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ABSTRACT 

Dynamically installed anchors (DIAs) are the latest generation of anchoring systems 

for mooring floating facilities for deep water oil and gas developments. They are 

installed by releasing from a design height above the mudline and penetrating into the 

seabed through the combination of the kinetic energy gained during the free-fall in the 

water column and their submerged self-weight. DIAs have yet to be used in calcareous 

soils, which are prevalent in sub-tropical areas of the world, particularly in the oil- and 

gas-producing offshore regions of Australia. This is primarily because the anchor tip 

embedment depth in calcareous soils has been found to be only half of that in clay due 

to the naturally higher undrained shear strength gradient and high dilation-induced 

bearing and shaft resistance. During subsequent loading, the anchor then pulls out of 

the seabed, without diving. To achieve adequate capacity under operational loadings, 

deeper embedment that allows for anchor diving are therefore critical in calcareous 

soils. 

This thesis proposes a novel dynamically installed ‘fish’ anchor, adopting a geometry 

taken from nature, for economic and safer tethering of floating facilities in deep water 

with calcareous sediments. Every cross section of the fish anchor shaft is elliptical, 

leading to very low drag resistance during free-fall through the water column, and also 

low resistance in penetrating the seabed sediments. The padeye is fitted on the widest 

part of the shaft to mobilise the maximum resistance area under operational loading. 

The shaft is shaped to be thicker near the head to lower the resistance centroid and 

increase its diving potential. The fish anchor embedment depth during dynamic 

installation, and capacity under both monotonic and cyclic operational loading in 

calcareous silt were assessed through centrifuge model tests.  
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During dynamic installation, the fish anchor tip embedment depths were 1.02~1.43 

times the anchor length for impact velocity of 17.23~22.48 m/s. The normalised tip 

embedment depth of the fish anchor was typically three times that for the torpedo 

anchors and 50 % greater than that for the OMNI-Max anchors.  Under operational 

loadings, the fish anchor dived deeper, reaching penetrations 17 to 54 % greater than 

that achieved during installation. By contrast the torpedo anchors (for all mooring 

mudline inclinations) and the OMNI-Max anchors (apart from a single test with 

mooring mudline inclination of 0) pulled out directly without diving, reflecting 

insufficient free-fall penetration in calcareous soils. The normalised net capacity of 

the fish anchor was significantly higher than that obtained with the torpedo anchors 

regardless of mooring mudline inclinations, and comparable to that obtained with an 

OMNI-Max anchor for mooring mudline inclination 0, after allowing for loading-

unloading cycles experienced by the OMNI-Max anchor prior to a nominally 

monotonic loading test. 

Critically, the thesis has developed an improved numerical model for effective stress 

numerical analysis capturing the evolution of pore pressure induced by dynamic 

installation of anchors. Conventional numerical models are mostly within the 

framework of total stress involving a single-phase soil and therefore the installation-

induced excess pore pressure and its influence on the subsequent pullout capacity 

could not be considered explicitly. In this thesis, an undrained effective stress 

formulation was employed to capture the evolution of excess pore pressure and 

effective stress simultaneously. A Coulomb friction law calculated in terms of 

effective stress was developed to account for the frictional soil-anchor interface. The 

advanced elasto-viscoplastic modified Cam clay (EVPMCC) soil model was 

incorporated to represent the strain rate dependency of fine-grained soils. The 
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developed soil model was then incorporated in a dynamic large deformation finite 

element analysis-RITSS (remeshing and interpolation technique with small strain) in 

the commercial finite element package Abaqus/Standard. The numerical model was 

validated against existing centrifuge test data. The development of excess pore 

pressure around the anchors with various impact velocities, anchor geometries, 

viscosity parameters were quantified. Based on the extensive parametric analyses on 

viscosity parameters, an expression was proposed for the final embedment depth 

accounting for the effect of strain rate. 
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CHAPTER 1 INTRODUCTION AND LITERATURE 

REVIEW 

1.1 Introduction 

1.1.1 Development of offshore oil and gas industry 

The increasing global energy consumption, combined with the gradual depletion of oil 

and gas reserves in shallow waters, has pushed the offshore developments beyond the 

continental shelf into deep and ultradeep waters. Figure 1-1 suggests the emergence 

of this trend for offshore oil production (EIA, 2016). Global oil production in deep 

and ultradeep water has increased progressively to about 30% of the total offshore oil 

production over the last decade, helping to offset the declination of shallow water 

production (Figure 1-1a). In several regions such as Brazil, the United States, Angola, 

and Norway, deep water production has overtaken shallow water production (Figure 

1-1b). Ultradeep water operations have also grown significantly, especially in Brazil 

and the United States. 

The transition from shallow to deep water developments has been led by the 

advancements in drilling platforms, floating production units and 

foundation/anchoring technology. Although the technological advancements have 

made new areas and untested environments accessible, the installation and 

procurement costs for deepwater projects rise sharply with increasing water depth, 

driving traditional platforms directly fixed to the seabed replaced by floating platforms, 

such as tension leg platforms; SPAR platforms; floating production, storage and 

offloading (FPSO) units (see Figure 1-2). Regardless of type or function, all floating 
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facilities have to be tethered to the seabed via an anchoring system to withstand the 

environmental loadings during operation. 

 

(a) 

 

(b) 

Figure 1-1. Offshore oil production correlated to water depths (EIA, 2016): (a) 

global development; (b) major production regions development 

In addition to offshore developments moving into deeper waters and untested 

environments, the size of the emerging floating concepts, including floating liquefied 

natural gas (FLNG) facilities, become longer and wider. For instance, the world’s 

second FLNG unit about to be installed at the Prelude field offshore Australia is 488 

m long and 74 m wide (Figure 1-3), compared to around 200~340 m long FPSOs, 
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creating requirement for an optimal anchoring arrangement to support about 8 times 

greater anchor load (40 MN for FLNG vs 5 MN for FPSOs; O’Loughlin et al., 2015).  

  

(a) (b) 

Figure 1-2. Types of offshore drilling rigs and platforms: (a) bottom supported 

and vertically moored structures; (b) floating production systems 

(http://www.americasoffshoreenergy.com) 

 

Figure 1-3. Artistic impression of Prelude FLNG and its subsea system 

(http://www.shell.com.au) 

1.1.2 Dynamically Installed Anchors 

Anchoring systems that tether the floating platforms to the seabed (Figure 1-4a) are 

facing many financial and technical challenges as the oil and gas developments are 

shifting into deep and ultradeep waters. The offshore oil and gas industry is therefore 

currently directing considerable efforts towards cost-effective anchoring solutions 

suitable for deep water. Dynamically installed anchors (DIAs) are being considered 
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increasingly because of their low installation cost. DIAs are installed by free-fall 

dropping through the water column and then penetrating into the seabed by the 

accumulated kinetic energy and submerged anchor weight (Figure 1-4b; Medeiros, 

2002; Lieng et al., 2010). After allowing a set-up period for regaining (up to some 

degree) strength of the adjacent soils, the installed anchors are then connected to the 

designed floating facility through mooring lines (see Figure 1-4a). The free-fall 

process necessitates no external energy source or mechanical intervention and hence 

the installation of DIAs can be applied in any water depth (i.e. water depth insensitive). 

Conventional anchoring solutions, such as piles and suction caissons, require an 

external energy source for installation (such as driving for piles or pumping out water 

for suction caissons; Figure 1-4c), and are therefore more expensive and with costs 

that increase sharply with increasing water depth. Through concept-level design 

calculations, O’Loughlin et al. (2015) showed that these DIAs could save $14 million 

per spread on fabrication cost alone, which may increase if installation vessel costs are 

considered, justifying development of this new anchoring solution.  

1.2 Literature review 

1.2.1 Existing DIAs 

Since first introduced in the late 1990s, a number of design of DIAs have been 

proposed, broadly falling into two categories: torpedo anchor and OMNI-Max anchor 

(Lieng et al., 1999; Medeiros, 2002; Shelton, 2007). The torpedo anchors are rocket-

shaped, typically consist of a long shaft, with the loading point (padeye) at the top, 

and may feature up to four relatively small fins at the trailing edge (see Figure 1-5a). 

They are usually 12~17 m long and 0.8~1.2 m in diameter, with a dry weight of 

230~1150 kN. The OMNI-Max anchor is 9.15 m long, with a dry weight of 390 kN, 
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The Torpedo and OMNI-Max anchors have been installed successfully in normally or 

lightly over- consolidated clayey seabeds in water depths to nearly 1400 m, achieving 

tip embedment depths in the seabed of 2.5 ~ 3 times the anchor length (offshore Brazil, 

the Gulf of Mexico, the North Sea; Brandão et al., 2006; Zimmerman et al., 2009; 

Lieng et al., 2010). Full scale field tests suggested the ultimate monotonic capacity in 

the range of 1.3~3.4 times anchor dry weight under vertical mudline loading and 

3.8~9.2 times anchor dry weight under horizontal mudline loading (Medeiros, 2002).   

 

 
(a) 

 
(b) 

Figure 1-5. Dynamically installed anchors: (a) torpedo anchor (after Brandão 

et al., 2006); (b) OMNI-Max anchor (after Shelton et al., 2011) 
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1.2.2 Anchor diving upon inclined loading 

Loading angle at the mudline varies with mooring type. For catenary and taut leg 

mooring, the angle is respectively 10°~25° and 30°~60° to the horizontal. For tension 

leg platforms the loading is quasi-vertical. The motion of the floating unit, wave and 

current, all induce forces to a mooring chain, which are eventually transferred to the 

connected anchor. The mooring mudline inclination and movement of the installed 

anchor upon loading dictate the ultimate capacity of the anchor. Under operational 

loading with vertical or quasi-vertical mudline mooring, all anchors pull out of the 

seabed, leading to relatively lower capacity. Under inclined mudline mooring, the 

torpedo anchors, with the padeye located at the anchor top, largely rotate to align with 

the loading angle and gradually pull out of the seabed (Figure 1-6). In contrast, the 

padeye of the OMNI-Max anchor locates at around 2/3 anchor height. The padeye 

location and geometry of the OMNI-Max anchor were chosen deliberately to cause 

the anchor to dive as the load is increased, leading to increasing embedment (Figure 

1-6; Shelton, 2007; Zimmerman et al., 2009). In typical offshore sediments, where the 

soil strength increases with depth, the diving behaviour ensures ever increasing anchor 

capacity, which is eventually limited by the tensile capacity of the mooring rope/chain. 

Despite the favourability in increasing capacity, the anchor diving is rather a complex 

behaviour and poorly understood. For example, in cases with insufficient embedment 

depth after installation, the OMNI-Max anchor would travel horizontally and come 

out of the seabed eventually, exhibiting decreasing capacity (Figure 1-6; Shelton, 

2007). Uncertainty remains in regard to the optimisation of anchor design to enlarge 

the diving potential, necessitating a more thorough study.  
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et al., 2014). Gaudin et al. (2013) showed that, with tip embedment of 1.4 times anchor 

length in a calcareous silt with undrained shear strength su = 3.3z kPa, during 

subsequent loading an OMNI-Max anchor dived deeper for mooring mudline 

inclination of 0 but pulled out without diving for mooring inclination of 15.3. 

However, later, Wei et al. (2015) showed that, even with tip embedment of 1.4 ~ 2 

times anchor length in a calcareous silt with undrained shear strength su = 2~2.9z kPa, 

an OMNI-Max anchor pulled out of the seabed without diving for mooring mudline 

inclinations of 1~10. Hossain et al. (2014) showed that the holding capacity of 

anchors in calcareous silt was significantly (34~47%) lower than in clay, even though 

the intact undrained shear strength was much higher. In summary, to achieve adequate 

capacity under operational loading, deeper embedment that allows anchor diving is 

therefore critical in calcareous sediments. Note, current analyses on plate anchors 

showed that the keying process and diving potential are dictated by three governing 

factors including (i) mudline inclination angle, (ii) padeye offset ratio or angle with 

the centre of gravity of the anchor, and (iii) final embedment depth after installation 

(Tian et al., 2014). 

1.2.4 Advancements through numerical simulation 

Accurate prediction of the dynamic installation behaviours is a key aspect in the design 

of DIAs. In the past two decades, the understanding of DIAs installation has been 

explored mostly through field trials (Medeiros, 2002; de Araujo et al., 2004; Brandão 

et al., 2006; Lieng et al., 2010), field tests (Blake & O’Loughlin, 2015; O’Beirne et 

al., 2015) and centrifuge tests (O’Loughlin et al., 2004; Richardson et al., 2006, 2009; 

O’Loughlin et al., 2013; Hossain et al., 2014, 2015; O’Beirne et al., 2017; Chow et 

al., 2018). Thus far a very limited number of numerical studies have been conducted, 

reflecting the fact that numerical modelling of the dynamic penetration problem is one 
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of the most challenging tasks in computational geomechanics. This is mainly 

complicated by the extreme nonlinear response of soil, the large deformations 

associated with deep penetration, changing boundary conditions between soil and 

anchor, the effect of the inertia forces and rate dependency of soil material. Moreover, 

the presence of water in saturated soil and the generation of excess pore pressure due 

to dynamic loading, together with the subsequent dissipation of the installation-

induced excess pore pressure, augment the complexity of such problems. 

Table 1-1. Summary of previous numerical studies on DIA installation 

Researcher 
Method 

ology 
Soil model 

Features 

Excess 

pore 

pressure 

Frictional 

force 

Strain rate 

effect 

Raie & Tassoulas 

(2009) 

CFD Herschel-

Bulkley 

model 

N Y 

Bingham 

plastic model 

Y 

Herschel-

Bulkley model 

Nazem et al. (2012) 

Moaveniam et al. 

(2016) 

ALE Tresca 

model 

N N Y 

Herschel-

Bulkley model 

Kim et al. (2015a, b) 

Kim & Hossain 

(2015) 

CEL Tresca 

model 

N Y 

Total stress 

coulomb 

friction law 

Y 

Herschel-

Bulkley model 

Liu et al. (2016) CEL Tresca 

model 

N Y 

Equivalent 

concentrated 

force 

Y 

Herschel-

Bulkley model 

Liu et al. (2014) CEL Mohr-

Coulomb 

effective 

stress model 

Y Not given in 

the paper 

N 

Sabetamal et al. 

(2016) 

ALE Modified 

Cam clay 

model 

Y Y 

Effect stress 

coulomb 

friction law 

Y 

Semi-

logarithmic 

function 

Note: ‘N’ stands for ‘Not included in this study’ and ‘Y’ represents ‘Included in this study’; 

 

To date, a few methods have been developed to explore the dynamic installation 

embedment depth of DIA, including the CFD (computational fluid dynamics) method 

(Raie & Tassoulas, 2009) and two large deformation finite element (LDFE) methods: 

CEL (coupled Eulerian–Lagrangian) method (Liu et al., 2014; Kim et al., 2015a,b; 
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Liu et al., 2016) and ALE (arbitrary Lagrangian–Eulerian) method (Nazem et al., 2012; 

Moaveniam et al., 2016; Sabetamal et al., 2016). As summarised in Table 1-1, most 

numerical analyses on anchor installation were within the framework of total stress 

involving a single-phase soil and therefore the excess pore pressure could not be 

calculated explicitly. Except, Liu et al. (2014) and Sabetamal et al. (2016) who have 

carried out effective stress analyses that allowed the development of excess pore 

pressure during dynamic installation and subsequent dissipation to be considered. The 

enhancement of soil undrained shear strength under high strain rate was not considered 

in the former study and, in the latter study, included by adjusting the over-

consolidation ratio in the rate-independent modified Cam clay model. However, a 

comprehensive numerical model within the effective stress framework and 

considering the strain rate dependency by an advanced stress-strain-time soil 

constitutive model is still not available and thus attracting significant research efforts. 

1.3 Objective of this thesis 

This thesis has two main objectives to advance the understanding of the behaviour of 

DIAs. The first main objective was to improve the feasibility of using DIAs in 

calcareous seabed sediments by introducing a novel DIA design – fish DIA, and assess 

its performance during dynamic installation and subsequent loading in lightly 

overconsolidated calcareous silt. A particular focus has been on ensuring that the fish 

DIA penetrates to sufficient depth in calcareous silt that leads to diving during 

subsequent operational loading.  If the fish DIA can be shown to provide improved 

diving behaviour and reliably greater capacity, for example compared with torpedo 

and OMNI-Max DIAs, it would have strong potential for efficient anchoring to allow 

economic development of oil and gas reserves in deep water with calcareous seabed 
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sediments. A series of experimental tests were performed in a geotechnical centrifuge 

facility to fulfil the following specific aims: 

• Investigate the final tip embedment depth of the fish DIA varying impact 

velocity and soil characteristics; 

• Quantify the capacity of the fish DIA under monotonic loading varying impact 

velocity (and hence tip embedment depth), reconsolidation or set-up period 

after installation, and operational loading angle at the mudline; 

• Examine the effect of cyclic loading on the resistance profile, and (post-cyclic) 

monotonic capacity of the fish DIA, compared to pure monotonic capacity, 

varying cyclic loading parameters (cyclic mean load, cyclic load amplitude and 

number of cycles) and operational loading angle at the mudline;  

• Reveal the fish DIA diving performance under monotonic and cyclic loadings. 

The second main objective of this thesis was to improve a soil constitutive model that 

will allow for tracking the development of excess pore pressure and incorporating 

strain rate dependency of the undrained shear strength, and to incorporate the model 

in an effective stress based LDFE analysis framework. This objective can be divided 

into following sub-objectives:  

• Develop a dynamic LDFE method in the frame work of effective stress; 

• Implement an advanced rate dependency soil constitutive model into the LDFE 

approach; 

• Apply the developed LDFE approach to analyse the dynamic installation of 

DIAs. 
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1.4 Thesis organisation 

The thesis is presented in a ‘series of papers’ format, according to the UWA Graduate 

Research School guidelines. Therefore, after the present chapter of introduction and 

literature review, Chapters 2, 3 and 5 are presented in the format of journal papers. 

Chapter 4 describes the detailed technical content of the developed numerical model 

and has not been submitted to any journal. A conclusive Chapter 6 summarises the 

major findings of the thesis and outlines potential future research directions.  

The outline of this thesis is listed as follows. 

Chapter 2 introduces a novel fish DIA designed especially for calcareous 

sediments. An experimental investigation of the installation depth, 

holding capacity and diving behaviour upon monotonic loading 

condition in calcareous silt is presented. 

Chapter 3 explores the influence of cyclic loading on the fish DIA holding 

capacity through centrifuge modelling. The development of anchor 

displacement, anchor rotation, and excess pore pressure during cyclic 

loading sequences are discussed. The influence of a cyclic loading 

episode on the diving potential of the fish DIA is investigated. 

Chapter 4 describes the details of the effective-stress based dynamic large 

deformation finite element method, specifying the numerical 

difficulties in the modelling of DIA installation and main 

contributions made in this thesis. 

Chapter 5 presents the results from large deformation finite element analyses 

performed for DIA installation in normally consolidated, rate-
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dependent clay. The development of excess pore pressure is explored 

and the final embedment depth, accounting for the effect of strain rate 

is quantified.  

Chapter 6 summarises the major findings of the thesis and proposes potential 

future research arising from this study. 
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CHAPTER 2 PERFORMANCE OF A NOVEL 

DYNAMICALLY INSTALLED FISH ANCHOR IN 

CALCAREOUS SILT 

ABSTRACT 

Diving upon drag of an installed anchor leads to an increase in embedment depth and 

hence capacity under operational loadings. It is particularly critical for dynamically 

installed anchors (DIAs) in calcareous sediments where the embedment depth is 

generally relatively shallow. This thesis proposes a novel fish DIA featuring an 

elliptic-shaped shaft, which reduces hydrodynamic drag resistance. Every cross 

section of the anchor shaft is elliptical and the widest part is in the middle. The shaft 

is shaped to be thicker near the head to lower the resistance centroid, and increase its 

diving potential. The padeye is fitted perpendicularly to the wider part of the shaft, so 

that the maximum resistance area can be mobilised during pullout loading. The 

dynamic installation and monotonic pullout performance of the fish DIA in calcareous 

silt were assessed through a series of beam centrifuge tests at 133.3 times earth’s 

gravity, varying the drop height (hence the impact velocity), reconsolidation period 

after installation and load inclination angle at the mudline. The anchor tip embedment 

depths of 1.02~1.43 times the anchor length lied in the range for OMNI-Max and 

torpedo DIAs in calcareous silt. A simple non-dimensional model, a total energy-

based model and a conventional shear resistance model were found to be adequate for 

prediction of the embedment depths. The tracked anchor trajectory confirmed that the 

fish DIA dove in under inclined mudline loading (θ0 < 45), as opposed to lifting up 
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of torpedo DIA. The normalised holding capacities of the fish DIA were 4.0 and 5.6 

times of those of a four-fin torpedo DIA. 

