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ABSTRACT 
 

Extracting oil and gas from deep offshore is going to remain an inevitable source of energy in 

industry. It is now more than two decades since deep offshore oil and gas fields have been 

developed and are in operation. Deep offshore extractions cause considerable engineering 

challenges to design and construct reliable and affordable systems to extract and transfer 

hydrocarbons safely and practically. Subsea systems and floating vessels are extensively used to 

extract the deep offshore minerals. The development of various types of the riser systems to 

connect the subsea facilities and pipelines to floating vessels is of high importance. There are 

several types of riser systems each with certain specifications and applicability. Steel Catenary 

Risers (SCR) are one of the most popular systems to transport oil or gas from deep offshore 

fields to surface production vessels. Their lower installation and fabrication costs compared to 

the other riser systems are the main reasons for their popularity. Structural response analysis, 

engineering, and design of SCR systems are quite challenging. Fatigue life estimation in touch 

down area is one of the main engineering concerns for SCRs and is a function of a large number 

of factors. Riser-soil interaction at the touchdown zone, where the riser touches the seabed, has 

a very important role in fatigue performance of SCR systems. Modelling soil response using 

discretised and independent springs showing nonlinear hysteretic behaviour are one of the 

widely accepted approaches in riser analysis. 

In the first part of this thesis, existing spring–like hysteretic nonlinear riser-soil interaction 

models were studied, checked in different cases and compared in detail. Their pros and cons 

were compared and eventually, the main requirements were established for a new soil model 

incorporating advanced features in modelling complex riser-fluid-soil interaction problems to 

obtain more accurate results. 

In the next part of the thesis, considering the short-comings of the two most widely used 

nonlinear riser-soil interaction models, a new soil model was developed enabling more accurate 

modelling of riser-soil interaction. This model uses a unified mathematical approach for 

modelling soil behaviour in all penetration, uplift and repenetration modes. It is able to 
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represent trench formation explicitly and capture soil degradation (full or partial) in consecutive 

load cycles. The model was coded in an in-house program and the results were shown to 

compare very well with different test data for riser soil interaction.  

In the last part of this thesis, the new soil model was coded in Fortran as a user-defined element 

(UEL) in the general finite element package, Abaqus, and was used for modelling an SCR 

system under cyclic loads due to vessel motions. Overall structural response, fatigue 

performance and soil reactions for a sample SCR under different cyclic loads using the new soil 

model and one of the existing nonlinear soil models were compared in detail. Both soil models 

showed comparable behaviour as far as general trends were concerned. However, the new soil 

model showed reduced stress ranges and smaller penetration depth for the riser segments. It is 

also represented explicitly gap formation between the SCR and seabed soil, in contrast to the 

existing models. 
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CHAPTER 1  

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

Oil and gas production from deep offshore resources has increased significantly in the last two 

decades. High industrial demand caused many onshore and near shore, resources reached the 

end of their operational life. On the other hand, application of the advance and high-end 

technologies in oil and gas industry has underlined the opportunity of extracting oil and gas 

from deep offshore reservoirs which are about 8 to 20 times bigger than the onshore and 

shallow water reservoirs (Hatton et al., 2004). These advancements can be traced in next 

generation of the floating vessels used to develop oil and gas fields; for instance, using remote-

controlled robots in the installation of the deep offshore fields and connective tools which 

conduct raw productions to the production and transport floating vessels. Risers are one of the 

main components in the development of offshore fields and are usually used for transmission of 

hydrocarbons between subsea and floating facilities. 

Production, export and service risers can be categorised as Conventional Steel Risers, Flexible 

Risers, Steel Catenary Risers (SCRs), Top Tensioned Risers (TTRs) and Free Standing Hybrid 

Risers (FSHRs) (Lim & Gauld, 2003). Conventional steel risers, as the first generations of deep 

offshore risers, are rigid steel risers and are not widely used anymore. Flexible risers consist of 

several layers of thermoplastic and spiral laid steel which lead to a flexible arrangement suitable 

for shallow and some deep offshore applications. One of the main benefits of flexible risers is 

their ability to accommodate high curvature which will facilitate the installation procedure as 

well as dynamic motions (Maclure & Walters, 2007). A Steel Catenary Riser (SCR) consists of 

a series of steel pipes welded to each other and hanging from a floater to form a catenary shape. 

