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Numerical modelling of seabed trench and its effect on the structural response of SCRs 

ABSTRACT 

Steel catenary risers (SCRs) are a widely used riser option to transport fluids between 

seabed and sea surface in the offshore oil and gas industry, with the fatigue design in the 

touchdown zone (TDZ) representing one of the main engineering challenges. Cyclic 

riser-seabed interaction leads to a number of complex nonlinear behaviours, including 

readily observable trench formation which changes the characteristics of the riser-

seabed interface and in general may have a significant effect on the structural response 

and fatigue performance of SCRs within the TDZ. However, studies published to date 

have given different understanding and contradictory results in respect of the net effect 

of a trench on the fatigue life of SCRs. Therefore it is commonly accepted that 

appropriate simulation of nonlinear riser-soil interaction and resultant trench formation 

is significant to the accuracy and reliability of SCR fatigue assessment. 

The research in this thesis focuses on modelling of seabed trenches in the TDZ and 

trench effects on the structural response of SCRs. A numerical framework for SCR 

global analysis is developed to simulate nonlinear soil behaviour during riser-seabed 

interaction. This framework is verified against professional industry software and is also 

extended with secondary development capabilities catering for more complicated 

applications.  

Based on the proposed numerical framework, the effects of a trench on the structural 

response of an SCR are evaluated through extensive quasi-static and dynamic 

simulations. Both gradual trench development due to pre-applied riser motion, and pre-

formed trenches (profiled seabed) prior to any application of riser motion are 

investigated. Consistent modelling procedures of both trench types are proposed. The 

main aspects that may impact the structural response of an SCR, including motion 

amplitude, motion period and soil type are investigated. An extended library of pre-

formed trench profiles is established and a parametric study is conducted to investigate 

the effect of arbitrary trench shapes. Sensitivity of trench effects is interpreted by 

introducing a riser-trench compatibility approach and a qualitative prediction of trench 

effect is proposed.  

Compared with a flat seabed, both types of trench may show different effects on the 

structural response of SCRs within the TDZ, depending on various factors, including 

the loading sequence, trench depth and so on. Gradual trench development generally has 
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less marked effect on the maximum stress range of the SCR, while pre-formed trenches 

may lead to significant effects but are sensitive to both trench depth and the 

compatibility between the trench and the riser. Only deep and compatible pre-formed 

trenches may result in significantly reduced stress ranges, i.e. beneficial effects on the 

SCR fatigue life. 

This thesis provides a comprehensive investigation of seabed trenches and addresses the 

standing issue about trench effects on the structural response of SCRs. It represents 

significant advances in the understanding of riser-seabed interaction and improvements 

to SCR design. 
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Abbreviations 

AL Arc length of the riser element from the hang-off point 

BP Bottom point of the trench 

CARISIMA Catenary riser/soil interaction model for global riser analysis 

COFS Centre for Offshore Foundation Systems 

CP Critical point of the riser with maximum stress range 

FDM Finite difference method 

FE Finite element 

FEM Finite element method 

HCR  Highly compliant rigid 

HOP Hang-off point 

JIP  Joint industry project 

LC Load case 

LDFE Large displacement finite element 

PP Plateau point of the trench 

ROV Remotely operated vehicle 

SCR Steel catenary riser 

STRIDE  Steel risers for deep water environments 

TAMU Texas A&M University 

TDP Touchdown point 

TDZ Touchdown zone 

TLP Tension leg platform 

TTR Top tensioned riser 

UEL User defined element (in Abaqus) 

UINTER User defined interaction (in Abaqus) 

UMAT User defined material (in Abaqus) 

UWA  University of Western Australia 
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND 

With the depletion of shallow water hydrocarbon reserves, the offshore industry 

continues to progress developments in deep and ultra-deep waters. The world record of 

water depth for offshore drilling and production has been up to 3400 metres as shown in 

Fig. 1-1. Design of offshore structures has seen dramatic development for the past few 

decades to meet the booming trend and increasing challenges. Riser systems that 

connect the subsea wells to the floating facilities represent an increasingly important 

component of the development infrastructure. Steel catenary risers (SCRs) as illustrated 

in Fig. 1-2 are a preferred riser option due to the conceptual simplicity and cost 

effectiveness especially in deep water wet-tree developments. After the first SCR 

installation on Shell’s Auger tension leg platform in Gulf of Mexico in 1994 (Phifer et 

al., 1994), the number of SCRs which were installed and proposed in the deep water 

fields had come to 215 by 2004 (Bai et al., 2004).  

 

Fig. 1-1 Worldwide progression of water depth capabilities for offshore drilling & 

production (data as of March 2017) (Offshore-Magazine, 2017) 

Despite of their popularity, SCRs still face many challenges, with the fatigue life in the 

touchdown zone (TDZ) representing one of the most critical ones (Song and Stanton, 

2009; DNVGL, 2010a; b). The TDZ is the region where the SCR touches down on the 

seabed, and the first point in contact can be termed as touchdown point (TDP) (see Fig. 

1-2). Due to vessel movement and hydrodynamic loads on the riser, the cyclic 

displacements of the riser will lead to changes of soil resistance and operational 
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1.2 THESIS ORGANISATION 

This thesis is presented as a series of technical papers in accordance with the regulations 

of the University of Western Australia. As is customary, the introduction and 

conclusion chapters (Chapter 1 and Chapter 6 respectively) have been prepared solely 

by the candidate and not for publication. All the remaining chapters have been 

published or submitted for publication, and were prepared by the candidate with 

assistance from the co-authors. Each chapter begins with an introduction and review of 

current practices and literature relevant to the particular topic and closes with 

concluding remarks, reflecting the ‘thesis by paper’ format. Due to this format, some 

parts may overlap somewhat across different chapters. 

A summary of the thesis organisation is presented in Fig. 1-3. A finite element (FE) 

numerical model is firstly established as the basic tool in Chapter 2 for studies 

performed at a later stage. Based on the literature review as detailed in Section 1.3.6, 

there are two perspectives of the trench analysis. The emphasis of this thesis is the effect 

of a steady seabed trench compared with cases without trench (i.e. flat seabed) and there 

are two subtypes of seabed trench with one addressed in Chapter 3 and another in 

Chapter 4 and Chapter 5. The other perspective of trenching analysis is not addressed 

separately but involved in Chapter 3 and Chapter 4. Finally, conclusions and 

discussions are given in Chapter 6. The content of each chapter is outlined below. 

Chapter 1 is the introductory chapter that provides the background, objectives and 

organisation of the thesis. A detailed literature review is included in this chapter to 

provide the reader with background information which was necessarily excluded from 

the individual chapters due to paper length restrictions, focusing on the numerical 

modelling of seabed model and trench effect on the SCR structural response. 

Chapter 2 presents the development of an in-house code for simulations of nonlinear 

behaviours during riser-seabed interaction, in particular the progressive riser penetration 

into the seabed during cyclic motion. This chapter, published as a peer-reviewed 

conference paper, documents the implementation of an advanced nonlinear seabed 

model into the general finite element software (Abaqus) in terms of user defined 

subroutines, explaining the coding process and analysis steps to set up the global 

configuration of an SCR. A series of numerical simulations are performed to verify and 

examine the capabilities of the numerical code in simulating nonlinear SCR-seabed 
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interaction. This study provides the basic framework for numerical simulations in 

respect of the trench effect studies performed in the remaining chapters of the thesis. 

Chapter 3 provides an evaluation of the effect of gradual trench development generated 

by pre-applied SCR motions (prior to actual SCR motions that cause fatigue damage) on 

the structural response of an SCR in the TDZ through extensive quasi-static and 

dynamic simulations adopting the in-house numerical code developed in Chapter 2. 

Typical structural responses of SCRs, including penetration, contact force and stress 

range are investigated taking into account the variation of motion amplitudes, periods, 

soil shear strength and motion history. It should be noted that 'quasi-static' simulations 

are referred to as 'static' ones hereinafter for simplicity. 

Chapter 4 presents the modelling strategy of pre-formed trenches which are pre-formed 

into the seabed prior to any riser contact, including establishment of trench geometry in 

a consistent way and definition of soil properties in the trench area. The effect of pre-

formed trench on the structural response of the SCR in the TDZ is examined by 

comparing cases with and without the presence of trench under different conditions. 

Chapter 5 extends the library of pre-formed trench profiles based on the work carried 

out in Chapter 4 and presented a parametric study in respect of trench effect on SCR 

structural response. Interpretation and prediction of trench effect are provided. 

Chapter 6 is the conclusion chapter. Main findings of the present study and suggestions 

for future works are presented. 
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Fig. 1-3 Thesis organisation chart 
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1.3 LITERATURE REVIEW 

1.3.1 Overview 

As the offshore industry continues to progress developments in deep and ultra-deep 

waters, design of offshore structures has seen dramatic development for the past few 

decades to meet the booming trend and increasing challenges. Riser systems that 

connect the subsea wells to the floating facilities represent an increasingly important 

part of the development infrastructure. There are basically two types of risers: one is 

referred to as the drilling risers that are used for drilling, completion and workover, and 

the other is defined as production risers that are used to convey hydrocarbons or 

injection fluid (Bai and Bai, 2005). Offshore production risers generally include SCRs, 

top tensioned risers (TTRs), flexible risers, and hybrid risers (free-standing risers), as 

illustrated in Fig. 1-4. SCRs, as their name implies, are risers made of steel and hung 

from a floating platform in a simple catenary shape. TTRs are long circular cylinders 

used to link the seabed to a floating platform. The risers are provided with tensioners at 

the top to maintain the angles at the top and bottom under the environmental loading. 

TTRs are commonly used on a tension leg platform (TLP) or a spar platform. Flexible 

risers are multiple-layer composite pipes with relatively low bending stiffness, to 

provide performance that is more compliant. The concept of a hybrid riser was 

developed based on the TTRs. Its principal feature is that it accommodates relative 

motion between a floating structure and a rigid metal riser, by connecting them with 

flexible jumpers (Bai and Bai, 2012). 

 

Fig. 1-4 Offshore production risers (DNVGL, 2010a) 
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The riser system options is summarised in Table 1-1. It is seen that the SCR is 

compatible and has been installed to all types of platforms. In comparison with metallic 

unbonded flexible riser, another versatile riser type, SCRs are more preferred in deep 

waters, where the high-pressure ambient condition and large-diameter requirement 

present technical and economic limitations to flexible risers. 

Table 1-1 Riser system options (Offshore-Magazine, 2015) 

 

Deep water has posed many challenges to the SCR. The suspended weight, hydrostatic 

pressure and thermal losses are increasing with the increasing water depth. Dynamic 

fatigue, top tension and vortex-induced vibration (VIV) are also factors that often 

dominate the design. The pollution risk of SCR failure for deep water projects is 

significant. In addition, SCRs are usually difficult to inspect and repair near the TDP. 

Due to the complexity of the riser-seabed interaction, current design practice rely 

mostly on the application of rigid or elastic seabed and a conservative safety factor up to 

10 is used to accommodate the high uncertainty in current SCR design (Campbell, 1999; 

DNVGL, 2010a; b; API-RP-2RD, 2013; DNVGL, 2016), and hence signals possible 

scope for improvement by adopting optimized analysis model. 

1.3.2 Riser-seabed interaction 

Critical locations for fatigue damage on an SCR are usually around the TDZ and top 

connection. It is recognized that a robust fatigue design of SCRs is challenging and the 

riser-soil interaction has significant effects on the fatigue performance in the TDZ. The 

dynamic response of pipeline during lay operation is essentially similar to that for an 
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SCR, with the main difference being that the TDP for the pipeline gradually moves, as 

more pipeline is laid.  

Cyclic motion caused by waves acting on the floating facility the SCR hung from, and 

hydrodynamic loadings or vortex induced vibration that acts directly on the SCR itself, 

will lead to increasing riser embedment in the TDZ and a shift of the TDP. Thethi and 

Moros (2001) presented the probability distribution of the TDP location during the 

service life of an example SCR in the Gulf of Mexico, as shown in Fig. 1-5. Results 

show that during 97% of the riser’s life, the TDP moves less than ±17 m (±48 diameters) 

in the nominal vertical plane of the riser and ±0.25 m (±1 diameter) out of it. The TDP 

plot helps to identify the critical zone where riser-seabed interaction occurs most 

frequently, indicating that the in-plane motion (vertical and axial) is dominant. Though 

lateral interactions can also contribute to the fatigue damage (White and Randolph, 

2007; Oliphant et al., 2009), the fatigue damage of the riser in the TDZ is mainly due to 

its repetitive vertical movements. In addition, according to previous studies, axial 

friction has minor effects on the structural response of an SCR and can be reasonably 

ignored (Chundary, 2001). Therefore, the review concentrates on vertical interaction 

rather than lateral and axial. 

 

Fig. 1-5 TDP movement map (Thethi and Moros, 2001) 

Field surveys on SCRs in experiments or real projects have shown the phenomenon of 

trench formation below SCRs (see Fig. 1-6) and it is believed to be caused by the 

complex riser-seabed interaction in the TDZ. The seabed trench has ladle-shaped 

vertical profile and bell-shaped lateral profile (Bridge and Howells, 2007). Typical 
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characteristics of a trench under an SCR in West of Africa are shown in Fig. 1-7, 

showing that the trench near the TDP (cross-section A) is shallow and wide, while the 

trench in the middle (cross-section C) is deep and narrow (De Amicis et al., 2008). 

  
(a) (b) 

Fig. 1-6 Trench formation of: (a) a model SCR (Grant et al., 1999); (b) Allegheny SCR 

in Gulf of Mexico, seven months after installation (Bridge and Howells, 2007) 

 

Fig. 1-7 Typical SCR trench characteristics (De Amicis et al., 2008) 

The limited understanding of riser-seabed interaction and trench formation that may 

have significant effect on the SCR fatigue design have driven the establishment of many 

joint industry projects (JIPs) which are a way of creating exclusive knowledge in 

partnership between offshore industries and research institutes. The published results 

from the JIPs and other literature indicate the complexity of SCR-riser interaction in the 

TDZ and research techniques such as laboratory or full-scale tests, numerical 

simulations and field observations or monitoring should be combined to improve the 
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understanding of this intricate problem (Grant et al., 1999; Thethi and Moros, 2001; 

Giertsen et al., 2004; Aggarwal et al., 2006).  

1.3.3 Experimental investigation 

Model tests have been used extensively for research and design purposes. Complicated 

riser-seabed interaction behaviour can be best captured by well-designed tests, including 

tests using T-bar apparatus or small pipe sections on the laboratory floor (Clukey et al., 

2005; Aubeny et al., 2008; Clukey et al., 2008b), in a geotechnical centrifuge (Hodder 

et al., 2008; 2009; Hu et al., 2011; Hu et al., 2014), and full scale or large models 

(Bridge et al., 2003; Hodder and Byrne, 2010; Wang et al., 2014). It appears that the 

most important contribution to riser fatigue occurs with the vertical motion of the pipe, 

and most research into riser-soil interaction has focused on the vertical direction only. 

Typical testing programs are summarised in Table 1-2, including small-scale T-bar, 

large-scale and centrifuge tests. 

Table 1-2 Model tests of vertical pipe-soil interaction 

Model tests 

Type of test Loading mode (limiting condition) 

T-bar 
Large 
scale 

Centrifuge Force control 
Displacement 

control 

Fontaine et al. (2004)  √   √ 

Giertsen et al. (2004)  √  √ √ 

Clukey et al. (2005) √   √ √ 

Clukey et al. (2008b) √    √ 

Aubeny et al. (2008) √   √  

Langford and Aubeny 
(2008b) 

 √  √  

Langford and Aubeny 
(2008a) 

 √  √ √ 

Hodder et al. (2008)   √  √ 

Hodder et al. (2009)   √  √ 

Langford and Meyer 
(2010) 

 √   √ 

Hu et al. (2011)   √ √ √ 

Hu et al. (2014)   √  √ 

Wang et al. (2014)  √  √ √ 
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4) Soil remoulding; 

5) Soil reconsolidation;  

6) Effect of loading rate; 

7) Effect of displacement magnitude; 

8) Effect of water entrainment; 

9) Soil extra buoyancy 

    
(a) (b) 

       
(c) (d) 

 
(e) 

Fig. 1-9 P-z curves from tests: (a) Clukey et al. (2008b); (b) Aubeny et al. (2008); (c) 

Langford and Aubeny (2008a); (d) Hodder et al. (2008); (e) Hu et al. (2011) 
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At sufficiently large magnitudes of uplift motion (unloading stroke), the pipe begins to 

separate from the soil. Depending on the soil and loading conditions, the experimental 

observation of riser-soil separation can be apparent as shown in Fig. 1-9c,d, or less 

apparent as shown in Fig. 1-9e. In particular, results of Fig. 1-9e show that the reloading 

or unloading resistance (suction force) gradually increases from or declines to zero as 

the pipe penetration increases from or declines to zero respectively, indicating that the 

pipe and the soil will be partially but never fully separated once the pipe is below the 

mudline.  

1.3.4 P-z curve model 

1.3.4.1 Introduction 

A widely-used foundation model for pipeline/riser-soil interaction analysis, by 

structural engineers, is Winkler foundation (Winkler, 1867) which is easy to be 

implemented in a structural system. It consists of a finite number of uncoupled springs. 

For the riser-seabed interaction, the P-z curve approach is extensively utilized by both 

researchers and engineers, considering the system in terms of a pipe resting on a series 

of soil springs, the stiffness characteristics of which are described by P-z curves. 

P-z curve models can be divided roughly into linear and nonlinear ones in terms of the 

curve shape, as illustrated in Fig. 1-10. For a linear model (elastic spring), the P-z curve 

is basically a ‘non-hysteretic straight line’ with same unloading and reloading paths 

(non-hysteretic) and constant stiffness (straight line) and hence the seabed resistance (P) 

is proportional to the pipe penetration (z). In contrast, any curve other than a ‘non-

hysteretic straight line’ can be regarded as ‘nonlinear’ including piecewise broken lines 

and hysteresis curves (closed and open loops). Models with linear representation of 

nonlinear curve are also taken as nonlinear model as they have already considered 

nonlinear effects but are only presented in the form of positive stiffness values.  

P-z models are essentially semi-empirical or quasi-analytical models. The model 

parameters are normally calibrated by test data so that the numerical simulation results 

can match test data as much as possible. The significance of P-z model is to integrate 

the experimental observations for various loading and soil conditions into a “unified 

model” (Aubeny et al., 2015) which can reproduce realistic experimental phenomena 

and can be implemented into existing global analysis software to predict SCR structural 

response more accurately.  
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As an alternative to using nonlinear models directly, equivalent elastic seabed stiffness 

values may be derived from the numerical and experimental results, facilitating practical 

fatigue assessment. Hejazi and Kimiaei (2016) proposed an equivalent linear stiffness 

model which generated the same stress range results occurring for nonlinear models. 

Clukey and Zakeri (2017) presented a simplified nonlinear model which was derived 

empirically from centrifuge results based on fully degraded secant stiffness after many 

cycles of loading. However, these models were applied as single compressive springs 

without consider pipe penetration into the soil, nor suction mobilized during uplift. 

 
(a) (b) (c) 

Fig. 1-10 P-z models: (a) linear; (b) nonlinear (closed loop); (c) nonlinear (open loop) 

1.3.4.2 Main aspects of nonlinear P-z models 

Nonlinear models are able to capture complex features of soil behaviour that are 

generally neglected in conventional SCR design and have been developed in recent 

years with different levels of sophistication. Aspects of typical models are summarised 

in Table 1-3. Noteworthy findings include: 

1) Suction mobilisation has been a basic option of nonlinear models and has been 

simulated in all models. 

2) Most models have taken into account the hyperbolic secant stiffness (Ksec) 

except some piecewise linear models. 

3) All models have hysteresis loop curves. Some are closed loops (with hysteresis 

occurring within only one cycle, see Fig. 1-10b) while some are open loops 

(with hysteresis occurring between cycles, see Fig. 1-10c) which are more 

consistent with test data. 

4) The experimental observations of ‘open hysteresis loop’ corresponding to force 

and displacement control modes can be described as progressive penetration (see 

Fig. 1-8 and Fig. 1-9b,c) and strength degradation/loss (Fig. 1-8 and Fig. 1-9a,d) 

respectively. Most models can simulate at least one of them (Jiao, 2007; You et 
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al., 2008; Randolph and Quiggin, 2009; Zargar and Kimiaei, 2015), while You 

(2012) can cover both. 

5) Many models (including both closed and open loop ones) are able to simulate 

pipe-soil separation. The Randolph and Quiggin (2009) model simulates the 

separation by means of a soil zone of very low resistance or suction. 

6) Clukey et al. (2005) has discussed water entrainment effect observed during the 

test. However no P-z model has incorporated such effect so far. Zargar and 

Kimiaei (2015) stated that a model considering the riser-fluid-soil interaction is 

under development. 

1.3.4.3 Clarification and summary 

In the published literature, there is no unified definition of ‘cyclic degradation’. It can 

be defined in terms of progressive penetration in a force control mode, strength 

reduction in a displacement control mode, secant stiffness reduction with increasing 

cycles, or any combination thereof. Aubeny and Biscontin (2008) have taken the 

progressive penetration factor as the reduction factor of secant stiffness Kreload/Kunload, 

while Aubeny et al. (2015) have taken the strength reduction factor under displacement 

control as the ratio Kreload/Kunload. Bridge (2005) has entwined the stiffness reduction 

factor with strength reduction factor of Idriss et al. (1978) and Dunlap et al. (1990). 

Many researchers have defined the strength reduction factor in terms of soil resistance 

as Pn/Pinitial (You, 2012; Zargar and Kimiaei, 2015), since the resistance is measured 

from the test directly and more straightforward. There are exceptions such as Idriss et al. 

(1978) who adopted Young’s modulus, and Hodder et al. (2013) shear strength su. 

During repeated loading, the soil behaviour evolves in a complex manner with the 

effects of remoulding and reconsolidation coexisting. Some results showed that the 

softening due to remoulding is more significant than the hardening due to 

reconsolidation or waiting period (Clukey et al., 2008b; Langford and Aubeny, 2008a), 

while the experimental data reported by Hodder et al. (2009) showed that the stiffness 

reduction was offset by the effect of reconsolidation over time and the stiffness could 

recover to around the original value (prior to any cyclic motion).  Langford and Aubeny 

(2008a) also observed that the secant stiffness under force control loading is remarkably 

insensitive to load cycle showing negligible remoulding effect. Therefore, it is 

reasonable to ignore effects of remoulding and reconsolidation at a potential expense of 

overestimating the operative stiffness (Randolph et al., 2013). Most current P-z curves 

do not model these two types of effect. Randolph and Quiggin (2009) also reminded 
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that in their model “no attempt is made to model softening of the soil due to 

remoulding”.  

Generally, each model has its limitation and is suitable to apply at certain conditions. 

Although there is currently no perfect model to replicate all experimental observations, 

some well-calibrated nonlinear seabed models already capture the main features of the 

soil behaviour and provide an opportunity to improve the assessment of the fatigue life 

of SCRs in the TDZ. 

1.3.4.4 Typical P-z models 

Typical models are summarised in Table 1-3. The STRIDE pipe/soil interaction model 

was created mainly from the experimental data of STRIDE JIP (Steel Risers in 

Deepwater Environments Joint Industry Project, 2H Offshore, 1998 - 2002) which 

included full-scale harbour tests and small scale 2D pipe/soil interaction experiments. 

The model defines the P-z curve as piecewise lines and many important factors relating 

to pipe/soil interaction stiffness (hysteretic effect, penetration speed, oscillation 

frequency, etc.) are included in terms of different stiffness coefficients (Bridge et al., 

2004; Bridge, 2005). Similarly, CARISIMA models originated from CARISIMA 

(Catenary Riser/Soil Interaction Model for Global Riser Analysis) JIP and are based on 

two different types of tests, i.e. horizontal pullout tests and vertical suction tests (Leira 

et al., 2004). This model defines lateral friction coefficient to account for lateral motion. 
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Table 1-3 Features of typical P-z models 
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Table 1-3 Features of typical P-z models (continued) 
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Introduction 

There are two (series of) principal nonlinear P-z models. One is proposed by Randolph 

and Quiggin (2009) and referred to as ‘RQ’ model hereafter in this chapter. Another is 

proposed by researchers in Texas A&M University (TAMU) and referred to as ‘TAMU’ 

model(s) (Aubeny et al., 2006; Jiao, 2007; Aubeny and Biscontin, 2008; You et al., 

2008; Aubeny and Biscontin, 2009; Nakhaee and Zhang, 2010; You, 2012; Aubeny et 

al., 2015).  

RQ model 

Nonlinear hyperbolic functions are employed to model different penetration episodes 

during cyclic riser-seabed interaction and specific soil parameters are introduced to 

enable the model to capture the incremental penetration with each cycle. This model has 

been calibrated with test data from Aubeny et al. (2008) as shown in Fig. 1-11 and 

implemented in professional riser software OrcaFlex (Orcina, 2017). It is seen that the 

model can simulate very well the behaviours in load control cyclic tests and pipe-soil 

separation during large amplitude uplift process. RQ model is extensively used in both 

academia and practical engineering due to its effectiveness in the simulation of pipe-soil 

interaction as well as the popularity of OrcaFlex. This model is adopted as the seabed 

model in this thesis with more details and main equations given in later chapters. 

  
(a) (b) 

Fig. 1-11 Verification of RQ model against test data (Randolph and Quiggin, 2009): (a) 

small amplitude cyclic test; (b) large amplitude cyclic test 

TAMU models 
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Since 2005, researchers (mainly Charles Aubeny and/or his colleagues/students) in 

TAMU have developed a series of P-z models. You (2005) set up a simplified piecewise 

linear model (compression-tension spring) in his master thesis (Fig. 1-12). Aubeny et al. 