2.1 Introduction 

The last two decades have witnessed a shifting of offshore oil and gas exploration in 

deeper waters, driven by the combined effects of escalating global energy demand and 

exhausted nearshore hydrocarbon resources. Deep and ultradeep water oil and gas 

developments poses many challenges to the anchoring systems that tether the floating 

platforms to the seabed such as requiring higher holding capacity and spirally 

increasing cost with water depths. The offshore oil and gas industry is therefore 

currently directing considerable efforts towards cost-effective anchoring solutions 

suitable for deepwaters. Attention is centralised on new generation anchoring systems, 

dynamically installed anchors (DIAs), which combine the advantage of economical 

procurement in installation (rapid and water depth insensitive installation process with 

no external energy source required such as hammering for piles; Medeiros, 2002; 

Lieng et al., 2010) and high efficiency during pullout stage (capacity to self-weight 

ratio; Hossain et al., 2015; Kim & Hossain, 2017). The anchor is released from a 

design height above the seabed. This allows the anchor to gain velocity as it falls freely 

through the water column before impacting and embedding within the seabed 

sediments. Through concept-level design calculations, O’Loughlin et al. (2015) 

showed that these novel anchors could save $14 million per spread on fabrication cost 

alone, justifying development of this new technology. 

Thus far two types of DIAs have been introduced, torpedo and OMNI-Max (Figure 

2-1), and have been installed in normal clayey seabeds in water depths to nearly 1400 

m (offshore Brazil, the Gulf of Mexico, the North Sea; Brandão et al., 2006; 
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showed that the keying process and diving potential are dictated by three governing 

factors (defined in Figure 2-3) including (i) pullout inclination angle, (ii) padeye offset 

ratio or angle with the mass centroid, and (iii) final embedment depth after installation 

(Tian et al., 2014). Through three-dimensional (3D) large deformation finite element 

(LDFE) analyses in soft clay, Kim & Hossain (2017) confirmed that the OMNI-Max 

anchors used in the Gulf of Mexico will dive if the padeye offset ratio is in the range 

of 0.25~0.53 (offset angle of 14~28) and the chain loading angle at the padeye < 45. 

Any diving leads to an increase in capacity, which is ultimately limited by the capacity 

of the mooring chain.       

No DIA has been dropped in calcareous soils, which are prevalent in many seabed 

deposits, particularly in the oil- and gas-producing offshore regions of Australia. 

Estimation of DIAs behaviour in calcareous deposits is identified as problematic due 

to the special characteristics e.g. high carbonate content (70~95%), high 

compressibility, strong rate dependency, and dilation after a phase transition (Mao & 

Fahey, 2003; Coop et al., 2004; Sharma & Ismail, 2006; Boukpeti & White, 2011; 

Miao & Airey, 2013). Centrifuge test results showed the embedment depths of torpedo 

DIAs in calcareous silt is 19% shallower than that in kaolin clay (Hossain et al., 2015) 

and those of OMNI-Max DIAs is 40% shallower (Gaudin et al., 2013). The pullout 

capacity is also lower: for 0 mudline load inclination, 3.3 times the anchor dry weight 

in calcareous silt compared to > 5 times the anchor dry weight in clay (Hossain et al., 

2015). To ensure adequate anchor capacity in this problematic soil, previous solutions 

include (a) increasing of the anchor weight to achieve greater embedment depth 

overcoming the higher strength gradient of calcareous sediments (Gaudin et al., 2013, 

Hossain et al., 2015, Wei et al., 2015), and (b) optimising the anchor design to enlarge 

the diving potential upon operational loading (Liu et al., 2016; Kim & Hossain, 2017). 
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2.2 Development of a novel fish DIA 

A novel fish DIA (see Figure 2-2) was developed, adopting a geometry taken from 

nature, and patented (Hossain et al., 2017). An extensive series of analyses were 

carried out through 3D LDFE analyses to establish the geometry. The fish DIA 

features every cross section of the anchor shaft elliptical and the widest part in the 

middle. During the free-fall through the water column, the elliptic-shaped shaft 

reduces hydrodynamic drag resistance, with the drag coefficient being 0.04 (Young et 

al., 2010) compared to 0.22~0.42 for a cylindrical shaft of torpedo DIAs (Richardson, 

2008). During penetration in the seabed sediments, the bottom half of the fish DIA 

provides a low-angle bearing surface hence facilitating penetration; the upper half 

loses contact with the adjacent soil, reducing frictional resistance. To stabilise the 

trajectory during free-fall in water, balancing the mass, four small fins are attached to 

the middle and the tail of the shaft. To increase the potential of diving upon loading, 

the shaft is shaped to be thicker near the head to lower the resistance centroid. The 

padeye is fitted perpendicularly to the wider part of the shaft, so that the maximum 

resistance area can be mobilised under operational loading. A hook in the tailing end 

was used to connect the release cord.  

A model fish anchor was manufactured for the centrifuge tests (see Figure 2-2). The 

model anchor was made from stainless steel with a dry weight (Wd) of 0.36 N and a 

total length (LA) of 82.5 mm. At the adopted centrifuge acceleration of 133g (where g 

is the Earth’s gravitational acceleration = 9.81 m/s2), this represents a prototype anchor 

of 850 kN in weight and 11 m long. The maximum diameter of the elliptically shaped 

shaft is 21.3 mm (major axis) and 9 mm (minor axis). The prototype diameter of major 

and minor axes are 2.84 m and 1.2 m respectively, leading to an equivalent shaft 

diameter (DA) of  √2.84×1.2 = 1.85 m. An upper bound padeye offset ratio ( = ep/en, 
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defined in Figure 2-3) of 0.63 was selected, which lies towards the upper end of the 

optimum range of 0.35~0.63 obtained from LDFE analyses in clay (Figure 2-4; Kim 

et al., 2018). The reasoning behind this choice was that, if  = 0.63 can ensure diving, 

lower values within the range will surely do so. Detailed dimensions of the model fish 

DIA are presented in Figure 2-3 and Table 2-1. 

 

Figure 2-2. Model fish DIA used in centrifuge tests 

2.3 Aim of this chapter 

This chapter assesses the performance of the fish DIA in terms of both embedment 

depth during dynamic installation and holding capacity under monotonic operational 

loadings in calcareous silt through a series of centrifuge tests. The measured data were 

compared with the theoretical predictions, and existing data on torpedo and OMNI-

Max DIAs.  
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Padeye eccentricity en 13.5 1.8 

Padeye offset ratio  0.63 0.63 

2.4 Centrifuge modelling 

2.4.1 Instrumented model anchor and experimental arrangement 

The model anchor was instrumented with a single axis ±500g micro-electro 

mechanical system (MEMS) accelerometer that was embedded within an epoxy resin-

filled void in the anchor shaft (see Figure 2-2). The MEMS accelerometer can measure 

both constant and changing acceleration to capture the motion response of the anchor 

during free-fall and embedment in soil.  

The centrifuge tests were carried out at 133.3g  in the beam centrifuge at the University 

of Western Australia (Randolph et al., 1991). The beam platform supports a standard 

rectangular strongbox, which has internal dimensions of 650 × 390 × 325 mm (length 

× width × depth). The presence of a radial acceleration field limited anchor installation 

sites to the longitudinal centreline of the beam centrifuge strongbox. Therefore, three 

narrower sample boxes with internal dimensions of 598 × 117 × 300 mm (representing 

a prototype test bed of up to 80 m long by 16 m wide by 40 m deep) were mounted 

within the standard strongbox to contain the soil samples, which facilitated a greater 

test plan area by interchanging the sample boxes so that the ‘test box’ was in the middle. 

The centrifuge test arrangement for anchor installation and anchor pullout are 

presented in Figure 2-5 and Figure 2-6 respectively. The anchor was dynamically 

installed by using a vertical installation guide, with the anchor velocity being measured 

through eight Photo Emitter Receiver Pairs (PERPs) located on the lower end of the 

installation guide (i.e. close to the sample surface). Anchor extraction under 
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monotonic loading was performed using a cord-pulley system, as detailed by 

O’Loughlin et al. (2004) and Hossain et al. (2015). 

A varying reconsolidation period was allowed before extracting the anchor at a rate of 

v = 1 mm/s to measure the monotonic anchor capacity. This rate was selected such 

that the dimensionless velocity during extraction, V = vDA/cv ~ 365 > 30 (where an 

average value of the vertical coefficient of consolidation, cv, over the effective stress 

range associated with the penetration distance was obtained as 1.2 m2/year from 

separate consolidation tests), which was expected to be sufficient to ensure undrained 

conditions (Finnie & Randolph, 1994).   

 

Figure 2-5. Anchor release system in beam centrifuge 
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(a)      (b) 

Figure 2-6. Anchor loading system in beam centrifuge: (a) vertical loading after 

a test; (b) zero degree loading before a test 

2.4.2 Soil Sample 

The anchor tests were performed in samples of calcareous silt (average particle size 

D50 = ~3 μm; clay content of 30%; liquid limit, LL = 87%; plastic limit, PL = 37%; 

specific gravity Gs = 2.73). The samples of ~220 mm high were produced through in-

flight consolidation of reconstituted slurry at 133.3g. Characterisation tests were 

carried out in-flight using a model T-bar penetrometer with model dimensions of 5 

mm in diameter and 20 mm long. The non-uniform acceleration field with sample 

depth was accounted for, and the shear strength profile was interpreted from the T-bar 

resistance using the analysis method suggested by White et al. (2010) with a deep 

bearing factor of NT-bar = 10.5. The T-bar was penetrated at a velocity v = 3 mm/s, 

giving a dimensionless velocity V = vD/cv ~ 395 > 30 (where D is the T-bar diameter), 

ensuring undrained conditions (Finnie & Randolph, 1994). As shown in Figure 2-7a, 

the strength profiles are consistent across the three samples and may be idealised 

linearly increasing with depth as su = 1 + 1.6z kPa.  
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(a)  

 
(b) 

Figure 2-7. Results from T-bar tests: (a) undrained shear strength profiles; (b) 

undrained shear strength degradation during T-bar cyclic sequence 

In addition to the standard T-bar tests, cyclic sequences T-bar tests were performed in 

each sample to assess the fully remoulded strength and hence the soil sensitivity. 

Figure 2-7b presents the measured degradation of soil strength against number of 

cycles, together with the theoretical degradation response calculated using the method 
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suggested by Einav & Randolph (2005), which indicates a soil sensitivity, St = 3.0. 

Post-test measurements of water content indicated that the effective unit weight (γ') 

profiles increase linearly with sample depth according to γ' = 5.8 + 0.03z kN/m3 

(averaged value over the anchor penetration depth is 6.0 kN/m3). 
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Table 2-2. Summary of centrifuge model tests conducted 

Tests 

Drop height, hd 
Time allowed for 

consolidationb, tc 
Mudline 

load 

inclination, 

θ0: degrees 

Impact velocity, 

vi 
Tip embedment, de,t 

de,t /LA 

Holding capacity: 

peak 1 

Holding capacity: 

peak 2 

Model: 

mm 

Prototypea: 

m 

Model:

mins 

Prototype: 

months 

Model = 

Prototype: m/s 

Model: 

mm 

Prototypea: 

m 
F: kN F/Wd F: kN F/Wd 

T1 275 31.74 15 6.17 90 21.96 114 15.04 1.38 1473.04 1.73 1360.25 1.60 

T2 260 30.17 15 6.17 90 21.17 106 13.95 1.28 1381.26 1.63 1172.55 1.38 

T3 224 26.34 15 6.17 90 20.35 101 13.27 1.22 1518.95 1.79 1319.66 1.55 

T4 199 23.61 15 6.17 90 18.55 88 11.51 1.07 1297.20 1.53 1346.48 1.58 

T5 175 20.94 15 6.17 90 17.23 84 10.98 1.02 1268.93 1.49 1271.11 1.50 

T6 224 26.34 0 0 90 19.78 107 14.09 1.30 1323.29 1.56 1284.15 1.51 

T7 224 26.34 30 12.34 90 19.78 107 14.09 1.30 1412.42 1.66 - - 

T8 240 28.05 15 6.17 0 20.65 108 14.22 1.31 3296.63 3.88 5250.71 6.18 

T9 240 28.05 15 6.17 15 20.18 100 13.13 1.21 3336.48 3.93 4335.61 5.10 

T10 240 28.05 15 6.17 45 20.41 107 14.09 1.30 1752.30 2.06 1829.12 2.15 

T11 240 28.05 15 6.17 90 20.64 117 15.45 1.42 1386.34 1.63 1160.23 1.37 

a Accounting for variation in acceleration level with sample depth. 
b Excluding time required for ramp down, test procedures at 1g, and ramp back again to 133.3g.
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2.5 Results and discussion: DIA installation 

A total of 11 dynamic installation followed by monotonic pullout tests were conducted. 

A summary of the results is given in Table 2-2, and the details are discussed below. 

2.5.1 Interpretation of accelerometer data 

As the MEMS accelerometer measurements include both constant and changing 

acceleration, the acceleration due to the anchor motion was deduced by subtracting 

the component of centripetal acceleration at the current anchor position within the 

rotating frame of reference from the total acceleration. A typical measured anchor 

relative acceleration profile is illustrated in Figure 2-8a. Prior to release, the 

acceleration was zero. A saw tooth response was recorded at the beginning of the drop 

reflecting a sequentially burnout of the release cord strands, which was also observed 

by O’Loughlin et al. (2014b). During the free-fall stage, the acceleration remained 

constant at about 95g, which was consistent with the centripetal acceleration at the 

anchor release height. At about 0.032 s (model scale) the acceleration started to 

decrease as the anchor encountered the water above the soil surface (prototype water 

depth = 5.3 m), with a more marked deceleration when the anchor impacted the soil at 

about 0.035 s. The deceleration peaked at 475g prior to coming to the rest after a slight 

rebound. 

The MEMS acceleration data was numerically integrated once to obtain the velocity 

and twice to obtain the position, following the methodology presented by O’Loughlin 

et al. (2014b). Taking test T3 as an example, the resulting velocity-displacement 

profile during both free-fall and penetrating into soil is shown in Figure 2-8b, verified 

by the independent measurement of the velocity during free-fall using PERPs and by 

the manual ruler-measured final embedment depth. The good agreement among 
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MEMS data and direct measured depth indicates that the fish DIA remained tolerably 

vertical during free-falling and embedment as any tilting of the anchor could affect the 

acceleration trace and in turn the derived velocities and displacements (O’Loughlin et 

al., 2014b).  

 
(a) 

 
(b) 

Figure 2-8. Interpretation of MEMS data for test T3 (Table 2-2): (a) measured 

acceleration trace; (b) velocity-displacement profiles integrated from the 

accelerometer trace 
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2.5.2 Impact velocity 

Apart from the MEMS accelerometer-derived value, the anchor velocity at impact vi 

was also determined from the velocity profile established from the PERPs data, and 

only very small differences were found between the two results. According to the 

equations of motion, a theoretical velocity profile was established using an 

incremental approach as 

 
vj+1= √vj

2+2a∆R (2-1) 

where vj  and  vj+1  are the velocity at the beginning and the end of an increment 

respectively, ∆𝑅 is the radius increment and a is the average acceleration over the 

increment whilst increases with radius R according to a = ω2R (ω is centrifuge angular 

velocity in rad/s) due to the nonuniform acceleration field in the centrifuge. 

The velocity calculated from Eq. 2-1 was adjusted to fit the PERPs velocity values by 

multiplying an adjustment factor μ, allowing the extrapolation calculation of the 

impact velocity, as illustrated in Figure 2-8b for test T3. It was necessary to introduce 

the adjustment factor to account for losses such as due to friction developed along the 

anchor-guide interface. The best-fit for the entire dataset was achieved with μ being in 

a narrow range from 0.85 to 0.9, which is consistent with the values of 0.84 to 0.93 

for a dynamically embedded plate anchor (O’Loughlin et al., 2014a).  

Using the approach just discussed, the impact velocities achieved in the tests range 

from 17.23 to 21.96 m/s, and increase quadratically with increasing drop height, as 

summarised in Table 2 and shown in Figure 2-9.  The results from 12 centrifuge tests 

with a constant drop height of 3.4LA (21.72~22.48 m/s), which are referenced as 

‘Centrifuge tests in sample 2’ and will be described in Chapter 3, show good 

agreements with current test data (referenced as ‘Centrifuge tests in sample 1’). The 
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theoretical prediction using Eq. 2-1 with a consistent μ = 0.88 is also included in Figure 

2-9 and is seen matching reasonably well with all the measured data.  

 

(a) 

 

(b) 

Figure 2-9. Results from dynamic installation: (a) relationship among drop 

height, impact velocity and anchor tip embedment depth; (b) relationship 

between drop height and anchor tip embedment depth 
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2.5.3 Measured embedment depth: simple dimensionless and total energy based 

prediction 

The values of the fish DIA tip embedment depth de,t achieved in calcareous silt from 

all tests in this chapter (sample 1) and next chapter (sample 2) are plotted against 

impact velocity and drop height in Figure 2-9. The embedment depths are relatively 

consistent, ranging from 84 ~118 mm in model scale and 10.98 m to 15.52 m in 

prototype scale (i.e. de,t = 1.02LA to 1.43LA), and as expected increase quasi-linearly 

with increasing impact velocity and linearly with increasing drop height. Dynamic 

installation of the fish DIA in calcareous silt was simulated using the 3D LDFE 

approach (Kim et al., 2018). Four impact velocities of vi = 15, 19, 25 and 30 m/s were 

investigated, resulting in tip embedment depths of 1.22LA, 1.34LA, 1.54LA and 1.7LA 

respectively. These agree reasonably with the centrifuge test data (Figure 2-9a). 

The embedment depth of the fish DIA normalised by anchor length lies in the range 

similar to those obtained from centrifuge model tests on other DIAs in calcareous silt: 

1.14LA to 1.46LA (vi = 20.53~29.39 m/s) and 1.0LA to 1.46LA (vi = 21.2~22.7 m/s) for 

OMNI-Max DIAs reported respectively by Gaudin et al. (2013) and Wei et al. (2015), 

and 0.96LA to 1.4LA (vi = 15.0~22.0 m/s) for torpedo DIAs reported by Hossain et al. 

(2014, 2015). The installation depth of various DIAs in calcareous silt is compared 

here. To allow comparison across a range of soil properties and anchor geometries, a 

dimensionless tip embedment depth was proposed as γ'de,t/(Ws/Ap,t) ((soil effective unit 

weight × tip embedment depth) / (anchor weight in water / anchor tip projected area)). 

Figure 2-10 compares the dimensionless tip embedment depth of fish, torpedo and 

OMNI-Max DIAs in calcareous silt. The dimensionless  tip embedment depth of the 

fish DIA is 0.32~0.45 compared with 0.11~0.15 for the torpedo DIAs and 0.15~0.20 

for the OMNI-Max DIAs in calcareous silt. 
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For all the three types of DIAs in Figure 2-10, the dimensionless tip embedment depth 

increases approximately linearly with impact velocity. Two simple dimensionless 

equations were proposed to predict the embedment depth (de,t) as functions of impact 

velocity (vi), anchor weight in soil (Ws), soil effective unit weight (γ') and anchor tip 

projected area (Ap,t), showing reasonable agreement with the experimental data.  

 
Figure 2-10. Comparison of normalised tip embedment depth for various DIAs 

O’Loughlin et al. (2013) proposed a simple expression for conservative prediction of 

the embedment depth. Their method was adopted for the fish DIA. Figure 2-11a plots 

the dimensionless total energy and embedment depth as 

 de,t

Dp

 ≈ (
Etotal

kDp
4

)

1 p⁄

 (2-2) 

in which the total energy is 

 
Etotal = 

1

2
mvi

2 + m'gde,t (2-3) 

In Eqs. 2-2 and 2-3, Dp is the equivalent anchor diameter (including fins and padeye, 

equalling to the diameter of a circle with the same projected area as the fish anchor, 

see Table 2-1), k is the soil strength gradient, m is the anchor mass and m' is the anchor 

effective mass (submerged in soil).  
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The best fit between the experimental data and Eq. 2-2 is obtained using p = 3.67 for 

both the fish and OMNI-Max DIAs, compared to p = 3.24 (Hossain et al., 2014, 2015) 

for torpedo DIAs.  

The alternative expression which accounts for total surface area As and an effective 

soil strength gradient (keff = (su,m + kde,t)/de,t), in which su,m is the soil undrained 

strength at the mudline) was proposed as (Hossain et al., 2015;  Kim & Hossain, 2015)  

 

de,t

Dp

 ≈ q (
Etotal

keffAsDp
2
)

r

 (2-4) 

Figure 2-11b compares the measured data (conducted in sample 1 in this chapter and 

sample 2 in the next chapter) and 3D LDFE computed results (Kim et al., 2018) for 

the fish DIAs, along with the measured data for OMNI-Max DIAs (Gaudin et al., 2013; 

Wei et al., 2015). Although the data are slightly scattered, the best fit through all the 

data using Eq. 2-4 provides q = 1.65 and r = 0.37. 

 
(a) 
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(b) 

Figure 2-11. Prediction for embedment depth of DIAs in calcareous silt: (a) 

original total energy-based expression; (b) modified total energy-based 

expression 

2.5.4 Quantifying degree of hole closure 

The degree of closure of the hole (cavity) created by the passage of an anchor during 

dynamic embedment is crucial particularly for extraction behaviour (highly unlikely 

that the backfill soil in water will have an immediate effect on the fast moving anchor). 