They are easy to fabricate and install however they are very challenging in engineering design 

procedure. SCRs, in general, are one of the main alternatives for flexible risers. The reasons for 

SCRs becoming the main transmission tools compared to flexible risers are: lower cost of 

fabrication of the SCRs, difficulties and uncertainties in the design of flexible risers which cause 
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overly conservative assumptions in their design, and the applicability of SCRs in using of broad 

range of diameters in different water depths (Maclure & Walters, 2007).  

There are several challenges in the design phase of SCRs. They are floating freely in the sea 

water and are subjected to cyclic loads due to environmental loads and vessel movements which 

make them susceptible to fatigue damage. Therefore, predicting the fatigue life of an SCR is one 

of the most challenging issues in its design. The Touch Down Zone (TDZ) where the riser meets 

seabed first is usually one of the most critical areas for fatigue damages and this is mainly due 

to the complex interactions between soil, riser and sea water in this area. Strong nonlinear soil 

behaviour in TDZ and vortices formed around the vibrating riser in seawater and soil-fluid 

interaction increase the uncertainties in the design of the SCR (Clukey et al., 2008).  

The first SCR was installed in the Auger field in 1994 to transfer oil to the production platform. 

It was a 12-inch steel pipe connected (over a period of 7 months) to the Atlantia Seastar mini 

TLP in a water depth of 992m (Howells, 1995). Since then, the number of successfully installed 

SCRs all around the world has increased considerably and it seems it will continue in the future 

(Bridge & Howells, 2007). According to studies performed by Hatton et al., (2004), as of 2004, 

there were 46 SCRs installed around the world and 114 more SCRs were planned to be installed 

up to 2009. These statistics clearly show the popularity of SCRs in the deepwater field 

developments.  

1.2 Background  

An SCR is subjected to cyclic loads due to movements of the floating vessel as well as 

hydrodynamic loads due to the environmental conditions. These cyclic loads cause the riser to 

oscillate and in TDZ this can result in a complex interaction between three existing domains: the 

riser, the seawater around the riser, and the seabed soil underneath the riser. Figure  1-1 presents 

schematically the interaction between these three main domains dominating the riser behaviour 

in TDZ.  

An oscillating riser section in the TDZ penetrates into the seabed and then lifts up from the 

seabed successively, which can lead to soil plastic (nonlinear) behaviour. At the same time, the 

riser excitations displace fluid and induce vortices in the seawater which impose extra shear 



A New Hysteretic Seabed Model for Riser-Soil Interaction 1-3 
 
 
stress on the sea floor. This can lead to soil erosion and sediment transportation in the TDZ. 

Finally, plastic deformation and soil erosion alter the seabed profile in TDZ and in turn the new 

seabed profile affects fluid flow pattern around the pipe and formation of vortices in the 

seawater as well as the riser motion and its interaction with the soil. This complex trilateral 

interaction between the riser, fluid, and the soil repeats during every cycle of the riser motion 

(Clukey et al., 2008).  

Although all parts of the interaction described above are playing important role in final fatigue 

life of SCR, the interaction between soil and riser have the most important effects on induced 

fatigue damage in the riser and many researchers have conducted broad studies on it in the last 

decade. This research aims to develop a new hysteretic nonlinear soil model with fewer 

restrictions and more capabilities than existing nonlinear riser-soil interaction models that can 

be implemented easily in riser-fluid-soil interaction models in future. Therefore, the main focus 

of this thesis is on the riser-soil interaction and the literature review presented here in this 

chapter is configured to be in line with the aim of this research. This research consists of three 

following main study streams and the literature review presented here is categorised 

accordingly: 

• Experimental and numerical investigations on riser-soil interaction  

• Riser-soil interaction models in the TDZ  

• Application of the riser-soil interaction models in structural response and fatigue design 

of SCRs  

1.2.1 Experimental and Numerical Investigations on Riser-soil 

Interaction  

There are several numerical and experimental studies on riser-soil interaction and a brief 

summary of the most relevant works to this dissertation are presented hereafter.  

Bridge & Willis (2002) prepared a test setup to investigate the riser-soil interaction at seabed as 

part of the STRIDE JIP project. They used a 110m long 168.3mm diameter steel catenary riser 

with the soil properties similar to the deep water of Gulf of Mexico. They used an actuator to 
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model the wave and vessel motion in vertical and horizontal directions. Authors utilised the test 

data to develop a nonlinear model to describe the riser-soil interaction in the TDZ.  

