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Abstract 

As the offshore wind industry moves into areas of deeper water, traditional 

foundation structures such as monopiles will become less economically feasible. 

This has generated a push for the development of floating turbines, which are held 

in place by mooring lines with anchor foundations in the seabed. As a result, the 

development of anchor foundation concepts, which can resist large vertical and 

horizontal loads have become a focus of research in recent years. Due to the 

varying ground conditions encountered in the offshore environment, various types of 

anchors have been developed. This thesis reports the findings of laboratory based 

investigations into the installation and loading behaviour of two novel plate anchor 

foundation concepts. 

The concept for a Bi-wing Anchor which can be dropped through the water column 

and penetrate into the seabed under its own weight was introduced. After dropping, 

the anchor could then be dragged, causing it to embed further into the seabed. This 

would allow the anchor to be installed more quickly and to greater embedment 

depths than conventional drag-in plate anchors. 

Physical modelling was used to analyse the drag behaviour of this anchor. Tests 

were completed in a transparent clay surrogate, which was consolidated through the 

application of a pressure gradient across the sample‟s depth. The observations from 

these tests were used in the development of an analytical model for drag 

embedment. The analytical predictions showed good agreement with the observed 

anchor behaviour at multiple embedment ratios.  

The ultimate capacity of the anchor during pullout was analysed through centrifuge 

modelling in normally consolidated kaolin clay. The effect of the anchor‟s shape on 

its pullout capacity was analysed by varying the space between two anchor flukes in 

a series of tests. The anchor shape had minimal effect on deep and intermediate 

soil failure mechanisms. For shallow failure mechanisms, increasing the spacing 

between the flukes resulted in an increased normalised anchor capacity. Due to the 

uncertainty involved in predicting the final embedment orientation of drag 

embedment anchors, tests were then carried out to determine the effect of load 

angle and fluke angle on the pullout capacity. Capacity decreased as the inclination 

of the anchor fluke moved from a horizontal orientation towards a vertical 

orientation. The capacity also decreased as the direction of loading moved away 

from an angle normal to the fluke. 
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The implementation of dynamically installed anchors in granular soils has been 

proven to be problematic by previous studies. An alternative plate anchor concept, 

referred to as the Umbrella anchor was proposed for use in granular soils. This 

anchor could be pushed into soil deposits in a folded arrangement to reduce 

installation loads. Application of a pullout load to the anchor‟s mooring line would 

then cause the anchor to open, creating an embedded plate. Tests were carried out 

in saturated sand with the anchor installed at depths of up to 1.8m below the 

surface. The anchor could be installed quickly and accurately to a specified depth, 

in a short period of time. The opening of the anchor was observable in the load-

displacement behaviour and confirmed by excavation of the anchor after testing. 

The normalised pullout capacity at multiple embedment ratios was comparable to 

the capacity obtained through wished-in-place tests and previous studies of circular 

plate anchors in sand. 

The observed behaviour for both anchor concepts provided encouraging results and 

suggests that with further development and analysis, both could potentially be used 

for commercial applications. 
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 Chapter 1 – Introduction 

1.1 Renewable energy 

The world we live in is an increasingly energy driven society. Estimates for global 

electricity demand in 2010 totalled 154,000 TWh and it is estimated this could 

increase to 185,000 TWh by 2020. Fossil fuels are currently the main source of 

global energy production with oil, coal and gas providing 32.9%, 29.2% and 23.9% 

of global primary energy consumption respectively in 2015 (World Energy Council, 

2016). However these resources are finite and in the future, their sources could 

become depleted. Therefore the development of alternative energy sources is 

essential. 

The need for renewable energy developments to provide safe, reliable and 

sustainable alternatives to fossil fuels led to legislation being passed by the EU in 

2009. This legislation required member states to produce more of their energy from 

renewable sources. In the Renewable Energy Directive, the UK target for the share 

of energy produced from renewable sources by 2020 was set at 15%. The signing 

of the Paris Agreement in 2016 reinforced the importance of developing renewable 

energy sources in order to lower greenhouse gas emissions and reduce the risks 

and impacts of climate change. 

1.1.1 Sources of renewable energy 

Developing the various sources of renewable energy would diversify the energy 

market and enable different regions to develop their own resources. This would 

increase supply security and reduce the effect of the disruption of a single source on 

capacity and prices. The combined use of renewable sources such as biomass, 

photovoltaics, wind, hydropower and geothermal have the potential to meet the 

world‟s energy demands many times over. 

Geographical constraints will limit the use of some of these sources in different 

regions. For example some regions will find it more economical to integrate wind 

power into their power grid when compared to photovoltaics. Their installation may 

also be limited by environmental and social pressures. Hydropower would be 

particularly affected in this way due to it generally requiring the flooding of large 

areas of land. For this reason it is expected that the greatest increase in hydropower 

production will be in developing countries. Limiting the social and environmental 

pressures is one of the benefits of the development of offshore wind. The 

combination of these pressures and geographical constraints is a driving factor 
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behind the United Kingdom and Europe being world leaders in the development of 

this source of renewable energy. (Herzog et al., 2001) 

1.1.2 The importance and future growth of offshore energy in the UK 

To date the majority of renewable energy developments have been in the onshore 

and recently offshore wind sector (Boyle, 2012). In some areas onshore wind is now 

competing with traditional energy sources on a cost basis. The onshore industry is 

relatively mature. However there are environmental constraints around using large 

modern turbines in habitable areas. This has led to a renewed focus on offshore 

developments. Offshore wind energy is a growing sector and the production of 

energy by this means has increased three fold between 2011 and 2016. 

The majority of global installations (around 88%) are installed off the coastlines of 

European countries. Global growth is expected to increase within the next few years 

with Asian countries showing a renewed push for the production of renewable 

energy. This is largely due to growing confidence within the industry, improvements 

in technology and management, the introduction of higher capacity turbines and 

noticeable reductions in tender prices (Global Wind Energy Council, 2016). 

The UK is the current world leader in the production of energy from offshore wind 

developments. The offshore wind industry in the UK is on track to being capable of 

contributing 10% of the UK‟s electricity supply by 2020. The current capacity from 

offshore sources is 6.9GW, with projections that this could be 30GW in the 2030s. 

This is due to the decreasing installation costs improving the feasibility of projects 

with 372 turbines installed in 2017 (The Crown Estate, 2018). Efficient energy 

production relies on consistent and strong winds which are often found further away 

from shorelines (Musial et al., 2004; Musial and Ram 2010). Due to the problems 

typically encountered with planning permissions and public complaints, the size and 

number of turbines which can be installed in onshore locations is usually restricted. 

Placing wind turbines in offshore locations is desirable as larger turbines can be 

installed and they will benefit from the stronger, more consistent winds at these 

locations (European Environment Agency, 2009). 

The energy industry views deep water energy production as a great opportunity for 

future development. However the engineering techniques required for deep-water 

energy exploration are far from straightforward. In order to move into this relatively 

hostile environment a number of financial and technical challenges need to be 

overcome, in particular with respect to the substructures used to support offshore 

wind turbines. 
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1.2 Offshore foundations 

The foundation structures for offshore installations can cost up to 35% of a 

development‟s budget. As a result, developing more efficient systems is viewed as a 

critical aspect of increasing the feasibility of such projects (Gavin et al., 2011). Due 

to the economic and technical limitations of the foundation systems currently used, 

the majority of the existing offshore turbines are constructed in water depths of 20-

80m. The types of foundations commonly used in current offshore wind projects are 

gravity based, suction buckets, monopiles, tripods and jacket structures as shown in 

Figure 1.1. The development of floating wind turbines which can be deployed in 

deep water (depths of up to 2000m) is viewed as the next step for the sector. This is 

due to the fact that as water depths increase, fixed-bottom foundations become less 

economical due to the increased size of the supporting structure required. A brief 

description of different foundation types and their suitability is provided below. 

1.2.1 Gravity base 
This type of foundation uses its own weight to maintain stability. They are typically 

used in areas with water depths of up to 30m. They consist of a large base 

connected to the central steel or concrete shaft which supports the wind turbine. 

They can be floated into place and sunk in a controlled manner such as the 

foundations used in the Fécamp offshore wind farm. This type of foundation 

requires the seabed to be cleared of obstacles so that the foundation can be placed. 

At greater water depths, gravity base foundations become uneconomical due to the 

increased size of the foundation required to resist the forces applied through the 

wind turbine. 

1.2.2 Monopiles 

Monopiles are the most commonly used foundation type to support offshore wind 

turbines. The piles consist of a steel tube which is usually installed by driving it into 

the seabed. They can also be placed and grouted into drilled holes such as in the 

Barrow Offshore Wind Farm. Monopiles are commonly used in water depths of up to 

30m. They typically have a diameter of up to 6m, a wall thickness of up to 150mm 

and penetration into the seabed of up to 30m. In deeper water, the increased size of 

pile required to support a turbine makes this type of foundation less economical. 

1.2.3 Suction buckets 

Suction buckets are a relatively new concept in the offshore wind industry which can 

be used as an alternative to piled foundations. Suction caissons have been 
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successfully used in the offshore oil and gas industry since the early 80‟s. Their 

installation causes less disturbance to the seabed as well as less noise when 

compared to the installation of pile foundations. They are installed by lowering the 

caisson to the seabed and pumping the water out of the caisson to create suction. 

This suction and the self-weight of the caisson pull it into the seabed. When a 

project is decommissioned, water can be pumped back into the caisson in order to 

remove it from the seabed. This concept can be deployed through the use of one 

large mono bucket or multiple smaller buckets attached to the base of a jacket 

structure. 

1.2.4 Tripods 

Tripods are three legged support structures which are installed in the seabed using 

either suction buckets or piles. The concept aimed to reduce costs by decreasing 

the size of piles or caissons which could be used through the utilisation of multiple, 

smaller foundations. However as improvements in the use of monopiles were 

developed, this concept became less popular. 

1.2.5 Jacket 

These foundations typically consist of a three or four legged lattice structure which 

connects to the pile foundations at the corners as shown in Figure 1.1. This design 

could be used in water depths of up to 50m.  An example of this design is the steel 

jacket foundations which were connected to piles and used to support the thirty 

turbines for the Ormonde Offshore Wind Farm in water depths ranging from 17 to 

21m. 

1.2.6 Floating 

Floating turbines which are moored to the seabed through the use of mooring lines 

and anchors are the most economical foundation option for use in deep water. The 

design of these systems is still in development but there have been a number of 

trials worldwide. The Hywind Scotland wind farm which was commissioned in 

October 2017 was the world‟s first commercial wind farm which used floating 

turbines. These systems consist of a floating structure which supports the turbine 

such as the SPAR buoys used for Hywind Scotland. Mooring lines are then used to 

connect the structure to anchors installed in the seabed. There are multiple 

anchoring options which build upon experience gained from their use in the oil and 

gas industry. 
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1.3 Mooring systems for floating structures 

There are three types of mooring systems that can be used for connecting floating 

offshore structures to anchors embedded in the seabed. The choice of mooring 

system determines the footprint of the foundations on the seabed and relative 

horizontal and vertical forces which will be applied to the foundations. The three 

types of mooring system are catenary, semi-taut leg and taut-leg. 

Catenary systems consist of heavy chains or wires installed symmetrically around 

the structure as shown in Figure 1.2. The lines meet the seabed horizontally and as 

a result, apply primarily horizontal forces to the anchors. The restoring forces which 

keep the floating structure in place are mostly provided by the weight of the mooring 

line. As the water depth increases, the increased weight of the line starts to become 

a limiting factor when designing the floating structure. 

Semi-taut leg systems were developed to overcome this problem. The lines arrive at 

the seabed at an angle as high as 600 and apply horizontal and vertical forces to the 

foundation. The high angle of the line creates a smaller footprint as shown in Figure 

1.2. Semi-taut leg systems have a minimum depth at which they are suitable. This is 

because the restoring force is provided by elasticity in the line and in shallow water, 

the line may be of insufficient length and end up breaking. (D‟Souza, 1993)  

Taut-leg systems use lines which connect vertically to the anchor foundation. This 

results in a smaller footprint than catenary and semi-taut systems. The mooring 

lines transmit vertical loads to the anchor. The lines are tensioned which limits 

vertical movement of the structure and would provide restoring moments to the 

platform. This restriction to the movement of platforms is expected to reduce the 

structural loading on the turbine when compared to other floating turbine concepts. 

(Bachynski and Moan, 2012) 

 

1.4 Anchoring systems 

There are multiple types of anchoring systems which can be used for mooring 

floating structures. The choice of system is determined by the size and type of 

structure, the mooring system, the seabed conditions and the design life of the 

installation (permanent or temporary). The following section contains brief 

descriptions of the different types of anchor foundation. 
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1.4.1 Pile anchors 

Pile anchors can be installed by vibration, driving, drilling and grouting them into 

place. A mooring line is attached to the pile at a point below the soil surface as 

shown in Figure 1.3. Pile anchors can resist both horizontal and vertical forces and 

as a result can support taut or catenary mooring systems. The use of these anchors 

in deep water is very expensive. The high cost is due to extensive site investigations 

and equipment necessary to install the piles in deep water. 

1.4.2 Suction caissons 

Suction caissons are cylindrical shells with a closed top and an open base. They are 

installed by first letting the caisson penetrate the seabed under the force of their 

self-weight. The water inside of the caisson is then pumped out which causes a 

pressure differential that pulls the caisson further into the seabed as shown in 

Figure 1.4. During decommissioning, water can be pumped back into the caisson 

and this pressure lifts it out of the seabed. Suction caissons are capable of resisting 

horizontal and vertical forces and can be installed accurately and relatively quickly. 

They are regularly used in the offshore oil and gas industry and were used to secure 

the mooring lines for the five floating turbines used in Hywind Scotland. Each of 

these turbines was connected to three suction caissons which were each 16m tall, 

had a diameter of 5m and weighed 300tonnes. Installing caissons in stronger layers 

in the seabed can be difficult. Plug failures can also occur when penetrating into 

layers of sand which are overlain by clay. 

1.4.3 Dynamically installed anchors 

Dynamically installed anchors are dropped from a known height above the seabed 

and penetrate into the seabed under the force of their self-weight. They are steel 

tubes which have a conical tip and are filled with metal or concrete to increase their 

weight. They have flukes attached to the upper end such as in the deep penetrating 

anchor shown in Figure 1.5. Their design is hydrodynamically stable which means 

the anchors tend to fall vertically through the water and this improves the reliability 

of predictions for the final position of the anchor after installation. The final 

embedment of these anchors is difficult to predict but can be determined after 

installation through markings on the mooring line. 

A typical example of a torpedo anchor can weigh up to 80 tonnes and have a length 

and diameter of up to 13m and 1.2m respectively. They have a low fabrication cost 

due to their simplicity and can be used in any depth of water that allows them to be 

dropped. They can be installed relatively quickly and behave in the same way as 
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anchor piles under loading. There is uncertainty when predicting the capacity of 

these anchors. The capacity is dependent on the final embedment depth of the 

anchor which can be difficult to predict. Due to the dilative nature of sandy soils, this 

installation concept may not be suitable for this type of soil. 

1.4.3.1 OMNI-Max anchors 

The OMNI-Max is a recent concept for a dynamically installed anchor which is 

dropped into the seabed. Under loading, the anchor begins to drag and penetrate 

further into the seabed as shown in Figure 1.6. The increasing embedment depth of 

the anchor results in a greater holding capacity. The anchor is dart shaped and the 

connection between the mooring line and anchor allows the anchor to be loaded in 

any direction around the vertical axis of the anchor. OMNI-Max anchors have 

successfully been used in the Gulf of Mexico in water depths ranging from 290m to 

1100m. 

1.4.4 Drag embedment anchors 

Drag embedment anchors are used to resist horizontal forces in catenary mooring 

systems. They consist of a fluke which provides the main bearing surface and a 

central shank which connects the fluke to the mooring line as shown in Figure 1.7. 

They are installed by lowering the anchor to the seabed and then dragging it 

horizontally. The anchor starts to embed into the seabed and as its embedment 

depth increase, the anchor fluke starts to rotate towards the horizontal plane as 

shown in Figure 1.8.  

These anchors gain their holding capacity from the bearing resistance of the fluke 

and the frictional resistance of the shank and embedded length of chain. This 

design has a high efficiency in terms of the self-weight of the anchor relative to the 

holding capacity that can be achieved. The drag embedment behaviour is difficult to 

predict. This causes uncertainty regarding predictions of the final embedment depth 

and resulting holding capacity achieved. In order to drag an anchor to a target 

depth, the anchors may have to be dragged large distances which will increase site 

investigation costs and installation time.  

1.4.5 Drag-in plate anchors 

Drag-in plate anchors are an alternative to conventional drag anchors which can be 

used to resist vertical as well as horizontal forces. They are initially installed in the 

same way as drag embedment anchors but when they have embedded to a target 

depth, the shank is triggered in order to rotate the fluke to an orientation that is 

normal or near normal to the direction of loading.  
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Drag-in plate anchors typically have high efficiency in terms of self-weight to holding 

capacity. They also have the same disadvantages as drag embedment anchors but 

also have the added uncertainty of whether the triggering process for the shank is 

successful and what the orientation of the anchor fluke is after this process. 

 

1.5 Typical seabed properties 

The type of anchor which can be used and its potential capacity is highly dependent 

on the properties of the soil in which it is installed. The geotechnical properties of 

seabed sediments vary greatly by region. The stress state of sediments can be 

normally consolidated, overconsolidated or underconsolidated. Normally 

consolidated material is created by the deposition of sediment but this can become 

lightly overconsolidated due to ageing effects. It generally has a strength profile in 

which the shear strength increases approximately linearly with depth. 

Overconsolidated materials can be created as a result of glaciation or more recent 

events such as removal of the overburden by erosion or even wave loading.  

Randolph and Gourvenec (2017) provided a brief summary of the geotechnical 

characterisation of the seabed in some of the major areas that have been explored 

by the oil and gas industry. Due to the vast size of each of these areas, the following 

information provides only general descriptions of the dominant types of deposit in 

each area: 

- The Gulf of Mexico contains soft, normally consolidated, medium high 

plasticity clays with interbedded sand layers. 

- The Campos Basin and Santos Basin in the Atlantic Ocean offshore Brazil 

contain sands and clays with a high carbonate content. 

- The North Sea contains stiff, overconsolidated clays and dense sands, 

overlaid by softer material. 

 

1.6 Geotechnical analysis methods 

To improve the understanding of how foundations behave, various avenues of 

geotechnical analysis can be employed. Before full scale tests are carried out, 

modelling at smaller scales and numerical modelling will typically be carried out in 

order to develop predictive models for the behaviour at full scale. 
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1.6.1 Full scale tests 

Full scale trials are extremely useful in providing geotechnical data and validating 

numerical and analytical models. Extensive preparation and investment is required 

to achieve useful results. Field trials for the OMNI-Max anchor were presented by 

Shelton (2007). Three full-scale tests were carried out between February 2006 and 

March 2007 with only the final test achieving anchor installation and providing data 

relating to the embedded anchor behaviour. 

1.6.2 Small scale modelling 

Carrying out tests at a smaller scale requires careful consideration of scaling issues 

in order to provide a reliable representation of the behaviour at full scale. Recreating 

the in situ stress within a sample can be achieved with centrifuge modelling, 

however these machines are expensive to run and maintain. Carrying out tests at 

1g allows greater flexibility of the test setup and is much cheaper. 

1.6.3 Centrifuge modelling 

The use of centrifuge modelling allows replication of the stress profile present at full 

scale within a small model. This is achieved by applying a centrifugal acceleration 

which is n times greater than earth‟s gravity, 9.81m/s2, to a model which is scaled 

down by a factor n. This creates a similitude of the stress and strain at full scale and 

in the model.  

1.6.4 Numerical modelling 

Numerical modelling can be used to carry out the analysis of geotechnical 

behaviour over long periods and for a wide range of parameters. The ability to 

model geotechnical problems using this method is limited by the processing power 

available and the quality of the constitutive models used for the analysis. Before 

analysis can be carried out, an understanding of the problem is required and the 

model needs to be validated through comparison with the results from tests at full 

scale or correctly scaled models.  

 

1.7 Aim of this research 

As the offshore wind sector begins to develop installations in areas of deep water, 

conventional foundation structures such as monopiles will become less 

economically feasible. This has created interest in the development of floating 

structures moored to the seabed with anchor foundations. To improve the feasibility 

of such installations, novel foundation concepts which can be installed easily and 
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have high efficiency are needed. In order to reliably use these anchors, design 

standards require predictive models for their behaviour which have been validated 

through physical modelling and field trials.  

This project aimed to explore the feasibility and geotechnical behaviour of two 

distinct anchor concepts which could potentially be used as anchor foundations to 

support floating wind turbines. Laboratory based model studies were carried out as 

part of the initial development stages for both anchor concepts. The testing aimed to 

replicate the installation and loading behaviour of the anchors in different ground 

conditions. The observed results were then compared with analytical models. 

The first concept was for a Bi-wing anchor which was primarily suitable for 

installation in clay deposits. The anchor could be installed by initially dropping the 

anchor into the seabed (dynamic installation) and then dragging the anchor to 

increase its embedment depth (drag installation). The concept was developed in 

partnership with University of Texas, University of Rhode Island and University 

College Dublin.  

Previous studies from the literature review have demonstrated that a dynamically 

installed anchor would not be suitable for granular deposits. This was due to the 

dilative nature of granular deposits during loading. Consideration of this problem led 

to the development of an alternative plate anchor concept referred to as an 

Umbrella anchor. This anchor could be pushed into granular deposits in a „closed‟ 

arrangement and upon application of a load to the mooring line, the anchor would 

„open‟ to create an embedded plate anchor.  

In order to prove the validity of both anchor concepts and determine their ability to 

sustain pullout loads, the following objectives were identified for this research: 

1. Analyse the drag installation behaviour of the Bi-wing anchor. This would 

be investigated through scale modelling in a transparent clay surrogate 

which would enable direct observation of the anchor behaviour during 

installation. The observations from these tests would then be used to 

develop an analytical method to predict the drag embedment behaviour 

of the Bi-wing anchor. 

2. Investigate the effect of the anchor shape on the pullout behaviour and 

capacity of the Bi-wing anchor through centrifuge modelling in normally 

consolidated clay. 
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3. Examine the effect of varying anchor fluke inclination and pullout angle 

on the pullout behaviour of anchors through centrifuge modelling in 

normally consolidated clay. 

4. Analyse the installation and loading behaviour of the „Umbrella Anchor‟ 

through the use of scaled modelling in saturated sand. 

 

1.8 Thesis outline 

The following chapters present the analysis of the installation and loading processes 

for the proposed anchor concepts.  

Chapter 2 provides a brief review of the relevant literature in relation to the current 

state of the offshore industry and the behaviour of anchors during installation and 

loading. This review considered previous studies of the dynamic and drag 

installation of plate anchors. The pullout behaviour of plate anchors in sand and clay 

was also discussed and references were made to the current standards which apply 

to the use of plate anchors for mooring floating offshore wind turbines. 

Chapters 3 and 4 analysed the installation and loading of the „Bi-wing anchor‟ 

respectively. The analysis of the installation and loading of the „Umbrella Anchor‟ 

was presented in Chapter 5.  

