

In this study, changes in loading magnitude were calculated using real data of sea 

states collected at Rottnest Island, Australia in 2009 (30-minute recordings for 12 

months). Figure 3.2 presents the annual distribution of sea states for this site with the 

greatest occurrence of significant wave height 𝐻𝑠 in the range of 1 to 5 m, and from 10 to 

17 seconds for peak period 𝑇𝑝. The contour lines indicate that most sea states carry energy 

below 200 kW/m and a few sea states carry more than 500 kW/m. The JONSWAP 

spectrum (Hasselmann et al. 1973) was adopted to generate wave elevation time series. 
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In the following section the Rottnest Island data is used to compute forces for a 

floating point absorbed. Table 3-1 summarises values for the point absorber considered 

in the simulations with the radius of the sphere being 10 m and the buoy mass being 

calculated approximately as 2150 tons. The reason for this choice of size is that Carnegie 

Clean Energy Ltd is currently working on a new CETO 6 design, which features a 

diameter of approximately 20 m and a rated power capacity of 1 MW. 

3.5 Focus on foundation loads 

Figure 3.3 shows an example of a time series of loads acting on the anchor during one 

typical sea state (𝐻𝑠 = 8 𝑚 and 𝑇𝑝 = 17 𝑠). Peak loads per cycle were defined through 

zero-crossing analyses and plotted as an exceeding probability distribution in Figure 1.3b. 

It is evident from the figure that the linear damping PTO curve exhibits a long tail with 

the loads spreading over a wide range and high magnitude loads occurring at very low 

probability. The largest load recorded was 6 MN for the linear PTO system. From a design 

perspective, the anchor must be designed to resist this load to ensure structural safety, 

consequently resulting in a large size for the anchor. It is clear that the anchor size could 

be reduced significantly if the relatively small number of extreme load events are avoided 

or reduced. This can sometimes be achieved by implementing a different control strategy 

for the PTO. 

In practice, some WEC concepts are based on a hydraulic-pump-type PTO system 

that rectifies the flow using controlled valves (see the power take-off mechanism in (Drew 

et al. 2009; Falcão 2008)), so that it may be set to achieve a constant force in the piston 

regardless of the velocity amplitude in extreme seas (when power generation is secondary 

to survivability). The constant force, which is only opposite to motion, is referred as the 

Coulomb force. The application of this mechanism limits the load seen by the foundation, 

provided the piston does not hit an end stop. The force generated from a Coulomb-type 

PTO is described as: 

𝐹𝑓 = 𝐶𝑃𝑇𝑂𝑠𝑖𝑔𝑛(�̇�) (3.10) 

This value varies depending on the type of hydraulic pump used. In this study, an 

assumption was made for the constant Coulomb force, where it is pre-set at 2 MN. 
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In practice, an important question for such arrangements is when to switch to a 

Coulomb PTO system to avoid extreme loads for an incoming sea state. One solution is 

to estimate the maximum peak force in a given sea state and compare this to the 

predetermined Coulomb value.  Assuming a Rayleigh distribution, the 𝐹max  may be 

predicted according to: 

𝐹max = 𝜎𝐹√2ln(𝑁) (3.11) 

where 𝜎𝐹 is the standard deviation of the time varying total inline force, which is equal to 

the root mean square force: 

𝜎𝐹 = √∑ (|𝛤(𝜔𝑖)|𝐴𝑖)2𝑋

𝑖=1

2
(3.12) 

and 𝑁 is the number of waves during a given sea state: 

𝑁 =
60𝑡𝑚

𝑇𝑝
(3.13) 

with 𝑡𝑚 being the duration of the sea state and 𝑇𝑝 being the peak period. 

The response of the PTO during an extreme wave was approximated. Like the linear 

PTO, the analysis for the Coulomb PTO was run for all sea states, including normal and 

extreme sea states for which a switch was made. The statistics of peak loads (determeined 

via a zero-crossing analysis) for the Coulomb PTO equipment is shown as in Figure 3.4. 

Clearly, the “Coulomb” damping curve presents a similar shape at low loading 

magnitudes in comparison with the linear damping curve, but there is a cap produced by 

the Coulomb-type PTO. It is noteworthy that while the linear damping curve exhibited a 

long tail, the Coulomb damping curve (limited by the Coulomb PTO) was capped by a 

pre-determined constant force. The difference between linear loads and Coulomb-capped 

loads has significant implications for anchor design. As can be seen, the maximum load 

can be avoided depending on how far the Coulomb loads can be capped. For instance, by 

switching to the Coulomb system during extreme conditions (also called “survivability 

mode”), the maximum anchor force reduces from just below 6.0 MN to just above 2.0 

MN, which is significant with the reduction of approximate 67 percent. A comparison of 
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the two results reveals that the anchor has potential to reduce its size (and then cost) due 

to extreme loads avoided. 

This section has analysed different control strategies for the PTO, which 

subsequently results in different loading regimes on the WEC’s foundation. In the 

remainder of the Chapter the design aspects of anchoring solutions for the WEC are 

investigated. 

3.6 Anchoring technologies 

Knowledge around anchoring systems for floating structures has been developed over 

several decades along with the rise of offshore oil and gas developments. As a first 

approach to designing anchoring solutions for floating WECs, the wave energy industry 

has tapped into this knowledge. There are, however, several important aspects that 

preclude this type of approach, associated with: large motions, dynamic conditions, 

fatigue damage, and extreme loads (Gaudin et al. 2018). As a first step towards a more 

optimized and specific design, this section reviews existing anchoring technologies and 

their performance against the specific loads of floating WECs, with the purpose of 

narrowing the available solutions that are applicable to WECs. 

Anchoring systems are designed to anchor floating facilities into the seabed; thus, 

they resist tensile loads, which are predominant for taut and semi-taut mooring systems, 

either by self-weight, by friction resistance against the soil, or by bearing resistance, or 

by a combination of these elements. Figure 3.5 sketches these different anchor types. 

Their key components are discussed in more detail in the following sections. 

3.6.1 Gravity anchors 

Gravity-based anchors resist tensile loads purely by self-weight. They are often 

considered for WECs due to simple installation procedures, minimal requirements for 

geotechnical parameters, and because they can be used in various soil conditions (i.e. 

clay, sand, or rock). In particular, for offshore seabed installation where soft soil 

conditions exist, skirted gravity anchors may be used to confine soft surface soil, and 

transfer anchor loads to stronger soil layers (Bransby & Randolph 1999). Additionally, 
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gravity anchors are considerably more efficient for both slack and taut mooring systems 

that were adopted in shallow water areas. 

The anchor is often designed as an empty box, initially placed onto the seabed, and 

subsequently filled with heavy materials (e.g. rock, iron ore or steel material) until the 

foundation weight is enough to resist the required tensile load. The holding capacity of a 

gravity anchor is simply generated by the dead weight of the foundation, expressed by 

𝑉ult = 𝛾′𝑚𝐻𝐴 with 𝛾′𝑚 being the submerged unit weight of anchor, 𝐻 being the height 

of anchor, and 𝐴 is the area of the anchor. 

While this solution can be economical for WECs generating small loads (in the 

order of kN), it might become an expensive solution for large loads (in the order of MN) 

and require substantial footprints that may raise environmental concerns. This anchor type 

may also be inappropriate if the tensile load has a significant horizontal component. 

3.6.2 Friction anchors 

The friction anchors provide capacity through mobilising friction at their soil-structure 

interface. The anchors, represented by piles (grouted, jacked and driven) and suction 

caissons, are mainly used for oil and gas structures and offshore wind turbines (Houlsby 

& Byrne 2005). The piled foundation can adopt a wide range of soil conditions (Randolph 

2003), while the suction caisson (with a high aspect ratio 𝐿 𝐷⁄    5-8) was typically used 

in soft soil (Andersen et al. 2005) and low aspect ratio (𝐿 𝐷⁄   < 1) for sandy soils. 

Friction resistance is never mobilised solely, but always with either self-weight (as 

in piles) or suction pressure (as in suction caissons). The total friction resistance is 

calculated by integrating the ultimate unit shaft friction resistance 𝜏𝑠𝑓 over the surface of 

anchor length. The determination of the unit shaft resistance in clay and sand is known as 

the “alpha method (𝜏𝑠𝑓 = 𝛼𝑠𝑢)” and “beta method (𝜏𝑠𝑓 = 𝛽𝜎′𝑣𝑜)”, which are detailed in 

the API guidelines (API-2A-WSD 2000). While the API methods are widely used for 

preliminary design but lacking theoretical basis, CPT-based approaches are recently 

preferred since they correlate the shaft friction with cone tip resistance 𝑞𝑐 of CPT tests 

(more details can be found in the work of (Lehane 2005)). 
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While these friction anchors tend to be more expensive due to the requirement of 

advanced soil investigation survey and complex installation equipment (Basu et al. 2011), 

they are suitable for WECs in shallow and deep waters. 

3.6.3 Bearing anchors 

The bearing anchors include all types that mobilise large volume of soil above their plate. 