Under operational loading, an open hole above the anchor nulls the corresponding end 

bearing resistance, leading to lower holding capacity. It may also influence the 

trajectory of the diving-type anchor when loaded because an opening above the anchor 

provides a preferential moving path towards the soil surface instead of diving. The 

depth of an open cavity above a penetrating object is dictated by a dimensionless 

strength ratio su,ze/γ'DA (first proposed by Hossain et al., 2005 for a spudcan) where ze  

is the depth of the widest part of the penetrating object and su,ze is the soil strength at 

ze.  
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Figure 2-12. Dependence of final projectile embedment depth on dimensionless 

strength ratio 

The data for the fish DIA are plotted in Figure 2-12. The (i) experimental data for 

projectiles in clay from O’Beirne et al. (2015), (ii) expression proposed by Morton et 

al. (2014) for dynamic ball penetrometers, and (iii) computed results from parametric 

3D LDFE analyses on the fish anchor are also included in Figure 2-12 for comparison. 

The expression line in Figure 2-12 divides the space into two parts: the part above the 

line indicates soil backflow occurs before the object coming to the rest, and the part 

below the line indicates the final embedment depth of the object is insufficient for soil 

backflow. The data for the fish DIA lies above the expression curve, and bounded by 

the partial closure and full closure data reported by Beirne et al. (2015). Consequently, 

a partial or full hole closure condition at ze depth could be inferred for the fish DIA in 

lightly overconsolidated calcareous silt with su = 1 + 1.6z kPa. This is consistent with 

the cavity condition recorded by a camera during installation of the fish DIA, revealing 
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that the hole above the anchor was fully closed with a slight crater on the soil surface 

for the majority cases and partly closed for shallow embedment cases (as shown in the 

photo inserted on Figure 2-12).  

2.5.5 Theoretical prediction model for embedment depth 

The dynamic embedment of the fish DIA may also be quantified by a conventional 

shear resistance model considering Newton’s second law of motion and the forces 

acting on the anchor during penetration. This approach was proposed by True (1974) 

and recently applied to installation studies of torpedo anchors (O’Loughlin et al., 2013, 

Hossain et al., 2015, Kim et al., 2015) and OMNI-Max anchors (Gaudin et al., 2013, 

Kim & Hossain, 2015), with variations on the inclusion and formulation of the various 

forces acting on the anchor. A similar approach is used here with the forces acting on 

the anchor during penetration shown in Figure 2-13, resulting in a governing equation 

of 

 m
d

2
z

dt
2

 = Ws - Fγ - Rf1Fb - Rf2Ff - Fd (2-5) 

where m is the anchor mass, z is depth, t is time, Ws is the submerged anchor weight 

(in water), Fγ is the buoyant weight of the displaced soil, Rf1 and Rf2 reflect the effects 

of shear strain rate for end bearing and frictional resistance, respectively. Bearing (Fb) 

and frictional (Ff) resistances are expressed as 

 Fb = NcsuA (2-6a) 

 Ff = αsuA (2-6b) 

where Nc is the bearing capacity factor for the anchor tip, fin or padeye, α is a friction 

ratio (of limiting shear stress to undrained shear strength), and su is the undrained shear 
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strength averaged over the contact area, A. Due to the low strength at the sample 

surface (~1 kPa), a fluid drag force (Fd) was included, formulated as 

 Fd = 
1

2
Cdρ

s
Ap,tv

2 (2-7) 

where Cd is the drag coefficient, ρ
s
 is the density of soil, Ap,t is the anchor tip projected 

area, and v is the current anchor velocity. 

It is generally acknowledged that the undrained shear strength of fine grain soils 

increases with shear strain rate. The strain rate dependency was accounted for in E q. 

2-5 by scaling the end bearing and frictional resistances by a power law rate function 

Rf (both Rf1 and Rf2), expressed as 

 Rf = (
γ̇

γ̇
ref

)

β

≈ (𝑛
v/DA

(v/DA)ref

)
β

 (2-8) 

where β is a strain rate parameter, γ̇ is the strain rate, γ̇
ref

 is the reference strain rate, 

which was used to measure the undrained shear strength. The operational strain rate 

was approximated by the normalised velocity v/DA (O’Loughlin et al., 2013), with 

reference to the static penetration test of the fish DIA (details are provided later) which 

was conducted at a penetration velocity of v = 1 mm/s (so v/DA = 0.07 s-1). A parameter 

n was introduced to account for the greater rate effects reported for frictional resistance 

than bearing resistance (Dayal et al., 1975; Chow et al., 2014; Steiner et al., 2014; 

O’Beirne et al., 2016). For bearing type problems the value of n is expected to be close 

to unity (Zhu & Randolph, 2011), while for frictional resistance n will be an order of 

magnitude higher by considering it as a function of β (adapted from the Einav & 

Randolph’s (2006) model for clayey soil) 
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soil partly flows back between the tail and the body fins but the cavity remains fully 

open (Kim et al., 2018). Therefore, the slot created by the passage of the shaft was 

assumed remain open, while the slots formed by the fins and padeye were assumed 

fully closed. Both frictional resistance and end bearing resistance therefore acted on 

the leading side of the shaft, fins and padeye, while reverse end bearing resistance only 

acted on the tailing side of the fins and padeye. The displaced volume of soil for the 

calculation of the soil buoyancy term was taken as the volume of the anchor 

submerged in soil plus the additional volume created by the open slot from the middle 

of the anchor shaft to the soil surface, as schematically shown in Figure 2-13. 

 
Figure 2-14. Penetration resistance profile from static fish DIA penetration test 

The friction coefficient α was taken as 0.33, as the inverse of the soil sensitivity (St = 

3.0 for the calcareous silt, see Figure 2-7b) (Andersen et al., 2005). The hydrodynamic 

drag coefficient for a streamlined body Cd = 0.04 (Young et al., 2010) was adopted. 

The bearing capacity at the lower and upper side of the anchor fins and padeye was 

modelled as a deeply embedment strip footing using Nc = 7.5 (Skempton, 1951). A 

static penetration test was conducted to measure the penetration resistance of the fish 

DIA that was pushed into soil in-flight using a custom-designed aluminium tube at a 
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penetration rate of 1 mm/s. The bearing capacity factor for the fish DIA shaft was 

obtained by comparing the calculated forces acting on the fish DIA (see Figure 2-13) 

with the measured soil resistance (deducting the additional frictional and bearing 

resistance from the push-in tube), yielding Nc = 10.7 for the best match as presented 

in Figure 2-14. 

With the above calibrated parameters, the dynamic penetration behaviour for various 

impact velocities were predicted according to Eq. 2-5. The best agreement between 

the measured and predicted anchor tip embedment was obtained using β = 0.153, 

which is close to the reported range of β = 0.14~0.16 (Hossain et al., 2015) and β = 

0.19 (Gaudin et al., 2013) for torpedo and OMNI-Max DIAs, respectively, in 

calcareous silts. The predicted anchor velocity profile for test T3 is plotted in Figure 

2-8b as an example. The comparison in Figure 2-9a suggests the measured embedment 

depth of the fish DIA can be predicted reasonably using the shear resistance model 

expressed in Eq. 2-5. 

2.6  Results and discussion: DIA holding capacity 

2.6.1 Vertical loading 

The measured prototype pullout resistance versus distance for all the 6 vertical loading 

tests with identical consolidation period tc = 6.17 months (tests T1~T5 and T11; Table 

2-2) are presented in Figure 2-15, showing a consistent trend and could be 

characterised by four distinct stages. The resistance increases sharply upon pullout 

towards an initial peak equalling 1.49~1.79 times Wd within a small distance of 2 m 

(stage 1) followed by a steady load reduction to a distance of around 5.5 m (stage 2) 

and a subsequent gradual increase towards a secondary peak equalling 1.37~1.60 times 

Wd at a distance of about 10 m (stage 3) before decreasing sharply to the level of 
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anchor’s submerged weight in water (stage 4). The peak resistances for tests T1~T5 

and T11 (except test T3) consistently increase with increasing drop height (or 

embedment depth).     

 
Figure 2-15. Pullout resistance-distance response under vertical loading at 

mudline (tests T1~T5 and T11; tc = 6.17 months; Table 2-2) 

The first peak and subsequent load reduction is considered to be the anchor keying 

process during which the anchor rotates to become normal or near normal to the load 

applied by the mooring chain, similar to the observations from centrifuge studies on 

keying of plate anchors (Gaudin et al., 2006; Blake et al., 2010; O’Loughlin et al., 

2014a) and OMNI-Max DIAs (Gaudin et al., 2013). The sharp load increase in stage 

1 is mainly due to the tightening of pullout chain and the mobilisation of frictional 

resistance, while the increase in stage 3 is due to the enlarging bearing resistance as a 

result of increasing anchor projected area normal to the mooring chain. The load 

reduction in stage 2 may be attributed to the lower soil strength after the loss of 



 

Chapter 2 

50 

 

embedment during keying, while the reduced resistance during the stage 4 implies the 

anchor being pulled towards and eventually out of the soil surface.  

 
 Figure 2-16. Effect of anchor embedment depth (de,t) on vertical 

extraction resistance (tests T1, T2, T4 and T5; tc = 6.17 months; Table 2-2) 

The pullout tests were conducted varying tip embedment depth de,t and reconsolidation 

time tc after installation to investigate their effects on the pullout response. As shown 

in Figure 2-16, the peak 1 resistance clearly follows an increasing trend with 

increasing de,t, reflecting the increase in soil strength with anchor embedment depth 

(tests T1, T2, T4 and T5; tc = 6.17 months; Table 2-2). The second peak generally 

increases with de,t although with exception from the test with de,t =13.95 m. The slight 

variation of peak 2 may be caused by the different degree of soil remoulding during 

keying that could be different to some extent from case to case. For reconsolidation 

time (tests T2, T6 and T7; de,t = 13.95~14.09 m; Table 2-2; Figure 2-17), as expected, 

the pullout resistance is higher with longer tc. Compared with pullout immediately 
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after the installation (test T6), the pullout resistance increases by 4.4% after about half 

year (test T2) and 6.7% after about one year (test T7). Note for test 7, the pulling cable 

was broken near the padeye at a pullout distance of ~ 9.0 m.  

 
Figure 2-17. Effect of reconsolidation time (tc) on vertical extraction resistance 

(tests T2, T6 and T7; de,t = 13.95~14.09 m; Table 2-2) 

2.6.2 Inclined loading 

The vertical loading discussed in the previous section is mainly used for tension leg 

moorings. However, the loading angle varies with mooring type. For catenary and taut 

leg moorings, the pullout angle at the mudline, θ0, are respectively 0~15 and 35~55 

to the horizontal. Therefore, the anchor was further extracted at θ0 = 0, 15 and 45 

in an attempt to further cover the catenary and taut leg mooring systems, and to assess 

the diving potential of the fish DIA under these loading angles. The measured 

extraction resistance profiles for vertical and inclined (θ0 = 0, 15 and 45) loadings 
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are presented in Figure 2-18 to evaluate the effect of the mudline load inclination as tc 

are identical and de,t are very similar (tests T2 and T8~10; Table 2-2).  

 
Figure 2-18. DIA pullout resistance under inclined loading at mudline (tests T2 

and T8~T10; Table 2-2) 

The form of keying-pullout resistance profiles for inclined loadings are very similar 

to that for vertical loading. However, critically, the 2nd peak resistance dictates the 

capacity instead of the 1st peak, and the pullout distances for keying and mobilising 

the peaks are longer. The former one is caused by the domination of bearing resistance 

and horizontal force component instead of frictional resistance and vertical component. 

The longer distance is attributed the fact of the initial vertical chain progressively 

cutting through the soil and developing an inverse catenary shape.  

The capacities at both peaks increase with decreasing load inclination. Notably, for θ0 

= 0 and 15, the capacity reaches 5.1Wd and 6.18Wd respectively, which is nearly 
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double of that of a torpedo anchor (3.29Wd, see Hossain et al., 2015). Both the higher 

2nd peak capacity and longer dragging distance under lower load inclination suggest 

the anchor dove, as confirmed by manually measured anchor embedment with a probe 

stopping the centrifuge momentarily during loading (measured location is indicated in 

Figure 2-18 by a drop in the resistance profile). The normalised padeye embedment 

depth de,p/LA increased, compared with the depth after installation, from 0.92 to 1.15 

for θ0 = 0 case and 0.86 to 1.03 for θ0 = 15 case. These correspond to a gain of 

embedment δz/LA of 17.0~23.4% after diving. In contrast, Wei et al. (2015) noted that 

with the tip embedment of 1.4~2LA, the OMNI-Max DIA pulled out of the seabed, 

without diving in calcareous silt, even for mooring mudline inclinations as low as θ0 

= 1~10. 

The adherence of soil along the anchor was recorded after each extraction test and 

shown in Figure 2-19. As θ0 decreases, more silt material adhered to the extracting 

side of the anchor, especially around the head part. It reflects a much longer travel 

distance and more disturbed zone along the trajectory under lower θ0, contributing to 

the higher holding capacity.   

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 2-19. Adherence of silt on extracting DIA under various angles at 

mudline: (a) θ0 = 90, (b) θ0 = 45, (c) θ0 = 15 and (d) θ0 = 0 (tests T5 and 

T8~T10; Table 2-2) 

2.6.3 Comparison of anchor capacity 

This section compares the pullout capacity of the fish DIA in calcareous silt with 

existing data for torpedo DIA in calcareous silt. The net holding capacity FN (= F - 

Wss) was divided into horizontal (FN,h) and vertical (FN,v) components according to the 
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load inclination at the padeye, θa, which was calculated by using the Neubecker and 

Randolph (1995) approach. For the fish DIA, calculated θa = 18, 23 and 55 

correspond to θ0 = 0, 15 and 45 respectively. For the torpedo DIA tested by Hossain 

et al. (2015), θa is considered to be similar to θ0 due to relatively shallow embedment 

depths of the padeye. On FN,v - FN,h space (Figure 2-20a), interestingly the elliptical 

failure envelope (i.e. FN,v reduces with increasing FN,h and decreasing θa) for the 

torpedo DIA (which is also consistent for pile foundations and suction caissons) turns 

to increasing FN,v with increasing FN,h and reducing θa trend for the fish DIA within 

the measured range. This reflects that the growth of FN outweighs the decompose 

effect. For instance, for the fish DIA, FN increases 4.8 times from θa = 90 to 23, 

resulting in an increase of FN,v equal to 4.8 × sin23 = 1.9 times. In contrast, for the 

torpedo DIA, FN increases 2.1 times from θa = 90 to θa = 15, leading to a rise of FN,v 

equals to 2.1×sin15 = 0.54 times.  

As shown in Figure 2-20a, the net holding capacities of the fish DIA are in the range 

of 768~1462 kN for the vertical component and 0~4401 kN for the horizontal 

component. In Figure 2-20b, the net holding capacities FN,v and FN,h are normalised 

by the DIA (corresponding effective) total  surface area As and side projected area Ap,s, 

respectively, and the average undrained shear strength su,av over the DIA length after 

installation. The normalised vertical and horizontal capacities of the fish DIA are 4.0 

and 5.6 times of those of the torpedo DIA.  
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(a) 

 
 (b)  

 Figure 2-20. Comparison of holding capacity for fish and torpedo DIA in 

calcareous silt: (a) net capacity; (b) normalised capacity 
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2.7 Concluding remarks 

This chapter has reported results from centrifuge model tests undertaken to assess the 

embedment and capacity response of a novel dynamically installed fish anchor in 

calcareous silt. The main findings from this study are summarised below. 

• Dynamic installation: For impact velocity of vi = 17.23 ~ 22.48 m/s, the fish 

DIA tip embedment was about 1.02~1.43LA. The normalised tip embedment 

depth ((soil effective unit weight × tip embedment depth) / (anchor weight in 

water / anchor projected area)) of the fish anchor was 0.32~0.45 compared to 

0.11~0.15 for model torpedo anchors and 0.15~0.20 for model OMNI-Max 

anchors in calcareous silt. A simple non-dimensional model (Figure 2-10), a 

total energy-based model (Eq. 2-4) and a conventional shear resistance model 

(Eq. 2-5) were found to be adequate to predict the embedment depths. 

• Holding capacity under vertical loading: The response profile showed two 

peaks. Under vertical loading at the mudline, the first peak resistance was 

greater and in the range of 1.49~1.79 times the dry weight. The capacity at the 

2nd peak corresponded to 1.37~1.60 times the dry weight. For a given mooring 

loading conditions, the anchor design can be optimised, minimising the cost, 

if the capacity at the 2nd peak is sufficient. In general, the capacity increased 

with increasing embedment depth and reconsolidation time. 

• Keying and diving under inclined loading: Under inclined mudline loading (θ0 

< 45), the fish anchor dove in as opposed to lifting off of the torpedo DIA. 

• Holding capacity under inclined loadings: Under inclined mudline loading (θ0 

≤ 45), the vertical component of the capacity of the fish DIA increased with 

increasing horizontal component and θ0 as opposed to decreasing as was the 
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case for a torpedo DIA. The normalised holding capacities of the fish DIA 

were 4.0 and 5.6 times of those of the four-fin torpedo DIA. 
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CHAPTER 3 CYCLIC CAPACITY AND DIVING 

POTENTIAL OF NOVEL FISH ANCHOR IN 

CALCAREOUS SILT  

ABSTRACT 

This chapter reports the performance of a novel dynamically installed fish anchor 

under cyclic operational loading in calcareous silt. The investigation was carried out 

through a series of centrifuge model tests. The results demonstrate that the pullout 

capacity of the fish DIA subjected to cyclic loading is dependent on the combination 

of cyclic mean load, cyclic load amplitude and number of cycles. A design contour is 

proposed for estimating the anchor capacity under various magnitudes of cyclic load. 

The evolution of anchor displacement, inclination and excess pore pressure are 

quantified and their influences on the fish DIA capacity are highlighted. With the tip 

embedment depth of 1.02~1.43 times the anchor length during dynamic installation, 

the fish anchor was found to dive in calcareous silt for mooring mudline inclinations 

< 45 under both monotonic and cyclic operational loadings. While by contrast, the 

OMNI-Max anchor with tip embedment of 1.4~2 times the anchor length did not dive 

for inclinations as low as 1~10. As such, the fish DIA has the potential for efficient 

anchoring to allow economic development of oil and gas reserves in deep water with 

calcareous seabed sediments.  
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3.1 Introduction 

3.1.1 Dynamically installed anchors and cyclic loading capacity  

The progression of offshore developments beyond the immediate continental shelf into 

deep and ultradeep waters has necessitated to develop novel anchoring concepts. This 

is because conventional anchoring solutions, such as piles and suction caissons, 

require an external energy source for installation (such as hammering for piles or 

pumping out water for suction caissons), and are therefore expensive and water depth 

sensitive (cost increases spirally with water depths). Recently, dynamically installed 

anchors (DIAs) have been developed. These are installed through free-fall dropping 

through the water column and then penetrating into the seabed by the accumulated 

kinetic energy and submerged anchor weight (Medeiros, 2002; Lieng et al., 2010; 

O’Loughlin et al., 2013). This necessitates no external energy sources and hence the 

installation is water depth insensitive (i.e. can be applied in any water depths) and 

cost-effective.  

Thus far, torpedo and OMNI-Max DIAs (Figure 3-2a) have been installed successfully 

in normal clayey seabeds in water depths to nearly 1400 m with achieved tip 

embedment depths in soil of 1.5~3 times the anchor length (offshore Brazil, the Gulf 

of Mexico, the North Sea; Brandão et al., 2006; Zimmerman et al., 2009; Lieng et al., 

2010). The padeye is located at the top of the torpedo anchor and at around the 2/3 

height of the OMNI-Max anchor. The padeye location of the OMNI-Max anchor was 

chosen so as to cause the anchor to dive as the load is increased, leading to increasing 

capacity (Shelton, 2007; Zimmeman et al., 2009).  

Generally, the anchoring systems for floating structures are subjected to both static 

and sustained or cyclic loading due to the influence of wind, waves and currents 
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(Randolph, 2012; Andersen et al., 2013). The environmental cyclic loads can be 

categorised into two types: a) extreme conditions, dominated by a few critical cycles 

of high frequency loads arising from storms and hurricanes; b) normal service 

conditions, dominated by a very large number of relatively low frequency cycles 

originating from tides and moderate sea states (El-Gharbawy & Olson, 1999). The 

cyclic loading episodes are characterised by mean load (FM), amplitude (FA) and 

number of cycles (N). The mean load refers to the average load imposed on the object 

during the cyclic loading sequence, whilst the cyclic load amplitude is defined as the 

maximum variation from this average load (see definitions in Figure 3-1). Cyclic loads 

have influence on the mobilised/operational shear strength and deformation of the soil, 

and hence the ultimately capacity of anchors (Andersen, 2015). The change of an 

anchor capacity during or after cyclic loading is usually evaluated according to 

 
𝑅c =

𝐹cyc − 𝐹mon

𝐹mon
  ×  100  (%) (3-1) 

where Rc is named as capacity ratio, Fcyc and Fmon are the anchor capacity under post-

cyclic monotonic loading and pure monotonic loading respectively.  