Chapter 3 presents the analysis of the drag embedment behaviour of the Bi-wing 

anchor. A detailed description of small-scale tests carried out in a transparent clay 

surrogate is provided. Analytical modelling of the drag embedment behaviour based 

on the observations and results from the physical modelling is included. The results 

from these analyses are then discussed. 

Chapter 4 presents the results of centrifuge modelling which aimed to analyse the 

effect of the Bi-wing anchor‟s complex shape on its pullout behaviour. The tests 

were carried out in normally consolidated clay and were compared with the 

behaviour of square plate anchors at the same depths. Tests were also carried out 

which aimed to observe the general behaviour of square anchors when loaded at 

varying plate inclinations and loading angles. 

Chapter 5 presents results obtained from laboratory tests carried out for the 

Umbrella anchor in saturated sand. The anchor behaviour during the installation 

procedure and loading is presented. The ultimate capacities achieved are compared 

with the behaviour of circular anchors at similar depths.  
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Chapter 6 summarises the findings of the previous chapters. The suitability of the 

anchor concepts for use in the offshore industry is discussed along with 

recommendations for the future work required to develop these concepts. 
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1.9 Figures 

 

Figure 1.1 Common fixed bottom foundations used in the offshore 
environment (Moulas et al., 2017)   

 

Figure 1.2 The layout of catenary and taut leg mooring systems (Vryhof, 2010) 

 

Figure 1.3 Pile anchor installed in the seabed 
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Figure 1.4 Suction caisson installation (Bienen et al., 2018) 

 

Figure 1.5 Deep penetrating anchor (Deep Sea Anchors, 
www.deepseaanchors.com/News.html) 
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Figure 1.6 Installation process for an OMNI-Max anchor (Delmar, 2017) 

 

Figure 1.7 Labelled diagram of drag embedment anchors (Vryhof, 2010) 

 

Figure 1.8 Installation of a drag embedment anchor (O’Neill, 2000) 
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Chapter 2 Offshore Foundations 

As stated in the previous chapter, the foundation structure for offshore installations 

can cost up to 35% of a development‟s capital expenditure budget. As a result, 

developing more efficient foundation systems is viewed as a critical aspect of 

increasing the feasibility of offshore projects (Gavin et al., 2011). Due to the 

economic and technical limitations of the foundation systems currently used, the 

majority of the existing offshore turbines are constructed in water depths of 20-80m. 

The most commonly installed substructures for offshore turbines are supported on 

monopiles. Within European waters, monopiles have been used for 3,720 turbines 

or 81.7% of all grid connected turbines (Wind Europe, 2018). The major challenges 

with moving into deeper water is that conventional offshore foundations, such as 

monopiles, will become impractical and uneconomical due to the cost of installation 

and the foundation size required for resisting environmental forces.  

The current design codes for monopiles in the offshore industry have been 

developed by the oil and gas industry and have been extended to the foundation 

design for offshore turbines. Typical structures in the oil and gas industry are much 

heavier and larger and as a result, the axial component of their loading is much 

larger than the lateral load. Doherty and Gavin (2012) discussed the typical loading 

conditions for an offshore monopile as illustrated in Figure 2.1. Considering the 

loads at the interface level between the monopile and the turbine shaft, the typical 

loading from a 3.5MW turbine would be approximately 6MN axially, 2MN laterally 

and an overturning moment of 110MNm. The depth of the water below this interface 

level will result in a greater overturning moment on the monopile at the seabed. This 

example illustrates how the lateral loads from offshore turbines make a large 

component of the loads experienced by the foundations of these structures. The 

resulting moments are a major concern when designing efficient foundations for 

these structures.  

As turbines move into areas of deeper water, there will be a compounding effect 

where the increased environmental loads and overturning moments caused by the 

increased length of the structure to the seabed will require excessively large 

monopile foundations. Therefore, at these depths the most economical option will 

be to consider floating substructures which are anchored to the seafloor. These 

systems would have to provide enough buoyancy to support the weight of the 

turbine, and restrain from pitch, roll, and heave motions within acceptable limits 

(Musial et al., 2006). Such floating platforms have been successfully used for oil and 
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gas explorations in deep water where the platforms are secured by anchors via 

mooring systems. There are varieties of anchoring options used for providing pullout 

capacity, for example; anchor piles, suction caissons, drag anchors, suction 

embedded plate anchors, and dynamically penetrating anchors (Randolph and 

Gourvenec, 2011). 

The choice of anchoring solution used for an offshore installation depends on the 

mooring system, floating structure and site conditions. Suction caissons are the 

most commonly used anchor in deep water installations due to their ability to resist 

horizontal and vertical loading and their simple installation and removal process. 

Experience has been gained using them to resist horizontal and vertical load 

combinations from mooring lines in catenary (Colliat et al., 1996), taut (Mello et al., 

1998) and tension leg (Clukey et al., 1995) systems. Andersen et al. (2005) listed 

approximately 500 caissons which have been installed in water depths of up to 

2000m, across 50 different locations. To date, caissons are also the only anchoring 

option which has been used for grid connected, floating turbines (the five turbines in 

Hywind Scotland project). As with all anchoring options, their suitability is limited by 

the ground conditions however recent developments have improved their design 

and installation procedures. The development of caissons with multiple, internal 

chambers has improved the ability to control the verticality of the caissons during 

installation in heterogeneous soils (Frankenmolen et al., 2017). The risk of plug 

failure during installation can also be reduced by the proper application of partial 

factors to the external resistance and reverse end bearing of the plug (Andersen et 

al., 2005). The capacity of suction caissons has been the focus of much research 

such as Randolph and House (2002), Luke et al. (2005) and Palix et al. (2010). 

Randolph and House (2002) analysed the behaviour of caissons in clay for 

combinations of horizontal and vertical loads. They deduced design parameters for 

shaft friction and end-bearing through physical testing and considered the effects of 

mis-alignment of the caisson and load orientation on the caisson capacity.  

As the offshore wind industry continues to expand, installations will inevitably be 

established in areas which are unsuitable for suction caissons. Plate anchors are an 

attractive option due to their high efficiency in terms of holding capacity relative to 

their weight. They can typically be installed by dropping (dynamic installation), 

dragging or pushing the anchor into the seabed. The capacity of plate anchors has 

been the focus of much research along with the development of methods which aim 

to predict their behaviour during installation. This chapter presents existing studies 

into the behaviour of plate anchors during installation and loading. A summary of 
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physical and numerical modelling is presented for dynamic installation, drag 

installation and pullout capacity. 

When considering pullout capacity, the literature review focused on the ultimate 

capacity of plate anchors subjected to monotonic loading. Current design standards 

use this capacity to indicate anchor behaviour when subjected to other loading 

types. When used in permanent moorings for floating structures, the load applied to 

plate anchors will be a combination of sustained and cyclic loads. Existing studies 

have analysed the behaviour of anchors subjected to these loading types. Han et al. 

(2016) carried out centrifuge modelling of plate anchors in clay subjected to 

sustained loads. Their results suggested that sustained loads which were up to 88% 

of the ultimate pullout capacity could be sustained indefinitely.  

The effects of cyclic loading have been analysed by studies such as Yu et al. (2015) 

through experimental modelling. Standards for plate anchor behaviour such as 

„Design and installation of plate anchors in clay‟ published by DNV (2002) 

recommend procedures to allow for the effect of cyclic loading on anchor capacity. 

This standard calculated the anchor design capacity by applying a cyclic loading 

factor to the static anchor capacity. This factor was the ratio between the soil‟s 

cyclic shear strength for a specified load amplitude and the static undrained shear 

strength. „Design and Installation of drag anchor and plate anchors‟ published by 

ABS (2018a), recommended calculating the cyclic holding capacity by considering 

the likely range of cyclic loads and the equivalent number of cycles to failure. The 

equivalent number of cycles to failure was calculated using the strain accumulation 

procedure for fine soils (Andersen, 2015) and the pore pressure accumulation 

procedure for granular soils (Andersen et al., 1994). This information was then used 

to determine a cyclic undrained shear strength which was used to factor the ultimate 

pullout capacity. This standard also provides sources for databases which present 

parameters for cyclic loading of soils, obtained from various offshore locations. 

 

2.1 Dynamic installation of anchors 

As stated in the previous chapter, the main disadvantage of dynamically installed 

anchors is the uncertainty in predicting their embedment depth, orientation and 

holding capacity after installation. They have primarily been used for temporary 

installations, however they have also been used for permanent moorings such as 

Floating Production Storage and Offloading units in the Campos Basin off the coast 

of Brazil (Brandão et al., 2006).  
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Commercial development of dynamically installed anchors in the offshore 

environment began in the late 1990s. Different designs for the concept arose such 

as Torpedo Anchors (Medeiros, 2001) and Deep Penetrating Anchors (Lieng et al., 

1999) as shown in Figures 2.2 and 2.3. Both concepts are hydronamically stable, 

steel cylinders with fins and a conical tip. They are filled with concrete or scrap 

material to add weight to the anchor. These anchors could be up to 17m long and 

weigh up to 100 tonnes. Dynamically installed anchors are typically dropped from 

heights of 20-40m above the seabed and the tip of the anchor can be expected to 

embed to depths of 2-3 times the length of the anchor. They can reach speeds of up 

to 30m/s before impact with the seabed and their capacity when installed is typically 

3-5 times the self-weight of the anchor (O‟Loughlin et al., 2004).  

Physical modelling of the dynamic installation of anchors was carried out by Massey 

(2000) at a scale of 1:200 in clay. These tests aimed to prove the feasibility of the 

dynamic installation and determine the relationship between the installation depths 

and holding capacity. Centrifuge tests carried out by O‟Loughlin et al. (2004) 

analysed the installation and pullout behaviour of deep penetrating anchors. 

Impact/installation speeds of up 30m/s were modelled and embedment ratios of up 

to 3 were observed. The embedment ratio was defined as the ratio between the 

depth of the tip of the anchor below the soil surface and the length of the anchor. 

Their results showed an approximately linear increase in embedment depth with 

impact velocity. Prediction of the embedment depth was found to be difficult due to 

the change in soil behaviour as depth increased and the effect of strain-rates on soil 

strength. The anchor‟s vertical capacity was accurately predicted by calculation of 

its end-bearing resistance and shaft friction. 

Full-scale field trials were carried out in 2009 and presented by Lieng et al. (2010). 

Two Deep Penetrating Anchors which were each 13m long and weighed 80tonnes 

were installed off the west Coast of Norway. They were dropped from heights of 

50m and 75m above the seabed and reached impact speeds of 24.5m/s and 27m/s 

respectively. The anchors penetrated into seabed to depths of 24.5m (50m drop 

height) and 31m (75m drop height). Both anchors penetrated to a depth which was 

4m greater than predicted and had a tilt of 2degrees (from the vertical). The findings 

of this study also suggested that for a given anchor size, mass and kinetic energy at 

impact, the holding capacity of the installed anchor may not vary much for large 

variations in the shear strength of the soil. This was because the anchor would 

simply penetrate deeper into soil with a lower shear strength.  
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Scaled field trials were carried out for Deep Penetrating Anchors in the North Sea in 

2008 and presented by Sturm et al. (2011). In these trials, twelve tests were carried 

out in which 4.4m long anchors were dropped into the seabed from heights varying 

between 15m and 75m. The results demonstrated that a soil profile with varying 

shear strength has a large effect on the embedment depth achieved. They also 

showed the importance of correctly accounting for the rate effects of soil due to the 

high impact speed of dynamically installed anchors. Studies such as Sheahan et al. 

(1996) and Nanda et al. (2017) have shown that high strain rates create a 

temporary increase in the undrained shear strength of soil. Neglecting to account for 

this temporary increase in undrained shear strength can result in overestimating the 

embedment depth of anchors and underestimating the resulting anchor capacity.  

In order to reliably use dynamically installed anchors, their final embedment depth 

and position need to be determined. During free-fall, the anchors are likely to drift 

from the position they dropped. The magnitude of this drift can be limited by 

correctly determining the required minimum drop height for the target installation 

depth and the location of the anchor in plan can be verified after installation. The 

likelihood of the anchor to tilt during installation can be limited by proper 

consideration during the design of the anchor. 

True (1976) used Newton‟s second law of motion and considered the forces acting 

on an object to predict the embedment behaviour of anchors in the seabed during 

dynamic installation. More recent studies such as Gilbert et al. (2008) and 

O‟Loughlin et al. (2013) have adopted a similar approach however they have varied 

the consideration of forces acting on the object as it embeds. O‟Loughlin et al. 

(2013) examined the results of anchor installations in centrifuge testing and field 

trials. They found that the total energy of the anchor could be used to predict the 

embedment depth of a wide range of anchors. The total energy was defined as the 

sum of the kinetic energy at impact and the potential energy released as the 

anchors embedded in the soil. This method was found to predict the embedment 

depth of a series of offshore field trials to an accuracy of 4%. 

Newer concepts aim to improve upon the low efficiency of torpedo anchors and 

DPAs with regard to their holding capacity when compared to their self-weight. 

O‟Loughlin et al. (2014) presented a design which would allow the dynamic 

installation of plate anchors. Their design for a DEPLA (Dynamically Embedded 

Plate Anchor) is shown in Figure 2.4. The design consists of a central shaft and a 

plate with four flukes. After installation, the central shaft can be recovered, leaving 
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the embedded flukes which behave as plate anchors upon loading. Field tests were 

carried out at scales of 1:12, 1:7.2 and 1:4.5 and presented in Blake and O‟Loughlin 

(2015). The measured embedment depths showed good agreement with the 

predicted behaviour at all scales. 

The OMNI-Max anchor was presented by Zimmerman and Spikula (2005). The 

anchor concept can be dynamically installed and the embedment depth can then be 

increased by subsequent dragging of the anchor. Shelton (2007) presented physical 

modelling of the anchor‟s installation in a transparent clay surrogate which was 

carried out as part of the development of this concept. This allowed observation of 

the anchor during installation and direct comparison with predictive models. Shelton 

et al. (2011) noted that 160 OMNI-Max anchors had been installed in the Gulf of 

Mexico for temporary moorings. They also stated that for a typical OMNI-Max 

anchor installation in the Gulf of Mexico, a drop height of 45m would result in the tip 

of the anchor embedding to a depth of up to 23m before the initiation of dragging. 

2.1.1 Dynamic installation of anchors in sand 

While the feasibility of dynamically installed anchors in clay has been proven in 

various studies, their suitability for granular soils is still limited due to the dilatant 

behaviour of granular materials during shearing. This problem was observed by 

Richardson (2008) through centrifuge modelling of the dynamic installation of 

anchors in sand clay. It was observed that the embedment depth achieved by 

anchors in sand was on average 13.5% of the embedment depth achieved when the 

same anchors were installed in normally consolidated clay at the same impact 

speeds. Dynamic installation resulted in embedment depths of approximately one-

third of the anchor length in granular material, compared to embedment depths of 

over two anchor lengths in normally consolidated clay. 

Chow et al. (2015) presented the novel design for an anchor which could be suitable 

for dynamic installation in granular materials. Their design was referred to as the 

DPAIII and consisted of a thin „blade-like‟ design attached to a follower. Centrifuge 

tests showed that the anchor could be installed to embedment ratios of up to 2.2 in 

silica sand and further modelling of the anchor‟s capacity is being carried out. 

 

2.2 Installation of drag anchors 

The drag installation of anchors is carried out by pulling horizontally after the anchor 

has been lowered onto or installed in the seabed. The general shape of a drag 
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embedment anchor is shown in Figure 2.5. Drag anchors usually consist of a fluke, 

shank and padeye. The fluke and shank are designed to cause the anchor to 

embed during dragging and their shape varies depending on the anchor design. The 

fluke generally is a large bearing plate which provides most of the anchor‟s holding 

capacity. The padeye is the point at which the mooring line connects to the anchor.  

As a result of the complex drag anchor shapes and soil failure mechanisms during 

drag installation, the development of predictive models is highly dependent on the 

use of physical modelling. Due to the high cost of full scale trials and large amount 

of variables which influence the drag embedment of anchors, laboratory based tests 

are an important part of the analysis of drag behaviour. There are various empirical 

relationships which use anchor and mooring line parameters along with broad 

classifications of soil types to predict the installation and loading behaviour. 

However manufacturers use a combination of experience and theoretical analysis in 

order to predict anchor behaviour. 

2.2.1 Mooring line Investigations 

In order to accurately predict the embedment behaviour of drag anchors, it is 

necessary to consider the effects of the mooring line on the overall behaviour of the 

system. It has been shown in previous studies such as Neubecker and Randolph 

(1995) that when loaded, mooring lines typically have an inverse catenary profile as 

shown in Figure 2.6. This is due to the combination of normal and tangential forces 

acting on the mooring line. Vivatrat et al. (1982) analysed the behaviour of 

embedded anchor chains in order to determine the effect of the anchor-soil 

interaction on the line tension transferred to anchor piles. Equilibrium equations for 

the tangential and shear forces as shown in Figure 2.7 were provided giving 

consideration to the chain‟s tension, weight, inclination and length. The normal and 

shear forces acting on the chain during embedment can be expressed in relation to 

the effective width of the chain in bearing,    and shear,   . Physical modelling of 

the embedment behaviour of chains in clay has been carried out such as Yen and 

Tofani (1984). They carried out small scale bearing tests of chain in soft clay and 

determined values of    and    as 8.1 and 2.4 respectively.  

Further discussion of mooring line behaviour and its effect on the anchor drag 

behaviour is provided in chapter three of this thesis. It is presented as part of an 

analytical model for anchor drag behaviour. 
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2.2.2  Physical modelling of drag anchors 

The complexity of anchor drag behaviour has necessitated the use of physical 

modelling for the development of predictive models. The design charts produced by 

the US Navy Civil Engineering Laboratory (NCEL, 1987) were developed through 

the analysis of a wide range of field tests on commercially available anchors.  

Physical modelling and field trials are also a critical aspect of the development of 

new anchoring concepts. The results of field trials for drag embedment plate 

anchors in the Gulf of Mexico were published by Ruinen and Degenkamp (1999). 

Shelton (2007) discussed the development of the OMNI-Max anchor and presented 

the results of three full-scale field trials for the OMNI-Max anchor. The difficulty 

associated with handling and installing the novel anchor concept resulted in the first 

two trials being aborted before the anchor could be installed. On the third trial the 

anchor was installed and drag tests were successfully completed. Small scale 

physical modelling in a transparent clay surrogate was also carried out as part of 

this concept development. This allowed direct observation of the anchor during 

installation and loading. 

While small scale tests are a useful tool in the analysis of anchor behaviour, correct 

simulation of the stress within the soil structure is necessary to replicate anchor 

behaviour at full scale. Centrifuge modelling is a proven method to model the stress-

stain behaviour of soils and is particularly useful for modelling the large 

deformations that occur during drag embedment. Dunnavant and Kwan (1993) 

carried out centrifuge modelling of scaled commercial anchors at a scale of 1:100, in 

clay beds. This study analysed the effects of soil strength profile, anchor geometry, 

loading type and mooring line type on the embedment behaviour.  

Neubecker (1995) carried out centrifuge modelling of drag anchor and chain 

systems in sand. It was shown that the behaviour of mooring chains used at full 

scale could be simulated by plaiting four strands of fishing wire to obtain a wire 

diameter which is representative of the scaled diameter. This technique was used in 

centrifuge modelling by Elkhatib (2006) and Elkhatib et al. (2002) at a scale of 1:100 

and was found to provide an accurate representation of full scale behaviour. 

Elkhatib et al. (2002) carried out centrifuge modelling of drag-in plate anchors in 

normally consolidated clay. Their observations showed good agreement with the 

behaviour predicted Neubecker and Randolph (1996). Studies such as these have 

proven to be an economic way to verify predictive models without extensive and 

costly field trials.  
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2.2.3 Predictive models 

The design charts used to predict the ultimate holding capacity of drag embedment 

anchors considered the drag distance, penetration depth, soil type and anchor 

weight. These charts were developed based on the results of field tests and have to 

be consulted for specific combinations of anchor design and mooring line type. This 

is because the drag embedment behaviour will be different for varying anchor and 

mooring line combinations. 

Design charts such as those produced by NCEL (1987) typically presented the 

holding capacity of an anchor based on the anchor‟s weight. Equations were 

provided in which the weight of an anchor was raised to the power of an empirical 

constant A and multiplied by another constant, B. Both constants would be 

determined empirically through the results of small scale tests. The main limitations 

of these charts was their generalisation of ground types into distinct categories such 

as „very soft clay‟, „medium clay‟ and „sand and hard clay‟ as shown in Figure 2.8. 

This limited the ability to consider the effects of specific soil properties at a given 

location. The development of these charts required large amounts of data and can 

result in large degrees of uncertainty as a result of extrapolating the observed 

results for different ground types, anchor sizes and anchor designs. Due to the large 

costs associated with field tests, it is impractical to carry out the large range of tests 

required to analyse the wide range of loading conditions, anchor types and soil 

profiles which could be encountered.  

More recent approaches which aim to predict the drag embedment behaviour use 

either limit equilibrium analysis or plastic limit analysis. An approach based on limit 

equilibrium was presented by Stewart (1992) which considered the normal and 

shear forces acting on the anchor and mooring line during installation. Using 

simplified geometries, the forces were applied at their centres of area and the 

resulting moment applied to the anchor was calculated. The moment applied around 

the padeye would cause the anchor to rotate. An incremental procedure was then 

used in which the user set a distance the anchor moved forward and angle which 

the fluke rotated towards the horizontal plane in each step. It was assumed that the 

anchor would move parallel to the plane of its fluke as shown in the physical 

modelling of Dunnavant and Kwan (1993). The output of this method was calibrated 

against large-scale tests carried out in the Gulf of Mexico by Omega Marine 

Services International (1990).  
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To consider the effects of the mooring line during installation, Neubecker and 

Randolph (1995) used limit equilibrium to calculate the forces acting on small 

lengths of the mooring line and the resulting changes in the line profile/orientation 

and load applied at the connection to the anchor‟s shank during installation.  

Neubecker and Randolph (1996) also used limit equilibrium and an incremental 

approach in their predictive method. They assumed that for each step, the fluke‟s 

orientation rotated in order to satisfy equilibrium and that the anchor would continue 

to embed until the fluke had reached a horizontal orientation. Their calculations 

proposed a form factor which could be calculated from the observations of physical 

modelling. 

Thorne (1998) developed an equilibrium method in which the forces acting on the 

anchor at a given depth and orientation were calculated. It was assumed that no 

movement would occur until the loads acting parallel to the anchor fluke were 

overcome. The deflection and rotation of the anchor as it embedded was calculated 

by considering the change in stress as the anchor embeds and remoulds the soil 

around it. The results of this method showed good agreement when compared 

against the field data from full-scale tests presented by Taylor (1980) and Omega 

Marine Services International (1990). 

O‟Neill et al. (2003) proposed a plasticity based model for drag anchor behaviour. 

They aimed to provide a rigorous solution by removing any reliance on empirical 

relationships. Their model used yield loci to express the combined horizontal, 

vertical and moment loads which cause failure of the soil surrounding the anchor. 

