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ABSTRACT 

Anchor chains are widely used as the lower part of mooring lines to keep floating facilities 

in place during production. With the anchor connection point (the ‘padeye’) normally 

below the seabed surface, the embedded chain interacts with the surrounding soil, by 

remoulding the soil monotonically during installation or cyclically in operational 

situations. This interaction influences the anchor load in terms of the magnitude and the 

inclination applied to the anchor padeye and may change the seabed geometry (e.g. by 

the formation of chain trenching). Seabed trenching has recently been identified as a 

hazard to anchors, with field observations leading to the requirement of completely 

replacing some anchors. Understanding the behaviour of an embedded chain and the 

subsequent trenching thus helps anchor designing considering both efficiency and safety 

concerns. This thesis therefore mainly addresses two relevant issues: (i) embedded chain 

behaviour for catenary moorings, and (ii) the development of trenching under cyclic 

loading of the embedded chain for semi-taut moorings within undrained loading 

conditions. 

A series of large deformation finite element analyses were conducted using the CEL 

approach within the Abaqus software package, investigating the interaction between the 

‘local’ chain elements and the soil during different displacement trajectories and also the 

monotonic and cyclic ‘global’ system responses of an embedded chain. The results of the 

‘global’ system analyses were interpreted in terms of the mobilised soil resistances in the 

orthogonal space of normal and frictional capacities of the embedded chain, governed by 

the failure criterion identified by the displacement-controlled probes of the ‘local’ 

segments. These analyses were conducted in both the non-softening and softening Tresca 

soil materials to capture the effect of strain softening, i.e. the progressive degradation of 

soil strength. 

The analyses of the embedded chain behaviour for catenary moorings reveal that the 

geometric configuration and the padeye tension of the chain at a given padeye angle show 

excellent agreement with previously published analytical predictions. In terms of the 

tension attenuation from the mudline to the anchor padeye, the CEL results showed a 

significantly small amount compared with the analytical predictions, mainly due to partial 

mobilisation of the frictional soil resistance along the length of the chain. The partial 

mobilisation was demonstrated as a result of the combined-loading effect during failure 

of the soil around the embedded chain, challenging the conventional design methods 

assuming that the ultimate frictional and normal soil resistances are fully mobilised 
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simultaneously. For the strain softening situations, the padeye tension and the tension 

attenuation became even smaller and can be well captured by scaling the resistance down 

accordingly to the residual values. Meanwhile, the geometric configuration was 

unchanged due to compensating effects in between soil resistance and the padeye tension. 

Lastly, a new design approach is proposed for calculating the local equivalent coefficient 

of friction of the embedded chain based on the derived yield locus and the geometric 

configuration established by the Neubecker and Randolph solutions, and modified further 

to suit the strain-softening soil situations. 

In the trenching analyses, cyclically changing boundary conditions were applied to the 

far-end of the chain extending into the water column to reflect a typical mooring layout 

and metocean conditions. After a few cycles, an explicit profile of a stable trench emerged 

for the rather idealised conditions - loading restricted to the vertical plane of the chain 

axis and no consideration of hydrodynamic effects. The chain profile straightened 

progressively during the cycles, with the section nearest to the padeye gradually cutting 

deeper into the soil and with the increasing amplitude of cyclic motions of the chain, and 

hence tendency for a trench to form, especially at shallower depths. The magnitude of 

soil resistance acting on the chain reduced with increasing numbers of cycles, with 

particularly low resistance in the zone where the trench was most developed. The long-

term longitudinal profile of the trench was predicted based on the current modelling, and 

was found comparable to that inferred from field observations for the Serpentina FPSO, 

even with the idealised simulation conditions. 

Overall, these analyses provide new insights into the behaviour of a catenary mooring 

chain cutting through soil, in particular the operative axial ‘friction’ of the chain to 

optimise the current design methods. Furthermore, the investigation of the trench 

development significantly improves the understanding of this phenomenon from a 

geotechnical viewpoint by viewing the cyclic movements of different parts of the chain 

and accordingly the degree of soil remoulding during chain cycling in a quantitative basis, 

which shows a potential for more detailed study in the future.  
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Chapter 1: Introduction 

1 

1 INTRODUCTION 

Abstract 

Offshore mooring systems typically consist of mooring lines with the chain sections 

touching down with the seabed and connecting to the anchors to keep the floating facility 

in place. With the anchor connection point (the ‘padeye’) normally below the seabed 

surface, the interaction of the embedded chain with the surrounding soil affects the 

magnitude and inclination of the load that reaches the anchor. Consequently, this 

interaction response must be known in order to correctly design the mooring system and 

size the anchor appropriately. In addition, the seabed soil can be further remoulded by the 

embedded chain due to metocean loads, leading to the development of seabed ‘trenching’ 

with the help of hydrodynamic effects, i.e. erosion and further material transportation. In 

recent field observations, mooring chain-generated seabed trenches were identified and 

shown to almost reach the anchor and padeye depth, requiring costly replacement of the 

anchors. Understanding the behaviour of an embedded chain and the induced trenching 

phenomenon is required to design a cost-effective, yet safe, anchor and mooring chain 

configuration. 

This thesis reports numerical approaches used to investigate how a range of different soil 

conditions and geometry arrangements for mooring lines and chains affect embedded 

chain behaviour and the associated chain trenching. The thesis itself comprises four main 

chapters (Chapters 2 to 5) that work towards advancing the state of knowledge in these 

areas. Chapter 2 explains how the numerical approach used was selected, before Chapters 

3 to 5 are formatted as a collection of research papers with each chapter representing an 

individual paper.  

This introductory chapter (Chapter 1) explains the background and motivation for the 

overall work, presents the specific research aims and presents the brief background for 

each sub-topic studied. Finally, an outline of each chapter and the format of the thesis is 

given.  
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1.1 Background and motivation 

1.1.1 Mooring systems and the embedded anchor chain configuration  

A general schematic showing two different mooring line and anchor configurations is 

shown in Figure 1.1. The (not to scale) embedded chain sections are shown below the 

mudline in the lower part of the figure. For the purposes of mooring design, the mooring 

line load Ts and inclination above horizontal θs at the fairlead on the floating facility are 

given as the engineering inputs. In order to design an appropriate anchor, the chain tension 

Ta and load inclination angle θa at the padeye must be calculated. This is done by solving 

the tension profile and geometric configuration of the mooring line from the top (the 

fairlead – with known Ts and s) to the bottom (the padeye, with unknown Ta and a). It 

is very complex and numerically expensive to solve the whole mooring line including the 

sections suspended through the water column and embedded in the seabed. Consequently, 

in engineering practice it is common practice to decouple the two mooring line sections 

and solve them independently. The touch-down point at the mudline with tension Tm and 

inclination θm thus becomes the link between those two separate analyses of the upper 

and lower parts of the mooring line. The value of the mudline angle θm defines the 

mooring type: a semi-taut/taut mooring has m > 0, whereas a catenary mooring has m = 

0 with a section of chain lying flat on the seabed. 

To obtain the profile of tension along the chain and its geometric configuration in the 

embedded section requires the equations of static equilibrium of the chain to be solved.  

This needs accurate inputs for the mobilised soil resistances, normal and axial to the chain 

movement, and at all the points along the length of the chain. Existing design methods 

assume that intact ultimate normal and intact ultimate axial resistances are mobilised  

 

Figure 1.1 Schematic of the geometric configurations of catenary and semi-taut moorings 
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simultaneously (e.g. Vivatrat et al. 1982; Degenkamp & Dutta 1989b; Neubecker & 

Randolph 1995b). This assumption ignores the potential coupling between the normal 

and frictional resistances (which may limit the amount of each that can be mobilised at 

the same time on any chain segment), and the degree of soil remoulding around the chain 

(which may also reduce the available soil resistance). Both of these effects could lead to 

current design methods over-estimating the soil resistances along the chain, producing 

unsafe estimates of anchor load. These two effects are investigated directly in Chapters 3 

and 4. 

1.1.2 Anchor chain trenching  

For taut and semi-taut moorings, operational loadings (due to hydrodynamic loadings on 

the floating facility and mooring line) lead to cyclic movement of the mooring line both 

in the seabed and in the catenary. These line motions appear to be linked with the 

generation of chain trenching. Seabed trenching - the generation of a ‘trench’ around the 

chain within the seabed near suction caisson anchors for taut/semi-taut moorings - is an 

emerging phenomenon observed offshore West Africa (Bhattacharjee et al. 2014; Colliat 

et al. 2018). This was first identified during a due-diligence inspection for the moorings 

of the Serpentina FPSO offshore West Africa as reported by Bhattacharjee et al. (2014). 

Large open trenches, which almost reached the suction anchor and the chain padeye 

depth, were observed.  

As a result of the Serpentina observations, two areas of research interest were initiated: 

(a) assessing the stability of existing suction anchors with chain trenching and 

investigating how to design anchors if chain trenching occurs, and (b) understanding why 

chain trenching occurred. The focus of the research in this thesis is the latter, though both 

are introduced briefly below. 

1.1.2.1 Designing for chain trenching 

When first discovered in the field, the most urgent requirement for industry was to make 

sure that existing suction anchors were still fit for purpose with no risk of short-term 

failure. For the Serpentina FPSO mooring system, the anchors with trenches in front of 

them were then replaced with anchors at a 30% increased mooring radius to generate a 

catenary mooring instead of the original semi-taut mooring (Bhattacharjee et al. 2014). 

This provided sufficient contact section of the grounded chain to the seabed, reducing the 

movement of the embedded chain section significantly. Alternative measures such as 

relocating the anchor laterally in intact seabed to gain some additional years of operation 
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before new trenches are fully developed again (Colliat et al. 2018), or restoring the anchor 

capacity by rock dumping to fill the current trenches (Bhattacharjee et al. 2014) were 

investigated, but not implemented. 

For new anchors, a ‘safe’ approach is to design the anchor allowing for trenching, thereby 

increasing the anchor size. Various work had been conducted to quantify the capacity 

reduction due to different trench geometries, including studies in the public domain 

(Alderlieste et al. 2016; Feng et al. 2019; Garcia et al. 2019). Another potential design 

change suggested was altering the padeye depth (Colliat et al. 2018; Feng et al. 2019; 

Garcia et al. 2019), but the effects on the capacity may be offset by changing soil failure 

mechanism (if the padeye depth is lowered to reduce the trenched depth) or offset by 

further deepening the trench (if the padeye depth is increased). Consequently, there is no 

clear recommendations for design in the published domain to address the trenching effect, 

though this emerging issue has become a hot topic of anchor design and is now mentioned 

in industry standards (ISO19901-4 2016; ISO19901-7 2017). 

1.1.2.2 Understanding chain trenching 

After the Serpentina trenching came into the public domain, accurate bathymetry 

inspections of seabed trenches were conducted for the moorings of five FPSOs and off-

loading terminal buoys in the Gulf of Guinea to measure trench width, trench depth and 

anchor-to-trench distances. Colliat et al. (2018) presented longitudinal and transversal 

trench profiles, and statistically related trench development with the mooring-line loads. 

The profiling results showed that initiation of trenching started near the touch-down-point 

where the most significant chain motions occur, and progressed towards the anchor, 

deepening according to chain motions and trench wall collapses. This study forms an 

empirical benchmark for future predictive modelling of trench development. The 

statistics showed that the more developed trenches correlated strongly with increasing 

mooring-line dynamics, for both in-plane and lateral chain movements. 

Other observations concerning trench evolution were obtained from laboratory floor and 

centrifuge tests (Sassi et al. 2017). However, fully-developed trenches were not 

established due to the relatively small time-scale of testing, the small tension amplitudes 

applied to the chain, and the absence of out-of-plane chain movements or appropriate 

hydrodynamic modelling. 

Aside from observations of trenching in field and model tests, mechanisms and driving 

factors have also been investigated. Sassi et al. (2017) described the development of 
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trenching in two stages: formation of the trench with a relatively high trenching rate; and 

stabilisation of the trench with a low trenching growth rate. For the first stage, the 

trenching rate was linked to the maximum chain tension, with the trenching rate 

increasing with tension level. During that stage, soil cutting caused by ‘flattening-out’ of 

the initial inverse catenary of the embedded chain, together with soil degradation, was 

proposed as the dominating mechanism. For the second stage, hydrodynamic effects and 

trench collapse were suggested to explain regressive development of a tunnel and trench 

back towards the anchor. Accordingly, a time-based 2D analytical tool was developed 

(Versteele et al. 2017) incorporating chain-soil interaction, soil erosion and trench wall 

stability.  

O'Neill et al. (2018) presented back-calculations of the Serpentina mooring line 

configurations, from the FPSO fairlead down to the anchor padeye, based on analytical 

solutions for anchor chains (Neubecker & Randolph 1995b), considering various load 

ranges under both normal (operational) and extreme (storm/cyclonic) conditions, and 

different mooring setups and soil properties. Cutting of the chain into soil and lifting up 

during extreme load conditions were postulated as the primary mechanisms driving the 

formation of anchor chain trenches. The results showed initial trench formation around 

the chain near the mudline, although the predicted trench profiles were still far from 

reaching the limiting geometry of the Serpentina trenches. This was attributed to 

‘secondary’ trench formation mechanisms concerning trench collapse and hydrodynamic-

related effects not considered in those calculations.  

Most of the previous studies of trench development involved direct observations from the 

field or model tests, providing useful information about the relationship between chain 

configuration and open trench profile. However, the methods have not addressed chain-

soil interaction directly from a geotechnical viewpoint (i.e. soil resistance to the chain, 

and soil remoulding due to chain cutting), although chain-soil interaction is 

acknowledged as the underlying mechanism for trench development. The analytical tool 

of Versteele et al. (2017) predicted trench initiation from the geometry of estimated chain 

profiles at the extreme load ranges, but their model was phenomenological in nature, 

without attempting to quantify progressive remoulding of soil under repeated loading 

from the chain.  

In summary, there is still limited knowledge of the trench formation process in the public 

domain. Consequently, this is investigated in more detail in Chapter 5 of thesis by 
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performing numerical work to investigate directly chain-soil interaction during the cyclic 

loading of a semi-taut mooring system. 

1.2 Research aims 

The research in this thesis addresses two aspects of embedded chain behaviour: static 

chain-soil interaction (with remoulding), and (cyclic) chain trenching. 

For the static embedded chain behaviour, the aim is to improve current design methods 

to better estimate the mobilised normal and frictional soil resistances considering both 

resistance-coupling and soil remoulding. The estimation of the resistance influences the 

calculation of the tension and geometric profiles of the chain, thus determining the 

magnitude and direction of the anchor load.  

For the seabed trenching, the aim of the work is to investigate how chain-soil interaction 

and the progressive remoulding of soil affect the cyclic response of the embedded chain 

and generates chain trenching. 

1.3 Thesis outline 

The main thesis chapters are outlined below: 

Chapter 2 compares two large-deformation finite-element approaches, i.e. RITSS and 

CEL, to perform three-dimensional analysis of the tensioning process of an embedded 

chain system for catenary moorings. It describes the differences in the model 

setup/implementation using the commercial software Abaqus and the computational cost 

within current computing resources. Some preliminary results from pure chain and 

embedded chain analyses are presented to allow model verification and then an approach 

(CEL) is selected for the rest of the thesis work based on these aspects listed above. 

Chapter 3 investigates numerically the response of an embedded chain section during 

tensioning for a catenary mooring in undrained elastic, perfectly-plastic soil.  The analysis 

allow interrogation of how the normal and frictional resistances varying along the chain 

through a complete tensioning process from an initial as-installed geometry to a 

configuration where the padeye angle becomes less than 35º. Geometric configurations 

and tension profiles from the chain system analyses are compared with analytical 

predictions using the Neubecker and Randolph approach. Soil resistances mobilised along 

the chain are presented in a yield-locus context. A method for calculating the local 

equivalent coefficient of friction of the embedded chain is proposed with the chain 
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configuration established using the Neubecker and Randolph solution and the yield locus 

derived from separate analyses for a deeply embedded chain. This is then extended to 

derive a formulation for estimating the global operative ‘friction coefficient’ for the 

embedded chain system, taking account of the variation in mobilised friction along the 

chain length. 

Chapter 4 extends the 3D numerical modelling presented in Chapter 3 to investigate how 

soil remoulding affects the performance of the chain system and the soil resistance along 

the embedded chain during tensioning. The results from the segment analyses are used to 

calculate the approximate ‘scaled’ values of normal resistance and friction coefficient. 

The tensions and geometric configuration of the embedded chain, as two outputs for 

design, are presented and compared with analytical prediction by Neubecker and 

Randolph with the scaled soil resistances. Finally, the method proposed in Chapter 3 for 

the estimation of the equivalent coefficient of friction is modified to allow for soil 

remoulding and the results using this method (and the simple scaling method mentioned 

above) are compared with the results from the chain system analyses. 

Chapter 5 explores trench formation by investigating numerically the response of an 

embedded chain system cutting through a softening soil domain cyclically due to the 

application of a range of practical operational mooring line tensions and angles. The 

behaviour of selected chain segments is analysed to understand how different parts of the 

embedded chain interact with the seabed during cycling, deforming and remoulding the 

soil around them. Furthermore, distributions of the soil resistance along the chain at 

different stages of cyclic loading are presented together with implications for the 

predicted limiting geometry of the trench. The observed numerical trench is also 

compared with centrifuge test results with similar soil conditions and evidence from field 

data, and conclusions are then drawn correspondingly. 

Chapter 6 concludes the thesis, summarising the primary contributions of this work and 

identifying areas for future research. 
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2 SELECTION OF NUMERICAL APPROACHES 

 

ABSTRACT: This chapter addresses the selection of numerical approaches for analysis 

of embedded chain behaviour and the development of trenching investigated in the thesis. 

Two approaches (RITSS and CEL) are investigated in detail with preliminary results and 

findings presented here. 

Firstly, the Lagrangian part of a RITSS analysis was conducted for the simulation of an 

embedded chain after verification of the chain model and investigation into segment-soil 

interaction. The concept of a failure envelope describing the interaction between the 

normal and axial shear resistance emerged from the analyses for the interpretation of the 

chain behaviour from a geotechnical viewpoint.  

Next, some preliminary results of a systematic CEL analysis are presented, incorporating 

the responses of ‘local section’ and ‘global chain system’, and compared with the 

predictions by current analytical solutions. Through the CEL analysis of the chain-

tensioning process, a numerical trench was explicitly observed, suggesting the CEL 

approach allows simulation of trenching development.  

In summary, the CEL approach shows considerable advantages over the RITSS approach 

in terms of the model setup and the computational resources, making the CEL modelling 

approach the preferred analysis approach for use later in the thesis. 
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2.1 Introduction 

Modelling of embedded mooring chains and chain trenching involves large deformations 

as the chain moves a relatively long distance, i.e. tens of chain bar diameters through the 

soil, caused by the movement of the upper mooring line to reach the operating condition 

from installation or due to metocean conditions.  

Conventional finite element analysis within a small strain or finite strain framework is 

likely to suffer from excessive distortion of soil elements dealing with large deformation 

problems using a Lagrangian formulation. To overcome this numerical difficulty, various 

approaches for large-deformation finite-element (LDFE) analyses have been proposed 

and applied increasingly in geotechnical practice. Among those approaches, the 

remeshing and interpolation technique with small strain (RITSS) developed at the 

University of Western Australia (Hu & Randolph 1998), an efficient Arbitrary 

Lagrangian-Eulerian (termed EALE) approach developed at the University of Newcastle 

(Nazem et al. 2006) and the Coupled Eulerian-Lagrangian (CEL) approach available in 

the commercial software Abaqus/Explicit (Dassault Systèmes 2014) are the most widely-

used mesh-based methods within the framework of Arbitrary Lagrangian-Eulerian (ALE) 

analysis (Wang et al. 2015). Since total stress analyses of the static/quasi-static 

behaviours of the embedded chain will be conducted in this project, any of the three 

approaches could be used. Selection of one of these approaches is required before any 

substantial progress is made towards fulfilling the project aims.  

This introductory section will briefly compare three widely used LDFE approaches, and 

then present some previous numerical work of modelling an embedded chain, which 

provided the inspiration for the model setup. Following this, a synopsis of the analytical 

solutions for an embedded chain will be shown as background and benchmarks for the 

numerical analyses. After this, the contents of the rest of this chapter will be presented. 

2.1.1 Evaluation of the LDFE methods: RITSS, CEL, EALE 

A comprehensive evaluation of the previously mentioned three LDFE approaches 

(RITSS, EALE and CEL) was provided by Wang et al. (2015), in which the theoretical 

formulations and the results of analyses for four benchmark cases were presented in 

detail. This chapter will not replicate the previous work but summarises it as background 

for the following FE trials.  
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2.1.1.1 Theoretical background 

In mesh-based ALE approaches with the operator-split technique, each incremental step 

includes a Lagrangian phase and an Eulerian phase. The Lagrangian calculation is 

conducted on the deformable mesh, then the deformed mesh is updated in the following 

Eulerian phase to avoid severe mesh distortion and the convection of field variables (e.g. 

stresses and material properties) is conducted from the old mesh to the new in order to 

continue the analysis. 

Different approaches involve different integration schemes for the Lagrangian 

calculation, and distinctive strategies for remeshing and mapping. The Lagrangian 

calculation for RITSS and EALE is conducted in an implicit integration scheme, while 

CEL analyses are dynamic with an explicit integration scheme. Mesh regeneration and 

interpolation between meshes are implemented after each Lagrangian analysis in the 

RITSS approach. EALE and CEL adjust the positions of nodes but maintain the original 

topology of the mesh, either using a mesh optimising technique based on a special mesh-

generation algorithm or constantly mapping to the original mesh, i.e. a spatially ‘fixed’ 

Eulerian mesh. By contrast, the RITSS approach generates an entirely new mesh. In CEL 

analyses, comparatively rigid structures, e.g. spudcans, anchors and penetrometers (or the 

chain links here), are usually modelled as Lagrangian bodies with no convection of 

material through the mesh, while soil is simulated as Eulerian material which can ‘flow’ 

through a spatially fixed mesh. 

2.1.1.2 Advantages of RITSS and EALE (implicit) 

The RITSS and EALE approaches allow any standard finite element theory to be used in 

the Lagrangian analysis, and the structure-soil contact can be addressed well with 

different interface property options, e.g. smooth, frictional and fully bonded. The 

mapping cost is minimal compared with that of the Lagrangian analysis by conducting 

local interpolation/convection. 

