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Figure 1.1 - Cost of UK electricity generation in £/MWh (current prices) for various technologies (Evans, 2019) 

 
While most of the installed wind farms in the world are situated in shallow water (usually 

up to 30m depth), approximately 80% of the European offshore wind resources are located 

in places with water depths greater than 60 m (James & Ros, 2015). This equals a potential 

capacity of 4000 GW in sites for which fixed wind farm foundation devices, such as 

monopiles, become unattractive due to cost and operational limits. In the US, nearly 60% of 

offshore wind potential is located in water deeper than 60 m, according to the National 

Renewable Energy Laboratory (NREL) (Gerdes, 2021). The use of floating structures 

anchored to the seabed through mooring lines is thus an appealing solution. 

Despite the great potential for floating offshore wind installations in the near future, 

currently less than 1% of the installed capacity offshore accounts for floating wind turbines 

(Gerdes, 2021), which accounts for less than 100 MW worldwide. The two largest floating 

wind farms are the Hywind in Scotland, with 30 MW of installed capacity, and WindFloat 

Atlantic in Portugal, with 25 MW. Other floating projects have less than 5 MW of installed 

capacity, and are mainly operating as demonstrators. 

The main challenge for the floating wind sector at the moment is to decrease capital 

expenditures (CapEx) costs and the levelized cost of energy (LCOE). Currently, these costs 

are significantly higher for floating wind than for fixed-bottom wind. However, a recent 
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1.3. Objective and research scope 

Within the context of the research problem, the main objective of this research is to develop 

a macro-element model for plate anchors which can accurately predict anchor behaviour 

for operational loading conditions in both cohesive and non-cohesive soils, providing both 

cyclic and static capacity, cyclic displacements, and rotations, and improving the current 

design of these devices. This is achieved through the proposition of a macro-element 

modelling framework that relates the strength of a representative soil element subjected to 

direct simple shear conditions to the capacity of the anchor. The specific objectives are 

summarised below: 

a) To improve current macro-element models for plate anchors under monotonic 

loading and compare them with a benchmark model. 

b) To compare the results from the improved macro-element model with published 

results from finite-element (FE) and centrifuge modelling. 

c) To propose a macro-element modelling framework that accounts for the evolution 

of soil strength due to pore pressure generation and consolidation. 

d) To apply the proposed modelling framework to plate anchors in distinct types of 

soil (sand and clay) and under distinct loading conditions (static and cyclic loads). 

e) To compare the model results with both numerical (FE) and experimental 

(centrifuge) analyses available in the literature. 

 

1.4. Thesis outline 

This thesis consists of seven chapters. The outline of the thesis is presented below. 

Following this introductory chapter, Chapter 2 presents an overview of relevant published 

work on plate anchors, as well as macro-element modelling developments for several 

applications. The chapter introduces the main types of anchors for floating structures, 

followed by the main finite-element, macro-element and experimental studies on plate 

anchors. The chapter also includes an overview of macro-element models used for other 

geotechnical applications, such as shallow foundations and monopiles. 
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Chapter 3 presents an improved macro-element model for plate anchors in clay subjected 

to undrained monotonic loading. The results are compared with published work on 3D FE 

analyses as well as with centrifuge testing data. The improved model is also compared with 

a benchmark model which was used as a starting point for the new model development. 

Chapter 4 introduces a new macro-element modelling framework which includes the 

evolution of soil strength due to pore pressure generation and dissipation. The modelling 

ingredients and mathematical formulations are presented and analysed. 

Chapter 5 applies the modelling framework introduced in Chapter 4 to cohesive soils 

subjected to cyclic and maintained loading. The effect of relevant model parameters is 

analysed, and a calibration procedure is proposed. The results are compared with 

centrifuge tests from two published studies, which involve long-term cyclic loading and 

maintained loading. 

Chapter 6 applies the modelling framework to non-cohesive soils subjected to different 

loading rates, which induces different drainage behaviour. The results are compared to 

previously published results from centrifuge tests. 

Finally, Chapter 7 summarises the main conclusions from the previous chapters and 

indicates the main findings and limitations of the proposed macro-element model. 

Suggestions for future research are also presented and discussed. 