This consists of helical anchors (also called screw piles), vertically loaded anchors 

(VLAs), suction embedded plate anchors (SEPLAs), or dynamically embedded plate 

anchors (DEPLAs). The anchors are rectangular or circular and feature a shank for 

connection to the mooring chain. They typically exhibit the highest efficiency (defined as 

the ratio of capacity to self-weight) as the volume of soil mass involved during loading 

was added to the mass of the anchor and additional friction resistance along slipping 

planes within the soil mass. 

The holding capacity of bearing anchors is often expressed through a bearing 

capacity factor. The determination of these factors has been a topic of much research, 

such as (Merifield 2011) for clayey soils or (Murray & Geddes 1987) and (Merifield et 

al. 2006) for sands. Also, research on effects of installation method (e.g. suction, driven 

and dynamic) and soil disturbance was reported by (Todeshkejoei et al. 2014). Although 

work is currently in progress due to complex plate-soil interaction, these bearing anchors 

present the most suitable solution for WECs in deep waters. 

3.7 Evaluation of anchor performance for WECs 

Table 3-2 summarises advantages and disadvantages of each anchoring solution, which 

affect their suitability for WECs. Any anchor design must consider not only fundamental 

design aspects mentioned above but also factors such as project scale, mooring type 

(catenary or taut), seafloor heterogeneity, site investigation level, and WEC array. The 

research on these aspects for the wave energy industry is in its infancy, and no 

recommendations or guidelines are comprehensive to assist the design of WEC’s 

anchoring solutions. Preliminary design can, however, be undertaken to evaluate the 

performance of each foundation type and narrow the anchoring solutions for a common 

type of WEC (i.e. point absorber as in the current research). For that purpose, a sizing 
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exercise is essential to understand how the anchor size is sensitive to WEC loading, which 

has been proved being over a wide range. 

3.7.1 Model assumptions 

Three anchors were investigated for the study, including a gravity anchor, a monopile, 

and a plate anchor that cover the three different types of foundation presented above. 

The anchor material was assumed rigid, with a unit weight equal to 25kN/m3 for 

concrete material (used for gravity and piled anchors) and 78.5kN/m3 for steel material 

(plate anchor). The thickness of the anchor plate was assumed as 0.03D. 

The sandy soils were also considered since they are the most common type of 

sediments encountered in water depths relevant to floating WECs. An elastic-perfectly 

plastic behaviour obeying the Mohr-Coulomb failure criterion for the soil was assumed 

with a non-associated flow rule (which is common for sand that accounts for volume 

changes due to dilatancy). The characteristics of the material are given in Table 3-3, 

where the peak friction angle and dilatant angles were calculated based on relationships 

proposed by (Bolton 1986). The interaction between the structures and soils was modelled 

using a weightless contact surface with shear strength equal to 0.55 times the normal 

stress. 

3.7.2 Analysis 

The ultimate uplift capacity of these anchors was computed using a plane strain (2D) limit 

analysis approach (except the gravity anchor, for which a simple equilibrium calculation 

was performed), incorporated in the limit analysis software OptumG2 (Krabbenhøft & 

Lyamin 2014). The OptumG2 computes upper and lower bounds of foundation capacity 

to obtain a rigorous and accurate estimate of the exact solution. Note that, although a non-

associated flow rule was defined for the sandy soil material, the dilation angle will be 

always assumed associated (i.e. it will be automatically overridden for these types of limit 

analysis). 
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The accuracy of the capacity can be enhanced both by increasing the number of 

elements and by using mesh adaptivity. A total of 10,000 elements for each anchor type 

and three adaptivity steps were used together with the default option of shear dissipation 

as adaptivity control. In other words, three calculations were carried out; each with a mesh 

adapted according to the prior distribution of the shear dissipation and such that the 

number of elements in the final mesh at the shear band equals the number of elements 

that were specified as 5000 elements for all anchors. Figure 3.6 presents the final mesh 

obtained for the pile and the plate anchor, as an example. 

Due to the symmetry of the models, only a half model was established to save 

computing time. The soil domain extended to 10-15 times the diameter of the foundation 

horizontally and vertically, with zero horizontal displacements on the lateral boundaries 

and zero vertical displacements on the bottom boundary. The top boundary was modelled 

as an impermeable free surface. 

Note that the model presents significant simplifications, which are acceptable for a 

sizing exercise and a simple comparison between the different anchors. An appropriate 

foundation design would require establishing more accurate soil sample characteristics 

(fitted to the loading paths relevant to each foundation), accounting for the effects of 

cyclic loading, potential strength degradation, and the drainage conditions within the soil 

as a function of the rate and frequency of loading. 

3.7.3 Anchor sizing 

The analysis considers the evolution of anchor size as a function of the applied loads. An 

anchor is generally represented by two key dimensions (e.g. diameter and length). In this 

investigation, one dimension was fixed, and the other one was changed to increase 

capacity as the load increases. The comparison was made with a 2.5 m diameter gravity-

based foundation, 1 m diameter pile, and 2 m diameter plate anchor (with the depth 

changed). 

It is evident from the results, which are plotted in Figure 3.7, that anchor dimensions 

reflect the mechanism of soil resistance mobilisation. As can be seen, the size of the 

gravity anchor is linearly proportional to the applied load, while the other two anchors 
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show a non-linear scale with loading. In other words, there is a higher gradient in the size 

of the pile and plate anchors compared to the gravity-based anchor as the load increases. 

For instance, at low 𝐿 𝐷⁄ , the gradient is 0.3 for the gravity-based anchor, whereas it is 

about 36 for the pile and 5 for the plate anchor. In contrast, at large 𝐿 𝐷⁄ , the gradient 

remains constant for the gravity anchor but reduces to 16.5 and 2.5 for the pile and the 

plate anchor, respectively. This reflects the mechanism of mobilising capacity of those 

anchors, with a direct mobilisation from the self-weight of the gravity anchor, and from 

the skin friction of the piled anchor and the bearing pressure of the plate anchor, meaning 

that the friction and bearing anchors mobilise soil resistance before reaching their 

maximum capacity. The difference in the gradient of the curves for different anchors 

indicates that the gravity-based anchors are more efficient than friction or bearing anchors 

in terms of capacity mobilisation. However, this mechanism of capacity mobilisation does 

not indicate which anchor solution is more economical. 

3.7.4 Anchor cost analysis 

The cost of an anchor generally consists of many elements, including the manufacturing 

of the foundation, its transport to site and installation as well. The first component is 

accounted for material cost. The second component is likely to be conducted on tugged 

barges that is strongly dependent on the loading and unloading time. The final component 

is more challenging when it depends essentially on the required equipment and 

mobilisation/demobilisation time to install an anchor at site. For example, the gravity base 

foundation potentially requires a vessel with a large lifting capacity and lifting radius, 

whereas the plate anchor will require a smaller vessel with lesser capacity. 

For the sake of achieving a reasonable comparison between those anchor solutions, 

simplifications were made, for which the cost is estimated based on unit rates shown in 

Table 3-4 (where the values were also referred to a design case conducted by the author). 

The difference in the transport and installation unit cost between the gravity anchor and 

the pile, for example, basically lies in the vessels used, which cost around about 

$250,000/day for the gravity anchor compared to a value of about $150,000/day for the 

pile foundation. Similarly, the difference in the fabrication cost is mainly attributed to the 

cost of materials used for those anchors – e.g. $250/m3 concrete, $150/t iron ore, or 
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$3500/t steel). Figure 3.8 aggregates the various assumptions made into a comparative 

cost for all anchor types considered. While the total cost should not be considered as 

necessary representative of real costs, the figure provides interesting insights into the 

economic performance of each solution. 

Clearly, the plate anchor exhibits the lowest total cost, followed by the piled anchor. 

The gravity-based anchor is the most expensive option, essentially because of the cost 

required for installation. For example, the gravity anchor costs $400,000 for 3 days 

installing (including time for towing to and from the site), in comparison to $200,000 of 

the pile anchor or $100,000 of the plate anchor. From the economical perspective, the 

gravity-based anchor seems to be a prohibitive option due to both large fabrication 

material and long installation period. In addition, the gravity anchor presents a high level 

of cost increase as the size increases. 

Note that the cost analysis does not account for the site investigation cost and design 

cost, which requirements will differ depending on the type of foundation. A 

comprehensive cost analysis should include these components, notably the site 

investigation, which can potentially be of the same order of magnitude as the figures 

presented above. 

3.8 Conclusions 

Understanding loading regimes is critical to the efficient design of anchors, which offer 

uplift resistance for offshore floating wave energy converters. 

This investigation has demonstrated that loads produced by the linear damping PTO 

are often very large. Using the Coulomb PTO seems appropriate to reduce large forces. 