(2006) proposed an advanced nonlinear P-z model employing hyperbolic and cubic 

functions to simulate the ‘closed bounding loop’ during unload-reload process (Fig. 

1-13). Afterwards, Aubeny and Biscontin (2009) updated the global riser-soil 

interaction (beam-spring) model to account for effects of the riser tension and axial 

stiffness without changing the P-z model.  

Meanwhile, developments of ‘open bounding loop’ models were proceeding in TAMU 

with the aim of simulating progressive penetration during force control cyclic loadings. 

Jiao (2007) extended the closed-loop TAMU model (Fig. 1-13) to an open-loop one by 

establishing an explicit trench deepening (‘degradation’) rule although the max 

compression had a limitation being equal to the riser self-weight per unit length (Fig. 

1-14). You et al. (2008) proposed a similar rule and eliminated the max compression 

limitation as shown in Fig. 1-15a. The closed-loop TAMU model was also simplified to 

a spring-dashpot model with an equivalent stiffness (allowing for suction) and a 

calibrated damping coefficient, and was equipped with the trench deepening rule of Jiao 

(2007), but in reality the trench depth (or plastic deformation) at the seabed was updated 

every 100 loading cycles in the global analysis of risers (Nakhaee, 2010; Nakhaee and 

Zhang, 2010). Based on his previous version, You (2012)  proposed a new P-z model 

which is so far the latest open-loop TAMU model (see Fig. 1-15b and Fig. 1-16). Aside 

from progressive penetration that was already captured, a major improvement was the 

simulation of strength reduction observed from displacement control tests. The effect of 

the penetration rate was also considered (reflected in the power law of backbone curve). 

Test verification results are shown in Fig. 1-16 with red line being test data and blue 

line being simulation data. It is seen that the model can simulate very well the strength 

reduction and incremental penetration in displacement and load controlled tests 

respectively. In addition it creates full pipe-soil separation and leads to an explicit 

trench that deepens with continuing cyclic motion (see Fig. 1-16a). However, the model 

is limited in simulating partial pipe-soil separation as the suction release distance does 

not match the data in some tests (see Fig. 1-16d). 
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Fig. 1-12 TAMU model (You, 2005) 

 

Fig. 1-13 TAMU model: closed loop (Aubeny et al., 2006; Aubeny and Biscontin, 2009) 

 

Fig. 1-14 TAMU model: open loop (Jiao, 2007) 

  
(a) (b) 

Fig. 1-15 TAMU model: open loop (a) You et al. (2008); (b) You (2012) 

1-21 



Chapter 1 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1-16 Verification of You (2012) model against test data: (a) hybrid test; (b) 

displacement control test; (c) load control test 1 (Langford and Aubeny, 2008b); (d) 

load control test 2 (Aubeny et al., 2008) 
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Despite continuous development of P-z curves (either closed or open loop), the linear 

representation of a nonlinear curve (operative stiffness) has still been attractive since the 

work of Bridge et al. (2004). Aubeny and Biscontin (2008) presented a model taking 

into account the effect of progressive penetration in terms of a stiffness reduction factor 

(Fig. 1-17a). The stiffness model recently proposed by Aubeny et al. (2015) is able to 

reflect more complex effect including strength reduction, stiffness degradation and even 

the effect of cyclic displacement magnitude as shown in Fig. 1-17b, although it is 

restricted to displacement control mode and cannot model trenching development. 

   
(a) (b) 

Fig. 1-17 TAMU model: linear representation (a) Aubeny and Biscontin (2008); (b) 

Aubeny et al. (2015) 

1.3.5 Global modelling of SCRs with seabed interaction 

The global model of the SCR with seabed interaction is illustrated in Fig. 1-18 including 

the whole length of the pipe from the hang-off point (HOP) to the TDP and finally to 

the anchor point (end of the SCR). The SCR-seabed interaction problem is generally 

regarded as a beam-spring problem, with an elastic pipe (beam element) resting on a 

series of uncoupled springs distributed along the length of the pipe. An enlarged view in 

the TDZ is provided in parenthesis showing the cross section of a pipe element moving 

vertically and an example P-z curve adopted to define the soil behaviour. Assuming that 

there are M types of seabed models and N types of SCR global models, theoretically 

there will be up to M*N types of combined models to simulate the problem. 

Typical beam-spring models for global SCR analysis are summarised in Table 1-4. P-z 

models are more preferred for seabed modelling (the spring), while finite element 

method (FEM) is commonly used for SCR modelling (the beam). Note that beam 
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Table 1-4 Summary of typical SCR models with seabed interaction 
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1.3.6 Trench formation and its effect on SCR response 

1.3.6.1 Introduction 

As mentioned previously, in different stages of an SCR life, the riser-seabed interaction 

leads to different behaviour. Trench formation which is readily observable usually 

occurs at the very first stage and therefore becomes the focus of the present research. 

SCR field observations show that a trench of a few pipe diameters in depth is formed 

through the TDZ during a few months after installation. This phenomenon and its 

effects on the predicted fatigue life has generated increasing interests and many 

publications in recent years. However, existing research have presented contradictory 

findings as to whether the net effect of the trench is to increase or decrease the SCR 

fatigue life. 

Although not fully understood, the exact trenching mechanisms are believed to be a 

combined riser-soil-fluid interaction, including reduced bearing pressure and plastic 

deformation of the soil due to repeated riser penetration, water entrainment and scour 

around the riser. Preliminary exploration of the effect of water was mainly performed 

using complex and computationally expensive methods such as LDFE in conjunction 

with a full Eulerian scheme or finite volume method to capture water particle 

kinematics (Clukey et al., 2008a; Hawlader et al., 2015; Hawlader et al., 2016). The 

contribution of water in trench formation is difficult to be incorporated completely into 

current global SCR models, although a new nonlinear P-z model using a combination of 

hyperbolic and exponential equations has been under development (Zargar and Kimiaei, 

2015). Current nonlinear seabed models have focused on gradual trench development 

generated solely by riser-soil interaction. 

The majority of research have focused on the effects of steady trenches on the long-term 

SCR response (fatigue life in particular) in the TDZ compared with a seabed without 

trench (i.e. flat seabed). In the literature, there are two idealised configurations of 

seabed trench which are referred to hereinafter as gradual trench development and pre-

formed trench. The characteristics of different types of trench are illustrated in Fig. 

1-19, and elaborated in the following subsections. Summary of effects of the trench on 

SCR fatigue life from published literature is presented in Table 1-5.  
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Table 1-5 Literature review of trench effect on SCR fatigue life 
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1.3.6.2 Effect of gradual trench development 

The riser is initially laid on an intact flat seabed and the trench is gradually formed 

exclusively by imposing cyclic motions of the SCR. The trench shape is represented in 

terms of the shaded area as shown in Fig. 1-19a. It reflects a disturbed soil zone with 

much reduced resistance which is stabilized in shape after sufficient loading cycles.  

Shiri (2014a) provided an evaluation of the gradual trench development (referred to as 

‘pre-trench’ in his paper). At the beginning, he inserted a pre-formed trench in the 

elastic seabed but found that the effect on SCR fatigue were unpredictable. He believed 

that the source of contradictions was related to the minor inconsistencies between the 

defined profile and the natural catenary shape of the riser in the TDZ. Then, the gradual 

trench development was created in Abaqus (with the RQ model implemented) by 

applying a severe sea state with a small number of cycles instead of cutting a prescribed 

trench into the seabed. Shiri believed that the inconsistency of the SCR and trench 

profiles was no longer an issue because of the automatic mechanism of trench formation 

in the RQ model. He established trenches with different depths (1.1D, 2D, 3.6D, 5D) 

and concluded that the trenches were detrimental to fatigue life and fatigue damages 

increased with trench depth (see Fig. 1-20). 

 

Fig. 1-20 Effect of newly-disturbed trench on fatigue damage (Shiri, 2014a) 
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(a) 

 
(b) 

Fig. 1-21 Effect of wave sequence (Kimiaei et al., 2010): (a) amplitude; (b) period 

The effect of gradual trench development is to some extent similar to the effect of wave 

sequence, provided the analysis is performed with RQ model (Kimiaei et al., 2010; Shiri, 

2014b; Kimiaei and Liao, 2015). Kimiaei et al. (2010) investigated the effect of heave 

amplitude (at hang-off point) and period sequence of wave packs on the stress range of 

the SCR. It was observed that after experiencing larger heave amplitude motions (DSH, 

simulations with big to small heave amplitudes), the maximum stress range due to a 

wave pack tended to be higher than that due to the same wave pack that was applied 

separately (SEH, separate simulation with different heave amplitudes). Likewise, after 

experiencing shorter period motions (ASP, simulations with short to long periods), the 

maximum stress range due to a wave pack appeared to be higher than that due to the 

same wave pack that was applied separately (SEP, separate simulation with different 
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motion periods) as shown in Fig. 1-21. Following up that study, Kimiaei and Liao 

(2015) studied 24 different wave pack sequences comprising four heave amplitudes in 

static motion mode. Shiri (2014b) studied the response of the SCR with input motion of 

two single waves with different orders. Maximum von Mises stress ranges with and 

without gradual trench development are shown in Fig. 1-22.  

 

Fig. 1-22 Structural response due to double wave packs (Shiri, 2014b): (a) effect of 

swapped wave order; (b) effect of gradual trench development 

Centrifuge test investigation is also available (Clukey et al., 2011). The loading time 

history of Test 6 with soil from Gulf of Mexico and stress range occurring in the TDZ at 

six different moments reported by Clukey et al. (2011) is shown in Fig. 1-23, where M3 

represented a 1-yr storm and M2 a 100-yr storm. Results show that after applying a 

more robust loading (M2), the maximum stress range of 3M3 is marginally larger than 

3M3 loaded from onset (within 4%) which indicates minor detrimental effect of newly-

generated trench. However results from laboratory clay (Speswhite) revealed a 

somewhat different effect which complicated this problem. 

(a) (b)
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1.3.6.3 Effect of pre-formed trench 

For this type of research which most research fall into, the trench is represented as a 

visible and intact seabed profile pre-formed prior to any riser-seabed contact as 

indicated in Fig. 1-19a. An initial profile is assumed for the seabed, reflecting creation 

of a trench from a previous history of SCR motions. In principle any arbitrary profile 

may be assumed, over which the SCR is then laid, with subsequent cyclic motions of 

SCR developing further penetration. For this analysis type, as the trench geometry has 

been already established before the application of riser motion, the seabed model can be 

of any type, including rigid, elastic and nonlinear seabed.  

Bridge et al. (2003) observed the trenching development from the harbour test. Later, 

trenching data from the field observation obtained by Bridge and Howells (2007) has 

become the benchmark of pre-formed trench in many publications. Fontaine (2006) 

focused on the prediction of trench shape by mathematical formulae. He compared the 

analytical trench shape of Langner (2003) and Hahn et al. (2003), but did not study the 

effect of trench shape on SCR response. 

In an early attempt to explore the effect of trenching on the fatigue life of the SCRs, 

Langner (2003) proposed a trench shape of 1.8D in depth comprising of  circular arc 

and seventh-order polynomial fit. He argued that the trench should result in significant 

improvements to the SCR fatigue life, based on a comparison of the distributions of 

static bending strain in the TDZ with and without the presence of a pre-formed trench in 

the rigid seabed. 

Leira et al. (2004) established a 2D initial trench following the ‘CARISIMA trench 

procedure’ which treated TDPs of three different vessel positions (near, far and mean) 

as control points and produced smooth fitting functions between them (see Fig. 1-24a). 

They analysed 4 different conditions including both linear and nonlinear (CARISIMA) 

seabed model for trench effect study and concluded that the trench was generally 

beneficial to fatigue life for vertical loading but was detrimental for overall loading with 

lateral loading included. The nonlinearity of seabed model was beneficial for cases 

without trench, but detrimental for those with trench. 

Clukey et al. (2007) selected 9 load cases by combining 3 different seabed models (soft 

linear, hard linear and nonlinear) and 3 trench depths (0.5D, D and 2D). The nonlinear 

model was from Bridge et al. (2004) and was implemented in Abaqus for global 
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analysis. The establishment of pre-forming trench was also followed by the ‘The 

CARISIMA trench procedure’. They concluded that the trench was beneficial in terms 

of fatigue life for both linear and nonlinear seabed and the fatigue damage for nonlinear 

models were greater than for linear models for same trench depth. 

Aubeny and Biscontin (2008) proposed a trench geometry by fitting a cubic function 

based on the test data of Bridge et al. (2003). The trench geometry was later employed 

by Li and Low (2012) and Wang and Low (2016) to study the trench effect. 

Sharma and Aubeny (2011) investigated the effect of pre-formed trench on fatigue 

damage for linear seabed. A 3.5D trench depth profile was generated in a form of cubic 

polynomial. The procedure of trench creation was much similar to the ‘CARISIMA 

procedure’ adopted by Leira et al. (2004) and Clukey et al. (2007), which took into 

account different riser offsets, i.e. near, far and mean offset (see Fig. 1-24b). Global 

analysis was performed in RIFLEX (MARINTEK, 2017). Results showed that the 

trench was beneficial to fatigue life and the location of critical point of pre-trench case 

shifts towards the platform side compared with flat seabed. 

Li and Low (2012) adopted and updated the trench geometry proposed by Aubeny and 

Biscontin (2008). Effects of a series of trenches were studied using OrcaFlex with built-

in RQ nonlinear seabed model. The conclusion was that the trench was beneficial for 

fatigue life because ‘it allows a more natural configuration of the SCR at the TDP’. Li 

and Low (2014) performed fatigue analysis of an SCR in OrcaFlex, and considered two 

types of seabed conditions: (1) linear model with a flat seabed; (2) nonlinear model with 

a trench profile. Instead of using the normal trench modelling strategy adopted in 

another paper (Li and Low, 2012), a complicated procedure was proposed. Riser 

profiles were firstly obtained by means of RQ seabed model and then transformed into 

pre-formed trench profiles. Instead of utilising the raw form of riser profile directly, 

they used the shifted lognormal distribution (SLD) as fitting function to smooth out 

some unevenness of raw profile and then extrapolated the resulting one to the desired 

depth. Their results showed that the maximum fatigue damage will decrease as the 

depth of pre-formed trench increases for wave frequency motions. However the benefits 

of a deeper trench were offset by the low frequency platform motions. It should be 

noted that the authors confused the RQ and TAMU models regarding the built-in 

nonlinear seabed model in OrcaFlex as proposed by Aubeny and Biscontin (2009). 
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Randolph et al. (2013) provided a new ‘stepped approach’ to analytically model trench 

profile (together with another two profiles based on previous literature, see Fig. 1-25) 

and evaluated the trench effects for both linear and nonlinear seabed models under 

different sea state directions. It was concluded that a trench was generally beneficial for 

both linear and nonlinear model and seabed nonlinearity led to longer fatigue life. 

Wang and Low (2016) proposed a new parametric formulation for trench profile by 

optimizing the length and horizontal position of an existing cubic geometry (initially 

presented by Aubeny and Biscontin (2008)). Results shown in Fig. 1-26 indicate that the 

trench was beneficial to the SCR fatigue life although ‘there is still no robust 

convergence’. 

Recently, Clukey and Zakeri (2017) investigated the impact of pre-formed trenches on 

fatigue damage by performing comparative centrifuge tests with a flat seabed and a pre-

formed trench on consolidated GoM and deepwater Angola clays. Results showed that 

the impact on the minimum fatigue life was negligible although the critical fatigue point 

shifted significantly away from the platform (see Fig. 1-27). 

  
(a) (b) 

Fig. 1-24 Illustration of (a): CARISIMA trench procedure (Leira et al., 2004); (b) trench 

profile created by Sharma and Aubeny (2011) 

 

Fig. 1-25 Different approaches for trench profile (Randolph et al., 2013) 
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(a) (b) 

Fig. 1-26 Trench profiles and their effects on fatigue damage (Wang and Low, 2016)  

 

Fig. 1-27 Fatigue life profiles for flat seabed and pre-formed trench from centrifuge 

tests (Clukey and Zakeri, 2017) 

1.3.7 Summary 

The context of the present research was provided and published literature relevant to 

SCR-seabed interaction has been reviewed in this section, highlighting the modelling 

approaches for the seabed soil models and global SCR models, as well as the 

understanding of seabed trench and its effect on the structural response of SCRs. This 

section establishes the background for the research described in the succeeding chapters. 

Although LDFE modelling techniques can be adopted to simulate the soil and riser 

behaviour, they are usually computationally expensive in global simulations of SCRs, 

and therefore a nonlinear P-z curve model is commonly used and implemented into the 
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structural analysis model for less conservative assessment of SCR fatigue life. A 

summary of different riser-seabed interaction models able to capture complex soil 

behaviour has been provided, demonstrating that recent developed models that were 

calibrated elaborately against test data are able to capture the primary nonlinear effects 

of the pipe-soil interaction in specific stages, although there is currently no perfect 

model that can model every experimental aspect of the intricate phenomenon. 

The seabed trench in the TDZ is readily visible through both field and experimental 

observations. Different types of trench and their effects on the structural response of 

SCRs have been summarized systematically. In general both the gradual trench and pre-

formed trench have led to increased or decreased stress range (or fatigue damage), being 

detrimental or beneficial to SCR fatigue life. The contradictory indications as to the 

impact of the trench on SCR fatigue has also been noted in the latest review paper by 

Clukey et al. (2017), and hence provide scope and motivation for this thesis. 
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CHAPTER 2 A NEW USER DEFINED ELEMENT FOR 

NONLINEAR RISER-SOIL INTERACTION ANALYSIS OF 

STEEL CATENARY RISER SYSTEMS 

2.1 ABSTRACT 

Steel catenary risers (SCRs) provide a technically feasible and commercially efficient 

solution for the offshore field developments in deep waters. Fatigue design of SCRs in 

the touchdown zone (TDZ) is among the most complicated engineering challenges in 

riser design. The cyclic interaction of the riser with seabed leads to a number of 

complex nonlinear behaviours including soil suction, separation of the riser from the 

soil, trench formation and degradation of soil resistance during cyclic loading. Accurate 

simulation of the riser-soil interaction has significant effects on the fatigue performance 

in the TDZ. Few hysteretic nonlinear riser-soil interaction models have recently been 

introduced and some of them have been implemented in commercial software packages 

for analysis and design of riser systems. Due to complexity of the models and also 

limited access to special software packages with in-built nonlinear soil models, 

traditional simple linear soil models are still being used widely for riser analysis, in 

particular for fatigue design. 

In this paper, one of the existing nonlinear hysteretic seabed model, already been used 

in a commercial analysis program OrcaFlex (Orcina, 2013), has been implemented into 

general finite element software Abaqus (SIMULIA, 2014), through the coding of a user 

defined element (UEL) subroutine. The paper documents the implementation of UEL 

into Abaqus and the establishment of global riser model for both static and dynamic 

analysis on which the pipe is modelled efficiently as series of unidirectional beam 

elements from floater to seabed, resting on a bed of nonlinear springs. Longitudinal 

friction between pipe and seabed has also been considered.  

A series of simulations are performed to illustrate the capabilities of the model. All 

these results have good agreement with those from OrcaFlex. Results indicate that the 

proposed UEL is capable of modelling nonlinear riser-soil interaction phenomena and 

has been verified to be a cost-effective alternative to OrcaFlex in terms of global 

analysis of SCRs. In addition, as an open source code, UEL provides the required tool 

for future development on nonlinear soil models. A new type of nonlinear soil with 
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bilinear soil shear strength is modelled and its effect on structural performances of 

SCRs is investigated. 

2.2 INTRODUCTION 

With the world’s increasing demand for energy and the corresponding depletion of oil 

and gas reserved in shallow waters, the development of offshore engineering is 

compelled to move into deep and ultra-deep waters. Steel catenary risers (SCRs) are one 

of the key components for deep-water tie-backs and are more preferred by the offshore 

industry due to their conceptual simplicity and cost effectiveness especially in wet-tree 

developments. However, SCRs are fatigue sensitive structures especially at the 

touchdown zone (TDZ) and hang-off point (DNVGL, 2010a). TDZ is the region where 

the SCR touches down on the seabed, and the first point in contact can be termed as 

touchdown point (TDP). In the TDZ, where the riser is in close interaction with the 

seabed, due to vessel movement and hydrodynamic loads on the riser, the cyclic 

displacements of the riser will lead to cyclic riser-soil interactions. As a consequence, a 

number of complex nonlinear behaviours arise including soil suction, separation of the 

riser from the soil, trench formation and degradation of soil resistance. Surveys of in 

service SCRs have shown that they can penetrate into the seabed and a trench can form 

beneath the riser (Bridge and Howells, 2007). Accurate prediction of the fatigue damage 

in the TDZ is of great significance for the fatigue design of the SCR. The fact that SCRs 

in the TDZ are usually inaccessible for inspections and repairs further increases the 

significance of the problem. 

Traditional fatigue analyses, which usually lead to conservative fatigue results, are 

based on the linear seabed stiffness model due to its simplicity and lack of a clear 

understanding of the nonlinear riser-soil interaction too. To overcome this challenge, a 

number of advanced nonlinear soil models have recently been derived (Aubeny and 

Biscontin, 2009; Randolph and Quiggin, 2009; You, 2012).  

In the last decade, different Winkler-type nonlinear soil models have been used in riser-

soil interaction problems. Aubeny and Biscontin (2009) proposed a nonlinear soil model 

without incorporation of cyclic degradation effects. Based on this non-degradation 

model, You (2012) developed an improved soil model which is able to account for soil 

stiffness degradation due to vertical cyclic loading. The nonlinear seabed model 

proposed by Randolph and Quiggin (2009) has already been implemented in OrcaFlex 

(Orcina, 2013) which is widely used for riser analysis in the offshore industry. With this 
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software, Kimiaei and Liao (2015) studied the effect of soil nonlinear behaviour on the 

structural response of SCRs subjected to different loading time histories. Randolph et al. 

(2013) studied the shape of trench in TDZ and its impact on SCR fatigue life.  

However, traditional linear soil models are still being used extensively in engineering 

practices and some research works with the main reason being that the linear models are 

less complicated and that the professional software with in-built nonlinear soil model 

are much more expensive than general finite element software with linear springs to 

model the seabed. In light of that, some recent efforts have been made in terms of 

implementing nonlinear soil models into general finite element software (Bridge, 2005; 

Har, 2007; Shiri, 2014b; Liu et al., 2016).  

In this paper, the hysteretic nonlinear soil model developed by Randolph and Quiggin 

(2009) is implemented in Abaqus (SIMULIA, 2014) in terms of user defined element 

(UEL) subroutines. Global SCR systems are modelled within Abaqus environment with 

nonlinear soil behaviours. Results from Abaqus are verified with those from OrcaFlex. 

Effects of axial soil friction and bilinear soil shear strength on structural performances 

of SCRs are investigated. 

2.3 NONLINEAR SEABED MODEL 

The nonlinear seabed model presented by Randolph and Quiggin (2009), which is used 

in this study, defines the nonlinear pipe-soil interaction as hysteretic P-z relationships, 

where P denotes normal seabed reaction force per unit length, and z denotes penetration 

of riser below the mudline. As shown in Fig. 2-1, in general there are four different 

penetration modes in this model: not in contact, initial penetration, uplift and 

repenetration. The primary input data into the model are the pipe diameter, seabed soil 

shear strength profile (assuming a linear strength profile with mudline intercept su0 and 

gradient ρ) and soil density. Additional parameters include: normalized maximum 

stiffness of the pipe-soil response, suction resistance ratio (relative to penetration 

resistance at the given embedment), normalized suction decay distance and normalized 

repenetration offset (which controls the incremental additional embedment with each 

cycle). 

These various input parameters are used to derive the nonlinear hyperbolic functions 

that model the seabed resistance force as a function of the penetration history as detailed 

by Randolph and Quiggin (2009). Function parameters are updated each time a 
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penetration reversal occurs allowing the model to capture the hysteretic behaviour of the 

seabed response and the increasing penetration of the pipe under vertical cyclic loading. 

This model has been calibrated by test data obtained by Aubeny et al. (2008). It should 

be noted that within this model there is no gap formation between soil and riser, i.e. the 

model cannot generate physical trench formations explicitly. However, it represents 

trench development indirectly by means of a gradually deepening zone of soil of very 

low resistance. 

 

Fig. 2-1 Soil model characteristics for different modes (Randolph and Quiggin, 2009) 

2.4 CODING AND VERIFICATION OF THE UEL 

A number of nonlinear soil models have been implemented into different finite element 

programs, such as ANSYS and Abaqus. Bridge (2005) incorporated the pipe/soil 

suction model into ANSYS using a non-linear spring element (COMBIN39), coupled in 

series to a directional control element (COMBIN37).  

Due to the excellent nonlinear analysis ability and versatile interfaces for linking user 

subroutines, Abaqus has become one of the most commonly used general finite element 

software to develop pipeline/riser-soil interaction models (Har, 2007; Shiri, 2014b; Liu 

et al., 2016). Har (2007) employed user defined material (UMAT) to integrate Bridge’s 

suction model. Shiri (2014b) utilized UEL to incorporate the nonlinear model proposed 

by Randolph and Quiggin (2009) for SCRs under static loads. More recently, Akula and 
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Datye (2015) used user defined interaction (UINTER) for the implementation of the 

nonlinear model developed by Aubeny and Biscontin (2009). 