For suction caissons under vertical cyclic loading (mudline load inclination 0 = 90) 

in clay, Clukey et al. (1995; diameter D = 15 m, length to diameter ratio L/D = 2.0, 

FM and FA = 13.6~43.4%, N = 500 at each cyclic loading episode) and Chen & 

Randolph (2007; D = 3.6 m, L/D = 4.0, FM and FA = 22~47.5%, N = 50 at each cyclic 

loading episode) reported that the capacity in clay decreases, with capacity ratio Rc 

being -11~-39% and -14~-28%, respectively. For suction caissons under lateral 

loading (0 = 0) in normally consolidated and overconsolidated calcareous silt, 

Randolph et al. (1998) also reported a lower post-cyclic monotonic capacity compared 

to pure monotonic capacity (D = 5.5 m, L/D = 2.3, FM = 27~55%, FA = 22~45%, N = 
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100~200). For caisson anchors with the lid at the soil surface, shallow soil failure 

mechanisms (along with the potential for forming a gap behind the caisson for lateral 

loading) and cyclic degradation of the strength of the soil surrounding the caisson 

dominated the behaviour. 

 

Figure 3-1. Definitions of cyclic loading 

In contrast, for a plate anchor and a spudcan foundation embedded deeply to a depth 

of three times the anchor width or spudcan diameter in clay, the post-cyclic monotonic 

pullout capacity has been found to be greater than the pure monotonic capacity, with 

Rc being 10 ~ 27.9% for the plate anchor (Chen, 2017; 0 = 45, FM = 45.1~48.2%, FA 

= 10.3~27.9%, N = 500) and 50% for the spudcan (Kohan et al., 2016; 0 = 90, FM = 

19~72%, FA = 4~34%, N = 5000). This increase of capacity was thought to be caused 

by the mobilisation of deep failure mechanisms around the deeply embedded plate 

anchor or spudcan and reconsolidation during the partially drained cyclic loading 

episode. 
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For DIAs, no investigation was carried out on cyclic loading capacity apart from some 

data presented by Richardson (2008) for a finless torpedo DIA in clay (D = 1.2 m, LA 

= 15 m). The vertical (0 = 90) pullout cyclic loading was applied at a minimum and 

maximum load level of 50% × Fmon and 80% × Fmon, respectively (FM = 65~80%, FA 

= 5~10%, N = 60~240). Post-cyclic monotonic tests resulted Rc in the range of -2~9%. 

Due to the limited number of data, it is hard to separate the individual effect of cyclic 

load parameters such as cyclic mean load, cyclic load amplitude and number of cycles. 

Critically, the influence of cyclic loading episodes is yet to be explored in calcareous 

sediments, which have been identified as problematic due to the special characteristics 

e.g. high carbonate content (70~95%), high in situ void ratio, and high sensitivity (Mao 

& Fahey, 2003; Coop et al., 2004; Sharma & Ismail, 2006; Boukpeti & White, 2011; 

Miao & Airey, 2013; Koh et al., 2017). The DIA tip embedment depth in calcareous 

silt has been found to be nearly half of that in clay due to high dilation-induced bearing 

and shaft resistance (Hossain et al., 2015; Wei et al., 2015). And with that tip 

embedment of 1.4~2 times anchor length, during subsequent loading, the OMNI-Max 

DIA pulled out of the seabed, without diving, even for mooring mudline inclinations 

as low as 1~10 (Wei et al., 2015). 

3.1.2 Aim of this chapter  

Chapter 2 introduced a novel fish DIA and reported dynamic installation and 

monotonic capacity in calcareous silt. This chapter focuses on the cyclic loading 

capacity of the fish DIA in calcareous silt. A series of centrifuge model tests were 

carried out, varying cyclic mean load, cyclic load amplitude, number of cycle and 

pullout inclination at the mudline. Of particular interest has been the evolution of 

excess pore pressure and anchor inclination during cyclic loading and post-cyclic 
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monotonic capacity compared to pure monotonic capacity. The diving potential of the 

fish DIA has been emphasised.  

3.2 Centrifuge modelling 

3.2.1 Instrumented model anchor 

A novel fish DIA (see Figure 3-2) was used in this study (Hossain et al. 2017; patent 

number: 10-2017-0018688). The model fish anchor used in current centrifuge tests 

was the same as the one adopted in Chapter 2 but with slightly different anchor mass 

due to different arrangement of sensors. Here, the model anchor has a dry weight (Wd) 

of 0.33 N, corresponding to a prototype value of 785.8 kN at the adopted centrifuge 

acceleration of 133.3g. More details about the fish DIA geometry and dimensions are 

presented in Figure 3-2 and Table 3-1.  

Two single-axis micro-electro-mechanical system (MEMS) accelerometers (Analog 

Devices ADXL001) with a full-scale range of ±500g in one axis and ±250g in the 

second (orthogonal) axis were embedded within an epoxy-filled void in the shaft (see 

Figure 3-2b). Anchor motion response (velocity and position) during free-fall and 

embedment in soil was interpreted from the ±500g MEMS measurements following 

the methodology presented by O’Loughlin et al. (2014b), whilst anchor rotation angle 

during loading was interpreted from both accelerometers as the accelerometer output 

on each axis varied sinusoidally with rotation angle. The model anchor was also 

instrumented with a pore pressure transducer (PPT) that was installed at the opposite 

side of the padeye and 15 mm away from the anchor tip (see Figure 3-2b). The mooring 

line was modelled using a 1 mm stainless steel wire to ensure adequate strength of the 

mooring cable with the exception of the first three vertical pullout tests (M1, C2 and 

C3; Table 3-2) for which a braided fishing line was used.  
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(a) 

 

(b) 

Figure 3-2. Dynamically installed anchors: (a) schematic diagram of torpedo, 

OMNI-Max and fish DIA; (b) centrifuge model fish DIA 
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(a) 

 
(b) 

Figure 3-3. Experimental arrangement in centrifuge: (a) photograph before a 

horizontal pullout test; (b) schematic representation  
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Table 3-1. Details of fish DIA 

Quantity Symbols 
Dimensions 

Model Prototype 

Anchor length LA 82.5 mm 11.0 m 

Equivalent shaft diameter DA 13.88 mm 1.85 m 

Equivalent anchor diameter 

(including fins and padeye) 
DP 15.60 mm 2.08 m 

Anchor tip projected area Ap,t 191.4 mm2 3.4 m2 

Anchor side projected area Ap,s 1181.8 mm2 21.0 m2 

Anchor volume VA 6079.6 mm3 14.4 m3 

Dry weight Wd 0.33 N 785.8 kN 

Submerged weight in water Ws 0.27 N 644.5 kN 

Submerged weight in soil Wss 0.25 N 599.7 kN 

Padeye offset ep 8.55 1.14 

Padeye eccentricity en 13.5 1.8 

Padeye offset ratio  0.63 0.63 

3.2.2 Testing details 

The centrifuge test program is summarised in Table 3-2. A total of 10 tests were 

performed at an acceleration of 133.3g in the beam centrifuge at the University of 

Western Australia (Randolph et al., 1991). All tests were carried out along the centre 

line of the three narrower sample boxes, with internal dimensions of 598 × 117 × 300 

mm (representing a prototype test bed of up to 80 m long by 16 m wide by 40 m deep), 

interchanging the sample boxes in the standard strong box so that the test box was in 

the middle (see Figure 3-3a).  

The centrifuge test setups for both anchor installation and pullout are shown in Figure 

3-3. The anchor was dynamically installed through a vertical installation guide, with 

the anchor velocity being measured through eight Photo Emitter Receiver Pairs 

(PERPs) located on the lower end of the installation guide. For all tests, the anchor 

was dropped from an identical drop height to achieve similar impact velocity and 

hence embedment depth. After allowing reconsolidation for 15 mins (0.5 years in 
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prototype scale), the anchor was extracted by applying either cyclic or monotonic 

loading using a cord-pulley system. More details can be found in O’Loughlin et al. 

(2004) and Hossain et al. (2015). 

Electronic actuators with two degree of freedom (horizontal and vertical) was used in 

the extraction test programme (Figure 3-3). Powered by 30 V DC variable speed servo-

motors, the actuators have maximum horizontal and vertical strokes of 180 mm and 

250 mm respectively. Both axes have a maximum velocity of 3 mm/s and 

displacements are monitored using high resolution optical encoders. The actuators 

provide loading capabilities of 2 kN horizontally and 6.5 kN vertically. Control 

software enables the actuators to perform both monotonic and cyclic loading under 

either displacement or load control conditions. 

As reference cases, two monotonic pullout tests were performed at two different 

pullout angles at the mudline (0 = 0o and 90o, 0 is the mudline pullout angle; tests 

M1 and M2; Table 3-2). The tests were carried out using the displacement control 

system. A constant extraction rate of v = 1 mm/s was selected to ensure undrained 

conditions (V = vDA/cv ≈ 70.6 > 30; Finnie & Randolph, 1994).  

Eight cyclic pullout tests were conducted varying loading sequences using the load 

control system (tests C1~C8; Table 3-2). The mean load (FM) and amplitude (FA) of 

the cyclic loads were specified as proportions of the maximum capacity measured in 

the corresponding reference monotonic loading test (Fmon). The mean load refers to 

the average load imposed on the anchor during the cyclic loading sequence, whilst the 

cyclic load amplitude is defined as the maximum variation from this average load (see 

definitions in Figure 3-1). Each cyclic load test involved an initial monotonic loading 

state using the displacement control system at 1 mm/s to a designated load level ((FM 
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- FA) × Fmon) before starting the cyclic loading episode ((FM ± FA) × Fmon) using the 

load control system. If the anchor did not fail during the cyclic loading episode, the 

anchor was subsequently loaded monotonically using the displacement control system 

at 1 mm/s to measure the post-cyclic monotonic capacity. 

The model anchor was subjected to one-way cyclic tensile loading only to represent 

mooring lines for single floating unit. The cyclic loading tests were performed using 

a sinusoidal wave form at a frequency of 0.5 Hz. The corresponding period is about 

10 hours in prototype that is close to the period of a typical tide (12 hours). The 

frequency was limited to 0.5 Hz to ensure a good control of the load applied and the 

application of accurate cyclic sequences. 

3.2.3 Soil sample 

The anchor tests were performed in samples of lightly overconsolidated calcareous silt. 

Preparation of the soil samples followed the methods described in Hossain et al. 

(2015). Undrained shear strength profiles of the samples were assessed in-flight using 

a model T-bar penetrometer with model dimensions of 5 mm in diameter and 20 mm 

in length. Typical undrained shear strength profile, interpreted from the T-bar 

resistance using the analysis method suggested by White el al. (2010) with a deep 

bearing factor of NT-bar = 10.5 and accounting for the non-uniform acceleration field 

with sample depth, are shown in Figure 3-4a. The strength profiles on three boxes are 

consistent and may be idealised linearly increasing with depth as su = 1 + 2.1z kPa.  

Additionally, cyclic sequences T-bar tests were also performed to assess the fully 

remoulded strength and hence the soil sensitivity. Figure 3-4b presents the measured 

degradation of soil strength against number of cycles, together with the theoretical 

degradation response calculated using the method suggested by Einav & Randolph 
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(2005), which indicates a soil sensitivity, St = 3.8~4.3. Post-test measurements of 

water content indicated that the effective unit weight (γ') profiles increases linearly 

with depth according to γ' = 5.38 + 0.018z kN/m3 (averaged value over the anchor 

penetration depth is 5.5 kN/m3). 

Note, unless stated otherwise, data in equivalent prototype scale or in 

normalised/dimensionless form will be used for the remaining part of this chapter. 

3.3 Results and discussion  

In this section, the anchor installation was briefly discussed first, followed by the 

reference monotonic pullout tests. Cyclic pullout tests with both vertical and 

horizontal mudline loading angle were then discussed to investigate the effects of 

cyclic mean load, cyclic load amplitude and number of cycles on the pullout 

performance. At the end, the anchor diving behaviours were analysed. 

3.3.1 Anchor installation 

A total of 10 dynamic installation followed by either monotonic or cyclic pullout tests 

were conducted. All the results are summarised in Table 3-2. The fish DIA was 

dropped from an identical drop height of 37.9 m, and the achieved impact velocities 

(at impacting the seabed, vi) lied in a narrow range of 21.72~22.48 m/s. The achieved 

tip embedment depths (de,t) were from 13.35 to 15.52 m, corresponding to normalised 

depths of 1.24LA~1.43LA. Chapter 2 used the same model fish DIA and reported de,t 

of 10.98~15.45 m (1.02LA~1.42LA) for a wider range of vi = 17.23~21.96 m/s 

(compared to 21.72~22.48 m/s), lower undrained strength of su = 1 + 1.6z kPa 

(compared to su = 1 + 2.1z kPa) and lower sensitivity of St = 3.0 (compared to St = 

3.8~4.3). Similar de,t  for similar vi between these two series of tests suggests that the 
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effect of higher su on de,t was compensated by higher St. More details about the fish 

DIA installation can be found in Chapter 2. 

            

(a) 

 

(b) 

Figure 3-4. Results from T-bar tests: (a) undrained shear strength profiles; (b) 

undrained shear strength degradation during T-bar cyclic sequence 
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Table 3-2. Summary of centrifuge model tests conducted 

Tests 

Impact 

velocity, vi 
Tip embedment, de,t 

de,t /LA 

Tilt angle 

after 

installation 

θt: degrees, 

Mudline 

load 

inclination, 

θ0: degrees 

Cyclic loading parameters 
Holding capacity: 

peak 1 

Holding capacity: 

peak 2 

Capacity 

ratio 

Model = 

Prototype: m/s 

Model: 

mm 

Prototypea: 

m 

Mean load, 

FM: % 

Amplitude, 

FA: % 

Numbers, 

Ncyc 
F: kN F/Wd F: kN F/Wd Fcyc/Fmon 

M1 22.48 118 15.52 1.43 6.7 90 - - - 1826.6 2.3 1446.4 1.8 - 

M2 21.72 100 13.08 1.21 5.8 0 - - - 4666.1 5.9 5625.6 7.2 - 

C1 21.98 110 14.43 1.33 7.8 90 35 15 200 2183.8 2.8 1556.2 2.0 1.20 

C2 21.98 112 14.70 1.36 11.7 90 50 15 200 1996.7 2.5 1466.8 1.9 1.09 

C3 21.98 110 14.43 1.33 10.3 90 65 15 200 1854.7 2.4 1529.2 1.9 1.02 

C4 22.48 100 13.08 1.21 8.6 90 50 5 200 1989.4 2.5 1368.2 1.7 1.09 

C5 21.98 105 13.75 1.27 10.7 90 50 25 200 1464.0 1.9 - - 0.80 

C6 22.23 102 13.35 1.24 8.2 0 

35 

50 

65 

15 

15 

15 

100 

100 

100 

4950.9 6.3 6425.1 8.2 1.14 

C7 21.72 103 13.48 1.25 - 0 50 15 1000 5513.3 7.0 6713.1 8.5 1.19 

C8 21.72 103 13.48 1.25 - 0 50 15 50 4743.0 6.0 5660.9 7.2 1.01 

a Accounting for variation in acceleration level with sample depth. 
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3.3.2 Monotonic loading tests  

In this study, vertical (θ0 = 90) and horizontal (θ0 = 0) mudline load inclinations were 

adopted to represent the tension leg mooring and catenary mooring, respectively.  

3.3.2.1 Monotonic loading tests with vertical mudline loading angle 

The evolution of pullout resistance, F, and corresponding anchor tip inclination angle, 

in, for vertical (0 = 90o) monotonic pullout test M1 (Table 3-2) are plotted together 

in Figure 3-5a. Schematic diagrams of anchor rotations at four critical points are also 

included for visual understanding of in. The resistance increases sharply upon pullout 

towards its peak capacity Fmon = 1826.6 kN (= 2.3Wd) within a distance of 2.4 m. This 

increase in resistance was mainly due to the tightening of the mooring line and the 

mobilisation of frictional resistance. Anchor inclination changed only minimally to in 

= 93.5o. After the initial peak, the anchor started to rotate around the padeye to align 

perpendicular to the mooring line, resulting in a dramatic decrease in in. This is 

termed as keying process. Reduced anchor resistance is observed during keying as the 

anchor rotated and moved into disturbed zone (O’Loughlin et al., 2014a). At a distance 

of about 8 m, the pullout resistance turns to a steady increase towards its 2nd peak, 

which was mainly due to the larger bearing resistance from the increasing anchor 

projected area normal to the mooring line at the end of the keying process. After that, 

the resistance reduces gradually due to continual rotation of the anchor as it was pulled 

towards and eventually out of the soil surface. The suction beneath the anchor was 

suddenly lost and the capacity become approximately equal to the submerged weight 

of the anchor (Ws = 644.5 kN) plus the weight of the attached soil above the anchor. 
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(a) 

 

(b) 

Figure 3-5. Results for test M1 under vertical monotonic loading: (a) pullout 

resistance and anchor inclination; (b) total and excess pore pressure 
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Total pore pressure during pullout was monitored using a PPT embedded at the trailing 

side of the anchor (see Figure 3-2b). Excess pore pressure was calculated by deducting 

the current hydrostatic pressure, accounting for the changes of anchor embedment 

depth and inclination, from measured total pore pressure. Figure 3-5b presents curves 

of both total and excess pore pressure as a function of pullout distance. The initial total 

pore pressure prior to anchor extraction was measured as 171.8 kPa, which is close to 

the calculated hydrostatic pressure of 170.1 kPa, and then dropped quickly to 17.3 kPa 

after load being applied. This reduction corresponds to the development of negative 

excess pore pressure (suction) as the total stress in the soil at the trailing side of the 

anchor decreased with increasing anchor movement. Excess pore pressure decreased 

continually slightly after the peak resistance with the progress of anchor rotation. 

Consolidation is not expected during the whole monotonic pullout process because the 

loading rate was fast enough to ensure undrain conditions, as noted previously. 

3.3.2.2 Monotonic loading tests with horizontal mudline loading angle 

The evolution of loading resistance, F, and corresponding anchor tip inclination angle, 

in, for horizontal (0 = 0o) monotonic loading test M2 (Table 3-2) are shown in Figure 

3-6a. In contrast to vertical pullout, the resistance rises slowly after applying extraction 

force. This is because the initial vertical chain progressively cut through the soil 

laterally and formed an inverse catenary shape. Once the anchor chain was fully 

tautened, the anchor started to rotate with the resistance increasing sharply to its 1st 

peak. After the keying process during which the anchor resistance drops slightly and 

inclination reduces sharply, the pullout resistance starts to increase and maintains a 

very gradual increasing trend until the maximum driving length of the actuator was 

achieved. Therefore, the resistance of 5625.6 kN (= 7.2Wd) mobilised at the end of 

extraction was selected as the horizontal monotonic pullout capacity, Fmon.  
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(a) 

 

(b) 

Figure 3-6. Results for test M2 under horizontal monotonic loading at mudline: 

(a) pullout resistance and anchor inclination; (b) total and excess pore pressure 
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The continuous increase of anchor capacity in test M2, in contrast to decrease like test 

M1 (Figure 3-5a), indicates that the fish DIA dived into deeper and stronger soil.  This 

is also confirmed by the continual increase total pore pressure (Figure 3-6b) rather 

than reducing to zero as like Figure 3-5b. More details about the diving behaviour are 

given later. It should be noted that the excess pore pressure for the horizontal pullout 

tests was calculated with reference to the hydrostatic pressure prior to extraction 

because the anchor embedment depth under horizonal loadings was unknown. As a 

result, the excess pore pressure was overestimated during the keying process along 

with the loss of embedment and underestimated during the diving process along with 

the increase of embedment. 

3.3.3 Cyclic loading tests 

This section analysed the anchor extraction performance under cyclic loading. Cyclic 

loading sequences were adopted varying mean load (FM), load amplitude (FA) and 

number of cycles (Ncyc), which are schematically shown in Figure 3-7 and summarised 

in Table 3-2. The range of FM = 35~65%, FA = 5~15%, and N = 50~1000 have been 

selected from the typical practical range for short term cyclic loading (Clukey et al., 

1995; Randolph et al., 1998; Chen & Randolph, 2007; Richardson, 2008; Kohan et 

al., 2016; Chen, 2017). 
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(a) 

 

(b) 
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(c) 

Figure 3-7. Schematic cyclic loading profiles: (a) varying mean load (tests 

C1~C3; Table 3-2); (b) varying load amplitude (tests C2, C4, C5; Table 3-2); (c) 

varying number of cycles (tests C6~C8; Table 3-2) 

 

3.3.3.1 Effect of cyclic mean load 

The effect of cyclic mean load (FM) was investigated, varying FM = 35%, 50% and 

65%, but keeping the other cyclic parameters such as load amplitude (FA = 15%) and 

number of cycles (N = 200) constant (tests C1~C3; Table 3-2; Figure 3-7a). Figure 3-8 

shows the pullout resistance profiles for both cyclic tests and corresponding 

monotonic test M1 with 0 = 90o. The normalised pullout resistance, F/Fmon (where 

Fmon = peak capacity from test M1 in Figure 3-5a) is presented as a function of drag 

distance, U. The general responses under cyclic loadings are consistent, and the post-

cyclic pullout capacities (Fcyc) are higher than the reference monotonic capacity (Fmon) 

within the measured range. This gap reduces as the mean load (FM) increases. As 
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discussed later, higher mean load resulted in larger displacement during the cyclic 

loading episode. 