A major question associated with the switching time to such arrangements was solved 

using maximum load prediction in a given sea state. However, there is evidence that 

snatch loads associated to the failure of the PTO may occur. Equally it is possible that the 

piston may hit an end stop and result in loads above the Coulomb limit. This phenomenon 

has been reported by (Hann et al. 2015) as the PTO system reaches its maximum 

extension. Snatch loading is characterised by short duration and high magnitude loading 

and is discussed further in Chapter 4. 
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From the geotechnical engineering perspective, the anchors are designed to resist 

uplift forces, or in other words, their size is governed by the loading magnitude. It is 

shown from the sizing analysis that the gravity-based anchor scales linearly with the 

applied loads, whereas the frictional and bearing anchors show a non-linear scale with 

loading. This discrepancy is basically attributed to the mechanism of mobilising capacity 

of those anchors with a direct mobilisation from the self-weight, skin friction, or from 

bearing pressure. The results indicate that gravity-based anchors are more efficient in 

terms of uplift capacity but less economical in terms cost saving than the other type anchor 

solutions. This is particularly beneficial for requirements of new CETO devices, which 

feature a bigger dimension to reach higher rated power capacity. This is also beneficial 

for developers in the wave industry in having an appropriate selection of WEC 

foundations to address cost-related problems. 

The question raised by this study is the performance of anchors when subjected to 

(dynamic) snatch loading to ensure the performance of the device since large 

displacement may be induced during failure. In addition, engineers may consider 

designing robust foundations that can perform well for different locations, where different 

seafloor geomaterial types will be encountered. Finally, cyclic effects caused by Coulomb 

forces should also be considered in the design process. 
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Table 3-1 Parameters used for hydrodynamic simulation 

Parameters (unit) Value 

Buoy radius, 𝑟 (m) 10 

Water density, 𝜌𝑤 (kg/m3) 1025 

Gravitational acceleration, 𝑔 (m/s2) 9.81 

Buoy mass, 𝑚 (kg) 2.15e6 

Added-mass, 𝑎33 (kg) 1.84e6 

Incident wave frequency, (rad/s) 0.32~6.2 

(𝛥𝜔 = 0.003 rad/s) 
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Table 3-2 Technology maturity of anchor options for WECs 

 Gravity anchors Friction anchors Bearing anchors 

Type Box anchor, grillage 

and berm anchor 

Piled foundation, 

suction caisson 

Helical anchor, fixed 

fluke anchor, VLA, 

SEPLA, DEPLA 

Mobilised 

tensile 

mechanism 

Self-weight Self-weight and shaft 

friction resistance or 

suction pressure 

(caissons only) 

Self-weight and 

passive pressure on 

the top of the plate 

Advantages Variety of soil 

conditions (dense 

sand, soft clay, or 

rock) 

Simple to fabricate 

and install 

Well-developed 

design 

Life cycle carbon 

footprint benefits and 

completely removed 

at the end of life cycle 

Performance in sandy 

and clayey soils 

Simple to install 

Well-developed 

design and proven 

technique 

No requirements for 

seabed preparation 

and proof testing 

 

Preferred to soft soils 

and very deep water 

Fully-documented 

practice guidelines 

Light equipment and 

rapid installation with 

no spoil removal and 

disposal 

Significant gain in 

capacity 

Low-cost benefit 

 

Disadvantages Limited to shallow 

water (< 60 m) 

Large footprint and 

low capacity 

efficiency 

Significant amounts 

of dredging and 

seabed preparation 

Uneconomic in very 

deep water 

Complicated 

installation 

equipment 

Effects of setting-up 

time (caissons only) 

Requires advanced 

soil data 

Requires keying and 

proof testing (except 

helical anchor) 

Lack of field 

calibration 

Requirement for 

advanced soil data 

Uncertainties  Concerns with 

holding capacity in 

sandy soil and 

layered soils on pull-

out capacity (caissons 

only) 

No framework for 

cyclic loading effects 

Lack of formal 

design guidelines 

Uncertainties about 

installation, pull-in 

load, drag distance 

and penetration depth 

(drag anchors) 

Concern with loss of 

capacity under 

service operation 

(drag anchors) 

No framework for 

cyclic loading effects 

Suitability for 

WECs 

Low Medium High 
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Table 3-3 Geotechnical properties of the Mohr-Coulomb model used 

Soil parameters Value 

Submerged unit weight, ’ (kN/m3) 10 

Young’s modulus, E (MPa) 35 

Poisson ratio,  0.25 

Effective friction angle, ’ (0) 42 

Dilation angle,   (0) 15 
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Table 3-4 Basic for estimating anchor cost 

Unit rate Gravity-based anchor Piled anchor Plate anchor 

Fabrication  $4,000/m3 $5,000/m3 $2,500/t 

Transport and installation $400,000 $200,000 $100,000 
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Figure 3.1 Schematic representation of an axisymmetric point-absorber WEC, 

with the heave motion restrained by a spring-damper PTO system: (a) actual 

device (source www.carnegiece.com); (b) simulation model 

  

http://www.carnegiece.com/
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Figure 3.2 Annual data of sea states near Rottnest Island, Australia (2009) 
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(a)

 

(b)

 

Figure 3.3 Time series showing an example of loads acting on the anchor during: 

(a) one extreme sea state and (b) their statistics during a year 
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Figure 3.4 Comparison of loading distribution between a linear PTO and a 

Coulomb PTO equipment, indicating how much loading magnitudes capped when 

using the Coulomb damping PTO 
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Figure 3.5 Different types of anchors and their key concept dimensions 
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Figure 3.6 5000-elements adapted meshes around anchor shear surfaces in (a) 

monopile and (b) plate anchor 

  

(a) (b) 
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Figure 3.7 Sensitivity of anchor size to applied loading 
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Figure 3.8 Change of anchor cost with its size 

 





 

 

 Performance of anchors under 

dynamic loading 

4.1 Introduction 

Ocean renewable energy is a key source for supplying the increasing global electricity 

demand. Wave energy is one of the renewable ocean types (Appiott et al. 2014). With a 

vast global potential of 15,270 TWh/year (Reguero et al. 2015), the wave energy has the 

potential to be a component of the future energy mix (along with solar, wind), and a 

reduced portion of fossil fuel, provided that the levelized cost of energy can be reduced. 

To date, the point-absorber concept, representing devices such as CETO (Fiévez & 

Sawyer 2015), AWS (Prado & Polinder 2013), and AquaBuoy (Dunnett & Wallace 

2009), constitutes a high percentage of wave energy development (45 % of deployed 

projects (López, Andreu, Ceballos, Martínez de Alegría, et al. 2013)). 

Point-absorber wave energy converters (WECs) can capture energy from all wave 

directions through heave motions. This type of WEC is submerged or floating; located in 

nearshore or offshore areas. The WEC consists of two separate parts: a floater and an 

absorber (also called the power take-off - PTO), illustrated schematically in Figure 4-1. 

PTO systems are diverse and device-specific (Ricci et al. 2012); either moored (e.g. 

AquaBuoy (Weinstein et al. 2003)) or bottom-fixed (e.g. Lysekil projects (Lejerskog et 

al. 2015)). In each case, these systems transmit loads to seabed via foundations or anchors, 

which acts both as an anchoring point to keep the device in station and as a reaction point 

for the PTO to generate energy. 

Geotechnical engineering plays an important role to ensure that those anchors 

perform successfully, particularly when they act as a reaction point for the PTO. Different 

operational modes of the PTO system in normal or extreme conditions (e.g. optimal 

energy output or survivability mode (Cruz 2007; Madhi & Yeung 2018)) result in 

different loading magnitudes, durations, and cycles. Large motions and forces are likely 

to be observed in extreme conditions. Mechanical control techniques (e.g.: switching 

from linear to Coulomb- damping PTO or lowering the buoy actuator below water 
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surface) seem appropriate to reduce extreme forces that can damage the PTO components. 

However, loads induced from these methods become very short duration snatch loads 

associated with the maximum extension of the PTO (Hann et al. 2015; Savin et al. 2012) 

or with the failure of the PTO (identified in Chapter 3). These loads are i) of significant 

magnitude compared to the operating loads, and the inclination to the vertical may vary, 

ii) dynamic in nature (acting in short period), and iii) may occur several times over the 

design life of a WEC. 

Most designs in geotechnical engineering is governed by deterministic 

methodologies, in which the ultimate capacity limits the size of the anchor. Thus, to 

withstand those significant loads, the anchor may be sizeable and then uneconomical. 

What is less clear is whether smaller anchors can be designed, which would fail under the 

most extreme loads, but would maintain enough residual resistance to withstand the 

overrating load. If so then much more efficient WEC’s anchoring systems can be achieved 

compared to the one at the moment, which presents a significant cost of the wave energy 

project (up to 30 % of the installed wave energy costs (Paredes 2013)). The purpose of 

this chapter is, therefore, to i) investigate the anchor response to this type of dynamic 

loads, and ii) quantify the post-peak resistance and displacement of anchors to examine 

their survivability after experiencing failure episodes. 

The experimental setup developed to model anchor response under dynamic loads 

is presented in Section 4.2, and results from a series of model tests in the centrifuge are 

shown in Section 4.3 and Section 4.4. The chapter also discusses the components 

contributing to the dynamic resistance for both friction (pile) and bearing (plate) anchors 

(Section 4.5). 