2.1.1.3 Limitations of RITSS and EALE (implicit) 

The EALE approach is limited to 2D simulations, while 3D RITSS is possible (e.g. Wang 

et al. 2010) but challenging to deal with complex structures or changing geometric 

profiles of the soil surface. Such features require either frequent mesh regeneration or 

manual adjustment of the re-generated mesh. For large-scale analyses involving hundreds 

of thousands of elements, the implicit integration scheme itself limits practical 

application, because without incorporating any promotion in solver technique or in 
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hardware it requires extremely high-frequency computing processors to meet the huge 

computational need as, empirically, the optimal number of active CPUs during an implicit 

analysis is 6 ~ 8. The optimal number was determined by the cost by data-exchange 

among processers compromising the potential increase in computational efficiency by 

increasing the number of CPUs. Furthermore, as both EALE and RITSS approaches were 

developed originally in-house, their use generally requires some coding experience and 

expertise for the users. Note that current versions of Abaqus contain internal algorithms 

to generate meshes (at least in 2D) and interpolate between meshes, reducing considerably 

the effort required to implement the RITSS approach.  

2.1.1.4 Advantages of CEL 

The advantage in the computational aspect of CEL is that it can make better use of multi-

CPUs than approaches with an implicit integration scheme: more CPUs involved in the 

analysis can significantly increase the computational efficiency with a corresponding 

increase in the available computer memory. Besides, the CEL approach is more accessible 

than RITSS and EALE as it is part of the commercially available Abaqus software 

package, which means no programming is required during pre-processing. 

2.1.1.5 Limitations of CEL 

3D modelling is the only option for CEL, so the computational efficiency of CEL cannot 

be compared directly with the RITSS or EALE approaches for 2D problems. Using an 

explicit integration scheme, the optimisation equation to minimise the mapping error of 

each field variable is solved globally, which leads to significantly higher computational 

effort for the Eulerian phase. For a quasi-static analysis, accelerations in the model must 

be sufficiently slow to avoid inertial effects. Thus, the incremental displacement in 

proportion to the minimal element size should be selected carefully for each particular 

problem to achieve a suitable compromise between accuracy in the quasi-static response 

and computational efficiency; this needs some user experience. Moreover, the contact 

interface detected in the CEL analysis is possibly not as accurate as those in Lagrangian-

based approaches because it is determined ‘fuzzily’ according to the volume fraction of 

each material in each element. 

2.1.2 Previous numerical work concerning embedded chain modelling 

The installation process of a ground chain for a catenary mooring line has been simulated 

previously using the CEL approach (e.g. Zhao & Liu 2013; 2014; 2016; Kim et al. 2015). 

The chain model was constructed with a series of rigid cylindrical elements connected 
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together by LINK connectors with each cylindrical element interacting with the 

surrounding soil. Geometric and tension profiles of the chain were examined and 

compared with existing analytical predictions. However, few details from a geotechnical 

viewpoint were provided to explain the differences between the CEL results and 

analytical predictions or in exploring the underlying mechanism of the chain-soil 

interactions. 

2.1.3 Synopsis of analytical solutions for an embedded chain 

This section summarises briefly the analytical solutions for the embedded chain, which 

will be used later for assessing the FE results. Each element of the chain maintains force 

equilibrium under the combined effect of chain self-weight, chain tension and soil 

resistance as shown in Figure 2.1. The differential equations governing the chain 

equilibrium, defining the change in tension and angle of the chain per unit length of chain, 

are (Vivatrat et al. 1982) 

sin
dT

F w
ds

                                                      (2.1) 

cos
d

T Q w
ds


                                                  (2.2) 

where T is the tension in the chain, θ the inclination angle subtended by the chain to the 

horizontal, s the length measured along the chain, starting from the padeye, and w the 

submerged weight of the chain per unit length. Q and F represent respectively the normal 

and frictional resistances - i.e. in bearing and sliding - offered by the soil (expressed as 

force per unit length of the chain). Crucially, the normal and frictional soil resistances for 

the embedded chain are generally assumed to be uncoupled and the ultimate values of 

each are assumed to be fully mobilised along the whole embedded length of the chain. 

Under undrained conditions, the ultimate normal resistance Qult and frictional resistance 

Fult are given by (Degenkamp & Dutta 1989b): 

ult n b c uQ E d N s                                                    (2.3) 

ult t b uF E d s                                                      (2.4) 

 

Figure 2.1. Mechanical equilibrium of a chain element 
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where En and Et are respectively the effective width parameters in normal (bearing) and 

tangential (frictional) directions, db is the bar diameter of the chain, su the local undrained 

shear strength, and Nc the bearing capacity factor. Average values of En = 2.5 and Et = 

8.0 were deduced from model tests on both 6db (i.e. with the length of each chain link 

being 6 times the bar diameter) stud-link and 5db studless chains (Degenkamp & Dutta 

1989b).The bearing factor Nc is assumed to increase with depth from 5.14 (for a surface 

strip foundation) to 7.6 (for a deeply embedded strip foundation) (Degenkamp & Dutta 

1989b; 1989a; Dutta & Degenkamp 1989; Neubecker & Randolph 1995a; 1995b; 1996).  

The differential equations can be solved analytically by neglecting the weight of the 

chain, which has been shown to play only a minor role apart from close to the mudline. 

Further, the effect of chain weight can be accounted for at the end of the equilibrium 

calculation by simple adjustments to the normal resistance and depth of the padeye 

(Neubecker & Randolph 1995a; 1995b; 1996). Equations linking the tension T along the 

embedded chain and the chain angle from the horizontal at any depth z were derived as: 
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where the coefficient of friction μ is defined as the ratio of Fult/Qult, generally taken as 

falling between 0.4 and 0.6 for fine-grained soil using typical values of Nc = 5.14 － 7.6, 

En = 2.5 and Et = 8.0. Ta and θa are respectively the chain tension and inclination angle at 

the padeye depth za. The expression was simplified by Neubecker & Randolph (1995b) 

by adopting an approximation for small values of chain inclination angles θ, as 
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T
Qdz                                                      (2.7) 

The simplified analytical solutions were shown to agree well with the results of full 

numerical integration of the differential equations (Neubecker & Randolph 1995b). 

2.1.4 Scope of this chapter 

Based on the comparison of the three approaches, RITSS and CEL were selected for some 

trials because of the 3D context for the analyses of the embedded chain and the 

availability of the two approaches. Some results of the Lagrangian analyses without the 

Eulerian phase are shown first in order to verify the chain model and the interaction 
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between the chain and the soil. A trial example of a 2D surface footing penetration into 

undrained soil using the RITSS approach is presented then to verify the implementation 

of the RITSS approach and to ascertain its practicality. The preliminary results of the 

CEL analyses of both the multi-segment section and the embedded chain system are then 

presented to evaluate the applicability of the CEL approach. Finally, the advantages and 

disadvantages of the different modelling approaches are summarised in order to select the 

approach used in the remainder of the thesis. 

2.2 Development of an embedded chain model with the 

Lagrangian approach 

All finite element analyses (FEA) were carried out using the software Abaqus (Dassault 

Systèmes 2014). The logic sequence of the model development is: 

 Setup of the chain model as a string of linked segments (without soil involved) 

and verification by simulating a suspended catenary 

 Bearing of one chain segment (validation of the segment-soil interaction) 

 Bearing and sliding of a linked multi-segment section of the chain model 

(selection of the model setup, i.e. segment size, gap width and mesh size) 

 Inclined displacement-controlled probes of the multi-segment chain model (to 

obtain a failure envelope) 

 Full chain system analyses (to evaluate the feasibility) without remeshing. 

2.2.1 Chain modelling 

The chain was modelled as a line of equally spaced, rigid cylindrical segments, connected 

using ‘LINK’ connector elements provided as standard in Abaqus (Figure 2.2). The LINK 

connectors transmit axial force but no bending moment, and maintain a fixed distance 

between the two connected nodes. The cylindrical segments work as separate linked 

bodies of the chain, interacting with the surrounding soil (including at their ends), whilst 

the connectors link the discrete cylindrical segments together to transmit force and 

movement in the same way as a real chain. The kinematics of a chain is a geometrically 

non-linear boundary value problem because of the large relative translation and the 

rotation among the chain elements as the chain deforms. Therefore, geometric 

nonlinearity (option ‘NLGEOM’ in Abaqus) was activated in the FEA in which the 
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elements were formulated in the current configuration using current nodal positions, 

rather than the reference (original) configuration. 

The length ls and the diameter ds of each segment, and the space between adjacent 

segments, ss are the three geometric variables governing the dimensions of the model 

chain. The chain geometries in the FE model were selected to model a standard 5db 

studless chain as shown in Figure 2.2. Each link pair of the 5db studless chain was 

represented by one bar segment together with one spacing, i.e. the sum of ls and ss was 

equivalent to the length of one link pair (6db). This provides a way to relate ds with db for 

the interpretation of the resistances obtained from the FE modelling. A detailed 

calibration exercise is presented later in order to evaluate the influence of the selected 

dimensions on numerical limiting normal and frictional resistances of the simulated chain. 

The chain model was verified by simulating a typical hanging chain (weight per unit 

length wchain = 0.75 kN/m) with fifteen segments (ls = 0.6 m and ss = 0.2 m) making a total 

length of 11.8 m under gravitational force. The chain was pre-tensioned horizontally by 

an end force Th of 10 kN. One end was constrained in both translational directions and 

the other vertically. The gravitational (self-weight) force was then applied to the segments 

and the chain deformed to achieve force equilibrium. The geometric profile of the chain 

and tension components transferred are shown in Figure 2.3. The FE results (the dots) 

agree well with separate analytical predictions for the geometric configuration and 

vertical component of the tension component for a catenary (shown as lines on Figure 

2.3), expressed respectively as 

0.5cosh 1
x s

y a h
a

  
    

  
                                             (2.8) 

 

Figure 2.2. Chain model corresponding to a 5db studless chain 
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0.5sinhv h

x s
T T

a

 
  

 
                                                   (2.9) 

where a = Th/wchain, s0.5 is half of the horizontal span of the catenary (= 5.72 m for the 

specified value of Th) and h is the suspension depth (= 1.24 m) of the lowest point relative 

to the two ends. 

2.2.2 Embedded chain segment analyses 

2.2.2.1 One-bar bearing  

To verify segment-soil interaction, the penetration of a single bar, treated as one chain 

segment, was simulated first without, and then with, incorporating end effects. The 

bearing capacity was then compared with analytical solutions. For the case without end 

effects, the bar was deeply embedded in a soil domain of the same width as the bar length 

ls (see Figure 2.4). The friction obtained from the two end circular planes was thus 

excluded from the resultant force. The length of the bar ls was selected as 1 m with 

diameter to length ratio ds/ls of 0.2, falling in the range of the ratio of a T-bar (Stewart & 

Randolph 1991; 1994). 

In the finite strain analyses (considering geometric nonlinearity), fully integrated 

tetrahedral elements C3D4 and C3D4H (hybrid) were adopted for the discretisation of the 

rigid bar and the soil domain separately. The mesh size for the bar was selected as 0.05ds 

uniformly as shown in Figure 2.4. Mesh refinement was implemented for the soil close 

to the bar within a circular ‘core’ of diameter 1.5ds. A layer of soil elements was 

prescribed to enclose the bar with radial thickness br = 0.025ds. The inner boundary of 

 

Figure 2.3. Geometric and tension profiles of a hanging chain under gravitational effect 
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the soil core was discretised circumferentially at 0.05ds, the same as the bar, while the 

outer core boundary was at 0.1ds, resulting in a total of 61000 elements in the core. 

The soil was assumed to be fully undrained, and total stress analyses were performed with 

uniform strength su = 10 kPa adopted over the whole domain. A linear elastic – perfectly 

plastic soil constitutive model obeying the Tresca failure criterion was adopted. The 

Young’s modulus E was taken as 500su and Poisson’s ratio as 0.49 to approximate 

incompressible soil response for undrained conditions. Self-weight effects were not 

considered in this trial work and so the soil and chain elements were modelled as 

weightless. The soil close to the chain surface was fully bonded to it without any kind of 

detachment considering fully undrained soil conditions.  

The results of the penetration of a bar without incorporating the ends are shown in Figure 

2.5. The bearing capacity factor Nb,ult (= resistance force, FN divided by the bearing area 

(diameter x length) and undrained shear strength, viz. Nb,ult = FN/(lsdssu))) derived from 

the resistance - penetrating displacement relationship (shown on Figure 2.5(a)) was 

around 13, which is 9% larger compared with 11.94 given by the analytical solution for 

a fully rough bar (Randolph & Houlsby 1984; Stewart & Randolph 1991). The over-

prediction of the capacity factor is due to the relatively coarse mesh adopted, even in the 

refined mesh region in the present analysis (see the mesh used by Zhou and Randolph 

(2007) for comparison). Figure 2.5(b) illustrates the failure mechanism (similar to that 

for a perfectly rough cylinder loaded laterally in undrained soil (Randolph & Houlsby 

1984)) by showing the displacement and the equivalent plastic shear strain of the soil. 

A separate FE analysis was performed with a thicker soil domain (total width of 3ls) in 

order to incorporate the bar-end shearing. Note that the adopted mesh within the bar 

region was consistent with the previous analysis. There is no significant difference in the 

overall failure mechanism but the ends increase the capacity factor to 13.7. An increase 

of 0.7 in the capacity factor, comparing with 0.31 (0.31 is the theoretical change in the 

normalised bearing resistance considering soil failure at the ends, viz. 2*0.25ds
2/lsds = 

0.5ds/ls = 0.31 (for the conditions here)), shows the error due to the mesh. 

2.2.2.2 Multi-segment bearing and sliding 

The normal and frictional capacities of a chain were investigated by displacing a deeply 

embedded straight section of seven segments normally and axially through a 

homogeneous soil domain (with the same soil properties and segment-soil contact as in 

the previous one-bar penetration simulation). The multi-segment chain model was 
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defined by different combinations of the chain geometries, i.e. varying the diameter to 

length ratio ds/ls and the axial gap-segment ratio ss/ls, and the mesh sizes adopted for the 

refined zone around the bar-shaped segments. The aim was to select a set of these 

variables for the chain model that reproduces the normal and frictional resistances of the 

simulated chain (with the true diameter db = (ls + ss)/6), and that would be suitable for the 

chain system analyses. The resistances were interpreted in terms of both the bar-shaped 

segment diameter ds and the bar diameter (db) of the simulated chain in order to verify the 

suitability of the model and to compare with previously published solutions for a real 

chain (e.g. Degenkamp & Dutta 1989b). 

 

Figure 2.4. FE model setup for the penetration test of one chain segment 

 

Figure 2.5. Results of the penetration of one chain segment: (a) Resistance vs. 

displacement; (b) Displacement and equivalent plastic shear strain of soil. 
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The two geometrical variables, ds/ls and ss/ls, were varied in the ranges of 0.2, 0.25, 0.3, 

0.35 and 0.4, and 0.1, 0.15, 0.2, 0.25 and 0.3 separately under the conditions of constant 

ls (= 0.6 m). The FE model is presented in Figure 2.6 with a detailed illustration of the 

meshing strategy for the soil enclosing the chain segments. Mesh refinement (see Figure 

2.6) in the vicinity of the segments was similar to the one-bar analyses although somewhat 

coarser, using tetrahedral elements with sizes of 0.2ds at the inner core boundary and 2.0br 

at the outer core boundary. The radial thickness br of the one element layer was also varied 

relative to the segment diameter, with br/ds of 0.025, 0.05, 0.075 and 0.1. The numbers of 

the soil elements in the refined mesh core, corresponding to different br/ds (for ds/ls = 0.2) 

are also shown in Figure 2.6 to illustrate the computational costs of the analyses with 

different model setups. 

The resulting contours of displacement and Tresca stress of soil for the penetration and 

sliding of a seven-segment chain (with ds/ls = 0.3 and ss/ls = 0.1, br/ds = 0.025) are shown 

in Figure 2.7(a) and (b) respectively. Effects from the two ends of the seven-segment 

section were observed, thus resultant loads on the outer two segments were excluded in 

the calculation of the (length-averaged) soil resistance to the chain. 

 

 

Figure 2.6. FE model of a seven-segment section of chain 
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Figure 2.8 compares the normal capacities (Figure 2.8(a)), friction capacity (Figure 

2.8(b)) and the equivalent frictional coefficient (Figure 2.8(c)) for the cases with different 

combinations of chain dimensions and mesh refinement. FN,sum and FS,sum denote the 

normal and frictional soil resistance forces on the five central segments of the chain, while 

L is the total length of the five segments, i.e. 5(ls + ss). The results in Figure 2.8(a) and 

(b) are normalised by both the diameter of the segment (ds) and the bar diameter (db) of 

the real studless chain of the chain size being modelled. The former normalisation 

provides understanding of the numerical model in respect of soil resistance to the bar in 

bearing and sliding, while the latter allows the resultant forces on the cylindrical segments 

in the FE model to be interpreted in relation to capacity factors for the modelled chain – 

as suggested in practice (e.g. Degenkamp & Dutta 1989b). 

(a)  

(b)  

Figure 2.7. Displacement and Tresca stress of soil for the chain bearing and 

sliding (ds/ls = 0.3 and ss/ls = 0.1, br/ds = 0.025): (a) Bearing; (b) Sliding.  
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The normal capacity factor of the bar Nbar,ult (as normalised by the chain segment diameter 

ds) decreases as the axial gap ratio ss/ls increases with constant ls because of spreading out 

of the segments, i.e. increasing the gap space, has minimal impact on the resistance forces 

on the each chain segment. This decreasing trend is further amplified when the results are 

expressed in terms of the chain factor Nb,ult (normalised using the equivalent chain bar 

diameter db) because of the increasing virtual chain bar diameter db (= (ls + ss)/6) of the 

modelled chain. 

(a)  

(b)  

(c)  

Figure 2.8. Capacities and friction coefficients of a chain section with changing 

dimensions and element sizes: (a) Normal; (b) Frictional; (c) Friction coefficient.  
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When the segment diameter to length ratio ds/ls is varied (with a constant ls) the normal 

capacity factor of the bar Nbar,ult (as normalised by ds) increases a small amount with 

thicker segments ds/ls. However, when expressed in terms of equivalent Nb,ult the fact that 

the equivalent value of db does not change with ds (because ls is fixed) leads to Nb,ult 

increasing significantly with ds/ls. 

Larger capacity is calculated when the layer of the elements in contact with the chain 

segments is thicker (Figure 2.8(a) and (b)) because there are fewer soil elements (see 

Figure 2.6) and so numerical errors increase. However, increasing mesh density (reducing 

the size of the elements near the chain) to reduce numerical errors results in an increasing 

time ‘cost’ for the analyses, as discussed below.  

The frictional capacity factor of the bar Ns-bar,ult shows no significant change as either ss/ls 

or ds/ls changes within the selected range under the conditions of constant ls. However, 

the frictional capacity factor Ns,ult shows the same trends with ss/ls and ds/ls as the normal 

factor Nb,ult, i.e. decreasing with the increasing ss/ls while increasing with increasing ds/ls, 

due to the normalisation by the virtual db, since db increases with increasing ss/ls but 

remains constant with the varying ds/ls under the conditions of constant ls.  

The equivalent frictional coefficient (= FS/FN) increases with the gap ratio and also 

increases with the thickness of the near-chain element mesh layer. The gap-ratio effect is 

because the increasing gap brings more end bearing resistance to the axial movement of 

the chain compared with the end shearing for the normal resistance. The frictional 

resistance is more sensitive to the element size in the vicinity of the chain compared with 

the normal resistance; the relatively larger numerical error in the frictional resistance with 

a coarser mesh results in a larger friction ratio. 

The processing durations for a series of analyses with the same chain geometry but 

different near-chain element sizes are compared in Figure 2.9. Exponentially increased 

computation cost is required to reduce numerical error (which reduces linearly with 

element size). Under such circumstances, a compromise has to be made between the 

accuracy and the computational efficiency for a LDFE analysis normally involving in 

excess of a hundred thousand elements. 

The reference values for normal and frictional capacity factors (19 and 8 respectively) are 

given by those derived from Eqs. (2.3) and (2.4) using the values of Nc = 7.6, En = 2.5 

and Et = 8 recommended by Degenkamp and Dutta (1989b). Based on the parametric 

analyses shown on Figure 2.8 dimensions of ds/ls = 0.25, ss/ls = 0.1 (giving db/ds ~ 0.73) 

and br/ds = 0.075 were adopted for the following chain system analysis, balancing the 
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calibration of the capacities and the computational cost. These give Nb,ult = 18.4 and Ns,ult 

= 5.1 with an equivalent frictional coefficient µ ~ 0.28. 

2.2.2.3 Failure envelope for the embedded chain segments 

The selected seven-segment chain model (ds/ls = 0.25, ss/ls = 0.1 and br/ds = 0.075) was 

analysed further under different displacement-controlled probes (see Figure 2.10) at 

selected inclinations (ut/un), and subsequently the ultimate points of these probing paths 

(including the previous bearing and sliding analyses) were connected to obtain the failure 

envelope shown in Figure 2.10. This failure envelope will be used later to explain the 

mobilised normal and sliding components of soil resistance on the chain during tensioning 

of the global embedded chain. 

 

Figure 2.9. Example for the estimation of the computational cost with varied mesh size 

(ds/ls = 0.2, ss/ls = 0.1) 

 

Figure 2.10. Probe testing results of the chain model (ds/ls = 0.25, ss/ls = 0.1, br/ds = 

0.075)  
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2.2.3 Embedded chain system analyses 

Figure 2.11 presents a schematic of an embedded chain system with the boundary 

conditions of a chain supported by a fixed anchor padeye and loaded horizonally at the 

mudline. The padeye is at a depth za, and the chain tension at the padeye is Ta with a chain 

angle θa. The chain connects this point to the mudline (or dip-down point) where there is 

an applied tension Tm applied at an angle θm to the horizontal (where θm = 0° here for a 

catenary mooring). The illustration of the normal and frictional resistances for any chain 

element is also shown in Figure 2.11 together with a schematic of how the tensioning 

process of the embedded chain is simulated in the Lagrangian (moving from chain 

configurations 1L to 2) and the CEL (moving the chain from 1C to 2) approaches.  

Despite geometric nonlinearity conditions being applied, it is impossible for the 

Lagrangian approach to simulate the truly large deformation of chain because of the 

induced severe element distortion. Considering this situation, the tensioning process for 

the Lagrangian approach involved ‘wishing in place’ the chain at almost the final 

expected profile and then pulling it into its final shape by displacing it approximately 

0.2ds at the dragging point. The initial position of the embedded chain, i.e. (1L), was 

established by using Eq. (2.7) to approximate the chain profiling condition of Neubecker 

and Randolph (1995b). Three different initial positions were used for the Lagrangian 

analyses, defined by padeye angles θa of 80°, 60° and 40°, to investigate three separate 

parts of the chain tensioning process. 