 

Figure 3-8. Effect of mean load on vertical pullout resistance-distance response 

In Figure 3-9, the measured capacity ratios (Rc; defined in Eq. 3-1) are plotted against 

cyclic mean load level. Data from vertical cyclic pullout tests on a finless torpedo DIA 

in kaolin clay (Richardson, 2008) are also included for comparison. The corresponding 

cyclic load amplitudes (FA) for each test are shown in bracket. Although these data are 

from two different DIAs and soils, there is a clear and consistent trend that the capacity 

ratio decreases with increasing mean loads and remains positive for FM ≤ 65%. For 

FM = 35%, the capacity was increased by 19.3%, which reduced to -2% for FM = 75%. 

Note, this negative capacity ratio for high cyclic mean load is from a single test in clay 

reported by Richardson (2008). 
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Figure 3-9. Effect of mean load on vertical pullout capacity 

For further examining the effect of mean load (FM), the results from tests C1~C3 

(Table 3-2) are plotted against number of cycles in Figure 3-10. It is evident that both 

accumulated displacement (Figure 3-10a) and anchor rotation (e.g. 90o - in; Figure 

3-10b) increases with FM. Contrary to monotonic tests, consolidation has occurred 

during the cyclic load tests. For example, the accumulated displacement after 200 

cycles (the duration is 400 s in model scale) for test C1 (FM = 35%), C2 (FM = 50%) 

and C3 (FM = 65%) was 0.12, 0.6 and 1.7 m respectively (see Figure 3-10a), leading 

to an equivalent normalised velocity V = vDA/cv of 0.15, 0.77 and 2.24. All the 

normalised extraction velocities fall within the partially drained conditions range of 

0.1~10, as suggested by Han et al. (2016), indicating consolidation occurred during 

the cyclic loading episodes. The occurrence of soil consolidation is consistent with the 

measured increase of negative excess pore pressure after about 20~30 cycles, as shown 
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in Figure 3-10c. The higher mean load (FM) resulted in the development of higher 

excess pore pressure (u), which led to lower effective stresses and hence relatively 

lower anchor capacities (see Figure 3-8). The increased post-cyclic monotonic anchor 

capacity compared to pure monotonic capacity for the embedded (de,t/LA = 1.33~1.36) 

fish DIA is analogous to the previously reported findings for deeply embedded (three 

times the width or diameter) plate anchor (Chen, 2017) and spudcan (Kohan et al., 

2016) in clay. 

 

(a) 
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(b) 

 

(c) 

Figure 3-10. Results for tests with varying mean load (tests C1~C3; Table 3-2): 

(a) normalised displacement; (b) anchor inclination; (c) excess pore pressure 
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3.3.3.2 Effect of cyclic load amplitude 

In order to investigate the effect of cyclic load amplitude (FA) on the vertical pullout 

capacity, three cyclic pullout tests C2, C4 and C5 (Table 3-2) were carried out varying 

amplitudes of FA = 5%, 15% and 25%, but with identical mean load and number of 

cycles (FM = 50% and N = 200; Figure 3-7b).  The normalised pullout resistance 

profiles for the three cyclic tests are compared with that for the reference monotonic 

test M1 in Figure 3-11. For small (test C4, FA = 5%) and moderate (test C2, FA = 15%) 

amplitude cases, the development of anchor displacement was relatively small, which 

means the failure did not occur during the cyclic loading. The post-cyclic capacities 

for C2 and C4 are also very similar (around 109% of Fmon). However, the large 

amplitude cyclic loading case (test C5, FA = 25%) resulted in a displacement as large 

as 8.7 m and a remarkably low capacity, 80.1% of Fmon.  

 

Figure 3-11. Effect of cyclic load amplitude on vertical pullout resistance-

distance response 
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Figure 3-12 compares the capacity ratios (Rc) of two different DIAs (e.g. fish DIA and 

finless torpedo DIA) under different cyclic load amplitudes (FA). The corresponding 

cyclic mean loads (FM) for each test are shown in bracket. Again, the two types of 

DIAs follow a similar pattern despite the limited number of tests. Compared to that 

under pure monotonic loading, the post-cyclic pullout capacity (Fcyc) is higher with Rc 

= 0~9.3% for relatively low amplitude (FA ≤ 15%). However, it becomes lower (Rc = 

0~-20%) for higher amplitudes of FA > 15%. By comparing with the results in Figure 

3-9, it can be concluded that a decrease in cyclic mean load (e.g. Rc = 19.3% for FM = 

35%) has more influence on increasing the cyclic capacity than a decrease in load 

amplitude (Rc = 9% for FA = 5%). In contrast, a larger load amplitude (Rc = -19.9% 

for FA = 25%) has more influence on reducing the cyclic capacity than a higher mean 

load (Rc = -2% for FM = 75%).   

 

Figure 3-12. Effect of load amplitude on vertical pullout capacity 



 

Chapter 3 

92 

 

Figure 3-13 describes the relationship between the cyclic amplitude (FA) and number 

of cycles (Ncyc). For FA = 5% (test C4) and 15% (test C2), the accumulated 

displacements (Figure 3-13a) and rotations (Figure 3-13b) of the fish DIA are very 

limited, while for FA = 25% (test C5) they increase dramatically, especially after 100 

cycles. The former two tests with small displacements were under partially drained 

conditions as discussed previously, while the latter test was under nearly undrained 

condition as the normalised velocity V is as high as 10.8. As a result, the negative 

excess pore pressure increases gradually for FA = 5% and 15% after 30 cycles due to 

consolidation of the soil and that for FA = 25% keeps decreasing until large 

displacement developed after about 100 cycles, as presented in Figure 3-13c.    

 

(a) 
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(b) 

 
(c) 

Figure 3-13. Results for tests with varying load amplitude (tests C2, C4, C5; 

Table 3-2): (a) normalised displacement; (b) anchor inclination; (c) excess pore 

pressure 

3.3.3.3 Design chart of capacity ratio 

The relationship between the cyclic mean load (FM) and cyclic load amplitude (FA) is 

shown in Figure 3-14 plotting the test results from this study and Richardson (2008). 
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Among these tests, the number of cycles was constant (N = 200) in this study and 

slightly varied (N = 60~240) in Richardson (2008). The figure also includes four 

different curves with various capacity ratios (Rc = -20%~20%). The measured capacity 

ratios from the experiments are presented in bracket. This chart is divided into two 

areas, Rc < 0 and Rc > 0, each indicating where the cyclic capacity will increase or 

decrease, respectively.  It would be useful to evaluate the combined effect of FM and 

FA on the anchor capacity under cyclic loading.  

 

Figure 3-14. Contours for capacity ratio after cyclic loading 

3.3.3.4 Effect of cyclic load number 

The results so far have showed that the vertical pullout capacity of the fish DIA, which 

was influenced by the combination of soil remoulding and accumulated displacement 

as well as the consolidation developed during the cyclic loading episode. Large 

amount of soil remoulding and accumulated displacement during the cyclic loading 
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episode have allowed to reduce of the anchor pullout capacity. By contrast, an increase 

in consolidation time or number of cycles allowed the mobilised excess pore pressure 

to be dissipated, leading to higher soil strengths and hence the anchor capacity. The 

relationship between the number of cycles and consolidation effect was further 

examined here. Three horizontal cyclic loading tests (0 = 0o; tests C6~C8; Table 3-2) 

were carried out, varying number of cycles (N = 50, 300 and 1000), but keeping the 

cyclic amplitude (FA = 15%) constant. As outlined in Figure 3-7c, tests C7 and C8 

used a constant cyclic mean load (FM = 50%) whilst test C6 adopted a gradually 

increasing FM (= 35%, 50% and 65%) for every 100 cycles. Unlike the vertical cyclic 

tests, the cyclic episode started at around the lowest resistance point after the 1st 

resistance peak from the reference horizontal monotonic test (test M2;Table 3-2), 

because the horizontal anchor capacity will be dictated by the anchor behaviour after 

the keying process (Gaudin et al., 2013; Chapter 2).  
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Figure 3-15. Effect of number of cycles on horizontal pullout resistance-distance 

response 

The evolution of anchor pullout resistance along the pullout distance for all the three 

cyclic tests are shown in Figure 3-15 along with the horizontal monotonic pullout 

capacity profile for test M2 (Table 3-2). Before applying cyclic loads, all the results 

are consistent, with the 1st resistance peak ranging from 4743 kN to 5513.3 kN. The 

small variation of the 1st resistance peak is probably due to the spatial inhomogeneity 

of soil properties and slight increase of soil undrained shear strength during the whole 

test span. 

Immediately after the cyclic episode, a significant rise of pullout capacity was 

observed. Clearly, this resistance peak immediately after cyclic loading is higher with 

larger number of cycles (Ncyc), which verifies the effect of soil consolidation on the 

capacity. With further extraction, the resistance drops, as the anchor moves out the 

consolidated zone, and then gradually increases again until the end of the test, 
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indicating anchor diving. To eliminate the variation of the 1st resistance peak, the net 

increase of the post-cyclic anchor capacity (Fcyc), mobilised at the end of the pullout 

test, compared to the 1st resistance peak was used. The net increase is 917.9 kN for 

test C8 (N = 50) and 1199.8 kN for test C7 (N = 1000), respectively. It confirms again 

that longer duration of cyclic loading allowed for more consolidation and therefore 

higher anchor capacities.  

 

Figure 3-16. Comparison of excess pore pressure during anchor pullout under 

monotonic loading (test M2; Table 2) and cyclic loading (test C6; Table 3-2) 
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Figure 3-17. Comparison of anchor inclination during anchor pullout under 

monotonic loading (test M2; Table 2) and cyclic loading (test C6; Table 3-2) 

The development of excess pore pressure for cyclic test C6 and monotonic test M2 are 

compared in Figure 3-16. As shown in the zoomed-in subfigure, the excess pore 

pressure dissipates quickly after applying the first cyclic loading level of FM = 35% 

and then becomes stable reflecting the balance between generation (by cyclic load) 

and dissipation (by consolidation) of the excess pore pressure. It is noticed that except 

the cyclic loading period, the excess pore pressure profiles from both monotonic and 

cyclic tests show a good match in terms of magnitude and tendency. Similarly, the 

evolution of anchor inclination, as presented in Figure 3-17, are approximately the 

same between the two contrast tests. Directly measured inclination angles at the end 

of tests also show a good agreement with the profiles interpreted from the MEMS data, 

validating the accuracy of the MEMS measurements. In summary, it can be concluded 

that the number of cycles has obvious effect on the post-cyclic anchor capacity, mainly 

due to the different degree of consolidation, and a minimal effect on the post-cyclic 
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evolution of excess pore pressure and anchor inclination, probably due to the limited 

consolidation-affected zone. 

3.3.4 Anchor diving 

The padeye is located at the top of the torpedo DIA and at around the 2/3 height of the 

OMNI-Max anchor. The padeye location of the OMNI-Max anchor was chosen so as 

to cause the anchor to dive as the load is increased, leading to increasing capacity. The 

diving of DIAs is critical to achieve adequate capacity under operational loadings in 

calcareous silt as the anchor tip embedment depth is limited compared to that in clay. 

However, Wei et al. (2015) noted that with the tip embedment of 1.4~2LA, the OMNI-

Max DIA pulled out of the seabed, without diving, even for mooring mudline 

inclinations as low as 0 = 1~10. In contrast, it is shown in Chapter 2 that the fish 

DIA dived in under monotonic loadings. This section further discusses the diving 

potential of the fish DIA under post-cyclic loadings. 

Test C6 and test C7 were the last tests conducted in two narrower sample boxes, 

allowing for excavating the soil sample and directly measuring the anchor position 

and inclination. The photographs of the excavated samples are shown in Figure 3-18 

(test C6) and Figure 3-19 (test C7). The anchor position after installation (i.e. prior to 

start of loading) was also added in the figures for better understanding of the fish DIA 

movement. Note, the measured data were presented in model scale. It clearly shows 

that the fish DIA embedment depth increased in both tests which is a direct evidence 

that the fish DIA dived. The tip embedment depth increased by 28 mm (after anchor 

traveling 210 mm horizontally) in test C6 and 37 mm (after anchor traveling 269 mm 

horizontally) in test C7, respectively. The anchor inclination of 20 for test C6 and 

12.5 test C7 at the end of loading also ensured diving, as confirmed by the resistance 
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profile in Figure 3-15. These directly measured inclination angles were included in 

Figure 3-17 to compare with the MEMS derived value, as mentioned before. 

During the tests, the catenary mooring line progressively cut through the soil, resulting 

in a non-zero loading angle at the mudline after the touchdown point where the 

catenary first touched the seabed (Lenci & Callegari, 2005) shifted to the pulley 

position. This explained the high load angle at the mudline equalling about 60 and at 

the padeye equalling 43 at the end of test C7, as can be seen from the shape of 

mooring line embedded in the soil in Figure 3-19. In addition, the profile of sensors 

cable indicates an approximate trajectory of the anchor tail that also reflects the fish 

DIA moved downward i.e. dived.  

 
Figure 3-18. Photograph of excavated centrifuge sample and schematic 

representation showing anchor position and inclination at the end of test C6  
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Figure 3-19. Photograph of excavated centrifuge sample showing anchor 

position and inclination at the end of test C7 
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Figure 3-20. Gain of embedment depth for fish DIAs under inclined loading 

Figure 3-20 shows the gain of embedment depth in calcareous silt along with the other 

measured data presented in Chapter 2. In this figure, the changes of embedment depths 

were evaluated by the anchor padeye depth. The measured embedment depth during 

diving increased nearly linearly with pullout distance to 17%~54% times anchor 

length, which is consistent between the two series of centrifuge tests.  

3.3.5 Comparison of anchor capacity 

The 1st and 2nd net peak capacities, calculated by subtracting the anchor submerged 

weight in soil Wss from peak capacity Fpeak shown in Figure 3-8, Figure 3-11, Figure 

3-15 and Table 3-2, were normalised by strength gradient k, anchor length LA and side 

projected area Ap,s. This normalisation was to eliminate the influence of different 

strength gradients and anchor geometries. The normalised net peak capacities for the 

fish DIA in this study, for the OMNI-Max DIA in Gaudin et al. (2013) and the torpedo 

DIAs in Hossain et al. (2015) are plotted in Figure 3-21. The following conclusions 
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can be drawn: (i) for horizontal (0 = 0) loading, the 2nd peak capacity is significantly 

greater than the 1st peak capacity while the reverse is true for vertical (0 = 90) 

loading; (ii) cyclic loading led to increased (post-cyclic) monotonic capacity; (iii) 

cyclic loading does not appear to affect the anchor diving potential; (iv) for vertical 

(0 = 90) loading, the fish DIA normalised monotonic (1st peak) capacity is 2.5, which 

is increased by 0.1~0.8 following cyclic loading at a maximum load level of 80 %Fmon; 

(v) for horizontal (0 = 0) loading, the fish DIA normalised monotonic (2nd peak) 

capacity is 10.4, which is increased by 0.1~2.2 following cyclic loading at a maximum 

load level of 80 %Fmon; (vi) these capacities for the fish DIA are significantly higher 

than those reported for the torpedo DIAs (0.8~1.23 for vertical loading and 1.8 for 

horizontal loading); (vii) for horizontal (0 = 0) loading, although the capacity of the 

OMNI-Max DIA is around 16% higher than the monotonic capacities of the fish DIA, 

it is similar to the cyclic capacity of the fish DIA, suggesting that the loading-

unloading cycles experienced by the OMNI-Max DIA loading test led to the higher 

(nominally monotonic) capacity. Note, in the monotonic loading test of OMNI-Max 

DIA, the anchor was unloaded and reloaded thrice through stopping centrifuge 

momentarily for manual measurement of the embedment depth (Gaudin et al., 2013).     
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(a) 

 

(b) 

Figure 3-21. Comparison of normalised net peak capacity of DIAs: (a) θ0 = 90; 

(b) θ0 = 0 
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3.4 Concluding remarks 

The performance of a novel dynamically installed fish anchor under cyclic loadings in 

calcareous silt has been investigated through a series of centrifuge tests. The main 

findings from this study are summarised below. 

• Dynamic installation: for impact velocity of vi = 17.23~22.48 m/s, the fish DIA 

tip embedment depths were 1.02~1.43 times the anchor length.    

• Effect of cyclic mean load (FM) on anchor capacity: The post-cyclic pullout 

capacities (Fcyc) were higher than the reference monotonic capacity (Fmon), and 

the gap reduced as the mean load (FM) increased. The capacity ratio decreased 

with increasing mean loads and remained positive for FM ≤ 65%. It was found 

that consolidation occurred during the cyclic loading episodes, which was 

confirmed by the measured increase of negative excess pore pressure. The 

higher mean load (FM) resulted in the development of higher excess pore 

pressure, which led to lower effective stresses and hence lower anchor 

capacities. 

• Effect of cyclic load amplitude (FA) on anchor capacity: For small and 

moderate cyclic load amplitudes of FA ≤ 15%, the development of anchor 

displacement was relatively small, the anchor did not fail during the cyclic 

loading, and the post-cyclic capacities were ~109% of the monotonic capacity. 

However, the anchor failed under a large cyclic loading amplitude of FA = 

25%, resulting in a displacement of 8.7 m and remarkably low capacity of 

80.1% of the monotonic capacity.  

• Design contours for combined effect of cyclic mean load and amplitude: A 

preliminary design chart was proposed to evaluate the combined effect of FM 

and FA on the anchor capacity under cyclic loading. However, it can only be 
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considered as a preliminary design guidance because the test data are very 

limited, especially for the range of lower cyclic mean load. Further studies are 

recommended to develop a complete database for DIAs subjected to cyclic 

pullout loading.   

• Effect of number of cycles (N): The post-cyclic anchor capacity increased with 

increasing number of cycles in the cyclic loading episode. Longer duration of 

cyclic loading allowed for more consolidation and therefore higher anchor 

capacity. 

• Diving potential: With the tip embedment depth of 1.02~1.43 times the anchor 

length during dynamic installation, the fish anchor was found to dive in 

calcareous silt for mooring mudline inclinations < 45 under both pure 

monotonic and post-cyclic monotonic loadings. 

• The normalised net capacity of the fish anchor under pure monotonic loading 

was significantly higher than obtained with the torpedo anchors regardless of 

mooring mudline inclinations, and comparable to that obtained with an OMNI-

Max anchor for mooring mudline inclination 0, after allowing for loading-

unloading cycles experienced by the OMNI-Max anchor prior to a nominally 

monotonic loading test. 
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CHAPTER 4 DEVELOPMENT OF A DYNAMIC RITSS 

METHOD WITHIN EFFECTIVE STRESS 

FRAMEWORK 

Abstract 

In this chapter, a dynamic large deformation finite element (LDFE) approach termed 

as ‘remeshing and interpolation technique with small strain (RITSS)’ is extended from 

total stress to effective stress analysis. Following the introduction of the commonly 

used LDFE approaches, the developments and applications of the RITSS method are 

discussed. To allow effective stress analysis using the dynamic RITSS, an undrained 

effective stress formulation and an effective stress-based frictional contact model are 

developed and validated. With the aid of these advancements, an effective stress-based 

dynamic RITSS approach is built in the commercial finite element (FE) package 

Abaqus. Finally, the procedure of the RITSS approach in Abaqus is presented. This 

development is to use that in analysing dynamic installation of anchor, which will be 

discussed in the next chapter. 
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4.1 Introduction of large deformation finite element method 

Many offshore geotechnical problems involve large displacement of foundation or 

anchoring elements relative to the seabed. Over the past several decades, a range of 

models have been developed using the FE theory to consider the geometric non-

linearity due to substantial changes in the geometry of the deforming body relative to 

its initial shape, as well as the material non-linearity that is an intrinsic characteristic 

of soil behaviour. According to the relative movement of mesh and materials as a 

function of time, the FE formulations used for LDFE analysis falls mainly into three 

categories, namely, pure Lagrangian approach, pure Eulerian approach and in-between 

approach. 

4.1.1 Pure Lagrangian approach 

In the simulation using purely Lagrangian formulation (Figure 4-1a), the nodes of the 

element mesh move together with the motion of the material during analysis. 