These loci were then used to determine the relative displacements and rotations for 

small increments of the anchor at failure and the resulting holding capacity. The 

anchor‟s embedment behaviour was determined using a 3D failure envelope which 

was adapted from the equation which was originally proposed by Murff (1994) for 

shallow foundations. The study by O‟Neill et al. (2003) analysed the influence of the 

anchor fluke however further studies such as Aubeny and Chi (2014), incorporated 

the influence of the embedded anchor line in their model for vertically loaded 

anchors. The yield function,   for anchor movement can be expressed as shown in 

the equation below.  
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The normal, moment and shear forces acting on the anchor are represented by   , 

  and    respectively. These values are normalised by        ,         and      

which are the failure values for pure normal, tangential (or shear) and moment 

loading respectively. The values       and   are interaction coefficients. These 

values are dependent on the type of anchor being analysed however Tian et al. 

(2015) provided the range of possible values below: 

m - value does not affect drag behaviour as moment tends to zero but should 

approximately equal p 

n - 3.8 to 4.2 

p - 1.1 to 1.4 

q - 3.3 to 4 

Tian et al. (2015) proposed an analytical model which aimed to predict the ultimate 

embedment depth and potential holding capacity which can be achieved by a given 

anchor. The approach was based on a plasticity model for the anchor and coupled 

with analytical modelling of the chain. The output of this method provided the 

potential capacity of a given without the extensive calculations of its complete 

installation process.  

This section has aimed to provide a brief overview of the studies focusing on the 

drag embedment behaviour of anchors. These predictive models are discussed 

further in chapter three of this thesis and the relevant equations provided. 

 

2.3 Pullout of anchors in clay 

Extensive research of the behaviour of anchor plates during pullout has been 

carried out through scaled physical modelling, numerical studies and field trials. It 

has been shown the capacity of a buried plate anchor is dependent on the density 

and stiffness of the soil in which it is embedded, the embedment depth, anchor 

shape, anchor orientation (horizontal, inclined or vertical), loading type and loading 

angle (in-plane or out-of-plane loading). Research generally focuses on the 

behaviour of anchors under static, sustained and cyclic loading. 

The techniques used to determine the pullout capacity of buried anchors are mostly 

based upon empirical relationships. Anchor capacity is typically presented as a 
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dimensionless capacity factor, Nc. The factor for a horizontal anchor is defined by 

the following equation.   

    
  

    
     (2.2) 

Where,    is the bearing capacity factor,    is the ultimate load,   is the anchor 

area and    is the undrained shear strength at the embedment depth of the anchor‟s 

centre. The anchor depth is also typically presented as a normalised embedment 

ratio, H/B where H is the anchor embedment depth and B is the anchor width.  

Figure 2.9 shows the undrained failure mechanisms for anchors in cohesive soils. 

During vertical pullout, anchors can fail in a shallow failure mechanism in which the 

shear planes extend to the surface. Alternatively a deep mechanism can occur in 

which the failure mechanism occurs around the anchor and does not extend to soil 

surface. Various studies have shown that for a shallow failure mechanism, the 

capacity factor for anchors increases with the anchor installation depth until it 

reaches a limiting value and the failure mode changes to a deep mechanism.  

During undrained pullout, it is possible that a suction force will develop behind the 

anchor. The development of suction behind the anchor is considered in most 

studies by analysing the failure mechanism for the cases of no breakaway or 

immediate breakaway. In the case of no breakaway, suction and adhesion are 

allowed to develop on the base of the anchor and the anchor remains in contact 

with the soil beneath it during pullout. In the case of immediate breakaway, no 

suction or adhesion develops between the anchor and the soil. As a result, a cavity 

forms behind the anchor as it is pulled upwards. Das et al. (1994) stated the 

magnitude of suction developed is dependent on the soil properties and loading rate 

of the anchor. Their work analysed the effect of suction on the pullout capacity of 

circular anchors at different embedment ratios. They completed tests with and 

without venting the underside of the anchor in order to observe its effect on 

capacity. Further studies such and Singh and Ramaswamy (2008a) showed through 

physical modelling that the magnitude of suction is dependent on embedment ratio, 

loading rate and soil properties. The suction had a much greater contribution to the 

capacity of shallow anchors and its magnitude relative to the total capacity 

decreased with an increase in embedment ratio. At a critical depth, the ratio of the 

suction force to the overall capacity remained constant as embedment depth 

increased. Song and Hu (2005) carried out finite element analysis of anchors for 

immediate breakaway and no breakaway cases. They observed that even in the 



28 
 

case of immediate breakaway for deeply embedded anchors, the soil remained in 

contact with the underside of the anchor during pullout. 

Research into the behaviour of buried plate anchors began in the 1950s, focusing 

on the development of more efficient foundation systems for transmission towers. 

The majority of early studies of the behaviour of anchors in clay used physical 

modelling to observe anchor behaviour, such as the work by Spence (1965) and 

Meyerhof and Adams (1968). These small scale tests in remoulded soils showed 

the failure mechanism for the uplift of foundations varied with depth. These studies 

were also used to validate empirical or analytical solutions for predicting anchor 

capacity at full scale such as Vesic (1971) and Das (1980). The physical modelling 

by Vesic (1971) presented different failure surfaces for shallow and deep anchors. 

Das (1978) carried out small scale tests in clay beds which aimed to determine the 

capacity factors for square and rectangular foundations. These tests found that 

capacity factors increased linearly with the embedment ratio. At a critical 

embedment ratio of approximately 6, the maximum capacity factor was achieved 

and no longer increased with depth. It was observed that the critical embedment 

ratio varied between values of 3 to 7, depending on the stiffness of the clay bed.  

Rowe and Davis (1982) carried out finite element analysis to determine the pullout 

capacity of horizontal and vertical anchor plates in homogenous saturated clay and 

compared the predictions with their own experimental results and the findings of 

previous studies. They found close agreement between observed and predicted 

bearing capacity factors and presented a method for predicting the undrained 

capacity of anchor plates in clay. They also suggested that the behaviour of an 

anchor could generally be considered as deep if their embedment ratio exceeded a 

value of 3-4.  

Chen et al. (2015) carried out centrifuge modelling to analyse the pullout behaviour 

of plate anchors at different depths in normally consolidated clay. Their results 

agreed with existing data and confirmed that as the embedment ratio increases, a 

limiting capacity factor is achieved and a deep failure mechanism begins to take 

place. As the anchor depth increased further, this limiting capacity factor would 

remain constant. 

Merifield et al. (2003) showed through finite element modelling that the capacity of 

anchors increased linearly with the overburden pressure up to a limiting value. They 

showed the behaviour of an anchor at a given depth is dependent on the 
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dimensionless overburden ratio      . Where,   is the soil‟s unit weight,   is the 

embedment depth and    is the undrained shear strength of the soil. 

Singh and Ramaswamy (2008a) carried out a series of small scale tests analysing 

the holding capacity of anchors in cohesive soils. This paper stated the vertical 

capacity of an anchor can be expressed as a combination of the net ultimate 

capacity, the effective self-weight of the anchor and the soil suction force.  

The effect of anchor shape on the pullout capacity of anchors in clay was examined 

by Singh and Ramaswamy (2008b). Through physical modelling they showed that 

strip anchors always produced a lower bearing capacity factor than circular, 

rectangular and square anchors embedded at the same embedment ratios. This 

agreed with the finding of other studies on anchors of differing shapes such as 

Merifield et al. (2003), Rowe and Davis (1982), Martin and Randolph (2001) and 

Chen (2017). It has been shown by studies such as Merifield et al. (2003) that 

rectangular anchors with aspect ratios (length/breadth) greater than 10 can be 

considered as strip anchors. As the aspect ratio decreases to a value of 1 (square 

shape), the bearing capacity factor increases and circular anchors have the greatest 

capacity factor. Merfield et al. (2003) found the capacity factors of strip, square and 

circular anchors to be 11.16, 11.9 and 12.56 respectively. 

Tho et al. (2013) used large deformation, three dimensional finite element modelling 

to study the capacity of square plate anchors in clay with linearly increasing 

strength, Their analysis addressed the uncertainty of previous studies and industry 

standards such as DNV (2002) which determined the capacity of anchors in soil with 

linearly increasing strength profiles by approximate solutions. These solutions either 

applied shape factors to solutions for strip anchors or considered square plates in 

homogenous soils with a strength which was representative of the soil strength at 

the initial anchor embedment depth. The analysis found the ultimate capacity factor 

for a square plate to be 13.1 which occurred when a sufficient overburden ratio 

caused a deep/full-flow failure mechanism. A method to predict the capacity factor 

for square anchor plates was proposed in which the capacity factor could be 

obtained from graphs after the calculation of three dimensionless groups. 

In the offshore environment, it may not always be the case that the plate anchors 

will be orientated horizontally and perpendicular to the direction of the applied load. 

As a result, the effects of inclined loading and anchor plate inclination on the holding 

capacity have been considered in studies such as Meyerhof (1973) and Das and 
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Puri (1989). These studies examined the behaviour of inclined, square plate 

anchors through a series of small scale tests. Song et al. (2006) carried out at 

series of small scale modelling and centrifuge modelling which analysed the pullout 

behaviour of square plates with inclined loading. Merifield et al. (2005) evaluated the 

undrained capacity of inclined plate anchors in clay through numerical limit analysis 

and displacement finite element analysis. This was further explored by Yu et al. 

(2011) through a 2D finite element analysis to determine the pullout capacity of strip 

anchor in uniform and normally consolidated clays. A simple design procedure 

based on results of their analysis was presented. This was procedure was then 

experimentally validated by the centrifuge testing carried out by Chen et al. (2016). 

Their tests showed that the homogeneity and weight of the clay affected the 

observed behaviour. In normally consolidated clay, horizontal anchors have the 

greatest capacity and the bearing capacity factor decreases as the anchor is rotated 

to a vertical orientation (assuming direction of loading is kept normal to the anchor 

plate). 

 

2.4 Pullout of anchors in sand 

As previously stated, the capacity of a buried plate anchor is dependent on the 

density and stiffness of the soil in which it is embedded, the embedment depth, 

anchor shape, anchor orientation (horizontal, inclined or vertical), loading type and 

loading angle (in-plane or out-of-plane loading). However, the capacity of anchors in 

fine and granular soils are usually considered in separate studies, due to the 

difference in analysis and modelling required for the different soil types. 

The pullout capacity of anchors in sand is commonly presented in the dimensionless 

form as shown in the equation below. 

         
  

   
    (2.3) 

Where   , is the pullout factor,    is the pullout forced divided by the anchor area, 

   is the effective unit weight of the sand and   is the depth of the anchor below the 

soil surface.  

Sutherland (1965) carried out lab based model pullout tests of plates in sand beds 

of varying density and showed that the mode of failure depended on the sand 

density. The difference in behaviour between shallow and deep failure mechanisms 

for anchor plates buried in dense sand was confirmed by Baker and Kondner (1966) 
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and Murray and Geddes (1987). Through the use of physical models, Murray and 

Geddes (1987) showed that the pullout capacity increased as the embedment ratio 

of an anchor increased. Their work also evaluated the effects of anchor shape and 

suggested that circular anchors had a capacity of up to 1.26 times greater than 

square anchors in sand. 

Kulhawy et al. (1987) showed through physical modelling that as soil density 

increased, the load-displacement behaviour became increasingly dilatant and stiff. 

This highlighted the need for small scale tests to correctly replicate the soil‟s stress-

strain behaviour in order to replicate the behaviour at full scale. Dickin (1988) 

carried out tests using a centrifuge to examine the effect of anchor shape, 

embedment depth, and soil density on the pullout capacity of anchor plates. The 

observations confirmed that normalised anchor pullout capacity increased with 

embedment ratio and soil density. It was also shown that the anchor displacement 

at failure increased with the embedment ratio but decreased as soil density 

increased. Centrifuge studies of plate anchors (Ovesen, 1981) showed that the 

pullout capacities provided by centrifuge modelling were much lower than similar 

tests carried out under normal gravity (1g). This was due to the scaling effects and 

the constitutive response of the soil not being representative of the soil at prototype 

scale. Without proper scaling of the constitutive response, the scaling errors 

associated with small scale tests at 1g would increase with anchor depth and soil 

density.  

The majority of existing analytical models used to determine the capacity of anchors 

in sand have been developed for the analysis of anchors in two dimensions. Dealing 

with the problem in this way reduces the complexity of the analysis but is applicable 

to strip anchors. This does not reflect the behaviour of most anchors which are 

typically approximated by a square, rectangle or circular shape and therefore 

develop 3D failure mechanisms. Rowe and Davis (1982) analysed the behaviour of 

horizontal and vertical strip anchors in sand. They examined the various factors 

which influence the anchor capacity through an elastoplastic finite element analysis 

and compared this with their own physical modelling as well as the results of 

previous studies. 

Ilamparuthi et al. (2002) carried out a series of lab based pullout tests on circular 

anchor plates up to 400mm in diameter. The critical embedment ratios, H/D (where 

H was depth of the anchor below the soil surface and D was the diameter or width 

of the anchor plate) at which the failure mechanism changed from shallow to deep 
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were 4.9, 5.8 and 6.9 for anchors in loose, medium-dense and dense sands 

respectively.  

Merifield and Sloan (2006) presented lower and upper bound solutions for the 

capacity of strip anchors. Their work showed good agreement with previous 

numerical and physical modelling and was presented in the form of design charts. 

White et al. (2008) proposed a non-associated flow limit equilibrium uplift capacity 

model which could be used to predict the behaviour of anchors in plane-strain 

conditions. Previous analytical models had been developed based solely on the 

peak friction angle. These studies had assumed the principle of associated flow, 

however it has been proven that associated flow does accurately reflect the drained 

behaviour of granular soils by studies such as Krabbenhoft et al. (2012). The non-

associated flow method used by White et al. (2008) accounted for the dilative 

behaviour of granular soils and the application of non-associated flow to anchor 

behaviour was validated by experimental modelling such as Liu et al. (2012). 

Giampa et al. (2017) and Giampa et al. (2019) used the concept of non-associated 

flow limit equilibrium to predict the capacity for square, circular, triangular and kite 

shaped plate anchors. The analytical models reported in the existing literature were 

used to predict the anchor capacity obtained through the laboratory investigation 

presented in their work. The physical modelling of Giampa et al. (2019) found that 

the capacity of circular anchors was 30-50% higher than square anchors. The 

capacity of kite shaped and triangular anchors fell between the circle and square. 

Bradshaw et al. (2016) carried out laboratory model tests of plate anchors in dry 

sand and developed a 1-g scaling framework for vertically loaded, horizontal plate 

anchors. Small scale tests were carried out and it was shown that by applying the 

proper scaling equations to the model, a representation of full-scale prototype 

behaviour could be achieved. This was achieved by presenting the peak resistance 

in the terms of a dimensionless capacity factor and preparing soil samples to the 

same dilatancy index as full scale. Using this method, they were able to model 

either the capacity or displacement behaviour at full scale. 
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2.5 Current standards for use in the offshore environment 

2.5.1 Forces acting on floating turbines  

DNVGL (2018) provided guidance for the design of floating wind turbine structures. 

It stated that the loads acting on a wind turbine can be categorised as: 

 permanent loads – mass of the structure, pretensioning of mooring tendons 

 variable functional loads – weight of ballast or boats impacts during normal 

service 

 environmental loads – wind loads, hydrodynamic loads, tidal effects 

 accidental loads – impacts, loss of a mooring line 

 deformation loads – creep loads, settlement 

 abnormal wind turbine loads - loads associated with fault situations for the 

wind turbine 

Which of these loads were to be considered for the differing limit states was 

specified in the standard. The anchor foundations for floating wind turbine structures 

should be designed for the ultimate limit state (ULS) and accidental limit state 

(ALS). Design to the ULS ensured the anchor could withstand loads arising under 

extreme environmental conditions. While design to the ALS ensured the installation 

could withstand accidental loads and also maintain adequate capacity if one 

mooring line or anchor should fail. 

ABS (2013) provided preliminary data for the design of anchors for offshore floating 

wind turbines. This advice provided the results of extensive case studies presented 

by Yu and Chen (2012) for various storm conditions in the US Outer Continental 

Shelf. Maximum mooring line tension loads for 50-year return and 100-year return 

storm conditions for catenary and tension leg systems were provided. These results 

showed the maximum tension for the catenary system was 7,000kN and for the 

tension leg system was 12,000kN. They then applied a safety factor of 2 to obtain 

design loads. These loads were obtained for 5MW turbines. The loads acting on 

anchor foundations are highly dependent on the location, mooring type and number 

of mooring lines used by the floating system for the turbine. As a result of this 

variability, the magnitude of loads for each installation will vary, particularly as 

turbine sizes continue to increase. As a result, the size and type of anchor used for 

installations will vary. Presentation of the normalised capacities of anchors in 

dimensionless frameworks enables comparison of small scale results which can be 

scaled up to different sizes and confirmed. 
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2.5.2 Anchor Holding Capacity 

Due to the wide range of anchor characteristics and large degrees of uncertainty, 

standards specify that the exact holding power of an anchor foundation is to be 

determined after the anchor is deployed and load tested. 

Estimates of the final performance are to be provided along with this information for 

the relevant anchor type and site specific soil conditions. This is similar to the 

procedure required in the oil and gas industry. The British Standard for 

Stationkeeping systems for floating offshore structures (BSI, 2013) states that 

empirical formula should be used to support analytical predictions. They specify the 

use of suitable analytical tools based on limit equilibrium for analysis of anchor 

behaviour and performance. The soil properties should be known from site 

investigations, however suitable upper and lower bound soil parameters can be 

used along with increased safety factors when there is uncertainty in site conditions 

due to the large areas associated with the installation of drag anchors. 

The recommended design procedures for plate anchors are provided in DNV-RP-

E302 (DN, 2002). This standard states the anchor resistance is a function of the 

undrained shear strength at the penetration depth. The static resistance of a plate 

anchor is provided by the following expression. 

                         (2.4) 
Where: 

     =  static anchor resistance 

    = depth of the anchor  

   = capacity factor for the anchor 

    =  shape factor (1+0.2B/L) 

   = Empirical reduction factor  

    =  Mean undrained shear strength at the initial embedment depth 

   =  Plate anchor area  

A guide for the „Design and installation of drag anchors and plate anchors‟ was 

produced by the American Bureau of Shipping (ABS, 2018a). This standard 

calculates the ultimate holding capacity of a plate anchor using the equation below.  
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            (         
 

 
)   (2.5)  

Where: 

     =  static anchor resistance 

    =  undrained shear strength at the depth of the anchor fluke 

   =  Plate anchor area perpendicular to the pullout direction 

2.5.3 Dynamic installation of anchors 

ABS (2018a), states the prediction for dynamic installation of anchors can use the 

same method as presented in ABS (2018b) guidance for design and installation of 

dynamically installed piles. This standard states that the prediction of embedment 

can be achieved through the use of the method presented by True (1976) which has 

been mentioned previously. 

2.5.4 Drag anchor installation of anchors 

DNVGL (2019) recommends the use of analytical tools such as DIGIN to predict the 

drag-in behaviour of plate anchors. This program was first developed by DNV in 

1982 and has been continuously updated and improved. The programme considers 

the effect of the mooring line and anchor behaviour during dragging and was 

calibrated against field tests. ABS (2018a) recommends use of the analytical 

method presented by O‟Neill et al. (2003) and Aubeny and Chi (2014). A worked 

example illustrating the use of this method is also provided. 
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2.6 Figures 

 

 

Figure 2.1 Loads applied to monopile foundations (Doherty and Gavin, 2011)   

 

Figure 2.2 Deep penetrating (O’Loughlin et al., 2004) 
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Figure 2.3 Torpedo anchor (Fernandes and Matos, 2011) 

 

Figure 2.4 DEPLA concept (O’Louglin et al., 2014) 
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Figure 2.5 Drag embedment anchor (Vryhof B.V., 2015) 

 

Figure 2.6 Inverse catenary of mooring line (Neubecker and Randolph, 1995) 

 

 

Figure 2.7 Forces equilibrium for a section of mooring line (Neubecker and 
Randolph, 1995) 
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Figure 2.8 Vryhof anchor manual design chart (Vryhof B.V., 2015) 
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Figure 2.9 Shallow (a and b) and deep (c) failure mechanisms for anchors in 
clay (Merifield et al., 2001) 
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Chapter 3 Drag installation of Bi-wing anchors in soft clay deposits 

Chapter 1 of this thesis presented the four objectives identified for this project. The 

first objective identified the need to analyse the drag installation behaviour of the 

novel Bi-wing anchor. This was to be achieved through the use of physical and 

analytical modelling. The literature review presented in Chapter 2 highlighted the 

importance of determining the final embedment depth of drag anchors in order to 

reliably predict their final holding capacity. The physical modelling presented in this 

chapter aimed to prove the validity of the anchor‟s installation concept and allow 

observation of the drag embedment behaviour of the anchor. The results were then 

used in the development of an analytical method which could be used to predict its 

embedment behaviour. 

 

3.1 Introduction 

The work presented in this chapter was carried out as part of a joint project 

developing the concept for a novel Bi-wing anchor. The anchor concept was 

developed by the combined work of researchers at The University of Texas at 

Austin, University College Dublin, University of Rhode Island and Queen‟s 

University Belfast. 

Physical and analytical modelling was carried out to analyse the drag embedment 

behaviour for the anchor. Model tests were carried out in a transparent clay 

surrogate to analyse the anchor‟s installation trajectory and load. The use of a 

transparent clay surrogate enabled continuous tracking of the anchor‟s movement 

and orientation during installation. Working with the research team at Queen‟s 

University Belfast, observations of the anchor behaviour during testing were then 

used in the development of the analytical model for the drag embedment behaviour 

of this anchor. 

 

3.2 Bi-wing anchor concept 

The concept of a Bi-wing anchor aimed to create a hydronamically stable plate 

anchor which could be dropped into the seabed and subsequently dragged. The 

anchor design consists of two large flukes connected by a central member and a 

hinged shank which connects to the mooring line as shown in Figure 3.1. Figure 3.2 

shows the three stages of the installation procedure for a possible field application 

of the Bi-wing Anchor. The installation stages for the anchor can be designated as 
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dropping, keying and drag embedment of the anchor as shown. The plate anchor 

could be dropped from a height above the seabed and would initially embed into the 

soil under the force of its own self-weight. Upon application of load to the mooring 

line, keying of the anchor would occur until the anchor fluke rotated to a 

predetermined angle to the horizontal. Until this point the fluke and shank would be 

held closed by a coupling mechanism presented by Iturriaga Flores (2016). As the 

anchor fluke rotated during keying, this mechanism would release and allow the 

fluke and shank to open, enabling drag embedment of the anchor to occur. 

Dragging the anchor would cause the anchor fluke to embed further into the soil and 

rotate towards a horizontal orientation. This would enable the anchor to resist 

vertical loads and provide a higher holding capacity. The proposed design could 

allow the anchor to be installed quicker and more easily than conventional drag 

anchors. The initial dynamic installation of the anchor should enable the anchor to 

be installed to greater depths than conventional drag anchors. 

 

3.3 Experimental Modelling 

3.3.1 Scaling considerations 

Established laws of similitude have been proven through by studies such as Roscoe 

(1968) and Ozkahriman and Wartman (2007). A summary of these relationships are 

provided in Table 3.1. 

The physical modelling presented in this chapter was carried out at a reduced scale 

of 1:50. Principals of similarity state that if anchors with the same shape but of 

different sizes are tested in soil with consistent properties, the observed result 

should be comparable. Establishing similitude between stresses and strain in the 

model and prototype improves reliability of the results obtained at small scale. If the 

scale between a model and prototype was a value, n, geometric dimensions such 

as anchor lengths and embedment depths would also be scaled relative to this 

value. For example, the relationship between anchor area in model and prototype 

scale will be n2. If the unit weight of the soil is kept constant, the soil strength should 

also increase in proportion to n. 