The FE model for the embedded chain system with a specified padeye angle θa = 80° is 

shown in Figure 2.12 with the chain ‘link’ geometry (and mesh) settings adopted after the 

calibration exercise above (ls = 1 m, ds/ls = 0.25, ss/ls = 0.1 and br/ds = 0.075, modelling a 

chain bar diameter of db = 0.18 m). The symmetry of the problem in a vertical plane  

 

 

Figure 2.11. Schematic of an embedded chain system  
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the chain axis allows the FE model to be limited to one half of the anchor chain and soil 

domain. Seventeen chain segments were modelled in total, making a length of 18.6 m for 

the embedded section of the chain. The chain was enclosed by a zone of higher mesh 

density (with the same material and interface properties as in the previous analyses). The 

high density zone was designed for better mesh control for the soil close to the chain and 

for the convenience of possible partial remeshing technique utilised for large-deformation 

analyses. The mesh refinement close to the chain was implemented in exactly the same 

way as in the multi-segment penetration so the whole soil domain comprised 190,000 soil 

elements in total with 7,500 elements in each refined mesh zone. The analysis took 

approximately 4.5 hours on a PC using 6 CPUs of 3.6 GHz to model just over 0.2ds of 

horizontal displacement at the dragging point. 

 

Figure 2.12. FE model of an embedded chain system by the Lagrangian approach (ds/ls 

= 0.25, ss/ls = 0.1, br/ds = 0.075, θa = 80º) 

 

Figure 2.13. Load curve for the tensioning process of an embedded chain (by the 

Lagrangian approach)  
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The relationship between the tension Td and the displacement at the dragging point of the 

chain (θa = 60○) is shown in Figure 2.13. Since the Tresca soil model was adopted in the 

simulation, the initial response of the embedded chain response was close to linear-elastic, 

followed by yielding (the gradual transition of the response curve) and then work-

hardening plasticity due to the geometrical non-linearity adopted in the modelling (the 

final mild linear increase as the chain geometry changes gradually). Four specific points 

(i.e. A, B, C, D shown in Figure 2.13) distributed along the response curve of the chain 

were selected to visualise the simulation process. A turning point (point C) of the response 

curve is defined as the critical point of the chain response when it changes from mostly 

elastic to plastic response; the corresponding resistances at this point are given later. 

Figure 2.14 illustrates the development of the plastic zones of the soil around the chain 

segments by showing the Tresca stress and displacement of soil at the four selected 

instants (time-steps) during the simulation process. Through the complete process, the 

plastic soil zones developed in two ways: amplification and gradually enclosing the chain 

in vicinity of each individual chain segment, and intersection with adjacent plastic areas. 

At any instant, the surface soil was mobilised more heavily than the deep soil, especially 

the segment connected to the padeye where almost no yielding of soil happens around it 

even at time step D. This was confirmed by the plot of displacements, which show larger 

values for the surficial soil than the deep soil and no significant movement around the 

padeye segment. The figure clearly shows the driving mechanism for mobilisation of soil 

by the chain. However, comparing the plastic zone with that obtained from the multi-

segment penetration analyses, the deeply embedded part seems to be far from the limiting 

state with the full soil resistance not fully mobilised in the surrounding soil even for time 

step D.  

The mobilised soil resistances for different elements along the chain for different starting 

padeye chain angles (Figure 2.15) confirm that the Lagrangian approach cannot simulate 

an embedded chain reaching limiting state: the normal and frictional resistances on 

individual chain elements do not approach the failure envelope (obtained from the probe 

analyses of the seven-segment section of chain, see Figure 2.10) where soil resistance is 

fully mobilised. Clearly, most of the segments in the Lagrangian chain system analysis 

cannot reach failure because of the unsolved mesh distortion in the analyses of the global 

chain system, the exceptions being for some segments of the 40○ case (blue dots). This 

indicates the necessity of using remeshing and interpolation for the large-deformation 

analyses. 
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Figure 2.14. Displacement and Tresca stress of soil at specific moments during the 

tensioning of an embedded chain (by the Lagrangian approach) 

 

Figure 2.15. Distributions of soil resistance of the embedded chain at selected padeye 

angles with failure envelope  
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2.2.4 Limitations and computational cost 

Without the help of the remeshing technique and subsequent mapping, the embedded 

chain in the pure Lagrangian analyses cannot approach the limiting state with fully 

mobilised soil resistance. As expected, the computation cost (0.1ds dragging distance 

costs 2 hrs) is a huge burden under the current circumstance because the available 

computing resource (i.e. a PC with 8 CPUs of 3.6 GHz and a server with 24 CPUs of 2.8  

GHz) is not specifically designed to run the relatively large implicit analysis, which 

optimally requires 6 ~ 8 CPUs with high frequency, e.g. larger than 4.0 GHz. Moreover, 

refining the mesh near the chain (in order to improve accuracy) is difficult because of the 

complex geometry of the chain segments and the volume of the entire soil domain. All 

these issues are likely also to impede uptake of the RITSS approach as the Lagrangian 

analyses constitute a significant portion of the RITSS analysis. 

2.3 Implementation of the RITSS approach in Abaqus 

2.3.1 Implementation Scheme 

Implementation of the RITSS approach generally involves four steps: (1) initial mesh 

generation; (2) incremental step of Lagrangian analysis; (3) updating boundaries and 

remeshing; (4) mapping of stresses and material properties from the old to new mesh. In 

the RITSS analysis, steps (2) - (4) are repeated periodically until the completion of the 

whole (large strain) analysis. For a 2D analysis using Abaqus, the two built-in functions 

for the geometry update of the deformed parts, i.e. ‘PartFromOdb’ and 

‘Part2DGeomFrom2DMesh’, can be used for step (3) together with the mesh module 

within Abaqus. For step (4), an Abaqus built-in mapping solution saves the effort in 

programming in-house code for the interpolation and mapping procedure by adding a line 

of Python code. Automation of the whole procedure still requires some programming 

work in the Python language but is much less onerous than before. 

2.3.2 2D Benchmark case: Surface footing penetration 

An analysis example of a 2D surface footing penetration into undrained soil (see Figure 

2.16) was conducted to verify the implementation of RITSS by the author. The soil was 

assumed to be weightless and was treated as a Tresca material with uniform undrained 

shear strength su = 1 kPa, Young’s modulus E = 100su and Poisson’s ratio ν = 0.49 to 

approximate incompressible soil. The breadth of the footing was taken as B and the soil 

domain 12B × 4B, with the bottom fixed and the lateral boundary ‘roller supported’. 4-

node bilinear plane strain quadrilateral hybrid elements (CPE4H) were adopted globally 
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for the meshing. A finer mesh was adopted close to the footing, with a minimum element 

size Le of B/8. All the settings above were the same as used in Tian et al. (2014) including 

the approximate mesh density. A 0.3B penetration was prescribed at the base centre of 

the footing by dividing the process into 200 Lagrangian increments (each of 0.0015B 

penetration). The total processing time was approximately 50 minutes on a PC using 6 

CPUs of 3.6 GHz. 

The calculated variation of normalised vertical resistance V/Bsu with penetration depth is 

plotted in Figure 2.17 and compared with the results from Tian et al. (2014). There is 

good overall agreement between the new analysis (shown in red) and that of Tian et al. 

(2014). When an additional analysis with a finer mesh size was performed, fewer 

numerical fluctuations were observed and the post-yielding resistance reduced as 

expected. 

Though the 2D benchmark case was easily implemented in Abaqus, it was still necessary 

to verify the RITSS approach in a 3D problem, as detailed in the following sections. 

 

Figure 2.16. RITSS model of surface footing penetration 

 

Figure 2.17. Resistance - penetrating depth relationship for surface footing penetration 

by the RITSS approach  
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2.3.3 3D model implementation 

The current version of Abaqus has no function available for the geometry update of the 

3D deformed parts, thus external algorithms are needed, from either in-house 

programmes or commercial software. The 3D remeshing module from the software 

Hypermesh seems to have potential for remeshing the tetrahedral mesh directly (mesh to 

mesh) with the topology for the surficial mesh unchanged, i.e. the segment-soil contacts 

and boundary conditions do not need to be recreated after remeshing. However, it still 

requires some programming work to automate the procedure - alternately calling Abaqus 

and Hypermesh for the Lagrangian analysis and remeshing respectively. Also, it is 

relatively slow in remeshing because it is single-CPU based processing scheme. 

Sometimes when Hypermesh cannot do the job well, manual adjustment of the mesh is 

needed: any discontinuities need to be addressed when the mesh and boundary are 

updated. Another difficulty is in applying the partial-remeshing technique to the 

embedded chain modelling because of the significant changes in chain configuration 

through the course of the analysis. 

2.3.4 Summary of the impracticality of the RITSS approach in 3D 

modelling 

Overall, the available computing power (i.e. a PC with 8 CPUs of 3.6 GHz and a server 

with 24 CPUs of 2.8 GHz) and uncertainty of the remeshing process using Hypermesh 

(see previous section) are the main impediments for applicability of the RITSS approach 

in a 3D problem. In the Lagrangian phase for each one-increment analysis, high-

frequency CPUs are essential to meet the enormous computational cost for a 3D 

embedded chain model with at least 190,000 first order tetrahedral elements. It is reported 

in Zhang et al. (2015), using the 3D RITSS approach, that a total of three hours of 

processing time was spent on a 0.5D penetration of a spudcan with 35,000 first order 

tetrahedral elements on a PC with similar hardware settings as ours. Based on this 

example, a simple calculation shows that it may take more than one day of processing 

time to move the chain by just 1ds for a suitable chain model. The limited use of 3D 

RITSS analyses in the research literature further reinforces the difficulty of its 

implementation and use. 
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2.4 Modelling an embedded anchor chain using the CEL 

approach  

2.4.1 CEL model setup 

To model the chain tensioning process using CEL, the anchor chain was initially ‘wished-

in-place’ as denoted by (1C) in Figure 2.11, with a vertical section embedded in the soil 

and attached to a fixed padeye and a horizontal section laid on the seabed. Subsequently, 

a chain tension Td was applied to the dragging point, forcing the chain to cut gradually 

through the soil, forming an inverse catenary profile with final angle at the padeye of 35° 

to the horizontal. During tensioning, the applied load at the dragging point was kept 

horizontal to simulate the behaviour of a catenary mooring.  

The configuration denoted as (2) in Figure 2.11 represents the profile of the embedded 

chain for a given stage of the tensioning process for the CEL analyses, with Tm being the 

tension at the mudline (far end of chain) or the dip-down point (where the chain 

embedment starts to increase). The difference between the mudline tension Tm and the 

tension at the dip-down point Td is insignificant, with negligible friction mobilised by the 

section of the chain on the seabed since a relatively small value was taken for the 

submerged weight of the chain per unit length (0.1 kN/m), leading to a small embedment 

of the chain segments for the given soil profile. Therefore, Td is taken as equivalent to Tm 

for the CEL analyses.  

(a)  

(b)  

Figure 2.18. CEL model setup for an embedded chain system: (a) CEL model of the 

embedded chain model; (b) Chain model.  
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The soil was modelled using a total stress approach to represent undrained 

(unconsolidated) soil behaviour. The undrained soil strength profile selected increased 

linearly with depth z, according to su = 2 + 1.2z kPa, with the effective soil weight being 

2.4 kN/m3. These values correspond to typical properties of seabed sediments offshore 

West Africa (Ehlers et al. 2005). 

The global view of the CEL model is shown in Figure 2.18(a), with the detailed chain 

model shown in Figure 2.18(b). In the analyses, ls was taken as 1 m with ss and ds being 

0.1 m and 0.25 m respectively (with equivalent chain bar diameter of db = 0.18 m). The 

selection of these values is described in the calibration section. As shown in Figure 

2.18(a), the global chain model consisted of 49 segments (53.9 m in length). The left 

boundary and base of the soil domain extended 7.5ls (7.5 m) from the padeye. The length 

of the whole soil domain was taken as 67.6 m, and the out-of-plane thickness as 30ds (7.5 

m) to minimise boundary effects. A layer of ‘void’ with height ls (1 m) was prescribed 

above the soil surface, allowing for soil heave during the tensioning process. The mesh 

comprised 8-noded linear brick elements with reduced integration (EC3D8R in the 

Abaqus element library), and a finer mesh zone (minimum mesh size Le = 0.35ds) was 

provided to accommodate the changing chain profile during the tensioning process.  

The constitutive model and the material properties, i.e. Young’s modulus and Poisson’s 

ratio, were taken as the same as in the Lagrangian analyses. The local coefficient of 

friction of the segment-soil interface was selected as 0.5 times the normal force using the 

‘penalty’ contact option in Abaqus CEL. Using this value, the frictional resistance to 

purely axial movement of chain at the deep embedment conditions was governed by the 

shearing of the peripheral soil instead of interface sliding, with the results essentially 

unaffected by the specific value (of 0.5) selected. Note that the frictional interface allows 

gapping behind the advancing chain once the normal pressure becomes tensile. A constant 

horizontal velocity vd (of 2.0e-4 Le/increment) was applied at the dragging point. The 

mesh density, loading velocity and the coefficient of friction were all selected to 

guarantee achieving a quasi-static solution for the tensioning process of the chain. 

2.4.2 Calibration of chain-soil interaction using the CEL approach 

Before analysing the behaviour of the full chain, a straight seven-segment section of chain 

was embedded horizontally within the soil, and then displaced vertically and axially, the 

same as in the calibration of the Lagrangian model. This allowed the numerical model to 

be verified, comparing the normal and frictional resistances with those estimated using 

Eqs. (2.3) and (2.4) as proposed by Degenkamp and Dutta (1989b). The chain was 
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embedded at a depth of 18ds (4.5 m) to generate a deep condition (i.e. generate normalised 

capacities that were independent of the distance to the soil surface). The values of the 

simulation parameters, including soil properties, chain size, boundaries and meshes, were 

consistent with the global embedded chain model. Resultant loads on the five central 

segments were considered in the analysis, thereby removing end effects on the outer two 

segments. 

The settings particularly with the relatively coarse mesh (minimum mesh size Le = 0.35ds) 

and the incremental displacement (herein, of 2.0e-4 Le/increment) applied at the structure 

were not sufficient to give a convergent solution. However, scientific rigor of this work 

was guaranteed by following ‘internal consistency’ – with the same settings for both the 

local chain section and the global chain system modelling - and this has been applied 

throughout the analyses in this thesis. Furthermore, this was necessary because to achieve 

a completely convergent solution for the large-scale 3D CEL modelling would be 

impractically expensive (i.e. requiring years of processing time) using the available 

computing resources. 

Based on the geometrical relationship between the chain links in the numerical model and 

the corresponding studless chain (see Figure 2.2, 6db = ls + ss = 1.1 m, giving db ~ 0.18 

m), the resultant forces on the cylindrical segments in the CEL model can be interpreted 

in terms of the ultimate soil resistances for the chain being modelled (Figure 2.19(a) and 

(b)). FN,sum and FS,sum denote the normal and frictional soil resistance forces on the five 

central segments, while L is the total length of the five segments, i.e. 5(ls + ss). 

From Figure 2.19(a) and (b), it can be seen that CEL results agree reasonably well with 

Eqs (2.3) and (2.4), in terms of the normal and frictional capacity. Overall, the normalised  

 

Figure 2.19. Calibration for the capacities of the embedded chain model (by the CEL 

approach): (a) Normal; (b) Frictional.  
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resistances of the chain model are estimated as: EnNc = 19 and Et = 7.4 (Fult/Qult = 0.39) 

for the relatively large chain bar diameter simulated (i.e. db = 0.18 m), giving an 

acceptable friction ratio towards the lower end of the range discussed previously. 

2.4.3 Results of chain system analyses using the CEL approach 

2.4.3.1 Geometrical configuration of the chain 

Figure 2.20 shows the variation of the chain inclination angle at the padeye during 

tensioning. The chain segment connecting the padeye remains vertical (θa = 90°) until a 

displacement of 3.5 m has been imposed at the dragging point. Subsequently, the chain  

angle at the padeye decreases essentially linearly as the dragging distance increases. 

Similar results were also shown by Kim et al. (2015), reflecting that the closer the chain 

segment to the padeye, the greater is the dragging distance required to mobilise the 

segment to cut through the soil. Figure 2.21 presents the calculated trajectory of the chain  

 

Figure 2.20. Angle at the padeye during the tensioning process of the chain 

 

Figure 2.21. Geometric profiles of chain during tensioning (shown for range of the 

padeye angles θa) 
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from the CEL analysis during the tensioning process, showing the chain profiles for 

different chain inclination angles at the padeye. The results of the CEL analysis agree 

well with analytical predictions derived from Eq. (2.6) (Neubecker & Randolph 1995b), 

indicating the reliability of the numerical model to model the global chain behaviour. 

2.4.3.2 Tension of the chain 

The CEL results of the tension at the padeye Ta as a function of the dragging distance are 

compared in Figure 2.22 with analytical solutions (Neubecker & Randolph 1995b). The 

tension at the padeye obtained from CEL analysis shows an exponential increase from 

zero at θa = 90° to 1300 kN at θa = 35°, corresponding to a displacement of 6.4 m imposed 

at the dragging point. The evolution of tension at the padeye with the dragging distance 

agrees well with the predictions calculated based on the dragging distance - angle 

relationship (Figure 2.20) and the analytical solutions for the tension estimation using 

Eqs. (2.6) and (2.7). (Note that adopted values of Nb,ult (for the calculation of Qult in both 

equations) and μ (in Eq. (2.6)) were evaluated based on those for a deeply embedded 

chain segment, rather than adjusting them to allow for the actual embedment depth for 

chain sections nearer the seabed surface.) 

The variation of tension ratio Ta/Td, which reflects the load attenuation along the 

embedded chain from the mudline to the anchor is also plotted in Figure 2.22 against the 

analytical solution (Ta/Tm). The tension ratio derived from CEL shows a rapid increase 

from zero to 0.8 after a dragging distance of 0.5 m. Subsequently, it increases gradually 

to 0.97 as θa approaches 35° and the chain becomes taut with little further tangential 

movement relative to the soil.  

 

Figure 2.22. Tension and tension ratio during the tensioning process of the chain 

0 1 2 3 4 5 6 7
0

500

1000

1500

2000

 

T
a
 (

k
N

)

Dragging distance (m)

 CEL result

 Neubecker & Randolph solution 

 Simplified Neubecker & Randolph solution 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

T
a


a
=35


a
=45


a
=60

 T
a
 /

T
d
 (

T
a
 /

T
m
)

T
a
 /T

d

T
a
 /T

m


a
=75



Chapter 2: Selection of numerical approaches 

37 

The preliminary results presented herein have shown the evolution of the embedded chain 

response, i.e. the angle, geometric configuration and tensions during the complete 

tensioning process for a catenary mooring line, part of which is comparable to the 

analytical predictions (Neubecker & Randolph 1995b) and brings confidence for the 

following interpretation and further exploration. These results, and in particular the very 

different ratios of Ta/Tm obtained numerically compared with those from Neubecker and 

Randolph (1995b), are discussed in detail in Chapter 3. 

2.4.3.3 Initiation of the trench behind the chain 

Tensioning of the anchor chain creates an initial ‘wound’ or plane of weakness as the 

chain cuts through the soil, initiating the early stages of seabed trenching. Contours of the 

volume fraction of the Eulerian materials obtained from the CEL analysis are shown in 

Figure 2.23 for a dragging distance of 6.4 m. A value of unity i.e. the red area, indicates 

that the Eulerian domain is filled with the soil material, whereas zero (e.g. the blue area 

immediately behind the chain) denotes a pure void. A volume fraction falling between 

zero and unity reflects the domain is partially filled, e.g. a value of 0.5 means that one 

half of the domain is the soil material and the other is void. A clear profile of the zone of 

the wound extending to the depth of the padeye is shown between the initial and final 

positions of the chain as it cuts through the soil during tensioning. The result shows the 

potential of using the CEL approach to simulate the process of seabed trenching by 

incorporating more advanced soil models, e.g. considering the effects of strain-softening. 

2.4.4 Conclusions for the CEL analyses 

Preliminary results of CEL analysis show good agreement with analytical predictions for 

the configuration of an embedded mooring chain and the increasing tension at the padeye 

during the process of chain tensioning. This suggests that the modelling approach gives 

realistic results. The calculations also allows examination of the soil resistances being 

applied normally and tangentially to each chain segment in the chain, which will allow 

 

Figure 2.23. Initiation of the trench during the tensioning of the chain  
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detailed investigation of chain-soil interaction. Moreover, the results of the CEL analyses 

allow investigation of chain ‘slotting’ and reveal the potential to model anchor chain 

trenching during cyclic operational movements, which is of considerable interest to the 

offshore industry. 

2.4.5 Advantages of the CEL approach 

Through the previous case study, the CEL approach appears convenient in terms of the 

model setup and the computational efficiency. Analysing a chain horizontal displacement 

of 26ds at the dragging point took 3 days on a server using 20 CPUs with a frequency of 

2.8 GHz. For the RITSS approach, the time cost for the same modelling process might be 

many months with the current computing resource, based on the previous investigation 

of the Lagrangian analysis of the embedded chain. The output chain tension and 

configuration from the CEL analyses show good agreement with the existing analytical 

predictions, although the results exhibit numerical oscillations, typical of solutions based 

on an explicit scheme. In addition, CEL shows potential in modelling chain trenching, 

which gives some extra confidence for later stages of the proposed project. 

2.5 Conclusions 

Some trial work to investigate the feasibility of embedded chain modelling by the RITSS 

approach was conducted. Using the pure Lagrangian analyses (without remeshing), the 

chain model and the segment-soil interaction were both verified, and it was shown that 

the mobilised soil resistance to axial and normal chain movements at any point along the 

chain could be extracted. These resistances were presented in terms of a combined failure 

envelope, which is novel for embedded chain solutions, and is used later in this thesis. 

Despite these successes, the use of the RITSS approach to model the large strain chain 

response (even for the initial load-up) was shown to require too much computational 

effort to be practical and consequently was not pursued further. 

Meanwhile, a systematic CEL analysis of the embedded chain, including the responses 

of ‘local section’ and ‘global chain system’, was completed and the results of the tension 

at the anchor and the configurations show good agreement with the predictions by the 

current analytical solutions. Moreover, a numerical trench was observed explicitly 

through the tensioning process, showing the potential of the CEL model in simulating 

trenching development. 
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The CEL approach shows advantages over the RITSS approach in terms of the model 

setup and computational time within current computing resources. As such the CEL 

approach is used for all subsequent analyses in this thesis to investigate the response of 

embedded chains and the development of trenching during cyclic variations in tension. 
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3 NUMERICAL STUDY OF MOBILIZED 

FRICTION ALONG EMBEDDED CATENARY 

MOORING CHAINS 

 

ABSTRACT: Understanding the soil resistance along an embedded anchor chain is 

imperative for efficient and economic design of an overall mooring system as it 

determines the magnitude and direction of the load at the padeye of the anchor. The 

tensioning process of an embedded chain for catenary moorings was modeled using a 

coupled Eulerian–Lagrangian (CEL) finite element approach simulating the large 

deformations of the chain as it cuts through the soil to form an inverse catenary. The 

analyses reveal that the configuration of the embedded chain and the relationship between 

tension and chain angle at the padeye show excellent agreement with previously 

published analytical predictions. However, the ratio of the tension at the padeye to that at 

the mudline obtained from CEL is significantly higher than the theoretical values, mainly 

due to partial mobilization of the frictional soil resistance along the length of the chain. 