In this paper, UEL approach is employed to implement nonlinear model into Abaqus for 

SCRs under static or dynamic loads. In Abaqus, user-defined elements can be feedback 

links, supplying forces at some points as functions of values of displacement, velocity, 

etc. General user elements are defined in user subroutines “UEL” which are written in 

FORTRAN programming language. UEL subroutine is coded to define the variables 

RHS and AMATRX which are arrays containing contributions of this element to the 

right-hand-side vectors and Jacobian (stiffness) matrix of the overall system of 

equations respectively. A general flowchart of UEL is shown in Fig. 2-2. For the global 

FE model in Abaqus, the seabed is modelled as a series of independent uncoupled 

nonlinear soil springs (Winkler-type) with the hysteretic P-z relationships coded within 

UEL subroutines called by Abaqus for each soil element at every time increment. 

 

Fig. 2-2 General flowchart of UEL 

For verification purpose, a unit length element model was established in Abaqus to 

verify nonlinear P-z behaviour defined in UEL against the in-built one in OrcaFlex. The 

penetration time history (z-t), as an intermediate result from structural analysis, is the 

key input data for the seabed model. The seabed model returns the seabed resistance 

force (P) acting on the element and the structural model then updates the soil stiffness 
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2.5 SCR SYSTEM MODELLING 

Global SCR systems are generally modelled and analysed using finite element (FE) 

software and the nonlinear seabed models defined as user elements are then called in the 

finite element environment. The global structure models of SCRs are normally 

modelled with beam elements considering that the pipe can be thousands of meters in 

length. 

To model a SCR in a FE code the catenary shape has to be constructed from a straight 

pipe to correctly model the bending moment and stress distribution along the riser 

(Bridge, 2005). There are a number of ways to construct the catenary shape. One is to 

use a catenary solver that automates the process. The catenary solver is available in 

specialist riser codes, such as OrcaFlex and Flexcom but not in general purpose codes 

such as ANSYS and Abaqus. Therefore, in this study, a second method presented below 

is used to form a straight pipe into a catenary shape. 

Abaqus allows the user to define various analysis steps to model the system behaviour 

accurately. Four steps have been defined to set up the SCR system model. In Step 1, the 

SCR is initially modelled as a straight pipe and is laid on the seabed. Only gravity load 

is applied on the pipe. In Step 2, one end of the pipe (hang-off point, HOP) is lifted up 

to the level equal to the height of vessel hang-off level, where the SCR is completely 

clear of the seabed. In Step 3, the HOP is shifted from its position at the end of Step 2 to 

its nominal position towards the anchor end to achieve the targeted hang-off angle. 

During the horizontal translation, the SCR touches the user-defined nonlinear springs 

(coded within the UEL subroutine) gradually and the springs are activated. At the end of 

Step 3, the SCR reaches its equilibrium configuration. In Step 4, the HOP is forced to 

move cyclically to simulate the effects of vessel motion in a time domain analysis. The 

HOP's position at every time increment is given by an external time history data file.  

2.6 MODEL AND SIMULATION  

2.6.1 Model description 

A sample global SCR global model, with the general configuration shown in Fig. 2-4 

and the main model parameters as defined from Table 2-1 to Table 2-4, was built into 

Abaqus to simulate the SCR global response with nonlinear riser-seabed interactions. It 

is a 1600m SCR connected to a semi-submersible floating unit in 1000m water depth. It 

comprises a 9 inch (0.2286m) diameter SCR with 1 inch (0.0254m) wall thickness, 
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In this study, the SCR is assumed to oscillate in still water with drag force and added 

mass being modelled inside the Aqua module of Abaqus. It is understood that in 

practical analyses, environmental loads such as wave and current load, and 

hydrodynamic effects caused by vortex induced vibration (VIV), low and high 

frequency wave motions should be analysed; SCR attachments such as bending stiffener, 

VIV strakes and pipe coatings should be modelled. However, the main purpose of this 

paper is to verify the capability of the model rather than conducting an accurate 

simulation. Therefore the SCR is simplified as bare steel pipe and the simulations are 

simplified by ignoring the environmental loads; and only considering the response of 

the forced motions. 

Table 2-1 Key dimensions of SCR 

Dimension Value/Type 

Vessel Type Semi-Submersible 

Water Depth 1000 m 

Height of hang-off point 982 m 

SCR total length 1600 m 

Distance from HOP to TDP 1164 m 

Hang-off angle 10° 
 

Table 2-2 Riser pipe properties 

Property Value/Type 

Material Steel 

Outer Diameter 228.6 mm (9 inch) 

Wall Thickness 25.4 mm (1") 

Pipe Density 7.85 te/m3 

Contents Density 0.8 te/m3 

Submerged Weight 1.03 kN/m 

Young's Modulus 212 GPa 

Bending Stiffness 18 MNm2 

Poisson Ratio 0.3 
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Table 2-3 Nonlinear soil parameters 

Parameter Symbol Value 

Mudline shear strength su0 0 kPa 

Shear strength gradient ρ 1.5 kPa/m 

Saturated soil density ρsoil 1.5 te/m3 

Power law parameter a 6 

Power law parameter b 0.25 

Normalized maximum stiffness Kmax 200 

Suction ratio fsuc 0.2 

Suction decay parameter λsuc 1 

Repenetration parameter λrep 0.3 

Soil buoyancy factor fb 1.5 
 

Table 2-4 Environmental parameters 

Property Value 

Seawater density 1.025 te/m3 

Drag coefficient (Cd) 1.2 

Added mass coefficient (Ca) 1.0 
 

2.6.2 Simulation description 

All the simulations in this study were conducted as displacement-controlled, where the 

floating vessel is excited by the forced harmonic periodic motion applied at the HOP. 

Previous research has shown that total fatigue damage for SCRs connected to semi-

submersible vessels can be adequately represented by the fatigue damage corresponding 

to the floating vessel motion parallel to the riser axis at the connection point to the 

vessel (tangential heave motion) (Kimiaei et al., 2010). Thus in this paper, only 

tangential heave perturbation (namely heave perturbations hereafter for more simplicity) 

was applied at the HOP. 

A period (T) of 25s was selected for dynamic analysis. Amplitudes of tangential heave 

motions (H) are 1m and 3m. For static analysis (i.e. ignoring inertia and damping 

effects), Abaqus is able to run such simulations directly (with just performing the 
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simulations in the static mode) and hence the value of period has no impact on the 

outputs. In OrcaFlex (where only dynamic simulations are possible), large enough 

period of loading (T = 250 s in this paper) needs to be selected to simulate static loading. 

Twenty loading cycles were performed for all simulations. 

2.7 BENCHMARKING THE RESULTS 

2.7.1 Dynamic simulations 

The dynamic results of penetration distribution for H = 3 m over the entire riser-seabed 

contact area at the beginning of the simulation (cycle 0), at the end of the 10th and 20th 

cycle are shown in Fig. 2-5. The results obtained from Abaqus match very well with 

those from OrcaFlex. It can be seen that penetration profiles are ladle-shaped and 

change greatly from 0 to 2.5 diameters within the TDZ over the area from arc length 

1150m to 1250m roughly. Most of the penetrations occur during the first 10 cycles. In 

the contact area away from the TDZ where the pipe motions are small, the penetrations 

remain stable and practically identical to the as-laid penetration of the pipe. 

 

Fig. 2-5 Dynamic results of penetration distribution 

The dynamic result of soil normal resistance distribution over the entire riser-seabed 

contact area at the end of the 20th cycle for H = 3 m is shown in Fig. 2-6. The results of 

Abaqus and OrcaFlex match very well. Soil resistance changes greatly within TDZ. 

Negative values of resistance indicate that the reaction force of seabed is suction.  
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Fig. 2-6 Dynamic results of soil normal resistance distribution 

The axial stress time history at TDP (arc length = 1164 m, bottom of the outer surface) 

over the 20 cycles is shown in Fig. 2-7. The axial stress range distribution in TDZ 

during the 20th cycle is shown in Fig. 2-8. It is seen that the agreement between Abaqus 

and OrcaFlex are very good. The axial stress range varies greatly in the vicinity of TDP 

between arc lengths 1150m and 1190m due to the severe variation of bending moment. 

The maximum axial stress range occurs at arc length 1174m and the value obtained 

from Abaqus is a bit less than that from OrcaFlex (about 0.8%). It should be noted that 

the stress level of the first cycle is apparently less than coming cycles (see Fig. 2-7 and 

Fig. 2-11) because the first cycle is set as a build-up stage during which the sea 

conditions are slowly ramped up from zero in order to avoid sudden transients when 

starting a simulation. 
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Fig. 2-7 Dynamic results of axial stress time history 

 

Fig. 2-8 Dynamic results of axial stress range distribution 

2.7.2 Static simulations 

The static results of penetration, resistance distribution, axial stress time history and 

stress range distribution for H=3m are also given. The agreement between Abaqus and 

OrcaFlex are generally good, although with slight difference of penetration in Fig. 2-9 

(and associated resistance in Fig. 2-10) in a certain area only. The maximum difference 

observed is fairly small and is mostly due to the fact that the results for static 

simulations in OrcaFlex are represented by dynamic analysis under motions with very 
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large periods. Fig. 2-10 shows some minor numerical instability in OrcaFlex results for 

arc lengths between 1225m and 1325m. The results from both static and dynamic 

analyses demonstrate that the nonlinear model in Abaqus is fully capable of predicting 

the structural response of a SCR system as OrcaFlex is. 

 

Fig. 2-9 Static results of penetration distribution 

 

Fig. 2-10 Static results of resistance distribution 
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Fig. 2-11 Static results of stress time history 

 

Fig. 2-12 Static results of axial stress range distribution 
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2.8 AXIAL FRICTION 

The riser-seabed interaction in this study focuses primarily on the normal behaviour 

which is the major concern of fatigue related issues. For completeness, a modified 

Coulomb friction model was employed to model the axial friction (SIMULIA, 2014). 

The ideal Coulomb friction model states that a friction force of μP is applied, where μ is 

the friction coefficient and P is the vertical contact reaction force. Instead a modified 

Coulomb model as illustrated in Fig. 2-13 was used to avoid numerical discontinuity. 

This model permits some relative motion of the contact surfaces (an “elastic slip”, γcrit) 

when they should be sticking. While the surfaces are sticking (i.e. γ<γcrit), the magnitude 

of sliding is limited to this elastic slip. The allowable elastic slip is calculated as a small 

fraction of the “characteristic element length” l, given as γcrit =Ff l, where Ff is the slip 

tolerance; the value of Ff in this paper is 0.05. 

 

Fig. 2-13 Ideal and modified Coulomb friction models (SIMULIA, 2014) 

Effect of axial friction on structural response of SCR was investigated by applying 

different friction coefficients ranging from 0.2 to 0.8. The other parameters remained 

the same as those in Table 1-4. The amplitude of tangential heave motion was 1 meter. 

The distribution of axial stress and effective tension at the beginning of the first cycle 

are shown in Fig. 2-14 and Fig. 2-15 respectively. The stress range distribution during 

the 20th cycle is shown in Fig. 2-16. The results show that the axial friction has minor 

effects on the axial stress, effective tension and axial stress range. Therefore axial 

friction can be reasonably ignored when dealing with fatigue issues within TDZ which 

is mainly associated with the stress range. 

Friction force

Slip

+μP

-μP

+γcrit

-γcrit

Friction force

Slip
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Fig. 2-14 Effect of axial friction on axial stress 

 

Fig. 2-15 Effect of axial friction on effective tension 
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Fig. 2-16 Effect of axial friction on axial stress range 

2.9 BILINEAR SOIL PROFILE 

In previous sections, soil shear strength profile was assumed to be changing linearly 

with soil depth and OrcaFlex is only able to define it through a linear profile. However, 

soil shear strength profile for offshore fields in a detail perspective shows a bilinear 

profile as shown in Fig. 2-17 where there is an initial high strength gradient over the 

upper crust before reverting to a typical low strength gradient (De Jong et al., 2013). 

Therefore, effects of a bilinear soil shear strength profile on structural responses of the 

example SCR was investigated in this section. Bilinear and its equivalent linear soil 

profile, as typically shown in Fig. 2-18, were given in Table 2-5. As the soil strengths 

are much greater than those for typical analysis in Table 2-3, a new set of nonlinear soil 

parameters were used as listed in Table 2-6 in order to generate deeper penetration. In 

addition, greater tangential heave amplitude of 4m was adopted. 
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Table 2-6 Nonlinear soil parameters for soil profile study 

Parameter Symbol Value 

Saturated soil density ρsoil 1.5 te/m3 

Power law parameter a 6 

Power law parameter b 0.25 

Normalized maximum stiffness Kmax 200 

Suction ratio fsuc 1.0 

Suction decay parameter λsuc 1.5 

Repenetration parameter λrep 1.0 

Soil buoyancy factor fb 1.5 
 

Dynamic results of both bilinear and linear models are shown in the following figures, 

with results of bilinear model in solid lines and linear in dash. Fig. 2-19 shows the 

snapshots of penetration profiles at the end of different cycles. Results show that the 

bilinear soil profile, as it works with softer soil behaviour for top soil layers, generates 

greater penetration (about 35%). Fig. 2-20 shows the snapshots of different structural 

responses, such as axial force, bending moment and axial stress along the arc length of 

riser within TDZ at the end of 20th cycle. It can be seen that as the variation of axial 

force is small, the distribution of axial stress (at pipe bottom) is almost exactly aligned 

with that of bending moment, which is essentially due to the variation of pipe curvature. 

The peak positions of axial stress and penetration are not exactly the same, with a short 

distance of 5 m for this case.  

The time history of axial stress at critical node (arc length 1165 m for this case) is 

shown in Fig. 2-21. The maximum value of bilinear model is greater than that of linear 

model, while the minimum values are almost identical. It is worth noting that although 

the maximum axial stresses within one motion cycle are increasing, the stress ranges are 

stabilized. The stress ranges of 20th cycle along the riser in TDZ are shown in Fig. 2-22. 

It is observed that bilinear soil profile generates greater stress range (about 5%) and 

subsequently greater fatigue damage ratio. Depending on the SCR characteristics, soil 

properties and applied motions, the bilinear soil profile model may have notable effects 

on fatigue life of the system. Therefore it is worth exploring it in more detail studies in 

the future. 
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Fig. 2-19 Dynamic penetration results (T=25s, H=4m)  

 

Fig. 2-20 Dynamic results of different structural responses 
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Fig. 2-21 Axial stress time history for two soil models 

 

Fig. 2-22 Dynamic results of stress range 

2.10 CONCLUSIONS 

A new user defined element for nonlinear riser-soil interaction analysis of steel catenary 

riser systems was developed and implemented in Abaqus and it was verified against the 

existing one in commercial software package for riser analysis, OrcaFlex. Global SCR 

models were built in Abaqus and OrcaFlex to simulate the SCR global structural 

response with nonlinear riser-soil interactions under static and dynamic cyclic loadings. 

The Abaqus results were matching very well with the OrcaFlex results.  
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It is confirmed that this FE tool is an effective alternative of OrcaFlex in term of 

nonlinear riser-soil interaction studies. Furthermore, the effect of axial friction was also 

accounted for using a modified Coulomb friction model, and the contribution of axial 

soil resistance is negligible in stress range values and can be ignored for SCR analysis. 

Another advantage of the Abaqus model is that pure static analysis can be performed 

directly. In this paper, bilinear soil strength profile that cannot be defined in OrcaFlex 

was modelled in Abaqus and results showed that it can generate greater stress range 

results than typical linear soil profile.  

The benefit of developing a new in-house open source user element rather than using 

the OrcaFlex one is that it can be easily used for future model developments or for more 

detail sensitivity studies in future.  
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CHAPTER 3 EFFECT OF TRENCH DEVELOPMENT ON 

THE STRUCTURAL RESPONSE OF STEEL CATENARY 

RISERS 

3.1 ABSTRACT 

A steel catenary riser (SCR) connected to a floating production platform experiences 

cyclic interaction with the seabed due to cyclic excitation of the floating platform. Even 

moderate trench development changes the characteristics of the SCR interaction with 

the seabed and in general may have a significant effect on the structural response of 

SCR and in particular on its fatigue behaviour within the touchdown zone. However, 

studies published to date have shown contradictory results concerning the effect of a 

trench on the fatigue life. This paper provides an assessment of the effect of trench 

development on the structural response of an SCR through extensive static and dynamic 

simulations using a nonlinear hysteretic seabed model. The seabed model allows 

simulation of gradual development of the trench due to cyclic riser-soil interaction, 

rather than having to pre-define a trench geometry on the seabed. The main aspects that 

may impact the structural response of an SCR, including motion amplitude, motion 

period and soil type are investigated. The overall conclusion is that trench development 

may have different effects on the SCR performance within the touchdown zone, 

depending on the loading conditions, in particular the sequence of cyclic perturbations. 

3.2 INTRODUCTION 

Steel catenary risers (SCRs) provide a technically feasible and commercially efficient 

solution for offshore field developments in deep water. Fatigue design of SCRs in the 

touchdown zone (TDZ) is among the most complicated of engineering challenges in 

riser design. In recent years particular attention has been paid to the importance of 

nonlinear riser-seabed interaction models in estimating fatigue damage (Bridge et al., 

2004; Clukey et al., 2007; Randolph and Quiggin, 2009; Kimiaei et al., 2010; Nakhaee 

and Zhang, 2010; Li and Low, 2012; Wang et al., 2013; Elosta et al., 2014; Shiri, 2014a; 

b; Bai et al., 2015; Kimiaei and Liao, 2015; Hejazi and Kimiaei, 2016). Current 

understanding of this issue has been achieved by numerical simulations, centrifuge 

model tests, full-scale model tests and field observations. Cyclic riser-soil interaction 

leads to a variety of complex nonlinear behaviour including soil suction, separation of 
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the riser from the soil and progressive penetration during cyclic motions. Accurate 

simulation of the riser-soil interaction is therefore of significant engineering interest in 

the structural design of SCRs. 

Industrial practice of fatigue assessment for SCR systems is mainly conducted using 

linear seabed response models due to their simplicity, and also due to limited 

understanding of nonlinear riser-soil interaction. Linear seabed response allows 

simplified design frameworks to be developed for SCR fatigue assessment, for example 

the use of artificial neural networks (Quéau et al., 2014; Quéau et al., 2015). By contrast, 

different forms of non-linear interaction model can affect the fatigue assessment, 

introducing additional sensitivities that are more difficult to quantify (Clukey et al., 

2007; Aubeny and Biscontin, 2009; Nakhaee and Zhang, 2010; Elosta et al., 2014; Shiri, 

2014b; Bai et al., 2015). Although current offshore standards and recommended 

practices have recognized the significance of this issue, they are based mostly on elastic 

seabed response due to the additional complexity and uncertainty arising from nonlinear 

seabed models.  

However, linear seabed response cannot simulate gradual irreversible penetration and 

trench formation during cyclic motions of the riser, even though this is likely to impact 

SCR fatigue performance. In response to this challenge, a number of advanced 

nonlinear seabed models have recently been derived (Jiao, 2007; Aubeny and Biscontin, 

2008; You et al., 2008; Randolph and Quiggin, 2009; Nakhaee and Zhang, 2010; You, 

2012). These are capable of simulating incremental penetration of the riser into the 

seabed and the gradual development of a trench. As an alternative to using nonlinear 

models directly, equivalent elastic seabed stiffness values may be derived from the 

nonlinear models, facilitating practical fatigue assessment (Hejazi and Kimiaei, 2016). 

It is recognized that incremental riser penetration will generally occur within the TDZ 

under cyclic vessel motion, since the upper part of the seabed soil is usually soft and 

susceptible to the effects of cyclic loading. The resulting trench profile, which formally 

represents the resulting seabed profile where the riser to be lifted clear, is more easily 

taken as the riser profile at its deepest penetration (corresponding to the ‘nearest 

approach’ of the vessel). The most relevant measure of the trench depth is the deepest 

penetration of the riser relative to the static penetration under its self-weight (see Fig. 

3-1). In some SCR systems, particularly for tension leg platforms, very deep trenches, 

up to 3-5 diameters have been observed (Bridge and Howells, 2007). However, studies 
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published to date have given contradictory indications as to whether the net effect of a 

trench is to increase or decrease the SCR fatigue life. 

In studying riser-soil interaction, two types of analysis for the effect of trenching can be 

taken into account systematically as shown in Fig. 3-1: 

• Gradual trench development as represented by the shaded area in Fig. 3-1a. In 

this case, the riser is initially laid on a flat seabed and the trench is gradually 

formed exclusively by imposing cyclic motions of the SCR. These motions may 

be part of the actual SCR motion that is the target of the analysis, or may be 

applied initially in order to create the ‘trench’, i.e. to increase the maximum 

embedment depth of the SCR (Kimiaei et al., 2010; Shiri, 2014b; a; Kimiaei and 

Liao, 2015). The trench shape reflects disturbed soil zone due to riser-soil 

interaction assuming elastic-plastic soil deformation which is only partially 

recoverable. As mentioned, a number of nonlinear soil models are capable of 

simulating this. The Nakhaee and Zhang (2010) and You (2012) models lead to 

explicit trenches that deepen with continuing cyclic motion, while the Randolph 

and Quiggin (2009) model represents incremental penetration indirectly by 

means of a gradually deepening zone of soil of very low resistance.  

• Pre-formed trench as indicated in Fig. 3-1b. An initial profile is assumed for the 

seabed, reflecting creation of a trench from a previous history of SCR motions. 

In principle any arbitrary profile may be assumed, over which the SCR is then 

laid, with subsequent cyclic motions of SCR developing further penetration. 

Many researchers have studied this type of trench (Langner, 2003; Leira et al., 

2004; Clukey et al., 2007; Sharma and Aubeny, 2011; Randolph et al., 2013; 

Wang and Low, 2016). Two difficulties arise with this form of analysis. The 

first is that if the chosen profile is not compatible with the naturally resulting 

SCR shape, ‘hot spots’ will result in concentrated high fatigue damage, 

distorting the results of fatigue analysis. The second difficulty is in deciding the 

strength profile below the imposed seabed profile, the question being whether to 

adopt a profile that is consistent in respect of absolute depth, or relative depth 

below the profiled seabed.   
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comprising four heave amplitudes in static motion mode. Shiri (2014b) studied the 

response of the SCR with input motion of two single waves with different orders. 

Maximum von Mises stress ranges with and without initial trench development are 

shown in Fig. 3-3. It is worth noting that the structural response of SCRs has also been 

investigated through centrifuge model tests (Clukey et al., 2011). Fig. 3-4 shows the 

loading time history of Test 6 with Gulf of Mexico soil and results of stress ranges from 

different motions, where M3 represented a 1-yr storm and M2 a 100-yr storm. 

  

Fig. 3-2 Effect of wave sequence (after Kimiaei et al. (2010)): (a) amplitude; (b) period 

 

Fig. 3-3 Structural response due to double wave packs (after Shiri (2014b)): (a) stress 

range variation with swapped wave order; (b) stress range with and without the initial 

trench 

(a)

(b)

(a) (b)
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3.3 NONLINEAR SEABED MODEL 

The nonlinear seabed model presented by Randolph and Quiggin (2009), which is used 

in this study, defines the nonlinear pipe-soil interaction through hysteretic P-z 

relationships, where P and z denote normal seabed reaction force per unit length  and 

penetration of riser below the mudline respectively. The main equations are summarized 

in Appendix A. As shown in Fig. 3-5, in general there are four different penetration 

modes in the model: not in contact, initial penetration, uplift and repenetration. The 

primary input data into the model are the pipe diameter, seabed soil shear strength 

profile (assuming a linear strength profile with mudline intercept su0 and gradient ρ) and 

soil density. Additional parameters defining the soil nonlinear behaviour are: 

normalized maximum stiffness of the pipe-soil response, suction resistance ratio 

(relative to penetration resistance at the current penetration), normalized suction decay 

distance and normalized repenetration offset (which controls the incremental additional 

penetration with each cycle). 

These various input parameters are used to derive the nonlinear hyperbolic functions 

that model the seabed resistance force as a function of the penetration history as detailed 

by Randolph and Quiggin (2009). Key quantities for the hyperbolic functions, in 

particular the contact force and penetration, are updated each time a penetration reversal 

occurs, allowing the model to capture the hysteretic behaviour of the seabed response 

and the increasing penetration of the pipe under vertical cyclic loading. 

 

Fig. 3-5 Soil model characteristics for different modes (Randolph and Quiggin, 2009) 
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This model has been calibrated with test data obtained by Aubeny et al. (2008) and has 

been implemented previously in the commercial software OrcaFlex (Orcina, 2013) 

which is widely used in the industry. In this study the Randolph and Quiggin (2009) 

model is implemented by the authors as a user defined element (UEL) in general finite 

element software Abaqus (SIMULIA, 2014) with implementation flowchart as shown in 

Fig. 3-6. Liu et al. (2016) validated the P-z output from the UEL against that from 

OrcaFlex for any given loading history. 

 

Fig. 3-6 General flowchart of UEL implementation (Liu et al., 2016) 

3.4 SCR SYSTEM MODELLING 

3.4.1 SCR geometric configuration and structural characteristics 

The geometric configuration of the sample global SCR model is displayed in Fig. 3-7 

and the main model parameters are defined in Table 3-1. The 1600 m long SCR is 

connected to a semi-submersible production platform in 1000 m water depth. It 

comprises a 9 inch (0.229 m) diameter SCR with 1 inch (0.025 m) wall thickness, 

submerged weight of 1.03 kN/m and bending stiffness (EI) of 18 MNm2. The top end of 

the riser, which is also referred to as the hang-off point (HOP), is modelled as pinned, 

ignoring any rotational stiffness. The hang-off angle from the downward vertical is 10º. 