Therefore, it necessitates relatively simple governing equations and allows for precise 

tracking of boundary surfaces. Depending on the selection of the reference 

configuration for the movements, the Lagrangian finite element approach focusing on 

the modelling of geotechnical problems are divided into two categories: Total 

Lagrangian (TL) approach and Upated Lagrangian (UL) approach. In the TL approach 

all variables are referred to the undeformed configuration at time zero, while the UL 

approach takes the updated configuration at current time as the reference state. 

However, both of these approaches cannot deal with seriously distorted elements when 

large deformations happen in the analysis. 
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(a) Lagrangina analysis                     (b) Eulerian analysis  

Figure 4-1. Deformation of a continuum in (a) a Lagrangina analysis and (b) an 

Eulerian analysis (after Qiu et al., 2011) 

4.1.2 Pure Eulerian approach 

In the Eulerian formulation, the Eulerian reference mesh is retained and fixed in the 

space, while the materials move freely through the mesh, as shown in Figure 4-1b. 

The advantage of the Eulerian formulation is that no numerical instability occurs due 

to element distortion, and the disadvantage is the difficulty in tracking the moving 

boundary, material interface, and hence interaction between materials, especially 

when an element is filled with more than one material. As such, this approach is 

particularly suitable for fluid flow problems without moving boundary, but has very 

limited application in solid mechanics. 

4.1.3 In-between approach 

The in-between approach combines the merits of the above two formulations and 

minimises the limitations to address large deformation problems in solid mechanics. 

The ALE (arbitrary Lagrangian-Eulerian), RITSS and CEL (coupled Eulerian-

Lagrangian) approaches essentially fall within the framework of the in-between 

approach. Generally, all the three approaches divide each incremental step into two 

steps: a UL step followed by an Eulerian step. The Lagrangian calculation is conducted 

on the deformable mesh, and then the deformed mesh is updated by either adjusting 
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Table 4-1. Summary of previous RITSS applications 

Studies Static problem 
Dynamic 

problem 

Total 

stress 

analysis 

Shallow foundations (Hu & Randolph, 1998a, 

1998b, 1998c; Wang & Carter, 2002; Yu et al., 

2008, 2010) 

Skirted (caisson) foundations (Hu et al., 1999; Hu & 

Randolph, 2002; Zhou & Randolph, 2006; Chen et 

al., 2009) 

Spudcan foundations (Hossain et al., 2005; Hossain 

& Randolph, 2009a, 2009b, 2010; Yu et al., 2012; 

Zhang et al., 2014) 

Marine pipelines (Barbosa-Cruz & Randolph, 2005; 

Zhou et al., 2008; Wang et al., 2010b; Chatterjee et 

al., 2012a) 

Penetrometers (Lu et al., 2000, 2001; Lu et al., 2004; 

Zhou & Randolph, 2007, 2009a, 2009b, 2011; Zhu 

& Randolph, 2011; Zhou et al., 2013; Ma et al., 

2015; Zhou et al., 2016; Ma et al., 2017) 

Plate anchors (Thorne et al., 2004; Wang et al., 

2007; Song et al., 2008a; Song et al., 2008b; Song et 

al., 2009; Wang et al., 2010a, 2011; Wang et al., 

2013a; Tian et al., 2014a; Tian et al., 2014b) 

Dynamically installed anchors (Liu et al., 2014; 

O’Beirne et al., 2014; Liu et al., 2016) 

Landslides 

(Wang et al., 

2013b; Zhang 

et al., 2015, 

2016) 

Effective 

stress 

analysis 

Suction caissons (Koh et al., 2017) 

Spudcan foundations (Barbosa-Cruz, 2007; Ragni et 

al., 2016; Wang & Bienen, 2016) 

Marine pipelines (Chatterjee et al., 2012b; Chatterjee 

et al., 2014) 

Penetrometers (Mahmoodzadeh et al., 2014; 

Mahmoodzadeh et al., 2015) 

Plate anchors (Wang et al., 2008; Han et al., 2016) 

None 
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4.1.4 RITSS approach 

The RITSS approach was originally proposed by Hu & Randolph (1998c) to overcome 

the difficulties in numerically solving the large deformation problems in geotechnical 

engineering coupled with advanced soil constitutive models. The overall procedure of 

RITSS is shown schematically in Figure 4-2, comprising a series of small strain 

analysis increments, followed by remeshing, and interpolation of field variables from 

the old mesh to the new mesh. The sequence of small strain increments, remeshing 

and interpolation can be repeated until the required displacement is reached. 

The main advantage of the RITSS approach is that the remeshing and interpolation 

algorithms may be implemented into any standard finite element software through 

user-written interface codes. RITSS was initially built around the locally developed 

program AFENA (Carter & Balaam, 1995). More recently, this technique has been 

coupled with the commercial software package Abaqus to utilise the powerful mesh 

generation tools and computational efficiency of Abaqus. To date, the robustness of 

RITSS approach has been demonstrated by the simulation of various geotechnical 

applications, such as shallow foundations, skirted foundations, spudcan foundations, 

marine pipelines, penetrometers, and mooring anchors, as summarised in Table 4-1. It 

can also be seen from Table 4-1 that the majority of the previous RITSS applications 

have focused on static problems neglecting inertial effects and in the framework of 

total stress analysis. Recent important advances achieved include expansion from 

static to dynamic analyses and implementation in a coupled porous water-effective 

stress analysis, as summarised by Randolph et al. (2008) and Wang et al. (2015). 

However, there is still no available RITSS algorithm for conducting dynamic analysis 

in the framework of effective stress, allowing prediction of excess pore pressure during 

dynamic motion of soil, such as during landslide propagation, foundation under 
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dynamic loadings and installation of dynamically installed anchors. To fill this gap, 

an advanced RITSS approach that features effective stress analysis of dynamic 

geotechnical problems was developed in this dissertation.  

4.2 Development of advanced RITSS approach 

This section discusses several problem-specific developments of the Abaqus-based 

RITSS method extending dynamic analysis from total stress framework to effective 

stress framework. Abaqus offers dynamic deformation analysis for saturated soils 

under fully undrained conditions based on total stress, i.e. the explicit calculation of 

excess pore pressure is excluded. To overcome this restriction, a user defined material 

model was developed enabling the consideration of both excess pore pressure and 

effective stress in the analysis. In addition, a user defined frictional contact model was 

applied to calculate frictional force in terms of effective normal stress in dynamic 

analysis. A series of validation tests were conducted and the results were compared 

with Abaqus build-in analyses if available.  

4.2.1 Undrained effective stress formulation 

4.2.1.1 Theoretical background 

Undrained conditions prevail in fine-grained soils during the dynamic soil-structure 

interactions that usually last for a short duration. Limiting by the function of Abaqus, 

the inertia effect in the coupled effective stress-pore pressure analysis is ignored, i.e. 

it may not be reasonable to conduct effective stress analysis using Abaqus built-in 

functions for high-velocity problems. In this study, effective stress analysis under 

ideally undrained conditions was achieved by equivalent total stress analysis, with the 

soil skeleton’s effective stress-strain matrix D' and pore water stiffness Dw being 

defined respectively. The total stress-strain matrix D was formed by superimposing D' 

and Dw. This strategy was firstly presented by Naylor (1974) and widely used in 
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effective stress analyses under ideally undrained conditions (Yu et al., 2000; Qiu & 

Grabe, 2011; Yi et al., 2012). This strategy was implemented in Abaqus/Standard via 

a user-defined material subroutine (UMAT; Dassault Systèmes, 2013), with the 

structure of this algorithm shown in Figure 4-3. The changes in pore pressure under 

undrained conditions, u , were calculated as 

w
v

p

K
u

n
 =   (4-1) 

in which Kw is the bulk modulus of water (
62.08 10  kPawK =  ), np is the porosity of the 

soil skeleton and Δεv is the volumetric strain increment. The effective stresses and pore 

pressures were updated at each integration point and saved for the next step. The total 

stress and stress-strain matrix D was returned to Abaqus for a global iterative Newton-

Raphson solution. Generally, the current undrained effective stress formulation could 

be coupled with any standard effective stress-based soil constitutive model, such as 

the modified Cam clay (MCC) model.  

The accuracy and robustness of the implemented undrained analysis formulation have 

been assessed through two benchmark cases, including one soil element test and one 

boundary value problem. Abaqus/Standard built-in functions provide an analysis 

procedure for coupled porous water-effective stress analysis of static problems. For 

validation, the numerical results of the implemented user subroutine were compared 

with that of Abaqus/Standard built-in functions, with the focus being on the 

calculation of excess pore pressure. In these two cases, fully saturated soil was 

represented by the MCC model and discretised with four-node elements with full 

integration.  
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Figure 4-4. Finite element mesh for undrained triaxial tests  

The computed results of effective and total stress paths in p’-q space are presented in 

Figure 4-5. The difference between the total stress path (TSP) and the effective stress 

path (ESP) represents the excess pore pressure. More directly, Figure 4-6 shows the 

development of excess pore pressure with deviatoric strain. It is found that the excess 

pore pressure in both compression and extension tests calculated by the user 

subroutine is identical to that predicted by the built-in function of Abaqus, ensuring 

the accuracy of the incorporated undrained formulation algorithm. 
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Figure 4-5. Development of total and effective stress paths for triaxial 

compression and tension 

 

 

Figure 4-6. Development of excess pore pressure for triaxial compression and 

tension 
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4.2.1.3 Validation through undrained cylindrical cavity expansion analysis 

Collins & Yu (1996) derived analytical solutions for undrained cylindrical and 

spherical expansions in soils modeled by original and modified Cam clay. These 

results provide a valuable boundary value example for verifying the present undrained 

effective stress formulation. In the following, the analytical results for the undrained 

expansion of a cylindrical cavity modeled by the MCC model were adopted. Figure 

4-7 shows the built FE model. A soil body with an outer radius of 20 times of the 

initial cavity radius (a0) was modelled, which was long enough to represent the infinite 

soil medium assumed in the analytical analysis. The total radial pressure at the 

boundary (σr0) of the cylinder was kept constant while the total radial pressure at the 

cavity wall (σr) was increased until the cavity is expanded by 50% (to a radius of 1.5a0). 

The geometric dimensions, soil properties and boundary conditions were identical to 

those used by Sheng et al. (2000), who provided further details. 

 

Figure 4-7. Finite element mesh for undrained cylindrical cavity expansion 

The numerical and analytical cavity expansion curves for total radial stress and excess 

pore pressure at the cavity wall are shown in Figure 4-8. The results of the 

implemented user subroutine are in perfect agreement with that of the Abaqus built-in 

function and, at the same time, compare well with the analytical values. Good 

comparison can also be seen from the distribution of effective stresses in radial (r), 
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tangential (z) and circumferential (θ) directions, and excess pore pressure at the 

maximum capacity expansion in Figure 4-9. 

 

Figure 4-8. Total radial stress and excess pore pressure at the cavity wall 

 

Figure 4-9. Distributions of effective stresses and excess pore pressure in soil 

after cavity expansion 
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4.2.2 Frictional contact 

4.2.2.1 Theoretical formulation 

As noted previously, in the undrained effective stress formulation, the user subroutine 

UMAT calculates effective stress and pore pressure as state variables and outputs total 

stress to the Abaqus main program. The friction force is therefore calculated in terms 

of total stress if the Abaqus built-in frictional model is used, leading to an 

overprediction of the friction force. In this thesis, a Coulomb friction law with penalty 

method was implemented through a user defined frictional contact subroutine (FRIC; 

Dassault Systèmes, 2013), allowing effective stress-based contact force to be 

considered in an ideally undrained condition. The FRIC subroutine used here was 

based on the algorithm described by Hibbitt (2001). According to the Coulomb friction 

law, two contacting surfaces can carry shear stresses up to a certain magnitude across 

their interface before they start sliding relative to one another. The maximum 

allowable frictional (shear) stress, τcrit, is termed as critical shear stress and defined 

proportional to the normal contact stress P as 

τcrit = μcP (4-2) 

in which μc is known as the coefficient of friction. In an effective stress analysis, the 

contact pressure should be evaluated as its effective stress component, P', obtained by 

deducting excess pore pressure from the total contact stress (see Figure 4-11 and 

details will be discussed later). Therefore, Eq. 4-2 is replaced with 

τcrit = μcP' = μc(P – Δu) (4-3) 

If the frictional shear stress τ is less than τcrit, the contact is in sticking state. In the 

penalty formulation of Coulomb friction, a stiff elastic behaviour as shown in Figure 

4-10 is allowed although there should be no slipping in the sticking state. The elastic 

slip, γel , is therefore related to the frictional shear stress through the relation 
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τ = ksγ
el ≤ τcrit (4-4) 

in which ks is the stiffness of the elastic slip. The details of the Coulomb law with 

penalty method and corresponding implementation procedure in FRIC have been 

provided by Hibbitt (2001) and Dassault Systèmes (2013), and therefore omitted here.  

 

Figure 4-10. Frictional behaviour according to Coulomb friction with penalty 

method 

4.2.2.2 Implementation into RITSS approach 

The frictional contact model just discussed has been incorporated into the Abaqus-

based RITSS approach according to the produce described in Figure 4-11. For each 

small strain incremental step in RITSS, FRIC subroutine is called by the Abaqus main 

program at the nodes on the slave surface of a contact pair. The critical shear stress is 

then calculated based on the effective contact pressure, which is defined as the 

difference of the total contact pressure passed by the Abaqus main program and the 

excess pore pressure input indirectly from the UMAT subroutine. Since the excess 

pore pressure is calculated at integration points in UMAT while at element nodes in 

FRIC, an external program coded by Python was used to interpolate the excess pore 

pressure from the integration points of an element to the nodes of an element. This 

interpolation step is only performed at the beginning of each RITSS step, i.e. the 
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excess pore pressure used in FRIC remains unchanged during each small strain 

increment. Considering a very small displacement is adopted in each RITSS step, the 

corresponding change of excess pore pressure is limited and thus this simplification is 

believed to be acceptable. The accuracy of the implemented program will be evaluated 

in the next section.  

For each small strain incremental step in RITSS

Abaqus main program

Call UMAT at intergration points

Calculate effective stress σ'

Calculate excess pore pressure Δu

Update total stress σ = σ' + Δu

External python program

Interpolate Δu from intergraion points to element nodes

Input total 

stress σ 

Output total 

stress σ 

Call FRIC at contact element nodes

Calculate critical shear stress τcrit = μc(P – Δu)

Update frictional shear stress τ = ksγ
el  or  τcrit

Input total contact 

pressure P 

Output frictional 

shear stress τ 

Input excess pore pressure 

Δu at intergration points 

Output excess pore pressure 

Δu  at element nodes

 

Figure 4-11. Procedure of implementing FRIC into Abaqus-based RITSS 

approach 

4.2.2.3 Validation through cone penetration analysis 

A cone penetrometer penetration into normally consolidated clay was simulated with 

a purpose to assess the accuracy and robustness of the implemented frictional contact 

model. As shown in Figure 4-12, the cone has a shaft diameter of Dc = 1 m and a tip 

angle of 60°. It was pre-embedded to a depth of 5Dc and penetrated to a depth of 15Dc. 

The penetration rate of 0.1 m/s was fast enough to ensure undrained conditions (Finnie 

& Randolph, 1994). The soil domain was extended 20Dc and 30Dc in horizontal and 

vertical directions, which was sufficient to avoid boundary effects. The typical 
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element size around the cone was 0.1Dc. The deformed soil geometry was remeshed 

after every cone displacement of 0.1Dc. A total of 100 incremental steps were therefore 

necessary for achieving the cone penetration depth of 10Dc. The soil was modelled as 

MCC material.  

Firstly, the cone penetration test was simulated using the developed RITSS approach, 

featuring a user defined undrained effective stress formulation and a user defined 

friction model as just described. Since Abaqus can conduct coupled analysis for static 

problems, the cone penetration test was replicated using a RITSS approach 

incorporated with Abaqus built-in functions for the calculation of excess pore pressure 

and frictional force. The fast penetration rate combined with impermeable boundaries 

makes the coupled analysis by Abaqus built-in functions comparable with the current 

ideally undrained analysis. Both approaches adopted Coulomb friction law with 

penalty method but the calculations of effective-stress based critical shear stress are 

different: the former one is based on the total contact pressure passed by Abaqus main 

program and the excess pore pressure passed by UMAT (Figure 4-11), while the latter 

one is directly based on the effective contact pressure passed by Abaqus main program. 

Therefore, by comparing results from the two approaches, the validity of the 

developed user subroutines was assessed. 
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Figure 4-12. Finite element mesh for cone penetration in normally consolidated 

clay 

Figure 4-13 compares soil resistance calculated by the implemented user subroutines 

and by the built-in features of Abaqus. Each dot represents a RITSS step, with totalling 

100 steps to complete this analysis. Overall, the two penetration resistance profiles are 

consistent. This gives confidence to use the developed subroutines in modelling of 

effective stress frictional behaviour in undrained conditions. Unlike Abaqus built-in 

functions that is only applicable for static problems, the current approach developed 

in this dissertation can be used to deal with both static and dynamic problems wherever 

effective stress and excess pore pressure are of particular interest. 
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Figure 4-13. Development of soil resistance with penetration depth 

4.3 A dynamic RITSS approach within effective stress framework     

The advancements in effective stress analysis illustrated in section 4.2 have been 

integrated into the dynamic RITSS approach built around the Abaqus FE software. 

Abaqus was called to generate the mesh, to conduct small strain analysis, and to post-

process calculation results.  As noted previously, the RITSS approach divides the 

whole displacement into a series of small displacement steps. The process has to be 

performed continuously and automatically without requiring any intervention from the 

user. Therefore, a main program was coded in Python, which is the script language 

built into Abaqus, to control the mesh generation, execute the small strain analysis, 

extract the field variables from the result files and then perform the interpolation 

process. Several user subroutines were coded in Fortran to define the initial condition 

of stress and field variables.  
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simulations: Modified Unique Element Method (MUEM; Hu & Randolph, 1998b) and 

Superconvergent Patch Recovery (SPR; Zienkiewicz & Zhu, 1992). In MUEM, the 

field variables such as stresses and material properties are mapped directly from the 

old integration (or Gauss) points to the new integration points. In contrast, the SPR 

technique is aimed at recovering stresses from the old integration points to the old 

element nodes. After that, the old element containing each new integration point is 

searched for, and then the stresses are interpolated from the old element nodes. 

Generally, these two techniques provide comparable accuracies. 

In the current study, the MUEM scheme was adopted following the procedures below: 

1) Update the coordinates of each node and each integration point by adding the 

cumulative displacements since the previous meshing. The integration points 

and element nodes that contain varying history-dependent field variables are 

all regarded as sample points in the mapping scheme. 

2) Conduct Delaunay triangulation of all the sample points in the old mesh to 

form a reference mesh for subsequent field variable interpolation. 

3) The values on the sample points in the new mesh are obtained by interpolating 

linearly from the corresponding three old sample points of the triangle within 

which the new sample point falls. 

4) For a few new sample points close to boundaries and falling outside the mesh 

of the old sample points, they are treated specially, assigning a value obtained 

by the nearest old sample point. 

For dynamic analysis in the effective stress framework, the above steps are repeated 

to interpolate the effective stresses, pore pressures and material properties from the 

integration points in the old mesh to the integration points in the new mesh, while 

interpolate nodal velocities and accelerations from the old nodes to the new nodes. In 
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addition, pore pressures are also mapped from the old integration points to the new 

nodes for the calculation of effective stress contact pressure (Figure 4-11). 

4.3.2 Tracking soil free surface 

If the RITSS analysis involves a free surface, it is necessary to track and update the 

deformed geometry during the whole analysis. At the end of each standard analysis 

step, a list of elements forming the free boundary surface is recorded during the post-

processing, in which the elements are grouped by the face sequence number. The 

sequence of nodes, faces and integration points in a four-node quadrilateral element 

with full integration that is adopted in this study is illustrated in Figure 4-15. 

 

Figure 4-15. Four node quadrilateral element with full integration in Abaqus 

A program was coded in Python to recover the connectivity between the boundary 

nodes. The procedure of ordering the free boundary nodes is illustrated schematically 

in Figure 4-16 and can be described as   

1) Extract a list of elements forming the free boundary from the Abaqus results 

file, including the information of element labels and face numbers. 

2) Record the coordinates and labels of all the boundary nodes located in the 

boundary element. 

3) Chose a corner node to start the ordering, for example node A in Figure 4-16. 

4) Record the label of the element that contains node A, i.e. element I. 

5) Find the boundary node that locates next to node A in the same element, i.e. 

node B. 
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6) Find the neighbour element of element I, connected by node B, i.e. element II. 

7) The steps 5~6 are repeated until the connectivity between all the nodes on the 

free boundary are built. 

8) Save the deformed coordinates of the sorted nodes for the subsequent 

remeshing. 