The CEL results indicate that the partial mobilization is a result of the combined-loading 

effect during failure of the soil around the embedded chain as it cuts through the seabed, 

in contrast with the conventional assumption that the ultimate frictional and normal soil 

resistances are mobilized simultaneously. A new design approach is proposed for 

calculating the local equivalent coefficient of friction based on the yield locus for a deeply 

embedded chain and the normality rule. 

Keywords: Anchor chain; catenary mooring; chain-soil interaction; coupled Eulerian–

Lagrangian; finite element analysis.  
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3.1 Introduction 

Buoyant offshore structures, which provide a variety of functions across the offshore 

sector, require a mooring system and anchor to keep station. Offshore anchors vary in 

configuration and operational mode but all generally have a mooring line attachment 

point, or padeye, below the mudline, with a section of the chain embedded in the soil 

(Randolph & Gourvenec 2011). For a catenary mooring line applying a horizontal load at 

the seabed, the embedded chain will form an ‘inverse catenary’ in the soil to maintain 

equilibrium between the chain tension and the soil resistance. Quantifying the normal and 

frictional soil resistances to the chain is required to calculate the configuration and tension 

profile of an embedded chain, enabling efficient anchor design according to the 

magnitude and inclination of the load at the padeye. 

3.1.1 Analytical solutions 

3.1.1.1 System behavior  

Solutions for the behavior of the whole length of an embedded chain in undrained soil 

conditions were developed by discretizing the chain into a number of arc-

shaped/curvilinear elements in mechanical equilibrium with transmitted tension and soil 

resistance and then incrementally integrating the equilibrium equations from one end of 

the chain to the other. Early work by Reese (1973) discretized a weightless embedded 

chain as a succession of arcs of circles with varying radii, without considering the effect 

of frictional soil resistance on axial chain movement. The solution was improved by 

adding the effects of chain weight and frictional soil resistance, leading to a significant 

reduction of the chain tension at the anchor (Gault & Cox 1974). Vivatrat et al. (1982) 

considered an embedded chain as a series of curvilinear segments establishing the pair of 

differential equations governing respectively the variation of chain tension and geometric 

configuration as 

sinc

dT
F w

ds
                                                          (3.1) 

cosc

d
T Q w

ds


                                                        (3.2) 

where T is the tension in the chain acting over the incremental chain length ds, θ is the 

angle subtended by the chain to the horizontal, wc is the submerged weight of chain per 

unit length, and Q and F are respectively the normal and frictional soil resistances per 

unit length. The chain configuration and equilibrium of an element is illustrated in Fig. 
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3.1, with boundary conditions of Ta and a at the padeye at depth za, leading to tension Tm 

and m (taken as zero here) at mudline. In general, since for most moorings Tm and m are 

specified, iteration is needed in order to establish compatible values of Ta and a. The 

analysis basis for embedded chains proposed by Vivatrat et al. (1982) has since been 

adopted in many other studies (e.g. Degenkamp & Dutta 1989b; Dutta & Degenkamp 

1989; Neubecker & Randolph 1995a; 1995b; 1996). 

The differential equations (Eqs. (3.1) and (3.2) were solved in closed-form by neglecting 

the weight of the chain, resulting in the tension profile (Neubecker & Randolph 1995b)  

( )a

a

T
e

T

  
                                                               (3.3) 

with the chain friction coefficient μ defined as the ratio F/Q. 

The Neubecker & Randolph solution also established the variation of the chain angle as 
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which may be simplified for small-angles as 
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In all the above solutions, the soil resistances Q and F, normal and parallel to the chain 

axis, have been assumed uncoupled and fully mobilized simultaneously to the 

corresponding ultimate capacities Qu and Fu. 

 

Fig. 3.1. A global embedded chain and the mechanical equilibrium of a chain element.  
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3.1.1.2 Chain-soil forces 

Chains comprise multiple separate links with alternating orientations to the chain axis 

(Fig. 3.2a) and chains of bar diameter db having individual link geometries that are 

typically 5-6db long and ~3.5db wide. Consequently, in order to calculate soil resistances 

for this complex geometry, approximations about the geometry have been made by 

introducing an effective width of Endb for the normal resistance and effective perimeter 

Etdb for frictional resistance (Reese 1973). 

Under undrained conditions in soil with shear strength su, the ultimate normal resistance 

Qu and frictional resistance Fu may therefore be estimated (Degenkamp & Dutta 1989b) 

as 

u n b c uQ E d N s                                                            (3.6) 

u t b uF E d s                                                              (3.7) 

where Nc is the bearing capacity factor. The apparent coefficient of friction μ may be 

deduced from the effective width and the bearing capacity factors as Fu/Qu = Et/(EnNc).  

Proposed values of the effective width parameters, En and Et, and the bearing capacity 

factor Nc varies among researchers. The effective width of chain in bearing was first 

introduced by Reese (1973), with an upper bound value of En = 3 proposed by assuming 

that no flow of soil through the opening in the chain was permitted. Vivatrat et al. (1982) 

adopted the bearing area per unit length as the average of the maximum and minimum 

values, considering different orientations of the chain links with respect to the soil, and 

the tangential area as the surface area of the chain link, proposing effective width 

parameters En = 2.6 and Et = 10 for calculating the normal and frictional resistances per 

unit length, respectively. For the bearing capacity factor Nc, a value equal to the ultimate 

lateral bearing capacity factor at depth for a pile, ranging from 9 to 11, was proposed 

initially (Reese 1973; Vivatrat et al. 1982). Yen and Tofani (1984) suggested that En = 

2.37 and Et = 5.7 ~ 8.9 for stud-link chains based on a series of model tests, back-

calculating values of Nc between 7.1 and 12.1. Degenkamp and Dutta (1989b) quantified 

average values of En and Et as 2.5 and 8.0 by investigating 6db stud-link and 5db studless 

chains with both orthogonal and diagonal configurations. The bearing factor Nc was 

assumed equivalent to that of a strip foundation, increasing with depth from 5.14 at 

mudline to a maximum of 7.6 (Degenkamp & Dutta 1989b; Dutta & Degenkamp 1989; 

Neubecker & Randolph 1995a; 1995b; 1996). These result in values of μ between 0.4 and 

0.6. 
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3.1.2 Experimental observations and numerical simulations of 

embedded anchor chains  

Frankenmolen et al. (2016) reported centrifuge tests of chain-soil interaction for surface 

and embedded chains in carbonate sand. The chain configurations for the embedded chain 

under monotonic tensioning showed agreement with the analytical solutions set out in Eq. 

(3.2), except for cases where the chain formed a padeye angle greater than 70°. However, 

the back-calculated ‘operative’ coefficient of friction (i.e. derived from tensions and 

angles at the anchor and mudline using Eq. (3.3)) were significantly lower than obtained 

from the chain surface dragging tests. Partial mobilization of the frictional resistance 

along the embedded chain was considered one of the primary reasons. 

Rocha et al. (2016) presented results of a series of chain tensioning laboratory tests in 

very soft clay (water contents of 100 to 120%), including cycling of the mudline load 

between zero and a fixed maximum value at various mudline chain angles. At each 

maximum load level the deduced coefficient of friction consistent with Eq. (3.3), lay in 

the approximate range 0.2 to 0.3. Han and Liu (2017) proposed a global yield locus for 

an embedded chain on the basis of data from model tests on tensioning of an Omni-Max 

anchor in soft clay (su ~ 1.2 to 1.4 kPa). Mooring lines of both chain and rope were 

investigated and measured tensions at mudline and anchor padeye were used to evaluate 

equivalent friction coefficients on the basis of Eq. (3.3). Again, they showed that the 

deduced values of  varied with progress of the test, decreasing from a high value initially 

to steady values in the range 0.2 to 0.3. 

The experimental data discussed above challenge the conventional assumption in 

analytical methods that bearing and friction are mobilized simultaneously along the entire 

length of the chain. Explicit consideration of the bearing and shear components indicates 

that combined-loading effects may lead to reduced friction of the chain, resulting in 

operative friction coefficients that are significantly lower than might be estimated 

otherwise, for example with values from model tests in clay that are about 50% of the 

range suggested by Degenkamp and Dutta (1989b). 

Numerical investigations of the behavior of an embedded chain have been reported using 

the Coupled Eulerian-Lagrangian (CEL) method. Pre-tensioning of an anchor chain for 

the installation of a catenary mooring line has been examined (e.g. Zhao & Liu 2013; 

2014; 2016; Kim et al. 2015), and the chain configuration and tension profiles of the 

embedded chain compared with existing analytical predictions. Although discrepancies 
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between the results and the analytical tension profile of an embedded chain were noted, 

these were not interpreted systematically, inspiring the current investigation of the chain-

soil interaction using CEL. 

3.1.3 Scope of present study 

This paper presents results of Coupled Eulerian-Lagrangian finite element analysis of the 

undrained response of an embedded chain in the orthogonal space of normal and frictional 

resistances. The tensioning process of the chain is modelled with a fixed anchor point 

(‘padeye’) and a horizontally loaded chain at the seabed. The chain is tensioned from the 

vertical ‘installed’ position to an equilibrium state in an inverse catenary, with gradually 

decreasing padeye angle as the tension is increased. Geometric configurations and tension 

profiles from the numerical analyses are compared with analytical predictions using the 

(Neubecker & Randolph 1995b) approach. Investigations of the soil resistances mobilized 

along the chain are presented in a yield-locus context. A method for calculating the local 

equivalent coefficient of friction of the embedded chain is proposed with the chain 

configuration established using the Neubecker & Randolph solution and the yield locus 

derived from separate analyses for a deeply embedded chain. This is then extended to 

derive a formulation for estimating the global operative friction factor for the embedded 

chain system, taking account of the variation in mobilized friction along the chain length. 

3.2 Finite-element model 

3.2.1 Modelling software and approach 

All finite element analyses were carried out with the coupled Eulerian-Lagrangian (CEL) 

approach provided in the software Abaqus (Dassault Systèmes 2014). The basis of the 

CEL approach is that the element nodes move temporarily with the material during a 

Lagrangian calculation phase, which is followed by mapping to a spatially ‘fixed’ 

Eulerian mesh. This enables efficient simulation of large deformation problems, in this 

case the cutting of a mooring chain through a soil mass from an initially vertically position 

to form an inverse catenary. 

3.2.2 Chain geometries 

The chain was modelled as a line of equally spaced, rigid cylindrical segments, connected 

using ‘LINK’ connector elements provided as standard in Abaqus (Fig. 3.2a). The LINK 
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connectors transmit axial force but no bending moment, and maintain a fixed distance 

between the two connected nodes. 

The length ls and the diameter ds of each segment, and the space between adjacent 

segments, ss are the three geometric variables governing the dimensions of the model 

chain. In the current analyses, ls was taken as 1 m, with ss and ds being 0.1 m and 0.25 m 

respectively. 

The geometries of chain in the CEL model were selected to model a standard 5db studless 

chain as shown in Fig. 3.2a. Each link pair of the 5db studless chain was represented by 

one bar segment together with one spacing, i.e. the sum of ls and ss was equivalent to the 

length of one link pair (6db). For this model, ls + ss = 6db = 1.1 m, giving db ~ 0.18 m. This 

provides a way to relate ds with db (i.e. ds/db = 0.25/0.18 for this model) for the 

interpretation of the resistances obtained from the CEL modelling. A detailed calibration 

exercise is presented later in order to evaluate the numerical limiting normal and frictional 

resistances of the simulated chain, together with a yield locus. 

The embedded chain model comprised 49 segments (giving a total length of 53.9 m) as 

shown in Fig. 3.2b. The padeye was set (arbitrarily) to 9 m below the soil surface, 

providing sufficient embedment to investigate the chain tensioning in a realistic manner 

without introducing unnecessary length (and therefore computational expense). Two 

chain weights of wc = 0 (weightless chain) and 1.5 kN/m were considered and the chain 

was loaded horizontally at the seabed (i.e. as a catenary mooring). 

3.2.3 Soil domain 

The soil was assumed to be fully undrained during the chain tensioning process and 

consequently total stress analyses were performed. The undrained soil strength was 

assumed to increase linearly with depth z, according to su = 2 + 1.2z kPa, with the effective 

soil weight being 2.4 kN/m3. These values are typical of deepwater seabed sediments 

offshore West Africa (Ehlers et al. 2005), which have been the focus of significant 

attention recently following observations of anchor line trenching (Bhattacharjee et al. 

2014; Colliat et al. 2018). A linear elastic-perfectly plastic constitutive model, obeying 

the Tresca failure criterion, was adopted for the soil. The Young’s modulus E was taken 

as 500su and Poisson’s ratio as 0.49 to approximate incompressible soil response for 

undrained conditions. The regular mesh comprised 8-noded linear brick elements with 

reduced integration (EC3D8R in the Abaqus element library). A central fine mesh zone 

(minimum mesh size Le = 0.35ds) was used to discretize the soil-flow area where 
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significant soil distortion was expected due to the changing chain configuration during 

tensioning. 

3.2.4 CEL model setup 

Fig. 3.2b presents the global view of the CEL model (top) with the detailed chain model 

illustrated at the bottom of the figure. Only half of the anchor chain (with a semi-circular 

cross-section) and soil domain was analyzed because of symmetry with respect to the 

vertical plane through the chain axis. As shown in Fig. 3.2b, the left boundary and base 

of the soil domain extended 7.5ls (7.5 m) from the padeye. The length of the whole soil 

domain was taken as 67.6 m, and the out-of-plane thickness as 30ds (7.5 m) to avoid 

boundary effects. Above the soil surface, a layer of ‘void’ with height 1ls (1 m) was 

prescribed, sufficient to accommodate soil heave in front of the chain during tensioning. 

 

(a)  

 

(b)  

Fig. 3.2. CEL modelling of the embedded chain: (a) chain model corresponding to the 

5db studless chain; (b) FE model setup.  
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The anchor chain was initially ‘wished-in-place’ in the post-installation configuration 

with a vertical section fully embedded and attached to the padeye, and a horizontal section 

laid on the seabed with the centerline of the chain level with the seabed surface. 

Subsequently, the motion of the dragging point was activated by applying a constant 

horizontal velocity vd, forcing the chain to cut gradually through the soil. The dragging 

point was displaced horizontally until the final padeye inclination angle θa reached 35° to 

the horizontal with the dragging point located sufficiently far away from the padeye to 

ensure that the chain remained horizontal at the dragging point. The response of two 

segments (#13 and #25, highlighted and numbered on Fig. 3.2b) was examined in post-

processing to understand the chain behavior in detail.  

The local coefficient of friction of the chain-soil interface was taken as 0.5 times the 

normal force using the ‘penalty’ contact option in the Abaqus library. A quasi-static 

solution for the tensioning process of the chain was achieved through a parametric 

sensitivity study of the combination of mesh density, loading velocity and coefficient of 

friction of the interface. Justification for the selection of a linear computational loading 

velocity (of vd = 4.0e-5Le = 1.4e-5ds per increment, equivalent to a velocity of 0.05 m/s) 

is shown below.  

3.2.5 Validation of the CEL model 

Prior to analyzing the embedded chain for a catenary mooring, a straight seven-segment 

chain was embedded horizontally at a depth of 18ds (4.5 m) and then displaced in normal 

and axial directions. Comparisons of the normal and frictional soil resistances with those 

estimated using Eqs. (3.6) and (3.7) allowed verification of the CEL modelling, including 

the soil properties, chain size, interface properties, boundaries, mesh refinement and 

simulation velocities, consistent with those adopted in the global embedded chain model. 

Resultant loads on the outer two segments were excluded in the interpretation, avoiding 

end effects from the two ends of the seven-segment section. 

A series of analyses were conducted using different input velocities (8.0 x 10-6,  

4.0 x 10-5, 2.0 x 10-4 and 1.0 x 10-3 Le per time increment) were conducted to quantify 

how the ultimate normal and frictional capacities per unit length changed with velocity 

due to numerical errors and therefore help select the simulation velocity. The normalized 

normal and frictional resistances Nb = FN, sum/Ldbsu and Ns = FS, sum/Ldbsu are shown in 

Fig. 3.3, where FN, sum and FS, sum are respectively the sums of the normal and frictional 

soil resistance forces on the five central segments of the chain, while L corresponds to the 
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total length of the central five links, i.e. 5(ls + ss) and su is the undrained strength at the 

depth of the chain element centroid.  

Pursuing a completely convergent solution would require use of an extremely small 

velocity, as observed in CEL analysis of cone penetration by Wang et al. (2015), which 

would preclude its use in the large-domain full chain system analyses. However, the CEL 

results of normal and frictional capacities were comparable with the estimated values 

derived from Eqs. (3.6) and (3.7) using the values of Nc = 7.6, En = 2.5 and Et = 8 values 

recommended by Degenkamp and Dutta (1989b). Closest agreement was obtained for the 

loading velocity of 4.0 x 10-5Le per increment and so that simulation velocity was selected 

for the full-chain simulations (Fig. 3.3). 

(a)  

(b)  

Fig. 3.3. Capacities of the embedded chain model with different penetrating/sliding 

velocities: (a) normal; (b) frictional.  
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Overall, the adopted simulation velocity resulted in an ultimate normal resistance value 

of Nb, ult = Qu, deep/dbsu = 19 (equal to the Degenkamp and Dutta (1989b) recommendation), 

and ultimate frictional resistance Ns, ult = Fu, deep/dbsu = 6.5 (compared to 8 from 

Degenkamp and Dutta (1989b)). This results in an acceptable equivalent ‘friction 

coefficient’ μp (= Fu, deep/Qu, deep = 0.34), towards the lower end of the range of 0.4 – 0.6 

discussed earlier.  

The adopted simulation velocity is about the lowest practical, given that analysis of the 

full chain system still required about 350 hours on a fast server. For internal consistency, 

all later simulations were performed applying this velocity at the chain end. While there 

will still be some velocity variation at different locations along the chain, the variation of 

the net friction coefficient is relatively minor and will not affect the validity of the 

conclusions reached.  

3.3 Results 

3.3.1 Yield loci for embedded chain segments 

The normal and tangential motion of the embedded chain induces failure of the soil as it 

cuts through. Consequently, before analyzing the complete chain system, a suite of 

numerical analyses were performed on the seven-segment section of chain (weightless 

and wc = 1.5 kN/m) for a deeply embedded (centroid depth = 18ds (4.5 m, su = 7.4 kPa)) 

and a surface-laid chain condition (centroid depth = 0 m (su = 2.0 kPa)). These analyses 

were designed to examine how the normal and frictional soil resistances interact and to 

develop yield loci.  

The resulting interaction diagrams are shown in terms of normalized normal and frictional 

resistances Nb and Ns in Fig. 3.4 for the two different embedment conditions. To probe 

the yield locus for the deep condition, displacement-controlled probes (each at a different 

displacement angle ω to the normal of the chain axis) were conducted (Fig. 3.4a). A yield 

locus was then selected, based on the final load path sections (when the load path reaches 

the failure envelope and turns tangential to it) and the final points of the load paths when 

loads had stabilized with further displacement. The yield locus took the form of a 

generalized ellipse: 

, ,

1

m n

b s

b ult s ult

N N

N N

   
       

   

                                                (3.8) 
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where Nb, ult and Ns, ult are taken as 19 and 6.5 for pure penetration and sliding (see Fig. 

3.4a) and m and n are fitting parameters. The exponents m and n of the yield locus function 

were selected as 2.0 and 2.3, which are close to those proposed by Han and Liu (2017). 

Furthermore, separate analyses revealed that the shape factors m and n remain consistent 

for different gradients of the soil shear strength. Also from Fig. 3.4a, normality is shown 

to apply for the yield locus of the deeply embedded section, with the plastic displacement 

ratio of the chain consistent with the gradient of the yield locus. In this way, the resistance 

ratio F/Q during failure of the soil around the chain is related to the kinematics of the 

chain. 

Although the above envelope does not fit the numerical data perfectly (for example, it 

cannot capture discontinuous changes in mechanisms around the envelope), it is simple 

and easily implementable in design. Given that each point along the chain is at a different 

point on the envelope, this is likely to mean that minor disparities are insignificant, and 

consequently, we consider that the approach is sufficiently accurate for design purposes. 

(a)  

(b)  

Fig. 3.4. Probe testing results of the weightless chain model: (a) deep embedment 

(18ds); (b) surficial (the chain centroid was level with the seabed surface).  
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For the surficial chain segments, it was found difficult to probe the yield locus with a 

displacement-controlled scheme. Instead, the Q-F yield locus was deduced using load-

controlled analyses. The load paths are shown in Fig. 3.4b with the final point on each 

line representing ‘failure’ (i.e. a point where increasing displacement does not change the 

mobilized resistance). The resulting envelope is a chili-leaf-shaped locus, with no 

frictional resistance when the normal force is zero because the chain is weightless. The 

shape of the locus near the original reflects the contact with a frictional coefficient of 0.5 

adopted in the CEL model for the chain-soil contact interface. 

A comparison between the yield loci for wc = 0 and 1.5 kN/m is presented in Fig. 3.5. The 

difference between the normal capacities of the weightless and weighty chains is simply 

wc/dbsu. Both yield loci show greater interaction effects than those for a suction caisson 

(Aubeny et al. 2003). 

3.3.2 Global chain analyses 

Fig. 3.6 presents the development of padeye angle a and tensions at mudline Tm and 

padeye Ta as the chain is dragged. The padeye angle remained at 90° until a significant 

displacement, approximately 3.5 m, was imposed at the dragging point, and then 

decreased almost linearly as the dragging distance increased to the target 6.4 m. The delay 

in change of a reflects the gradually developing catenary profile, with parts of the chain 

at shallow depth cutting through the soil much earlier than the chain near the attachment 

point. The tensions develop linearly initially, but with a gradually increasing rate as the 

 

 

Fig. 3.5. Yield loci of the embedded chain model.  
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chain becomes taut. Minimal chain-weight effect is shown when comparing the results of 

weightless and weighty chains, apart from slight divergence of the tension responses at a 

large dragging distance. 

The relationships between padeye angle and chain tension are shown in Fig. 3.7, 

comparing the results with the analytical solutions of Neubecker & Randolph (1995b). 

Although good agreement is evident for the response at the anchor padeye (Ta-a), the 

analytical solutions indicate higher values of Tm for a given padeye angle than obtained 

from the CEL analyses. This is discussed in more detail later.  

(a)  

(b)  

Fig. 3.6. Development of padeye angle and forces of the full chain system during 

tensioning: (a) Padeye angle; (b) Mudline and padeye tensions.  
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Fig. 3.8 compares the configurations of the embedded chain obtained from the CEL 

analyses for selected chain inclination angles at the padeye (a) during the tensioning 

process. The CEL results of the chain profiles agree well with the analytical predictions 

derived from Eq. (3.4) with Q = Qu, deep =19dbsu and μ = μp= 0.34, indicating the robustness 

of the Neubecker & Randolph relationships. It appears reasonable to use Qu, deep at all  

 

 

(a)  

(b)  

Fig. 3.7. Comparison of tension-padeye angle relationships: (a) Mudline tension; (b) 

Padeye tension.  
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depths in Eq. (3.4) rather than adjust it to allow for the decrease at shallow embedment. 