Neubecker and Randolph (1995) considered the effects of anchor mooring lines and 

scaling relationships on the embedment behaviour of anchors. Their work 

highlighted the importance of linearly scaling the mooring line with the anchor and 

their method used to model mooring lines was applied to this study.  
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3.3.2 Anchor model and mooring line 

The simplified anchor model shown in Figure 3.2 was fabricated using mild steel. 

The total length and width of the anchor model were 70mm and 60mm respectively. 

All other dimensions of the model are shown in Figure 3.3. The length, width and 

thickness of the front and rear flukes were 26mm by 60mm by 1mm and 17mm by 

43mm by 3mm respectively. The two flukes were connected by a 5mm by 6mm 

member and the spacing between the two anchor flukes was 27mm. The shank of 

the anchor was connected to the rectangular connecting member.  

The anchor‟s mooring line was made by plaiting four strands of 0.6mm diameter 

nylon coated, steel fishing wire. This technique was used by Neubecker (1995) and 

Elkhatib (2006) to simulate the behaviour of commercially available mooring lines. 

The mooring line and anchor were attached using wire crimps. The 10cm of wire 

nearest the anchor was not plaited due to the size of the crimps and the reduced 

line flexibility they caused. Elkhatib (2006) presented the results of full scale 

offshore field tests carried out by Vryhof Anchors. These field tests were completed 

using 11m2 drag-in plate anchors and used a mooring line with a diameter of 86mm. 

Scaling this down to the current model results in a mooring line diameter of 

approximately 2mm which equals the diameter of the braided mooring line used in 

the current study. 

3.3.3 Transparent clay surrogate 

The tests were carried out in a transparent material called laponite RD. Wallace and 

Rutherford (2015) characterised its geotechnical properties and determined the 

material exhibited geotechnical properties similar to soft cohesive soils and was 

suitable for use in physical modelling. 

The samples used in testing were mixed at a ratio of 3% by weight of laponite to 

water. In order to improve the transparency of the sample, introduction of air to the 

sample during mixing was prevented. This was because the presence of air voids 

within the sample would reduce the clarity of images taken of the embedded anchor. 

Wallace and Rutherford (2015) found that air bubbles eventually rose to the surface 

of the clay bed. However due to the depth of sample being created for tests in the 

current study, the laponite and water were mixed in a vacuum to reduce the initial 

development of air voids in the sample. Multiple batches of laponite samples were 

mixed in a vacuum chamber before being placed in the testing chamber to build the 

sample bed. Due to the low undrained shear strengths observed by Wallace and 

Rutherford (2015), a surcharge and negative pore water pressure were applied to 
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the sample as described in the following section. This aimed to increase the 

strength of the sample so that it was comparable to a scaled down values of shear 

strength observed at full scale. 

3.3.4 Testing chamber and clay bed preparation 

The anchor tests were carried out in a chamber which had internal dimensions of 

1.0m by 0.3m by 0.75m. To allow visual tracking of the anchor during testing, the 

front and back of the chamber were made of clear acrylic. Small holes were created 

in the base of the chamber to allow the application of a negative pressure of 30kPa 

to the base of the sample. This pressure was applied to encourage consolidation of 

the sample using a method similar to the technique used by Nanda et al. (2017). 

The bottom of the chamber was lined with a filtration sheet to ensure the applied 

suction did not extract any laponite particles from the sample during consolidation. 

The sample bed was then created in the chamber and another filtration sheet was 

placed across the top of the bed. Suction was then applied to the base of the 

sample and a surcharge of 3kPa was placed on the surface. During consolidation, a 

nominal head of water was maintained above the clay bed to avoid drying of the 

sample surface due to evaporation. Due to time constraints of the project, the clay 

was left to consolidate for three months. After consolidation, the surcharge was 

removed from the surface of the sample. During testing a nominal head of water 

was maintained above the sample to reduce the likelihood of air entering the 

sample. 

3.3.5 Testing arrangement and Instrumentation 

A diagram of the equipment used for testing is shown in Figure 3.4. A 2m long drop 

guide was used to ensure the anchor would maintain a vertical orientation while 

falling and impact at a precise location to make recording of the drop penetration 

easier. This guide could be clamped to the inside of the container at various 

positions to enable multiple drop tests to be carried out in undisturbed areas of the 

sample. The anchor was held in place by a small pin which was manually removed 

at the start of each test. 

A geared, 15V DC motor connected to a spool was used to apply a force to the 

anchor through the mooring line during drag and pullout. This motor was fitted to the 

frame shown on the left in Figure 3.4. A pulley was connected to the bottom of the 

frame which the mooring line would wrap around during pulling. The pulley was 

positioned so that the load applied to the mooring line was horizontal at the surface 

of the soil. The frame was used to allow enough travel for a load cell to be 
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connected to the mooring line between the pulley and spool and move vertically 

during the drag installation of the anchor. Placing the load cell at the anchor padeye 

would have influenced the drop and drag trajectory due to the increased diameter at 

this point within the clay. As the focus of these tests was capturing the displacement 

of the anchor, the load cell was located on the mooring line and above the sample‟s 

surface. Calibration tests were then used to determine the effect of friction within the 

pulley on the measured loads.  

Two cameras were used to record the test. A high speed camera was used to 

record the anchor drop and initial penetration into the sample at 500fps. The second 

camera was used to record the drop and drag stages of the anchor test as well as 

the displacement of the T-bar as it penetrated the sample. This second camera was 

kept in the same position throughout testing to minimise any changes in the view of 

the anchor across multiple tests. The transparent front and back faces of the testing 

chamber enabled the use of backlighting to improve the clarity of the images taken 

during the test. The front face of the container was marked with dots at centres of 

200mm which were used to carry out image correction. This would account for any 

distortion due to the camera lens which would affect displacement measurements 

taken from the images. 

In order to determine a shear strength profile of the sample, the modified T-bar 

probe developed by Nanda et al. (2017) and shown in Figure 3.5 was used. The 

probe was driven into the sample using a motor with a rack and pinion setup. 

3.3.6 Test Procedure 

Before testing, cameras were put in place and focused on the centreline of the 

sample by using a small bar inserted 5cm into the sample at a point along the 

centreline that would not affect the tests. The cameras were then set to record and 

the anchor was dropped by removing the pin from guide. The anchor‟s fluke and the 

shank would be closed during the free-fall penetration as shown in Figure 3.2(a). 

After completion of the drop penetration, the high speed camera was removed and 

the anchor mooring line was wrapped through the pulley and connected to the load 

cell. The process of keying and dragging the anchor was then initiated by using the 

motor to wind in the mooring line at a rate of 3mm/s. As load was applied to the 

mooring line, the fluke and shank opened as shown in Figure 3.2(b). This allowed 

the anchor to embed further into the clay bed and rotate towards a horizontal 

orientation. The anchor was dragged a horizontal distance of 750mm or until the 

anchor fluke had rotated to be almost horizontal. This distance was chosen to 
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minimise the application of a vertical load to the anchor as it got closer to the pulley. 

When all anchor testing had been completed, two T-bar tests were carried out in 

undisturbed areas of the sample to obtain a profile of the sample‟s shear strength. 

The T-bar was penetrated into the sample at a standard rate of 2cm/s. 

The recorded videos were split into individual images and image tracking was used 

to track the movement of the front and rear ends of the anchor and the tip of the 

anchor's shank during dragging. The positions of these three points were then 

plotted as Cartesian coordinates and used to determine the orientation/angles of the 

anchor's fluke and shank for comparison with the analytical model. 

 

3.4 Experimental results and discussion 

3.4.1 Shear strength profile 

Figure 3.6 shows the undrained shear strength profile of the clay bed measured 

using a T-Bar. It is clear that the strength profile is not uniform as one would expect 

in a normally consolidated clay bed. The increased strength at the top and bottom of 

the clay bed is attributed to the surcharge and negative pore water pressure applied 

to the sample. It appears that the clay in the middle was underconsolidated. The 

approximate time required for 90% consolidation was calculated as about 7 years 

assuming the coefficient of consolidation of laponite as approximately 0.017m
2
/year 

(Wallace and Rutherford, 2015). Nevertheless, the observed strength profile was 

used in normalisation of the observed behaviour for analysis purposes. 

3.4.2 Observed anchor behaviour 

Two tests were carried out in which the drop and drag installation of the anchor 

model was replicated. The following section provides a brief summary of the 

observations made during testing. Additional measurements were taken for the 

orientation of the mooring line and anchor fluke and shank. These measurements 

were used in the further analysis of the drag installation. 

3.4.2.1 Drop installation 

Figures 3.7(a), 3.7(b) and 3.7(c) show the position of the anchor at different stages 

during the installation. Figure 3.7(a) shows the anchor after completion of the drop 

installation of the anchor. For tests 1 and 2, the resulting vertical embedment ratio of 

the tip of the anchor was 1.1 and 2.7 respectively. During analysis, the horizontal 

and vertical displacements of the anchor were normalised by the anchor length. The 
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anchor also rotated in the plane of the fluke during the initial embedment. After 

completion of the dynamic installation of the anchor, the anchor flukes were 

orientated at angles of 85 and 81 degrees to the horizontal for tests 1 and 2 

respectively. It was assumed that rotation of the anchor during dynamic installation 

was due to the asymmetric shape of the anchor caused by the fluke/shank coupling 

mechanism as shown in Figure 3.2. The greater embedment depth achieved by the 

anchor in test 2 allowed the anchor to rotate a greater amount than in test 1 during 

this phase.  

3.4.2.2 Loading 

During keying of the anchor, the fluke rotated angles of 37 and 53 degrees for tests 

1 and 2 respectively. This difference was due to the greater installation depth of the 

anchor in test 2 and the fluke/shank coupling mechanism. The coupling mechanism 

opened when the horizontal component of force from the mooring line at the padeye 

and the orientation of the anchor allowed the mechanism to slide open. Upon 

completion of the keying stage, the anchor fluke was orientated at angles of 48 and 

28 degrees to the horizontal for tests 1 and 2 respectively. The fluke/shank coupling 

mechanism also opened during this stage and a small amount of horizontal and 

vertical displacement occurred in both tests. The point at which keying was 

completed is indicated on Figures 3.8(a) and 3.9. It was determined that keying of 

the anchor was completed when the angle between the fluke and shank had 

reached a value of 60 degrees as shown in Figure 3.7(b). After the fluke and shank 

had opened to this angle, the anchor began to drag into the soil bed. 

Figure 3.8(a) shows the trajectory of the anchor during drag installation for both 

tests. Figure 3.8(b) shows the trajectory of the anchor with the orientation and 

position of the anchor fluke overlaid on the graph. The horizontal and vertical 

displacements in both graphs were normalised by the fluke length. By the 

completion of drag installation during test 1, the anchor had reached an embedment 

ratio of 2.5 with the fluke at an orientation of 6 degrees to the horizontal after 

horizontal displacement of 6.6 fluke lengths. For test 2, the anchor reached an 

embedment ratio of 3.7 and an orientation of 8 degrees to the horizontal plane after 

horizontal displacement of 7.2 fluke lengths. 

Figures 3.9(a) and 3.9(b) show the normalised load measured during keying and 

drag embedment of the anchor plotted against the normalised horizontal and 

vertical displacement of the anchor. The installation force was normalised by the 

fluke area and the shear strength of the sample at the centre of the anchor. The 
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point at which the coupling opened was apparent by the sudden drop in load as 

indicated for both tests. The normalised loads during keying were lower than 

expected. This was due to the low shear strength of the sample and variation in 

strength along the depth of the sample. Before the keying stage for both tests, the 

anchor was positioned so that the rear of the anchor was located in an area of 

greater strength than the front end of the anchor. This change in soil strength across 

the length of the anchor is the reason for the low normalised keying forces shown. 

During drag installation of the anchor, the installation load increased as the anchor 

rotated towards the horizontal and the resultant force from the mooring line had a 

greater vertical component as the anchor got closer to the pulley. This vertical load 

component would also reduce the capability of the anchor to embed further 

vertically.  

Table 3.2 shows a summary of the observed behaviour during drag installation for 

both tests. The maximum normalised installation loads were observed as 5.3 at an 

embedment ratio of 2.5, for Test 1 and 10.0 at an embedment ratio of 3.7 for Test 2. 

Similar tests were carried out by Gerkus (2016) on Bi-wing anchors in remoulded 

Gulf of Mexico marine clay. The remoulded shear strength of these tests was 

approximately 1kPa. These tests were completed with anchors approximately twice 

the size of those used in the current study, however comparable maximum 

normalised installation loads of 10.0 were obtained for this anchor design. The 

normalised installation loads observed are also comparable to the results of studies 

on other anchor designs. Elkhatib (2006) carried out centrifuge modelling on drag-in 

plate anchors in normally consolidated clay and obtained normalised installation 

loads between 7.2 and 9.1. 

Installation loads observed at full scale are highly variable as a result of different 

loading arrangements, ground conditions, anchor types and anchor sizes. Scaling of 

the maximum installation load observed in the current study by the factor, n2 to 

obtain full scale loads would result in loads of approximately 0.9MN. Elkhatib (2006) 

presented the results of full scale offshore field tests carried out by Vryhof Anchors. 

These tests were carried out off the coast of Brazil in 1997 and analysed installation 

behaviour for an 11m2 plate anchor. The anchor was dragged to an embedment 

depth of 1.5 anchor lengths. The normalised anchor installation load was 

determined as 6.8 and the installation load was 1.3MN. The observed normalised 

load was within the range obtained in the current study but the normalised load of 

6.8 was obtained at shallower embedment. This could be due to the difference in 

anchor, the effect of the complex soil strength profile in the current study or 
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differences in loading arrangement. According to the recommended practice for the 

installation and testing of fluke anchors (DNV, 2012), the current generation of 

anchor handling vehicles which are used to install drag anchors can provide 

installation loads in the range of 2.5 to 3.5MN. This indicates the required 

installation loads for the proposed design are feasible and also comparable to what 

is required for existing anchors. 

 

3.5 Analytical Modelling 

In the following section, an analytical model for the drag trajectory is presented. The 

model was developed with the research team at Queen‟s University Belfast and 

made use of observations from the physical modelling, as well as limit equilibrium 

and plasticity models. The analysis considered the effect of the anchor mooring line, 

anchor fluke and anchor shank on the predicted trajectory of the anchor during drag 

embedment. 

The loads and moment acting on an anchor during the process of drag installation 

are shown in Figure 3.10. In order to simplify the analysis of the anchor and mooring 

line, the analysis considered the system in three separate parts; 

1. the anchor chain system 

2. the padeye 

3. the anchor (fluke and shank) 

The chain experiences tensions of    at the padeye and    at sea bed. These 

tension forces subtend angles of    and    at the padeye and sea bed respectively. 

The values    and    are among the main parameters which control the 

embedment behaviour of an anchor. During installation, the anchor continues to 

embed further into the seabed until a critical combination of    and    prevails. The 

resisting forces and moment acting on the fluke and shank are also indicated in 

Figure 3.10. Details of these forces will be discussed in the following sections. 

During the initial drop penetration of the anchor into the soil, the fluke and shank 

were secured in one plane by a coupling mechanism. After the completion of the 

drop penetration, the anchor was orientated at an angle to the horizontal,    (shown 

in Figure 3.10), of between 810 and 850. Upon application of a load to the mooring 

line, keying of the anchor initiated in which the anchor went through a small amount 

of displacement and a large rotation in the plane of the fluke. During this process, 

the coupling mechanism also opened allowing the fluke and shank to open and the 
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angle between them in the vertical plane,    to increase. Observations from the 

physical modelling showed that the anchor would continue to rotate until the 

resultant forces caused drag embedment of the anchor to begin. During drag 

installation, the anchor moved in a direction parallel to the anchor fluke. 

3.5.1 Chain-anchor system  

Using limit equilibrium models, Neubecker and Randolph (1995) proposed the 

following relationship which determined the tension force applied by the chain at the 

padeye point relative to the tension applied at the seabed surface: 

      
                 (3.1) 

Where, 

   = tension in the chain at padeye 

   = tension in the chain at soil surface  

   = the angle subtended by the chain to the horizontal at the padeye  

   = angle subtended by the chain to horizontal at soil surface 

  = frictional coefficient 

The frictional coefficient,   is the ratio between the shear ( ) and normal ( ) stress 

acting along the chain element. Using the parameter “Effective chain width” 

Degenkamp and Dutta (1989) proposed values for the shear ( ) and normal 

stresses ( ). Using these parameters, the expression for   becomes: 

  
 

 
 

      

       
        (3.2)  

Where,  

  = mooring line diameter 

   = effective chain width in sliding factor 

   = effective chain width in bearing factor 

  = adhesion factor  

   = undrained shear strength 

  = bearing capacity factor 

Degenkamp and Dutta (1989) determined the average values of    and      were 8 

and 2.5 respectively. The adhesion factor ( ) is inversely proportional to the 

sensitivity of soil. Its value may be considered as 1 when the soil is in the normally 

consolidated state. Using these values, eq.(3.2) can be simplified to obtain eq.(3.3). 
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          (3.3) 

       (     
 

   
)       (3.4) 

The bearing capacity factor,    can be obtained by using Skempton‟s equation 

(1951). Eq.(3.4) represents the bearing capacity factor for the chain where the depth 

below the soil surface is represented by  . The minimum and the maximum values 

of    vary between 5.14 at the soil surface and 7.6 at a depth of z=6b or 2.4 times 

the effective width in bearing (Degenkamp and Dutta, 1989). Using these values, 

the coefficient of friction described in eq.(3.3) would be likely to vary in the range of 

0.6 to 0.4. Assuming the tension force applied at the soil surface was horizontal (  = 

0) during dragging, eq.(3.1) becomes: 

      
            (3.5) 

Neubecker and Randolph (1995) proposed the relationship between the tension at 

the padeye point, the angle at the padeye and the average-bearing resistance from 

the seabed to the anchor as shown in eq.(3.6). 

  
  
 

 
            (3.6) 

Where   is the average bearing resistance and  , is the depth from the soil surface. 

By replacing the value of   in eq.(3.6) with the parameters from eq.(3.2), we obtain 

eq.(3.7). 

  
  
 

 
       (      

 ⁄ )       (3.7) 

By substituting eq.(3.5) into eq.(3.7) and after simplification, we obtain the following.  

  
  

  (  
  
   

 ⁄ )  

  
     

        (3.8) 

  
     

  
         (3.8.a) 

  
  

   

   
         (3.8.b) 

  
  

  

       
        (3.8.c) 

Where, 



52 
 

  = width of mooring line at the soil surface 

 = undrained shear strength gradient 

  = depth of anchor at the beginning of anchor dragging 

   = undrained shear strength of soil at the depth    

Note that in this research, the depth of the anchor below the soil surface (   or  ) 

was measured between the soil surface and the point of connection between the 

shank and fluke which is labelled as point „O‟ in Figure 3.10. 

Eq.(3.8) shows that    depends on the soil shear strength, effective chain width, 

tension in the chain and the bearing capacity factor. Using eq.(3.8),    can be 

predicted during anchor dragging as the parameters for shear strength and   can be 

pre-determined before anchor dragging and the value of    can be measured during 

the dragging of the anchor. 

As shown in Figure 3.6, the variation of shear strength along the depth of the 

sample was nonlinear in the tests used for this analysis. In order to address this 

variation of the shear strength, the profile was divided into small sections with each 

section having a constant   value. Thereafter the equivalent   value was 

determined as defined in eq.(3.9). 

      (
  

  
)    (

  

  
)    (

  

  
)           (3.9) 

Where   ,   ,    …. are the thicknesses of each section. The addition of these 

values equalled the total depth of anchor from the seabed. By substituting eq.(3.9) 

into eq.(3.8) the following was obtained.  

   
  

  (  
  
  

 ⁄ )  

  
     

         (3.10) 

  
   

    

   
           (3.10.a) 

By using eq.(3.7), the expression for    could be rewritten using   and   
  from 

eq.(3.8.a) and eq.(3.8.b). 

   √
        

    

            (3.11) 

   
 

       
          (3.11.a) 

   can also be expressed in a differential form as shown in eq.(3.12). 
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  √

        
    

             (3.12) 

By normalising   and   with    and integrating eq.(3.12), the following equation was 

obtained. 

    √
  

 

    (√  
 √    

      
 √  )

√  
          (3.13) 

If we then apply the boundary condition just before initiation of the dragging of the 

anchor where      and      we obtain eq.(3.14). This equation represents the 

geometry or profile of the chain between the seabed surface and the padeye point. 

    √
  

 
 [  (

√    
  √  

 

√      
  √  

 √  
)]        (3.14) 

Equations (3.1) to (3.14) show the relationships for the chain geometry, the tensile 

force in the chain and the angle of loading at the padeye.  

Figure 3.11 shows the comparison between the measured and predicted values of 

   during drag embedment for tests 1 and 2. A noticeable difference in the observed 

and predicted values can be seen for both tests. For the analysis, the values of    

and      were taken as 8 and 2.5 respectively as recommended by Degenkamp and 

Dutta (1989). A value of 0.4 was used for  . The large error in the predictions may 

have be due to the use of an inappropriate value of bearing factor (  ) and using 

oversimplified values of    and   . Due to the novel anchor shape and installation 

method used in this research, the values for   ,    and    was recalibrated using 

the parameters observed from testing. 

The expression for    as shown in eq.(3.4) was obtained from analysis of shallow 

foundations resting over clay. However the behaviour of an anchor chain is more of 

a penetration problem. Degenkamp and Dutta (1989) carried out experimental work 

using samples with shear strengths of 4.2kPa. They found that    increased with 

increasing embedded chain length and the values of    varied in the range of 5.5 to 

12. Using the observed anchor drag behaviour in the current study,    was 

calculated using equations (3.1) to (3.10) above. During this analysis the ratio 

between     and    was maintained constant at 3.2 due to the average values of     

and    being 8 and 2.5 respectively. For a given value of    the analysis was 

carried out by changing the value of    until the difference between the observed 

and predicted value of    was less than 0.001. Analysis was continued at a given 
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value of     for various values of    observed during anchor dragging. Once the 

calculation was complete for the observed points of   , the value of    was changed 

to a new value and the computation was continued for the observed values of   . 

The value of    was determined to be in the range of 0.15 to 2.5. 

Figure 3.12 presents the values of    and   obtained for values of    using the 

analysis outlined above. The value of    reduced with an increase in   and the rate 

of change in    reduced substantially at higher values of   (0.7 to 1). It has been 

well established that the value of   varies in the range of 0.4 to 0.6. As shown in 

Figure 3.12, the value of     would be in the range of 5 to 8.2 when   varies from 

0.4 to 0.6. Updating the equation for    to consider the analysis of these results, the 

equation for    would become 

      (      
 ⁄ )        (3.15) 

In which H is the depth of the anchor. The maximum and minimum values of    

would be 8.2 and 5 respectively. Figure 3.13 represents variation in    with the 

embedment length of the chain. The graph shows this relationship represented in 

terms of the dimensionless parameters Ebz0/H and z/H where, z0 is the depth just 

before dragging. Figure 3.13 suggests    increases with an increase in the 

embedded chain length. A similar observation was reported by Degenkamp and 

Dutta (1989). The prediction of    can be made more accurate by replacing eq.(3.4) 

with eq.(3.15) and taking the value of    from Figure 3.13. 