This SCR model, modelled in OrcaFlex, was also used by Kimiaei et al. (2010) and 

Kimiaei and Liao (2015). Touchdown point (TDP, where the riser first touches seabed), 

bottom point (BP, the riser node with the deepest penetration) and plateau point (PP, the 

first point beyond which the penetration variation stays within ±1% of the self-weight 
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Howells, 2007). In view of that, the SCR model is restricted to 2D planar conditions, 

with response under in-plane motions only. According to previous studies (Chundary, 

2001; Liu et al., 2016), axial friction has minor effects on the structural response of an 

SCR and can be reasonably ignored. 

Table 3-1 Main characteristics of SCR system 

Category Property  Value/Type 

Geometry 

Vessel type Semi-Submersible 

Water depth 1000 m 

Height of hang-off point 982 m 

SCR total length 1600 m 

Hang-off angle 10° 

Horizontal distance of 
anchor point from HOP 932 m 

Structural 
Properties 

Steel grade API-5L X65 

Minimum yield strength (fy) 450 MPa (65300 psi) 

Coating Nil 

Outer diameter (D) 228.6 mm (9 inch) 

Wall thickness 25.4 mm (1 inch) 

Pipe density 7.85 te/m3 

Content density 0.8 te/m3 (oil) 

Submerged weight (w) 1.03 kN/m 

Young's modulus 212 GPa 

Bending stiffness (EI) 18 MNm2 

Poisson ratio 0.3 

Hydrodynamic 
Properties 

Seawater density 1.025 te/m3 

Drag coefficient (Cd) 1.2 

Added mass coefficient (Ca) 1.0 

 

3.4.2 Modelling process 

As noted previously the nonlinear riser-soil interaction in the TDZ is modelled as 

nonlinear soil springs following the Randolph and Quiggin (2009) model. In addition, a 

series of analysis steps are required in Abaqus to correctly model the bending moment 
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and stress distribution along the catenary shape of SCR due to the lack of tailored 

catenary solver. Liu et al. (2016) provided more detailed information about the 

modelling process and validation of structural responses of the SCR from Abaqus 

against those from OrcaFlex (Orcina, 2013). 

The nonlinear soil properties adopted for this study are characteristic of typical soft clay 

offshore sediments (e.g. the Gulf of Mexico). Two types of soil are considered, namely 

Soil 1 and Soil 2. In these models, undrained shear strength, su, at depth of z is defined 

as a linear function:  

 su(z) = su0 + ρ.z (3-1) 

where ρ is the shear strength gradient. Model parameters for Soil 1 and Soil 2 are 

presented in Table 3-2. In static equilibrium conditions, the TDP is at 1164 m arc length 

from the top for Soil 1 and 1173 m for Soil 2. The seabed is considered to be flat virgin 

soil at the start of simulation and a trench develops gradually due to the effect of 

nonlinear hysteretic riser-seabed interaction.  

Table 3-2 Nonlinear soil parameters 

Parameter Symbol 
Value 

Soil 1 Soil 2 

Mudline shear strength su0 0 kPa 2 kPa 

Shear strength gradient ρ 1.5 kPa/m 

Saturated soil density ρsoil 1.5 te/m3 

Power law parameter a 6 

Power law parameter b 0.25 

Normalized maximum stiffness Kmax 200 

Suction ratio fsuc 0.2 

Suction decay parameter λsuc 1 

Repenetration parameter λrep 0.3 

Soil buoyancy factor fb 1.5 
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3.4.3 Input motion 

The SCR is excited by displacement-controlled input motion applied at the HOP. The 

input motions consist of simple harmonic waves identified as wave packs (WPs), which 

are time varying sinusoidal motions characterized by the vessel’s heave amplitude (H) 

and period (T) applied at the HOP, as shown in Fig. 3-7. The platform and HOP are 

expected to oscillate at their mean positions, disregarding the second-order wave 

motions. Previous research showed that total fatigue damage for SCRs connected to 

semisubmersible platforms can be represented adequately by that corresponding to 

vessel motion parallel to the riser axis at the HOP, known as tangential heave motion 

(Kimiaei et al., 2010). Thus in this paper, all input motions are such tangential heave 

motions (referred to as ‘heave motions’ hereafter).  

The focus of this study is the effect of a gradually developing trench. This type of trench 

is created by an initial cyclic motion and the effect of the trench on the structural 

response of SCR in the subsequent motion is then investigated. For this purpose at least 

two sub-motions or wave packs (WPs) are required, with the first serving as the initial 

motion to create the trench and the second serving as the main motion to simulate the 

structural response for assessing stress ranges relevant for fatigue analysis. The simplest 

scenario, with double wave packs, is adopted in this paper, with two consecutive 

sinusoidal motions applied at the HOP. These motions are studied both statically 

(ignoring all inertia and damping effects) and dynamically. The ranges for heave 

motions (H) and periods (T) are given in Table 3-3. For simplicity hereinafter, 

simulations with nonlinear soil type Soil 1 or Soil 2 are referred to as S1 or S2 and those 

with heave amplitude of i metres or motion period of j seconds are referred to as ‘Hi’ or 

‘Tj’ (or ‘Static’ for motions in static mode). For simulations with double wave packs, 

references are connected in sequence with a hyphen (e.g. Static-T8 refers to a 

simulation with the initial motion being in static mode and the second being with 

dynamic period of 8 seconds). 

Table 3-3 Parameter ranges for single and double wave packs simulations 

Parameters Value range 

Amplitude (H) 1 m, 2 m, 3 m, 4 m 

Period (T) 8 s, 13 s, 25 s, ∞ 
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3.5 NUMERICAL RESULTS 

Results in this study have been normalized as appropriate to allow more generic 

conclusions to be drawn. The penetration (z), arc length (AL), contact force (P, i.e. 

seabed normal resistance) and stress range (Δσ) have been normalized respectively by 

outer diameter (D), arc length of TDP in static equilibrium condition (STDP), submerged 

weight (w) and minimum yield strength of pipe (fy) respectively. 

3.5.1 Single wave pack 

As stated, an initial cyclic motion is required to generate the trench. In this section, the 

initial motion is restricted to a single wave pack consisting of 60 sinusoidal cycles with 

constant amplitude (H = 1 m) in Soil 1. Results for both static and dynamic (T = 13 sec) 

simulations are presented. 

Fig. 3-8 shows the profiles of maximum penetration that the riser reaches in selected 

cycles. The general profiles are ladle shaped, with deepest penetration up to 1.93D and 

2.26D (relative to mudline), or 0.34D and 0.67D (relative to self-weight penetration) for 

static and dynamic motions respectively. The dynamic penetrations are deeper than for 

static conditions, but maintaining similar and consistent shapes. It is clear that the 

hysteretic nonlinear seabed model leads to gradually deepening trenches with increasing 

cycles. However, the rate of increasing penetration reduces markedly with increasing 

cycle numbers.  

 

Fig. 3-8 Maximum normalised penetration (Soil 1, H=1m): (a) Static; (b) Dynamic 

(T=13s) 

Fig. 3-9 shows the maximum and minimum normalised contact forces per unit length in 

selected cycles and the envelope of contact forces for the entire time history. Negative 
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contact force indicates suction. Dynamic results due to dynamic amplification effects 

are slightly greater than the corresponding static values. The maximum contact force 

increases gradually up to between 1.2 and 1.3 times the submerged weight of pipe for 

static and dynamic motions respectively while the rate of increase reduces cycle by 

cycle until the envelope is almost stabilized after the 30th cycle. For normalized arc 

length greater than 1.05, the normalized contact force approaches 1, i.e. with contact 

force equal to the riser self-weight. 

 

Fig. 3-9 Envelopes of normalised contact force (Soil 1, H=1m): (a) Static, Maximum; 

(b) Static, Minimum; (c) Dynamic (T=13s), Maximum; (d) Dynamic (T=13s), 

Minimum 

Stress range is defined as the difference between maximum and minimum stress in a 

cycle (i.e. Δσ = σmax - σmin) at a given location. Stress range magnitude is used for 

fatigue calculations using an S-N curve approach, where S is the stress range (fatigue 

strength) and N is the corresponding number of cycles to failure (DNVGL, 2016). 

Following Miner’s rule, the total induced fatigue damage is calculated as: 
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i
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Table 3-4 Load cases of two motion scenarios with double wave packs (WPs) 

Scenario 1 Scenario 2 

Load cases WP1 WP2 Load cases WP1 WP2 

Ascending 
order of 
amplitudes 

LC1 H1 H2 

Descending 
order of 
periods 

LC1 Static T25 

LC2 H1 H3 LC2 Static T13 

LC3 H1 H4 LC3 Static T8 

LC4 H2 H3 LC4 T25 T13 

LC5 H2 H4 LC5 T25 T8 

LC6 H3 H4 LC6 T13 T8 

Descending 
order of 
amplitudes 

LC7 H2 H1 

Ascending 
order of 
periods 

LC7 T25 Static 

LC8 H3 H1 LC8 T13 Static 

LC9 H4 H1 LC9 T8 Static 

LC10 H3 H2 LC10 T13 T25 

LC11 H4 H2 LC11 T8 T25 

LC12 H4 H3 LC12 T8 T13 
 

3.5.2.1 Maximum penetration 

For Scenario 1, penetration results of pairs LC6 – LC12 and LC4 – LC10 are plotted in 

Fig. 3-12 and Fig. 3-13 respectively. The figures show envelope profiles of maximum 

penetrations that pipe elements in the TDZ have ever experienced (i.e. the largest soil 

zone that has ever been disturbed) during each WP. The maximum penetration profiles 

generated by the first wave pack (WP1) are deemed the ‘trenches’, the impact of which 

on the second wave pack (WP2) is investigated. All the values of normalised maximum 

penetration (or trench depth, relative to self-weight penetration) are summarised in 

Table 3-5, ranging from 0.29D to 4.23D for Soil 1, and from 0.14D to 2.24D for Soil 2.  

For ascending order LCs (LC6 & LC4), in most cases, penetrations during WP2 are 

greater than those during WP1 for all locations throughout the TDZ. However there are 

still exceptions such as LC4, a dynamic (T = 13 s) simulation for Soil 2 as shown in Fig. 

3-13b. Although the maximum penetrations throughout the TDZ (i.e. values at BP) 

during WP1 and WP2 are almost the same (0.31D relative to self-weight penetration), a 

small number of pipe elements experience shallower penetrations during WP2 than 

during WP1.  
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Fig. 3-12 Maximum penetration envelopes (Scenario 1, LC6 – LC12): (a) Soil 1, Static; 

(b) Soil 1, Dynamic (T=8s); (c) Soil 2, Static; (d) Soil 2, Dynamic (T=8s) 

 

Fig. 3-13 Maximum penetration envelopes (Scenario 1, LC4 – LC10): (a) Soil 2, Static; 

(b) Soil 2, Dynamic (T=13s) 
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Table 3-5 Normalised maximum riser penetrations developed by the first wave pack 

Trench development 
motion (WP1) 

Max riser penetration/D  
(relative to self-weight penetration) 

S1 S2 

Static 

H1 0.29 0.14 

H2 0.53 0.20 

H3 0.73 0.26 

H4 0.88 0.30 

T25 

H1 0.43 0.19 

H2 0.78 0.29 

H3 0.97 0.32 

H4 1.10 0.33 

T13 

H1 0.61 0.23 

H2 0.94 0.31 

H3 1.08 0.30 

H4 1.11 0.39 

T8 

H1 0.76 0.28 

H2 1.06 0.30 

H3 1.72 0.66 

H4 4.23 2.24 

 

In LC6 or LC4, after experiencing WP1 with smaller heave amplitude (H3 or H2), the 

maximum penetration due to WP2 with larger heave amplitude (H4 or H3), is identical 

to or slightly larger (within 4%) than that due to WP1 with H4 in LC12 or with H3 in 

LC10 (i.e. single WP simulation without an initial trenching phase). This indicates that 

trenches developed initially by smaller heave amplitudes have no significant effect on 

the maximum penetration and trench profile due to the subsequent motions with larger 

heave amplitude. While in LC12 or LC10, after experiencing WP1 with larger heave 

amplitude (H4 or H3), the penetration due to WP2 with smaller heave amplitude (H3 or 

H2), is notably larger than that due to WP1 with H3 in LC6 or with H2 in LC4 (i.e. 

single WP simulation without an initial trenching phase). This shows that trenches 

created initially by larger heave amplitude leads to greater maximum penetration and 

more extended trench profile with respect to the following motions with smaller heave 

amplitude. 

3-81 



Chapter 3 

When motion amplitude changes, greater or smaller amplitude motion renders more or 

less extensive along the TDZ, with the TDP shifting towards platform side or anchor 

side respectively, and corresponding redistribution of soil resistance occurs along the 

length of the riser within the TDZ.  

For Scenario 2, profiles of maximum penetrations of the pair LC5 – LC11 are plotted in 

Fig. 3-14. The results are similar to what was presented in Scenario 1 to a great extent. 

The trench arising from the smaller period motion increases penetration of WP2 

significantly, while that due to larger period motion has minor effect.  

 

 

Fig. 3-14 Maximum penetration envelopes (Scenario 2, LC5 – LC11): (a) Soil 1, H=1m; 

(b) Soil 1, H=4m; (c) Soil 2, H=1m; (d) Soil 2, H=4m 
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3.5.2.2 Stress range 

Stress range is an important output of the structural response of the SCR and is essential 

in fatigue assessment. As stated previously, results of stress range for the last cycle (i.e. 

30th cycle) of each WP are adopted in this study as they are deemed to be stabilized. The 

effect of trench development is quantified herein in terms of normalised maximum 

stress range and is summarized in Table 3-6 and Table 3-7 for Scenario 1, and Table 3-8 

and Table 3-9 for Scenario 2, where stress ranges due to the main motion (WP2) have 

been normalised by the values for the corresponding ‘flat seabed’ case, i.e. single WP 

simulation without an initial trenching phase. The normalised maximum stress range is 

referred to as ‘stress range ratio’ and used to represent each simulation case. The stress 

range ratio greater than 100% indicates that the trench development leads to greater 

maximum stress range showing a potentially detrimental effect on fatigue performance, 

while the stress range ratio less than 100% indicates that the trench development leads 

to smaller maximum stress range showing a potentially beneficial effect on fatigue 

performance.  

For Scenario 1, the effect of trench development is generally less significant with the 

increment of stress range ratio within ±7% (from -3% to +7% for Soil 1 and from -6% 

to +6% for Soil 2). The upper triangular parts of Table 3-6 and Table 3-7 correspond to 

cases with initial trenches created by the motion with heave amplitudes relatively 

smaller than the main motion. Results show that in this situation, the trench has 

negligible effect on the maximum stress range regardless of soil type, motion period and 

depth of initial trench development. In contrast, the lower triangular parts of Table 3-6 

and Table 3-7 correspond to cases with initial trenches created by the motion with heave 

amplitudes relatively greater than the main motion. In this situation, for both S1 and S2 

and for all trench development cases except ‘T8’, trench development has a detrimental 

effect on the structural response (up to +7% for S1 or +6% for S2). For ‘T8’ cases 

where the SCR system is under severe initial dynamic motion, the trench development 

starts to show some beneficial effects. It appears that S1 cases give greater stress range 

ratios in comparison with corresponding S2 cases. Note that greater depth of trench 

development does not necessarily lead to greater stress range ratio. For example, a 

severe trench development of 4.23D created by S1-T8-H4 only increases the maximum 

stress range due to a main motion of H1 by +1% which is less than +6% of the 

increment of stress range ratio given by a more moderate trench development of 1.06D 

under the same main motion but with a lower initial motion of S1-T8-H2. 
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Table 3-6 Normalised maximum stress range due to the trench (Scenario 1, Soil 1) 

Trench development  
motion (WP1) dmax/D* 

Main motion (WP2) with corresponding soil type and period 
H1 H2 H3 H4 

S1-Static 

H1 0.29 - 100% 100% 100% 
H2 0.53 103% - 100% 100% 
H3 0.73 105% 103% - 100% 
H4 0.88 105% 104% 103% - 

S1-T25 

H1 0.44 - 100% 100% 100% 
H2 0.78 104% - 100% 100% 
H3 0.97 105% 104% - 100% 
H4 1.10 104% 105% 104% - 

S1-T13 

H1 0.61 - 100% 100% 100% 
H2 0.94 104% - 100% 100% 
H3 1.08 105% 106% - 100% 
H4 1.11 103% 107% 103% - 

S1-T8 

H1 0.75 - 100% 100% 100% 
H2 1.06 106% - 100% 100% 
H3 1.72 104% 99% - 100% 
H4 4.23 101% 97% 98% - 

*- dmax/D is normalised maximum riser penetration relative to self-weight penetration developed by the first wave pack 

 

Table 3-7 Normalised maximum stress range due to the trench (Scenario 1, Soil 2) 

Trench development  
motion (WP1) dmax/D* 

Main motion (WP2) with corresponding soil type and period 
H1 H2 H3 H4 

S2-Static 

H1 0.14 - 100% 100% 100% 
H2 0.20 100% - 100% 100% 
H3 0.26 100% 101% - 100% 
H4 0.30 100% 102% 102% - 

S2-T25 

H1 0.19 - 100% 100% 100% 
H2 0.29 101% - 100% 100% 
H3 0.32 101% 103% - 100% 
H4 0.33 100% 103% 105% - 

S2-T13 

H1 0.23 - 100% 100% 100% 
H2 0.31 103% - 100% 100% 
H3 0.30 102% 106% - 100% 
H4 0.39 100% 105% 101% - 

S2-T8 

H1 0.28 - 100% 100% 100% 
H2 0.30 104% - 100% 100% 
H3 0.66 101% 99% - 100% 
H4 2.24 96% 94% 97% - 

*- dmax/D is normalised maximum riser penetration relative to self-weight penetration developed by the first wave pack 
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Table 3-8 Normalised maximum stress range due to the trench (Scenario 2, Soil 1) 

Trench development  
motion (WP1) dmax/D* 

Main motion (WP2) with corresponding soil type and amplitude 
Static T25 T13 T8 

S1-H1 

Static 0.29 - 100% 100% 100% 
T25 0.44  102% - 100% 100% 
T13 0.61 104% 103% - 100% 
T8 0.75 104% 104% 102% - 

S1-H2 

Static 0.53 - - 100% 100% 
T25 0.78 103% - 100% 100% 
T13 0.94 104% 104% - 100% 
T8 1.06 111% 105% 105% - 

S1-H3 

Static 0.73 - 100% 100% 100% 
T25 0.97 103% - 100% 100% 
T13 1.08 104% 105% - 100% 
T8 1.72 103% 105% 104% - 

S1-H4 

Static 0.88 - 100% 100% 100% 
T25 1.10 104% - 100% 100% 
T13 1.11 103% 102% - 100% 
T8 4.23 101% 104% 100% - 

*- dmax/D is normalised maximum riser penetration relative to self-weight penetration developed by the first wave pack 

 

Table 3-9 Normalised maximum stress range due to the trench (Scenario 2, Soil 2) 

Trench development  
motion (WP1) dmax/D* 

Main motion (WP2) with corresponding soil type and amplitude 
Static T25 T13 T8 

S2-H1 

Static 0.14 - 100% 100% 100% 
T25 0.19 100% - 100% 100% 
T13 0.23 101% 101% - 100% 
T8 0.28 102% 102% 101% - 

S2-H2 

Static 0.20 - 100% 100% 100% 
T25 0.29 101% - 100% 100% 
T13 0.31 102% 103% - 100% 
T8 0.30 104% 103% 105% - 

S2-H3 

Static 0.26 - 100% 100% 100% 
T25 0.32 102% - 100% 100% 
T13 0.30 102% 105% - 100% 
T8 0.66 102% 104% 99% - 

S2-H4 

Static 0.30 - 100% 100% 100% 
T25 0.33 102% - 100% 100% 
T13 0.39 101% 100% - 100% 
T8 2.24 100% 100% 100% - 

*- dmax/D is normalised maximum riser penetration relative to self-weight penetration developed by the first wave pack 
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Profiles of stress range within the TDZ of two pairs of LCs (LC6 – LC12 and LC4 – 

LC10) for Scenario 1 are shown in Fig. 3-15 and Fig. 3-16 respectively, where values 

are normalised by the minimum yield strength of the steel pipe (fy = 450 MPa). In LC6 

or LC4, after experiencing WP1 with smaller heave amplitude (H3 or H2), the 

maximum stress range and the profile within the TDZ of WP2 with larger heave 

amplitude (H4 or H3) are almost identical to those of WP1 with H4 in LC12 or with H3 

in LC10 (i.e. single WP simulation without the initial trench development). This means 

that initial trenches created by smaller heave amplitudes have no effect on either the 

maximum stress range or stress range profile with respect to subsequent motions with 

larger heave amplitude. For a descending order LC (e.g. LC12 or LC10), after 

experiencing WP1 with larger heave amplitude, the maximum stress range due to WP2 

with smaller heave amplitude can be either marginally smaller (as seen in Fig. 3-15c, d) 

or greater (as seen in Fig. 3-15a, b and Fig. 3-16a, b) than that of WP1 (i.e. single WP 

simulation without initial trench). However, this increase or decrease in stress range 

primarily occurs around the peak point and does not hold true throughout the TDZ.  

For Scenario 2, the effect of trench development is also less marked with the increment 

of stress range ratio ranging from -1% to +11% (see Table 3-8 and Table 3-9). Profiles 

of stress range within the TDZ of the pair LC5 – LC11 are shown in Fig. 3-17. In LC5, 

after experiencing WP1 with larger period (T25), the maximum stress range and the 

profile within the TDZ of WP2 with smaller period (T8) is almost identical to that of a 

single WP1 with T8 in LC11 (i.e. single WP simulation without an initial trench). While 

in LC11, after experiencing WP1 with smaller period (T8), the maximum stress range 

due to WP2 with larger period (static) marginally exceeds (within +5%) that of a single 

WP1 with T25 in LC5 (i.e. single WP simulation without an initial trench). Again, the 

increase in stress range primarily occurs around the peak point.  

It is also interesting to observe that most of the cases with stress range ratio less than 

100% in Table 3-6 and Table 3-7 are those with severe trench development with depths 

1.72D, 2.24D and 4.23D created by motions S1-T8-H3, S2-T8-H4 and S1-T8-H4 

respectively. This means that deep trench development (deeper than about 1.5D here) 

tends to decrease the maximum stress range, and thus have potentially beneficial effect 

on the fatigue performance of the SCR within the TDZ, not marked though. The 

beneficial effect of deep trench is observed mainly from cases of Scenario 1, while the 

trench depth appears to have little impact for cases of Scenario 2. 

3-86 



Effect of trench development on the structural response of SCRs 

 

Fig. 3-15 Stress range profiles (Scenario 1, LC6 – LC12): (a) Soil 1, Static; (b) Soil 2, 

Static; (c) Soil 1, Dynamic (T=8s); (d) Soil 2, Dynamic (T=8s) 

 

 

Fig. 3-16 Stress range profiles (Scenario 1, LC4 – LC10): (a) Soil 2, Static; (b) Soil 2, 

Dynamic (T=13s) 
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3.5.2.4 Discussion 

The observations presented here  are consistent with those from Kimiaei et al. (2010), 

which showed similar effects of wave sequence on the maximum stress range. The 

current study extends the conclusion of that study from maximum stress range to the 

stress range distribution throughout the TDZ, revealing that these effects (i.e. the 

increase in maximum stress range) only hold true at some locations while the counter 

effect may occur elsewhere. Indeed, the counter effect was observed by Kimiaei and 

Liao (2015) showing that motions with descending order of amplitude did not always 

render larger stress ranges for later wave packs. Due to the transformation of the stress 

range profile as shown in Fig. 3-15, Fig. 3-16 and Fig. 3-17, stress ranges at certain 

locations within the TDZ might experience reduction and the selected points in Kimiaei 

and Liao (2015) paper were probably among those locations. 

Double wave pack loading with varying heave amplitudes was previously studied by 

Shiri (2014b) indicating that the larger amplitude initial motion enhanced the maximum 

stress range of subsequent motions with smaller amplitude as shown in Fig. 3-3. The 

current study is consistent with that paper and extends the study of static input motion to 

dynamic cases with more motion parameters and scenarios. 

The centrifuge results as shown in Fig. 3-4 revealed that after applying a more robust 

loading (100-yr storm), the maximum stress range of subsequent 1-yr storms was 

marginally larger (within 4%) than the 1-yr storms occurring initially, indicating similar 

effects of the initial trench as in the current study. However results from laboratory clay 

(Speswhite kaolin) revealed a somewhat different effect, complicating the problem. 

3.6 CONCLUSIONS 

Determination of fatigue life in the TDZ is one of the primary concerns for SCR design 

and is strongly affected by the riser-soil interaction in this area. This paper has 

presented a comprehensive study of the effect of an initial trench (formed by motions 

prior to the main motions to be studied) on the structural response of a SCR in the TDZ. 

While it is commonly understood that cyclic riser-seabed interaction can lead to gradual 

remoulding of the seabed and a deepening trench, there have been conflicting comments 

in the literature regarding the effect of trenches on the fatigue performance. 

Extensive simulations were performed with two types of soil profiles, four typical 

motion amplitudes (from small to large) and four typical motion periods (from static to 
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high frequency). Two different motion scenarios were considered: wave packs with the 

same period but different amplitudes, and with the same amplitude but different periods. 

The principal structural responses of SCR including penetration, contact force and stress 

range were investigated. 