This reflects the small contribution of resistance for the shallowly embedded part of the 

chain compared with the integrated resistance of the whole chain. The additional 

embedment due to the chain weight is minimal in proximity to the mudline (Fig. 3.8b), 

reflecting the relatively low self-weight generated bearing pressure of the chain (wc/dbsu 

= 4.2 for the mudline shear strength of 2 kPa) compared with a limiting bearing factor of 

over 12 (see Fig. 3.4b). 

 

 (a)  

(b)  

Fig. 3.8. Configurations of the embedded chain for selected chain inclination angles at 

the padeye during tensioning: (a) wc = 0 kN/m; (b) chain weight effect.  
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The CEL results of the tension ratio Ta/Tm as a function of the decreasing padeye angle 

are compared with analytical predictions in Fig. 3.9a for the weightless chain. A gradual 

increase of the tension ratio with increasing a is shown for both CEL results and the 

Neubecker & Randolph predictions by Eq. (3.3). However, the tension ratio obtained 

from the CEL analysis is significantly higher than the predictions by Eq. (3.3), e.g. CEL 

gives Ta/Tm = 0.90 for θa =75°, compared with 0.65 by Eq. (3.3) (Fig. 3.9a).  

(a)  

(b)  

Fig. 3.9. Tension in the chain: (a) tension ratio during tensioning (wc = 0 kN/m); (b) 

tension conditions in the chain at the padeye angle of 35°.  
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The depth profiles of normalized tension T/Ta in the chain are shown in Fig. 3.9b for the 

final padeye angle of θa = 35° and chain weights of wc = 0 and 1.5 kN/m. The CEL results 

show much smaller exponential increases with distance from the padeye compared with 

the analytical predictions consistent with the increased Ta/Tm ratios discussed above. 

To globally re-evaluate the ‘operative’ coefficient of friction over the full length of the 

embedded chain by Eq. (3.3), the CEL results of the tension ratio Ta/Tm as a function of 

the dragging distance are compared in Fig. 3.10 against the analytical predictions derived 

based on the padeye angle-dragging distance relationships (Fig. 3.6a) and Eq. (3.3) with 

varying ‘operative’ coefficient of friction μ values. Full mobilization of the (uncoupled) 

frictional resistance corresponds to the case of μ = μp = 0.34. In contrast, the CEL Ta/Tm 

results agreed with the analyses using μ = 0.07, indicating that only about 20% on average 

of the potential frictional capacity is mobilized along the embedded chain during the 

tensioning process. Note that the operative coefficient of friction back-figured from the 

Ta/Tm profile does not affect agreement of the CEL and Neubecker-Randolph Ta-a 

responses (see Fig. 3.7) since Eq. (3.5) indicates that the chain tension at the padeye, Ta, 

is insensitive to the mobilized frictional resistance. 

The operative coefficient of friction provides a straightforward assessment of the partial 

mobilization of the frictional resistance, even though it cannot rigorously define the 

mobilized frictional resistance for each given anchor chain segment. This will be 

examined in the next section. 

 

Fig. 3.10. Effect of operative coefficient of friction of the embedded chain on the 

tension ratio.  
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3.3.3 Mobilized soil resistance along the anchor chain 

The evolution of normalized normal and frictional soil resistances, Q/Qu, deep and F/Fu, deep 

for two representative segments (identified as ‘segment #13’ and ‘segment #25’) in the 

weightless chain during tensioning is shown in Fig. 3.11. The mobilized frictional and 

bearing forces for these elements are compared with the yield loci derived for the surficial 

and deeply embedded chain for chain profiles (1), (2), (3) and (4), which correspond to 

dragging distances of 1.5, 3.0, 4.5 and 6.0 m respectively. 

The evolution of the soil resistances reflects the cutting through of the chain during the 

tensioning process. Both segments initially slide (axially) across the seabed, with the data 

points for normal and tangential resistances travelling along the low Q/Qu segment of the 

locus for the surficial chain. Subsequently, the Q-F states transition between the yield 

locus for the surficial chain and that for the deeply embedded section, corresponding to 

the soil failure at intermediate depths as the chain cuts progressively deeper into the soil. 

Finally, the Q-F loading condition on each chain segment moves towards a pure bearing 

condition, i.e. Q ~= Qu, deep, and F ~= 0, as the chain is tensioned. 

 

Fig. 3.11. Evolution of the soil resistances to representative chain segments during 

tensioning.  
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The normalized normal and frictional soil resistances derived from CEL for all chain 

segments at the mudline (z = 0), at intermediate depths (z = 0 to 3ds) and when deep (z = 

3ds to za) are plotted in Fig. 3.12 against the yield loci for surficial and deeply embedded 

chains at padeye angles of θa = 75°, 60°, 45° and 35°. It is evident that the Q-F data for 

the segments embedded at depths from 3ds (0.75 m) to za (9 m) lie close to the outer (deep 

embedment) yield locus, while those for the surficial segments lie close to the inner 

(surficial) locus, with some transition segments in between those two groups.  

For the segments at the mudline, the operative F/Q ratios (i.e. μ in analytical equations) 

lie just above the line of μp, showing ‘sliding’ behavior. For the deeply embedded 

sections, normal resistance is close to fully mobilized (Q ~= Qu, deep), while frictional 

forces are small (F ~= 0), so that the friction ratio F/Q is considerably smaller than μp. 

This is attributed to the dominance of  

 

Fig. 3.12. Distributions of the soil resistances of the embedded chain with the yield loci: 

(a) θa = 75° (b) θa = 60° (c) θa = 45° (d) θa = 35°.  
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normal movement, rather than axial movement, which is restricted by the padeye and the 

axial stiffness of the chain. Due to the relatively small value of Q near the soil surface, 

the global operative coefficient of friction is dominated by the F/Q ratios for the deeply 

embedded part of the chain. 

As the tensioning proceeds, the operative coefficient of friction obtained from the CEL 

analyses may be expected to reduce as an increasing length of chain cuts through the soil 

to become fully embedded, mobilizing a greater proportion of the full bearing resistance. 

This cannot be captured rigorously by a simple constant coefficient of friction, even 

though a value of μ = 0.07 gives a reasonable fit to the overall behavior (Fig. 3.10). 

3.3.4 Method for calculation of the equivalent frictional coefficient 

The Q-F yield locus for the deeply embedded chain sections may be used as the basis for 

an analytical approach to determine the F/Q ratio at each point along the embedded chain 

as a function of embedment depth and the chain angle. In this section, a method is 

proposed based on the chain configurations predicted by the Neubecker-Randolph 

solution. 

The schematic of the yield locus is illustrated in Fig. 3.13 together with the plastic 

potential. The normality rule was adopted appropriate for deep undrained conditions (e.g. 

Bransby & Randolph 1998; O'Neill et al. 2003) and based on the evidence shown in Fig. 

3.11. The incremental (plastic) displacement normal and tangential to each chain segment 

 

 

Fig. 3.13. Schematic of the yield locus and the plastic potential function.  
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defines the plastic flow vector, i.e. tanω =∆ut/∆un, during the cutting through of the chain. 

Therefore, the local equivalent coefficient of friction, μle in Fig. 3.13, can be determined 

by 

   1/ 1 1/ 1
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and assuming (for simplicity) that the normal resistance is fully mobilized (Qdeep = Qu, 

deep). Separate analyses were performed with the value of Qdeep derived rigorously 

according to the yield locus. However, it was found for the cases considered here that this 

made no significant difference to the results compared with assuming Qdeep = Qu,deep. The 

equation can be modified to allow for the chain weight and the chain inclination as 
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The relationship between μle and ∆ut/∆un is therefore determined by Eqs. (3.9) and (3.10) 

with the shape parameters m and n of the yield locus for the deeply embedded chain and 

the resistance factors Ns, ult and Nb, ult already known.  

The above equations can be used to analyze the response of the chain system in the soil 

as follows: 

Step 1: Estimate the configuration of an embedded chain for a given padeye angle θa using 

the Neubecker and Randolph (1995b) solution (Eq. (3.4) with μ =μp = Fu, deep/Qu, deep. 

Step 2: Update the configuration by applying a small incremental change of the padeye 

angle (e.g. Δθa = 1.0 × 10-8 rad) using the parameters from the previous step. 

Step 3: Calculate the incremental displacement in the normal and tangential direction for 

each individual chain element along the embedded chain.  

Step 4: Calculate μle for each chain element using Eq. (3.9) or (3.10). 

Step 5: Calcualte the updated mudline load and anchor padeye loads using the updated   

values. 

Step 6: Return to step 2 and loop until the final design mudline load (or a target padeye 

chain angle) is reached. 
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The values of ∆ut/∆un and μle calculated from Eq. (3.9) are shown on Fig. 3.14 as a fuction 

of the embedment depth for selected configurations of an embedded chain with padeye 

angles θa = 75°, 60°, 45° and 35°. The incremental displacement ratio ∆ut/∆un at given 

depth z/za decreases as padeye angle θa decreases (Fig. 3.14(a)), reflecting a reduction of 

the tangential motion of the chain as it is tensioned. For a given padeye angle, there is a 

rapid increase of tan from the padeye to the mudline, because of the relaxation of the 

axial movement constraint when remote from the padeye. Similar to the trend of ∆ut/∆un 

shown in Fig. 3.14(a), µle decreases as the padeye angle θa decreases, and there is a 

marked increase of µle from the padeye to the soil surface (Fig. 3.14(b)). 

The values of μle derived from the proposed method are compared with the CEL results 

of the F/Q in Fig. 3.15 for cases of wc = 0 and 1.5 kN/m. Note that segments in the vicinity 

of the mudline were not considered in the analysis because the shallow part of the chain 

only contributes a very small proportion of the overall resistance. Despite the fluctuations 

of the CEL results, the overall predictions by Eqs. (3.9) and (3.10) agree well with the 

CEL results. 

 

Fig. 3.14. Example of the calculation for the local equivalent coefficient of friction 

based on the configurations solved by the Neubecker & Randolph solution: (a) 

incremental displacement ratio; (b) local equivalent coefficient of friction.  
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The above approach can also be used to calculate the average operative coefficient of the 

friction 
mod

op  assuming normal resistance is fully mobilized (Q = Qu, deep = 19dbsu): 

0

mod
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z
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u

z
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                                                         (3.11) 

 

Fig. 3.15. Distribution of the local equivalent coefficient of friction of the chain with 

different padeye angles: (a) θa = 75° (b) θa = 60° (c) θa = 45° (d) θa = 35°. 
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This was further examined by comparing the predictions of Ta/Tm calculated by Eq. (3.3) 

adopting
mod

op  and constant µop of 0.07 with the CEL results during the tensioning process 

as shown in Fig. 3.16. The tension ratio calculated with 
mod

op  shows an increase from 0.91 

when θa = 75° to just under 0.98 at when θa = 35°. Despite fluctuations of the CEL results, 

the Ta/Tm values derived from 
mod

op show better agreement with the numerical results than 

the simple and constant µop = 0.07, particularly for small chain angles. This demonstrates 

the feasibility of the proposed method for the calculation of the equivalent frictional 

coefficient of the embedded chain. 

3.4 Conclusions 

A series of large deformation finite element analyses using the CEL approach were 

conducted to investigate the interaction between chain elements and the soil during 

different displacement trajectories and also the global system response of a catenary 

anchor chain cutting through soil. The results provide new insight into the response of an 

anchor chain system, in particular the operative axial ‘friction’ along the chain. A new 

design method is proposed for predicting tension and angle along the inverse catenary of 

an embedded anchor chain. 

The CEL results of the configuration of the embedded chain and the tension at the padeye 

showed good agreement with analytical predictions, implying the suitability of assuming 

that normal soil resistance is fully mobilized when performing design calculations 

 

 

Fig. 3.16. Tension ratio calculated with modified operative frictional coefficient.  
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(as previously suggested by Neubecker and Randolph (1995b)). However, the CEL 

results showed significantly less tension attenuation from the mudline to the padeye of 

the embedded chain compared to previously published design approaches. This was 

shown to be due to the low proportion of the potential frictional capacity that is mobilized 

over the embedded chain during chain cutting.  Partial mobilization of the frictional 

resistance was shown to result from interaction between the normal and frictional soil 

resistances as the embedded chain cuts through the soil, with almost full normal resistance 

and thus low frictional resistance being mobilized through most of the embedded part of 

chain governed by the stationary padeye condition. Consequently, the local mobilized 

coefficient of friction was shown to decrease significantly with increasing depth. The 

global ‘operative’ coefficient of friction, taking account of increasing shear strength with 

depth, is weighted towards the chain response at depth and hence is much lower than the 

nominal potential friction coefficient. 

Equations for yield loci for the embedded chain were obtained from the numerical results 

and normality was demonstrated for the embedded chain sections. This allowed 

development of a new method for calculating the local equivalent coefficient of friction 

(i.e. F/Q) at every point along the chain, based on the yield locus and the chain 

configuration, and hence the incremental displacement trajectories at each point. A 

formulation was also developed to estimate the global operative coefficient of friction 

acting along the chain, facilitating more accurate calculation of the tension variation along 

the embedded anchor chain. The resulting analytical approach showed good agreement 

with the CEL results locally and globally, confirming the potential for the approach for 

design of mooring systems with embedded anchor padeyes. 
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4 NUMERICAL INVESTIGATIONS OF THE 

EFFECT OF STRAIN SOFTENING ON THE 

BEHAVIOUR OF EMBEDDED MOORING 

CHAINS 

 

ABSTRACT: Mooring systems typically consist of an anchor and a mooring line and 

chain that connect the anchor to the floating infrastructure. When the anchor connection 

point (the ‘padeye’) is below the seabed surface, the interaction between the chain and 

the seabed will affect the amount of load transferred to the anchor and the load angle at 

the padeye. Reliable methods are needed therefore to assess these aspects in order to 

determine appropriate anchor design.   

Available solutions for the interaction between soil and chain generally ignore any 

reduction in the undrained shear strength of the soil as it is remoulded under the large 

strains associated with tensioning of the anchor chain. This is an unconservative 

assumption for anchor design, hence providing motivation for the study presented here. 

The system behaviour and the interaction of short chain segments with the seabed have 

been studied using a coupled Eulerian-Lagrangian (CEL) approach. The findings have 

led to two new design approaches that encapsulate how remoulding of the soil (which 

affects sliding resistance more than bearing resistance) affects the chain system response. 

Calculations using these methods captured the modelled chain system response well. Both 

the global chain analyses and the proposed design approaches suggest that approximately 

the entire chain load at the seabed surface (the ‘mudline’) is likely to be transferred to the 

anchor padeye, challenging conventional design practice.  

Keywords: Anchor chain; catenary mooring; chain-soil interaction; coupled Eulerian–

Lagrangian; strain softening; finite element analysis  
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4.1 Introduction 

Mooring systems provide the connections to the seabed that keep floating facilities in 

place and may take various configurations, e.g. catenary, taut or semi-taut and vertical 

(Randolph & Gourvenec 2011). For a catenary mooring line with load applied 

horizontally at the seabed, the embedded section of chain forms an ‘inverse catenary’ 

between the seabed and the anchor attachment point (‘padeye’). The shape of the catenary 

is such as to maintain equilibrium between the chain tension and the soil resistance. For 

efficient anchor design the magnitude and inclination of the load at the padeye must be 

quantified reliably. This is achieved through calculation of the geometric configuration 

and tension profile of an embedded chain, both of which require quantification of the 

normal and frictional soil resistances to chain movement along its length. The inverse 

catenary chain configuration and associated terminology are illustrated in Figure 4.1. 

Existing design approaches for calculating the geometric configuration and tension 

profile of the embedded section of the chain are summarised in the Appendix, adopting 

the chain configuration and terminology shown in Figure 4.1. Traditionally, the soil 

resistances Q and F, normal and parallel to the chain axis, are assumed to be uncoupled 

and the corresponding ultimate capacities Qult and Fult are assumed to be fully mobilised 

simultaneously. This does not take account of the resistance reduction due to strain-

softening effect of the soil as values for Qult and Fult are generally calculated from the 

intact (unsoftened) soil strength. 

Strain-softening effects on the shear strength, and thus on soil resistance, has been widely 

investigated in terms of shallow and deep penetration problems (e.g Einav & Randolph 

2005; Zhou & Randolph 2007; 2009; Chatterjee et al. 2012) but limited consideration has  

 

 

Figure 4.1 Schematic of geometric configuration and tension profile of an 

embedded chain and the mechanical equilibrium of a chain element  
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been given for the problem of the tensioning process of an embedded anchor chain (e.g 

Kim et al. 2015; Zhao & Liu 2016; Zhao et al. 2016). Remoulding of soil around a chain 

will lead to less soil resistance along the anchor chain, which will affect the chain profile 

for a given mudline chain tension value and is likely to lead to a larger proportion of the 

mudline tension being applied to the anchor at the padeye. This is a concern as it is 

therefore likely to be unconservative to ignore remoulding, despite this being common 

practice. 

4.1.1 Scope of the present study 

In order to investigate how soil remoulding affects chain performance, this paper extends 

the Coupled Eulerian-Lagrangian (CEL) finite element approach (Sun et al. 2019a)* to 

explicitly investigate the effect of soil remoulding on both the chain system and the soil 

resistance to elements of the embedded chain.  

The paper investigates first the effect of soil sensitivity on the normal and axial resistances 

by performing a set of segment analyses using Abaqus CEL. Then Abaqus CEL is used 

to analyse the behaviour of a catenary multi-segment chain system during tensioning for 

a range of different soil sensitivities. The results from the segment analyses are used to 

calculate the approximate ‘scaled’ values of normal resistance and ‘friction’ coefficient 

. The tensions and geometric configuration of the embedded chain, as two outputs for 

design, are presented and compared with the analytical predictions by Neubecker and 

Randolph (1995b) with the scaled soil resistances. Finally, a method whereby the soil 

resistance to each chain segment is described by a yield locus is modified for remoulded 

soil and the results using this method (and the simple scaling method mentioned above) 

are compared with the CEL results. 

4.2 Finite-element model 

4.2.1  Modelling software and approach 

All finite element analyses were carried out with the coupled Eulerian-Lagrangian (CEL) 

approach provided using the Abaqus software (Dassault Systèmes 2014). Furthermore, 

the approach used and parameters selected (apart from strain softening) were as described 

in Sun et al. (2019a)*. Consequently, only brief details of common methodology are given 

here. 

* Chapter 3 in the thesis  
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4.2.2  Chain geometries 

The chain was modelled feasibly as a string of equally spaced, rigid cylindrical segments, 

connected using ‘LINK’ connector elements provided as standard in Abaqus (Figure 

4.2a). Three geometric variables - the length ls and the diameter ds of each segment, and 

the space between adjacent segments, ss - govern the dimensions of the model chain. In 

the current analyses, ls was taken as 1 m, with ss and ds being 0.1 m and 0.25 m 

respectively.  

The CEL model was designed to represent a standard 5db studless chain as shown in 

Figure 4.2a. Each link pair of the 5db studless chain was idealised as one bar segment 

together with one spacing, i.e, ls + ss = 6db = 1.1 m, giving db ~ 0.18 m for this model. 

This relates ds with db (i.e. ds/db = 0.25/0.18 for this model) for the interpretation of the 

resistances obtained from the CEL results. Calibration of the model is presented in Sun 

et al. (2019a). 

(a)  

 

(b)  

Figure 4.2. CEL modelling of the embedded chain: (a) Chain model 

corresponding to a 5db studless chain; (b) FE model setup  
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The global embedded chain system model comprised 49 segments (giving a total length 

of 53.9 m) as shown in Figure 4.2b. The padeye was set (arbitrarily) to 9 m below the soil 

surface and the chain was loaded monotonically and horizontally at the seabed as a 

catenary mooring during the complete tensioning process. The padeye was fixed (i.e. not 

allowed to translate vertically or horizontally) to represent an appropriately sized (suction 

caisson) anchor which would not move significantly under design loads. 

4.2.3  Soil domain 

The soil was assumed to be fully undrained during the chain tensioning process and 

consequently total stress analyses were performed. The initial undrained soil strength was 

assumed to increase linearly with depth z, according to su0 = 2 + 1.2z kPa, with the 

effective soil weight being 2.4 kN/m3. 

The soil was modelled as a linear elastic-perfectly plastic material, obeying the Tresca 

yield criterion, but extended here to capture the progressive softening of clay (e.g. Einav 

& Randolph 2005; Zhou & Randolph 2007; 2009; Chatterjee et al. 2012; Kim et al. 2015). 

The undrained shear strength at individual Gauss points was modified immediately prior 

to re-meshing according to the current accumulated absolute plastic shear strain ξ, as 

presented 

953 /

0(1 )eu rem rem us s
                                                    (4.1) 

The equation models the degradation of soil strength according to an exponential function 

of cumulative plastic shear strain, ξ (ξ95 represents the value of ξ for 95% strength 

degradation), from the intact condition to the fully remoulded ratio, δrem (the inverse of 

the sensitivity St). A user subroutine was implemented into Abaqus to track the evolving 

soil strength profile. In the analyses, ξ95 was taken as 10, a typical value for clays (Zhou 

& Randolph 2007; 2009), and δrem ranged from 0.01 to 1 (St varies correspondingly from 

100 to 1 in order to cover all possible soil sensitivities, including for highly sensitive soils 

(DeJong et al. 2011)). 

The Young’s modulus E was taken as 500su and Poisson’s ratio as 0.49 to approximate 

incompressible soil response for undrained conditions. The regular mesh comprised 8-

noded linear brick elements with reduced integration (‘EC3D8R’ in the Abaqus element 

library). A central fine mesh zone (minimum mesh size Le = 0.35ds) was used in the area 

close to the predicted chain trajectory during the tensioning process. This overall mesh 

resulted in each single chain system analysis taking approximately 350 hours to run on a 

fast server and, even with this mesh, this did not result in a fully convergent solution (see 



Chapter 4: Numerical investigations of the effect of strain softening on the behaviour of embedded mooring chains  

74 

(Sun et al. 2019a) for more details). This was considered when interpreting the results of 

the analyses as described later. 

4.2.4  CEL model setup 

The global view of the CEL model is present in Figure 4.2b together with the detailed 

chain model. The anchor chain was assumed to be weightless and initially ‘wished-in-

place’ in the post-installation configuration (as in Sun et al. (2019a)) as shown in Figure 

4.2b with a vertical section fully embedded and attached to a fixed point, i.e. the padeye 

of a suction anchor, and a horizontal section laid on the seabed. Analyses were started at 

the ‘wished-in-place’ configuration to reduce computational time because the loaded 

chain configuration involves significant movement of the chain away from its installed 

position so that any soil that is influenced by the chain installation process is far enough 

away not to affect the later chain-soil interaction. Subsequently, the motion of the 

dragging point was activated by applying a constant horizontal velocity vd, forcing the 

chain to cut gradually through the soil until the final padeye inclination angle θa reached 

35° to the horizontal. The local coefficient of friction of the chain-soil interface was 

selected as 0.5 times the normal force using the ‘penalty’ contact option in Abaqus CEL. 