3.5.2 Mechanics of the fluke 

The forces and resulting moment acting on the anchor fluke during dragging are 

shown in Figure 3.10. The length of entire fluke is 𝐿  and its centroid is located at a 

distance 𝐿   from the rear of the anchor. The angle of the fluke relative to the 

horizontal plane is represented by   . During installation, the fluke experiences 

normal and tangential forces distributed across its surface. To simplify the analysis 

of this problem, the distributed loads were converted to equivalent point loads. The 

forces    and    are the equivalent normal and tangential loads acting on the fluke 

respectively. Using force equilibrium, the normal and tangential loads acting on the 

fluke as a result of the load from the mooring line can be defined in terms of     ,    

and    as shown in eq.(3.16) and eq.(3.17). 

        (     )        (3.16) 
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        (     )        (3.17) 

Using the relationship between    and    which was derived in eq.(3.8),    and 

   could be determined using equations (3.16) and (3.17) once the value of    is 

known. The moment acting at the centroid of the fluke could then be derived in 

terms of   ,    and    as shown in the following equation. 

    {   (     )[𝐿       𝐿   𝐿  ]     (     ) [𝐿      ]}  (3.18) 

Where 

𝐿  = length of the shank  

𝐿   = distance between the fluke centroid and the rear edge of the fluke as 

(Figure 3.10) 

𝐿   = length of second half of the fluke (Figure 3.10) 

   = angle of the fluke relative to the horizontal plane 

   = angle between the shank and fluke 

In equations (3.16) to (3.18) the effect of the shank resistance was not included. 

Many previous studies have assumed that the fluke governs the anchor kinematics 

as it produces the largest proportion of the capacity. As a result, they ignore the 

effects of the shank resistance in their analysis. However, since the anchor used in 

the present research has a significant shank dimension, the resistance it provides 

should be included in the analysis. The shank resistance is included in equations 

(3.16) to (3.18) later in this section.  

3.5.3 Anchor dragging kinematics  

During the drag installation of the anchor, the resistance of the soil to the 

penetration of the anchor chain produces a reverse catenary profile chain as shown 

in Figures 3.1 and 3.10. During the drag embedment of the anchor, the angle of the 

force applied to the fluke increases relative to the horizontal and causes rotation of 

the anchor as it embeds. The depth of penetration of the anchor is largely 

dependent on how    (angle of the fluke relative to the horizontal plane) and    

(angle of the chain at the padeye point, relative to the horizontal plane) vary during 

anchor dragging.  

The clear trend during anchor penetration would be a decrease in    and increase 

in    as the anchor rotates towards the horizontal plane and embeds further into the 
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soil. Theoretically, the final embedment depth of the anchor would increase if the 

change in    and    occurred at a slower rate. As long as the anchor maintained 

higher values of    and experienced sufficient   , the anchor would continue to 

move downward. The embedment of the anchor continues until the fluke rotates to a 

near horizontal orientation (i.e.    is approximately zero). To predict the behaviour 

of an anchor during dragging, it is essential to link how a change in    and    

influence the anchor displacement. The relationships between    and the 

forces/moments acting on the anchor fluke have been outlined in equations (3.11) to 

(3.18). In the following section the values    and    are linked to the displacement 

of the anchor. 

3.5.4 Yield function for the fluke  

The loads and moment applied to the anchor continually change during the drag 

installation of an anchor. An interaction model can be used to express the 

interaction between the loads and moment as shown in Eq. (3.19). This model was 

originally developed by Murff (1994) for shallow foundations. However it been has 

successfully applied to plate anchor dragging problems in multiple studies such as 

O‟Neil et.al. (2003), Elkhatib and Randolph (2005) and Aubeny and Chi (2014). 

(
  

       
)
 

 [(
 

    
)
 

 (
  

       
)
 

]

 

 

       (3.19) 

Eq. (3.19) can be expressed as a yield function   for anchor movement as shown in 

Eq. (3.20).    

   (
  

       
)
 

 [(
 

    
)
 

 (
  

       
)
 

]

 

 

           (3.20) 

In these equations       and   are interaction coefficients. These coefficients are 

unique values for different anchor designs. Usually, interaction coefficients are 

determined by applying the technique of least square fitting to Eq. (3.20) with the 

results of finite element analysis. However in the current study,    and    could be 

observed from the physical modelling. This allowed the experimental results to be 

used for the least square fit with eq.(3.20) to determine the interaction coefficients. 

       ,         and      are the failure values for pure normal, tangential (or 

shear) and moment loading respectively. The failure loads and moment can be 

determined by using suitable bearing capacity factors as described in equations 

(3.21) to (3.23) 
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                           (3.21) 

                            (3.22) 

                𝐿        (3.23) 

       ,         and         are the bearing factors for pure normal load, 

tangential load and moment.  

3.5.5 Anchor displacement  

The displacement behaviour of the anchor was analysed by considering the 

anchor‟s displacement across incremental distances from point A to point B as 

shown in Figure 3.14. It was assumed that only plastic displacement occurred. The 

small radial distance, ΔS between points A and B, is the equivalent horizontal and 

vertical distances of Δx and Δy respectively. The angles    and    were designated 

as     and     at point A and     and     at point B. By applying the associated flow 

rule to eq.(3.20), the fluke displacement and rotation were expressed as: 

    
  

   
         (3.24) 

    
  

   
         (3.25) 

    
  

 (
 

  
)

         (3.26) 

Where   is the dimensionless flow parameter,    represents a small displacement 

parallel to the fluke and    is the displacement normal to   . In Figure 3.14, the 

displacements    and    are represented by AC and BC respectively. The values 

   and    can be presented in terms of the angle   as shown in eq.(3.27). 

       (
  

  
)        (3.27) 

The 
  

  
 can be obtained from equations (3.24) and (3.25): 
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(
      

      
)

         ⁄     

         ⁄          (3.28) 

Similarly, the ratio between the rotational and tangential movement can be derived 

from equations (3.24) and (3.26): 
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 (
 

    
)
   

 (
  

      
)
   (

      

    
)       (3.29) 

Equations (3.28) and (3.29) are used to predict the theoretical trajectory of anchor 

embedment. By combining these two equations with eq.(3.11), the change in the 

value of     and    during anchor dragging can be obtained. Due to the inclusion of 

three unknowns in equations (3.28) and (3.29), a numerical solution needed to be 

employed for prediction of the anchor trajectory. 

3.5.6 Shank resistance 

In the current study the surface area of the shank was equal to approximately 8% of 

fluke area. Due to its size, the influence of the shank resistance during dragging 

needed to be considered to accurately predict the anchor trajectory. Figure 3.10 

shows the forces and moment acting on the shank. The length of the shank is 

denoted as 𝐿 . The normal force, tangential force and moment applied to the shank 

are labelled    ,     and   respectively. 

Figure 3.15 shows an idealisation of the displacement of the shank and fluke. The 

figure shows an anchor initially placed at    to the horizontal which rotates to an 

orientation of     after being dragged a distance of    (shown by the dotted line in 

Figure 3.15). During this anchor movement, the shank moved normal and tangential 

displacements of     and     respectively. Considering no rotation of the anchor, 

the normal displacement and tangential displacement of shank could be determined 

as: 

                        (3.30) 

                       (3.31) 

Where,    was the angle between the fluke and shank,   can be determined from 

eq.(3.27) and    equalled the radial displacement of anchor which can be 

determined as: 

   √                     (3.32) 

During dragging, if the anchor rotated an angle of    , the corresponding normal 

and tangential displacements of the shank would be: 

                       *  (𝐿   𝐿  )
   (

   
 

   )

   (
   

 ⁄ )
+    (3.33a) 
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 (3.33b) 

Where              and   is the distance along the shank measured from the 

connection point with the fluke. By assuming the net normal displacement is zero 

(     ) at a distance of    from the fluke-shank connection, the following 

expression for    can be derived using eq.(3.33a): 

   (𝐿   𝐿  )
   (

   
 

   )

        ⁄  
   

         

        
     (3.34) 

The tangential force acting along the shank length can be determined as: 

           𝐿         (3.35) 

Where    is the shank width and     represents the bearing factor for tangential 

load. The expression for the normal load on the shank can be derived using Figure 

3.15 and   . 

           𝐿 (  
  

  
)         𝐿 (

  

  
) for      𝐿   

            𝐿                  (3.36) 

                𝐿  

Where,     is the bearing capacity factor of the normal load. Aubeny and Chi (2010) 

proposed the values for     and    , which can be determined as: 

                

        

Where   is the adhesion factor (inverse of the sensitivity). The moment developed 

on the shank due to the normal load action can be expressed as: 

         
       

 

 
        

  
 

 
   for      𝐿  

          
  
 

 
                   (3.37) 

                 𝐿  
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The shank resistance could then be combined with the fluke resistance in the 

prediction of the anchor‟s trajectory. By taking force equilibrium in the directions of 

   and    from equations (3.16) and (3.17), the combined tangential and normal 

resistance to the penetration of the anchor during dragging is shown in equations 

(3.38) and (3.39) respectively. The combined moment component can be obtained 

by combining equations (3.37) and (3.18).      

                                    (3.38) 

                                    (3.39) 

The equations for     ,    and the combined moment replace   ,    and M 

respectively in equations (3.28) and (3.29) for calculation of the anchor‟s trajectory. 

The main drawback of this derivation for shank resistance is that     needs to be 

known in order to calculate     and    . However     can only be determined using 

    and     in equations (3.28) and (3.29). This issue has been addressed in the 

following section. 

3.5.7 Anchor trajectory prediction method 

The previous sections outlined the development of mathematical relationships for 

the various aspects of anchor dragging. The following sections outline how these 

relationships were used to predict the anchor trajectory during dragging. In this 

study, the predicted trajectory of the anchor indicated the location of the fluke-shank 

connection point changing during installation. 

The computation of anchor trajectory was carried out by advancing the anchor a 

small distance in a direction parallel to the plane of the fluke (  ). The anchor 

parameters such as    ,     and    were then determined for each anchor 

advancement and this process was continued until    was close to horizontal. Due 

to the large number of unknowns compared to the equations, an inappropriately 

large value of    could lead to unexpected and incorrect predictions. In order to 

mitigate the effect of this, a relationship for    as a function of chain tension, initial 

depth before dragging and fluke orientation was proposed. 

                     (3.40)       

In the dimensionless form, a probable expression for    is provided in eq.(3.41) 

  

  
  (

  

  
)
 
(
   

   
)
 

        (3.41) 
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Where 

   = change in tension in the chain 

   = initial tension in the chain after keying of the anchor 

    = anchor fluke angle in the previous advancement of the anchor  

   = initial anchor fluke angle after keying of the anchor 

 ,   and   = parameters of the anchor  

The shank resistance can only be included in the analysis when     is known prior 

to dragging. For this reason the shank resistance was not included in the calculation 

of the initial    step. However, in the subsequent calculations the value of     which 

was determined for the preceding step of anchor movement was used to compute 

the shank resistance. The values showed minimal variation between subsequent 

steps due to the small displacements occurring. As a result, using the value of     

calculated for the previous displacement step would have a negligible effect on the 

value of    obtained. 

3.5.8 Suggested Procedure for Prediction of drag embedment behaviour 

1. All parameters of the anchor and its chain after completion of stage 2 

(keying) should be known. These parameters include tension in the chain at 

seabed (  ), angle at the padeye point (  ), angle of the fluke relative to the 

horizontal (  ) and depth of anchor embedment (  ) after stage 2.  

2. Increase the load applied at the seabed in the chain by a small amount,    

and then use Eq.(3.41) to determine the value   . Equations (3.11) to (3.29) 

can then be used to determine the values    ,    ,    ,   and    . 

3. The anchor trajectory (   and   ) can then be calculated using equations 

(3.42) and (3.43) below. 

   (
  

    
)                   (3.42) 

   (
  

    
)                   (3.43) 

4. After computation of the first load increment, use     to compute the shank 

resistance using equations (3.30) to (3.39). Apply a new load increment and 

repeat steps 2 and 3 including shank resistance obtained in this step.  

5. Repeat steps 2 to 4 up to a point that the value of    approaches zero 

meaning the anchor has reached a horizontal orientation and will not embed 

any further.  
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3.6 Analytical results and discussion 

3.6.1 Input parameters 

From the analysis presented in the previous sections, the following input parameters 

are required for the prediction of the dragging behaviour of an anchor: 

a) maximum bearing capacity factors of fluke in pure loading (       ,         

&        ) 

b) interaction coefficients       and    

c) anchor parameters  ,   and   

d) anchor dimensions and initial orientation 

e) mooring line parameters, b and    

f) shear strength profile of the soil bed 

Maximum bearing capacity factor of fluke (       ,         &        ) 

In this study, the values of        ,         &          were taken as 11.5, 4.14 and 

1.6 respectively. Aubeny and Chi (2014) summarised the bearing capacity factors 

used for various anchor types. The range of values for        ,         &         

were 11.78 to 12, 1.8 to 4.39 and 1.49 to 1.65 respectively. 

Interaction coefficients       and   

The use of a transparent soil bed allowed the interaction coefficients to be 

determined by applying a least square fit to the observations made during testing. 

The values       and   were determined as 1.56, 4.19, 1.57 and 9 respectively. 

Aubeny and Chi (2014) reported values of       and   which ranged from 1.26 to 

2.58, 3.72 to 4.19, 1.09 to 1.57 and 1.74 to 4.43 respectively. The values for     

and   used in this study fell within the ranges provided by Aubeny and Chi (2014). 

The observed value of   in this research fell outside of the predicted range. It is 

thought this may be due to shape of the anchor being analysed and the interaction 

between the two anchor flukes. 

Anchor parameters  ,   and   

The values of the new parameters introduced in this research,  ,   and   were 

determined to be 1.5, 1 and 2 respectively. Further tests would be required in order 

to determine if these values are constant for a particular anchor design. 
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Anchor dimensions and initial orientation 

The anchor dimensions and initial orientation are summarised in Table 3.3. The 

initial orientation of the anchor would need to be predicted by analysing the keying 

process of the anchor. Various models exist which analyse the keying behaviour of 

anchors such as Yang et al. (2012). As this study focused on analysing the drag 

behaviour of the anchor, the initial orientation observed during testing was used in 

the analysis. The initial orientation was taken from the point at which the keying 

process had stopped and continued loading of the mooring line caused the anchor 

to move parallel to the fluke. 

Mooring line parameters, b and    

The diameter of the mooring line used in testing was 3mm. The ratio between     ⁄  

remain constant at a value of 3.2. The value of    can be determined from Figure 

3.13.  

Shear strength of soil strata  

The shear strength profile of the soil used in testing is shown in Figure 3.6. By using 

equations (3.9) and (3.10a), the nonlinear shear strength profile was considered in 

the analysis. 

3.6.2 Validation   

Using the mathematical model detailed above, the drag embedment behaviour of 

the anchor observed during test 1 was compared with the predicted behaviour. A 

comparison of the observed and predicted drag trajectory is shown in Figure 3.16. 

The plotted points correlate to the position of the connection between the fluke and 

shank and all displacements were normalised by the anchor length. The initial 

predicted trajectory of the anchor showed good agreement with the observed 

behaviour. After a normalised horizontal displacement of 5, the predicted trajectory 

started to deviate for the observed behaviour. By the end of the dragging process, 

this deviation resulted in an over prediction for the vertical embedment depth by 

almost 19%. The analytical model predicted a final embedment depth of 3.1 after a 

normalised horizontal dragging of 6.6. 

Figure 3.17 shows a comparison of the predicted and observed drag behaviour for 

test 2. After a normalised horizontal drag distance of 7, the analytical model 

predicted an embedment depth of 4.9. This equates to an overprediciton in 

embedment depth by 32% when compared to the observed behaviour. A likely 
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reason for this error could be the angle of the mooring line at the sample surface. As 

the anchor got closer to the pulley, the angle of the mooring line at the surface was 

no longer zero and this applied a greater component of vertical load to the anchor 

than expected in the analysis. The component of the vertical load applied to the 

anchor would also increase as the depth of the anchor increased. This is likely the 

reason for the increased error when applying the analytical method to test 2. Similar 

behaviour was observed in the centrifuge modelling carried out by Elkhatib et al. 

(2002). A similar deviation from the trajectory predicted by the model presented by 

Neubecker and Randolph (1996) was observed in their work.  

The theoretical prediction suggested that vertical embedment of the anchor would 

only stop after    reached zero. Figures 3.18 and 3.19 show the observed and 

predicted values of    plotted against the normalised vertical embedment depth of 

the anchor for both tests. These tests indicate that observed anchor was rotating 

towards a horizontal at shallower depths than predicted by the model. This is likely 

due to the vertical load which reduced the embedment of the anchor. Figure 3.20 

shows the observed and predicted values of    with the normalised horizontal 

displacement, for both tests. These graphs show the predicted values of    closely 

followed the values observed during testing when considering the horizontal 

displacement of the anchor.  

Figures 3.16 to 3.20 show the proposed mathematical model provided a reasonably 

good prediction for the anchor trajectory and accurately predicted the angle of the 

anchor relative to the horizontal,   . Further testing would be required in order to 

determine if the difference in observed and predicted results was due to limitations 

of the testing arrangement, the numerical model not correctly accounting for the 

complex failure mechanism or incorrect assumptions in the numerical model such 

as the application of the associated flow rule. 

 

3.7 Conclusions 

Modelling of the installation procedure for the Bi-wing anchor concept was 

successfully carried out in a transparent clay surrogate. The use of a transparent 

clay bed enabled direct observation of the anchor and mooring line during testing. 

The use of a transparent material simplified the analysis of the anchor‟s behaviour. 

The shear strength profile of the sample increased the complexity of the analysis of 

the anchor behaviour. For future tests, if the same material were to be used it would 
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be preferable to carry out the tests in unconsolidated, homogenous samples or at a 

smaller scale. This is due to the excessive consolidation time required for this 

material.  

The normalised installation loads showed good agreement with the results of small 

scale modelling carried out in remoulded clay from the literature. Consideration of 

the observed anchor behaviour at full scale indicated that the required drag 

installation loads for the proposed design were comparable to existing drag 

anchors.  

The analytical model provided good agreement with the observed drag behaviour of 

the anchor during testing at differing embedment ratios. Refinement of the testing 

apparatus or closer measurement of the angle of the mooring line at the soil surface 

is recommended for future tests. Comparison of the numerical model with large 

scale studies is also recommended.  
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3.8 Tables 

Table 3.1. Scaling factors for 1-g physical modelling (Ozkahriman and Wartman, 

2007). 

Parameter 
Scaling Factor 

(Prototype/Model) 

Length and displacement n 

Soil density 1 

Mass n3 

Undrained shear strength n 

Time n0.5 

Force n2 

 

Table 3.2. Summary of drag installation results from physical modelling 

Test no 
Initial 

Normalised 
Fluke Depth 

Horizontal Drag 
Distance 

Final 
Normalised 
Fluke depth 

Max 
Normalised 
installation 

load  

1 0.4 6.6 2.5 5.3 

2 2.2 7.2 3.7 10.0 

 

 

Table 3.3. Anchor dimensions and initial orientation used in drag analysis. 

Value Value Unit 

Shank length, Ls 50.00 mm 

Anchor/Fluke length, Lf 70.00 mm 

Length of second half of the fluke, Lfl 26.00 mm 

Distance between the fluke rear edge and centroid, Lfc 29.09 mm 

Plan area of the fluke, Af 2534 mm2 

Angle between the fluke and shank, θs 60 degrees 
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3.9 Figures 

 

Figure 3.1 (a) Drop/drag anchor model with fluke and shank closed and (b) with 

fluke and shank open 

 

 

Figure 3.2 The installation procedure for the bi-wing anchor with separate 

stages highlighted. Stage 1-drop, stage 2-keying and stage 3-drag embedment 
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Figure 3.3 Dimensions of anchor model used in testing. 

 

Figure 3.4 Diagram of testing arrangement. 
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Figure 3.5 T-bar probe used to determine the sample‟s shear strength profile. 

 

Figure 3.6 Sample shear strength profile with gradients used for sample profile 

in numerical analysis marked as kx  
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(a) 

 

(b) 

 

(c) 

 

Figure 3.7 Drop/drag anchor at different stages during test: (a) immediately after 

dropping, (b) fluke and shank opened after keying and (c) anchor after completion of 

dragging  
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(a) 

 

(b) 

 

 

Figure 3.8 Anchor drag profiles during tests 1 and 2. (a) Path of point fluke-

shank connection during dragging. (b) Path of fluke-shank connection with 

orientation of the anchor fluke indicated. 
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(a) 

 

(b) 

 

Figure 3.9 Mooring line load during anchor drag and keying. Normalised load 

plotted against (a) normalised horizontal displacement and (b) normalised vertical 

displacement of the anchor 
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Figure 3.10 Loads and moment acting on an anchor during the drag installation 

 

Figure 3.11 Comparison between the measured and predicted values of    

during drag embedment for tests 1 and 2 
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Figure 3.12  Values of    and   obtained using different values of    for 

correction of bearing equation.  

 

Figure 3.13 Variation in    with respect to the embedment length of the chain 

0

5

10

15

20

25

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

N
c 

µ 

2.5 Test-1

1 Test-1

0.5 Test-1

0.25 Test-1

0.15 Test-1

2.5 Test-2

1 Test-2

0.5 Test-2'

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

E b
z 0

/H
 

z/H 



75 
 

 

Figure 3.14  Parameters used for analysis of incremental anchor displacement 

between two points. 

 

Figure 3.15  Idealisation of fluke and shank movement used for calculation of 

shank resistance 
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Figure 3.16 Observed and predicted behaviour for test 1. 

 

Figure 3.17 Observed and predicted behaviour for test 2. 
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Figure 3.18 Observed and predicted values of    plotted against the normalised 

vertical embedment depth of the anchor for test 1   

 

Figure 3.19 Observed and predicted values of    plotted against the normalised 

vertical embedment depth of the anchor for test 2  
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Figure 3.20   Observed and predicted values of    for tests 1 and 2 with the 

normalised horizontal displacement 
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Chapter 4 Pullout capacity of square and Bi-wing anchors in soft clay 

deposits 

Analysis of the behaviour of the „Bi-wing Anchor‟ during drag installation was 

presented in the previous chapter. While this work proved the validity of the 

installation concept, the potential capacity of the anchor during pullout still needed 

to be determined. As highlighted in the literature review, an anchor‟s shape, 

orientation, embedment depth and loading angle need to be considered when 

predicting an anchor‟s pullout capacity.  

The work presented in this chapter analysed the pullout behaviour of the proposed 

anchor design. The effect of the anchor‟s complex shape on its potential pullout 

capacity was analysed, as identified by objective two in Chapter 1. The results of 

these tests could also be taken into consideration for future optimisation of the 

anchor design. 

The literature review and work presented in Chapter 3 also highlighted the 

uncertainty regarding the final embedment position/orientation of drag anchors. The 

effect of this uncertainty on an anchor‟s pullout capacity needed to be determined. 

As a result and as highlighted in objective three, tests analysing the pullout capacity 

at different embedment depths were completed. These tests analysed the effects of 

varying the inclination of the anchor fluke and loading angle on the pullout capacity. 