4.2 Experimental approach 

4.2.1 Facility 

The current investigation involved tests conducted in the beam centrifuge at the National 

Geotechnical Centrifuge Facility (NGCF, hosted by the Centre for Offshore Foundation 

Systems at the University of Western Australia). A vital feature of the centrifuge lies in 

the replication of in-situ stresses in the laboratory model via the ratio of the centrifuge 



  

 Chapter 4: Performance of anchors under dynamic loading 

85 

acceleration to Earth’s gravity (Taylor 1995; Wood 2004). The NGCF machine is an 

Acutronic 661 Model with a nominal working radius of 1.55 m, which can bring a 

maximum payload of 200 kg at an acceleration of 200g. A full description of the facility 

is provided by (Randolph et al. 1991), while details on actuator control system and data 

acquisition can be found in (De Catania et al. 2010; Gaudin et al. 2010). 

4.2.2 Anchor models 

Both model pile and plate anchors were used for this investigation. The piles were close-

ended aluminium tubes (thickness 𝑡 = 4 mm) of 22 mm diameter, embedded 150 mm into 

the soil, with an aspect ratio (𝐿 𝐷⁄ ) of 6.8 (Figure 4-2a). The pile configuration was 

designed in such a way to avoid movements that may occur as the centrifuge ramped up 

since the soil was reconstituted around the piles. The rough surface of piles was treated 

by the abrasive blasting method with the 𝑅𝑧 𝐷50⁄  ratio of just over 0.5. At the 100g 

centrifuge level, the pile model represents a 2.2 m diameter and 15 m long anchor 

prototype. 

For plate anchors, the models were of 30 mm in diameter and 3 mm in thickness. 

Each anchor model was fabricated from stainless steel and embedded 120 mm into soil 

sample, maintaining an aspect ratio, 𝑧 𝐷⁄ , of 4 (Figure 4-2b). The models were tested at 

a lower centrifuge level of 50g, which represents a prototype of 1.5 m diameter and 6 m 

length. 

4.2.3 Soil properties and preparation 

The centrifuge experiments employed UWA sand, which is sub-rounded fine silica type 

with main geotechnical properties summarised in Table 4-1. This sand is uniformly 

graded by 𝐷50 = 0.19 𝑚𝑚  with a critical state friction angle 𝜙𝑐𝑣 = 350 . The soil 

strength, the response to dilation, and the shear behaviour at the interface (under 

monotonic and cyclic loading) were reported by (Lehane et al. 2005). Both dry and 

saturated conditions were selected for experimental tests, for which the dry and saturated 

unit weights were 16 kN/m3 and 19.7 kN/m3, respectively. 
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A focus of the study was to investigate the performance of foundations 

independently of installation effects; thus, the model anchors were laid within the soil 

sample, which was reconstituted in three stages. First, the models were suspended by 0.25 

mm diameter steel wires to position the models separately from the base of the strongbox. 

Sand was then poured dry using a pluviation technique to reconstitute the soil layer 

(Figure 4-3). A key advantage of using small diameter wires is to eliminate the shadow 

effect created from the impediment of sand particles during raining. However, the effect 

is inevitable for areas surrounding the pile model due to the larger diameter of piles, which 

may alter the initial soil stress (Garnier 2001). Finally, the soil layer was flattened using 

a vacuum machine, before saturating with water from the bottom of the strongbox (for 

saturated tests only). 

Different soil states have been formed dependent on the dropping height, opening 

width, and velocity of the hopper. The experiments employed all three loose, medium, 

and dense soil samples, expecting their density being 45, 60, and 90 %, respectively. Soil 

variability across and between samples was also assessed by using the cone penetrometer 

equipment, which is 7 mm in diameter and 210 mm long with an apex of 600. The CPT 

tests were conducted “in-flight” at a constant rate of 0.1 mm/s for a distance of 150 mm 

before pulling out at the rate of 3 mm/s. Examples are provided in Figure 4-4, as expected, 

showing a linear increase with depth of the tip resistance. Good agreement was found 

between all tests in the upper 80 mm of the sample, albeit deviation at the lower. 

4.2.4 Testing setup and measurements 

The performance of anchor was investigated under various loading conditions, i.e.: slow 

(drained) monotonic and repeated loading, and fast (undrained) dynamic loading. While 

the fast tests are the focus of this investigation, the slow tests attempt to provide a 

preliminary understanding about the post-peak (residual) responses of the anchor. Pile 

resistance in the slow tests (illustrated as in Figure 4-5a) was measured by a 2 kN-capacity 

load cell attached to the pile head, and vertical displacements were recorded via the 

actuator movement equipped with data acquisition and motion control systems. 

For the fast dynamic testing group, a falling-mass method was used to create a high 

load in a very short duration as reflecting the condition appropriate for the impulse 
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loading on a WEC’s anchor. The method (depicted as in Figure 4-5b) consists of a falling 

object connected to the anchor via a cable-pulley system. The mass was initially lifted to 

a given height, and then released within the g-field to above a backstop made of rubber 

foam and attached at the bottom of a cylinder steel guide. Fast dynamic tensile forces 

induced from the mass on one side will be transmitted to pull the anchor on the other side. 

A key advantage of this arrangement is to allow dynamic forces yielded on the anchor 

with their magnitudes being altered via changing the weight of the falling mass. 

The anchor models were instrumented by two accelerometers (one attached to the 

anchor model and one to the mass), a load cell, and a movement transducer to measure 

acceleration, resistance, and displacement, respectively (see Figure 4-5c). The 

accelerometers are the ADXL001-500g type, joined with the 2 kN-capacity load cell and 

the 50 mm-stroke LDT sensor via a ring, mounted on the model head and is detachable 

for quickly switching between tests. Data from the sensors were captured using a high-

speed mode at the sampling rate of 50 kHz. During high-speed capturing, data is stored 

in an onboard RAM to stream in real time or to download when complete using a 

Dynamic Memory Access. Each channel can store 128,000 samples. So, for example, if 

the sample rate is set to 50 kHz, then 2.56 seconds of data will be stored. After data 

capture, the system automatically returns to streaming mode. This is especially useful if 

there is an interest in post-event data. 

It should be noted that signals from MEMS sensors were adequately filtered using 

a zero-phase infinite-duration impulse response (IIR) filter to eliminate digital 

inaccuracies caused by drifts from spurious low-frequency components and noises from 

high-frequency components (Zeghal et al. 1995). Correction were also applied when 

attaching zero reference to each event time history since signals from sensors, which were 

logged on different channels, present a time lag that varies within the 15 to 30 milli-

second range when using a high-speed data capturing mode. To ensure the accuracy, 

several trial steps were applied to match loading stages occurring within a chain of events. 
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4.2.5 Slow testing program 

Table 4-2 summarises slow tests conducted for the pile anchor in the centrifuge at 200g. 

The purpose is to quantify the post-failure resistance and the displacement magnitude of 

anchor after failure that reflect a loading time series of a WEC, which combines cyclic 

and monotonic loading. The experiments were performed for three different soil states, 

separated in two groups: 

(a) Monotonic drained pull, where the pile was pulled at 0.1 mm/s for a distance of 

one diameter (1D =  22 mm). Noting that samples were dry, and this velocity 

was selected to ensure a sufficient number of data point to the sampling frequency 

of 10Hz. 

(b) Repeated drained pull, where the pile underwent three stages. First, the pile was 

pulled-out at 0.1 mm/s to failure before unloading at a 10 % reduction of the 

recorded peak capacity. Repeated loading was then applied for N =

 0, 50, or 500 cycles. The cyclic loads were defined between 50 % of the previous 

recorded peak capacity and 250 N, which assures the pile in tension. Finally, the 

pile experienced another failure. The whole process was repeated until the final 

displacement of 1𝐷. 

Combining monotonic and repeated loading testing data, it will generally be possible to 

establish the backbone curves characterising the resistance of anchor as a function of the 

displacement, ultimately understanding the survivability of the anchor. 

4.2.6 Fast dynamic testing program 

Table 4-3 summarises fast dynamic tests conducted in the centrifuge at 100g for the pile 

and at 50g for the plate anchor on the medium soil density. The experiments were also 

extended to both dry and saturated soil conditions to consider drainage effect that occurs 

during testing. Like the slow monotonic group, the dynamic experiments involved two 

groups: 



  

 Chapter 4: Performance of anchors under dynamic loading 

89 

(a) Monotonic drained pull, where the pile was pulled at 0.1 mm/s for a distance of 

at least one diameter. The monotonic tests served as a reference for the dynamic 

tests and used to select “the mass” for the dynamic tests (see Table 4-3). 

(b)  Dynamic impulse loading, the mass was released at the height of 55 mm 

(including 25 mm free-falling height and 30 mm dropping height) for several 

drops up to the displacement of 1𝐷, followed by the monotonic pulling in some 

cases. 

4.3 Slow test results 

As stated in the introduction, the purpose of this chapter is to quantify residual capacity 

and displacement of an anchor subjected to multiple failure episodes. Although the 

primary focus of this investigation is to assess the performance of anchors under dynamic 

loading, it is instructive to examine their performance under static loading since it is a 

useful starting point for understanding the survivability of the pile. The pile residual 

resistance mobilised in both monotonic and repeated tests are presented in Figure 4-6 and 

Figure 4-7, respectively (measured load-displacement curves on the left-hand side and 

normalised curves on the right-hand side). It is apparent that overall, the pile maintains 

resistance after experiencing failure episodes. There was, however, a strong influence of 

soil density, loading history, and total displacement on the post-peak residual capacity. 