Using this value, the frictional resistance to purely axial movement of chain at the deep 

embedment conditions was governed by the shearing of the peripheral soil instead of 

interface sliding, with the results essentially unaffected by the specific value (of 0.5) 

selected. Note that the frictional interface allows gapping behind the advancing chain 

once the normal pressure becomes tensile. 

4.3 Chain segment analyses: Soil resistances with different 

soil sensitivities 

Before conducting the analyses of the entire chain system, the pure normal (Q) and 

frictional (F) resistance response (and so the ratio F/Q) as a function of St was investigated 

numerically using Abaqus CEL. One set of analyses displaced a buried multi-segment 

section of chain vertically (i.e. normal to its axis) until the residual normal resistance 

(Qres) was mobilised for a range of soil sensitivities St. The analyses were then repeated 

for axial chain movements to determine Fres. 

The analyses were conducted on the straight, neutrally-buoyant, seven-segment section 

of chain (Figure 4.3a) embedded horizontally at a depth of 18ds (at 4.5 m where su0 = 7.4 

kPa), to get ‘deep’ failure conditions (i.e. localised flow-around of the soil and a 
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mechanism that was independent of the distance to the soil surface). The CEL setup 

details, including the soil properties, chain size, interface properties, boundaries, mesh 

refinement and simulation velocities, are consistent with those adopted in the global 

embedded chain model. End effects were avoided by excluding the outer two segments 

when calculating the length-averaged soil resistances. The segment analyses used the 

same mesh density and velocity as in the system analyses so that the relationships 

developed would be consistent.  

The normal and frictional resistance factors Nb = Q/dbsu0 and Ns = F/dbsu0, and the 

corresponding quantities normalised using the (numerical) ‘chain’ diameter, ds, are 

plotted against chain movements in Figure 4.3b and c for soil sensitivities St = 1, 2, 5, 10 

and 100, where Q and F are respectively the normal and frictional soil resistance forces 

on the five central segments of the chain per unit length (with units kN/m) and su0 is the 

intact undrained strength at the current depth of the chain element centroid. The figures 

show that approximately two to three diameters of chain movement is required to mobilise 

a steady-state residual resistance for St > 1 and the selected value of ξ95 of 10. Note that 

this is considerably less movement than experienced by a large majority of the chain 

elements during tensioning in the full analysis presented later. 

For the non-softening soil (St = 1), the normalised ultimate normal and frictional 

resistances for the embedded chain are defined as Nb,ult and Ns,ult with Nb,ult = Qult/dbsu0 = 

19 and Ns,ult = Fult/dbsu0 = 6.5 (benchmarked by 19 and 8 from the Degenkamp and Dutta 

(1989b) recommendation and adopted for the estimation of the Neubecker and Randolph 

solutions). Accordingly, the coefficient of friction µp = Ns,ult/Nb,ult = 0.34. 

For the softening soil (with St > 1), the steady-state normal and frictional resistance factors  

Nb, res and Ns, res were calculated based on deduced residual values of soil resistance (Qres 

and Fres) from the monotonic resistance curves shown on Figure 4.3b and c. The selected 

values normalised by the value of resistance for non-softening (i.e. St = 1) soil are shown 

as dots on Figure 4.4. 

The residual resistance ratios Qres/Qult and Fres/Fult normal and parallel to the chain axis 

may be expressed as linear functions of the remoulded strength ratio δrem. 

,

,

0.4 0.6
b resres

rem

ult b ult
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Q N
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These functions are plotted in Figure 4.4. The consequent residual frictional ratio is 

therefore expressed as:  

8 2 8 2

4 6 4 6

res rem t
res p p

res rem t

F S

Q S


  



 
  

 
                                     (4.4) 

(a)  

(b)  

(c)  

Figure 4.3. CEL model for chain segment analyses and the soil resistances with different 

soil sensitivities: (a) model setup; (b) Normal resistance; (c) Frictional resistance.  
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The fitted equations are used to interpret the CEL chain system analysis results and their 

applicability for design is discussed later. 

Supplementary data using a finer mesh (Le = 0.0875ds) to analyse the behaviour of two 

segments, as a link pair, are also plotted for the validation of the functions. More detail 

concerning the selection of the residual resistance factors (and their similarity to the 

behaviour of T-bar penetrometers) is presented at the end of the paper. 

4.4 Chain system Analyses: Results 

Figure 4.5 shows the padeye angle - tension relationships obtained from the CEL analyses 

for soil sensitivities St = 1, 2, 5, 10, 100. The tensions develop linearly initially, but with 

a gradually increasing rate as the chain angle decreases, i.e. as the chain becomes taut. 

For a given chain tension, the padeye angle is smaller (i.e. the chain is ‘flatter’) with 

increasing sensitivity because the chain penetrates further through the remoulding soil, as 

shown on Figure 4.6. 

Analytical predictions by Neubecker and Randolph (1995b) for the relationship between 

the padeye tension (Ta) versus the padeye chain angle (a) are also shown on Figure 4.5. 

These are based on residual values of Qres and µres in Equation (4.10) (Neubecker & 

Randolph 1995b), for the given soil sensitivity, and show good agreement with the CEL 

data. Although the true mobilised friction coefficient along the chain is much less than 

the nominal value µres (see later discussion), this does not compromise the level of 

agreement, reflecting that the analytical solution is essentially independent of µ after 

adopting the small angle assumption (Equation (4.11) (Sun et al. 2019a). 

 

Figure 4.4. Residual capacity ratios of the embedded chain model  
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This is illustrated further in Figure 4.7, which compares the configurations of the 

embedded chain obtained from the CEL analyses with soil sensitivities St = 1, 2, 5, 10, 

100 for two chain inclination angles at the padeye (a = 60° and 35°) during the tensioning 

process. The configurations are presented in terms of the chain-angle variation (a
2-)/2 

against the normalised embedment depth z/za, conforming to the simplified analytical 

solution of Equation (4.11) (Neubecker and Randolph (1995b)). The CEL results for 

different soil sensitivities fall within a narrow band, reflecting that the chain geometry is 

relatively insensitive to St for a given chain padeye angle. Furthermore, the agreement 

between the CEL results and the analytical predictions derived from Eq. (4.10) with Q = 

19dbsu and μ = μp = 0.34 demonstrates that the Neubecker and Randolph solution can still 

be used to estimate the chain configuration (for a given a) even in softening clay. 

 

Figure 4.5. Comparison of tension-padeye angle relationships with different soil 

sensitivities 

 

Figure 4.6. Chain profiles for different soil sensitivities at two mudline tensions  
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The results of CEL analyses of the tension ratio Ta/Tm are shown on Figure 4.8 as a 

function of the decreasing padeye angle for varying soil sensitivities St = 1, 2, 5, 10, 100. 

The tension ratio increases with decreasing a, as would be expected. Also, as sensitivity 

becomes higher, the tension ratios increase towards unity, reflecting the reduction in 

frictional resistance mobilised along the chain. 

 

 

Figure 4.7. Comparison of the configurations of the embedded chain for selected chain 

inclination angles  

 

Figure 4.8. Comparison of tension ratio-padeye angle relationships with different soil 

sensitivities  
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Sun et al. (2019a) showed that the ‘operative’ coefficient of friction in non-softening soil 

was much lower than the theoretical value of µ = 0.34, and that a value of µop = 0.07 was 

needed in order to match CEL data using the Neubecker and Randolph relationship of 

Equation (4.9). The CEL-calculated tension ratio values are compared with analytical 

predictions in Figure 4.8. In the analytical predictions, the ‘operative’ coefficient of 

friction μ values used in Equation (4.9) were selected as the friction coefficient µop, res for 

the residual state of soil remoulding by scaling the non-softening (St = 1) value of µop = 

0.07 for each different soil sensitivity using the results of the segment analysis, i.e. 

Equation (4.4). This simple method by scaling µop to µop, res gives relatively good 

agreement with the CEL results for the conditions examined in Figure 4.8. 

4.5 Design method using yield loci 

The above empirical design approach of scaling normal resistance with St to get the chain 

shape (for a given anchor tension) and scaling  as another function of St (to calculate the 

chain tension), both based on results for pure normal and axial displacement, appears to 

give reasonable results. However, although this allows approximation of the system 

behaviour, to account for changes to the friction/tension ratio along the chain a modified 

version of the yield locus based approach proposed by Sun et al. (2019a) is required. The 

yield loci (and associated plastic potential) for embedded chain segments is used to 

calculate the resistance ratio F/Q during failure from the kinematics (i.e. the plastic 

displacement ratio) of each element along the chain. This section presents this method, 

modified to allow for soil remoulding, and then shows system analysis results using this 

method compared with the scaling approach and CEL results. 

4.5.1 Calculating the yield locus from segment analyses 

To develop yield loci accounting for remoulding of soil, a suite of monotonic 

displacement-controlled probes (each at a different displacement angle ω to the normal 

of the chain axis) were conducted on the seven-segment section of chain (centroid depth 

= 18ds (4.5 m, su0 = 7.4 kPa)). This was carried out for a typical value of soil sensitivity 

St = 5 (representative for clay/carbonate silt) to examine the behaviour in detail. 

The resulting interaction diagrams are shown in terms of normalised normal and frictional 

resistances Nb and Ns in Figure 4.9. A yield locus in the form of a generalised ellipse is 

proposed to describe residual conditions: 
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                                                  (4.5) 

where Nb, res and Ns, res are the calculated residual resistances for pure normal and axial 

movement respectively and m and n are fitting parameters. The locus shown uses values 

of Nb, res and Ns, res based on the linear residual resistance ratio-strength ratio relationships 

(Figure 4.4) for St = 5; m and n were selected as 2.0 and 2.3 to be identical to the values 

recommended in non-softening soil conditions (Sun et al. 2019a) for simplicity. The 

agreement of the probe tests with the yield locus described by Equation (4.5) suggests 

that the adopted parameters are acceptable for engineering design purposes. Even better 

agreement could be obtained by modifying the values of m and n for the remoulded case 

specifically, but doing so would have the disadvantage of having to ascertain new m and 

n values for each new residual yield locus without a significant increase in accuracy. 

Since reduction of the normal and frictional resistances to residual values does not involve 

the same magnitude of relative displacement of the chain (frictional resistance being 

remoulded more easily), the shrunken locus is relatively flat in the normal resistance 

direction compared with the yield locus for non-remoulding (St = 1) soil. Interestingly, 

for the soil sensitivity selected (St = 5), none of the Q-F load paths reaches the non-

softening (St = 1) locus except the two close to the purely frictional loading condition, 

since partial remoulding occurs as that locus is approached. 

 

Figure 4.9. Probe testing results for St = 5 

 

  

0 5 10 15 20 25
0

1

2

3

4

5

6

7

 

 

F
ri

ct
io

n
al

 r
es

is
ta

n
ce

 f
ac

to
r 

N
s =

 F
/d

b
s u

0

Normal resistance factor N
b
 = Q/d

b
s

u0

  = 90

  = 85

  = 80

  = 75

  = 60

  = 45

  = 30

  = 15

  = 0

 Yield locus (S
t
 = 5)

 Yield locus (S
t
 = 1)



Chapter 4: Numerical investigations of the effect of strain softening on the behaviour of embedded mooring chains  

82 

4.5.2 Examination of chain segment behaviour during system analyses 

Figure 4.10 plots the evolution of the normalised normal and frictional soil resistances, 

Q/Qult and F/Fult for two representative chain segments (identified as ‘#13’ and ‘#25’ on 

Figure 4.2) during tensioning from the system CEL analysis for St = 5. The load 

components are compared with the yield loci of the chain for the softening (St = 5) and 

non-softening (St = 1) cases. Both segments initially lie on the seabed (where the yield 

locus is smaller than for the ‘deep’ condition for which the yield loci shown correspond), 

and penetrate deeper as the chain cuts progressively into the soil. As Tm increases (and a 

reduces), the Q-F loading condition of the chain segments moves towards a residual 

bearing condition close to the remoulded yield locus, due to local remoulding of the soil. 

For small values of chain angle (i.e. large values of Tm), the resistance approaches the 

pure normal bearing condition (Q ~= Qres, F ~= 0) implying that the mobilised operative 

F/Q ratios (i.e. μ in analytical equations) approach zero. The Q-F data lie close to the 

residual locus, especially for the deeper chain segment, implying that the residual locus 

does indeed capture the soil failure conditions following strain-softening. 

4.5.3 Calculation of the equivalent friction coefficient 

The residual yield locus may be used to calculate an equivalent frictional coefficient of 

the embedded chain, considering strain-softening, based on the analytical method 

proposed in Sun et al. (2019a). The local equivalent coefficient of friction μle can be 

determined by substituting the residual resistance factors Ns,res and Nb,res for the 

corresponding original ultimate values for given soil sensitivity (St = 5 in this case): 

 1/ 1

,res

,res
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s t
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b n

N um

n N u




   
        

                                                  (4.6) 

The incremental (plastic) displacement ratio, ∆ut/∆un (tan ω) defined locally at each chain 

segment, can be evaluated by estimation of the incremental trajectory of chain using the 

Neubecker and Randolph solution (Sun et al. 2019a). 

The results at each segment of the chain can be integrated to calculate the average 

representative  value and therefore calculate Ta/Tm at each step of chain tensioning (as 

proposed by Sun et al. (2019a)). The predictions of Ta/Tm calculated by Equation (4.9) 

using the yield locus aproach (µ
mod 

op, res) and by taking a constant scaled µop, res of 0.037 by 

Equation (4.4) as illustrated on Figure 4.8 are compared with the CEL results for St = 5 

during the tensioning process in Figure 4.11. The tension ratio calculated using the yield 
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locus approach shows an increase from under 0.97 when θa = 75° to just over 0.98 when 

θa = 35°. Despite fluctuations of the CEL results and a relatively small range of the 

changing Ta/Tm, the values derived using the yield locus approach show better agreement 

with the numerical results than from using the -scaling approach with µop, res = 0.037, 

particularly as the chain becomes taut. 

 

 

Figure 4.10. Evolution of the soil resistances to representative chain segments to 

tensioning (St = 5) 

 

Figure 4.11. Tension ratio Ta/Tm calculated with modified operative frictional coefficient 

(St = 5)  
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4.6 Implications for design 

The most significant outcome from the study presented here is the extremely low 

reduction in tension between mudline and padeye compared with what is generally 

assumed in anchor design. Even in non-softening soil, the operative friction is 0.07, only 

20% of the nominal friction value of 0.34. For a strain-softening soil with St = 5, which 

is typical of marine deposits (Puech et al. 2005), the operative friction will reduce further 

to approximately 0.037. Cyclic motions of the chain would give even lower values of 

operative friction. This is significant for anchor design because it suggests that more of 

the mooring load will be transferred to the anchor than previously thought, and implies 

that previous design methods were unconservative.  

The agreement between the CEL results and the two possible design methods in Figure 

4.11 demonstrates the feasibility of either proposed method for the calculation of the 

equivalent frictional coefficient of the embedded chain for strain-softening soils in 

undrained conditions (albeit some of the numbers in the equations may change with 

varying soil, chain and anchor conditions).  

Both methods require knowledge of how the normal (Q) and frictional (F) resistances are 

affected by soil sensitivity. For the CEL system analysis comparisons, these relationships 

were obtained by performing separate segment analyses using Abaqus CEL (see Figure 

4.4). However, the analyses performed were necessarily limited in their use of mesh size 

(because of the computational cost of the system analyses) and so the relationships 

produced (e.g. Eqs. (4.2) and (4.3) cannot be used directly in design. This is discussed 

below with further segment analyses conducted using Abaqus CEL for bearing and 

sliding resistance in turn. 

4.6.1 Bearing resistance (Qres) 

In order to provide recommendations for design related to how the normal chain 

resistance (Qres) varies with sensitivity, additional segment analyses were carried out 

using CEL analyses of the link geometry with finer meshes (with element length, Le = 

0.0875ds) and the results were compared with the analagous problem of a T-bar 

penetrating sensitive soils (DeJong et al. 2011; Pinkert & Klar 2012). 

The additional information is shown on Figure 4.12 including an empirical equation fitted 

to scattered T-bar field testing results (DeJong et al. 2011) and from two-dimensional 

numerical analyses of a T-bar incorporating both strain-softening and rate effects (Pinkert 

& Klar 2012). In addition, a dashed line representing the simplification that all soil in 
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front of the chain is intact (i.e. has strength su0) and all soil behind is fully remoulded (i.e. 

has strength su0/St = remsu0) is included. This approach has been used in practice (O’Neill 

et al. 2010) to approximate bearing resistance of embedded foundation or anchor elements 

during large deformation events. 

When selecting a design line it should be realised that the geometry studied in CEL (and 

that of a T-bar) is not a collection of chain links (as in a real chain) and so the relationship 

for a real chain may be slightly different. However, the numerical results on Figure 4.12 

suggest that the intuitive engineering approximation with Qres/Qult equal to 0.5 + 0.5/St 

provides a sufficient approach. 

4.6.2 Axial resistance (Fres) 

Additional CEL chain segment analyses were also conducted using CEL with finer mesh 

sizes to investigate further the relationship between axial resistance Fres and sensitivity. 

The additional data shown on Figure 4.4 for the finer mesh analyses do not invalidate the 

previously-proposed Equation (4.3). However, as discussed above, the simplification of 

the chain geometry from a collection of links to a bar sections (with links) means that the 

results may not be truly representative of chain behaviour. This may be particularly the 

case for axial chain movement where the ratio of soil bearing (around the two ends of the 

bars) versus sliding failure (along the link bars) will not be recreated. Consequently, the 

relationship proposed here is tentative and warrants further study. 

 

Figure 4.12. Comparison of resistance factors of a bar for design implications 
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4.7 Conclusions 

Large deformation finite element analyses were conducted to investigate the effect of 

strain softening on the normal and frictional resistances of embedded chain sections, and 

the global monotonic tensioning behaviour of an embedded chain. The coupled Eulerian-

Lagrangian (CEL) approach was used with a strain-softening soil model incorporated. A 

linearly increasing relationship between residual resistance ratio and the remoulded soil 

strength ratio was found first and then examined by comparing the numerical results 

featuring different mesh densities with the empirical predictions. The CEL results of the 

tension at the padeye with increasing soil sensitivity can be replicated by scaling the 

analytical predictions by Neubecker and Randolph (1995b) down by the residual 

resistance ratio according to a simplified linear residual resistance-soil strength 

relationship. The CEL results for the geometry of the embedded chain agree well with the 

Neubecker and Randolph analytical solutions for non-softening soil, due to compensating 

effects whereby the reduced normal resistance on each chain segment is balanced by the 

reduced padeye tension required to achieve a given chain angle at the padeye. The average 

operative friction of the embedded chain also shows a reduction in accordance with 

softening of soil. The reductions in steady-state normal and frictional chain resistance can 

be represented by a shrunken yield locus for the deeply embedded segments. The 

calculation method proposed by Sun et al. (2019a) may then be used to simulate the global 

chain response during tensioning. Overall, the most significant effect of soil remoulding 

is that the reduction in chain tension between mudline and anchor padeye becomes 

extremely small, equivalent to a chain friction ratio  of less than 0.05 for typical soil 

sensitivities in the range 3 to 5. 
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4.8 Appendix – Existing design relationships 

Behaviour of the embedded chain may be obtained by integrating the governing 

equilibrium equations 

sinc

dT
F w

ds
                                                      (4.7) 

cosc

d
T Q w

ds


                                                     (4.8) 

from one end of the chain to the other (Reese 1973; Gault & Cox 1974; Vivatrat et al. 

1982; Degenkamp & Dutta 1989b; Dutta & Degenkamp 1989). Here T is the tension in 

the chain acting over the incremental chain length ds, θ the chain angle to the horizontal, 

wc the submerged weight of chain per unit length, and Q and F respectively the normal 

and frictional soil resistances per unit length in the directions perpendicular and parallel 

to the chain axis. The boundary conditions are Ta and a at the padeye at depth za, leading 

to tension Tm and m (taken as zero here) at mudline. 

Closed-form solution of the differential equations (Eqs. (4.7) and (4.8)) is possible by 

neglecting the weight of the chain, producing the tension profile (Neubecker & Randolph 

1995b)  
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                                                           (4.9) 

with the chain friction coefficient μ defined as the ratio F/Q. 

The corresponding variation of the chain angle is then 
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which may be simplified where the chain angle is small to 
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5 NUMERICAL INVESTIGATIONS INTO 

DEVELOPMENT OF SEABED TRENCHING IN 

SEMI-TAUT MOORINGS 

 

ABSTRACT: Field observations of semi-taut mooring systems have shown severe 

trench development in front of suction caissons. Trenches extend back from where the 

chain emerges from the seabed under ambient mooring loads to relatively close to the 

caisson, and with depths approaching the padeye depth. To help understand the process, 

a Coupled Eulerian-Lagrangian (CEL) approach has been used to apply cyclic loading to 

a mooring chain system, treating the chain as a series of linked cylindrical elements and 

the soil as a strain-softening Tresca material.  The chain extended through the soil into 

the water column, and cyclically changing boundary conditions were applied to the far-

end of the chain to reflect a typical mooring layout and metocean conditions. In spite of 

rather idealised conditions, with loading restricted to the vertical plane of the chain and 

no consideration of hydrodynamic effects, a stable trench profile developed after only a 

few cycles of loading. The chain profile straightened during the cycles, with the section 

nearest to the padeye gradually cutting deeper into the soil and with the amplitude of 

cyclic motions of the chain, and hence tendency for a trench to form, increasing at 

shallower depths.  The magnitude of soil resistance acting on the chain reduced by 

increasing cycles, with particularly low resistance in the zone where the trench was most 

developed. The long-term longitudinal profile of trenching was predicted based on the 

current modelling, and was found comparable to that inferred from field observations, 

even without consideration of hydrodynamic and out-of-plane effects. 

Keywords: Anchor chain; trenching; coupled Eulerian–Lagrangian; strain-softening; 

finite element analysis  
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5.1 Introduction 

The phenomenon of mooring chain trenching – the generation of a ‘trench’ or void around 

the chain in the seabed due to operational chain movements - was first discovered during 

a due-diligence inspection of the suction anchors of the Serpentina floating production 

storage and offloading system (FPSO) offshore Equatorial Guinea (Bhattacharjee et al. 

2014). The inspection, conducted after ten years of operation, revealed large trenches that 

extended from the seabed and almost reached the embedded padeye of the suction anchor 

(Figure 5.1(c)).  This was considered to threaten the reliability of the anchor system 

(Arslan et al. 2015; Alderlieste et al. 2016; Sassi et al. 2018) and all anchors were replaced 

utilizing a larger mooring radius.  