 

Figure 4-16. An example showing the elements and nodes on free boundary 

surface 

It should be noted that the above approach is only applicable for two-dimensional 

analysis. It is challenging to accurately and efficiently track heavily deformed soil free 

surfaces in three-dimensional analysis, such as the modelling of the installation of a 

dynamically installed anchor with fins from the mudline. Several methods have been 

exploited to track three-dimensional free surface (Yu et al., 2008; Wang et al., 2010a), 

although they are still limited to moderate deformation. Further improvements in the 

tracking technique are therefore necessary to expand its application for more complex 

structure geometries. 
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4.4 Conclusions 

The advantages and disadvantages of the pure Lagrangian, pure Eulerian and in-

between approaches in relation to FE analysis of large deformation problems in 

Geomechanics has led to the selection of the RITSS approach for this study. The 

difficulty of applying the dynamic RITSS approach for effective stress analysis was 

discussed, followed by highlighting the several key developments made in this study 

to overcome this limitation. The newly implemented undrained effective stress 

formulation and effective stress-based frictional contact model were validated against 

several benchmark tests, showing good accuracy and confirmed their robustness. 

These advancements facilitate the building of an effective stress-based dynamic 

RITSS in the commercial FE package Abaqus. The procedure of the RITSS approach 

in Abaqus was then detailed. Advanced soil constitutive models can be incorporated 

into the RITSS approach to capture more comprehensive soil behaviour in dynamic 

analysis, with an example being shown in the following chapter. 
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CHAPTER 5 EFFECTIVE STRESS ANALYSIS OF 

DYNAMICALLY INSTALLED ANCHOR 

INSTALLATION IN RATE-DEPENDENT CLAY 

ABSTRACT 

Accurate prediction of final embedment depth and installation-induced excess pore 

pressure of dynamically installed anchors (DIAs) are prerequisites for the design of 

subsequent anchor set-up during waiting period and capacity under operational 

loadings. However, the understanding of the installation behaviour of DIAs is quite 

limited, especially from finite element analysis which is challenged by excessive mesh 

distortion, high strain rate along soil-anchor interface and extensive excess pore 

pressure developed during the penetration of a DIA. This chapter presents a dynamic 

large deformation finite element approach based on frequent mesh regeneration within 

the effective stress framework and investigates the installation behaviour of DIAs in 

normally consolidated clay. The strain rate dependency of clayey soil is represented 

by an elasto-viscoplastic soil model. The numerical model is validated against existing 

centrifuge test data. The development of excess pore pressure around the DIAs with 

various impact velocities, anchor geometries, viscosity parameters are quantified. 

Based on the extensive parametric analyses on viscosity parameters, an expression is 

proposed for the final embedment depth accounting for the effect of strain rate. 
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5.1 Introduction 

Dynamically installed anchors (DIAs) are the latest generation of anchoring systems 

for mooring floating facilities for deep water oil and gas development. DIAs are 

installed by free-fall dropping through the water column and then penetrating into the 

seabed by the accumulated kinetic energy and submerged anchor weight (Medeiros, 

2002; Lieng et al., 2010). Compared to conventional pile foundations and suction 

caissons, the time- and cost-effective and water depth insensitive installation makes 

DIAs a promising anchoring solution in deep waters. However, understanding of the 

dynamic installation behaviour is still challenging, which is complicated by: (a) the 

very high strain rates (exceeding 25 s-1) at the soil-anchor interface, resulting from the 

high penetration velocity and (b) the large amount of excess pore pressures induced in 

the vicinity of the anchor during installation, dictating the degree of dissipation (or 

regaining strength) after the set-up period and capacity under operational loadings. 

To date, the dynamic penetration behaviour of DIAs has been explored mainly through 

field trials (Medeiros, 2002; de Araujo et al., 2004; Brandão et al., 2006; Lieng et al., 

2010) and centrifuge tests (O’Loughlin et al., 2004; Richardson et al., 2006, 2009; 

O’Loughlin et al., 2013; Hossain et al., 2014, 2015). Thus far a very limited number 

of numerical studies have been conducted. The anchor penetration from the seabed to 

the final embedment depth was replicated using a computational fluid dynamics 

method (Raie & Tassoulas, 2009) and large deformation finite element (LDFE) 

approaches (Nazem et al., 2012; Kim et al., 2015; Liu et al., 2016; Moavenian et al., 

2016). However, almost all previous numerical analyses on anchor installation were 

within the framework of total stress, in which the development of excess pore pressure 

during installation and dissipation during set-up could not be captured simultaneously. 

This limitation may lead to an inaccurate prediction of capacities of DIAs under 
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operational loadings, although an artificially increased undrained shear strength of the 

adjacent soil has been trialed (Fu et al., 2017). Therefore, an effective stress analysis 

is required to gain comprehensive interpretation of the soil response during dynamic 

installation and to accurately predict anchor capacity under operational loadings. 

Liu et al. (2014) adopted an effective stress formulation under ideally undrained 

conditions to explore the excess pore pressure during installation of a finless DIA. In 

their study, soil was assumed as rate-independent material with a Mohr-Coulomb yield 

criteria. More recently, Sabetamal et al. (2016) conducted effective stress analyses 

using the modified Cam clay (MCC) model in which the strain rate dependency was 

included by adjusting the over-consolidation ratio empirically, i.e. an artificially high 

over-consolidation ratio ‘forms’ a higher soil undrained shear strength. However, a 

more appropriate way to consider the strain rate effect is to incorporate a general 

stress-strain-time constitutive model, as suggested by Liingaard et al. (2004).   

In this chapter, the installation of DIAs in normally consolidated clay is investigated 

through a dynamic LDFE approach. An undrained effective stress formulation is 

employed to capture the excess pore pressure in the dynamic analysis. An elasto-

viscoplastic soil model termed EVPMCC (elasto-viscoplastic modified cam clay), 

established on the basis of the overstress theory (Perzyna, 1966) and the MCC model, 

is used to describe the rate-dependent behaviour of fine-grained soil. The numerical 

model developed is validated against existing centrifuge test data. Based on the 

extensive parametric analyses, the installation-induced excess pore pressure with 

varying impact velocities, anchor geometries and soil rate-dependency are quantified. 

An expression accounting for the influence of strain rate properties on the final 

embedment depth of anchor is then proposed.  
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5.2 Methodology 

5.2.1 Dynamic LDFE procedure 

DIAs installation was simulated using an LDFE approach termed as remeshing and 

interpolation technique with small strain (RITSS), originally proposed by Hu & 

Randolph (1998) for total stress problems. The RITSS technique has been expanded 

to dynamic analysis by Wang et al. (2013) to reproduce the dynamic structure-soil 

interactions. With the dynamic RITSS approach, the entire penetration process of an 

object is divided into numerous small strain steps to avoid mesh distortion. A new 

mesh is generated at the beginning of every step on the deformed configuration of the 

previous step. Then the stresses and material properties at integration points and nodal 

velocities and acceleration are mapped from the old mesh to the new mesh.  

Commercial FE package Abaqus/Standard with an implicit time integration scheme 

was employed to generate the mesh and conduct updated Lagrangian calculation 

(Dassault Systèmes, 2013). More details on the Abaqus-based dynamic RITSS can be 

found in Wang et al. (2013, 2015). The dynamic RITSS was extended to effective 

stress analysis in this thesis, as detailed in Chapter 4 and applied here to simulate the 

installation of DIAs. The extended dynamic RITSS is yet limited to two-dimensional 

axisymmetric conditions, and as such, only finless DIAs have been considered instead 

of the fish anchor established through centrifuge model tests. However, on the fish 

anchor, total stress analyses using the coupled Eulerian-Lagrangian technique were 

carried out by Kim et al. (2018). 

5.2.2 Elasto-viscoplastic soil model 

The EVPMCC model developed by Yin & Hicher (2008) was incorporated into the 

RITSS approach to account for the strain rate effect. In this rate-dependent model, the 
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overstress theory of Perzyna (1966) was used to define the total strain rate ij in an 

increment, which was divided into an elastic and a viscoplastic component 

e vp

ij ij ij  = +        (5-1) 

where the elastic strain rate 
e

ij  is instantaneous and thus time-independent, and the 

viscoplastic stain rate 
vp

ij  is time-dependent and irreversible. The elastic behaviour 

was assumed to be similar to the MCC model, while the viscoplastic strain rate 
vp

ij  

was evaluated as 

( )vp

ij

ij

G
F  




=


        (5-2) 

where   is referred to as the fluidity parameter, ( )F  is the overstress function 

representing the normalised distance between the current static yield surface and the 

dynamic loading surface, the McCauley brackets imply that F F=  for F > 0  and 

0F =  for F < 0, and G is the viscoplastic potential function represented by the 

dynamic loading surface, assuming an associated flow rule. The overstress function 

( )F was based on the exponential law (Fodil et al., 1997) as follows 

( ) exp 1 1
d

m

s

m

p
F N

p


  
= − −  

   
            (5-3) 

where N is the strain rate coefficient, and 
d

mp  and 
s

mp  represent the size of the dynamic 

loading surface (fd) and the size of the static yield surface (fs)  respectively (see Figure 

5-1 for definitions). Both fd and fs have identical elliptical shape but different size (
d

mp  

and 
s

mp  ) and were defined as 
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by Richardson (2008) and Chow et al. (2014), respectively, whilst anchor A3 is same 

as that used in field trials by Medeiros (2002). 

 

Figure 5-2. Geometry and mesh strategy of numerical model 

The installation of DIAs was simulated as an axisymmetric problem, as shown in 

Figure 5-2. The anchor was modelled as a rigid body because its stiffness is 

significantly higher than soil. The interaction at the soil-anchor interface was modelled 

as frictional contact, with an effective stress Coulomb friction law. Four-node 

quadrilateral elements with full integration were used to discretise the axisymmetric 

soil regime. Sensitivity mesh density was studied by varying the smallest element size 
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around the anchor from 0.05DA to 0.4DA. As discussed later, the rate parameters were 

taken as μ = 1×10-9 s-1 and N = 10.5. The time-/velocity-penetration depth profiles are 

shown in Figure 5-3. The numerical results based on element size 0.05DA and 0.1DA 

are essentially identical, indicating that the mesh convergence was achieved using 

element size 0.1DA. Therefore, the typical element size around anchor was set as 

0.1DA in the following analyses. The soil domain was extended 20DA radially and at 

least 40DA vertically to avoid boundary effects. The left and right edges of the soil 

domain were constrained in the horizontal direction but allowed to move in the vertical 

direction, while the base was restricted in both directions. 

A small surcharge pressure, 2 kPa, was applied on the soil surface to ensure 

computational convergence in the early stage of anchor penetration. The anchor 

impacted the soil surface vertically at a specified impact velocity vi. The vertical 

anchor displacement for each incremental step of the RITSS analyses was taken as ~ 

0.1DA, which was proven to be sufficiently small to avoid excessive mesh distortion. 

 

Figure 5-3. Effect of FE mesh density on anchor embedment depth 
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Table 5-1. Details of dynamically installed anchors 

Description Symbol 

Anchor A1 

(Richardson, 

2008) 

Anchor A2 

(Chow et al., 

2014) 

Anchor A3 

(Medeiros, 

2002) 

Total length L
A
 15 m 12 m 12 m 

Diameter D
A
 1.2 m 1.0 m 0.76 m 

Tip shape - Ellipsoid 60 Cone 60 Cone 

Tip length L
tip

 2.28 m 0.87 m 0.66 m 

Volume V
A
 16.10 m

2
 8.97 m

2
 5.24 m

2
 

Dry weight W
d
 1138 kN 276 kN 240 kN 

Submerged weight W
s
 980 kN 188 kN 188.6 kN 

5.3 Results and discussion: model validation 

5.3.1 Calibration of model parameters 

Richardson (2008) conducted centrifuge tests at 200g in normally consolidated kaolin 

clay on anchor A1. Tests with a moderate impact velocity of vi = 20.74 m/s were 

reproduced and used to derive the rate-dependent properties of the kaolin clay. The 

five MCC parameters (after Stewart, 1992) are listed in Table 5-2. The coefficient of 

earth pressure at rest K0 was taken empirically as 1- sin ϕ′ (ϕ′ is the internal friction 

angle of soil, M = 6sinϕ′/(3 - sinϕ′)). An averaged submerged unit weight of soil, γ' = 

6.5 kN/m3, was reported by Richardson (2008). The frictional coefficient was taken as 

0.4tanϕ′, following the value suggested for a frictional penetrometer (Mahmoozadeh 

et al., 2015). The influence of frictional coefficient on the DIA installation depth is 

shown in Figure 5-4a, with the difference evaluated at the final tip embedment depth 

(de,t) being 7~10% for frictional coefficient in the range of 0.3tanϕ′~0.5tanϕ′. The 
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shallower penetration depth for the larger frictional coefficient case is caused by, as 

expected, higher resistance from soil (Figure 5-4b). 

 

(a) 

 

(b) 

Figure 5-4. Influence of frictional coefficient on penetration profiles: (a) 

development of DIA penetration depth with time and velocity; (b) development 

of DIA penetration depth with total dynamic soil resistance  

The two viscosity parameters (μ and N) were determined by fitting the computed final 

tip embedment depth with the values measured in the centrifuge tests. As shown in , 



 

Chapter 5 

158 

 

the parameters set of μ = 1×10-9 s-1 and N = 10.5 gives good agreement between LDFE 

result and centrifuge test data. The fitting viscosity values lie within the typical ranges 

of 1×10-12 s-1 ≤ μ ≤ 6×10-6 s-1 and 3 ≤ N ≤ 25, according to data for 11 worldwide 

distributed soft clays reported by Yin & Hicher (2008), Yin et al. (2008), Yin et al. 

(2009), Karstunen & Yin (2010) and Yin et al. (2010b). The selected values for the 

seven model parameters are listed in Table 5-2. These values were used for the 

following parametric analyses.  

 

Figure 5-5. Comparison between LDFE result and measured centrifuge 

installation data 
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Table 5-2. Parameters of EVPMCC model for kaolin clay used in centrifuge 

tests 

Group Property Value 

Standard model 

parameters 

Slope of critical state line M = 0.9 

Void ratio at p' = 1 kPa on virgin 

consolidated line 

eN = 2.252 

Slope of normal consolidation line   λ = 0.205 

Slope of swelling line   κ = 0.044 

Poisson’s ratio   ν = 0.3 

Viscosity 

parameters 

Fluidity    μ = 1×10-9 s-1 

Strain rate coefficient  N = 10.5 

 

5.3.2 Comparison with centrifuge test data 

The centrifuge tests in the kaolin clay just discussed on anchors A1 and A2, reported 

by Richardson (2008) and Chow et al. (2014) respectively, were simulated through 

LDFE analyses (Group I~II, Table 5-3). The impact velocities were varied as 10~30 

m/s for anchor A1 and 0~20 m/s for anchor A2. The measured and computed tip 

embedment depths are compared in Figure 5-6. Reasonable agreement is achieved for 

both anchor A1 (Figure 5-6a) and anchor A2 (Figure 5-6b) over a wide range of impact 

velocity, validating the LDFE approach established. As shown in Figure 5-7a, the 

velocity profiles with penetration depth under varying impact velocities are consistent, 

increasing at shallow depth until a maximum velocity where the soil resistance, 

resulting from frictional and end bearing resistance, and the inertial drag force, 

overcome the submerged weight. The total dynamic resistance from soil increases 

gradually with depth, becoming larger than the submerged weight at depth of about 

5.4DA (Figure 5-7b). 
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(a) 

 

(b) 

Figure 5-6. Effect of impact velocity, vi, and soil constitutive model on anchor 

tip embedment depth: (a) anchor A1 (group I, Table 5-3); (b) anchor A2 (group 

II, Table 5-3) 
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(a) 

 
(b) 

Figure 5-7. Development of anchor velocity and soil resistance with penetration 

depth (Anchor A2; μ = 1×10-9 s-1 and N = 10.5; group II, Table 5-3): (a) anchor 

velocity; (b) soil resistance 
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Table 5-3. Summary of LDFE analyses performed 

Group 
Anchor 

type 

vi: 

m/s 

Viscosity 

parameters 
de,t: m 

Notes 

μ: s-1 N EVPMCC MCC 

I A1 10 1×10-9 10.5 28.66 42.11 Compare with 

Richardson (2008) 
A1 15 1×10-9 10.5 31.76 45.91 

A1 20.74 1×10-9 10.5 36.01 51.09 

A1 25 1×10-9 10.5 39.29 55.26 

A1 30 1×10-9 10.5 43.43 60.48 

II A2 0 1×10-9 10.5 9.62 14.20 Compare with  

Chow et al. (2014) 
A2 2 1×10-9 10.5 9.84 14.37 

A2 4.7 1×10-9 10.5 10.40 14.89 

A2 6.1 1×10-9 10.5 10.76 15.42 

A2 10 1×10-9 10.5 12.15 17.10 

A2 15.64 1×10-9 10.5 14.49 20.01 

A2 20 1×10-9 10.5 16.35 22.37 

III 

A3 10 

1×10-11 

~ 

1×10-5 

5 

~ 

30 

See  

Table 5-4 
21.60 

Effect of rate 

parameters 

 

The LDFE results with the rate-independent MCC model are also included in Figure 

5-6a and b for comparison. The final tip embedment depths obtained using the rate-

independent MCC model are consistently deeper than those from the EVPMCC 

model. This is expected because the enhancement of the soil undrained shear strength 

with increasing strain rate cannot be captured by the rate-independent MCC model.  

In the above analysis, the two viscosity parameters were back calculated from a final 

tip embedment depth measured under a single impact velocity. The predictions based 

on the two parameters were compared for all tests. For a more general application, the 

rate parameters could be obtained from conventional oedometer tests or oedometer 

tests at constant strain rates (Fodil et al. 1997, Karstunen & Yin 2010, Yin et al. 2010a). 
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Since the soil resistance dependents on both viscosity parameters and frictional 

coefficient, the justification of the determined viscosity parameters should be 

evaluated if a different frictional coefficient is used. 

5.4 Excess pore pressure 

In this section, the development of excess pore pressure during the installation of DIAs 

was investigated. The influence of impact velocity and anchor tip geometry were 

discussed.  

5.4.1 Excess pore pressure during installation 

The distribution of the excess pore pressure for anchor A1 under an impact velocity 

of vi = 20.74 m/s with the EVPMCC model is shown in Figure 5-8. For clarity, only 

the soil around the penetrating anchor is plotted in the figure. As the anchor advances 

in the soil, maximum excess pore pressures occur around the anchor tip and then 

expand radially. Positive excess pore pressures are also accumulated gradually along 

the anchor shaft, attributing to the friction along the soil-anchor interface. At the end 

of installation, positive excess pore pressures extend over a zone with a radial 

extension of about 4.2DA from the anchor centre axis. In addition, a negative excess 

pore pressure zone is formed at ~2DA from the anchor tip, and it expands both radially 

and vertically with the progress of anchor installation. This zone, as also observed by 

Sabetamal et al. (2016), is caused by the tendency of plastic dilation induced by shear 

yielding. 
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Figure 5-8. Distributions of excess pore pressures at: (a) dt/DA = 2.5; (b) dt/DA = 

10; (c) dt/DA = 20; and (d) dt/DA = 30.1 (end of penetration) (vi = 20.74 m/s; 

anchor A1; μ = 1×10-9 s-1 and N = 10.5; group I, Table 5-3) 
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Figure 5-9. Development of excess pore pressure at depth of 15DA throughout 

the installation phase (vi = 20.74 m/s; anchor A1; μ = 1×10-9 s-1 and N = 10.5; 

group I, Table 5-3) 

To better understand the generation of excess pore pressure throughout the installation 

process, the development of excess pore pressures was monitored for a tip penetration 

depth of 15DA and at eight normalised radial distances of x/DA = 0.5, 0.6, 0.8, 1, 1.5, 

2, 3 and 4 from the centreline. Figure 5-9 shows the evolution of excess pore pressures 

at these locations. Overall, the excess pore pressure at each point exhibits similar 

pattern, i.e. the excess pore pressure remains zero where the anchor is still far away 

from the point and decreases slightly (becomes negative) where the anchor is about 
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2.5DA above the point, corresponding to the negative pore pressure zone just noted, 

before increasing sharply towards its positive peak value as the anchor tip approaches. 

The peak/maximum positive excess pore pressure decreases and the corresponding 

mobilisation depth increases with the radial distance away from the anchor, reflecting 

the excess pore pressure expands radially. After the peak, excess pore pressure drops 

quickly to a steady value as the anchor tip passes these positions, before increasing 

again as the anchor end approaches. This higher excess pore pressure at the anchor 

end is mainly due to the upward-inward movement of soil following a wedge failure 

mechanism (Bransby & Randolph, 1998), as indicated by the soil velocity vectors in 

Figure 5-10. 