The trench arising from a milder initial motion (i.e. a motion with smaller heave 

amplitude or greater period) had minor impact on the penetration but no impact on the 

stress range (neither on the maximum value nor the profile) due to a subsequent more 

severe motion. In turn, the trench formed by a more severe initial motion results in 

marked increase in maximum penetration but less marked increase (or decrease for 

some cases) in the maximum stress range due to a subsequent milder motion in the 

vicinity of the peak point. 

The maximum depth of trench created in this study ranges from 0.14D to 4.23D 

(relative to self-weight penetration), covering a full range of trench development from 

moderate to severe. Results showed that having a severe trench development initially 

was a necessary condition to decrease the maximum stress range, i.e. to obtain 

beneficial effect on the fatigue life of the SCR within the TDZ, though the effect was 

less marked. Softer soil type (Soil 1) led to deeper (relative) penetration and smaller 

stress range than stiffer soil type (Soil 2) as anticipated. In addition, the effects of trench 

development for Soil 1 were slightly greater than for S2 correspondingly. 

This paper has reproduced the experimental results regarding the effect of wave loading 

sequence on the structural response of SCR. It has also extended previous numerical 

studies on the effect of wave sequence and provided reasonable explanations regarding 

previously conflicting observations. 
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CHAPTER 4 SIMULATION OF PRE-FORMED SEABED 

TRENCH AND ITS EFFECT ON THE FATIGUE 

PERFORMANCE OF STEEL CATENARY RISERS 

4.1 ABSTRACT 

Steel catenary risers (SCRs) are considered as one of the most attractive oil and gas 

transmission solutions in offshore engineering. Field investigation shows that an SCR 

subject to cyclic environmental loads will dig itself a trench which may have significant 

impact on the structural response and fatigue performance of the riser particularly in the 

touchdown zone. It is recognised that sensible simulation of trench formation or its 

explicit modelling is important for accurate and reliable fatigue assessment for an SCR. 

Based on an existing nonlinear seabed model, this paper proposes a consistent trench 

modelling procedure, through which a series of vertical pre-formed trenches (profiled 

seabed) due to cyclic riser-seabed interaction are modelled as intact curved surfaces 

upon which the SCR lays. By comparing the simulation outputs of global models with 

and without pre-formed trench for varying nonlinear soil types and ambient conditions, 

the trench effect on the fatigue performance of the SCR in the TDZ during cyclic 

interaction is investigated.  

Results reveal that, depending on the trench depth and the cyclic motion then applied on 

the riser, the trench model generally gives greater maximum stress range compared with 

a flat seabed and the maximum stress ranges are greater for deeper trenches. The 

greatest stress range indicating most detrimental effect occurs for the deepest trench 

models. However, results also show that stress range is sensitive to the shape of the 

trench profiles, and hence it is difficult to draw robust conclusions regarding whether a 

trench may or may not help enhance fatigue life. In exploring the basis for how a trench 

affects the fatigue performance, it is evident that in many cases the main source of 

variations of the dynamic stress range is slight mismatch of the riser and trench profiles. 

4.2 INTRODUCTION 

A steel catenary riser (SCR), as its name implies, is a steel conductor pipe hung from a 

floating facility to the seabed in a simple catenary shape. SCRs are extensively 

deployed in deepwater field developments due to their commercial efficiency, 
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simplicity in shape and compliance with floater motions. However, the fatigue life in 

the touchdown zone (TDZ) remains one of the most challenging issues. Excited by 

periodic floater motions at the hang-off point (HOP), the SCR makes repeated contact 

with the seabed and is observed to create a vertical trench, potentially up to a few pipe 

diameters in depth, which in turn leads to the riser eventually resting on stiffer soil at 

the bottom of the trench. Compared with flat seabed, the profiled seabed changes the 

characteristics of riser-seabed interaction and hence is expected to have a substantial 

effect on the structural response of the SCR, particularly with respect to fatigue damage 

around the touchdown point (TDP, where the riser first touches seabed). Therefore the 

potential development of a trench is an important consideration in SCR fatigue design, 

but accurate understanding and modelling of the trench is critical in order to ensure that 

the subsequent fatigue study is reliable. 

Field observations from remotely operated vehicles (ROVs), and also the large scale 

harbour test from the STRIDE JIP (joint industry project), have indicated that seabed 

trenches develop and stabilize quite rapidly, with the majority of riser penetration 

completed within the first one or two years of the SCR service life (Willis and West, 

2001; Bridge and Howells, 2007). The timescale of trench formation is relatively short 

compared with the SCR design life of up to 20 years. In view of the potentially 

significant impact of a deep trench in the SCR structural response, it is reasonable to 

ignore the duration and associated fatigue damage during development of the trench, 

adopting the ‘post-trench’ seabed profile as the basis for subsequent fatigue analysis. 

This requires techniques to establish a pre-formed trench, together with a logical basis 

for estimating the soil strength profile below the riser invert (relative to in situ 

conditions) prior to the simulation of riser-seabed interaction. 

Current research of trench effects has been achieved mainly by numerical simulations, 

although centrifuge model tests have also shed light on the issue. A summary of 

different studies was provided by Clukey et al. (2017), who noted no clear consensus as 

to whether the net effect of the pre-formed trench is to increase or decrease the SCR 

fatigue life, hence provide the motivation for this study. 

In this paper, procedures to establish the pre-formed trench are presented first. Using a 

nonlinear hysteretic seabed model, the cyclic response of a specific SCR model is 

simulated, generating a range of shallow to deep riser penetrations within the TDZ. 

Corresponding trench profiles are then established by post-processing. The trench 
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bottom is considered to have a different soil strength profile (relative to the trench 

bottom) from the initial seabed. Appropriate soil shear strength profiles from the trench 

surface are therefore developed. Subsequently, through typical static and dynamic 

simulations considering varying ambient conditions and soil types, the effect of a trench 

is investigated by comparing SCR structural responses with and without the presence of 

a pre-formed trench. Finally the sensitivity and rationality of results are discussed and 

the mechanisms for different, positive or negative, trench effects are explored.  

4.3 TRENCH MODELLING BACKGROUND 

4.3.1 Nonlinear seabed model 

The nonlinear hysteretic seabed model presented by Randolph and Quiggin (2009), 

which was calibrated with test data obtained by Aubeny et al. (2008), is adopted in this 

study. In this model, nonlinear hyperbolic functions are used to quantify four different 

modes: penetration, uplift, repenetration and ‘not in contact’. The model allows the 

level of suction (during uplift) to be defined, relative to the penetration resistance, and 

also captures the hysteretic behaviour of the seabed response with increasing 

penetration of the pipe under vertical cyclic motion. Although no precise trench depth is 

defined (in the sense of adjusting the seabed level following separation of the riser), 

exponential reduction in resistance occurs following the point of maximum suction with 

a similar (increasing) function used during repenetration (Randolph and Quiggin, 2009). 

Here, the ‘trench depth’ profile is taken as that of the riser invert at maximum 

penetration, ignoring the relatively small rebound during uplift.    

The Randolph-Quiggin (referred to as RQ hereafter) model has been implemented in the 

commercial software OrcaFlex (Orcina, 2017) which is widely used in the offshore 

industry. The RQ model has also been implemented as a user defined element (UEL) in 

the general finite element (FE) software Abaqus (SIMULIA, 2014), with the 

implementation validated through comparison with OrcaFlex (Liu et al., 2016).  

4.3.2 Existing research on trench models 

Field observations (Bridge and Howells, 2007) have provided direct insight regarding 

the shape and extent of trenches, which typically have a ladle-shaped vertical profile 

and bell-shaped lateral profile. In order to study trench effects, a vertically profiled 

seabed is required to be created as a prerequisite. In what follows, key papers that 
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address SCR trench profile modelling are summarized, including observations on the 

resulting positive or negative influence on fatigue damage. 

As an early researcher, Langner (2003) proposed a trench shape of 1.8D in depth 

comprising a seventh-order polynomial fit to an actual riser profile, completed with a 

circular arc in front of the touch down point. He assessed the trench effect by comparing 

the bending strain distribution in the TDZ for flat and profiled seabeds, arguing that the 

trench should improve the fatigue life.  

Leira et al. (2004) established a 2D initial trench following the ‘CARISIMA trench 

procedure’ which treated TDPs of three different vessel positions (near, far and mean) 

as control points and produced smooth fitting functions between them. A trench effect 

study was then conducted using the CARISIMA suction seabed model for conditions 

representative of the North Sea, Gulf of Mexico and West Africa. These led to large 

negative influence for the first case, but minor beneficial effects for the other two. 

Clukey et al. (2007) evaluated the riser response of different trench depth with the same 

CARISIMA trench procedure but with another hyperbolic soil model presented by 

Bridge et al. (2004). Sharma and Aubeny (2011) adopted a similar procedure which 

allowed for near and far offset, and studied the effect of a 3.5D pre-formed trench on 

linear response seabed. Both studies showed that the fatigue damage reduced compared 

with a flat seabed.  

Shiri and Randolph (2010) used the RQ seabed model with initial parameters set 

initially to allow relatively deep penetration of a riser under a few 10s of intense 

motions, before adjusting the model parameters and then conducting a fatigue study. 

Shiri (2014a) used a similar approach but also explored a quadratic exponential 

geometry for ‘pre-trench’ shape modelling. In both cases, only static (no inertial effects) 

perturbation cycles were modelled, but the amount of fatigue damage was found to 

increase as the trench deepened. 

Liu et al. (2018b) used a similar approach to Shiri, simulating trench formation by 

applying initial large riser perturbations in conjunction with the RQ soil model without 

establishing an initial trench explicitly in advance. Their results were consistent with the 

findings of Shiri, in that the trench formation increased the maximum stress ranges. 

A variation of the above method was presented by Li and Low (2014). Instead of 

utilising the raw riser profile directly, they used a shifted lognormal distribution (SLD) 
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as a fitting function to smooth out some unevenness of the raw profile and then 

extrapolated the resulting profile to the desired trench depth. They examined trenches 

up to 2 diameters deep and concluded that there was generally a reduction in fatigue 

damage with increasing trench depth. 

Randolph et al. (2013) provided a new ‘stepped approach’ to represent a simplified 

trench profile analytically and compared trench effects with two other profiles for both 

linear and nonlinear seabed models. In the majority of cases studied, a trench was found 

to have a beneficial effect on fatigue, although in some cases (in particular using 

profiles from Langner (2003)), the trench was detrimental. 

Experimental studies from centrifuge model testing have been reported by Elliott et al. 

(2013) and Clukey and Zakeri (2017). In both cases, some reduction in bending moment 

range (hence fatigue damage) was noted, either during deepening of a trench due to 

cyclic riser motions, or comparing the riser response in a pre-excavated trench with that 

on an initially flat seabed. 

Wang and Low (2016) proposed a new parametric formulation for trench profile by 

optimizing the length and horizontal position of an existing cubic geometry presented 

by Aubeny and Biscontin (2008). Their results indicated that the pre-formed trench with 

a sufficiently matching geometry was beneficial for the fatigue life of an SCR. 

Although the above studies have given contradictory indications as to whether a trench 

is beneficial or detrimental to SCR fatigue life, most have a similar trench modelling 

strategy in principle, which is to pre-form an undisturbed profiled seabed before laying 

the SCR and then applying cyclic riser perturbation. These trenches vary in shape and 

most of them are artificially pre-determined. Therefore so far there are no golden laws 

that can be relied on in terms of predicting the precise shape and depth of the trench. In 

situ observations of trenches from ROV surveys are extremely useful but limited, 

lacking in dimensional data of the leading part (catenary side, from trench mouth to 

trench bottom), which is anticipated to have substantial effect on the riser response 

(Bridge and Howells, 2007; Randolph et al., 2013). Two questions arise with the 

analysis of pre-formed trenches. The first is whether the chosen profile is compatible 

with the SCR shape and the second is how to define the soil strength profile below the 

imposed seabed profile. Both of these questions are considered in the present study. 
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4.3.3 Trench modelling strategy in this paper 

The study focuses on pre-formed trenches. As stated earlier, considering that the 

duration of trench formation is small relative to the operating life of an SCR, it is 

assumed that an intact profiled seabed is set as the initial boundary condition of riser 

fatigue analysis and has to be created prior to any loading application. 

Within the limitations of any particular soil model, the approach of using it to simulate 

the maximum influence depth due to cyclic riser-seabed interaction would appear the 

most appropriate for creating a suitable trench profile. The riser profile provides a 

naturally matching geometry customized to the particular global SCR model and 

therefore an excellent basis for a pre-formed trench. In the present study, the basic 

modelling strategy was to firstly obtain riser penetration shapes under given cyclic 

motions using the RQ nonlinear model and then transform those into new analyses as 

pre-formed trench profiles. Detailed procedures are reported later in conjunction with 

specific cases. 

This research focuses on trench profiles arising solely from cyclic riser motions and 

their effects on the structural response and fatigue design of SCRs subject to cyclic 

loads. In practice, other processes such as water entrainment during the uplift and 

repenetration strokes of the riser can lead to softening of the soil and scour, contributing 

to the trench development (Clukey et al., 2008a). The trench profiles resulting from 

such process might well differ from those simulated in the present study. 

4.4 GLOBAL MODELLING OF SCR SYSTEM 

4.4.1 General configuration and structural characteristics 

A global finite element model of an SCR system was built into Abaqus (SIMULIA, 

2014) to evaluate the SCR response and trench effects. The general configuration of an 

SCR with a pre-formed trench is shown in Fig. 4-1 and the main model parameters 

adopted here are summarized in Table 4-1. The same SCR model, modelled in OrcaFlex, 

was also used by Kimiaei et al. (2010) and Kimiaei and Liao (2015) with the only 

difference being that no flexjoint is attached at the HOP in the present study. The trench 

profile around the TDP is indicated in an enlarged view, with the main feature points 

such as trench start point, bottom point and trench end point highlighted schematically 

in Fig. 4-1.  
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Table 4-1 Main characteristics of SCR system 

Category Property  Value/Type 

Geometry 

Vessel type Semi-Submersible 

Water depth 1000 m 

Height of hang-off point 982 m 

SCR total length 1600 m 

Hang-off angle from vertical 10° 

Horizontal distance of anchor 
point from the HOP 

932 m 

Structural 
Properties 

Steel grade API-5L X65 

Minimum yield strength (fy) 450 MPa (65300 psi) 

Coating Nil 

Outer diameter (D) 228.6 mm (9 inch) 

Wall thickness 25.4 mm (1 inch) 

Pipe density 7.85 te/m3 

Content density 0.8 te/m3 (oil) 

Submerged weight (w) 1.03 kN/m 

Young's modulus 212 GPa 

Bending stiffness (EI) 18 MNm2 

Poisson ratio 0.3 

Hydrodynamic 
Properties 

Seawater density 1.025 te/m3 

Drag coefficient (Cd) 1.2 

Added mass coefficient (Ca) 1.0 
 

4.4.2 Modelling process 

Using the RQ nonlinear seabed model, Liu et al. (2016) developed a UEL subroutine in 

Abaqus for structural response analysis of SCRs under cyclic motions and the model 

was validated extensively against OrcaFlex. The nonlinear soil properties adopted for 

the present study are characteristic of typical soft clay offshore sediments (e.g. the Gulf 

of Mexico). Two types of soil are considered, namely Soil 1 and Soil 2, representing 

relatively ‘soft’ and ‘stiff’ seabeds. Model parameters are summarized in Table 4-2.  
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Table 4-2 Nonlinear soil parameters 

Parameter Symbol 
Value 

Soil 1 Soil 2 

Mudline shear strength su0 0 kPa 2 kPa 

Shear strength gradient ρ 1.5 kPa/m 

Saturated soil density ρsoil 1.5 te/m3 

Power law parameter a 6 

Power law parameter b 0.25 

Normalised maximum stiffness Kmax 200 

Suction ratio fsuc 0.2 

Suction decay parameter λsuc 1 

Repenetration parameter λrep 0.3 

Soil buoyancy factor fb 1.5 
 

4.4.3 Input motion 

The SCR analysis is assumed to be an uncoupled time domain analysis, meaning that 

the motions of floater and riser are not calculated simultaneously. For simplicity, the 

SCR is excited by displacement-controlled input motion applied at the HOP consisting 

of simple sinusoidal wave trains characterized by amplitude (H) and period (T), as 

shown schematically in Fig. 4-1. The platform and HOP are expected to oscillate at 

their mean positions due to wave induced first-order motions, disregarding the second-

order slow drift motions. Previous research showed that total fatigue damage for SCRs 

connected to semisubmersible platforms can be represented adequately by that 

corresponding to input motion parallel to the riser axis at the HOP, known as tangential 

heave motion (Kimiaei et al., 2010). Thus all input motions in the current study are such 

tangential heave motions (referred to as ‘heave motions’ hereafter for simplicity). 

4.5 TRENCH EFFECT ON THE STRUCTURAL RESPONSE OF 

THE SCRS 

The overall framework for the preparation of trench profiles to investigate trench effects 

on SCR structural response and fatigue assessment is shown in Fig. 4-2. It includes 

three main steps of forming trench geometry, defining soil properties in the trench area 
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Fig. 4-3 Riser penetrations at different times in a cycle 

Subject to cyclic sinusoidal motion of the HOP (with period of T) as illustrated in Fig. 

4-3a, the riser will experience cyclic penetration and uplift relative to the seabed. Fig. 

4-3b-d show resulting riser penetrations at different moments in the 30th cycle for three 

different load cases for Soil 1. Results indicate that the penetration configurations vary 

between different HOP positions and depend on the loading amplitude and loading 

mode (static or dynamic), with case Static-H1 providing the least movement and case 

Dynamic-H4 the most severe. As the RQ model does not show an explicit trench 

formation, the envelopes of deepest penetration of the riser nodes during the last cycle, 

as shown in Fig. 4-4, were used directly for the trench geometry. Note that the 

envelopes are irrespective of the phase within the cycle, so do not necessarily 

correspond to snapshots of the riser shape at any given moment. Fig. 4-4 shows that the 

penetration envelopes extend both deeper and broader with increased motion amplitude 

or changing loading mode from static to dynamic. The maximum penetration depth 

varies between 0.2D (for S2-Static-H1) and 5.8D (for S1-Dyanmic-H4). 
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strength profile as illustrated in Fig. 4-6 can be implemented. In Method 1, the soil 

strength profile is defined relative to the trench surface as seen in Fig. 4-6b, with w' = z 

used in Eq. 4-1. In Method 2, a single unique strength profile is adopted, with all depths 

relative to the original intact seabed surface (prior to riser penetration) as seen in Fig. 

4-6c, taking w' = z – z' in Eq. 4-1.   

In OrcaFlex, Method 1 is used implying that the calculation of su is based on the depth 

from trench surface to pipe invert (w' = z – z'). The shear strength at the trench surface 

is equal to su0, which fails to reflect the greater shear strength expected at the surface of 

a deep trench. In Method 2, an improved definition of su is used which is based on the 

depth from mudline to pipe invert (z) and hence, depending on the trench profile along 

the TDZ, there are different values of shear strength at the trench surface.  

A case study was conducted to examine the difference in the two approaches. The 

deepest pre-formed trench profile S1-Trench8 (4.23D) was chosen and an input motion 

S1-Dynamic-H1 was applied at the HOP containing 30 sinusoidal cycles. Fig. 4-7 

compares different aspects of the results. The profiles of the riser under its self-weight 

penetration are shown in Fig. 4-7a together with the trench profile. Due to the different 

soil shear strength profiles for the two methods, the riser profiles and TDPs (where the 

SCR first touches the pre-formed trench) are different. The TDP corresponding to 

Method 2 (with arc length 1173.5 m from the HOP and normalised depth z/D 2.81, see 

Fig. 4-7a) was selected. The penetration time series of this point for two methods are 

noticeably different as shown in Fig. 4-7b.  

In order to compare the soil resistance directly, single element models were established 

with resistance-penetration relationship (P-z curve) following the RQ model 

completely, seabed model parameters referring to Table 4-2 and the displacement 

history of the selected TDP (red curve in Fig. 4-7b) being the sole input motion. Note 

that the soil extra buoyancy force was ignored here for convenience of comparison.  

Fig. 4-7c shows the relationship between normalised seabed resistance and the 

penetration relative to the profiled seabed. It is seen that, under the same penetration, 

the resistance for Method 2 is much greater than for Method 1. The soil resistances for 

the selected point (see Fig. 4-7a) during the applied perturbations are shown in Fig. 

4-7e. Although the penetration below the profiled trench is greater for Method 1 (from 

0.8D to 1.9D), the resistance for Method 1 is still smaller than for Method 2 because of 

the assumed variation of soil strength below the trench surface (see Fig. 4-6).  
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4.5.3 Cyclic loading on SCRs 

Pre-formed trench profiles with shear strength profiles according to the original 

(absolute) depth (as indicated for Method 2 in Fig. 4-6) have been implemented into 

Abaqus models via the UEL to evaluate trench effects on the structural response of 

SCRs. A typical deterministic fatigue analysis requires an appropriate wave scatter 

diagram representing environmental loads and probabilities of occurrence. Using an S-

N curve, fatigue damage in the form of the number of cycles to failure is related to each 

stress range in the histogram generated by a certain cycle counting technique. The 

Palmgren-Miner linear damage rule (Miner, 1945) is then applied to calculate the 

cumulative fatigue damage. The reciprocal of annual fatigue damage is fatigue life.  

Among the above steps, evaluation of stress ranges and the corresponding number of 

cycles according to the wave scatter diagram are the most important parameters in 

fatigue life evaluation. The study presented here focuses on the relative effect of a 

trench on the SCR response rather than accurate fatigue calculation. Thus instead of 

employing a real wave scatter diagram, only a few single representative sea-states and 

the corresponding cyclic motions of an SCR were used to conduct a sensitivity study for 

different input parameters. Since the stress range is fundamental to fatigue analysis, that 

quantity is used herein as indicative of the fatigue damage. 

It is assumed that the cyclic motions in pre- and post-stages of trench formation are 

statistically independent, hence the corresponding amplitude and mode of the input 

motion can be different but the soil properties remain the same. Both the motions to 

generate the trench, and the subsequent motions to investigate the effect of the trench, 

contain 30 cycles in a single simulation with static or dynamic mode. Heave amplitudes 

are limited to 1 m and 4 m. Nonlinear soil types Soil 1 and Soil 2 were applied for the 

pre-formed trench groups for consistency. In summary, four loading cases (two 

amplitudes and two loading modes) were investigated for the 16 trench profiles 

considered earlier (see Table 4-3), i.e. 64 cases in total. 

4.6 TRENCH EFFECT RESULTS 

For reporting purpose, the cases are referred to in the form ‘Si-Trenchj-Mode-Hk’, 

where ‘i’ indicates soil type number (1 or 2), ‘j’ indicates trench profile number (1 

through 8), ‘mode’ indicates the loading mode (Static or Dynamic) and ‘k’ indicates 

heave amplitude (1 m or 4 m). ‘Si-Trenchj’ and ‘Mode-Hk’ represent pre-formed trench 
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configuration (as per Table 4-3) and cyclic loading on the riser for fatigue evaluation 

respectively. Fig. 4-8 shows the variation with cycle number of the stress ranges for 10 

riser segments around the TDP (with arc length 1173.5 m for Method 2) as a function of 

cycle number for simulation ‘S1-Trench8-Dynamic-H1’. Stress ranges all stabilize after 

relatively few cycles although, depending on the riser segment location, there is a 

general increasing or decreasing trend with cycle number. Given that the stress ranges 

essentially stabilize by the end of the 30 motion cycles applied, the final stress range 

calculated in the 30th cycle is chosen as representative of the fatigue damage for that 

motion. 

 

Fig. 4-8 Stress range variation with loading cycles 

The stress range profiles in the TDZ for all 4 loading scenarios for each soil type are 

displayed in Fig. 4-9. Trench effect is quantified in terms of maximum stress range and 

the results are summarized in Table 4-4, where values in each row have been 

normalised by those for the corresponding ‘flat seabed’ case. In addition, absolute 

values of the maximum stress range (in MPa) for the ‘flat seabed’ case are also given in 

parenthesis in the corresponding ‘flat seabed’ rows. Values below 0.99 are bold 

indicating beneficial trench effects on the fatigue damage, while those above 0.99 are 

presented by different levels in grey scale indicating detrimental effects. Those between 

0.99 and 1.01 are not colour labelled (±1% difference is regarded as within the 

numerical accuracy of the analyses). 
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cases for trenches 7 and 8 (trench depths of 1.7 and 4.2 diameters) show increased stress 

ranges by comparison with a flat seabed. 

For a flat seabed, dynamic loading mode usually leads to more severe stress ranges for a 

given load amplitude (H), due to dynamic amplification effects. Similarly, for a given 

loading mode (static or dynamic), the higher loading amplitude (H) gives larger stress 

ranges (Quéau et al., 2011). Therefore generally speaking, Dynamic-H4 and Static-H1 

in Table 4-4 can be considered as the severest and mildest loading conditions in this 

study. However, Dynamic-H4 shows smaller effects of the trench than for other more 

moderate loadings. Most results are within the error range of ±1% (showing negligible 

trench effect), except those for Trench8, which shows a more significant detrimental 

trench effect. 