 

4.1 Introduction 

Plate anchors typically have high efficiency in terms of self-weight to holding 

capacity, however installing such plate anchors in the offshore environment is not 

straightforward. The research teams at Queen‟s University Belfast, University 

College Dublin, University of Texas, and University of Rhode Island, USA explored 

ways of installing such devices in soft clay and sand beds in deep seas effectively 

and efficiently. The Bi-wing anchor concept, introduced in Chapter 3, aimed to 

create an anchor which could be installed by dropping and subsequently dragging 

the anchor as shown in Figure 4.1. After completion of the drag installation, the 

anchor would be embedded deeply in the soil deposit and rotate to a near horizontal 

orientation as shown by the results of the previous chapter. 

The development of a hydrodynamically stable anchor required a complex anchor 

shape. The chosen installation method also resulted in a degree of uncertainty in 
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regards to the final orientation and embedment depth of the anchor. The research 

presented in this chapter used centrifuge modelling to analyse the pullout behaviour 

of anchors at different orientations. This was achieved by varying the inclination of 

the anchor plate and applied load during pullout tests. Centrifuge modelling was 

also carried out to examine the effect of the proposed anchor’s shape on its pullout 

behaviour. The results of these tests were then compared with FEM analysis carried 

out by University College Dublin. A summary of the analysis methods used and the 

comparison of numerical and physical results are presented. For simplicity, most 

previous studies on anchor behaviour idealised anchors as strips and considered 

the problem in plane strain conditions. To fully capture the anchor’s behaviour, all 

work presented in this chapter modelled the problems in three dimensions. 

 

4.2 Physical modelling 

The series of tests completed for this study are outlined in table 4.1 The results of 

these tests were used to analyse the effects of anchor shape, pullout angle and 

anchor inclination on the normalised pullout behaviour. The tests were carried out in 

a normally consolidated bed of kaolin clay. The anchor plates were idealised as 

wished-in-place with embedment depths equivalent to 4m and 8m at full-scale. The 

model tests were designed to replicate the case of no breakaway between the 

anchor-soil interface during pullout. This was achieved by not adding venting to the 

bottom of the plates during testing. Existing studies such as Chen (2017) have 

recommended this method when studying the pullout behaviour of anchor plates. 

The embedment ratios were calculated as the ratio between the anchor embedment 

depth, H and the anchor width, B. All modelling in the current study was carried out 

at embedment ratios of 2 and 4. These embedment ratios were chosen in order to 

analyse the behaviour of shallow and deep failure mechanisms. 

The shapes of model anchors used in testing are shown in Figure 4.2. The first 

series of tests analysed the effect of embedment ratio, anchor inclination and pullout 

angle on the pullout behaviour of square plates. The tests were carried out with 

plate angles, 𝜃 , of 00, 200 and 400 to the horizontal. For each of these anchor 

orientations, tests were completed with the pullout line vertical and then normal to 

the plate at both embedment ratios. Tests were then carried out with a horizontal 

plate and the pullout angle, θ, at 20 and 400 to the vertical, at an embedment ratio of 
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2. Figure 4.3 shows a labelled diagram of the testing configuration and variables 

used in testing. 

Further tests were carried out using the Bi-wing anchor shape shown in Figure 4.2. 

These tests analysed the effect of the central spacing, s, on the vertical pullout 

capacity. The central spacing of the plates of the three Bi-wing anchors was equal 

to 0.25B, 0.5B and 0.75B.  

4.2.1 Scaling considerations for centrifuge testing 

The physical modelling presented in this chapter was carried out at a scale of 1:100. 

This is comparable to similar studies such as Chen (2017) which used centrifuge 

modelling to investigate the pullout behaviour of plate anchors. Studies such as 

Richardson (2008) have even used scales as small as 1:200 when analysing the 

behaviour of dynamically installed anchors. A full summary of the scaling 

relationships used in the current study is presented in Table 4.2. 

The behaviour of soils is dependent on the stress developed within the material and 

previous studies such as Taylor (1995) identify the need to accurately replicate 

these stresses in laboratory testing. The increase in the effective stress as depth 

increases due to soil‟s self-weight is difficult to replicate at small scales, but is 

necessary to provide reliable results. Behaviour such as the development of suction 

and cavitation as the anchor is loaded and the effect of the overburden pressure on 

the anchor‟s bearing capacity are dependent on the stress within the soil around the 

anchor. Centrifuge modelling is a proven technique which can be used to replicate 

in-situ stress in laboratory models and ensure similitude for the stresses and strain 

observed at model and prototype scales. 

The effective stress at a point within a soil sample can be calculated by multiplying 

the effective density of the soil by gravity, g (9.81m/s2) and the depth below the soil 

surface, H. By scaling the dimensions of a prototype by 1/n, the effective stress 

would reduce by the same proportion due to the decrease in H. Increasing the 

effective density of the soil by a factor n is unfeasible. However, centrifuge 

modelling allows the value, g to be factored by n and ensure the magnitude of the 

effective stress stays constant at equivalent depths in the model and at full scale. 

The scaling of gravity can be achieved by radially accelerating a sample so that the 

g-forces at a known point within the model are equal to the value ng as calculated 

below.  
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                (4.1) 

Where   represents the angular rotation and  , is the radius from the centre of 

rotation. The acceleration experienced by the sample will vary across its depth due 

to the difference in the value r at the top and bottom of the sample. However 

Schofield (1980) showed the effect of this variation can be minimised through 

calculation of the effective radius at which the target acceleration is achieved. In the 

work presented, the effective radius was considered at the installation depth of the 

anchor plates. Taylor (1995) showed that maximum error in the vertical stress could 

be calculated by dividing the height of the sample by six times the effective radius. 

Calculation of this error for the current study resulted in a maximum error of 

approximately 1.4%, which is considered relatively minor for such tests.  

Testing at such small scales would also require consideration of the effects of the 

grain sizes in relation to the dimensions of the model being analysed. However this 

has been shown in previous studies to primarily be a concern when using granular 

material. The tests presented in this thesis were carried out in clay and the scaling 

effects of grain size are insignificant for these tests due to the small particle sizes. 

Garnier et al. (2007) recommended ensuring the ratio of the anchor plate‟s 

width/diameter to the mean particle size (d50) was at least a value of 48. The plate 

width in the current study was 20mm and particle size tests on kaolin clay carried 

out by Moorehead (2013) showed the particle sizes of kaolin samples were smaller 

0.004mm. Even using this maximum particle size would result in a ratio of 5000. 

4.2.2 Apparatus 

The centrifuge modelling was carried out at the „Centre for Energy & Infrastructure 

Ground Research‟ at the University of Sheffield. The model was prepared in an 

aluminium container which held a sample size with dimensions of 160mm (length) 

by 100mm (width) by 130mm (height). Line diagrams of the box and instrumentation 

are shown in Figure 4.4. An actuator and pulley system were used to apply the load. 

A moveable pulley allowed the angle of pullout to be changed without having to 

place the plate close to the end boundaries. Due to the position of the load cell, a 

series of calibration tests were carried out in order to determine the load increase 

caused by friction in the pulley. The displacement of the embedded plate was 

measured using a potentiometer attached to a plate behind the load cell as shown 

in Figure 4.4. A high strength wire was used to attach the plate to the load cell and it 

was tested that the extension of this wire under the range of measured loads was 
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negligible. Pore pressure transducers were also used to monitor the consolidation 

process for each test. 

4.2.3 Sample preparation  

Kaolin clay was prepared at 1.5 times the liquid limit. The sample box allowed top 

and bottom drainage. The base of the sample box was covered in a 5mm layer of 

sand and a layer of clay was then carefully placed into the chamber. A guide was 

then used to place the anchor plate at the correct orientation and position in the box 

with the line attached. The sample box allowed a distance of at least 2B between 

the edges of the plates and the nearest boundary.  The box was then filled with clay 

and a nominal head of water. The anchor line was left free at the surface to allow 

the plate to move with the soil during consolidation. A miniature pore pressure 

transducer was then inserted into the sample at the midpoint of the sample height. 

The box was placed on the centrifuge and consolidated at 100g for 2 hours. After 

this time, a needle was used to check the depth and inclination of the plate was 

correct for the intended test. The sample was then topped up to the target depth 

and the anchor line was attached to the pullout mechanism with a small amount of 

slack to allow for further settlement. The sample was then reconsolidated at 100g 

until the pore pressure within the sample had reached a plateau. During 

consolidation, a camera on the centrifuge was used to monitor the surface level of 

the clay and determine the final sample height. 

4.2.4 Testing 

After each sample‟s pore pressure measurements had plateaued, the pullout of the 

anchors was initiated. A pullout rate was determined using the equation below 

proposed by Finnie and Randolph (1994). 

v*=vD/cv>30     (4.2) 

In this equation, V represents the dimensionless velocity, v is the pullout velocity, D 

is the equivalent diameter of the plate and cv is the coefficient of consolidation. 

Using this equation, a pullout rate of 3mm/s was chosen to ensure undrained 

conditions during pullout. As a result of using air pressure to move the actuator, the 

rate of anchor displacement could only be controlled until the anchor had achieved 

its peak capacity. After this point, the displacement rate of the plate was 

uncontrolled. The point at which the slack in the wire had been taken in and the 

displacement of the plate had started, was apparent through a noticeable change in 

the load cell output. 
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4.2.5 Undrained shear strength profile, cu 

Upon completion of the anchor pullout, the undrained shear strength profile of the 

sample was determined using a cone penetrometer. Figure 4.5 shows the shear 

strength profiles for each test sample. The shear strength increased linearly with 

depth at a rate of 1.2kPa/m at full scale. Samples were also taken after each test to 

determine the moisture content profile and density of the samples. This was carried 

out to help ensure repeatability of the tests. The effective unit weight of the soil 

sample was determined to be 6.5kN/m3. 

 

4.3 Numerical modelling 

A three-dimensional finite element analysis was conducted to study the pullout 

behaviour of single and bi-plate anchors for the purpose of comparison with 

centrifuge experiments. The Coupled Eulerian Lagrangian (CEL) technique in 

ABAQUS/Explicit was employed. This enabled the assessment of the effect of large 

deformation phenomena (such as cavity formation and closure behind the anchor) 

on the pullout response. The soil behaviour was simulated using Tresca criterion as 

an elastic-perfectly plastic material with uniform undrained shear strength, cu 

corresponding to the value at the initial embedment depth of the anchor in the 

centrifuge tests. The Young‟s modulus E was assumed to be directly proportional to 

the undrained shear strength with a ratio of E/cu = 500 adopted. A Poisson‟s ratio   

of 0.49 was used to model the constant volume behaviour under undrained 

conditions. The anchor was modelled as a rigid plate. Three plate anchor 

configurations were considered:  

(1) a square plate anchor of width B = 2m,  

(2) two rectangular plate anchors with dimensions 2m by 1m (i.e. B by 0.5B) 

separated at a distance of s = 0.25B, and  

(3) two rectangular plate anchors, with the same dimensions as the previous 

configuration, separated at a distance of s = 0.5B.  

The soil domain size was selected to be large enough to eliminate any boundary 

effects. The boundary conditions were fixed such that material movement was 

constrained in directions normal to the domain faces. The plate anchor was 

embedded at a depth H below the soil surface. Due to the symmetry of plate 

anchors, only half of the model was considered in the analysis. A typical Finite 
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Element mesh used in the pullout analysis is shown in Figure 4.6 where a minimum 

mesh size of B/40 was adopted in the region in the vicinity of the plate anchor. The 

simulation procedure involved the following steps. 

(1) The plate anchor was embedded (wished-in-place) at the depth H below the 

soil surface. 

(2) An initial equilibrium analysis was conducted to establish geo-static stresses 

in the soil layers. 

(3) A pullout analysis was conducted by moving the plate anchor in the vertical 

direction at a constant rate of 0.02B/sec. The pullout rate was selected so 

that the inertial effects introduced in the model due to the use of artificial 

time-scale (associated with an Explicit approach) were eliminated. 

The outputs extracted from the pullout analysis included the resistance force applied 

to the anchor, Q the corresponding anchor displacement, w, and the incremental 

displacement of soil material. The pullout capacity factor, Nc, was calculated using 

the following equation.   

Nc = Qu/Acu    (4.3) 

Where Qu is the peak pullout force, A is the area of plate anchor and cu is the 

undrained shear strength at the depth of the anchor. The anchor failure mechanism 

was assessed through the study of the soil movement in the vicinity of the anchor. 

 

4.4 Results and discussion 

4.4.1 Physical modelling 

The calibration tests mentioned previously were applied to the loads measured 

during testing. This was correction was applied to account for any load increase due 

to friction within the pulley mechanism. The weight of the model anchor used in 

each test was then subtracted from the measured load. The resulting pullout loads 

and normalised capacities presented in this section should therefore represent the 

capacity due to the soil failure mechanism developed during each test. The 

normalised bearing capacities, Nc were obtained by normalising the measured loads 

by the soil strength at the initial embedment depth of the anchor and the area of the 

anchor plate.  
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4.4.1.1 Effect of embedment ratio 

Figure 4.7 shows the normalised load-displacement behaviour for the vertical 

pullout of horizontal square plates at embedment ratios of 2 and 4. At an 

embedment ratio of 2, a bearing capacity factor of 11.2 was measured. The two 

tests carried out with the anchor at an embedment ratio of 4, provided bearing 

capacity factors of 12.4 and 12.5. The repeatability of the tests was shown by the 

variation of the results from the anchors at an embedment ratio of 4. The capacities 

at an embedment ratio of 4 matched the findings of the centrifuge modelling carried 

out by Chen et al. (2016) which found the limiting capacity for square anchors to be 

12.5. However, the work of Chen et al. (2016) found the anchor had achieved the 

limiting capacity at an embedment ratio of 2, which was not the case in the current 

study. This difference is due to the occurrence of a shallow failure mechanism at a 

greater embedment depth in the current study. This is most likely due to a difference 

in sample stiffness and overburden ratio between the two studies. 

4.4.1.2 Effect of pullout angle 

Figure 4.8 shows the pullout behaviour of the square plate anchor with the loading 

angle at 0o, 20o and 40o to the vertical. The anchor plate was orientated normal to 

the direction of pull for each of the tests. The greatest breakout factor was obtained 

for a vertical pullout, with the capacity decreasing as the pullout angle moved 

towards the horizontal, at embedment ratios of 2 and 4. At an embedment ratio of 4, 

the measured bearing capacity factors for plates at angles of 20o and 40o to the 

horizontal were equivalent to 95% and 90% of the capacity for the horizontal plate 

respectively. At an embedment ratio of 2, plates inclined at 20o and 40o had 

capacities which were equivalent to 93% and 87% of the capacity of a horizontal 

plate. This trend is in agreement with the findings of previous studies such as Chen 

et al. (2016). The same trend is shown by the numerical model of Yu et al. (2011) 

however the breakout factors obtained in the current study were consistently higher 

than what was predicted by the model. This is due to their model being created 

through the analysis of strip anchors.  

Chen (2017) proposed the following empirical equation for predicting the normalised 

capacity of square anchors inclined at   to the horizontal. The equation was 

determined through observation of centrifuge modelling of half anchors in clay which 

were loaded normal to the face of the anchor plate. 

                     (4.4) 
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Applying this equation to plates inclined at 20o and 40o results in capacities of 11.8 

and 11.1 respectively. These values are equal to the results obtained in the current 

study at an embedment ratio of 4 and confirm the accuracy of the proposed 

relationship for deeply embedded anchors. 

4.4.1.3 Effect of plate angle 

The effect of varying the angle of the plate with respect to the horizontal is shown in 

Figure 4.9 and 4.10 for anchors at embedment ratios of 2 and 4. These graphs 

show that when the plate is normal to the direction of pull, the peak capacity is 

achieved. As the plate is rotated and the pullout direction is kept vertical, the 

capacity decreased due to the decreased projected area of the anchor and reliance 

on the skin friction between the anchor and soil to prevent sliding in the plane of the 

anchor plate. In tests carried out at an embedment ratio of 2, the anchor capacity at 

angles to the horizontal of 200 and 400 was 91% and 66% of the horizontal plate‟s 

pullout capacity respectively. At an embedment ratio of 2, the capacity at 200 and 

400 was 84% and 64% of the horizontal plate‟s capacity respectively. 

Figures 4.11 and 4.12 show the load-displacement curves for tests carried out at 

embedment ratios of 2 and 4 respectively. As expected, the tests carried out on 

horizontal plates and plates at angles of 400 to the horizontal show a clear peak and 

softening as displacement increases. However this is not the case for tests carried 

out with a plate inclination of 200 at both embedment ratios. The pullout behaviour in 

these tests indicates an initial peak. After the peak capacity was obtained, a minor 

increase in capacity occurred which peaked at an anchor displacement of 

approximately 0.25B. The increase in capacity was equivalent to an increase of 3% 

at an embedment ratio of 4 and 4% at an embedment ratio of 2. After this peak was 

obtained, softening occurred and the load-displacement behaviour matched the 

behaviour of the horizontal anchors at comparable displacements. This suggests 

that anchors rotated towards a horizontal orientation during pullout. However soil 

disturbance caused by measuring the undrained shear strength and swelling of the 

sample after removal from the centrifuge prevented reliable measurement of this 

change in plate orientation. The change in orientation was confirmed visually during 

extraction of the anchor plates after testing, but further tests would be needed to 

provide quantitative measurements of this behaviour. 

Standards published by ABS (2018a) recommend using the projected anchor area, 

perpendicular to the direction of loading when determining the pullout capacity of 

anchors. By using the projected area, the anchor plates at 200 and 400 to the 
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horizontal can be considered as rectangular anchor plates with L/B ratios of 1.1 and 

1.3 respectively. Singh and Ramaswamy (2008) considered the effect of shape on 

the capacity of anchor plates in clay. They proposed shape factors for shallow and 

deep failure mechanisms which were used to determine the predicted rectangular 

plate capacities in Figures 4.9 and 4.10. The normalised capacities obtained using 

the projected anchor areas are also shown in these figures. As the inclination 

increased, there was a notable difference between the predicted capacity for the 

rectangular plates and the measured capacities for the projected areas. This was 

due to the movement of the anchor during loading. Resolving the applied vertical 

load relative to the plane of the anchor plate resulted in a transverse force applied to 

the anchor. For the anchor to move vertically, the anchor would be reliant on end 

bearing and skin friction between the anchor and soil to prevent sliding in the plane 

of the anchor plate. This transverse load will become greater as the inclination of 

the anchor is increased and was the reason for the noticeable decrease in capacity 

for the anchor inclined at 400 to the horizontal at an embedment ratio of 4 in Figure 

4.10. This decrease does not occur for the anchor at an embedment ratio of 2 due 

to the difference in shallow failure mechanism and lower bearing capacity factor for 

normal pullout. These results demonstrate the need for determining the final 

orientation of an anchor before loading. 

4.4.1.4 Effect of pullout angle with horizontal plates 

Figure 4.13 shows the effect of increasing the pullout angle from 0o to the vertical to 

20o and 40o for a horizontal square plate anchor, at an embedment ratio of 2. As 

expected, the capacity factor decreased as the angle of loading was increased. At 

loading angles of 200 and 400 to the vertical, the normalised capacity reduced to 

86% and 25% of the vertical pullout capacity. The load applied at an angle of 200 to 

the horizontal resulted in an identical normalised capacity to vertical loading of a 

plate at 200 to the horizontal. As shown in figure 4.14, normalising the anchor 

capacity using the plate area perpendicular to the direction of loading provides a 

normalised capacity which is comparable to an equivalent rectangular plate anchor. 

However there is still a noticeable decrease for the plate which is loaded at an angle 

of 400. This is due to the increasing reliance of the anchor on end bearing and 

friction to resist movement. At an angle of 40o, the anchor began to drag through the 

soil and this resulted in a large decrease in Nc. This decrease in Nc was not 

observed when the anchor pullout was kept vertical and the plate was inclined at 

400 to the horizontal. Further tests would be needed to confirm if this was due to the 
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inclination of the anchor plate relative to the shear strength profile or an error in the 

testing setup.  

4.4.1.5 Effect of plate spacing 

Figure 4.14 shows the effect of increasing the spacing between the two halves of 

the split square anchor plate. As the spacing between the plates was increased, the 

capacity of the anchor at an embedment ratio of 2 increased from 11.48 to a 

maximum of 12. As the spacing was increased beyond 0.5B, the capacity factor did 

not increase noticeably. The capacity factor for the anchors at an embedment ratio 

of 4 did not increase noticeably as the spacing was increased with values of Nc 

remaining between 12.4 and 12.6. The load-displacement behaviour of the anchors 

at embedment ratios of 2 and 4 are shown in Figures 4.15a and 4.15b respectively. 

The load-displacement behaviour at both embedment depths is comparable before 

a peak capacity is achieved. However the post-peak behaviour of the shallow 

anchors showed a greater degree of strain softening occurring when compared to 

the anchors embedded at a greater depth.  

The increase in capacity at a shallow embedment depth can be explained by work 

examining interfering anchor plates in clay such as Sahoo and Kumar (2014). Their 

work showed that as the space between two anchor plates increased, the anchor 

capacity increased until a critical spacing was reached. This increase in capacity 

was greatest when the anchors were closest and plateaued as the space between 

them increased. They also showed that at greater embedment depths, the 

increased overburden meant that a greater space between the anchor plates was 

required to result in an increase in capacity of each individual plate. 

4.4.1.6 Full scale Bi-wing capacity 

As previously stated, the results obtained in the current study were achieved 

through modelling the anchors as wished-in-place. This meant the soil surrounding 

the anchor was allowed to consolidate. In comparison, the installation of an anchor 

in field tests would cause remoulding of the surrounding soil. The remoulded shear 

strength of clays is typically lower due to the disturbance of the clay particle 

structure. If an anchor was immediately loaded after installation in the field, this 

reduction in soil strength would reduce the anchor‟s capacity. The ratio of the peak 

undisturbed shear strength to the remoulded shear strength is defined as the soil 

sensitivity. Consideration of the effects of soil sensitivity is necessary when 

comparing the obtained results to behaviour in the field. The effects of this are 
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normally reduced by installing anchors and allowing them to „set‟ for a period before 

loading. 

The normalised anchor capacities obtained in the current study are comparable to 

the results obtained in similar studies using square anchor plates at similar depths 

such as Chen (2017). The proposed shape for the Bi-wing anchor did not provide a 

noticeable increase in normalised capacities when deeply embedded. 

Scaling the loads obtained in the current study to full scale produces the capacities 

presented in Table 4.3. The full scale capacity of the three Bi-wing anchor shapes, 

at an embedment ratio of 4 would equal 0.51MN (s=0.25B), 0.54MN (s=0.5B) and 

0.56MN (s=0.75B). The equivalent area of these anchors at full scale would be 

approximately 4.3m2, 4.5m2 and 4.8m2 respectively. This capacity is considerably 

lower than the required mooring line capacites obtained from the literature of 7MN 

and 12MN. However the capacity of an anchor is highly dependent on the strength 

of the surrounding soil and the size of the anchor. The obtained normalised anchor 

capacities are comparable to the capacity of existing designs obtained by studies 

such as Elkhatib (2006). Elkhatib (2006) obtained peak normalised pullout 

capacities of 12.3 through centrifuge tests on model Stevmanta plate anchors, in 

normally consolidated clay. The Stevmanta plate anchor design was introduced in 

1996 and has been used in the offshore industry for hundreds of temporary and 

permanent moorings. While the full scale loads for the Bi-wing anchor obtained in 

the current study were low, the normalised capacity was comparable with this 

existing anchor design, which has been used commercially. This indicates that if the 

anchor design could be successfully installed, the design could be a feasible 

anchoring option. 