The difference in the mobilisation of post-peak resistance between soil densities is 

demonstrated in Figure 4-6, which plots skin frictions 𝐹𝑠 over displacements 𝑤, measured 

during monotonic tests for three soil densities. The 𝐹𝑠 values excluded the pile self-weight 

for direct comparison of the interface shear resistance. It is noticed from the results that 

overall, higher residual capacity was observed in looser states. In other words, the pile in 

dense sands lost more capacity than the one in loose sands. This conclusion follows an 

explanation that the dense soil tends to dilate when loading because of their compaction 

arrangement. As a result, the soil in dense sand reaches its peak strength before achieving 

a critical state. Besides, the high level of stresses surrounding the pile in the dense sand 

becomes weaker when the pile is pulled that creates a volume for which the soil flows 

underneath the pile tip. 
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As can be seen from Figure 4-7, the post-peak residual capacity was also influenced 

by loading history. The more loading cycles, the higher residual capacity. Compared to 

the case of without any cycle (N =  0), for example, the 500-repeated cycles seem to 

produce a slightly higher post-failure capacity (see figures on the right-hand side). The 

capacity gain is likely related to the ageing effect (Lim & Lehane 2014), where the 

strength and stiffness of soil was recovered from the densification as the pile was cycled 

at low loading magnitudes; that is: the more cycles the pile experiences, the more chance 

to densify soil. 

It is also apparent from Figure 4-7 that, in all cases, the post-peak residual capacity 

is bound by the monotonic curve; that is: the monotonic pull-out curve constitutes a back-

bone curve for the pile capacity with its residual capacity governed by the total pile 

displacement. For instance, although significant displacement was produced when pulling 

the pile in dense sand (test S4), the residual resistance of the pile in the repeated tests was 

still bound by the monotonic curve. This directs to an essential point that a monotonic 

curve, to some extent but not perfectly, is sufficient to impart post-peak response of a 

foundation under slow (drained) loading. With dense sand, the post-peak capacity may 

exceed the post-peak residual capacity measured during slow monotonic loading when 

the pile attained a given displacement, which is equal approximately to 0.2D. The strong 

relationship of the residual capacity and the total displacement suggests that displacement 

magnitude should be a concern as investigating the performance of anchors. In other 

words, when designing an anchoring system, which is allowed to fail in a geotechnical 

sense, the development of displacement magnitude of the anchor must be paid attention. 

4.4 Fast dynamic test results 

As outlined in the Introduction, the aim of the tests was to investigate the performance of 

anchors under dynamic loading. Before investigating the performance of foundations, it 

is necessary to understand their response subjected to dynamic load events. 

The dynamic response of a pile foundation is typically illustrated in Figure 4-8, 

which plots acceleration, velocity, displacement, and loading time series that constitutes 

four main loading stages as follows: 
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(1) Up to t1 (at-rest), the mass is resting on a paddle, acceleration remains at zero. 

(2) At t1, the paddle is removed, the mass is released from a designed height, 

experiencing a downward acceleration. 

(3) Up to t2 (free-falling), the mass is falling through the guide. During this period, 

the mass acceleration increases, but slightly less than the nominal centrifuge 

acceleration of 100g due to friction along the guide wall and a low centrifuge 

radius1. 

(4) At t2, the instant at which the line becomes taut, which then transfers the 

acceleration of the mass to the pile. 

(5) Up to t3 (pulling), the pile is moving under tensile force gained by the mass 

momentum. During this stage, the pile accelerates from  v =  0  to v =  4.5  m/s 

in less than 0.005 s. 

(6) At t3, the pile decelerates. Meanwhile, the line stretches to its maximum extension, 

which then causes the mass accelerating upward. 

(7) Up to t4 (bouncing), where the mass falls with the height reduced, resulting in 

additional displacement on the pile (recorded during the period from 0.045 to 0.05 

s). 

(8) After t4 (at-rest), where the mass is hanging up by the line or resting on foam 

dependent on the weight of the mass applied. 

A key advantage of using this free-falling method is the momentum gained by the 

mass movements that pulls the pile with a velocity up to several m/s, which is 

significantly high compared to the maximum value of 150 mm/s that a high-speed 

actuator can perform. As can also be seen, the force magnitude is high (in the order of 

MN), but occurs in a very short period (less than 0.01 s); that is: dynamic impulse force 

                                                 

1 Note that the centrifuge acceleration changes with radius. The actual acceleration, N, at both ends of the 

guide is 83g and 68g, respectively. 
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was created by using the free-falling method, similar to what a WEC imparts on its 

anchoring system. In addition, the displacement profiles recorded from the LDT sensor 

exhibits an excellent match with data derived from the accelerometer, with deviation 

found at less than 0.27 mm. The consistency of instruments confirmed the accuracy of 

measurements. 

4.4.1 Performance of pile foundations 

The performance of the pile anchor is shown in Figure 4-9 and Figure 4-10, which plot 

loads against normalised displacements, 𝑤 𝐷⁄ , for dry sand and saturated sand, 

respectively. Load-displacement curves measured in slow monotonic tests were also 

plotted in order to identify the geotechnical capacity of the anchor. Note that, the capacity 

includes the pile weight. Both monotonic tests were conducted at a pulling velocity of 0.1 

mm/s, expecting that the anchor behaves fully drained. Clearly, there was difference in 

the capacity mobilised between those dry and saturated tests with a higher stiffness and 

ultimate capacity in the dry sand. This is because of the high level of effective stress 

applied along the pile length and the contribution of pile weight (non-submerged and 

submerged). For example, while the pile anchor exhibits an ultimate capacity of 𝐹𝑚,𝑝 =

460 𝑁 at 𝑤 𝐷⁄ = 0.3 in saturated soil (test DMP2), it was observed a  higher capacity 

𝐹𝑚,𝑝 = 800 𝑁 at 𝑤 𝐷⁄ = 0.15 in dry soil (test DMP1). 

It is apparent that in all cases, dynamic resistance was considerably higher than 

slow monotonic resistance. The gain of dynamic resistance over monotonic resistance in 

both dry and saturated soils is emphasised in Figure 4-11a, which plots the ratio of 𝐹𝑑 𝐹𝑠⁄   

against the 𝑤 𝐷⁄ . As can be seen, the 𝐹𝑑 𝐹𝑠⁄  ratio spans from 2 to over 100, meaning that 

the dynamic resistance mobilised was at least twice as much as the monotonic at the 

corresponding displacement ratio. The increase of the dynamic resistance was mainly 

attributed to the mobilisation of components such as inertia, viscous and drainage effects. 

The contribution of the inertial factor was identified markedly from dynamic tests 

in dry sand. Comparing the test DMP3 and DMP5, although the momentum was different 

(created from different weight: 60 % and 80 %𝐹𝑚,𝑝), the ultimate dynamic resistance 

was the same, recorded at about 1200 N. This suggests that the dynamic resistance was 
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mobilised mainly from the inertial resistance of the pile. Indeed, there was not much 

difference in the maximum velocity recorded in those tests (4.4 m/s and 4.9 m/s). 

In addition to the inertial factor, the drainage effect has a major influence on the 

pile capacity. Comparing tests in dry sand and saturated sand (e.g.: DMP3 versus DMP4, 

and DMP5 versus DMP6), it was found much more dynamic resistance mobilised in the 

saturated soil. For instance, the undrained test (DMP4) gives about 3.3 times increase in 

the ultimate capacity compared with the increase of 2.5 times of the dry test (DMP3). 

Similarly, the test DMP6 shows an increase of 2.7 times while the test DMP5 records a 

gain at below 2.0 times. Therefore, the drainage condition might affect the capacity of a 

pile if the pore water pressure does not dissipate during the test. Indeed, the velocity of 

the pile in saturated soil was recorded at above 1.2 m/s, suggesting that the soil behaves 

in an undrained condition. 

Above all, the survivability of an anchor after experiencing dynamic loading events 

is still in the main area of interest in this research. The monotonic pull (following the 

dynamic loading events in the tests DMP6 and DMP7) reveals that the pile not only 

retains some resistance, but also higher than the residual resistance of the monotonic 

back-bone curve. The most likely cause of the increase in monotonic capacity is that the 

soil was densified through conducting prior drops. In other words, the post-peak residual 

resistance is affected by the loading history, as reported in the slow monotonic testing 

result section. In addition, the residual resistance is governed by the displacement 

developed. Comparing two different dynamic tests, it can be easily seen that the higher 

momentum yielded more displacement on the anchor. The normalised displacement ratio 

𝑤 𝐷⁄  of test DMP5, for instance, remains approximately at 0.92 compared to 0.7  of test 

DMP3 (for the first drop). Only one drop was conducted for the test DMP5 since we 

expected the displacement generated in the next event might be higher than the LDT 

stroke length that potentially causes damage to the instrument. It is somewhat surprising 

that negative load was recorded for the second drop of the test DMP3, which is possibly 

explained by the momentum that led the pile to keep moving, then generating 

compression loading on the load sensor. Even in each test, the subsequent drop triggered 

more displacement than the preceding one, which resulted from the loss of anchor 

embedment. 