Table 4-5 Offset (in metres) of critical fatigue location of maximum stress range 

Soil type Trench shape  Max depth/D (excluding  
self-weight penetration) 

Static Dynamic  

H1 H4 H1 H4 

Soil 1 

Flat seabed 0.00  0 (1169) 0 (1172) 0 (1173) 0 (1139) 

S1-Trench1 0.29  0  0 0 0 

S1-Trench2 0.53  -0.5  0 0 0 

S1-Trench3 0.73  -0.5 0 0 0 

S1-Trench4 0.75  -0.5 -0.5  -0.5  0 

S1-Trench5 0.88  -0.5 -0.5 -0.5 0 

S1-Trench6 1.06  -0.5 -1 -0.5 0 

S1-Trench7 1.72  1.5  0  0  1  

S1-Trench8 4.23  5  3  2.5  2.5  

Soil 2 

Flat seabed 0.00  0 (1172) 0 (1171.5) 0 (1172) 0 (1137) 

S2-Trench1 0.14  -0.5 -0.5 -0.5 0 

S2-Trench2 0.20  -1 -1 -1 0 

S2-Trench3 0.26  -1 -1 -1 0 

S2-Trench4 0.28  -0.5 -1 -1.5 0 

S2-Trench5 0.30  -0.5 -1.5 -1.5 0 

S2-Trench6 0.30  0.5  0  0  0 

S2-Trench7 0.66  1.5  1  1  0  

S2-Trench8 2.24  3.5  3.5  3  2.5  
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It is worth noting that there seems to be a critical trench depth in Fig. 4-10a 

(approximately 1D and 0.3D for soil types S1 and S2) beyond which the trench effect is 

reversed. A trench with depth smaller or greater than the critical depth is referred to as a 

moderate trench or a severe trench respectively herein. The effect of a moderate trench 

is generally small but beneficial (within about 2% for S1 and 5% for S2), while the 

effect of a severe trench is detrimental (up to about 20% for S1 and 10% for S2).  All of 

the detrimental effects occur for severe trenches. Overall, the trench effect for Soil 2 is 

less marked than for Soil 1. The maximum variations of normalised stress range and 

critical location offset for Soil 2 are 7% and 3.5 m (offset/D 15.3), both less than the 

corresponding values of 20% and 5 m (offset/D 21.9) for Soil 1.   

4.7 FURTHER EXPLORATION OF TRENCH EFFECT 

4.7.1 Criteria of a compatible trench shape 

As stated previously, published results of the trench effect on SCR fatigue damage are 

somewhat contradictory. A possible reason for detrimental effects of a trench is 

mismatch of the riser and trench profiles (Randolph et al., 2013; Shiri, 2014a). Most 

studies have emphasized the importance of the trench profile being compatible in shape 

with the riser to avoid localized concentrated contacts (hot spots) resulting in local 

stress concentration. However, there has been very little advice regarding suitable 

criteria for compatibility, quantifying the extent of mismatch and the extent to which a 

mismatching trench profile influences fatigue. 

Assessing the geometric compatibility of a trench profile involves the following steps: 

(1) establish a trench profile assuming a rigid seabed; (2) lay the riser on the trench 

statically under its self-weight only; (3) examine whether the riser and trench have 

smooth contact surface without sharp corners and gaps. Wang and Low (2016) proposed 

two specific constraints to ensure that a trench profile provides sufficiently matching 

geometry with the SCR: 

1) The TDP should lie between the trench start point and the deepest point. 

2) No gap should exist between the SCR and trench beyond the TDP. 
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Fig. 4-11 Self-weight compatibility of trench profiles 
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Geometric compatibility conditions were evaluated for all eight trench profiles in Soil 1 

group as illustrated in Fig. 4-11. SCR configurations in this figure were obtained 

assuming the riser lying on the rigid seabed only under its self-weight. This definition 

only involves ‘self-weight’ configuration of the SCR regardless of cyclic loading and 

hence is referred to as ‘self-weight’ matching hereinafter. The profiles of contact force 

per unit length normalised by the pipe self-weight per unit length are superimposed in 

the same figure. Contact force is zero throughout the catenary section of the SCR until it 

soars to a peak value at the TDP. The zones with zero contact force beyond the TDP 

towards the pipeline side indicate the gaps between the SCR and the trench. 

For the first criterion, it is reasonable to conclude that the TDP should lie at the pipeline 

side of the trench start point, because otherwise significant stress concentration would 

occur at the leading edge of the trench as shown in the ‘Trench1’ case in Fig. 4-11a. 

This criterion also requires that the TDP lies at the catenary side of the deepest point. 

With the increasing trench depth, the gap between the catenary end of the riser and the 

trench mouth increases. Shallower trenches 2 to 6 comply with this criterion, while for 

deeper trenches 7 to 8 (Fig. 4-11g, h), the excessive gaps violate it. However, the 

maximum normalised contact forces occurring at the TDP for matching trenches 2 to 6 

(approximately 3 to 4.5) are not significantly reduced comparing with those for 

mismatching trenches 7 to 8 (approximately 4.5 to 5), although the profiles of contact 

force for the matching ones are smoother. 

The first criterion may partly explain the detrimental effect of trenches 7 and 8; however, 

the matching profiles do not always result in beneficial effects. The second criterion is 

sensible, but only Trench4 satisfies it strictly (as seen in Fig. 4-11d) in this study. 

Considering the above-mentioned discussion, it appears difficult to generate an ideal 

trench profile complying completely with the proposed ‘self-weight matching’ criteria, 

and even a matching profile is not a sufficient and necessary condition for reduction in 

fatigue damage. 

Therefore, a further step was taken to explore the basis for positive or negative trench 

effects by introducing a ‘cyclic motion’ interpretation of the compatibility of a trench. 

Profiles for Trenches 5 to 8 of Soil 1 under a typical motion ‘Dynamic-H1’ were 

analysed covering both moderate and severe trenches. 
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Fig. 4-12 Cyclic-motion interpretation of compatibility (S2-Dynamic-H1) 
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Fig. 4-12 shows the stress range profiles with and without trench for different trench 

profiles. Also superimposed in each plot are the trench profile and envelopes of deepest 

riser profile during cyclic motion. The riser profile under its self-weight (ambient 

conditions) is shown. The intersection of the black and green line is the actual TDP 

(varying with soil properties). The dashed line denotes the envelope of deepest positions 

ever experienced for riser nodes in the TDZ during the cyclic motions, representing an 

upper bound of penetration. The ambient riser profile and the upper bound of 

penetration envelope converge on the pipeline side (far from the TDP), at the self-

weight penetration. The basis for positive or negative trench effects may be interpreted 

in terms of the positional relationship between the trench profile and envelopes of riser 

profile, as outlined below. 

For a shallow trench such as Trench5 in Fig. 4-12a, the ambient and deepest riser 

profiles are beneath the pre-formed trench, indicating that all pipe elements in the TDZ 

maintain seabed contact throughout the simulation. The trench is deemed to be 

matching with the riser shape all the time in this case. For a deep trench such as Trench7 

in Fig. 4-12c, there is a substantial gap between the riser envelopes and trench profile, 

indicating that the pipe elements in that zone never make any seabed contact during the 

entire cyclic loading process. In that case, the trench is deemed to be mismatching with 

the riser shape. The riser has smooth contact with the rear part of the trench, but lacks 

support from the seabed on the catenary side within the gap. Consequently, the pipe 

section in that zone tends to assume a straighter shape with smaller curvature (as shown 

later). Referring to the results in Table 4-4, this effect leads to increased normalised 

stress range (even though the increase occurs more towards the pipeline side, therefore 

towards the inflection point).  

For a trench of medium depth such as Trench6 in Fig. 4-12b, the cyclic motion 

matching property is intermediate. Although the maximum penetration envelope is 

entirely below the trench, the ambient profile is partially above. The profiles of pre-

formed trench and SCR in ambient condition form an ‘intermittent contact zone’ as 

shown in Fig. 4-12b, indicating that complete loss of support occurs only for a few 

elements close to the trench mouth and cumulative penetration during the cyclic 

motions leads to those elements regaining full contact throughout the cycle by the end 

of the simulation. 
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Cyclic motion matching is not only related to trench depth, but also to the level of cyclic 

perturbation. For the same profile, Trench6, results from Static-H1 are shown in Fig. 

4-13. Static-H1 is not as severe as Dynamic–H1 and hence gives smaller penetration 

(shallower envelope), leading to a zone where elements now never touch the seabed. 

The trench effect for the Static-H1 case is detrimental (1.032, see Table 4-4) rather than 

(marginally) beneficial (0.994) for Dynamic-H1 for which there is no ‘never in contact’ 

zone within the pre-formed trench. 

 

Fig. 4-13 Cyclic-motion interpretation of compatibility (S1-Trench6-Static-H1) 

In a similar fashion to Soil 1, Trenches 5 to 8 for Soil 2 were analysed under the same 

motion Dynamic-H1, with results shown in Fig. 4-14. There are substantial zones of 

‘never in contact’ for Trench7 and Trench8 and detrimental effects are seen accordingly. 

However, the magnitudes of the detrimental effects here are less than for Soil 1.  

It is interesting to compare the outputs of Trench5 and Trench6, which both have 

maximum trench depth of 0.3D. Trench6 (due to initial simulation S2-Dynamic-H2 in 

Fig. 4-4d) is longer and flatter than Trench5 (due to initial simulation S2-Static-H4 in 

Fig. 4-4c), and hence a zone of ‘never in contact’ occurs for the former case. 

Consequently, as explained above for Soil 1, this results in a larger stress range (1.004) 

for Trench6 than for Trench5 (0.958). This difference demonstrates how the overall 

shape of the trench, in addition to the maximum trench depth, can influence the trench 

effect.  
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Fig. 4-14 Cyclic motion matching property (Soil 2) – dynamic motion 
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4.7.2 Basis for positive or negative trench effects 

Regarding the link between the riser curvature change caused by a trench and the 

resulting trench effect, as discussed above, it is commonly acknowledged that a trench 

may allow a more natural transition of the SCR in the TDZ and help provide a more 

uniform profile of seabed resistance. In turn this may help mitigate cyclic variations in 

curvature, bending stress and hence fatigue damage (Langner, 2003; Bridge and 

Howells, 2007; Li and Low, 2012). Nevertheless, this statement is questionable since 

the effect of a trench on the absolute curvature is not identical to that on the cyclic 

changes in curvature and stress range that govern fatigue damage.  

Stress range (Δσ) is defined as the difference between maximum and minimum of stress 

in the riser in a cycle at a given location. The stress range combines changes in the 

direct tensile stress (σa) and bending stress (σm) according to: 

 Δσ = σmax - σmin = (σa + σm)max - (σa + σm)min (4-4) 

where 

 σa = Tw /Aw (4-5) 

 σm = M.D /2I (4-6) 

with Tw the wall tension, Aw the cross-sectional area of the pipe wall, M the bending 

moment, and I the second moment of area of the pipe. The wall tension is governed by 

the weight of the suspended part of the riser and the hang-off angle and shows little 

variation within the TDZ and within a cycle. In contrast, the bending moment varies 

significantly both spatially through the TDZ and in time within a cycle due to riser-soil 

interaction, and hence dominates the variation of pipe stress. 

In order to investigate the trench effect on the stress and stress range, simulations of S1-

Flatseabed-Dynamic-H1 and S1-Trench8-Dynamic-H1 were compared. Results of 

Δσmax, σmax, σmin are summarized in Table 4-6. It is seen that the trench depth increases 

σmax slightly, but decreases σmin significantly. Therefore the major difference of σmin is 

the main source of Δσmax variation and consequently the trench effect. 
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Table 4-6 Trench effect on the stress in a cycle 

  
S1-Flatseabed-
Dynamic-H1 

S1-Trench8-
Dynamic-H1 

Maximum stress range, Δσmax (kPa) 62.27  74.39  

Arc length of critical point (m) 1173 1175.5 

σmax (kPa) 85.73  87.23  

Time within cycle for σmax 0.11T 0.11T 

σmin (kPa) 23.46  12.85  

Time within cycle for σmin 0.56T 0.56T 

 

It is also interesting to see that σmax and σmin occur respectively at the same moment 

during any cycle, i.e. 0.11T and 0.56T for the given loading condition, with or without 

presence of the trench. The snapshots of SCR profile at these two critical times are 

shown in Fig. 4-15, superimposed on the trench profile and corresponding riser 

penetration envelopes. At time 0.11T (linked to σmax), the front part of riser (red dotted 

line) is lifted away from trench mouth and the seabed contact area is relatively smaller. 

The curvature is expected to be relatively greater and hence gives slightly greater stress. 

In comparison, at time 0.56T (linked to σmin), the front part of the riser (line of blue 

crosses) approaches more to the trench mouth and the seabed contact area is relatively 

larger. The curvature is expected to be relatively smaller and hence gives smaller 

bending stress. It is seen that the zone with loss of soil support extends almost to the 

point of deepest SCR profile, which is also where the penetration of the riser falls to a 

local minimum at that point of the cycle (with arc length around 1171 m and penetration 

3.5 diameters). 
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Fig. 4-15 Snapshots of SCR profile at critical times in a stress cycle 

 

Fig. 4-16 Snapshots of curvature and stress for cases at critical times 

In order to explore the relation between the profiles of trench and stress, the snapshots 

of curvature and stress profile at two critical times (0.11T and 0.56T) are plotted in Fig. 

4-16, superimposed on the profiles of trench and SCR for the simulation of ‘S1-

Trench8-Dynamic-H1’. Since the variation of stress is dominated by bending moment 

which is proportional to curvature, it is seen that profiles of curvature and 

corresponding stress follow a similar pattern. In general, the magnitudes of both 

curvature and stress decrease and become stabilized towards the pipeline side within the 
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TDZ. But in a certain critical zone (approximately from arc length of 1160 m to 

1190 m), the upper and lower levels of the stress (σmax and σmin) within a cycle decrease 

by different amplitudes, leading to varying and normally high stress ranges. This 

phenomenon applies to both cases with and without a trench.  

At 0.11T (linked to σmax), the trench has only minor effect on the stress which is always 

greater for a trench case than for a flat seabed (within the critical zone), while at 0.56T 

(linked to σmin), the trench has more significant effect. The increase of stress (σmin) is 

also observed due to the trench from around arc length 1133 m (trench start point), 

offsetting partially the increase of σmax which tends to amplify the stress range (Δσ), 

until at arc length 1172 m where the σmin for trench case falls below that of the flat 

seabed leading ultimately to the increase in maximum stress range for a trench case. It 

should be noted that the cross-over point of stress profiles at 0.56T as marked in Fig. 

4-16, is adjacent to the point of deepest SCR profile. Since that point is also near the 

boundary of ‘never-in-contact zone’, the detrimental trench effect appears to be linked 

to loss of support near that location, leading to a significantly greater reduction in 

curvature and associated stress (σmin) for severe trenches than occurs for a flat seabed or 

moderate trenches. 

4.8 CONCLUSIONS 

Fatigue design of SCRs in the touchdown zone is among the most complex of the 

engineering challenges in riser design. The potential development of a trench creates 

even greater uncertainty for this problem. Previous studies have indicated contradictory 

results for the trench effect on fatigue damage, a result that has been verified in this 

paper. A series of pre-formed trenches (profiled seabed) varying with depths were 

established following consistent procedures. The effect of the trench on fatigue 

performance of the SCR was then investigated and the basis for beneficial or 

detrimental effects on fatigue damage explored.  

The main conclusions are: 

1) The effect of a trench on fatigue performance is complex, affected by multiple 

factors including trench depth and shape, soil properties, magnitude of cyclic 

perturbations, etc. It is still difficult to assert whether a trench will in general 

increase or decrease fatigue damage of an SCR in the absence of specific 
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information of the trench, although as discussed below a clear trend was evident 

for increasing detrimental effects the deeper the trench. 

2) Trench effects were quantified in terms of the normalised maximum stress range 

calculated at the end of 30 cycles of different magnitudes of perturbation of the 

riser. In comparison with corresponding perturbations applied to a similar riser 

resting on a flat seabed, approximately 50 % of the 64 cases examined showed 

that the effect of the trench was minimal, falling within the range of numerical 

uncertainties involved in this type of analysis.   

3) Moderate trenches (less than 1D in depth) tended to give small beneficial effects 

with slight decreases in the maximum stress range; severe trenches (greater than 

1D in depth) tended to give increasingly large detrimental effects particularly for 

trenches greater than 1.5D deep. Of the two soil conditions explored, the stiffer 

seabed had milder trench effects than the softer seabed. 

4) Previously proposed criteria for generating a matching trench profile were 

discussed and it was found difficult to judge whether a visually matching trench 

would give a smooth contact force profile or reduced fatigue damage. A ‘cyclic-

motion’ interpretation was able to demonstrate the compatibility of trench, 

although it was influenced by many factors, such as trench depth and shape, soil 

properties and perturbation parameters. 

5) A deep trench had a minor effect on the maximum stress (σmax) which 

corresponded to the shortest riser-seabed contact area, while the primary effect 

was a significant reduction in the minimum stress (σmin) that occurred at times 

corresponding to the greatest extent of the riser-seabed contact area. The loss of 

soil support due to the mismatching between the deep trench and the riser 

appeared to be linked to the relatively greater reduction of σmin which led 

ultimately to increased stress range and detrimental trench effect on the fatigue 

life. 

Every trench profile in the literature has its logical rationality and particularity in shape 

and the present study is no exception. Although the trench profiles adopted herein were 

based on nonlinear hysteretic seabed model and were modelled following consistent 

procedures, they inevitably differ from other profiles explored in the literature, 

especially for deep trenches. The difference in shape is most likely to be the reason for 

conflicting observations of trench effects. While a method for accurate prediction of an 
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initial trench profile does not appear to be available at present, this research provides a 

basis for making realistic estimates. 

In consideration of the nonlinearity and complexity of riser-seabed interaction and 

associated fatigue analysis, it is still too early to draw a universal and consistent 

conclusion of whether a pre-formed trench within the touchdown zone has a beneficial 

or detrimental effect on SCR fatigue damage based on this paper. However, it can be 

stated with a high degree of certain that the trench effect depends on not only the trench 

presence, but also the trench geometry. Potential mechanisms for different trench effects 

have been identified. Future advances would endeavour to incorporate and quantify the 

main factors that affect the trench effect, such as maximum depth, shape and positional 

change. 
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CHAPTER 5 PARAMETRIC STUDY OF PRE-FORMED 

TRENCH EFFECT ON THE STRUCTURAL RESPONSE 

OF STEEL CATENARY RISERS 

5.1 ABSTRACT 

Steel catenary risers (SCRs) are widely used for development of oil and gas fields in 

deep water. Field investigation shows that continuous riser-seabed interaction will cause 

a deep trench cutting into the seabed. One of the primary concerns of researchers is the 

influence of such seabed trench on the structural response and fatigue performance of 

SCRs. However, studies published to date have given contradictory indications. This 

paper presents an extensive study on the effects of pre-formed trench profiles by means 

of both global translation and local transformation of base-case trench profiles. A 

parametric study is conducted in respect of trench effect on SCR structural response. 

Sensitivity of trench effect to multiple trench parameters is investigated and interpreted 

by introducing a riser-trench compatibility approach. Finally, a qualitative prediction of 

trench effect is proposed. The overall conclusion is that the effect of a pre-formed 

trench is sensitive to a number of factors and can be either beneficial or detrimental to 

the SCR structural response, but has generally greater probability of being detrimental, 

depending on various factors such as trench depth, position, shape, and the level of 

cyclic perturbation.  

5.2 INTRODUCTION 

A steel catenary riser (SCR), attached to a floating platform at its hang-off point (HOP), 

is subjected to the platform motion and hydrodynamic loading, and may undergo severe 

structural response in and near its touchdown zone (TDZ). The fatigue issue due to 

cyclic variations of bending moment arising from nonlinear riser-seabed interaction in 

the TDZ remains one of the primary challenges. Field observations from remotely 

operated vehicles and large scale harbour test of STRIDE joint industry project reveal 

that an SCR may dig itself a deep trench of a few pipe diameters within the first one or 

two years of the SCR service life (Willis and West, 2001; Bridge and Howells, 2007). 

The existence of a trench may have significant impact on the structural response and 

fatigue performance of the riser. It is important to develop a better understanding and 
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make a sensible prediction of trench effects in order to improve the accuracy and 

reliability of the structural and fatigue analysis of SCRs. 

Studies in respect of a seabed trench have generated increasing interest in the last two 

decades with a primary focus on the trench effect on the structural response and fatigue 

life of SCRs. Field observations have provided direct insight regarding the shape and 

extent of trenches, which typically have a ladle-shaped vertical profile and bell-shaped 

lateral profile (Bridge and Howells, 2007). Researchers have proposed various 

modelling techniques of trenches, especially pre-formed stabilized ones (referred to as 

trenches hereinafter). Different trench modelling approaches are presented first before a 

summary is given in respect of effects of the trench on SCR fatigue performance.  

Langner (2003) proposed a trench shape of 1.8D in depth comprising a seventh-order 

polynomial fit to an actual riser profile, completed with a circular arc in front of the 

touchdown point (TDP). Leira et al. (2004) and Clukey et al. (2007) adopted the same 

‘CARISIMA trench procedure’ which treated the TDPs of three different vessel 

positions (near, far and mean) as control points and produced smooth fitting functions 

between them. Then Sharma and Aubeny (2011) adopted a similar procedure to the 

‘CARISIMA trench procedure’ which also allowed for near and far offset. Li and Low 

(2012) and Wang and Low (2016) both used cubic geometry (presented initially by 

Aubeny and Biscontin (2008)) for trench shape modelling. Randolph et al. (2013) 

provided a new ‘stepped approach’ to represent a simplified trench profile analytically 

by suspending the riser over a stepped seabed. Shiri (2014a) proposed a quadratic 

exponential geometry for pre-formed trenches to study their effects on SCR fatigue for 

linear response seabed. The trench modelling strategy adopted by Liu et al. (2018a) was 

to firstly obtain riser profiles using the Randolph and Quiggin (2009) nonlinear seabed 

model and then transform them into pre-formed trench profiles for new analyses. Apart 

from these numerical modelling approaches, centrifuge tests have also been performed 

by Clukey and Zakeri (2017). They observed that comparative tests with and without an 

initially prescribed trench showed negligible difference in the critical fatigue damage 

although a significant positional shift was observed for the critical location. 

The general conclusions of effects of pre-formed trenches on SCR fatigue performance 

from either numerical or experimental investigations are summarized in Table 5-1. It is 

seen that there is no clear consensus as to whether the net effect of the pre-formed 
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trench is to increase or decrease the SCR fatigue life, which has also been noted in a 

recent literature review of different studies (Clukey et al., 2017). 

Table 5-1 Summary of effects of pre-formed trench from literature 

Literature Beneficial to SCR 
fatigue life 

Detrimental to 
SCR fatigue life Other effects 

Langner (2003) X   

Leira et al. (2004)  X  

Clukey et al. (2007) X   

Sharma and Aubeny (2011) X   

Li and Low (2012) X   

Randolph et al. (2013) X   

Shiri (2014a)   Unpredictable 

Wang and Low (2016) X   

Clukey and Zakeri (2017)   Negligible 

Liu et al. (2018a)  X  

 

The aforementioned trench profiles included numerically calculated and estimated (or 

guessed) ones. However, most studies investigated only one or a small number of trench 

profiles, without taking into account adequate parametric variation, such as trench 

depth, trench shape variation, loading condition, etc. Therefore most studies had their 

limitations and hence provide the motivation for this study.  

Without attempting to judge the different trench modelling approaches, the principal 

purpose of this paper is to allow for more variation of geometric and loading 

parameters, undertake comprehensive analysis, and provide reasonable interpretation 

and prediction of trench effects. In the absence of any reliable guidance that can be 

relied on for predicting a precise trench profile, the aim of the study is to enhance the 

confidence of SCR fatigue assessment under nonlinear riser-seabed interaction. 
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segmentation along the riser length with refined 0.5 m element size in the TDZ and is 

restricted to 2D planar conditions, with response under in-plane motions only. Axial 

friction has minor effects on the structural response of SCR and can reasonably be 

ignored (Chundary, 2001; Liu et al., 2016).  

Table 5-2 Main characteristics of SCR system 

Category Property  Value/Type 

Geometry 

Vessel type Semi-Submersible 

Water depth 1000 m 

Height of hang-off point 982 m 

SCR total length 1600 m 

Hang-off angle from vertical 10° 

Horizontal distance of anchor 
point from the HOP 932 m 

Structural 
properties 

Steel grade API-5L X65 

Minimum yield strength (fy) 450 MPa (65300 psi) 

Coating Nil 

Outer diameter (D) 228.6 mm (9 inch) 

Wall thickness 25.4 mm (1 inch) 

Pipe density 7.85 te/m3 

Content density 0.8 te/m3 (oil) 

Submerged weight (w) 1.03 kN/m 

Young's modulus 212 GPa 

Bending stiffness (EI) 18 MNm2 

Poisson ratio 0.3 

Hydrodynamic 
properties 

Seawater density 1.025 te/m3 

Drag coefficient (Cd) 1.2 

Added mass coefficient (Ca) 1.0 
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The nonlinear hysteretic seabed model presented by Randolph and Quiggin (2009), 

which has been calibrated with test data obtained by Aubeny et al. (2008), is adopted 

here. The Randolph-Quiggin (referred to as RQ hereafter) model has been implemented 

in the commercial software OrcaFlex (Orcina, 2017) which is widely used in the 

offshore industry. The RQ model has also been implemented as a user defined element 

(UEL) in Abaqus, with the implementation validated through comparison with OrcaFlex 

(Liu et al., 2016). Nonlinear soil properties adopted in this study are characteristic of 

typical soft clay offshore sediments (e.g. the Gulf of Mexico). Two types of soil are 

considered, namely Soil 1 and Soil 2, representing relatively soft and stiff seabeds. Soil 

model parameters are presented in Table 5-3.  