 

1.5. List of supporting publication 

Listed below are the supporting publications for the thesis with the respective bibliographic 

details, as well as the chapter that incorporate some of this material. 

(1) Peccin da Silva, A.; Diambra, A.; Karamitros, D. (2019). Macro-element modelling of 

suction-embedded plate anchors for floating offshore structures. In: Proceedings of the 7th 

International Symposium on Deformation Characteristics of Geomaterials (IS-Glasgow 2019), E3S 

Web of Conferences 92, 16009. 

The candidate developed the new macro-element model with guidance of the second 

author, Dr Andrea Diambra. The implementation of the model into coding language, model 
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calibration, and analyses, were conducted by the candidate, with inputs from all co-authors. 

The candidate prepared the first draft of the paper and co-authors revised and contributed 

to the final version. Some extracts of this paper are incorporated into Chapter 3 of this thesis.  

(2) Peccin da Silva, A.; Diambra, A.; Karamitros, D.; Chow, S.H. (2020). Macro-element 

modelling of plate anchor kinematics under cyclic loading in clay. In: Proceedings of the 4th 

International Symposium on Frontiers in Offshore Geotechnics (ISFOG), DFI, pp. 382-391. 

The candidate developed the new macro-element model with guidance of the second 

author, Dr Andrea Diambra. The implementation of the model into coding language, model 

calibration, and analyses, were conducted by the candidate, with inputs from all co-authors. 

The candidate prepared the first draft of the paper and co-authors revised and contributed 

to the final version. Some extracts of this paper are incorporated into Chapter 3 of this thesis. 

(3) Peccin da Silva, A.; Diambra, A.; Karamitros, D.; Chow, S.H. (2021). A non-associative 

macro-element model for vertical plate anchors in clay. Canadian Geotechnical Journal, 58(11), 

1703-1715. 

The candidate developed the new macro-element model with guidance of the second 

author, Dr Andrea Diambra. The implementation of the model into coding language, model 

calibration, and analyses, were conducted by the candidate, with inputs from all co-authors. 

The candidate prepared the first draft of the paper and co-authors revised and contributed 

to the final version. Most of this paper is incorporated into Chapter 3 of this thesis. 

(4) Peccin da Silva, A.; Diambra, A.; Karamitros, D.; Chow, S.H. (2021). A cyclic macro-

element framework for consolidation-dependent three-dimensional capacity of plate 

anchors. Journal of Marine Science and Engineering, 9(2), 199. 

The candidate developed the new macro-element model with guidance of the second 

author, Dr Andrea Diambra. The implementation of the model into coding language, model 

calibration, and analyses, were conducted by the candidate, with inputs from all co-authors. 

The candidate prepared the first draft of the paper and co-authors revised and contributed 

to the final version. Most of this paper is incorporated into Chapters 4 and 5 of this thesis. 
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2.2.7. Plate anchors 

The use of plate anchors has been reported in the last five decades. The earliest publications 

in this matter, though, focused on anchors for footings (e.g. Douglas & Davis, 1964; Ladanyi 

& Johnston, 1974), diaphragm walls (Akinmusuru, 1978) and retaining walls (Rowe & 

Davis, 1982), i.e. all of them in onshore applications. Whereas for onshore applications the 

prediction of plate behaviour is focused on the limiting conditions of small displacements, 

for offshore facilities the main design purpose is to provide a sufficient holding capacity, 

which is generally associated with large displacement that may cause plastic soil response 

(Han, 2016).  

The first studies conducted on plate anchors for offshore applications only happened in late 

1990s and early 2000s. Dove et al. (1998) and Wilde et al. (2001) introduced a new type of 

plate anchor, the Suction Embedded Plate Anchor (SEPLA), which comprises a rectangular 

thin fluke, a shank connecting the fluke to the padeye (i.e. the loading point) and, in some 

cases, a full-length keying flap at its edge (Figure 2.6a).  

A suction caisson (the follower) is employed to install the plate anchor to its design 

embedment depth. The plate is initially positioned at the tip of the follower (Figure 2.6b) 

and is subsequently penetrated into the soil through the pressure inside the suction caisson. 