  

Chapter 4: Performance of anchors under dynamic loading 

94 

It has been noted that the final loads reflect the end condition of testing (e.g. at the 

at-rest stage) whether the mass was either hanging by the line or resting on foam. For 

instance, the weight of mass for the tests DMP3 and DMP5 was calculated being higher 

than final loads: that is a resting mass condition. In contrast, the test DMP4 shows a 

hanging mass condition when the calculated weight of mass was lower than final loads. 

4.4.2 Performance of plate anchors 

The performance of a pile anchor has been presented in the previous section; this section 

emphasises responses of a plate anchor, which differs from the pile on mobilising passive 

pressure above the plate, thus to achieve significant holding capacity (Perko 2009) (Fityus 

et al. 2000). It is noted that experiments for the plate anchor were conducted at the 

centrifuge field of 50g to limit the pull-out capacity. 

The performance of plate anchors under dynamic loading is presented in Figure 

4-12 and Figure 4-13, which plot loads against normalised displacement for both dry and 

saturated sand. As can be seen from the figures that: 

(a) like the pile anchor, the plate anchor mobilised significantly more dynamic 

resistance than slow monotonic resistance. Figure 4-11b shows the 𝐹𝑑 𝐹𝑠⁄  ranging 

from 1 to just above 10. While dry tests (e.g. test DPL3 and DPL 4), however, did 

not indicate a considerable increase compared to monotonic capacity, saturated 

tests (e.g. test DPL5 and DPL6) revealed a significant increase. A possible 

explanation for this observation is that suction pressure has been built up 

underneath the plate in the case of saturated condition caused by the high pull-out 

velocity of the anchor. Table 4-4 shows the velocity of the plate anchor recorded 

in the order of m/s; thus, an undrained condition (then drainage effect) was 

expected to occur. Details about this mechanism will be discussed in the next 

section. 

(b) in all cases, the plate anchor still remains some capacity after experiencing a 

number of dynamic loading events. This is illustrated by the monotonic pull, 

which shows a slight increase in the peak capacity and then follows the back-bone 

curve (see tests DPL5 and DPL6). It is obvious that the post-peak residual 
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resistance is related to the displacement, which was developed dependent on the 

momentum applied. The higher momentum generated, the more displacement 

produced. In dry sand, test DPL4 displayed a ratio of 𝑤 𝐷⁄ = 0.7 after the first 

drop, compared to 0.4 of test DPL3 (disregarding additional movement (up to 

0.38D) created after the mass hits the rubber foam). The additional movement 

may have been caused by the inertia effect. Similar pattern was observed in 

saturated sand. 

A comparison of displacement magnitudes developed during dynamic events 

indicates that the pile foundation experiences higher displacement than the plate anchor 

if they were loaded at the same momentum. Indeed, at the momentum of approximate 11 

kgm/s, the pile moves at the ratio 𝑤 𝐷⁄ = 0.92 (see test DMP5), while the plate anchor 

moves at 𝑤 𝐷⁄ = 0.72 (see test DPL4). This might be because the plate anchor is bearing 

while the pile is mainly friction; and the bearing component is more sensitive to drainage 

conditions (reflected by the fast or slow loading conditions). Therefore, the results reveal 

an interesting point that the plate anchor is more efficient in terms of the survivability 

under dynamic loading. 

4.5 Dynamic structure and analysis  

The key observation from this investigation is the additional resistance mobilised in both 

anchor types when loading dynamically. Even after failing, the anchors mobilise 

resistance that is at least two times higher than their own capacity at that displacement. 

One fundamental question that needs to be asked is, therefore, which forms of resistance 

is mobilised under this type of forces so that benefits can be identified. 

From the dynamic point of view, the dynamic resistance differs from its static 

counterpart in three important aspects: i) soil resistance, ii) inertia resistance, and iii) 

viscous resistance (also termed damping resistance) (Prakash 1981). The former 

component relates to the soil strength issue, notably influenced by the drainage effect in 

the case of saturated soils (Di Benedetto et al. 2002; Hölscher & Tol 2009; Tatsuoka et 

al. 2008). The soil resistance, symbolled by 𝐹𝑠, acts along either the pile length along with 

end bearing under undrained conditions or the failure surface of the plate anchor (Figure 
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4-14), and is a function of the displacement of the anchors. Measuring the 𝐹𝑠 values itself 

is, however, impractical during testing. To evaluate, we mapped out the displacements 

recorded during dynamic tests with those measured in slow monotonic loading tests, 

considering the foundation behaviour being fully drained. For the latter component, the 

inertia resistance 𝐹𝑎  is recognised to contribute significantly to the total resistance, 

especially short duration impulse loads that is more important at the early stage of loading, 

where acceleration exists (Herrmann 1981). 

For the pile, the aF  resistance is a result of the pile mass 𝑚 , and its acceleration, 𝑎 

, by 𝐹𝑎 = 𝑚𝑎. The contribution of both soil and inertia resistance components in dry sand 

is shown in Figure 4-15 for tests DMP3 and DMP5. Clearly, the 𝐹𝑎 resistance plays a vital 

role when providing one third of the total, while the 𝐹𝑠 resistance holds approximately 

two-thirds of the whole resistance. By adding 𝐹𝑠 and 𝐹𝑎 resistance, the calculated profiles 

match the trend observed in the experiments, but, generally, these data do not overlie each 

other. While the test DMP3 shows the maximum computed capacity less than 15 percent 

the measured ultimate capacity, the test DMP5 presents a lesser amount of deviation 

remaining at 5 percent. The better agreement of the test DMP5 stems from the higher 

maximum velocity (e.g.: 4.9 m/s compared to 4.4 m/s of DMP3), suggesting that the 

increase in the ultimate capacity results from rate effect mechanism rather than damping 

effect. The results are similar to the study of (Poulos & Mao 1986), which states the 

increase in capacity due to the effect of loading rate. It may, therefore, be inferred that 

the damping force 𝐹𝑣 has minor effect on the contribution of the total resistance of the 

anchors. Instead, the 𝐹𝑣 force results in a phase delay between the applied force and the 

resulting displacement. The phenomenon matches the behaviour observed by  (Novak 

1983) and (Randolph 1991), who pointed out that the lag between the applied force and 

displacement was due to the energy dissipation as the tensile waves travelling between 

different media with the impedance changes (e.g. in material properties or cross-section). 

As a result, there was a difference at the starting time of the 𝐹𝑠 and 𝐹𝑎 profiles. This also 

signifies an important point that the inertia effect is most significant during the early stage 

of the dynamic pulling, after which soil resistance dominates. 

For the plate anchors, the contribution of each resistance component is displayed in 

Figure 4-16. It is noted that 𝐹𝑎 values were computed from the total mass, including the 
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anchor mass and the soil mass. At 𝐿 𝐷⁄ = 4, the plate anchor was assumed being deep 

embedment, for which a full cylinder from the anchor plate up to the surface was 

considered (on the left hand-side) and a reduced volume (on the right hand-side). While 

the full volume assumption shows a far exceedance in the ultimate capacity of the 

calculated resistance to the measure load, the reduced volume assumption presents better 

agreement. It has been found that the proper volume was at 0.25 for DPL3 and 0.45 for 

DPL4, suggesting that a soil flow may exist around the plate. This explanation was 

supported by observations from cameras, which record no soil disturbance near the 

surface: that is, failure mechanism occurs within the soil mass only. The evidence of the 

flow-around mechnanism confirms a slight enhancement of the dynamic resistance over 

the static of tests DPL3 and DPL4 as shown in Figure 4-12, where the 𝐹𝑑 𝐹𝑠⁄  ratios remain 

at just above one. Eventually, like the piled anchor, the comparison of the calculated and 

measured force indicates that damping resistance has a minor effect for the plate anchor 

in cohesionless soils. 

In contrast to the drained soil resistance, it is demanding to demonstrate undrained 

behaviour in saturated soils. Note that an undrained condition can be achieved without 

being dynamic. Accepting the little effect of damping resistance, the undrained soil 

resistance was obtained by subtracting the inertial resistance of the measured load, and 

then compared with drained capacities to comprehend the effect of drainage. We 

obtained: 

𝐹𝑠,𝑢 = 𝐹𝑑𝑦𝑛 − 𝐹𝑎 (4.1) 

The changes in the undrained shear resistance of foundation in saturated sands are 

emphasised in Figure 4-17 and Figure 4-18 for pile and plate anchor, respectively. 