Table 5-3 Nonlinear soil parameters 

Parameter Symbol 
Value 

Soil 1 Soil 2 

Mudline shear strength su0 0 kPa 2 kPa 

Shear strength gradient ρ 1.5 kPa/m 

Saturated soil density ρsoil 1.5 te/m3 

Power law parameter a 6 

Power law parameter b 0.25 

Normalized maximum stiffness Kmax 200 

Suction ratio fsuc 0.2 

Suction decay parameter λsuc 1 

Repenetration parameter λrep 0.3 

Soil buoyancy factor fb 1.5 
 

The platform is assumed to oscillate at its mean position due to wave induced first-order 

motions, disregarding second-order slow drift motions. To model this, the SCR is 

excited by displacement-controlled input motion applied at the HOP consisting of 

simple sinusoidal motions characterized by amplitude (H) and period (T), as shown in 

Fig. 5-1. All input motions in the present study are tangential heave motions as detailed 

in Kimiaei et al. (2010)  and are referred to as heave motions hereafter for brevity.  
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5.4 PRE-FORMED TRENCH MODELLING 

Following the same procedure as presented by Liu et al. (2018a), sixteen distinct trench 

profiles as shown in Fig. 5-2 were generated from results of statically or dynamically 

applied heave motions of H = 1 m, 2 m, 3 m and 4 m,  for two soil groups, namely Soil 

1 and Soil 2 (referred to as S1 and S2 for simplicity). Profiles named from ‘Trench1’ to 

‘Trench8’ for each soil type, ranging from 0.14D to 4.23D in maximum depth, are 

arranged in ascending order of maximum trench depth. These trench configurations are 

taken as base-case pre-formed trench profiles and their corresponding characteristics are 

presented in Table 5-4. 

All of the heave motions are applied at the vessel mean position (representing wave 

frequency motion of the vessel). However, in reality the vessel would also undergo long 

period slow drift motions (dictated by low frequency motions of the vessel) and 

therefore it would oscillate between the ‘near’ or ‘far’ field positions, resulting in 

changing horizontal location of the trench. To represent this and in order to investigate 

the effects of potential horizontal movement of SCR as a whole compared to the trench 

location,  the trench profiles as shown in Fig. 5-2 were taken as base cases and were 

translated leftwards (near field or catenary side) and rightwards (far field or pipeline 

side) to generate new profiles. Field data shows that the length of trench with significant 

depth typically spans from 50 m to 80 m (Bridge and Howells, 2007). Hence the 

maximum translation of base-case trench to either side is assumed to be 40 m with the 

entire range being 80 m.  

For each vertical trench profile (16 different trench depth as presented in Table 5-4), 

nine (9) trench profiles (comprising one base case, 4 leftward and 4 rightward 

movements at interval of 10 m each) were created. For instance, all nine trench 

horizontal locations for ‘S1-Trench8’ are shown in Fig. 5-3. The naming convention is 

to use a letter ‘L’ or ‘R’ indicating trench moving left or right plus a displacement 

number. For example, ‘L40’ corresponds to a new trench that is moved leftwards by 40 

m from base case. For two nonlinear soil types, S1 and S2, there are altogether 16 

maximum depths and 9 horizontal locations, resulting in 144 trench profiles in total. It 

should be noted that the trenches generated at ‘near’ or ‘far’ field positions are in reality 

different from the simulated ones here. However, the new trenches are generated only to 

evaluate the relative influence of the horizontal position on the trench effect rather than 

absolute influence of slow drift or other platform motions. 
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been normalised by the values for the corresponding ‘flat seabed’ case. In addition, 

absolute values of maximum stress range for ‘flat seabed’ cases are also given in 

parenthesis in the corresponding ‘flat seabed’ rows. The normalised maximum stress 

range is referred to as dimensionless ‘stress range ratio’ here and used to represent each 

simulation case. For reporting purpose, the cases are referred to in the form ‘Si-Trenchj-

Position-Mode-Hk’, where ‘i’ indicates soil type number (1 or 2), ‘j’ represents trench 

profile number (1 through 8, see Table 5-4), ‘position’ shows the horizontal position of 

the trench relative to base case (‘L40’ through ‘R40’), ‘mode’ indicates the motion 

mode (Static or Dynamic) and ‘k’ indicates cyclic heave amplitude (1 m or 4 m).  

For augmented visual effect, the cells in Table 5-6 have been coloured depending on the 

value ranges as described in Table 5-5. Generally greenish and reddish coloured cells 

are used for normalised stress range values less or greater than 1.0 respectively, 

indicating beneficial or detrimental trench effects on the structural response. 

Considering ±1% difference as within ignorable numerical/rounding accuracy, values 

between 0.99 and 1.01 are not colour labelled in Table 5-6. It is manifest that trench 

effect is sensitive to both trench depth and horizontal location (seen in different rows 

and columns) since both beneficial (green) and detrimental (red) results coexist. 

However, cases with no or detrimental (red) effect far outnumber those with beneficial 

(green) effect, particularly for Soil 1. The maximum and minimum stress range ratios 

for Soil 1, are 1.19 and 0.67, and occur for cases ‘S1-Trench8-R40-Dynamic-H1’ and 

‘S1-Trench8-R20-Static-H1’ respectively. For Soil 2, the maximum and minimum 

values are 1.21 and 0.78, and occur for cases ‘S2-Trench8-R40-Dynamic-H1’ and ‘S2-

Trench8-R20-Static-H4’ respectively. 

Table 5-5 Colour ranges setting 

Background colour 
Stress range ratio 

(SRR) 
Background colour 

Stress range ratio 

(SRR) 

Dark green SRR<0.9 Dark red SRR>1.1 

Moderate green 0.9 ≤SRR≤ 0.95 Moderate red (orange) 1.05 ≤SRR≤ 1.1 

Light green 0.95 ≤SRR≤  0.99 Light red (pink) 1.01 ≤SRR≤ 1.05 
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Table 5-6 Normalised maximum stress range (stress range ratio): (a) S1; (b) S2 

 
(a) 

L40 L30 L20 L10 Base R10 R20 R30 R40

Flat seabed 0.00
Trench1 0.29 1.00 1.01 1.01 0.99 1.00 1.00 1.00 1.00 1.00
Trench2 0.53 1.01 1.02 1.02 1.00 1.00 1.00 1.00 1.00 1.00
Trench3 0.73 1.01 1.03 1.04 1.01 1.00 1.01 1.00 1.00 1.00
Trench4 0.75 1.01 1.03 1.04 1.02 1.00 1.01 1.00 1.00 1.00
Trench5 0.88 1.02 1.04 1.05 1.02 1.00 1.01 1.00 1.00 1.00
Trench6 1.06 1.04 1.06 1.06 1.05 1.03 1.00 1.01 1.00 1.00
Trench7 1.72 1.06 1.06 1.08 1.09 1.10 1.09 1.00 1.03 1.01
Trench8 4.23 1.07 1.09 1.11 1.14 1.17 1.19 0.67 1.16 1.10

Flat seabed 0.00
Trench1 0.29 1.00 1.01 1.00 0.99 1.00 1.00 1.00 1.00 1.00
Trench2 0.53 1.01 1.02 1.01 0.99 0.99 1.01 1.00 1.00 1.00
Trench3 0.73 1.01 1.03 1.02 0.98 0.99 1.01 1.01 1.00 1.00
Trench4 0.75 1.01 1.03 1.02 0.98 0.99 1.01 1.01 1.00 1.00
Trench5 0.88 1.02 1.03 1.02 0.98 0.98 1.01 1.01 1.00 1.00
Trench6 1.06 1.04 1.04 1.03 1.02 1.00 0.99 1.01 1.01 1.00
Trench7 1.72 1.04 1.04 1.05 1.07 1.07 1.01 0.98 1.02 1.03
Trench8 4.23 1.05 1.07 1.10 1.15 1.19 1.17 0.78 1.07 1.17

Flat seabed 0.00
Trench1 0.29 1.00 1.01 1.00 0.99 1.00 1.00 1.00 1.00 1.00
Trench2 0.53 1.01 1.02 1.01 0.99 0.99 1.01 1.00 1.00 1.00
Trench3 0.73 1.01 1.02 1.02 0.98 0.99 1.01 1.01 1.00 1.00
Trench4 0.75 1.01 1.03 1.02 0.99 0.98 1.01 1.01 1.00 1.00
Trench5 0.88 1.02 1.03 1.02 0.98 0.98 1.01 1.01 1.00 1.00
Trench6 1.06 1.03 1.04 1.02 1.02 0.99 0.99 1.02 1.01 1.00
Trench7 1.72 1.04 1.04 1.05 1.06 1.07 1.02 0.98 1.03 1.03
Trench8 4.23 1.05 1.07 1.10 1.15 1.19 1.18 0.86 1.10 1.19

Flat seabed 0.00
Trench1 0.29 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench2 0.53 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench3 0.73 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench4 0.75 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench5 0.88 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench6 1.06 1.02 1.02 1.01 1.01 1.01 1.01 1.01 1.00 1.00
Trench7 1.72 1.02 1.03 1.03 1.03 1.02 1.01 1.01 1.01 1.01
Trench8 4.23 1.04 1.06 1.08 1.10 1.09 1.04 1.02 1.02 1.02

1 (353.34 MPa)
Motion: Dynamic-H4

S1
(su0=0)

1 (62.28 MPa)
Motion: Dynamic-H1

1 (71.91 MPa)
Motion: Static-H4

Motion: Static-H1
1 (26.24 MPa)

Soil type Trench name dmax/D
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 (b) 

Extracting data from Table 5-6, Fig. 5-4 demonstrates how the stress range ratios vary 

with maximum trench depth in different horizontal locations and loading conditions. 

For all trench horizontal locations except ‘R20’, stress range ratios show increasing 

trends with increased trench depth, indicating that trench effects switch from no or 

slightly beneficial effect to detrimental effect. 

In reality, loading condition ‘Dynamic-H4’ can represent a very severe sea-state and 

thus is referred to as ‘extreme’ here. The other three loading conditions (i.e. ‘Static-H1’, 

‘Static-H4’, and ‘Dynamic-H1’) are referred to as ‘moderate’. The variations of stress 

range ratio for ‘Trench1’ through ‘Trench8’ under extreme conditions are much smaller 

L40 L30 L20 L10 Base R10 R20 R30 R40

Flat seabed 0.00
Trench1 0.14 1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.00
Trench2 0.20 1.00 1.00 1.00 1.00 0.98 1.01 1.00 1.00 1.00
Trench3 0.26 1.00 1.00 1.00 0.99 0.99 1.01 1.00 1.00 1.00
Trench4 0.28 1.00 1.00 1.01 0.99 0.99 1.02 1.00 1.00 1.00
Trench5 0.30 1.00 1.00 1.01 0.99 1.00 1.02 1.00 1.00 1.00
Trench6 0.30 1.00 1.00 0.99 1.00 1.01 0.99 1.02 1.00 1.00
Trench7 0.66 1.00 1.00 1.01 1.01 1.01 1.00 0.87 1.04 1.01
Trench8 2.24 1.00 1.01 1.01 1.01 1.01 1.01 0.95 1.10 1.06

Flat seabed 0.00
Trench1 0.14 1.00 1.00 1.02 0.98 0.99 1.02 1.00 1.00 1.00
Trench2 0.20 1.00 1.00 1.02 0.98 0.98 1.03 1.01 1.00 1.00
Trench3 0.26 1.00 1.01 1.03 0.97 0.97 1.04 1.01 1.00 1.00
Trench4 0.28 1.00 1.01 1.03 0.97 0.96 1.04 1.01 1.00 1.00
Trench5 0.30 1.00 1.02 1.03 0.96 0.96 1.04 1.01 1.00 1.00
Trench6 0.30 1.01 1.03 0.98 0.99 1.00 0.97 1.04 1.01 1.00
Trench7 0.66 1.02 0.99 1.00 1.02 1.02 0.99 0.89 1.08 1.04
Trench8 2.24 1.00 1.01 1.03 1.05 1.07 1.05 0.78 1.13 1.21

Flat seabed 0.00
Trench1 0.14 1.00 1.00 1.02 0.99 0.99 1.02 1.00 1.00 1.00
Trench2 0.20 1.00 1.00 1.03 0.98 0.98 1.03 1.01 1.00 1.00
Trench3 0.26 1.00 1.01 1.03 0.97 0.97 1.04 1.01 1.00 1.00
Trench4 0.28 1.00 1.01 1.03 0.97 0.96 1.04 1.01 1.00 1.00
Trench5 0.30 1.00 1.02 1.03 0.96 0.96 1.04 1.01 1.00 1.00
Trench6 0.30 1.01 1.03 0.98 0.99 1.00 0.96 1.04 1.02 1.00
Trench7 0.66 1.02 0.99 1.00 1.02 1.02 1.00 0.89 1.09 1.05
Trench8 2.24 1.00 1.02 1.03 1.05 1.07 1.05 0.82 1.16 1.21

Flat seabed 0.00
Trench1 0.14 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench2 0.20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench3 0.26 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench4 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench5 0.30 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench6 0.30 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Trench7 0.66 1.00 1.01 1.01 1.01 1.00 1.00 1.00 1.00 1.01
Trench8 2.24 1.01 1.01 1.03 1.04 1.04 0.99 0.99 0.99 1.01

Motion: Dynamic-H4
1 (367.29 MPa)

Motion: Dynamic-H1
1 (78.21 MPa)

S2
(su0=2kPa

)

1 (33.44 MPa)

Soil type Trench name

Motion: Static-H4
1 (87.53 MPa)

Motion: Static-H1
dmax/D
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Table 5-7 Offset (in metres) of critical location of maximum stress range: (a) S1; (b) S2   

 
(a) 

L40 L30 L20 L10 Base R10 R20 R30 R40
Flat seabed 0.00
Trench1 0.29 0 0 0 0 0 0 0 0 0
Trench2 0.53 0 0 0 -0.5 -0.5 0 0 0 0
Trench3 0.73 0 0 0.5 -0.5 -0.5 -0.5 0 0 0
Trench4 0.75 0 0 0.5 -0.5 -0.5 -0.5 0 0 0
Trench5 0.88 0 0.5 0.5 -0.5 -0.5 -0.5 0 0 0
Trench6 1.06 0.5 0.5 0.5 0 -0.5 -0.5 -0.5 0 0
Trench7 1.72 0.5 0.5 0.5 1 1.5 1 -2 -1 -0.5
Trench8 4.23 0.5 1 2 3.5 5 7 7.5 -6 -2.5

Flat seabed 0.00
Trench1 0.29 0 0 0 0 0 0 0 0 0
Trench2 0.53 0 0 0 0 0 0 0 0 0
Trench3 0.73 0 0 0 -0.5 0 0 0 0 0
Trench4 0.75 0 0 0 -0.5 -0.5 0 0 0 0
Trench5 0.88 0 0.5 0 -0.5 -0.5 0 0 0 0
Trench6 1.06 0.5 0 0 -0.5 -1 -0.5 0 0 0
Trench7 1.72 0 0 0 0 0 -0.5 -2 -0.5 0
Trench8 4.23 0 0 0.5 1.5 3 4 7 -5.5 -2.5

Flat seabed 0.00
Trench1 0.29 0 0 0 0 0 0 0 0 0
Trench2 0.53 0 0 0 0 0 0 0 0 0
Trench3 0.73 0 0 0 -0.5 0 0 0 0 0
Trench4 0.75 0 0 0 -0.5 -0.5 0 0 0 0
Trench5 0.88 0 0 0 -0.5 -0.5 0 0 0 0
Trench6 1.06 0 0 0 -0.5 -0.5 -0.5 0 0 0
Trench7 1.72 0 0 0 0 0 -0.5 -2 -1 0
Trench8 4.23 0 0 0.5 1 2.5 3.5 -14.5 -5.5 -3

Flat seabed 0.00
Trench1 0.29 0 0 0 0 0 0 0 0 0
Trench2 0.53 0 0 0 0 0 0 0 0 0
Trench3 0.73 0 0 0 0 0 0 0 0 0
Trench4 0.75 0 0 0 0 0 0 0 0 0
Trench5 0.88 0 0 0 0 0 0 0 0 0
Trench6 1.06 0 0 0 0 0 0 0 0 0
Trench7 1.72 0 0 0 1 1 0 -0.5 0 0
Trench8 4.23 0.5 0.5 0.5 1 2.5 2 0.5 -0.5 -0.5

Trench name

S1
(su0=0)

0 (1169 m)

0 (1172 m)

0 (1173 m)

0 (1139 m)
Loading: T8-H4

Loading: T8-H1

Loading: Static-H4

Soil type dmax/D
Loading: Static-H1
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 (b) 

L40 L30 L20 L10 Base R10 R20 R30 R40
Flat seabed 0.00
Trench1 0.14 0 0 0.5 1 -0.5 0 0.5 0 0
Trench2 0.20 0 0 0.5 1 -1 0 0.5 0 0
Trench3 0.26 0 0 1 1 -1 -0.5 0.5 0 0
Trench4 0.28 0 0 1 1 -0.5 -0.5 0.5 0.5 0
Trench5 0.30 0 0.5 1 1 -0.5 -0.5 0.5 0.5 0
Trench6 0.30 0 1 1.5 0.5 0.5 -0.5 -0.5 0.5 0.5
Trench7 0.66 1 1 0.5 1 1.5 1.5 -1.5 -1.5 0
Trench8 2.24 0.5 1 1 2 3.5 5 4.5 -8 -3

Flat seabed 0.00
Trench1 0.14 0 0 0.5 0 -0.5 0 0 0 0
Trench2 0.20 0 0 0.5 0 -1 0 0 0 0
Trench3 0.26 0 0 1 0 -1 0 0 0 0
Trench4 0.28 0 0 1 0 -1 0 0 0 0
Trench5 0.30 0 0.5 1 0 -1.5 0 0 0 0
Trench6 0.30 0 1 0.5 0 0 -1 0 0 0
Trench7 0.66 0.5 0.5 0.5 0.5 1 0.5 -3.5 -0.5 0
Trench8 2.24 0.5 0.5 1 2 3.5 4 7.5 -6.5 -2

Flat seabed 0.00
Trench1 0.14 0 0 0 0 -0.5 0 0 0 0
Trench2 0.20 0 0 0.5 0.5 -1 0 0 0 0
Trench3 0.26 0 0 0.5 0 -1 0 0 0 0
Trench4 0.28 0 0 1 0 -1.5 -0.5 0 0 0
Trench5 0.30 0 0 1 0 -1.5 -0.5 0 0 0
Trench6 0.30 0 0.5 0.5 0 0 -1 0 0 0
Trench7 0.66 0.5 0 0 0.5 1 0.5 -4 -1 0
Trench8 2.24 0.5 0.5 1 2 3 4 7 -6.5 -2.5

Flat seabed 0.00
Trench1 0.14 0 0 0 0 0 0 0 0 0
Trench2 0.20 0.5 0.5 0 0 0 0 0 0 0
Trench3 0.26 0.5 0.5 0 0 0 0 0 0 0
Trench4 0.28 0.5 0.5 0 0 0 0 0 0 0
Trench5 0.30 0.5 0.5 0 0 0 0 0 0 0
Trench6 0.30 0.5 0.5 0.5 0 0 0 0 0 0
Trench7 0.66 0.5 0.5 0.5 0.5 0 0 0 0 0
Trench8 2.24 0.5 1 1.5 2 2.5 1 -6 -0.5 -1

Soil type Trench name dmax/D

S2
(su0=2kPa

)

0 (1172 m)

0 (1171.5 m)

0 (1172 m)

0 (1137 m)
Loading: T8-H4

Loading: T8-H1

Loading: Static-H4

Loading: Static-H1
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Fig. 5-11 New trench shapes with adjusted bottom points 

 

Fig. 5-12 Stress range of new trench shapes 

Taking for example the ‘S1-Trench8’ with maximum depth of 4.23D, the featured 

geometries of three new constructed trench shapes with adjusted BP positions (namely 

‘md1’ through ‘md3’) are listed in Table 5-8 and shown in Fig. 5-11. In order to obtain 

the same BP positions as in cases of ‘R10’, ‘R20’ and ‘R30’, the bottom points of new 

shapes ‘md1’, ‘md2’ and ‘md3’ were shifted from base case rightwards by 10 m, 20 m 
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and 30 m respectively. In other words, ‘md1’, ‘md2’ and ‘md3’ trench profiles have the 

same start/end points as the base case (i.e. ‘S1-Trench8-Base’) but their corresponding 

BP locations are matching with ‘R10’, ‘R20’ and ‘R30’ respectively (see Fig. 5-11). 

Trench shapes of ‘md1’ to ‘md3’ and ‘R10’ to ‘R30’ are correspondingly overlapping 

for the most part, particularly in the vicinity of BPs, although differ in the very leading 

and trailing edges (catenary and pipeline sides). To investigate effects of leading and 

trailing edges,  a new shape, namely ‘md4’ , is also constructed with the BP located in 

the midpoint of ‘md2’ and ‘md3’, with leading edge overlapping ‘md2’ and trailing 

edge overlapping ‘md3’, as shown in Fig. 5-11. 

The stress range profiles obtained with the new trench shapes and the corresponding 

original ones are shown in Fig. 5-12, with the results normalised by the relevant 

Δσflatseabed-max. By moving BP, the stress range profile and its maximum value change 

significantly, indicating that the trench effect is highly sensitive to the BP location. 

Shapes of stress range profiles for ‘md1’ and ‘md3’ match very well with those ones for 

‘R10’ and ‘R30’, mainly around the peak points and then around the trailing edge 

(towards pipeline side) of the trench, although they differ marginally before the peak 

points and around the leading edge (towards catenary side). Maximum disparities of 

stress range ratio are only within 4%. Cases of ‘md2’ and ‘R20’ are similar in 

magnitude of maximum stress range (83% and 86% respectively) but differ greatly in 

their profiles (‘R20’ shows two peaks while ‘md2’ gives one plain peak only). The 

maximum stress range of ‘md4’ is between those of ‘md2’ and ‘md3’, and its overall 

profile is closer to ‘md2’ especially at the leading edge. It appears that the change at the 

leading edge has greater effect on the overall stress range profile, which is consistent 

with observations of Randolph et al. (2013), where the fatigue life for a ‘Langner’ 

trench was notably improved after extending the leading part towards the catenary. 

Overall it can be concluded that the most influential factor of trench effect is the 

position of the bottom point (BP) as investigated in this study either by moving the 

trench profile as a whole or by adjusting the shape locally. The alterations of trench 

shape at the leading and trailing edges have less and least impacts respectively. The 

trench may have beneficial effect on SCR fatigue only for certain locations of the BP. 
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5.6 INTERPRETATION AND PREDICTION OF TRENCH 

EFFECT 

Contradictory (beneficial or detrimental) effects due to pre-formed trenches under 

different combinations of trench depth, location, profile and loading scenario have been 

discussed in the previous sections. The next step is to investigate why and how pre-

formed trenches can lead to detrimental or beneficial effects. Compatibility between the 

trench profile and the riser shape in the TDZ plays an important role in the formation of 

hotspots (areas with concentrated contact forces between soil and riser) and hence the 

riser-soil interaction behaviour as the most important parameter in magnifying stress 

range values in the riser sections along the TDZ. A strategy based on riser-trench 

compatibility approach is adopted here to interpret the influence of trench depth, shape 

and loading intensity on trench effect and to make qualitative predictions. Different 

aspects of compatibility between the pre-formed trench profile and the SCR shape under 

the riser self-weight (ambient condition) or under cyclic motion (loading condition) are 

explored respectively.  

5.6.1 Self-weight compatibility 

Assessing the ‘self-weight’ compatibility of a trench profile involves the following 

steps: (1) establish a rigid trench profile; (2) lay the riser on the trench statically under 

its self-weight only; (3) examine whether the riser and trench have smooth contact 

surface without sharp corners and gaps. This type of assessment may identify the 

mismatching trench profiles visually without performing time-consuming analyses. It is 

investigated hereafter for all S1 trench profiles, including 8 trench depths, 9 horizontal 

locations and three locally adjusted BP positions. Results for a typical deep trench shape 

‘S1-Trench8’ are shown in Fig. 5-13. All the results for S1 trench profiles are shown in 

Appendix D. 

It is seen that in all cases the riser profiles comply with trench profiles very well at the 

trailing edge. However the condition at the leading edge is case sensitive. With the 

trench profile moving rightwards (toward pipeline side) from the leftmost end (‘L40’), 

the depth of riser falling into the trench and the riser-trench contact area increase until 

the trench arrives at a certain position where ‘perfect’ matching profiles are achieved. 

Such position is shape dependent and Appendix D shows that it is around the base 

position for moderate trenches (Trenches 1 to 6), and between ‘R10’ and ‘R20’ for 

severe trenches (Trenches 7 to 8, as seen in Fig. 5-13). By moving the trench beyond 
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that position, the TDP will fall outside the trench and the riser will have sharp contact 

with trench leading edge, resulting in changing of the riser shape and gap formation 

between riser and trench. The deformed riser elements with significant curvature 

variation are potential hot spots of the structural response. In this case, the trench is 

deemed to be incompatible with the riser. 