4.4.2 Numerical modelling 

The result of the numerical analysis were compared to the laboratory centrifuge 

testing and compared in terms of the dimensionless parameter      ⁄  (i.e. the 

normalised overburden ratio). The value of      ⁄  in the laboratory tests was 

approximated as 5.3 based on an effective unit weight of       kN/m3 and the 

relationship between the undrained shear strength and the embedment depth of the 

anchor in the centrifuge tests, and shown Figure 4.5. The value of      ⁄  in the 

numerical analysis was varied between 4.0 and 8.0 to investigate an upper and a 

lower range of undrained shear strength parameters. 
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Figure 4.16 shows the result of pullout analysis for bi-plate anchors with plate 

spacing of s/B=0, 0.25 and 0.5 and normalized overburden ratios between 

     ⁄  4.0 and 8.0. The data for zero plate spacing corresponded to the square 

single plate anchor configuration. The results are presented in terms of the pullout 

force applied to the anchor, normalized by the area of the plate anchor and the 

undrained shear strength as shown in eq(4.3). This normalised capacity was plotted 

against the anchor displacement normalised by the width of the anchor (w/B). The 

following trends were observed: 

 The soft clay (     ⁄   ) developed higher normalised capacity than 

the stiff clay (     ⁄   ). 

 Larger displacements were required to mobilise the pullout capacity in 

stiff clay (     ⁄   ) than in soft clay (     ⁄   ) at both shallow (H/B 

= 2) and deep (H/B = 4) embedment depths.  

 The plate spacing had no effect on the failure mechanism developed. 

The differences in capacity and displacement required to mobilise the resistance 

can be explained by the failure mode developed by the anchor during pullout. 

Generally, a deep failure mechanism was evident by rapid mobilisation of resistance 

followed by a horizontal asymptote (with no softening). The soil flowed around the 

anchor and flow-around (or full closure) was achieved. For the shallow mechanism, 

post-peak softening occurred and cavity closure was not achieved. For the analyses 

considered, flow-around corresponding to the deep failure mechanism was 

achieved for the soft clay (     ⁄     even when the anchor embedment was H/B 

= 2 (i.e. shallow embedment). When the anchor was loaded in stiff clay (     ⁄     

at the shallow embedment depth, a shallow failure mechanism developed that 

extended to the soil surface. An intermediate anchor failure mode was identified for 

the stiff clay at the higher embedment ratio, where only a small post-peak drop in 

resistance was observed and the flow mechanism allowed for a partial closure of 

the cavity behind the anchor. 

The data is summarised in Table 4.4 where it can be seen that the pullout capacity 

was lowest for the shallow failure mechanism and largest for the deep failure 

mechanism, while it takes an intermediate value when a transitional anchor failure 

mode with partial flow mechanism is dominant. 
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While it was shown in Figure 4.16 that for a bi-plate anchor, the spacing did not 

affect the overall failure mechanism, it did have some effect on the pullout capacity 

under certain conditions. This was shown in Figure 4.17 where the pullout capacity 

mobilised by the anchor under various combinations of (i) shallow/deep embedment 

ratios, (ii) soft/stiff undrained shear strength and (iii) single or bi-plate anchor 

configurations, was presented. The value of the pullout capacity in Figure 4.17 was 

calculated according to 

      

    
    

   

    
    (4.5) 

Where   was the volume of the anchor. In the equation above,    was the anchor 

capacity factor directly obtained from the pullout simulation, and        ⁄  was a 

correction factor. The application of the correction factor allowed for the elimination 

of the buoyancy effect (i.e. geostatic pressure gradient between the top and bottom 

faces of the anchor) in the determination of the anchor capacity. This was applied 

the results of the numerical analysis to account for the way the anchor plates were 

defined in the model. 

It can be observed that the normalised resistance was highest for the deep anchor 

mechanism and lowest for the shallow anchor response. The variation of the pullout 

capacity decreased as the inter-plate spacing increased. This was because the 

pullout capacity remained relatively constant for changes in the plate spacing for the 

intermediate and deep modes of failure, while it increased with the plate spacing for 

the shallow mechanism. This was explained by the fact that the intermediate and 

the deep anchor behaviours were governed by partially and fully localised failure 

mechanisms that showed small dependence on the anchor geometry. While the 

shallow anchor behaviour was governed by a failure mechanism that extended from 

the anchor toward the soil surface and was therefore influenced by the anchor 

geometry. As the plate spacing increased, the anchor geometry diverged from a 

square plate anchor and gradually converged to two rectangular plate anchors. The 

slight decrease in the pullout capacity for the deep anchor mechanism was 

therefore expected, as the flow-around mechanism mobilised under this mode of 

failure results in a slightly smaller pullout capacity for rectangular plate anchors 

compared to square plate anchors. The increase in the pullout capacity for the 

shallow mechanism was also expected and could be explained in terms of the 

failure mechanism which was governed by both the weight of the soil block 

overlying the anchor, as well as the shear stress developed along the perimeter of 
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the anchor and extending to the soil surface. As the plate spacing increased, the 

anchor perimeter length gradually increased, which was resulted in a larger failure 

surface.  

 

4.5 Conclusions 

In this chapter the pullout behaviour of anchor plates in normally consolidated clay 

was analysed through centrifuge and FEM modelling. The centrifuge modelling was 

used to validate FEM analysis of the effect of varying the spacing between two 

anchor flukes on the pullout capacity of a novel Bi-wing anchor. The results showed 

that increasing the spacing between the flukes had minimal effect for intermediate 

and deep soil failure mechanisms. However for shallow soil failure mechanisms, 

increasing the inter-plate spacing resulted in an increased capacity. Plate spacing 

did not change the overall failure mechanism at shallow or deep embedment 

depths. 

The anchor concept analysed in this chapter would be deeply embedded after 

installation. Therefore the effect of the anchor shape on shallow anchor behaviour is 

less of a concern. The results of the current study suggest that changes to the fluke 

spacing for the proposed anchor, within the range considered would have minimal 

effect on the normalised pullout capacity achieved.  

The centrifuge modelling was also used to analyse the effect of anchor orientation 

and pullout direction on the anchor‟s capacity. As expected, for all arrangements 

examined (horizontal plate under normal pullout, inclined plates under normal 

pullout and inclined plates under vertical pullout), normalised capacity was greater 

for a deep failure mechanism than a shallow mechanism. The limiting bearing 

capacity factor for deeply embedded square plates was confirmed as 12.5.  

For inclined anchor plates subject to normal pullout loads, bearing capacity 

decreased as the inclination of the anchor plate increased. The empirical method 

proposed by Chen (2017) accurately predicted the decrease in normalised capacity 

for deeply embedded square plates. 

For inclined anchor plates subject to vertical loads, the normalised bearing capacity 

decreased as the inclination of the anchor plate increased. As the anchor inclination 

relative to the load increased, this reduction in capacity became greater. This was 

due to the increasing transverse loads applied to the anchor, causing it to slide in 
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the plane of the anchor plate. The projected areas of the anchor plates, 

perpendicular to the direction of pullout were used to idealise the inclined plates as 

rectangles. The normalised capacity obtained using this area was compared with 

the pullout capacity of rectangular plates from the literature. As the anchor 

inclination relative to the load was increased, the difference between the observed 

and predicted capacity grew for the deeply embedded plates. This was due to the 

increasing transverse loads applied to the inclined plates. This transverse load 

caused sliding of the anchor plates. 
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4.6 Tables 

Table 4.1 Summary of centrifuge testing schedule. 

Anchor design 
Test 

Number 
Embedment 
ratio (H/B) 

Plate angle to 
horizontal 
(degrees) 

Pullout angle 
to vertical 
(degrees) 

Square 

01 2 0 0 

02 2 20 0 

03 2 40 0 

04 2 20 20 

05 2 40 40 

06 2 0 20 

07 2 0 40 

08 4 0 0 

09 4 0 0 

10 4 20 0 

11 4 40 0 

12 4 20 20 

13 4 40 40 

Bi-wing 
s=5mm or 0.25B 

14 2 0 0 

15 4 0 0 

Bi-wing 
s=10mm or 0.5B 

16 2 0 0 

17 4 0 0 

Bi-wing 
s=15mm or 0.75B 

18 2 0 0 

19 4 0 0 
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Table 4.2 Scaling factors for centrifuge modelling (Taylor, 1995) 

Parameter 
Scaling Relationship 

(model/prototype) 

Acceleration / gravity 
 

  

Length 
 

 

 
 

Area 
 

 

  
 

Volume 
 

 

  
 

Force 
 

 

  
 

Stress 
 

  

Strain 
 

  

Mass 
 

 

  
 

Density 
 

  

Velocity 
 

  

Time (consolidation) 
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Table 4.3 Summary of results for Bi-wing anchor pullout and full scale loads 

Anchor 
design 

Embedment 
ratio (H/B) 

Normalised 
Pullout 

Capacity, 
Nc 

Full scale 
pullout 
loads 
(MN) 

Square 2 11.2 0.22 

s=0 4 12.4 0.48 

Bi-wing 2 12.0 0.24 

s=0.25B 4 12.4 0.51 

Bi-wing 2 12.1 0.26 

s=0.5B 4 12.6 0.54 

Bi-wing 2 11.9 0.27 

s=0.75B 4 12.3 0.56 

 

 

 

 

Table 4.4 Anchor failure modes observed in the numerical analysis for shallow 

and deep embedment depth and specified overburden ratios. 

      ⁄         ⁄    
 

 ⁄    Shallow (no cavity closure) Deep (full cavity closure) 

 
 ⁄    

Intermediate (partial cavity 
closure) 

Deep (full cavity closure) 
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4.7 Figures 

 

Figure 4.1 Anchor drag installation 

 

 

 

Figure  4.2 Anchor shapes 
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Figure 4.3 Testing configuration 

 

Figure 4.4 Testing chamber in centrifuge  
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Figure 4.5 Undrained shear strength profiles  

 

 

Figure 4.6 Typical finite element mesh used in the numerical analysis of the 

pullout 
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Figure 4.7  Normalised pullout resistance against vertical displacement for a 

square plate at embedment ratios of 2 and 4 

 

 

Figure 4.8  Normalised pullout capacity against loading orientation with anchor 

plates normal to the angle of pull 

 

0

2

4

6

8

10

12

14

0 0.1 0.2 0.3 0.4 0.5

C
ap

ac
it

y 
Fa

ct
o

r,
 N

c 

w/B 

H/B=4 

H/B=4 
(Repeat) 

H/B=2 

6

7

8

9

10

11

12

13

0 10 20 30 40 50

C
ap

ac
it

y 
fa

ct
o

r,
 N

c 
 

Pull-out angle , θ (degrees from vertical) 

H/B=2 

H/B=4 

H/B=4 Yu et al., 2011 

H/B=2 Yu et al., 2011 



102 
 

 

Figure 4.9  Normalised pullout capacity against varying plate angle under 

vertical pullout, at an embedment ratio of 2. 

 

 

Figure 4.10  Normalised pullout capacity against varying plate angle under 

vertical pullout, at an embedment ratio of 4 
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Figure 4.11 Normalised pullout capacity against displacement for inclined square 

plate anchors under vertical pullout, at an embedment ratio of 2 

 

Figure 4.12 Normalised pullout capacity against displacement for inclined square 

plate anchors under vertical pullout, at an embedment ratio of 4 
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Figure 4.13 Normalised pullout capacity against displacement for horizontal 

square plate anchors with a varying angle of pull 

   

Figure 4.14 Normalised pullout capacity against plate spacing at embedment 

ratios of 2 and 4.  
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(a) 

 

 (b)  

 

Figure 4.15 Normalised pullout capacity against displacement for different plate 

shapes with vertical pullout at embedment ratios of (a) 2 and (b) 4 
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Figure 4.16 Variation of pullout resistance with pullout displacement obtained 

from numerical analysis for bi-plate anchors with embedment ratios (a) H/B = 2, and 

(b) H/B = 4. 

Figure 4.17 Variation of the pullout capacity with the inter-plate spacing 

determined from numerical analysis for stiff (     ⁄   ) and soft (     ⁄     soil 

conditions. The governing failure modes including the shallow (mode 1), 

intermediate (mode 2), and deep (mode 3) anchor behaviours are identified. 
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Chapter 5 Installation and loading of Umbrella Anchors in sand 

The behaviour of a Bi-wing anchor in clay beds was presented in Chapters 3 and 4. 

While this concept is suitable for clay beds, the implementation of dynamically 

installed anchors in sand has been proven to be problematic by studies such as 

Richardson et al. (2005) and Richardson (2008). These studies demonstrate the 

need for novel anchor designs which can be installed quickly and reliably in granular 

soils. One such concept is the dynamically installed DPAIII (Chow et al., 2015). This 

design is being developed specifically for installation in granular soils, however it is 

still in the development stages. 

In this chapter, the concept for an Umbrella anchor is introduced. This design aims 

to enable the quick installation of a plate anchor into granular soils. The behaviour 

of the anchor during installation and loading was demonstrated through scaled 

modelling. The anchor capacity was then compared with the behaviour of circular 

plates at similar depths, obtained from the literature. 

 

5.1 Introduction 

As shown in chapters 1 and 2, the mooring of deep water installations can be 

achieved through the use of a wide range of anchoring options. Anchors can 

typically be installed using drag or dynamic embedment methods. Newer concepts 

have been developed in recent years such as the suction embedded plate anchor 

(Zook and Keith, 2009), OMNI-Max anchor (Kim and Hossain, 2017), and 

dynamically embedded plate anchor (O‟Loughlin et al., 2014). The problems 

associated with many of these options include either complicated installation 

procedures or uncertainty with regard to their potential behaviour. Dynamically 

installed anchors are quick and easy to install, however their use has proven to be 

problematic in granular soils due to its dilative nature. The feasibility of many 

offshore installations could be improved by the development of reliable and efficient 

anchors which can be quickly installed to known depths. The Umbrella anchor 

concept presented in this chapter was designed so that it could be easily pushed to 

a known depth in a closed arrangement, in granular soils. Upon loading, the anchor 

would open to create a large embedded plate at a known depth.  
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5.2 Existing concepts for ‘opening’ anchors 

Similar design concepts which „open‟ to create a larger bearing area have been 

developed but have had limited commercial success due to their suitability to 

specific conditions. A possible concept for an umbrella pile-anchor was developed 

by the U.S. Naval Civil Engineering Laboratory (1963). The system was designed 

for conditions in which the installation of piles of sufficient size was impractical or 

expensive and the dragging of anchors was limited by space or safety concerns due 

to buried infrastructure. The anchors were designed to be pushed into the ground 

like a normal pile and then opened to generate a greater capacity in bearing and 

uplift. The anchor was found to provide increased load capacities but the concept 

needed further refinement to prove feasibility in greater water depths and simplify 

the mechanism which allowed the anchor plate to open.  

Hong-Hu Zhu et al. (2014) presented the concept of an umbrella-shaped ground 

anchor and analysed its behaviour in clay beds. The anchor could be inserted into a 

pre-bored hole and opened to dig into the surrounding clay. The anchor would then 

be grouted into place, to increase its load carrying capacity. 

 

5.3 Umbrella Anchor concept 

The umbrella anchor was designed to project a small area during insertion by 

folding the anchor wings/flukes into a closed arrangement. This reduced area would 

mean smaller forces were required for installation. When the anchor was installed to 

the target depth and a pullout load was applied to the anchor‟s mooring line, the 

folding design caused the anchor‟s flukes to open to create a large embedded plate 

anchor. 

The anchor was designed in the shape of an inverted pyramid. It had four wings 

which remain in an inverted pyramid shape during installation and then opened 

when the anchor was pulled vertically upwards to create a large plate as shown in 

Figure 5.1. To enable the four wings to rotate in this way, they were each connected 

to the central cone through a pin joint as shown in Figures 5.1 and 5.2. When the 

anchor wings opened fully, small protrusions on the central cone provided support 

to the wings as shown in Figure 5.2. These protrusions reduced the bending stress 

in the wings and the shear stress in the pins. The follower (guider) shown in Figure 

5.3 was designed to allow the anchor to be pushed into the soil. In order to reduce 

the installation forces required for the anchor to be installed in the soil bed, a water 

jet was applied at the tip of the anchor to generate liquefaction. In addition, a 
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vibrating hammer (5kg capacity) was used to apply a small amount of force on the 

follower to push the anchor system to required depths.  

 

5.4 Experimental programme 

A total of nine tests were performed on anchors of two different sizes. The anchors 

were installed at embedment ratios (H/D) of 3, 5 and 6. To confirm the capacity and 

displacement behaviour of the fully opened anchors, tests were also carried out on 

wished-in-place anchors at H/D ratio of 6 (Table 5.1).  

5.4.1 Scaling considerations 

Theoretical studies on plate anchors such as Giampa et al. (2016) have 

demonstrated the pullout capacity of plate anchors in sand is dependent on the 

anchor shape, embedment ratio, peak friction angle, ultimate friction angle and 

dilation angle. Existing model studies have demonstrated noticeable scale effects 

on the results of tests carried out using anchors with diameters less than 50mm 

(Andreadis et al., 1981). 

Previous studies have typically presented anchor behaviour using dimensionless 

parameters in order to compare the observed behaviour at various scales. 

Dimensions such as displacement and embedment depth are typically normalised 

by the anchor diameter/width. The pullout capacity is typically presented as a 

dimensionless capacity factor,    using the following equation. 

 (5.1)         
  

   
 

Where, 

    = the pullout factor 

    = the bearing pressure (pullout forced divided by the anchor area) 

    = the effective unit weight of the sand, although unit weight is used in  

   dry tests 

   = the depth of the anchor below the soil surface. 

Previous studies have highlighted a difference in the pullout capacities obtained 

through standard 1g tests and centrifuge modelling when studying the pullout 

behaviour of anchor plates in sand. Bradshaw et al. (2016) presented scaling 

considerations for 1g horizontal plate anchor tests in sand. This study aimed to 

reduce scaling effects by presenting an analytical method for preparing tests at 1g. 

Their results suggested that tests at 1g could be scaled to provide accurate 
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capacities by preparing the soil to the same dilatancy index as full scale and 

normalising measurements. Alternatively, the displacement behaviour could be 

modelled by preparing the soil to the same dimensionless modulus as observed at 

full scale. They determined that accurate modelling of both stress (capacity) and 

strain (displacement) would be difficult using small scale tests at 1g. In the tests 

presented, the disturbance caused by the proposed installation method would 

negate attempts to prepare the sample to replicate its constitutive response at full 

scale during pullout. The installation method also required preparation of a 

saturated sample which would also make preparation of the sample more difficult. 

The decision was therefore made to use the concept of „modelling of models‟ as 

outlined by Schofield (1980). This method involves carrying out tests at two 

separate scales as a way of checking both models. If any scale effects are having 

an influence on the test results, their effect should be observable by comparing the 

sets of results obtained at both scales. 

Further studies have also demonstrated the need to consider the effect of grain 

sizes when testing at reduced scales. The effect of grain sizes can be reduced by 

ensuring the ratio of the anchor plate‟s width/diameter to the mean particle size (d50) 

is greater than a value of 48 (Garnier et al., 2007). The tests presented in this 

chapter were carried out at a relatively large scale and satisfied this requirement. 

Using the values presented below, even for the smaller anchor the ratio between d50 

and the anchor diameter would be in excess of 500. 

5.4.2 Anchor geometry and testing chamber  

The umbrella anchor shown in Figure 5.2 was fabricated using structural steel at 

two different sizes. The larger umbrella anchor, UA1, had a width B of 336 mm and 

surface area of 58,012 mm2 when fully opened, which equated to an equivalent 

diameter D of 272 mm (Figure 5.4). The smaller umbrella anchor, UA2, had a width 

B of 223 mm and surface area of 29,006 mm2 when fully opened, which equated to 

an equivalent diameter D of 192 mm. The smaller anchor was designed to project a 

surface area which was half of the larger anchor when fully opened. Analysis of the 

literature demonstrated noticeable scaling effects when using plate diameters less 

than 50mm (Andreadis et al., 1981). The relatively large sizes of the anchor models 

used in testing were produced in order to reduce these effects. Stainless steel slings 

with a capacity of 50kN were used as mooring lines to connect the anchor to the 

load cell. 
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The follower, which was used to push the anchor into place, was made using two 

800mm long sections of hollow steel tube with an outer diameter of 64mm. The two 

sections could be bolted together through a coupling as shown in Figure 5.3. The 

follower was split this way to make handling of the anchor during installation more 

practical. The lower half of the follower had a lip which allowed the anchor to be 

placed on the end as shown in Figure 5.3. This secured the anchor in place during 

installation and prevented rotation. The water supply line shown in Figure 5.3 was 

connected to an outdoor tap as it was capable of providing sufficient water pressure 

to create liquefaction. The vibrating force was then applied to the rear end of the 

follower using the vibrating hammer and used to push the anchor into place. 

The testing chamber used for this work was constructed using four concrete rings 

as shown in Figure 5.5. The chamber had an internal diameter of 1200mm and a 

total height of 2000mm. The four rings were stacked on top of each other and the 

joints were sealed internally using cement. The loading assembly used for the tests 

is shown in Figure 5.5. A frame was assembled using steel square hollow sections 

and bolted to the top of the concrete rings. A 12V electric car winch with a capacity 

of 50kN was then bolted to the frame and a snatch block was used to increase the 

load on the anchor by means of strain control at a rate of 2 mm/s. A 50kN load cell 

was connected in line with the anchor mooring line and winch hook as shown in 

Figure 5.5, to measure the pullout load of the anchor. A cable-extension position 

transducer was used to measure the displacement of the anchor.  

5.4.3 Soil bed preparation and properties 

The tests were carried out in beds of fine-to-medium sand which had D10, D30 and 

D60 of 0.2mm, 0.25mm and 0.35mm respectively. To create the saturated sample 

beds, the lower section of the chamber was initially filled with water. Sand was then 

poured into the chamber in layers 300mm thick with light tamping applied to each 

layer in order to improve the uniformity of the sample. The peak and ultimate angle 

of internal friction of the sand were measured as 40 degrees and 37 degrees 

respectively using shear box under a vertical pressure of 15 kPa (average vertical 

effective stress in the sand when the chamber was full). The dilation angle was 4 

degrees. After the construction of the sand bed, the water level in the chamber was 

maintained 50 mm above the sand level. For the wished-in-place tests, the anchor 

was placed fully opened at the required depth and the remainder of the sand bed 

was formed on top of it. 
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A cone penetrometer was specially manufactured for this research to establish the 

uniformity of the sand beds (Figure 5.6). The cone had a tip angle of 60° and 

surface area of 1,500 mm2. This cone was penetrated into the soil bed at a slow rate 

and the force on the cone was measured using a load cell located above the cone 

as illustrated in Figure 5.6.  Before the installation of the anchor, cone penetrometer 

tests were carried out in the centre of the sand bed to check the consistency of the 

sample density for each test. The cone penetrometer tests were carried out in the 

middle of the sample as this area would be disturbed by the installation of the 

anchor, therefore minimising the effect of this test on the anchor pullout response. 