It is prevalent that, in all cases, there exists a significant difference between the 

undrained and drained response. The enhancement can be attributed to the suction 

pressure built up underneath the pile tip. Also, when soils are sheared, they dilate in 

volume (the soil state was medium density) to critical state, causing suction pore pressure 

to be generated along the pile length in undrained tests, raising the effective stress and 

hence the skin friction experienced by the pile. The results match the trend observed by 

(Madabhushi & Haigh 1998), who demonstrates a lower pull-out resistance in drained 
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tests compared to undrained conditions. A similar pattern was observed for plate anchors, 

explained by both positive and negative excess pore pressures developed above and below 

the anchor plate. The positive pore pressure will decrease the effective stress (i.e. decrease 

the soil strength) with the flow-around mechanism observed, whereas the negative pore 

pressure will increase the strength. These results are consistent with data obtained by 

(Shen et al. 2015), who studied the oscillations of negative and positive pore pressure of 

plate anchors subjected to cyclic loading. 

The investigation has demonstrated that both anchor types mobilise significant 

resistance not only because of inertia effect but also drainage effect: that is, the foundation 

can resist high magnitude loads acting in a very short period without increasing the 

foundation’s size. The finding suggests that opportunities may exist for engineers 

conducting optimised designs, instead of over-conservative proposals to resist such 

extreme loads that subsequently lead to reduced-size foundations (and then huge cost). 

This leads to a significant change in the design paradigm for WEC’s anchoring system, 

where the anchor allows tolerating a certain of loading exceedance while assuring normal 

working conditions thanks to residual capacity. It should be noted, however, that the 

displacement magnitude development must be considered as a design criterion since it 

potentially influences the performance of structures connected to the foundation itself. 

This observation is reinforced by the strong relationship between 𝑤 𝐷⁄  and residual 

capacity, 𝐹𝑟𝑒𝑠. 

The investigation offers insights into the performance of anchors under dynamic 

loading. Further research is needed to confirm the behaviour of soils flow formed 

underneath the anchor so that its residual capacity can be determined predictably. Also, 

the work did not address the influence of cyclic effect on the dynamic performance of 

anchors. Any degradation in the strength should be taken into design procedures, 

accounting for the effect of loading history. 

4.6 Conclusion 

A series of tension tests were carried out in the centrifuge to demonstrate the responses 

of anchors. The main conclusion drawn in this chapter are as follows: 
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a) When loading monotonically, following an initial episode of failure, the anchor 

maintains some post-peak residual capacity with the magnitude being a function of 

the soil density, the loading history, and the total displacement. The monotonic pull-

out curve constitutes a back-bone curve, which provides insights into the post-peak 

response of the anchor. 

b) When loading dynamically, additional resistance was gained, owing to the 

mobilisation of inertia effect and drainage effect (notably in saturated soils). In 

addition, the monotonic residual capacity mobilised after episodes of dynamic loading 

indicates that the anchor has ability to survive extreme forces. 

c) The plate anchor is more efficient than the pile anchor in terms of the survivability 

under dynamic loading. 

d) The findings of this study result in the change in the design paradigm for WEC’s 

anchoring system, where the anchor allows tolerating a certain of loading exceedance 

(caused by dynamic loading) while assuring normal working conditions. However, 

care must be taken for the development of displacement magnitudes since it may 

affect the performance of the device. 

e) The research is still ongoing to examine the influence of cyclic loading or the 

formation of soil flows underneath the anchor so that its residual capacity can be 

predictable. 
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Table 4-1 Properties of “UWA sand” soil samples used in this study 

Characteristics (unit) Values 

Gs 2.65 

D10 (mm) 0.10 

D50 (mm) 0.19 

D60 (mm) 0.22 

emax 0.78 

emin 0.50 

 

  



 

 

Table 4-2 Summary of static testing program 

Test description 

Loose sand 

(Dr   45 %) 

Medium sand 

(Dr   60 %) 

Dense sand 

(Dr   90 %) 

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 

Monotonic ✓    ✓    ✓    

Post-failure 

Tension test to failure, unloading when a 10 % reduction of peak capacity observed  ✓ ✓ ✓  ✓ ✓ ✓  ✓ ✓ ✓ 

One-way cyclic tension test, N = 0  ✓    ✓    ✓   

One-way cyclic tension test, N = 50   ✓    ✓    ✓  

One-way cyclic tension test, N = 500    ✓    ✓    ✓ 

Tension test to failure, unloading when the displacement of 5 mm observed  ✓ ✓ ✓  ✓ ✓ ✓  ✓ ✓ ✓ 
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Table 4-3 Summary of dynamic testing program 

Test description 
Test ID for monopile (MP) Test ID for plate anchor (PL) 

DMP1 DMP2 DMP3 DMP4 DMP5 DMP6 DMP7 DPL1 DPL2 DPL3 DPL4 DPL5 DPL6 

Monotonic 

Dry sample ✓       ✓      

Saturated sample  ✓       ✓     

Post-failure 

Dropping the mass with its weight equal to 60% of the ultimate static resistance 

Dry sample   ✓       ✓    

Saturated sample    ✓          

Dropping the mass with its weight equal to 80% of the ultimate static resistance 

Dry sample     ✓      ✓   

Saturated sample      ✓      ✓  

Dropping the mass with its weight equal to 100% of the ultimate static resistance 

Saturated sample             ✓ 

Dropping the mass with its weight equal to 150% of the ultimate static resistance 

Saturated sample       ✓       
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Table 4-4 Results of dynamic testing 

Test ID 

(Load #) 

Soil Dr 

(%) 

m 

(g) 

W 

(N) 

W/Fm,p 

(%) 

Fd,p 

(N) 

vp 

(m/s) 

wmax/D 

(-) 

DMP3a Dry 61 489 413 52 1190 4.4 0.70 

DMP3b Dry 61 489 413 52 950 6.0 1.75 

DMP4a Saturated 53 281 202 44 916 1.2 0.14 

DMP4b Saturated 53 281 202 44 812 2.5 0.35 

DMP4c Saturated 53 281 203 44 790 2.4 0.58 

DMP4d Saturated 53 281 203 44 785 2.4 0.81 

DMP4e Saturated 53 281 203 44 777 2.1 1.02 

DMP5a Dry 61 652 551 69 1205 4.9 0.92 

DMP6a Saturated 53 375 287 62 973 2.1 0.20 

DMP6b Saturated 53 375 289 63 908 3.2 0.53 

DMP7a Saturated 53 703 538 117 1280 6.5 1.25 

DPL3a Dry 62 1,034 416 49 980 2.9 0.78 

DPL3b Dry 62 1,034 415 49 730 3.8 1.36 

DPL4a Dry 62 1,378 555 66 1110 3.5 0.72 

DPL5a Saturated 57 815 318 64 480 0.4 0.03 

DPL5b Saturated 57 815 317 63 860 1.4 0.12 

DPL5c Saturated 57 815 317 63 875 1.5 0.19 

DPL5d Saturated 57 815 317 63 905 1.4 0.28 

DPL5e Saturated 57 815 317 63 905 1.7 0.39 

DPL5f Saturated 57 815 317 63 870 2.0 0.51 

DPL5g Saturated 57 815 317 63 845 2.4 0.64 

DPL5h Saturated 57 815 317 63 820 2.9 0.79 

DPL5i Saturated 57 815 317 63 770 2.9 0.94 

DPL6a Saturated 57 1,019 390 78 1000 3.7 0.33 

DPL6b Saturated 57 1,019 390 78 910 3.5 0.58 

DPL6c Saturated 57 1,019 390 78 850 3.8 0.88 

  



  

Chapter 4: Performance of anchors under dynamic loading 

104 

 

Figure 4-1 Scheme of the point-absorber WEC concept 

  

Incident waves

Buoy

Excitation 

force

Foundation 

force

PTO

Anchor



  

 Chapter 4: Performance of anchors under dynamic loading 

105 

 

 (a) (b) 

Figure 4-2 Schematic diagram of: (a) pile model and (b) plate anchor model 
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Figure 4-3 Soil sample preparation using a raining technique 
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 (a) (b) 

Figure 4-4 Examples of cone resistance profiles: (a) static tests; (b) dynamic tests 
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 (a) (b) 

   

  (c) 

Figure 4-5 Centrifuge set-up for: (a) static tests with a load cell attached; (b) 

dynamic tests with anchor models instrumented by: (c) accelerometers, load cells, 

and LDTs 
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Figure 4-6 Mobilisation of post-peak residual resistance measured in monotonic 

tests for different soil densities 
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(a) 

 

(b) 

  

(c) 

Figure 4-7 Post-peak responses under monotonic and cyclic loading of the pile in: 

(a) loose sand; (b) medium sand; (c) dense sand 
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 (a) (b) 

Figure 4-8 Example of pile response under dynamic loading: (a) four stages of 

loading; (b) motion profiles 
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 (a) (b)  

Figure 4-9 Pile load against normalised displacement in dry sand with the weight 

of mass equals to: (a) 60%Fm,p (test DMP3); (b) 80%Fm,p (test DMP5) 
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 (a) (b) 

 

 (c) 

Figure 4-10 Pile load against displacement in saturated sand with the weight of 

mass equals to: (a) 60%Fm,p (test DMP4); (b) 80%Fm,p (test DMP6); (c) 150%Fm,p 

(test DMP7) 
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 (a) (b) 

Figure 4-11 Gain in dynamic resistance over static resistance: pile (a) and plate 

anchor (b) 

  



  

 Chapter 4: Performance of anchors under dynamic loading 

115 

 