 

Fig. 5-13 Self-weight configurations of typical deep trench profile (S1-Trench8) 

It is also clearly shown in Appendix D that, with the trench shifting from the catenary 

side to the pipeline side, the touchdown points see an opposite shifting direction. These 

observations for touchdown points are reasonable and consistent with those for the 

critical points with maximum stress range as observed already in Fig. 5-7. 
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As per Table 5-6, the variation of stress range ratio of moderate trenches relative to flat 

seabed is within a small range between -2% and +6%. The most compatible 

configuration (such as ‘Base’ or ‘L10’) only shows minor beneficial effect (up to  2%), 

while the least compatible one (such as ‘R40’) has almost no effect. In other words, the 

self-weight compatibility may not predict accurately the effect of moderate trenches on 

the structural response. In contrast, the effect of severe trench is significantly affected 

by self-weight compatibility which is consistent with the observation by Wang and Low 

(2016), who varied the trench total length and horizontal position, and investigated the 

influence on the SCR fatigue damage. As shown in Fig. 5-13, ‘S1-Trench8-R20’ is not 

fully compatible according to the criteria proposed by Wang and Low (2016), since the 

TDP of the riser should lie between the start point and the deepest point of a compatible 

trench. In theory, the most compatible position should be between ‘R10’ and ‘R20’ for 

the studied ‘S1-Trench8’ cases. Trench ‘md2’ has similar shape to ‘R20’ but complies 

better with the riser. At the leading edge, ‘md2’ has small gap while ‘R20’ has slight 

sharp contact with the riser. As such the maximum stress range ratio of ‘md2’ is a bit 

smaller (3%) than for ‘R20’. Trench ‘md4’ has larger gap than ‘md2’ at leading edge, 

and consequently leads to much less beneficial effect (see Fig. 5-12). 

5.6.2 Interpretation of compatibility under cyclic motion 

Self-weight compatibility is simply related to the trench profile and self-weight 

configuration of the riser. However, it has been argued (Liu et al., 2018a) that the ‘self-

weight’ compatibility was not adequate to interpret solely the increase or reduction of 

the stress range. Hence, in order to explore the basis for positive or negative trench 

effect, cyclic simulations have to be performed and another interpretation of 

compatibility under cyclic motion is introduced here. A typical severe trench profile 

‘S1-Trench8’ and a moderate motion ‘Dynamic-H1’ are adopted for illustration. The 

stress range profiles along the riser length are shown in Fig. 5-14, superimposed on pre-

formed trench profiles, riser profiles under self-weight (ambient conditions) and 

envelopes of deepest riser profile during cyclic motion. The intersection of black and 

green lines (i.e. pre-formed trench and self-weight penetration) is the actual TDP 

(varying with soil properties). The dashed line illustrates the deepest penetration ever 

experienced for riser nodes in the TDZ. The ambient riser profile and the deepest 

penetration envelope converge on the pipeline side (far from the TDP), at the self-

weight penetration. The basis for positive or negative trench effects may be interpreted 
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in terms of the positional relationship between the trench profile and envelopes of riser 

profile. 

For the trench ‘S1-Trench8-Base’, as shown in Fig. 5-14a, there is a substantial gap 

between the riser penetration envelope and trench profile, indicating that the riser 

elements in that zone never make any seabed contact during the entire loading event. 

The riser has smooth contact with the trailing edge of the trench, but lacks support from 

the seabed on the leading edge within the gap. Referring to the results in Table 5-6, that 

zone leads to increased stress range ratio, i.e. detrimental trench effect. 

In Fig. 5-14b, when the trench is moved from ‘base case’ rightwards to ‘R10’, the gap 

still exists and leads to detrimental trench effect. For the trench in ‘R20’ position, as 

seen in Fig. 5-14c, most of the deepest penetration envelope is below the pre-formed 

trench profile but close to the leading edge. This means that during the downward 

penetration stroke, sooner or later within the simulation time, all pipe elements (not 

necessarily at the same time) are possible to make moderate contact with the trench 

surface without excessive penetration. The trench at this position is deemed to be 

compatible with the riser shape and leads to significantly beneficial effect ultimately. 

However, when the trench goes beyond ‘R20’ arriving at ‘R30’, as seen in Fig. 5-14d, 

the penetration envelope is still below the trench profile but no longer close to the 

leading edge, indicating that excessive penetration occurs in that case. Then a 

detrimental effect is observed again.  

Looking back at the self-weight compatibility of ‘R30’ in Fig. 5-13, an obvious hot-spot 

zone is seen near the trench start point (where the riser profile hits the trench profile), 

which may alter the riser curvature profile. The curvature alteration and excessive 

penetration eventually lead to a shift of the critical location of maximum stress range 

towards the catenary side relative to flat seabed case. Comparing cases for ‘R20’ and 

‘R30’, since there is no difference in the penetration envelopes after bottom point, the 

disparity of stress range is primarily due to the difference in the riser penetration at 

leading edge. This inference is consistent with the previous observation (e.g. Randolph 

et al. (2013)) in which the leading edge of ‘Langner’ trench matters more than other 

parts. 
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Fig. 5-14 Cyclic-motion interpretation of compatibility (S1-Trench8-Dynamic-H1) 
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Fig. 5-15 Cyclic-motion interpretation of compatibility (S1-Trench8-R20-Dynamic-H4) 

5.6.3 Summary and discussion 

During the cyclic motion, the trench profile is considered to be compatible with the riser 

provided that the SCR maintains moderate contact with the trench leading edge. 

Beneficial trench effect occurs in this situation, where the stress range in the critical 

zone with high level (from arc length 1150m to 1180m) is redistributed more evenly in 

a larger area, and eventually the reduction of maximum redistributed stress range is 

achieved as seen in the ‘R20’ case in Fig. 5-14c.  

Maintaining moderate contact requires that the gap (never-in-contact zone) between the 

riser and trench is kept small enough because a large gap leads to lack of support from 

the seabed at the leading edge which is observed to be linked to an increase in the 

maximum stress range (see Fig. 5-14a). Meanwhile the riser penetration at the leading 

edge must also be small enough because excessive penetration leads to stiffer soil and 

excessive resistance. 

For extreme case ‘S1-Dynamic-H4’ as seen in Fig. 5-15, excessive riser penetration at 

the leading edge during cyclic motion always occurs, regardless of the trench depth and 

self-weight compatibility. In this case the trench effect is detrimental but less marked 

(2.4%). This is because the riser and seabed always maintain good contact and thus the 

presence of the trench has relatively less effect.  

It can be summarized from all the observations that the necessary requirements for a 

pre-formed trench having significantly beneficial effects on the SCR fatigue 

performance are as follows: 
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1) The trench is sufficiently deep (severe trench) 

2) The loading intensity is low or moderate 

3) The trench profile is compatible with the riser under cyclic motion (no or little 

gap between both and no excessive riser penetration at trench leading edge). 

The first two conditions are readily visible, while to recognize the third one, complete 

cyclic simulations are needed. The two interpretations of compatibilities under cyclic-

motion and self-weight scenarios appear to be not independent with each other but 

coherent in terms of interpreting the reduction of stress range. Compatible trench 

profiles under cyclic motion are also compatible (e.g. ‘S1-Trench8-md2’) or near 

compatible (e.g. ‘S1-Trench8-R20’) under self-weight scenario, and vice versa. 

Therefore, a simple and feasible approach to predict the performance of stress range 

during cyclic motion without running time-consuming simulations is to inspect the self-

weight configuration. Beneficial effects of pre-formed trenches may be predicted 

qualitatively provided that the aforementioned restrictions are satisfied simultaneously. 

Failing in one or any combination of those conditions will result in detrimental or 

greatly reduced beneficial effects of the trench.  

5.7 CONCLUSIONS 

In order to provide a broad basis for assessing the effect of a pre-formed trench on SCR 

structural response, the present study performed a comprehensive parametric study. It 

was found that the effect of a pre-formed trench was sensitive to multiple factors 

including trench depth, overall horizontal location, shape, loading intensity, etc. 

Considering all cases, the overall trench effect was generally to increase the SCR stress 

range, i.e. detrimental to the SCR fatigue life. Relative to flat seabed, the magnitude 

variation of maximum stress range was up to +21% (negatively for fatigue life) and -

33% (positively for fatigue life), and the location of maximum stress range was shifted 

by a distance from +7.5 m (towards the pipeline side) to -14.5 m (towards the catenary 

side). The effect was significant for severe trenches but less marked for moderate ones 

with the magnitude variations of maximum stress range and peak location only within 

±6% and ±1.5 m respectively. The position of the deepest point of the trench profile had 

most significant impact on the trench effect, while alterations of the trench profile at the 

leading and trailing edges have less and least impacts. 

For more representative results, the trench profiles considered in this paper were 

generated from diverse sources, by calculating profiles numerically (based on nonlinear 
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riser-soil interaction simulations), shifting them and manipulating artificially the 

location of the deepest points of them. Despite the differences between the trench 

profiles in this study and others, the statistical results from abundant cases have 

revealed general rules. It is certain that the effect of the trench depends not only on the 

presence of the trench, but also the trench geometry.  

Effects of pre-formed trench may be predicted by a qualitative approach using a 

rigorous combination of criteria based on the compatibility between the riser and trench 

profiles. Marked beneficial trench effects were only seen for deep and compatible 

trench profiles under cyclic perturbations with moderate level. Otherwise, the trench 

would be more probable to increase the maximum stress range of the SCR, having a 

detrimental effect on the structural response. The framework of riser-trench 

compatibility is still in the qualitative phase. For more accurate prediction of trench 

effect, future advances would endeavour to develop a more quantitative framework. 
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CHAPTER 6 CONCLUDING REMARKS 

6.1 INTRODUCTION 

As the title implies, the focus of this thesis has been to model the seabed trench 

numerically and explore its influence on the structural response of SCRs. The 

comprehensive literature review carried out in this study showed that in all previous 

published works on trench effects, there has been no clear and well-established 

definition of trench as far as riser-soil interaction is concerned. Nonlinear seabed 

models suitable for global structural analysis of SCRs have also been reviewed. A 

typical hysteretic riser-soil interaction model has been adopted to develop an in-house 

code for structural response of risers under cyclic loads. The longstanding inconsistent 

understanding of trench modelling and its effect on the fatigue performance of SCRs 

has been analysed systematically. The effect of a stabilized trench focuses on the 

structural response of the SCR occurring with a steadily formed trench in comparison 

with an initially flat seabed. The present study categorized trenches into two different 

groups: gradually developed trenches (i.e. trenches dug by the riser itself starting from a 

flat seabed) and pre-formed trenches (i.e. initially deformed or prescribed seabed 

profiles).  

This chapter provides a synthesis of the work carried out during the research. The main 

findings as a whole represent a substantial contribution to the knowledge of riser-seabed 

interaction and structural response of SCRs in the TDZ. 

6.2 KEY CONCLUSIONS 

6.2.1 Development of numerical framework 

As a prerequisite of trench effect research, a framework for the numerical simulation of 

SCRs with nonlinear riser-soil interaction was initially developed. The global SCR 

models were built in widely-used general finite element software Abaqus and the seabed 

behaviour was defined using the Randolph and Quiggin (2009) nonlinear seabed model. 

A UEL subroutine coded in FORTRAN language was adopted to implement the riser-

soil interaction serving as an interface between the pipe and the soil, i.e. creating a 

nonlinear boundary condition for riser elements in SCR simulations. 



Chapter 6 

A series of simulations were performed to validate the capabilities of the proposed 

numerical model against a popular industry program OrcaFlex since the same seabed 

model has already been built into it. Results have shown good agreement for both cases 

with and without an initial trench (i.e. flat seabed) as shown in Chapter 2 and Appendix 

B. It was demonstrated that the proposed numerical framework was a cost-effective 

alternative to OrcaFlex in terms of global analysis of SCRs.  

In addition, the in-house UEL code provided advantages over OrcaFlex in terms of the 

secondary development of the nonlinear seabed model. In this thesis, several new 

features have been proposed, such as bilinear profile of soil shear strength as detailed in 

Section 2.9, arbitrary reference elevation (relative to initial flat or deformed seabed) for 

defining seabed shear strength as detailed in Section 4.5.2, and the ability to perform 

explicit static analysis which cannot be performed directly in OrcaFlex. 

6.2.2 Effect of gradual trench development 

For this study, the riser is initially laid on a flat seabed and the trench is gradually 

formed solely due to cyclic SCR motions. Two sequential motions (namely two wave 

packs) were used for cyclic loading. The first one, denoted as initial motion, was used 

for trench development purpose and the second one, denoted as subsequent motion, 

represented the real cyclic loading on the riser. In Chapter 3 it was shown that the trench 

effect on the stress range of SCRs in the TDZ was highly dependent on the sequence of 

the wave packs (i.e. severity of the 2nd motion compared with the 1st one). 

The trench arising from a milder initial motion (with smaller heave amplitude or greater 

period) had no impact on the stress range due to a more severe subsequent motion (with 

larger heave or smaller period). In turn, the trench formed by a more severe initial 

motion generally resulted in less marked increase (up to +11% for softer soil and +6% 

for stiffer soil) in the maximum stress range due to a milder subsequent motion. 

However, a deep trench in some cases gave slightly reduced maximum stress range, 

showing minor beneficial effect on the stress range of SCRs in the TDZ (up to -3% for 

softer soil and -6% for stiffer soil). 

6.2.3 Effect of pre-formed trench 

Given the gradually developed trench profiles generated in Chapter 3, pre-formed 

trenches were established in Chapter 4 with maximum trench depths relative to the riser 

self-weight penetration ranging from 0.14D to 4.23D. These profiles, as base-case ones, 
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were then altered in horizontal position or local shape around the bottom point forming 

an extended library of pre-formed trench profiles in Chapter 5 to provide a broad basis 

for assessing the trench effect on SCR structural response. Trench effects were 

quantified in terms of normalised maximum stress range. The basis for positive or 

negative effects of the trench was interpreted by introducing a riser-trench compatibility 

approach in which consistency between the pre-formed trench profile and the deformed 

shape of the riser in it under both self-weight and cyclic motion scenarios were 

evaluated. 

The findings in respect of pre-formed trench are as follows: 

1. Depending on multiple factors including the depth, location and shape of trench, 

and loading intensity, the trench may lead to greater or smaller maximum stress 

range relative to a flat seabed. Relative to a flat seabed, the variation of 

maximum stress range was up to +21% (i.e. decreasing fatigue life) and -33% 

(i.e. increasing fatigue life), and the critical fatigue location was shifted by a 

distance from +7.5 m (towards the pipeline side) to -14.5 m (towards the 

catenary side). Both the maximum and minimum normalised stress ranges 

indicating the most detrimental and beneficial effects respectively to the SCR 

fatigue life occur for deepest trench cases.  

2. The effect of moderate trenches (taken as less than 1.5D relative to self-weight 

penetration in this research) was less marked with the variations of normalised 

maximum stress range and offset of critical fatigue location within ±6% and 

±1.5 m respectively. Severe trenches (greater than 1.5D here) tended to give 

more significant results which, however, were sensitive to the trench location, 

especially the location of the deepest point. As far as the effects due to pre-

formed trench shapes were concerned, the position of deepest point of the trench 

profile had most significant impact on the riser-trench compatibility and hence 

on the structural response of the riser, while alterations of the trench profile at 

the leading and tailing edges had less and least impacts. 

3. Significant decreases in maximum stress range (i.e. beneficial effect) were only 

observed for deep and compatible trench profiles under moderate cyclic 

perturbations. Otherwise, the trench would be more probable to increase the 

maximum stress range of the SCR (i.e. having a detrimental effect on the 

structural response). A simple approach to assess the compatibility of deep 
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trench profiles under cyclic motion without running time-consuming simulations 

was proposed by inspecting the self-weight configuration of the SCR. 

4. A potential basis for beneficial or detrimental effects for a deep trench was 

identified. In a given loading cycle, a deep trench usually had a minor effect on 

the maximum stress (σmax) but led to a significant change in the minimum stress 

(σmin). The loss of soil support due to the mismatching between the deep trench 

profile and the riser deformed shape appeared to be linked to the relatively 

greater reduction of σmin which led to increased stress range and ultimately 

reduced fatigue life. 

6.2.4 Overall conclusion 

Using one of the existing nonlinear riser-soil interaction models, a comprehensive study 

was carried out in this research to study the structural response of SCRs under cyclic 

loads due to imposed effects by gradually developed and pre-formed trenches. Results 

showed that the compatibility between riser and seabed profiles, trench depth and the 

profile of soil shear strength played important roles in beneficial or detrimental effects 

of the trench on fatigue performance of the riser under cyclic loads. Published results in 

the literature were investigated in detail and it was found that different definition of 

‘trench’ and less comprehensive case studies were the main reasons for inconsistent and 

sometimes contradictory results between many of the previous research results.  

During deepening of the riser penetration, the maximum induced stress range in the 

riser would increase or decrease gradually but become stabilized after sufficient number 

of cycles. All gradually developed trenches were compatible with the SCR shape in 

nature but this was not true for pre-formed trenches. In general, gradual developed 

trenches gave slightly greater stress range compared with a flat seabed. For pre-formed 

trenches, only deep and compatible ones may result in significantly reduced stress range, 

i.e. beneficial effects on the SCR fatigue life. Otherwise, the trench effect would be 

much less significant or detrimental. 

From a perspective of fatigue design, moderate trenches (both gradually developed and 

pre-formed) with minor effect could be considered less seriously, while severe  pre-

formed trenches having significant influence on stress range magnitudes must be taken 

into account in SCR design. The self-weight configuration approach could be used to 

predict the beneficial or detrimental trench effect on the SCR fatigue life within the 

TDZ in a qualitative manner.  
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6.3 LIMITATIONS AND FUTURE RESEARCH 

Real pipe-soil interaction and trench formation are complex phenomena. The two 

idealized trench effect categories as defined in this thesis do not normally exist 

independently in the real world but may be superimposed on each other. The main aim 

of this research was to obtain a better understanding of a longstanding question on 

trench effects on the overall fatigue performance of SCR systems in the TDZ. Further 

research activities in the following areas are needed to provide more confidence in the 

trench effect studies: 

• More extensive parametric studies can be performed with a wider range of riser 

and soil setups (e.g. different outer diameters and wall thicknesses of pipe, 

modelling parameters of nonlinear soil) along with a broader range of pre-

formed trench shapes for more confidence about the validity of the results 

obtained in this research. 

• From a geotechnical engineering perspective, the adopted soil model and the 

numerical tool for riser-soil interaction analysis can be improved. The seabed 

model in this thesis was one of the existing discretized nonlinear seabed models. 

This model using individual nonlinear springs is able to show hysteretic soil 

behaviour in four modes of initial penetration, uplift, not in contact and 

repenetration. However, it is not able to capture explicit trench formation or 

cyclic degradation of the soil strength and stiffness. Improved nonlinear soil 

models will result in more reliable results. Using continuum soil models and 

large deformation finite element (LDFE) approach which is able to capture soil 

plastic deformation and riser-fluid-soil interaction in a broader aspect will show 

trench formation and trench effects more realistically. 

• Only deterministic loading in the form of simple displacement controlled 

sinusoidal vessel motions were used in this research. From environmental 

loading perspective, time domain analysis of the SCR under randomly generated 

waves would be a better representative of the real loading history for trench 

effect studies. Slow-drift vessel motions should be considered as well. 

• Considering the limitations of existing nonlinear soil models, in order to 

investigate the trench effect in detail and render the problem manageable, the 

analysis of SCR structural response in this thesis has been simplified by 

restricting the analysis to 2D planar condition only (i.e. in plane loading on the 

riser and riser-soil interaction in the vertical plane).  
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• From a structural modelling perspective, an SCR model under 3D loading (in-

plane and out-of-plane loading) with both vertical and lateral riser-seabed 

interaction could be performed to increase the robustness of the results from the 

current 2D analyses. 
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Appendix 

APPENDIX A. MAIN EQUATIONS OF SEABED MODEL 

ADOPTED IN THIS THESIS 

The main equations of the nonlinear seabed model presented by Randolph and Quiggin 

(2009) are summarized here. 

Pu(z) = Nc(z/D).su(z).D (A1) 

Pu-suc(z) = -fsuc.Pu(z), 0≤fsuc≤1 (A2) 

c
c b

z / D 0.1N (0.1) 10z / D,
N (z / D)

z / D 0.1a(z / D) ,

 <⋅=  ≥  
(A3) 

maxz / (D / K )z =  (A4) 

where z = riser penetration into the soil, P = soil resistance force per unit length, D = 

riser diameter, fsuc = suction resistance ratio, su(z) = su0 + ρ.z is the undrained shear 

strength at z, and Nc(z/D) = bearing factor with a and b as the empirical parameters. ζ is 

non-dimensioned penetration to be in units of D/Kmax where Kmax is normalised 

maximum secant stiffness. 

( )
( )

IP u

0 UL 0 0 u suc

0 RP 0 u 0

H ( ) P (z) for initial penetration mode
P(z) P H ( ) P P (z) for uplift mode

for repenetration modeP H ( ) P (z) P
−

 z ⋅


= − z − z ⋅ −
 + z − z ⋅ −  

(A5) 

( )IPH  /)  ( 1z = z + z  (A6) 

( ) ( ) ( )UL 0 0 0 u suc u 0 0( ) (zH / P P / P z) ( )−z − z = z − z − + z −z    (A7) 

( ) ( ) ( )RP 0 0 u 0 u* 0( ) (zH / P P / P)z − z = z − z − + z −z    (A8) 

In three contact modes, including the initial penetration, uplift and repenetration, the 

resistance force P(z) is modelled by applying three different non-linear hyperbolic 

functions, HIP(ζ), HUL(ζ0-ζ) and HRP(ζ-ζ0), to the ultimate penetration resistance Pu(z) or 

the ultimate suction resistance Pu-suc(z). All of the hyperbolic functions are zero at the 

start of the contact mode and asymptotically approach unity if the respective penetration 
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gets large enough. P0, ζ0 and z0 are values of P, ζ and z at which the latest episode of a 

given contact mode started. Pu* equals to Pu(z) if P0≤0 while Pu(z*) if P0>0 where z* is 

the penetration when the preceding episode of uplift started. 

In addition, the resistance is limited by a negative lower bound Pmin(z) during the uplift 

mode and a positive upper bound Pmax(z) during the repenetration mode, given as 

follows: 

P 0
min u suc

suc max

z zP (z) P (z) Exp Min 0,
z
=

−

  −
= ⋅   λ ⋅  

 (A9) 

P 0
max IP u rep

suc max

z zP (z) H ( ) P (z) Exp Min 0,
z
=

  −
= z ⋅ ⋅ − λ  λ ⋅  

 (A10) 

where zp=0 = largest penetration at which suction has started during uplift, zmax = largest 

ever penetration, λsuc = normalised suction decay distance, and λrep = normalised 

repenetration offset after uplift. 

The following soil extra buoyance force is also applied, vertically upwards, in addition 

to the resistance P(z) due to the soil shear strength. 

Soil Extra Buoyance Force = DISP soil seafb A ( ) g⋅ ⋅ ρ −ρ ⋅  (A11) 

where fb is soil buoyance factor (typically 1.5) and ADISP = displacement area. 

 

 

  

A-178 



Appendix 

APPENDIX B. VERIFICATION AGAINST ORCAFLEX 

A series of simulations were performed to verify the results of the Abaqus models 

developed in the present research against OrcaFlex since they have the same nonlinear 

seabed models. The SCR configuration is consistent with that in previous chapters. 

Different periods and amplitudes of excitation motion of hang-off points and initial 

seabed profiles were considered. 

For the simulations with flat seabeds, a stiffer soil type Soil 2 (as detailed in Table 3-2 

with mudline shear strength su0 = 2 kPa) was adopted. There were two scenarios: 1) 

with fixed period (T = 12 s) but varying amplitudes (from 1 m to 4 m), and 2) with fixed 

amplitude (H = 1 m) but varying periods (from 8 s to 16 s). The results of stress range 

profiles through the riser arc length within the TDZ and evolution with increasing cycle 

number for both scenarios are shown in Fig. B-1 and Fig. B-2 respectively, agreeing 

very well with OrcaFlex. Note that the critical location with maximum stress range 

varies significantly with increasing motion amplitudes as shown in Fig. B-1a, and 

therefore the results of time series from different riser elements (arc lengths) are 

extracted and shown in Fig. B-1b. 

For the simulations with pre-formed trenches, a softer soil type Soil 1 was adopted (with 

mudline shear strength su0 = 0 kPa) and the amplitude and period of input motion was 2 

m and 13 s respectively. Verification results are shown in Fig. B-3. The pre-formed 

profile adopted here was similar to ‘Trench8’ as mentioned in Section 4.5.1 (Fig. 4-5 

and Table 4-3) but without excluding self-weight penetration (circa 1.6 diameters). The 

trench and riser penetration profiles at the end of 30th cycles are shown in Fig. B-3a. 

Only method 1 is available in OrcaFlex and thus it was used here for verification 

purpose. The original trench profile was translated horizontally by 5 m, 10 m and 15 m 

rightwards forming new profiles named ‘Trench_R5’, ‘Trench_R10’ and ‘Trench_R15’ 

for further verification. Results of penetration and stress range both agree well with 

OrcaFlex. 
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Fig. B-1 Verification of stress range results with flat initial seabed (Soil 2, T = 12 s): (a) 

profile within the TDZ; (b) evolution with time 
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Fig. B-2 Verification of stress range results with flat initial seabed (Soil 2, H = 1 m): (a) 

profile within the TDZ; (b) evolution with time 
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Fig. B-3 Verification of results with profiled initial seabed (Soil 1, H = 2 m, T = 13 s): 

(a) trench and riser penetration profiles; (b) stress range 

 

  

A-182 













Appendix 

APPENDIX D. SELF-WEIGHT CONFIGURATIONS FOR 

PRE-FORMED TRENCHES 

 

Fig. D-1 Self-weight configurations of S1 trench profiles (Trenches 1 to 4) 
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Fig. D-2 Self-weight configurations of S1 trench profiles (Trenches 5 to 8) 
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Fig. D-3 Self-weight configurations of S1 trench profiles (modified shapes) 
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