For the wished-in-place anchor tests, the cone penetrometer tests were carried out 

before the pullout tests at a point 300mm from the chamber wall. In order to reduce 

any rotation of the anchor due to the disturbance of the sand caused by installing 

and removing the cone penetrometer, the cone was inserted to half the depth of the 

buried anchor. It was decided that if the tip resistance to this depth agreed with the 

other samples, it was reasonable to assume the properties of the sample bed was 

comparable to the other tests.  

The closed anchor was installed to the required depth with the aid of vibration 

combined with liquefaction. The vertical displacement, H* (Figure 5.4), required for 

the anchor wings to fully open would be approximately 120 mm in the case of UA1 

and 85mm in the case of UA2. For the wished-in-place tests, the anchors were 

initially located at a depth of H* less than the closed anchors so that a direct 

comparison of the peak pullout performance could be made in relation to H/B for the 

closed anchor and wished-in-place tests. The follower was removed upon reaching 

the required depth and mooring line was then attached to the winch and subjected 

to a small amount of tension. The displacement gauge was located and the anchor 

was pulled vertically at a rate of 2 mm/sec. Figure 5.7 shows images of the 

unearthed anchor. Figure 5.7(a) shows the rear end of the closed anchor after 

installation but without a pullout load applied to the anchor. Figure 5.7(b) was taken 

after a test had been completed and the anchor unearthed. This confirmed that the 

anchor wings had fully opened after the application of a pullout force. 

 

5.5 Predictive models 

Due to the complex shape of the umbrella anchor and interfering failure 

mechanisms caused by the shape of the four anchor wings, existing analytical 

models for circular anchors were used to predict the capacity of the anchor. This 
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shape was used as it most closely approximates the shape of the fully opened 

anchor in plan. The space between the fully opened wings (s in Figure 5.4) ranges 

from 15 mm to 127 mm for UA1 and 15 mm to 80 mm for UA2. The angle between 

the wings was approximately 41 degrees. Due to the small size of these gaps, the 

failure zones of each anchor wing would interfere with each other upon pullout and 

the combined zone above the anchor wings would fail as one overlapping 

mechanism as opposed to four separate ones. This behaviour of interfering anchor 

plates has been examined in various papers such as Kumar and Kouzer (2008) and 

is explained further in the following sections.  

To consider the effect of the gaps between the open wings, each anchor test was 

compared with analytical modelling of circular anchors in two ways. The measured 

loads were normalised by considering the anchors used in the current study as: 

a) circular plates which had a diameter equivalent to the width, B, of the fully 

opened Umbrella anchor.  

b) circular plates which had a diameter, D, that resulted in it having the same 

surface area as the Umbrella anchor (Figure 5.4).  

The predictive methods presented by Murray and Geddes (1987), Ilamparuthi et al. 

(2002) and Giampa et al. (2019) were used to predict the anchor capacity achieved 

by the umbrella anchor. Murray and Geddes (1987) proposed the following 

relationship for estimating the break-out factors for square and rectangular anchors. 

(5.2)          
 

 
     

 (  
 

 
 

 

 

 

 
     

 ) 

Where Nk is the capacity factor,   
  is the peak friction angle, H is the anchor 

embedment depth, B is the anchor width and L is the anchor length. The shape 

factors for square and circular anchors presented by Merifield et al. (2006) were 

then used to obtain the breakout factors for circular anchors. 

The series of empirical equations proposed by Ilamparuthi et al. (2002) are provided 

below.  

(5.3)                         for 0.0 ≤ H/D ≤ 1.0 

(5.4)                 for 1.0 < H/D ≤ 2.4 

(5.5)           (              )      for 2.4 < H/D ≤ 4.2 

(5.6)     [           (              )]     for 4.2 < H/D ≤ 6.0 

(5.7)     [      (              )]      for 6.0 < H/D ≤ 10.0 
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(5.8)     [                        ]   for 10.0 < H/D ≤ 12.0 

(5.9)   
     

    [                    ] 

In these equations,    is the breakout factor for an anchor in loose sand with 

  
 =33.5,     is the capacity factor for an embedment ratio (H/D) of 1, and      is 

the capacity factor for an embedment ratio of 10. Equation (5.9) can be used to 

predict a breakout factor for any embedment ratio and friction angle for denser 

sands. The predictions from these equations had an error of -1, -2.4 and 5.2% for 

loose, medium-dense and dense sand respectively when compared with physical 

modelling carried out as part of the same study.  

Giampa et al. (2019) investigated the effect of anchor shape on the pullout capacity 

of shallow plate anchors in sand. They presented a non-associated flow limit 

equilibrium analytical model for circular anchors, which predicted their results from 

physical modelling to an accuracy of 15% of their measured loads. Their model 

determined the breakout factor of a circular anchor through the following equations: 

(5.10)         (
 

 
)    (

 

 
)
 
  

(5.11)       [        (     
       )] 

(5.12)            [        (     
       )] 

(5.13)       (  
    ) 

Where    and    are anchor coefficients equal to 2 and 4/3 respectively and    is a 

constant used to assess the normal stress on the failure plane. The peak friction 

angle and peak dilation angle are represented by   
  and    respectively. 

 

5.6 Results 

The profiles of cone tip resistance with depth for each test are shown in Figure 5.8. 

Due to limitations of the test equipment, profiles could only be taken to a maximum 

depth of 1600mm. The tip resistance indicated an approximately linear increase in 

resistance as soil depth increased. The consistency of the tip resistance among 

nine test beds confirmed the uniformity of the tests beds prepared for the 

investigations. Using the measured tip resistance and the empirical model proposed 

by Kim et al. (2016), the relative density of the sample was estimated to range from 

47% at a depth of 200mm to 56% at 1600mm. 
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5.6.1 Anchor capacity 

The effective weight of the anchor and mooring line were subtracted from the 

measured loads. The measured pullout forces were converted to breakout factors 

as described in eq(5.1) above. All recorded measurements were normalised using 

the dimensions of the fully opened anchors. While this was appropriate for the 

wished-in-place tests, there would be an error in the initial displacement in the tests 

which began with the anchor closed after installation. This was due to the width of 

the anchor increasing from B* to B (Figures 5.2 and 5.4) as the anchor opened. As 

a result of the uncertainty in determining the increase in B and the primary focus of 

this work being the analysis of the anchor‟s ultimate capacity   , this error was 

accepted as it only affected the initial stage of pullout.  

A comparison of the normalised pullout capacity,    against the anchor 

displacement for wished-in-place and dynamically installed tests is shown in figure 

5.9. These results were obtained for both anchor sizes at an embedment ratio of 6. 

Measurements were normalised with respect to the equivalent diameter, D and 

actual area of the anchor plates. For the wished-in-place tests, the pullout force 

continuously increased to a maximum capacity,    of 41 and 30 for UA1 and UA2 

respectively. However, the dynamically installed anchors showed slightly different 

responses.    increased to a value of approximately 10 at a normalised 

displacement of 0.48. This equated to displacements of 132mm and 93mm for UA1 

and UA2 respectively. These displacements were approximately equal to the 

vertical height, H* of the anchor wings when fully closed (Figure 5.4). The capacity 

factors for UA1 and UA2 were 42 and 32 at normalised displacements of 

approximately 0.7 and 1.2 respectively. The capacity of the dynamically installed 

and wished-in-place anchors showed close agreement.  

Figures 5.10 and 5.11 show normalised load-displacement plots for all installed and 

loaded tests for UA1 and UA2 respectively. All tests showed the occurrence of a 

step in the load as the anchor flukes opened. This was followed by an increase in 

load and a peak resistance similar to the wished-in-place tests. In order to fully 

open, both anchor sizes required a vertical displacement of 0.5D (diameter of the 

equivalent circle) or 0.4B (width of the fully opened anchor) as shown in Figures 

5.10 and 5.11. The load-displacement plots gave no indication that the embedment 

depth had an effect on the displacement required to open the anchor. All tests 

showed a peak in anchor capacity which then decreased due to the reduction in 

confining pressure and overburden as the anchor moved vertically through the soil. 
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The normalised peak capacity achieved at different embedment ratios for UA1 is 

shown in Figure 5.12 along with the predicted capacities calculated from existing 

studies using the peak angle of internal friction. The observed capacity factors show 

that pullout capacity increased with embedment ratio as expected. When the actual 

area of the anchor was used to determine the normalised capacity and the 

equivalent diameter, D was used to determine the embedment ratio, the observed 

capacity was greater than that predicted by Murray and Geddes (1987) and 

Ilamparuthi et al. (2002) up to an embedment ratio of 4.8. The tests carried out at 

embedment ratios greater than this provided capacities which were lower than 

expected. It is assumed that this was caused by boundary effects due to the larger 

anchor size as the wished-in-place and installed & loaded tests provided similar 

results. When the projected area of the anchor was used to determine the 

normalised capacity and the full anchor width, B was used to determine the 

embedment ratio, the observed capacity was closer to the capacity predicted by 

Murray and Geddes (1987) and Ilamparuthi et al. (2002) up to an embedment ratio 

of 4. 

Figure 5.13 shows the normalised capacity for UA2 at varying embedment ratios 

along with the predicted capacities. When the anchor capacity and embedment ratio 

were normalised using the actual anchor area and equivalent diameter, the 

observed capacity was greater than predicted. However when the anchor‟s 

projected area and full width, B were used to normalise the results, the capacity 

achieved was similar to the predicted values. The values predicted by Ilamparuthi et 

al. (2002) had a maximum error of 7% when compared with the observed results. 

The reduced increase in anchor capacity observed at an embedment ratio of 6 for 

UA1 did not occur for UA2. It is assumed this was due to the smaller size of UA2 

and the reduced boundary effects as a result.  

The analytical model presented by Giampa et al. (2019) predicted results that were 

consistently lower than those found in this study. The reason for this is the fact that 

the constitutive behaviour of the soil was not scaled for these tests. This was not 

possible for the tests presented in this paper as the soil beds were created in a 

saturated state and the installation method used, prevented the creation of a lower 

density sample. The analytical model was presented as it was demonstrated to 

more accurately correspond with the findings of centrifuge testing of other studies 

and shows the range of results which could be obtained for the umbrella anchor at 

larger scales.  
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5.6.2 Modelling of models 

The capacities observed for the current study were comparable to the empirical 

models obtained from the literature. These models were based on model tests of 

plate anchors in sand and the results demonstrate that the proposed design can be 

estimated by the capacity of circular plate anchors of comparable sizes. This 

suggests the proposed design will be capable of providing capacities which are 

comparable to existing anchors. The maximum bearing capacity factors for both 

anchor sizes at multiple embedment depths are presented in figure 5.14. This 

comparison highlights that when installed at equivalent embedment ratios, the 

normalised capacity for both anchors was approximately equal. As a result it can be 

concluded that the tests were carried out at a sufficiently large scale to reduce major 

errors due to scaling effects. This also confirms that the decreased capacity 

observed for the larger anchor at an embedment ratio of 5 was due to boundary 

effects.  

 

5.7 Discussion 

The feasibility of using the Uumbrella anchor for resisting pullout load was examined 

in the investigations. The observations made were encouraging and suggest after 

further investigation and development, it could have potential commercial 

applications. The proposed initial application of the anchor was confined to use in 

granular soils, however it may also function in clay deposits with a soft to firm 

consistency.  

The anchor installation procedure proved successful as installation of the anchor to 

a depth of 1.6m could be carried out within minutes by one operator. It was found 

that as the anchor penetrated further into the sand bed, the required installation 

effort reduced. This was due to the excess pore pressure being created by the 

vibrations and water supply. As the anchor‟s embedment depth increased, the 

excess pore pressure would be unable to dissipate quickly enough because of the 

longer drainage path to the phreatic surface. Observations from the current tests 

suggest cavity formation behind the anchor during installation would not be an 

issue. As the anchor was installed, the cavity created behind the anchor was 

backfilled due to the vibrating motion resettling the surrounding sand material as the 

anchor moved down to the target depth.  

The similar capacity results produced by the wished-in-place and installed & loaded 

tests confirmed that both the dynamic insertion technique and the wing-opening 
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mechanism included in the anchor system performed as expected. To visually 

confirm the anchor had opened fully, the sand above the anchors was carefully 

excavated after completion of pullout tests as shown in Figure 5.7b. During one test, 

the anchor mooring line came loose before the anchor could be loaded. To show 

the anchor had remained closed during installation, the water was allowed to drain 

from the sample and the sand above the anchor was excavated to show the closed 

anchor flukes shown in Figure 5.7a. This image also confirmed the cavity created 

behind the anchor during installation became backfilled. 

The bearing capacity factors for both anchors were greater than predicted when the 

anchor was normalised using the actual anchor area and equivalent diameter. 

However when the full area encompassed by the anchor width, B was used to 

normalise the results, the observed capacities were similar to predictions by Murray 

and Geddes (1987) and Ilamparuthi et al. (2002). It is assumed this was because 

the overlapping failure mechanism of the individual anchor flukes caused the sand 

above the anchor to fail as one complex mechanism.  

 

5.8 Conclusion 

In this chapter, the concept development for a folding Umbrella anchor was 

presented. The behaviour of the anchor was analysed through installation and 

pullout tests carried out in saturated sand beds. The anchor was pushed into the 

sand in a closed arrangement with the assistance of liquefaction caused by vibration 

from a hammer and pressure from a water supply line fed to the tip of the anchor. It 

was found that the anchor could be accurately and quickly installed in the deposit. 

Upon the application of a vertical pullout load, the anchor opened as expected to 

create a large embedded plate. This was verified by unearthing the anchor after a 

peak pullout capacity had been achieved.  

Comparison of the two anchor sizes used in testing showed that similar normalised 

capacities were obtained at comparable embedment ratios. The anchors were 

capable of providing a load capacity which is comparable to circular anchor plates of 

a similar size at the scale tested. This suggests that when used at larger scales, the 

anchor design would be capable of providing holding capacities which are 

comparable to existing anchor designs. 

The load-displacement behaviour of the anchors during pullout shows the opening 

of the anchor occurred in all tests. This was shown by a temporary plateau in the 
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load until the anchor had fully opened. The vertical displacement required to fully 

open the anchors did not appear to be dependent on the embedment depth but was 

determined by the anchor geometry. At greater depths, the plateau in the pullout 

load caused by the opening of the anchor was less pronounced because of the 

increased overburden stress within the soil. 

Further research is necessary to validate the application of the concept at larger 

scales. Refinement of the anchor design is also necessary to reduce the gaps 

between the anchor wings when fully opened.  

  



120 
 

5.9 Tables 

Table 5.1 Summary of testing schedule 

Test Number Embedment ratio (H/B) Test type Anchor size 

1 5.9 Wished-in-place 

UA1 

2 6.1 Installed & loaded 

3 4.8 Installed & loaded 

4 3.1 Installed & loaded 

5 2.2 Installed & loaded 

6 6.0 Wished-in-place 

UA2 
7 6.2 Installed & loaded 

8 4.9 Installed & loaded 

9 3.1 Installed & loaded 
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5.10 Figures 

 

Figure 5.1 Umbrella anchor installation (a) anchor is pushed into place using the 

follower with the mooring line through the centre of the follower, (b) follower is 

removed and pullout force applied to the mooring line (c) anchor moves vertically 

and opens to create an embedded plate anchor 

 

 

Figure 5.2 Umbrella anchor 
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Figure 5.3 Follower with anchor attached 

 

Figure 5.4 Umbrella anchors used in testing with dimensions. (a) Plan view of 

opened anchor and (b) Section of closed anchor 
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Figure 5.5 Testing chamber, loading frame and instrumentation 

 

Figure 5.6 Diagram of cone penetrometer used in testing 
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Figure 5.7 Photos of the unearthed anchor (a) closed after installation and (b) 

fully opened after pullout 

 

Figure 5.8 CPT profiles 
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Figure 5.9 Wished-in-place and installed & loaded test comparison for both 

anchors with labels indicating point at which anchor had opened fully 
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Figure 5.10 Normalised load-displacement plots for all UA1 (larger anchor) tests 

(a) normalised using equivalent diameter and actual anchor area and (b) normalised 

using width of fully opened anchor and projected area 
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Figure 5.11 Normalised load-displacement plots for all UA2 (smaller anchor) tests 

(a) normalised using equivalent diameter and actual anchor area and (b) normalised 

using width of fully opened anchor and projected area 
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Figure 5.12 Normalised capacity peaks for UA1 and analytical models 

 

 

Figure 5.13 Normalised capacity peaks for UA2 and analytical models 
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Figure 5.14 Normalised capacity peaks for UA1 and UA2 
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Chapter 6 Conclusions 

The majority of existing offshore wind turbines have been installed/supported using 

monopile foundations. As the industry moves into areas of deeper water, these 

foundations will become unfeasible due to the increased environmental loads and 

overturning moments caused by the increased size of the structure. The most 

economic method to install wind turbines at these depths will be to use floating wind 

turbines which are held in place by mooring lines, attached to anchor foundations in 

the seabed. Existing anchor foundation designs have been used in the oil and gas 

industry for permanently mooring structures in deep water. The use of these 

anchors is typically associated with either complex installation procedures or 

uncertainty in the anchor‟s final position, orientation and capacity. The type of soil 

deposit at a given location will also determine the types of anchors which can be 

used. Therefore the purpose of this research was to examine the performance of 

novel anchor design in fine and granular soil deposits. Two novel concepts referred 

to as the Bi-wing anchor and the Umbrella anchor were examined. The Bi-wing 

anchor could be installed in fine soils through a combination of dynamic and drag 

installation. The Umbrella anchor could be pushed into granular soils (or fine soils). 

The observations confirmed the validity of these concepts and suggest that with 

further development, they could be used at full scale. 

 

The Bi-wing anchor concept could be initially installed through dynamic embedment 

by dropping it from a height above the seabed. The anchor could then be dragged 

to increase the embedment depth and rotate the anchor plate to a horizontal 

orientation. This concept would enable the anchor to be installed quickly and to 

greater depths than traditional dynamically installed or drag embedment anchors.  

The installation concept of the Bi-wing anchor was successfully demonstrated 

through tests in a transparent clay surrogate. These tests allowed direct observation 

of the anchor as it was dropped and subsequently dragged into the clay bed. The 

use of a transparent material simplified the analysis of the anchor‟s behaviour. The 

soil sample was consolidated by applying a pressure gradient across the sample 

depth. This was achieved by applying an overburden to the soil surface and suction 

to the base of the sample. This method was applied to produce undrained shear 

strengths which were comparable to existing studies. Due to the time constraints of 

the current study, consolidation of the sample was terminated early, which resulted 

in a non-linear undrained shear strength profile across the clay bed.  
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Dynamic installation of the anchor resulted in normalised embedment depths of 0.4 

and 2.2, when measuring to the centre of the anchor. During drag installation, 

horizontal drag distances of 6.6 and 7.2 resulted in vertical embedment ratios of 2.5 

and 3.7 respectively. Maximum normalised installation loads of 5.3 and 10.0 were 

measured and were comparable with previous studies of drag anchors from the 

literature. 

The analytical model showed good agreement with the observed anchor behaviour 

at multiple embedment depths. The observed anchor inclination during drag 

embedment was accurately predicted by the model. The predicted final embedment 

depth of the anchor after drag installation was greater than the observed results. 

This difference in final embedment depth may be due to limitations in the testing 

arrangement or scale effects. Also the numerical model may not have fully 

considered the complex and changing failure mechanism as the anchor embedment 

increased and assumptions such as using the associated flow rule and inclination of 

the mooring line at the soil surface would also affect the predicted behaviour.  

Pullout analysis of the Bi-wing anchor demonstrated the effect of the anchor‟s shape 

on the ultimate capacity achieved. Tests using square plates at embedment ratios of 

2 and 4 produced normalised capacity factors of 11.2 and 12.4. Further tests were 

then carried out in which the spacing between two flukes was equal to 0.25B, 0.5B 

and 0.75B (where B was the width of the anchor), and the normalised capacities 

obtained were compared to the square plates. For shallow failure mechanisms, 

increasing the spacing between the flukes resulted in an increased capacity. For 

fluke spacing equal to 0.25B, 0.5B and 0.75B, normalised capacities of 12.0, 12.1 

and 11.9 were observed. However for deep failure mechanisms, increasing the 

spacing between the two anchor flukes had a minimal effect on the normalised 

capacity. For fluke spacing equal to 0.25B, 0.5B and 0.75B, normalised capacities 

were 12.4, 12.6 and 12.3 respectively. The observed range of normalised capacities 

was comparable to those obtained in the literature for monotonic loading of existing 

anchor designs. This suggests that the proposed anchor would be capable of 

providing sufficient capacity for practical use. When used in the field, plate anchors 

would typically be deeply embedded. The effect of the proposed anchor‟s shape 

would therefore have a minimal effect on capacity when used at full scale. 

The effects of the anchor orientation and pullout direction on an anchor‟s capacity 

were also examined. When load was applied perpendicular to the anchor plate, 

normalised capacity decreased as the inclination of the anchor fluke moved from a 
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horizontal to a vertical orientation. When applying vertical loads to inclined plate 

anchors, normalised capacity decreased due to the projected area of the anchor 

plate and sliding of the plate. As the anchor plate was rotated towards a vertical 

orientation, this effect increased. 

 

The validity of the Bi-wing anchor concept was proven through physical modelling at 

reduced scales. The Bi-wing anchor would be suitable for soil beds consisting of 

fine material however it would not be suitable for use in granular materials due to 

their dilative behaviour. To enable the installation of plate anchors in granular 

deposits, the novel Umbrella anchor was developed. The anchor could be installed 

in the ground using vibration. During installation, the anchor would be in a closed 

arrangement to reduce the required installation loads. Upon application of a pullout 

load to the anchor, the wings would open creating an embedded plate. An 

experimental study was carried out at a large scale in order to reduce possible scale 

effects. The experimental observations confirmed the anchor behaved as intended. 

When loaded, the anchor could provide pullout capacities which were comparable to 

the results of wished-in-place tests at the same depths.  

Tests were carried out at multiple embedment ratios and using two different anchor 

sizes. Comparison of the different testing scales showed that normalised capacities 

and displacements were comparable at both scales. The observed pullout 

capacities of the Umbrella anchor were comparable to the results of previous 

studies for circular anchor plates in sand from the literature. This demonstrated the 

proposed anchor concept would be capable of providing sufficient pullout capacities 

for use at larger scales. 

 

6.1 Recommendations for future work 

While the observations of the current study have demonstrated the feasibility of the 

proposed concepts, full validation of the work would require full scale trials to 

confirm the results. Full scale testing of these designs would require enormous 

funding which cannot be achieved within the university environment and would 

require industry support.  

Further tests could be carried out to confirm the findings of the current study. For 

the Bi-wing anchor, further drag embedment tests should be considered in normally 
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consolidated clay. The results of these tests could then be used to verify the results 

obtained from the numerical model. Pullout tests could also be completed on half 

anchors to confirm the effects of load and plate inclination on pullout behaviour. This 

would allow the use of particle image velocimetry to track the soil flow mechanisms 

and anchor plate movement during pullout. 

The installation concept for the umbrella anchor could be demonstrated at a larger 

scale but would ultimately require full scale tests. Further wished-in-place pullout 

tests of the umbrella anchor in dry sand beds could also be carried out. Preparing 

the soil beds to the correct dilatancy index and dimensionless modulus would 

provide a better representation of the anchor‟s behaviour when loaded at full scale. 
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