Since the first report of significant seabed trenching associated with the mooring chain 

(Bhattacharjee et al. 2014) there has been widespread industrial interest, as summarized 

below.  

5.1.1 Observations of trenching and trench morphology 

The findings from the Serpentina FPSO inspections (Bhattacharjee et al. 2014) are 

summarised in Figure 5.1. Steep sided trenches were observed in front of the suction 

caissons (Figure 5.1(a), (b)), with the tensioned chain completely detached from the 

trench base. Significant motion of the mooring chains was observed in operating swell 

conditions and identified as the primary cause of trench formation. A schematic of the 

longitudinal profile of the trenches and the surveyed dimension ranges (Bhattacharjee et 

al. 2014) are shown in Figure 5.1(c).  

After the Serpentina trenching observations came into the public domain, accurate 

bathymetry inspections of seabed trenches were conducted for the moorings of five 

FPSOs and off-loading terminal buoys in the Gulf of Guinea. Colliat et al. (2018) 

presented longitudinal and transversal trench profiles and statistically related trench 

development with the mooring-line loads. Initiation of trenching started near the touch-

down-point where the most significant chain motions occurred, and progressed towards 

the anchor as a result of chain motions and trench wall collapses.  

Other observations concerning trench evolution were obtained from laboratory floor and 

centrifuge tests (Sassi et al. 2017). However, fully-developed trenches were not 

established due to the relatively small time-scale of testing, the small tension amplitudes 

applied to the chain, and the absence of out-of-plane chain movements or appropriate 

hydrodynamic modelling. 
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5.1.2 Investigation of trenching mechanisms and driving factors 

Sassi et al. (2017) described the development of trenching in two stages: formation of the 

trench with a  relatively high trenching rate; and stabilisation of the trench with a low 

trenching growth rate. For the first stage, the trenching rate was linked to the maximum 

chain tension, with the trenching rate increasing with tension level. During that stage, soil 

cutting caused by ‘flattening-out’ of the initial inverse catenary of the embedded chain, 

together with soil degradation, was proposed as the dominating mechanism. For the 

second stage, hydrodynamic effects and trench collapse were suggested to explain  

 

 (a)  

(b)  

(c)  

Figure 5.1. Surveys and schematic of the seabed trench at Serpentina FPSO 

(Bhattacharjee et al., 2014): (a) ROV images of seabed trenching in the vicinity of the 

suction caisson; (b) Sonar showing proximity of trenches to suction caissons; (c) 

Schematic of the trench with surveyed dimensions  
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regressive development of a tunnel and trench back towards the anchor. Accordingly, a 

time-based 2D analytical tool was developed (Versteele et al. 2017) incorporating chain-

soil interaction, soil erosion and trench wall stability. 

O'Neill et al. (2018) presented back-calculations of the Serpentina mooring line 

configurations, from the FPSO fairlead down to the anchor padeye, based on analytical 

solutions for anchor chains (Neubecker & Randolph 1995b), considering various load 

ranges, different mooring setups and soil properties. Cutting of the chain into soil and 

lifting up during extreme load conditions were postulated as the primary mechanisms 

driving the formation of anchor chain trenches. The results showed initial trench 

formation around the chain near the mudline, although the predicted trench profiles were 

still far from reaching the limiting geometry of the Serpentina trenches. This was 

attributed to ‘secondary’ trench formation mechanisms concerning trench collapse and 

hydrodynamic-related effects not considered in those calculations.  

5.1.3 Motivations and scope of present study 

Most of the previous studies of trench development involved direct observations from the 

field or model tests, providing useful information about the relationship between chain 

configuration and open trench profile. However, the methods have not addressed chain-

soil interaction directly from a geotechnical viewpoint (i.e. soil resistance to the chain, 

and soil remoulding due to chain cutting), although chain-soil interaction is 

acknowledged as the underlying mechanism for trench development. The analytical tool 

of (Versteele et al. 2017) predicted trench initiation from the geometry of estimated chain 

profiles at the extreme load ranges, but their model was phenomenological in nature, 

without attempting to quantify progressive remoulding of soil under repeated loading 

from the chain.  

Consequently, there is still limited knowledge of the trench formation process in the 

public domain. The numerical work reported in this paper aims to address this gap in 

knowledge by investigating directly chain-soil interaction during the cyclic loading of a 

semi-taut mooring system. 

The Coupled Eulerian-Lagrangian (CEL) finite-element approach is used here to model 

the large-deformation problem of a chain cutting cyclically through soil. The approach 

has been shown (e.g. Zhao & Liu 2016; Sun et al. 2019a; Kim et al. 2015) to capture 

chain-soil interaction during tensioning of an embedded chain, including incorporation of 

strain softening to capture soil remoulding during chain movement (Sun et al. 2019b). In 
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the analyses presented here, only in-plane cyclic motions of chain in undrained conditions 

are considered, without consideration of lateral excursions of the mooring line. 

Hydrodynamic effects, including water entrainment, erosion and scouring of the seabed 

soil were also not considered in the analyses. These simplifications were made in order 

to allow detailed investigation of the geotechnical chain-soil interaction aspects of this 

very complex offshore geotechnical issue.  

The chain system response is investigated by modelling a multi-segment chain which cuts 

through a softening soil domain cyclically due to the application of a range of practical 

operational mooring line tensions and angles arising from metocean-induced vessel 

movements. The behaviour of selected chain segments is analysed to understand how 

different parts of the embedded chain interact with the seabed during cycling, deforming 

and remoulding the surrounding soil. Distributions of the soil resistance along the chain 

at different stages of cyclic loading are presented together with implications for the 

predicted limiting geometry of the trench (within the assumptions made in the numerical 

analyses). The numerically derived trench is then compared with centrifuge test data for 

similar soil conditions and evidence from field data, and conclusions are then drawn. 

5.2 Finite element model 

5.2.1 Modelling software and approach 

All finite element analyses were carried out with the coupled Eulerian-Lagrangian (CEL) 

approach provided in Abaqus (Dassault Systèmes 2014). The approach used (except for 

the loading scheme) and parameters selected were as described by Sun et al. (2019a, b). 

Consequently, only brief details of the methodology are given here. 

5.2.2 Chain geometries 

The chain was modelled as a string of equally spaced, rigid cylindrical segments, 

connected using ‘LINK’ connector elements provided in Abaqus (Figure 5.2a). Three 

geometric variables - the length ls and the diameter ds of each segment, and the space 

between adjacent segments, ss - govern the dimensions of the model chain. In the current 

analyses, ls was taken as 1 m, with ss and ds being 0.1 m and 0.25 m respectively.  

The CEL model was designed to represent a standard 5db studless chain as shown in 

Figure 5.2a. Each link pair of the 5db studless chain was idealised as one bar segment 

together with one spacing, i.e, ls + ss = 6db = 1.1 m, giving db ~ 0.18 m for this model. 

This gives ds/db = 0.25/0.18 = 1.39 for the configuration adopted, which must be 
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considered when interpreting the soil resistances obtained from the CEL simulations (Sun 

et al. 2019a). 

The global chain model comprised 40 segments (giving a total length of 43.9 m) as shown 

in Figure 5.2b. The fixed anchor point (‘padeye’) was set to 9 m below the soil surface 

(the anchor depth at Serpentina (Bhattacharjee et al. 2014). Four chain segments, selected 

for detailed analysis later, are highlighted and numbered #2, #13, #18 and #25 counting 

from the padeye. The cyclic motion of the chain was implemented by applying a varying 

force at appropriate inclination angles at the far end of the chain, as detailed later in this 

paper. 

5.2.3 Soil domain 

The soil was assumed to be fully undrained during chain tensioning and cyclic loading; 

consequently total stress analyses were performed. The initial (undisturbed) undrained 

soil strength was assumed to increase linearly with depth z, according to su0 = 2 + 1.2z 

kPa, with the effective soil weight γ being 2.4 kN/m3. These values correspond with 

typical properties (specifically the high shear strength ratio su0/γz) of seabed sediments 

offshore West Africa (Ehlers et al. 2005). 

The soil was modelled as a linear elastic-perfectly plastic material, obeying the Tresca 

yield criterion, but extended here to capture the progressive softening of clay. The 

undrained shear strength at individual Gauss points was modified immediately prior to 

re-meshing according to the accumulated absolute plastic shear strain ξ, according to 

(Einav & Randolph 2005): 

953 /

0(1 )eu rem rem us s
                                                      (5.1) 

The models the degradation of soil strength according to an exponential function of 

cumulative plastic shear strain, ξ (ξ95 representing the value of ξ for 95% strength 

degradation), from intact to fully remoulded strength, δremsu0 (δrem being the inverse of 

sensitivity St). A user subroutine was implemented in Abaqus to track the evolving soil 

strength profile. In the present analyses, ξ95 and δrem were taken as 10 and 0.2 (giving an 

equivalent St of 5, typical of highly structured West African soils). 

The Young’s modulus E was taken as 500su and Poisson’s ratio as 0.49 to approximate 

incompressible soil response for undrained conditions. The regular mesh comprised 8-

noded linear brick elements with reduced integration (EC3D8R in the Abaqus element 

library). A central fine mesh volume (with a minimum mesh size Le = 0.35ds) was used 

in the domain encompassing the predicted chain trajectory during the simulation. 
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5.2.4 CEL model setup 

A global view of the CEL model is presented in Figure 5.2b together with the detailed 

chain model illustrated at the bottom of the figure. The total length of the soil domain was 

taken as 57.7 m, and the out-of-plane thickness as 30ds (7.5 m) to avoid boundary effects, 

with the line of symmetry along the vertical axial of the chain used to halve the domain 

size. A layer of ‘void’ with height 2ls (2 m) was prescribed above the soil surface to 

accommodate possible upward soil movement during the periodic tensioning process. 

The anchor chain was assumed to be weightless and initially ‘wished-in-place’ in the 

post-installation configuration shown in Figure 5.2b. Ignoring the chain weight has been 

shown to make negligible difference to the chain response, especially given the strength 

intercept of 2 kPa at the soil surface (Sun et al., 2019a, b). A vertical section was fully 

embedded and attached to the padeye, and a horizontal section was laid on the seabed 

(with the centreline level at the mudline). The chain had boundary conditions of full  

 

(a)  

(b)  

Figure 5.2. CEL modelling of the embedded chain: (a) Chain model representing 5db 

studless chain; (b) FE model setup  
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displacement (but not rotational) fixity at the padeye (leading to tension Ta applied at an 

angle a to the horizontal at the padeye) reacting to tension Tm applied at an angle m at 

the ‘dragging point’. Note that the chain tension and angle do not change between mudline 

intersection and dragging point since the chain is weightless. 

The chain was first loaded horizontally at the seabed assuming a slack catenary of the 

mooring line during pre-tensioning (increasing Tm gradually maintaining m zero), and 

then tensioned with periodically increasing and decreasing mudline loads and load 

inclinations to the horizontal. The relationship between the mudline tension and 

inclination angle (i.e. Tm-m relationship) was selected to model the global behaviour of 

a practical mooring setup as discussed below.  

5.2.5 Loading scheme based on a practical mooring setup 

The boundary conditions for loading the chain (i.e. applied Tm and m for the chain) in the 

CEL model were chosen to reflect a real mooring configuration, decoupling the mooring 

line section through the water column from the embedded chain section and assuming a 

fixed touch-down point on the seabed, consistent with engineering design practice. The 

mooring configuration was designed to recreate approximately the Serpentina mooring 

(Bhattacharjee et al. 2014; O'Neill et al. 2018) shown in Figure 5.3a.  The length of 

mooring line in the water was set as 1000 m from the fixed touch-down point (with 

tension Tm and anglem), up to the fairlead (with tension Ts and angle s) connecting to 

the floating facility with a corresponding water depth of 475 m (averaging the depths 

reported for Serpentina). As illustrated in Figure 5.3a four sections make up the whole 

1000 m line with different buoyant weights wmooring, sourced from Vryhof (2015) 

according to the types of chain and wire rope used in the Serpentina mooring system 

(Bhattacharjee et al. 2014).  

With the assumption of constant water depth and length of the mooring line suspended in 

water, the relationship between Tm and m for increasing fairlead movements (i.e. 

increasing Ts) was deduced by integrating the equilibrium equations of the mooring line 

(see Figure 5.3a) over the whole length from the touch-down point to the fairlead, 

following Faltinsen (1993). The derived mudline tension Tm ranges from 640 kN (with 

mudline angle m = 0°) to 2860 kN (with angle m = 22°) with the relationship shown on 

Figure 5.4.  This range of mudline tension falls within the design range (500 kN for pre-

tensioning, and a maximum value of 3000 kN considering the extreme conditions) 

adopted by O'Neill et al. (2018) based on the Serpentina moorings. 
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(a)  

(b)  

Figure 5.3. Setup of the mooring line for CEL modelling work: (a) A practical example 

of a mooring line in the seawater; (b) Configurations of the mooring line and the 

corresponding boundaries of the tension and angle 
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The derived configurations of the mooring line are plotted on the left of Figure 5.3b 

together with the changing tension and angle at two ends of the line. A mudline chain 

angle, m of 0° with Tm = 640 kN was designated as the completion of the pre-tensioning 

stage, while m = 10° (Tm = 980 kN) and m = 22° (Tm = 2860 kN) were selected as the 

lower and upper limits respectively for cyclic loading of the mooring line. The lower limit 

(m of 10° and Tm of 980 kN) during cycling was selected to correspond to the normal 

operational condition of the mooring line. The lateral movement (drift) of the floating 

facility during cyclic loading condition is indicated on the right of Figure 5.3b. The 

maximum load is generated by 17 m of drift from the virtual completion of pre-tensioning 

and 7 m of movement from the operational (m = 10o) condition. This displacement range 

is comparable to the analyses of O'Neill et al. (2018) (26 m drift due to a larger tension 

range of 500 ≤ Tm ≤ 3000 kN). 

Figure 5.4 shows the non-linear mudline tension – mudline chain angle relationship 

obtained from the above in-water chain analyses. The relationship compares reasonably 

with the analytical solution by O'Neill et al. (2018), who considered a constant length of 

mooring line (942 m) with depths of seawater and padeye being 436 m and 9 m, 

respectively. 

Using the relationship in Figure 5.4, the loading sequence in the CEL modelling consisted 

of the following stages: 

1. During pre-tensioning the mudline tension Tm was increased linearly with time 

from 0 to 640 kN while m remained zero. 

 

Figure 5.4. Load input from the mooring line in the seawater  
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2. For the first loading step (labelled ‘Load #1’), both Tm and m were increased from 

640 kN to 2860 kN (m increasing from 0° to 22°). 

3. The load was reduced (in stage ‘Unload #1’) until Tm = 980 kN (m = 10°). 

4. Repeated loading (Load #2, #3 etc.) and unloading (Unload #2, #3 etc.) were 

implemented alternately between the same limits of mudline tension and mudline 

angle as for cycle 1. 

Seven cycles of loading between the lower and upper limits were completed. The 

tremendous computational cost for the CEL model meant that approximately 60 days of 

analysis time was required on a fast server to run these seven cycles. 

5.3 Results 

5.3.1 Chain system response 

Figure 5.5a presents the mudline and padeye tensions Tm and Ta against simulation time 

from the initial pre-tensioning phase through the eight loading and seven unloading 

cycles. During pre-tensioning, the chain tension at the anchor padeye, Ta, is only slightly 

smaller than the mudline tension Tm. The small difference (Ta/Tm  0.97) reflects the low 

mobilization of frictional chain resistance because of the combined effects of high 

mobilization of normal resistance over most of the chain (Sun et al. 2019a) and the greater 

reduction in frictional resistance than normal resistance during remoulding (Sun et al. 

2019b). For the subsequent cyclic loading, Ta is within 1% of Tm. 

Figure 5.5b plots the corresponding changes of the mudline and padeye angles m and a 

with simulation time. The variation of the chain angle at the mudline, m, is a saw-toothed 

response as specified by the load scheme. In contrast, the chain angle at the padeye a 

decreased significantly through the complete pre-tensioning (to P on Figure 5.5b) and 

Load #1 (L1) phases with a gradually decreasing rate, as the chain cut through the soil to 

the fully loaded geometry. It then reduced further in shallow steps with marginal 

decreases in chain angle at the end of each loading phase. The padeye angle a decreased 

continuously, becoming smaller than the mudline m on application of Load #6 and 

subsequent cycles of maximum load application. 

Figure 5.6 shows the configurations of the chain at the completion of selected loading and 

unloading stages with dots representing the positions of the chain link elements. In the 

figure, black represents the end of pre-tensioning (P on Figure 5.5), red shows the end of  
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(a)  

(b)  

Figure 5.5. Tensions and angles of the chain during the complete simulation: (a) 

Mudline and padeye tension; (b) Mudline and padeye angles 

 

Figure 5.6. Comparison of the configurations of the embedded chain at selected instants 

during cyclic loading 
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loading (L1) and unloading (U1) stages of the first cycle, and blue shows the equivalent 

stages for the seventh cycle. For the stages where much of the chain was moving 

downwards and so penetrating deeper into the soil, e.g. during pre-tensioning and the 

subsequent unloading stages, the chain became less curved with cycle number (i.e. having 

less of an inverse catenary shape) with the difference of the chain angles at the padeye 

and mudline becoming smaller. During each load-up cycle, the chain straightened, apart 

from the deeply embedded section very close to the padeye, with the chain becoming 

straighter in each subsequent cycle so that by loading #7, m  a (as already pointed out 

on Figure 5.5b). Overall, as cycling proceeded, the chain penetrated deeper into the 

seabed (e.g. comparing the difference between the blue and the red profiles in Figure 5.6). 

5.3.2 Observation of the numerical trenching phenomenon 

The numerically-generated trench is shown in Figure 5.7 for five different stages, P, L1, 

U1, U7 and L8 (as annotated in Figure 5.5a). The grey regions indicate that the Eulerian 

domain is completely filled with soil material, and the black regions indicate gap 

formation. Further insight is provided in Figure 5.8, which shows cross-sections normal 

to the plane of the chain for two positions along the chain. The elevations in Figure 5.7 

show the initial lifting up of soil above the trench (L1), together with the start of an 

opening below the chain, with partial collapse of the lifted soil at the unload points. With 

increasing cycles the trench becomes more developed, with the chain near the mudline 

(beyond about segment #15) essentially moving within an open trench, while a smaller 

tunnel develops in the mid-region (difficult to see in Figure 5.7, but extending from about 

segment #13 to #15). 

The limitations of the CEL analyses, without consideration of hydrodynamic effects, 

water entrainment and out-of-plane motions, do not allow full trench development, or the 

observed breadth of the open trenches (reaching 50% of the trench depth) reported by 

Colliat et al. (2018). Instead, cells partially filled with remoulded soil remain above the 

chain (see Figure 5.8). However, the main processes and consequences of trench 

development are clear, even within the quite limited number of loading cycles that were 

feasible computationally. 

5.3.3 Response of chain at selected segments 

5.3.3.1 Overall displacements 

To understand how different parts of the chain interact with the seabed, the accumulation 

of two displacement components (locally normal and axial to the chain axis) are plotted 
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for four selected chain segments in Figure 5.9, with the segment locations indicated in 

Figure 5.6 and Figure 5.7. The graphs start from the ‘wished-in-place’ installed 

configuration (i.e. the beginning of the simulation) until the completion of Load #4 (L4).  

The accumulated displacement graphs show the domination of the normal movement for 

segment #2 (near the padeye) due to the constraint at the padeye (which precludes any 

axial chain movement, but allows chain rotation), while axial movements dominate 

 

 

 

 

 

 

Figure 5.7. Volume fraction of soil at selected instants during cyclic loading  
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Figure 5.8. Cross-sectional views of the volume fraction of soil at selected instants 

during cyclic loading 

 

Figure 5.9. Accumulated displacement of selected chain segments (from pre-tensioning 

to Load #4): (a) Segment #2; (b) Segment #13; (c) Segment #18; (d) Segment #25  



Chapter 5: Numerical investigations into development of seabed trenching in semi-taut moorings 

106 

normal movements closer to the dragging point (e.g. for segment #25). The accumulated 

axial displacement of the four segments remained almost constant after L1, irrespective 

of the axial movements during pre-tensioning, reflecting a relatively taut configuration of 

the chain during cycling. 

5.3.3.2 Normal displacements 

In contrast to the axial displacements, the normal displacements of the four segments 

show distinctive responses during cycling after the initial increase of normal 

displacement, with the chain cutting through the soil, during pre-tensioning. The tension-

displacement responses during all seven loading cycles are plotted in detail in Figure 5.10, 

with the loading stage of each curve presented in black and the unloading stages in 

magenta.  

The normal movement of segment #2 (near the padeye) increases ‘step-wise’ with 

reducing step heights with increasing numbers of cycles (Figure 5.10a). No significant 

movement occurs during unloading stages, while normal displacement increases mainly 

during the later stage of each loading, reducing progressively with cycle number. 

 

Figure 5.10. Variation of normal displacement during cyclic loading for selected chain 

segments (a) Segment #2; (b) Segment #13; (c) Segment #18; (d) Segment #25  
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The normal displacement of segment #13 (about half way between the padeye and the 

seabed surface) increases (cutting further downwards into the soil) during the first half of 

each loading stage, then decreases (being lifted up) over the second half of the loading 

stage before increasing further during unloading of the chain (see Figure 5.10b). 

Interestingly the cyclic range of normal displacement increases with cycle number even 

though there is a reduction in the cumulative cycle-by-cycle chain segment movement. 

This reflects the development of a gap or tunnel around that part of the chain. 

Segments #18 and #25 (see Figure 5.10c and d), which are near the seabed surface, show 

more conventional cyclic motion with alternate directions of movement during unloading 

and loading with the cyclic amplitude not changing very much. In this zone, the very low 

soil resistance, reflecting trench development and, for segment #25, elevation above the 

mudline, results in much greater displacement amplitudes than for the deeper chain 

segments.  

5.3.3.3 Normal resistances 

The relationships between normal resistance and displacement for the selected segments 

are presented in Figure 5.11, with black lines represent loading stages and magenta 

unloading. Normal soil resistances are shown normalised by the ultimate normal seabed 

resistance, Qult, for non-softening soil at the instantaneous chain depth.  

The ultimate resistance Qult (= Nb,ultdbsu0 = 19dbsu0) was derived based on monotonic 

penetration analyses for a deeply embedded multi-segment chain section in non-softening 

soil (Sun et al. 2019a), benchmarked by Degenkamp and Dutta (1989b). For simplicity, 

the ‘deep’ ultimate resistance was adopted for the normalisation even for the shallow part 

of the chain. In softening soil with sensitivity St = 5, the post-peak steady-state normal 

resistance (for monotonic chain movement in deep conditions) was 0.68Qult (Sun et al. 

2019b) and this will theoretically reduce to 0.2Qult for fully remoulded conditions. Lower 

resistance will be obtained near the seabed surface or as gapping develops. 