 

Figure 5-10. Soil velocity vector (left side) and excess pore pressure contour 

(right side) around anchor end (dt = 27.5DA; vi = 20.74 m/s; anchor A1; μ = 

1×10-9 s-1 and N = 10.5; group I, Table 5-3) 
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5.4.2 Effect of impact velocity 

Figure 5-11a compares the contours of excess pore pressure for anchor A1 at a tip 

embedment depth of 18.75DA with a relatively low impact velocity of vi = 10 m/s and 

a high value of vi =30 m/s, whilst Figure 5-11b shows that for anchor A2 at a tip 

embedment depth of 5DA with impact velocities of vi = 2 and 20 m/s. The former and 

later case were selected to represent penetration at deep and shallow depth 

respectively. As can be seen in the two cases, the bulbs of excess pore pressure are 

mainly developed around the anchor tip for both low and high velocities, and the 

magnitude near the anchor tip is larger for higher impact velocity. To further explore 

the effect of impact velocity, Figure 5-12 compares the distribution of positive excess 

pore pressure along a horizontal line at anchor tip position for impact velocity varying 

from 0 to 20 m/s. Within a distance of 0.5DA away from the centreline, excess pore 

pressure increases with higher impact velocity. With further distance outward, all 

excess pore pressure curves practically merge together, indicating negligible influence 

of impact velocity on soil located > 0.5DA away from the anchor centreline. 

As can be seen in Figure 5-11, the sizes of the excess pore pressure bulbs below the 

anchor shoulder are generally similar for the two impact velocities. For the outmost 

contour zones, especially above the anchor shoulder, higher impact velocity has 

relatively smaller size, which is probably due to the shorter impact duration under 

higher velocity during which plastic strain, hence excess pore pressures, are not fully 

developed at these remote locations. The trends also can be seen in Figure 5-13 where 

the developments of excess pore pressures under different impact velocities, 

monitored at a position 5DA below the soil surface and 1DA from the centreline, are 

compared throughout the installation process. The peak and residual excess pore 

pressure decreases with increasing impact velocity. This is analogous, to a certain 
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extent, to the observation for a high-speed projectile impacting a metal plate that the 

plate deformation for zones away from the immediately contact area decreases with 

an increase in the projectile impact velocity (Gupta et al., 2006). 

 

(a) 
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Figure 5-11. Effect of impact velocity, vi, on development of excess pore 

pressure (a) Anchor A1 (Elliptical tip; dt = 18.75DA; vi = 10 and 30 m/s; μ = 

1×10-9 s-1 and N = 10.5; group I, Table 5-3); (b) Anchor A2 (Conical tip; dt = 

5DA; vi = 2 and 20 m/s; μ = 1×10-9 s-1 and N = 10.5; group II, Table 5-3)  
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Figure 5-12. Effect of impact velocity, vi, on radial distribution of excess pore 

pressure (dt = 5DA; anchor A2; μ = 1×10-9 s-1 and N = 10.5; group II, Table 5-3) 
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Figure 5-13. Effect of impact velocity, vi, on the development of excess pore 

pressure at depth of 5DA throughout the installation phase (anchor A2; μ = 

1×10-9 s-1 and N = 10.5; group II, Table 5-3) 

5.4.3 Effect of anchor tip geometry 

Two types of tip geometry, conical and ellipsoid, have been usually used for DIAs. 

The influence of anchor tip geometry on the development of excess pore pressure was 

explored here using two cases involving an elliptical tip and a 60 conical tip, but with 

identical impact velocity of vi = 10 m/s. Other dimensions are same with that of anchor 

A1. 

Figure 5-14 compares the distribution of excess pore pressure at a tip penetration depth 

of 10DA. The excess pore pressure bulbs for the conical tip are wider, and lower (< 

100 kPa) excess pore pressure bulbs are deeper, while higher (> 100 kPa) excess pore 



 

Chapter 5 

172 

 

pressure bulbs are shallower. A concentrated high (> 280 kPa) pressure zone can be 

observed beneath the elliptical tip only. A negative zone was observed above the 

shoulder of the conical tip anchor, as also noted in centrifuge experiments reported by 

Chow et al. (2014, 2017). This is considered to be caused by the conical tip forcing 

soil radially outward at a high rate, such that suction is generated to retain the soil in 

contact with the anchor shaft as it rounds the shoulder (Chow et al., 2014). 

 

 

Figure 5-14. Effect of anchor tip geometry on development of excess pore 

pressure (dt = 10DA; μ = 1×10-9 s-1 and N = 10.5) 
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5.5 Effect of viscosity parameters 

In this section, two viscosity parameters, μ and N, were varied between 1×10-11~1×10-

5 s-1 and 5~30 respectively, based on the typical ranges noted previously, to study their 

effects on the penetration profiles and the generation of excess pore pressure. A 

convenient design expression was proposed to estimate the embedment depth in rate-

dependent clay based on systematic database of computed embedment depth with 

varying rate parameters. 

5.5.1 On final embedment depth 

The effect of viscosity parameters on the final embedment depth was investigated by 

a series of analyses using anchor A3 under impact velocity vi = 10 m/s, exploring a 

wide range of fluidity parameter (μ = 1×10-11 s-1, 1×10-9 s-1, 1×10-7 s-1 and 1×10-5 s-1) 

and strain rate coefficient (N = 5, 12.5, 20 and 30). Penetration profiles from three 

cases with viscosity parameters varying as μ = 1×10-5 s-1, N = 30; μ = 1×10-7 s-1, N = 

20 and μ = 1×10-9 s-1, N = 12.5, representing strain rate dependency from low to high, 

are depicted in Figure 5-15. The corresponding profiles calculated from rate-

independent model (MCC) are also included for comparison. Clearly, the final 

embedment depth increases with decreasing effect of strain rate. Although the effect 

of rate dependency on soil resistance is distinct from the onset of penetration, its effect 

on time and velocity profiles is minimal during shallow penetration where the anchor 

accelerates driven by its relatively large downward inertia force compared to small 

resistance from the adjacent heavily disturbed soil. The effect of rate dependency 

becomes more evident with deeper penetration where the anchor decelerates due to 

the domination of soil resistance.   
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(a) 

 

(b) 

Figure 5-15. Effect of rate parameters on penetration profiles: (a) development 

of DIA penetration depth with time and velocity; (b) development of DIA 

penetration depth with total dynamic soil resistances (vi = 10 m/s; anchor A3; 

group III, Table 5-3) 
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Table 5-4. Effect of rate parameters on final tip embedment depths 

d
e,t

 :m 
N 

5 12.5 20 30 

μ: s
-1

 

1×10-11 11.63 14.74 16.12 17.42 

1×10-9 12.53 15.47 17.02 18.18 

1×10-7 13.87 16.73 17.90 18.93 

1×10-5 15.62 18.36 19.27 19.90 

 

All the final tip embedment depths from this parametric study are summarised in Table 

5-4 and presented graphically in Figure 5-16. In Figure 5-16, square marks represent 

results from the rate-dependent model and dashed line corresponds to depth excluding 

the rate effect. Therefore, the contribution of the strain rate effect to the achieved tip 

embedment depth can be quantified by the distance between the square marks and the 

dashed line. Figure 5-16 shows an approximately exponential correlation between the 

final embedment depth and the strain rate parameters (μ and N). Therefore, a 

convenient expression for estimating the embedment depth, de,t, in rate-dependent clay 

can be derived as  

log

e,t e,t_ideal1

b
c

d aN d
− 

= − 
 
 

                                       (5-10) 

where de,t_ideal is the value of de,t obtained from the rate-independent MCC model. This 

expression is calibrated with the results from LDFE analyses in Table 5-4 and Figure 

5-16, and least-squares regression leads to a = 0.93, b = 2.71 and c = 0.19 as the best 

fitted parameters. The fitted curves are also plotted in Figure 5-16 for comparison, 

which show excellent agreement with the LDFE results with a coefficient of 

determination R2 = 0.99. 
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(a) 

 

(b) 

Figure 5-16. Effect of rate parameters on tip embedment depth: (a) fluidity 

parameter (μ); (b) strain rate coefficient (N) 
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5.5.2 On generation of excess pore pressure 

The generation of excess pore pressure in three cases with different combination of 

rate parameters and one case with rate-independent model were analysed to further 

explore the strain rate effect. The profiles of the development of excess pore pressure 

at the mid-face of the anchor tip is depicted in Figure 5-17. It shows that excess pore 

pressure increases with higher strain rate effect (i.e., smaller value of the viscosity 

parameters). Static analytical solution based on hybrid critical state-cavity expansion 

model described by Mayne (2001), considering both the octahedral (normal) 

component of pore pressure and the shear component of pore pressure evaluated at the 

cone mid-face position, seems to lie reasonably within the range of the LDFE results.  

 

Figure 5-17. Effect of rate parameters on development of excess pore pressure 

at tip mid-face 
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5.6 Conclusions 

This chapter proposed a dynamic large deformation finite element method based on 

frequent mesh regeneration within the effective stress framework. The elasto-

viscoplastic model EVPMCC was incorporated to account for the rate dependency of 

fine-grained soils. The numerical approach, validating against existing centrifuge test 

data, was used to investigate the installation of dynamically installed anchors (DIAs) 

in normally consolidated clay, focusing on installation-induced excess pore pressure 

and final embedment depth.  

The excess pore pressure was found to accumulate mainly around the anchor tip and 

expand radially to a distance of 4.2 times diameter. The increase of excess pore 

pressure increased when both the anchor tip and the anchor tail end approached the 

targeted location. Higher impact velocity resulted in larger excess pore pressure under 

the anchor tip but the influence became negligible on soil located one radius or further 

away from the anchor centreline. 

Shallower anchor embedment depth and higher excess pore pressure at mid-face 

occurred in the soil with larger strain rate dependency (i.e. higher strength 

augmentation). For assessing strain rate effect on the final embedment depth, a simple 

design expression was proposed based on systematical parametric analyses on 

viscosity parameters. 

This chapter focus on the development of excess pore pressure during DIA installation, 

assuming ideally undrained conditions. With the effective stresses and excess pore 

pressures at the end of penetration as the initial conditions, a fully coupled formulation 

could be developed for simulating post-installation consolidation during a set-up 

period and subsequent monotonic pullout. An example of conducting a fully coupled 
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analysis following an undrained analysis for supdcan penetration problem can be seen 

in Yi et al. (2014). 
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CHAPTER 6 CONCLUDING REMARKS 

6.1 Introduction 

This thesis has described a series of studies on the performance of dynamically 

installed anchors (DIAs) through experimental modelling and numerical analysis. 

Firstly, two series of centrifuge model tests were conducted to assess the installation 

and loading performance of a novel fish DIA relative to other types of DIA. Secondly, 

a dynamic RITSS approach within the effective stress framework was developed and 

used to investigate the installation behaviour of DIAs. The main findings from this 

research are summarised below, followed by recommendations for future work.  

6.2 Main findings from experimental tests 

The overarching main objective of this thesis was to improve the feasibility of using 

DIAs in calcareous seabed sediments by introducing a novel fish DIA and evaluating 

its performance during dynamic installation and subsequent loading in lightly 

overconsolidated calcareous silt. This objective has been achieved through the main 

findings reported from the following perspectives. 

6.2.1 Dynamic installation  

The fish DIA achieved an impact velocity of vi = 17.2~22.5 m/s for drop height of 

2.1~3.4 times anchor length (LA), increasing quadratically with increasing drop height. 

A theoretical velocity profile based on the equations of motion was found fit the 

measured data very well. The tip embedment depth was about 1.02~1.43LA, increasing 

quasi-linearly with increasing impact velocity and linearly with increasing drop height. 
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The normalised tip embedment depth ((soil effective unit weight × tip embedment 

depth) / (anchor weight in water / anchor projected area)) of the fish anchor was 

0.32~0.45 compared to 0.11~0.15 for model torpedo anchors and 0.15~0.20 for model 

OMNI-Max anchors in calcareous silt. For assessing fish DIA embedment depth 

during dynamic installation in calcareous silt, three models were established: (i) an 

analytical model, based on frictional and bearing resistance and drag inertia force, (ii) 

a total energy (sum of the kinetic energy of the DIA at the mudline and the potential 

energy released as it penetrates the seabed) based model, and (iii) a simple non-

dimensional model. 

6.2.2 Anchor diving potential 

With the tip embedment depth of 1.02~1.43LA during dynamic installation, the fish 

anchor was found to dive in calcareous silt for mooring mudline inclinations < 45 and 

under both pure monotonic and post-cyclic monotonic operational loadings. Parallel 

3D LDFE analysis revealed that regardless of the padeye offset ratio and mooring 

mudline inclinations, the diving efficiency of the fish anchor, which dictates the 

potential gain in capacity, was significantly higher than that for the OMNI-Max anchor 

(Kim et al., 2018). Embedment depths after diving for the fish anchor were increased 

by 0.17~0.54LA. In contrast, the torpedo anchor pulled out for any mudline load 

inclinations, and the OMNI-Max anchor dived for mudline load inclination 0 and 

pulled out for load inclination ≥ 1. Cyclic loading did not appear to affect the fish 

anchor diving potential.  

6.2.3 Anchor holding capacity under monotonic loading 

Holding capacity under vertical monotonic loading: Under vertical loading at the 

mudline, the response profile showed two peaks. The first peak resistance was greater 

and in the range of 1.5~1.8 times the anchor dry weight (Wd). The capacity at the 2nd 
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peak corresponded to 1.4~1.6 times the dry weight. In general, the capacity increased 

with increasing embedment depth and reconsolidation or set-up time. 

Holding capacity under inclined monotonic loading: Under inclined mudline loading 

(θ0 < 45), the resistance profile showed two peaks, with the 2nd one dictated the 

capacity. For mudline load inclination θ0 = 0, the fish DIA mobilised a holding 

capacity of 6.18Wd~7.2Wd, much higher than that (3.29Wd) of the four-fin torpedo DIA. 

This was caused by diving of the fish DIA as opposed to pull out of the torpedo DIA. 

The corresponding horizontal and vertical components of the net holding capacity for 

the fish DIA showed different trend compared to a torpedo DIA. The vertical 

component of the capacity of the fish DIA increased with increasing horizontal 

component and loading angle at the mudline, as opposed to decreasing as was the case 

for the torpedo DIA. The normalised holding capacities of the fish DIA were 4.0 and 

5.6 times of those of the four-fin torpedo DIA. 

6.2.4 Anchor holding capacity under cyclic loading 

Generally, the capacity of the fish DIA under post-cyclic monotonic loading was 

higher than under pure monotonic loading. The post-cyclic monotonic capacity was 

dictated by cyclic loading parameters such as cyclic mean load (FM), cyclic load 

amplitude (FA) and number of cycles (Ncyc). 

Effect of cyclic mean load on anchor capacity: The post-cyclic pullout capacities 

(Fcyc) were higher than the reference monotonic capacity (Fmon), and the gap reduced 

as the mean load increased. The capacity ratio (Fcyc/ Fmon) decreased with increasing 

mean load and remained positive for FM ≤ 65%. It was found that consolidation 

occurred during the cyclic loading episodes, which was confirmed by the measured 

increase of negative excess pore pressure. The higher mean load resulted in the 
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development of higher excess pore pressure, which led to lower effective stresses and 

hence lower anchor capacities. 

Effect of cyclic load amplitude on anchor capacity: For small and moderate cyclic 

load amplitudes of FA ≤ 15%, the development of anchor displacement was relatively 

small, the anchor did not fail during the cyclic loading, and the post-cyclic monotonic 

capacities were ~109% of the monotonic capacity. However, the anchor failed under 

a large cyclic loading amplitude of FA = 25%, resulting in a displacement of 8.7 m and 

remarkably low (post-cyclic monotonic) capacity of 80.1% of the monotonic capacity. 

A preliminary design chart was proposed to evaluate the combined effect of FM and 

FA on the anchor capacity under cyclic loading.   

Effect of number of cycles: The post-cyclic monotonic capacity increased with 

increasing number of cycles in the cyclic loading episode. Longer duration of cyclic 

loading allowed for more consolidation and therefore higher anchor capacity. 

In summary, the fish DIA showed better penetration behaviour, larger diving potential 

and reliably greater capacity in calcareous silt compared with existing torpedo and 

OMNI-Max DIAs. Therefore, it would be regarded as an improved DIA design, 

allowing for economic developments of oil and gas reserves in deep water with 

calcareous seabed sediments. 

6.3 Main findings from numerical study 

The second main objective of this study was exploring the installation behaviours of 

DIAs numerically using an advanced LDFE model. This objective have been 

accomplished from the following aspects. 
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6.3.1 An effective stress-based dynamic RITSS approach 

A dynamic RITSS approach for effective stress analysis was developed and 

incorporated with the commercial FE software Abaqus. An undrained effective stress 

formulation was implemented to facilitate the simultaneous calculation of the effective 

stress component and the excess pore pressure component in fully undrained 

conditions. Validation through undrained triaxial compression and tension tests and 

undrained cylindrical cavity expansion analysis confirmed its excellent accuracy. 

Moreover, a frictional contact model, obeying the Coulomb friction law with penalty 

method, was incorporated in the RITSS approach to calculate the frictional forces in 

terms of effective contact pressure. A frictional cone penetrometer penetration into 

normally consolidated clay was simulated, validating the accuracy of the implemented 

frictional contact model. 

6.3.2 An advanced rate dependency soil constitutive model 

An elasto-viscoplastic modified Cam clay (EVPMCC) model, which extends the 

classical rate-independent MCC model to a rate-dependent version based on the 

overstress theory, has been implemented into Abaqus as a user defined material. It was 

used, for the first time, to account for the rate dependency of fine-grained soils during 

large deformation dynamic soil-anchor interactions, and in a manner of an advanced 

stress-strain-time constitutive model.  

6.3.3 Numerically analysis of the dynamic installation of DIAs 

The developed numerical approach, validating against existing centrifuge test data, 

was used to investigate the installation of DIAs in normally consolidated clay, 

focusing on installation-induced excess pore pressure and final embedment depth.  

The excess pore pressure was found to accumulate mainly around the anchor tip and 

expand radially to a distance of 4.2 times diameter. The increase of excess pore 
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pressure augmented when both the anchor tip and the anchor end approached the 

targeted depth. Higher impact velocity resulted in larger excess pore pressure under 

the anchor tip but the influence became negligible on soil located one radius or further 

away from the anchor centreline. 

Shallower anchor embedment depth and higher excess pore pressure at mid-face 

occurred in the soil with larger strain rate dependency (i.e. higher strength 

augmentation). For assessing strain rate effect on the final embedment depth, a simple 

design expression was proposed based on systematical parametric analyses on 

viscosity parameters. 

6.4 Recommendation for future work 

6.4.1 Effect of sustained loading on capacity and diving potential  

The holding capacity and diving potential of the novel fish DIA have been assessed 

under monotonic and cyclic loading. But this study did not include sustained loading, 

which usually originates from the buoyancy from the floating structures and long-term 

currents during the anchor operation stage. Sustained loading can result in degradation 

of soil shear strength and cause fully or partially drained soil response, with the former 

factor can reduce the capacity of DIAs and the latter can increase it. These two 

compensating effects on anchor capacity under sustained loading have not been 

explored yet. In addition, the diving potential under sustained loading remains 

unknown, which is of great significance to the design of permanent mooring 

application. Therefore, it is suggested to carry out additional tests to quantify the 

influence of sustained loading on the anchor capacity and diving behaviour of the fish 

DIA. 
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6.4.2 3D RITSS analysis for DIAs installation and inclined pullout 

The accuracy and robustness of the RITSS-based LDFE analysis has been 

demonstrated in various applications as noted in Chapter 4. This study further 

demonstrated its capacity of coupling with advanced constitutive models, such as 

MCC and EVPMCC model, and its feasibility in modelling high speed dynamic 

problems. However, currently this approach was applied only to two-dimensional (2D) 

problems in this thesis. For the analysis of installation of a DIA with fins or inclined 

loading of DIAs, a sophisticated three-dimensional (3D) modelling is desirable. As 

discussed in Chapter 4, a 3D RITSS is challenged by effectively tracking the soil free 

surface as it is heavily deformed. In addition, maintaining mapping accuracy is critical 

in the 3D modelling especially where advanced soil models are involved. Further 

research is recommended to increase the capability of the RITSS approach in 

modelling 3D problems. 

6.4.3 Development of soil constitutive models for calcareous soils 

Although with superior capability on modelling of fundamental behaviours of clayey 

soil, the MCC and EVPMCC model adopted in this study cannot consider some special 

characteristics of calcareous soils, such as high compressibility mainly as a result of 

large void ratio and fragile soil particles, and dilation (after a phase transition) as 

opposed to contraction of clay. Some efforts have been paid to develop advanced soil 

constitutive models for the calcareous sediments, for example Mao (2000) and 

Yamamoto (2006) demonstrated that the MIT-S1 soil model (Pestana & Whittle, 1999) 

can reasonably model calcareous silt and sand, especially the dilation behaviour. 

However, the numerical stability of the MIT-S1 model is poor, limiting its application 

in complex boundary value problems (Yamamoto, 2006). Liu & Carter (2002) 

proposed a structured Cam clay (SCC) model on the basis of MCC model but extended 
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to consider the structure effect of natural calcareous soils (Liu & Carter, 2002; Liu & 

Carter, 2005; Carter 2006). The SCC model has been implemented into Abaqus-based 

RITSS approach by the candidate and exhibited robust numerical ability in several 

large deformation simulations, such as the cone and T-bar penetrometer penetration 

problems. It is suggested to conduct more research in employing advanced soil models, 

such as the SCC model, to properly model the behaviours of calcareous soils and 

foundations built in this problematic soil. 
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