 (a) (b) 

Figure 4-12 Plate load against displacement in dry sand with the weight of mass 

equals to: (a) 60%Fm,p (test DPL3); (b) 80%Fm,p (test DPL4) 
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 (a) (b) 

Figure 4-13 Plate load against displacement in saturated sand with the weight of 

mass equals to: (a) 80%Fm,p (test DPL5 - no slack given for dynamic loading #1); 

(b) 100%Fm,p (test DPL6) 
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Figure 4-14 Loading components mobilised during dynamic tests for pile 

foundation and plate anchor 
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 (a)  (b) 

Figure 4-15 Resistance components mobilised under dynamic loading in dry sand 

for pile foundation: (a) 60%Fm,p (test DMP3); (b) 80%Fm,p (test DMP5) 
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Figure 4-16 Resistance components mobilised under dynamic loading in dry sand 

for plate anchor: (a) 60%Fm,p (test DPL3); (b) 80%Fm,p (test DPL4). Full volume 

calculation is shown on the left-hand side, while reduced volume assumption is on 

the right-hand side 
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 (a)  (b) 

 

 (c) 

Figure 4-17 Comparison of drained and undrained behaviour of pile subjected to: 

(a) 60%Fm,p (test DMP4); (b) 80%Fm,p (test DMP6); (c) 150%Fm,p (test DMP7) 
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 (a)  (b) 

Figure 4-18 Comparison of drained and undrained behaviour of plate anchor 

subjected to: (a) 80%Fm,p (test DPL5); (b) 100%Fm,p (test DPL6) 

 

  





 

 

 Concluding remarks 

5.1 Main findings 

In this investigation, the principal aim was to determine whether the anchoring system of 

a wave energy converters (WEC) can survive extreme load conditions. To meet this 

objective, the study was undertaken to i) understand the nature of loads generated in 

extreme conditions and transferred to the anchor in a range of sea states relevant to the 

point-absorber WEC by conducting hydrodynamic analyses, and ii) investigate the 

performance of traditional anchors (e.g. pile) and novel anchors (e.g. plate anchor) under 

such snatch loading through extensive model testing. 

The critical outcome of this investigation lies in the additional resistance of both 

anchors mobilizing during fast dynamic loading, owing to drainage and inertial effects. 

Also, the anchors maintain residual capacity after failure, which gives them the potential 

to survive consecutive extreme loads. The findings direct to an important point that the 

anchors tolerate some level of load exceedance (caused by dynamic loads) whilst 

satisfying operational conditions. This means that a smaller design for the anchor can be 

made, so that much cost saving can be achieved for a wave energy project. However, a 

strong dependence of the residual capacity and displacement magnitude suggests that the 

foundation was no longer defined as ultimate capacity, but as a displacement evolution 

with the limiting magnitude governed by serviceability criteria associated with the 

integrity over the device lifetime. As a result, a tool for tracking the development of 

displacement (and capacity) for a given loading history is required. 

These findings were mainly derived from an interdisciplinary approach combining 

hydrodynamic and geotechnical modelling. The coupled approach used to assess the 

effects of loading conditions and anchor performance is explicitly given in following 

sections. 

5.1.1 Considerations of anchor solutions for WECs 

A CFD model supported by a linear time domain was used to simulate the response of a 

point-absorber in a range of relevant sea-states with the purpose of understanding loading 
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regime for foundation assessment. The distribution of loads over the device lifetime 

suggested two innovative solutions for the anchoring system: avoidance strategy and 

survivability strategy. 

The former strategy is related to methods used to reduce forces on the anchor. This 

is because the linear damping PTO often produces large loads that consequently result in 

a large size for the anchoring system. To avoid these large loads, a scheme was applied 

by switching from the linear damping to the Coulomb damping PTO. By doing so, the 

load was reduced in the present simulations by up to 67 % depending on the device PTO 

configuration, which subsequently leads to a reduction in the anchor size and then cost. 

If the PTO is well controlled and latter strategy is adopted, the load experienced by 

the foundations is essentially capped. Alternatively, if the PTO fails the WEC may 

experience loads well above the Coulomb damping level. Since failure of the PTO is 

possible, these accidental loading scenarios will often govern the foundation design. The 

dynamic loads which result following failure of the PTO can resemble snatch loads, and 

act over a very short duration with high magnitude. A key design question is whether the 

anchor can be designed to resist operational loads while tolerating a limited number of 

dynamic, short duration snatch loading episodes if the PTO experiences failures. If an 

anchor can be designed to achieve this, it may result in a much more efficient design for 

the anchors, instead of over-conservative designs that cover all loading regimes assuming 

that they are monotonic loads, which subsequently yield sizable foundations. However, 

this strategy requires a further understanding of the performance of anchors under such 

dynamic loading. 

As observed from the hydrodynamic analyse of a wave energy converter, loading 

regime applied to an anchor is varied over the device lifetime, which combines monotonic 

(during operation), cyclic (when capped by the Coulomb damping PTO), and dynamic 

nature (when the PTO fails). As a first step to investigate the efficiency of different anchor 

solutions that are relevant to WECs, a sizing exercise was conducted with the assumption 

that the anchors are subjected to monotonic loads for which their magnitudes are varied 

that reflect the change in a loading history generated by a WEC. The anchors were 

designed with the use of a plane strain (2D) limit analysis approach followed by a cost 
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analysis. The analysis has identified that the gravity anchor is linearly proportional to the 

applied load, while the friction and bearing anchors show a non-linear scale with loading, 

owing to the mechanism of mobilising capacity of those anchors. In other words, there is 

a higher gradient in the size of the friction and bearing anchors compared to the gravity-

based anchor as the load increases. However, the gravity-based anchor seems to be a 

prohibitive option due to both large fabrication material and long installation period. In 

addition, the gravity anchor presents a high level of cost increase as the size increases. 

5.1.2 Performance of anchors under dynamic loading 

This chapter presents a comprehensive series of centrifuge modelling results determining 

the residual strength of both friction and bearing anchor. Those anchors were subjected 

to a successive loading exceedance in sand, including slow monotonic and dynamic 

impulse loading conditions. While the fast tests are the focus of this investigation, the 

slow tests attempt to provide a preliminary understanding of the post-peak (residual) 

responses of the anchor. 

When loading monotonically, following an initial episode of failure, the anchor 

maintains some post-peak residual capacity with the magnitude being a function of the 

soil density, the loading history, and the total displacement. The experimental data show 

that the pile in dense sand lost more capacity than the one in loose sands. Also, the more 

loading cycles, the higher residual capacity with the more chance to densify the soil. Also, 

the post-peak residual capacity is bound by the monotonic curve, meaning that the 

monotonic pull-out curve constitutes a backbone curve with its capacity governed by the 

total displacement. The strong relationship of the residual capacity and the total 

displacement suggests that the displacement magnitude should be a concern as 

investigating the performance of anchors. 

A free-falling method was used to create dynamic impulse loads thanks to the 

momentum gained by the mass movements that will pull the anchor. When loading 

dynamically, even after failing, the anchors mobilise resistance that is at least two times 

higher than their monotonic capacity at the corresponding displacement. The gain in the 

resistance results from the mobilisation of inertia effect and drainage effect (notably in 



  

Chapter 5: Concluding remarks 

126 

saturated soils). The inertia effect is most significant during the early stage of the dynamic 

pulling, after which soil resistance dominates. 

Besides, the monotonic residual capacity mobilised after episodes of dynamic 

loading indicates that the anchor can survive extreme forces with limited displacement 

was observed. Overall, this finding strengthens the idea mentioned in Chapter 3 that a 

foundation can tolerate several failure episodes during its lifetime but retain the integrity 

of the device. 

5.2 Future research 

Overall, survivability of an anchor lies in its residual strength, which is also governed by 

the development of displacement. The current work enhances our understanding of how 

the anchors mobilise resistance in extreme conditions and offers an innovative way to 

optimise designs of WEC’s foundations regarding cost savings, making the marine energy 

industry mature. 

This investigation is the first time that post-failure residual behaviour of a 

foundation has been explored. The interdisciplinary method was also chosen to 

investigate broad issues in the wave energy field. Thus, this study is unable to encompass 

the entire aspects encountered in both hydrodynamic and geotechnical engineering. 

Continued efforts are needed to make the survivability-based design philosophy more 

accessible, with three key influence factors that should need to be focused on: 

1. The dynamic interaction between soil and structure, particularly in saturated soil 

conditions where pore water pressure built-up and large-deformation and -strain 

rate encountered. More information on the flow-around mechanism would help 

us to predict residual capacity accurately. 

2. The effect of cyclic loading to residual capacity. Most offshore wave energy 

anchoring systems are subjected to cyclic loading during their lifetime, similar to 

when switching from linear to Coulomb damping PTO as in this study. 

3. The validity of the design philosophy for other types of soils and anchor 

geometries. The study should be repeated on another type of bearing anchor such 
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as drag embedment anchors. These anchors are likely to be a good option because 

they are partially installed, so that when hit by an extreme load they embed deeper 

and become stronger. However, these anchors work in catenary systems only. 
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