In current design methods (Degenkamp & Dutta 1989b; Neubecker & Randolph 1995b), 

the soil resistance to the chain is conventionally decomposed as two independent 

components, the normal resistance Q and ‘frictional’ resistance F, which are expected to 

react in opposition to the normal and axial incremental displacements. Consequently, 

positive normal resistance is defined as that corresponding to downward movement of the 

chain (as would occur during the initial tensioning), and negative resistance the result 

from upward movement. The frictional resistance during chain cycling remained close to 
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zero as the axial movement became insignificant after Load #1 (see Figure 5.9) and is not 

considered further.  

The behaviour of segment #2 (Figure 5.11a) indicates that this section of chain gradually 

penetrates deeper into the seabed with increasing cycles and that the normal seabed 

resistance gradually reduces. The cyclic response shows increasing seabed resistance 

during the loading phases during which there is downward plastic penetration of the chain 

into less disturbed soil, with slight upward movement during chain unloading that lead to 

sharp drops in normal resistance. During the small upward movements there appears to 

be no detachment of the chain from the underlying soil, since the net resistance remains 

positive. Although the cumulative chain movement is downwards, the soil resistance 

reduces gradually with increasing cycle number from approximately Q/Qult = 0.6 at L1 

(which is broadly consistent with the 0.68 expected for the first movement for St = 5 soil) 

to Q/Qult  0.35 for L7, which reflects increasing remoulding of soil around the chain. 

Further cycles are expected to continue to reduce Q/Qult during the loading phases as the 

soil continues to remould. 

 

Figure 5.11. Normal resistance-displacement response for selected chain segments: (a) 

Segment #2; (b) Segment #13; (c) Segment #18; (d) Segment #25  
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Segments #13, #18 and #25 experience two-way oscillation of normal resistance, 

reaching maximum positive resistance (against downward movement) partway through 

each loading cycle as reflected in the changes in normal displacement direction shown on 

Figure 5.11. The maximum uplift resistance is reached towards (or at) the end of the chain 

loading (i.e. at L1, L2 etc.). For all three segments the cyclic range of normalised resistance 

decreases continuously, reflecting a decrease in penetration resistance from an initial 

value of Q/Qult  0.68 down towards Q/Qult  0.4, while the uplift resistance decreases in 

magnitude from Q/Qult  -0.4 down to -0.32 to -0.35 for segments #13 and #18. For 

segment #25, a maximum uplift resistance was Q/Qult  -0.1 partway through the loading 

stage, but reduced towards zero by the end of loading. These responses reflect the 

combined effects of soil remoulding for the deeper conditions, and gapping and trench 

development during uplift, particularly for segment #25. 

The chain response in the vicinity of segment #25 appears similar to that of a vertically 

oscillating steel catenary riser in the touchdown (Bridge et al. 2004; Randolph & Quiggin 

2009). This part of the chain lifts out of the soil during each cycle, experiencing a small 

amount of uplift resistance (-0.1 < Q/Qult < 0.1) until the chain fully loses contact with 

the seabed (when Q  0). During reduction in tension, the chain segments repenetrate the 

seabed, pushing initially into remoulded soil before coming into contact with ‘new’ soil. 

In each cycle, the chain penetrates slightly further into the seabed at the end of unloading 

with penetration resistance decreasing from 0.6Qult to 0.5Qult with each cycle (and still 

reducing at U7).  

5.3.4 Soil resistance profiles 

Figure 5.12 presents depth profiles of normal soil resistance at the completion of the 

loading (plotted on the left) and unloading (plotted on the right) phases of each cycle.  

The normal resistance curves at the completion of the loading phases show three types of 

chain-soil interaction:  

(i) For the deeply embedded segments near the padeye (where the chain moves 

downwards during system tensioning), positive seabed resistance is mobilised. 

This reduced with number of cycles because of remoulding. Segment #2 shows 

this behaviour.  

(ii) Further away from the padeye, the soil resistance is negative because the chain 

moves upwards at the end of tensioning. The resistance stays approximately 

constant with depth due to the deep uplift mechanism, although for any given 
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segment the resistance gradually reduced with cycle number. Segment #13 shows 

this type of behaviour, which appears to correspond to the ‘tunnelling’ mechanism 

identified earlier in Figure 5.7.   

(iii)For chain segments near the mudline the absolute value of the negative (uplift) 

soil resistance during chain loading gradually reduces towards zero due to 

mobilisation of shallow uplift resistance mechanisms and gradual trench 

development. Slight uplift resistance was generated even for some segments 

above the mudline because of soil lifted by the chain. Segments #18 and #25 show 

this behaviour, which corresponds to the trenching zone identified earlier in 

Figure 5.7. 

As cycling proceeded, the depth range of the positive (penetration) resistance section 

reduced, i.e. the transition to cyclic penetration and uplift resistance moves deeper, with 

the maximum normal resistance in this section reducing from 0.6Qult to just below 0.4Qult. 

The seabed resistance reverses (resisting uplift) during Load #2 for segment #11, Load 

#4 for segment #9 and Load #6 for segment #8, reflecting the transition point moving 

gradually closer to the padeye with increasing number of cycles. The changing depth of 

this transition point with numbers of cycles is shown on the left side of Figure 5.12, with 

the depth ranges of each observed mechanism identified. 

 

Figure 5.12. Evolution of the depth profile of normal soil resistance to the chain at 

selected instants during cyclic loading  
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In contrast, the normal resistance profiles at the completion of each unloading phase 

shown on the right of Figure 5.12 show that resistance remains positive for the whole 

chain length because the whole chain is moving downwards at the end of each unloading 

phase (as can be seen in Figure 5.10). Within the first two unloading events, the 

magnitude of the soil resistance near the padeye reduces to just above 0.1Qult with the 

near-mudline resistance remaining between 0.5 and 0.6 of the ultimate intact resistance 

(apart from a zone within the top 0.5 m of the seabed where resistance reduced to almost 

zero on unloading). With increasing cycles, the resistance at all depths reduces, although 

this happens increasingly slowly as the seabed surface is approached because the chain 

moves progressively into ‘new’ soil as it works its way down into the seabed. It is 

postulated that, if sufficient cycles were conducted, the ultimate condition of the normal 

resistance during chain unloading might be for none of the segments below the mudline 

to mobilise more than about 0.1Qult considering the near-surface and gapping effects for 

soil in different embedment depths. 

5.3.5 Implications for trenching 

Figure 5.13 brings together the findings about loadings and displacements on individual 

chain segments and observations about seabed geometry changes (particularly trench and 

gap formation) as a result of chain movements. For each cycle (with L8 shown in Figure 

5.13), three sections of the seabed are identified:  

a) a ‘trenching’ zone (from the seabed to about 3 m) where a shallow uplift 

mechanism prevails, the resistance on the chain reverses direction during system 

loading and unloading and a trench is generated with soil at the seabed surface 

elevated. The extent of this zone appears to be governed by the chain oscillating 

upwards and downwards during system loading (as hypothesized by O'Neill et al. 

(2018)) and where shallow chain uplift mechanisms (with gap formation beneath 

the chain) occur (the value of z/ds where this occurs may be estimated knowing 

'ds/su, e.g. Merifield et al. (2009)). 

b) a ‘tunnelling’ zone (from about 3 m to 6.5 m for L8) where the soil resistance 

reverses during loading and unloading, but the local uplift mechanism is local 

rather than reaching the mudline. A small ‘tunnel’ is generated above and below 

the chain due to detachment behind the chain during movement (see Figure 5.13).  

The depth of the tunneling zone increases with number of cycles (see Figure 5.12). 
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c) a ‘remoulding’ zone (from the padeye to 6.5 m for L8) where the soil resistance 

remains below the chain although small chain movements gradually remould the 

soil around the chain and the resistance reduces with numbers of cycles. Gapping 

was not observed in this zone. 

If water entrainment and hydrodynamic effects (with scour) are included, the soil around 

the ‘shallow uplift’ section of the chain is likely to be transported away with time. 

Furthermore, the soil opening in the ‘tunnelling’ section provides an additional water 

ingress path, which is likely to lead to scour and softening of this zone and so this zone is 

also expected to trench with time. The lowest depth of the tunnelling zone in the CEL 

analysis was observed to increase during cycling with no equilibrium position achieved 

in the eight cycles modelled. The rate of tunnel development is likely to accelerate in 

reality as soil is removed though hydrodynamic effects, and with out of plane excursions 

of the chain. Consequently, trenching is expected to occur progressively down towards 

the padeye. 

The trenching process discussed above is compared with the field observations from 

Bhattacharjee et al. (2014) and with the centrifuge observations from Sassi et al. (2017). 

The lowest extent of the ‘tunnel’ zone in the CEL analyses (for only eight cycles) 

approaches the depth of the trench in the field observation. Furthermore, the end of 

centrifuge test geometry (with 1000, small amplitude cycles) appears qualitatively similar 

to the numerical result.  Both provide confidence in the simulation method despite the 

simplifications made. 

 

Figure 5.13. Implications about the development of trenching within the scope of 

current model: (a) CEL modelling; (b) Centrifuge model test  
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With the help of the analytical solutions of the embedded chain by Neubecker and 

Randolph (1995b), a predicted limiting configuration of chain at minimum tension was 

derived with the assumption that the normal soil resistance was reduced to 0.1Qult with 

no friction mobilised based on the previous discussion with reference to Figure 5.11 and 

Figure 5.12. This is shown on Figure 5.13 and is compared with the inferred longitudinal 

profile of trenches by Bhattacharjee et al. (2014). The difference can be attributed to 

‘secondary’ trenching mechanisms including hydrodynamic transportation (O'Neill et al. 

2018). The analytical prediction for the limiting trench geometry based on CEL modelling 

results shows an improvement compared with the previous results by O'Neill et al. (2018) 

even without consideration of hydrodynamic effects. 

5.4 Conclusions  

Abaqus CEL was utilised to analyse the behaviour of a mooring chain embedded in the 

seabed during cyclic loading of a semi-taut mooring system. The analysis allowed 

identification of patterns of cyclic chain movements and chain-soil interaction and 

provided a quantitative basis for understanding how chain trenching develops.  

The embedded section of the chain demonstrated three different types of mechanisms, 

which were described as ‘trenching’, ‘tunnelling’ and ‘remoulding’. In the ‘trenching’ 

section the chain lifted the soil above the chain, opening up a ‘slot’ in the seabed with the 

chain penetrating slightly further into the seabed during each unloading stage. The 

adjacent ‘tunnelling’ section of the chain opened a smaller gap above and below the chain. 

Both zones were associated with seabed uplift resistance mechanisms during tensioning 

of the chain.  

Once hydrodynamic effects and out of plane motion of the chain are considered (neither 

of which were modelled in the analysis), the combined ‘trenching’ and ‘tunnelling’ zones 

are likely to define the final extent of chain trenching. The lower extent of the tunnelling 

zone moved closer to the padeye with number of cycles, suggesting that some degree of 

trenching will progress down the chain to the padeye during operation. Water entrainment 

will also contribute to growth of the trench.  

Finally, all chain segments were observed to move down into the soil during chain 

unloading, remoulding the soil and reducing the seabed penetration resistance and leading 

ultimately to an almost straight chain (i.e. with minimal soil resistance) throughout 

loading cycles. The chain profile during unloading, assuming fully remoulded soil 



Chapter 5: Numerical investigations into development of seabed trenching in semi-taut moorings 

114 

resistance, approximates the extent of the trenching zone and appears to agree closely 

with observations by (Bhattacharjee et al. (2014)). 

Despite the limitations of the 2D in-plane motion of the chain analysed, the small number 

of cycles (limited by computational expense) and the lack of consideration of 

hydrodynamic effects and other aspects such as out of plane motion and water 

entrainment, all of which would lead to further growth of the trench, the CEL analysis led 

to significant improvement in understanding the chain trenching process. 
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6 CONCLUSIONS 

 

6.1 Summary of findings 

This thesis has presented a series of large deformation finite element analyses using the 

CEL approach within the Abaqus software package to investigate the behaviour of 

mooring chains in the seabed. In particular, the interaction between the ‘local’ chain 

elements and the soil during different displacement trajectories and also the ‘global’ 

system response of an embedded chain for both catenary and semi-taut configurations for 

undrained loading have been investigated. The results of the ‘global’ system analyses 

were interpreted in terms of the mobilised normal and frictional soil resistances along the 

embedded chain, compared to a failure envelope identified using displacement-controlled 

probes of a short chain segment. These analyses were conducted within both non-

softening and softening soil domains to capture the effect of strain softening, i.e. the 

degradation of soil strength with plastic shear strain, which has an influence on the 

embedded chain behaviour and is a key factor in progressive seabed trenching.  

The results of these analyses provide: (i) new insights into the behaviour of a catenary 

anchor chain cutting through soil, in particular in defining the operative axial ‘friction’ of 

the chain, and; (ii) new insights into trench development by viewing the cyclic 

movements of different parts of the chain for a semi-taut mooring and investigating the 

degree of soil remoulding and opening of trench during chain cycling.  

Based on the results for catenary moorings, a new design method is proposed to calculate 

the chain tension and angle along the inverse catenary of an embedded anchor chain 

during load-up, which is modified further to encompass strain-softening soil behaviour. 

From the cyclic trenching analyses, different mechanisms combining to develop 

trenching are identified and the predicted ultimate trenching extent is estimated, leading 

to significant improvement in understanding the chain trenching process. The main 

outcomes of these two aspects of the work are summarised separately below. 
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6.1.1 Embedded chain load-up behaviour 

6.1.1.1 Padeye tension and geometric configuration 

The CEL results of the padeye tension and the configuration of the embedded chain in 

non-softening soil at a given padeye angle showed good agreement with the existing 

analytical predictions, implying the suitability of assuming that normal soil resistance is 

fully mobilised when performing design calculations (as previously suggested by 

Neubecker and Randolph (1995b)). For strain softening soil, a linearly increasing 

relationship between residual resistance ratio and the remoulded soil strength ratio was 

found first through ‘local’ segment analyses and then examined by comparing the 

numerical results featuring different mesh densities with the empirical predictions. The 

CEL results of the padeye tension with increasing soil sensitivity can be replicated by 

scaling the Neubecker and Randolph predictions down by the residual resistance ratio 

according to the simplified linear residual resistance-soil strength relationship. The CEL 

results for the configuration of the embedded chain in strain-softening soils agree well 

with the Neubecker and Randolph analytical solutions for the non-softening soil case, due 

to compensating effects whereby the reduced normal resistance on each chain segment is 

balanced by the reduced padeye tension required to achieve a given padeye angle. 

6.1.1.2 Tension attenuation 

CEL results showed that there was much less attenuation of tension from the mudline to 

the anchor padeye compared to that in previously published design approaches, even for 

non-softening soil, i.e. the average mobilised chain ‘frictional’ resistance was much lower 

than currently predicted. In the strain-softening soils the tension attenuation was even 

smaller than in the non-softening soil (i.e. even less ‘friction’ was mobilised). 

Examination of the magnitude and distribution of the calculated frictional capacity along 

the chain confirmed this response.  

This partial mobilisation of the frictional resistance was shown to result from interaction 

between the normal and frictional soil resistances, with almost full normal resistance and 

thus low frictional resistance being mobilised through most of the embedded part of the 

chain. The stationary padeye condition (and the axial rigidity of a chain) prevents axial 

chain movement near the padeye and consequently the local mobilised coefficient of 

friction was shown to decrease significantly with increasing depth (i.e. as the padeye was 

approached). Given that the global ‘operative’ coefficient of friction, taking account of 
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increasing shear strength with depth, is weighted towards the chain response at depth, the 

system response is dominated by this low mobilised friction coefficient section.  

When the softening of soil was also considered, the average operative friction of the 

embedded chain reduced further because the axial (frictional) residual resistance reduces 

more rapidly with chain movement due to remoulding than the normal resistance. 

6.1.1.3 Method for calculation of the equivalent frictional coefficient 

Equations for a yield locus describing the interaction between the normal and axial soil 

resistance for an embedded chain in non-softening soil were derived from the results of 

chain segment analyses. For these deeply embedded sections, the yield locus was shown 

to demonstrate normality.  

Knowledge of the yield locus and the (associated) plastic potential allowed development 

of a new method for calculating the local equivalent coefficient of friction (i.e. F/Q) at 

every point along the chain. This used knowledge of the chain configuration (established 

by the Neubecker and Randolph solutions), and hence the incremental displacement 

trajectories at each point to deduce the point on the failure envelope for each chain 

segment. A formulation was developed to estimate the global operative coefficient of 

friction acting along the chain, facilitating more accurate calculation of the tension 

variation along the embedded anchor chain. The resulting analytical approach showed 

good agreement with the CEL results locally and globally, confirming the potential for 

the approach for design of mooring systems with embedded anchor padeyes.  

The above approach was modified further for strain-softening soil, by using a ‘shrunken’ 

yield locus describing the normal and frictional soil resistances for residual steady state 

conditions. This was derived in the same way as in the non-softening soil (by performing 

chain segment displacement probes) and was shown to be able to capture the operative 

friction along the chain (and so calculate the tension attenuation from the mudline to the 

anchor padeye). 

6.1.2 Development of anchor chain trenching 

6.1.2.1 Dynamics of chain and trenching mechanisms 

The results of the CEL analysis identified different patterns of cyclic chain movements 

and chain-soil interaction for different parts of the embedded chain during trench 

development. This allowed identification of three different mechanisms, which were 

described as ‘trenching’, ‘tunnelling’ and ‘remoulding’ (in order from the mudline to the 
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padeye). In the ‘trenching’ section the chain lifted the soil above the chain, opening up a 

‘slot’ in the seabed during the loading phase with the chain penetrating slightly further 

into the seabed during each unloading stage. The adjacent ‘tunnelling’ section of the chain 

opened a smaller gap above and below the chain. Both zones were associated with seabed 

uplift resistance mechanisms during tensioning of the chain. The ‘remoulding’ section 

(nearest the padeye) gradually remoulded the soil around the chain. In this zone there 

were no gaps observed around the chain, cyclic chain movements were small and the net 

soil resistance acted upwards on the chain throughout the loading and unloading events 

of the cycles. 

6.1.2.2 Implications for the limiting trench geometry 

The lower extent of the tunnelling zone moved closer to the padeye with increasing 

number of cycles, for the seven cycles investigated in the CEL analyses, suggesting that 

some degree of trenching will progress down the chain towards the padeye during 

operation. These analyses modelled only constant volume (i.e. undrained / total stress) 

conditions.  Consideration of water entrainment (which could not be modelled in CEL) is 

likely to contribute to growth of the trench as the soil will soften further as its moisture 

content increases in the trenching zone. Once hydrodynamic effects and out of plane 

motion of the chain are also considered (neither of which were modelled in the analysis), 

the combined ‘trenching’ and ‘tunnelling’ zones are likely to define the final extent of 

chain trenching, which may well approach the padeye. 

All chain segments were observed to move down into the soil during chain unloading, 

remoulding the soil and reducing the seabed penetration resistance. Given sufficient 

cycles of movement this is likely to lead ultimately to an almost straight chain (i.e. with 

minimal soil resistance) on unloading. The chain profile during unloading, assuming fully 

remoulded soil resistance, approximates the limiting extent of the trenching zone at the 

far-end of the anchor and appears to agree closely with observations by Bhattacharjee et 

al. (2014). 

6.2 Recommendations for future research 

The work undertaken in the present research project has generated new findings, but has 

also revealed previously unknown aspects of chain response where further investigation 

may be of interest. These suggest a range of new work to understand the mechanics of 
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chain behaviour better and to improve design optimisation methods. These are discussed 

by topic below. 

6.2.1 Embedded chain behaviour 

Enhancement of the yield locus concept: the form of the yield locus in the thesis was 

obtained based on a rather idealised chain model (i.e. cylindrical bars with gaps) and for 

specific soil conditions (i.e. a relatively high soil strength weight ratio giving a cavity 

behind the moving chain). Thus, more work, including both numerical modelling and 

experimental testing of chains with realistic link geometries, can be performed under 

conditions of different embedment depths and soil strength weight ratios in order to verify 

or improve the current shape factors of the yield locus and further enhance the yield locus 

concept for generic applications.  

Examination of the operative friction and the design method: the proposed calculation 

method for the equivalent frictional coefficient was verified solely by comparing the 

predicted tension ratios with the CEL outputs due to the unavailability of experimental 

results in the published domain. Consequently, new experimental work could be 

performed to back-calculate the operative friction and to verify the design method. This 

would involve comparison with newly calculated equivalent friction coefficient based on 

the given yield locus (derived from CEL results for the chain geometry to be used in the 

experiments) and the geometric configuration explicitly observed or implied by the chain 

angles in the experiment. This will give more confidence in future application of the 

newly-proposed design method. 

6.2.2 Development of anchor chain trenching 

With the CEL model: The existing work with only seven cycles analysed does not show 

complete convergence for the profile of normal soil resistance with depth as the trench 

develops progressively. Consequently, the simulation could be continued with more 

cycles to view the long-term chain-soil interaction mechanisms and the subsequent 

trenching development. This would require either faster computing resources or a much 

longer computational time. The result with more cycles may give more confidence when 

predicting the ultimate trench profile. In parallel, investigations with different soil 

properties, i.e. soil sensitivity, unit weight and strength profile, could be considered using 

the current CEL model to gain more understanding of the trenching phenomenon from a 

geotechnical viewpoint. Moreover, some lateral excursions (out-of-plane motion) of the 

chain could be incorporated in CEL if the vertical plane of symmetry was removed in 
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order to model the full 3D chain-soil system – albeit with the requirement of larger 

computing capacity. Lateral movement of the chain is expected to amplify trenching and 

it would be interesting to see whether the resulting trench profile would correspond more 

closely with the field observations. 

Extending analytical models for the embedded chain: In the present work, the chain 

weight and hydrodynamic effects are not incorporated, considering the complexity of the 

trenching issue and technical difficulties in the implementation in Abaqus CEL. Both 

would result in further acceleration and amplification of the developing trench by 

remoulding more soil around the chain and transporting some of it away. They might be 

able to be addressed in a numerical tool (O'Neill et al. 2018) developed based on the 

Neubecker and Randolph solutions by simply adding the chain weight for the chain 

elements in the formulation and implementing a criterion for the occurrence of seabed 

scour for given seabed properties and current conditions. 

Analyses using other hydrodynamics approaches: Seabed trenching is not simply a 

geotechnical issue but a problem also coupled with hydrodynamics, e.g. water 

entrainment, scour and material transport. Therefore, it requires further investigation with 

the help of extended approaches, e.g. computational fluid dynamics (CFD), scour model 

tests etc. Numerically, CFD analyses can be performed periodically to scour the 

remoulded seabed and modify the seabed geometry. This modified seabed geometry 

could be input to incremental FE analysis in order to couple the mechanics of soil and 

water, including scour, in the same simulation thereby incorporating both progressive 

strain-softening of the seabed soil and the loss of soil material. Scour model tests could 

be performed on the trenched seabed to comprehensively investigate scouring 

mechanisms, which influences the formation of the trench. 
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