The suction caisson is then retrieved, leaving the SEPLA at the target depth (Han, 2016). 

The mooring line attached to the padeye is then tensioned by a vessel on the surface, 

making the anchor rotate from its initial vertical position to an inclined position, 

approximately normal to the load applied by the mooring line (Dove et al., 1998). This 

process of rotation during the pulling process is called keying, during which the anchor 

experiences vertical motion, resulting in loss of embedment (Gaudin et al., 2015). 
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subjected to rotation) of the anchors is studied, as most capacity surfaces are defined as a 

function of the normal (Vmax), tangential (Hmax) and rotational (Mmax) capacities when acting 

independently on the anchor. Most studies, though, used flat circular, rectangular or square 

plates, unlike most plate anchors currently in use, which usually have different shapes and 

geometries (see previous section 2.2). The capacities of plate anchors with more complex 

geometries will be further discussed throughout the thesis when appropriate. 

2.5.2.1. Unidirectional capacity in sand 

A broad background of experimental studies on plate anchors in frictional soils is presented 

by Das (1990) and by Merifield & Sloan (2006). Several laboratory model tests (mostly 

calibration chamber testing) in both horizontal and vertical anchors analysed the effect of 

peak friction angle, anchor shape, anchor roughness and embedment ratio (e.g. Neely et al, 

1973; Das & Seeley, 1975; Murray & Geddes, 1987; Murray & Geddes, 1989). These studies 

reported an increase of anchor capacity with friction angle, and with depth up to a certain 

embedment ratio, after which the capacity remains constant as the anchor behaves as a deep 

anchor. It was also shown that vertical anchors exhibit higher normal capacity than 

horizontal anchors. Soil dilatancy was found to have a significant influence on anchor 

response for both horizontal and vertical anchors, while roughness was shown to have little 

effect on horizontal anchors but a significant effect on vertical anchors.  

An extensive experimental study on the uplift of circular plate anchors in sand was also 

reported by Ilamparuthi et al. (2002). This study included tests on circular anchors with 

diameters much larger than those used in previous publications. The diameters ranged 

from 100 to 400 mm, whereas most previous studies tested plates with diameters ranging 

between 25 and 75 mm. 

More recently, Chow et al. (2018a) carried out 1g tests to quantify the capacity of plate 

anchors in sand. Unlike the previous studies, both normal and shear (tangential) capacities 

were studied. The tests were conducted in vertically and horizontally-installed rectangular 

plates under both vertical and horizontal monotonic pull. It was shown that both normal 

and shear capacities are highly influenced by the initial anchor orientation as well as by the 

embedment ratio. The results are displayed in Figure 2.17 below. 
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complete the numerical analyses, such as the 14 LDFE analyses conducted by Tian et al. 

(2015), for which each simulation took 40 hours to complete. 

In parallel to the FE modelling developments in anchors, macro-element modelling 

approach was developed as a time-effective alternative which could be used for several 

applications. While the first macro-elements for geotechnical applications were developed 

in the 1990s to analyse the force-displacement behaviour of shallow foundations under 

combined loading conditions (normal, sliding and rotational loadings), recent studies 

applied the macro-element framework to pipelines, monopiles and even anchors (Cassidy 

et al., 2012; Yang et al., 2012). However, their development typically considers either 

drained or undrained conditions, and the effects of the pore water pressure generation and 

consolidation processes, which affect the effective stress state and thus the soil strength, are 

not currently considered in available macro-element models. Few macro-element models 

have included the hydro-mechanical effects to account for partial drainage, yet all in the 

context of penetrometers (Houlsby & Cassidy, 2011) and shallow foundations (Flessati et 

al., 2020).  

In that sense, there is a clear knowledge gap in understanding the effect of pore pressure 

generation and dissipation on anchor behaviour. The effective stress framework proposed 

by Zhou et al. (2020) accounted for such effects, but for anchors subjected to normal loading, 

hence the pore pressure effects were not integrated into a macro-element model. This thesis 

aims to fill this knowledge gap by proposing a macro-element model that accounts for 

consolidation effects as well the evolution of anchor kinematics due to eccentric loading 

conditions. Initially, an improved macro-element model for undrained conditions is 

presented in the next chapter. 
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