Aubeny et al. (2005) studied the collapse load for a cylinder embedded in a cohesive soil trench. 

Considering soil shear strength variation within the soil depth, they performed plane-strain finite 

element (FE) analyses to calculate the collapse load for different trench depths. They simplified 

the finite element method (FEM) results by developing the equations which relate collapse load 

to trench depths.  

Clukey et al. (2008) investigated the fluid-riser-soil interaction and trench formation around a 

riser in the TDZ using LS-DYNA software. They used coupled Eulerian-Lagrangian capability 

of LS-DYNA to simulate the soil-structure interaction of a 2D model of a rigid riser section in 

the TDZ with the surrounding water and soil. The soil and water were modelled as two Eulerian 

domains while the riser section was modelled in a Lagrangian domain. Von-Mises model and 

Mie-Grunisen equations were used for soil constitutive behaviour and water characteristics 

respectively. They compared their numerical results with the experimental results which had 

been conducted by Norwegian Geotechnical Institute (NGI). They applied a monotonic loading 

and ignored the effects of cyclic loading. Authors also did not consider the effect of sediment 

transportation due to water vortices around the riser. However, the numerical results show good 

agreement with experimental test results. 

Hodder & Byrne (2010) conducted a 3D experiment to investigate the seabed interaction with a 

SCR. They used a riser with 7.65 m in length and 110 mm in diameter in a flume under cyclic 

and monotonic loads. The riser and soil were properly instrumented to record the intended data. 

The tests were conducted for sand and clay soil. The experimental results from the clay soil 

were verified with numerical analysis and good agreement between the results (soil deflection, 

bending moment in riser etc.) was found. They also observed the effect of the riser geometry 

and soil stiffness as well as pipe-soil load path and hydrodynamic jetting on trench evolution.  

Hu et al. (2011) performed centrifuge modelling of an SCR to investigate the SCR’s vertical 

motion in the touchdown zone. They applied a dynamic vertical movement from 0.35D to 

0.50D (D is the riser’s outside diameter). The results showed progressive soil degradation by 
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increasing the number of the load cycles. It was also concluded that the water pore pressure 

reduces with increasing number of riser penetration and uplift cycles. They also investigated the 

effects of repetitive loads on the soil strength as well as riser displacement rate and loading 

mode on the riser-soil interaction.  

Gao et al. (2011) conducted a series of tests to investigate the flow-induced instability of a 

partially embedded pipeline considering the soil-pipe interaction. They studied the effects of 

pipe roughness, end constraint and initial embedment in their test models. The lateral resistance 

coefficient of the soil for rough pipes was found to be higher than smooth pipes and for a 

specific submerged weight (non-dimensional submerged weight) the lateral soil resistance of the 

anti-rolling pipes are much higher than free laid pipes. They also concluded by decreasing the 

submerged weight of pipes the effect of initial embedment reduces as well. By comparing their 

results with the flume test results they also found that for a given non-dimensional submerged 

weight the lateral stability of directly laid pipes in current is higher than waves.  

Katifeoglou & Chatjigeorgiou (2012) investigated the effect of soil reaction forces in a 

theoretical model of the dynamic equilibrium system. They considered a specific geometry and 

depth for trenches and calculated the soil stresses using commercial software named Phase2. 

Authors used these stresses to develop the soil forces and applied them as concentrated loads in 

the nonlinear dynamic model at touch down point. They applied this procedure for different 

excitations and the effect of soil reaction on the behaviour of the system was investigated.  

Elliot et al. (2013a) developed an experimental tool using centrifuge test equipment to 

investigate the soil-fluid-riser interaction in the TDZ underneath a SCR. They investigated the 

modelling scale and actuation systems and designed a series of tests on elastic seabed models to 

verify their tools and measurement systems with finite element results.  

Elliot et al. (2013b) extended their research to an experimental study of the fatigue of SCRs 

considering the TDZ effects using the tools they developed earlier in 2013. They performed the 

test using Kaolin clay for the TDZ with an undrained shear stiffness profile similar to the Gulf 

of Mexico. They applied four sets of heave and surge motion on a simulated truncated SCR with 

the length of 108m and diameter of 0.5m. The Authors concluded that soil-fluid-riser interaction 
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has a considerable effect on the fatigue behaviour of the riser, although the trench geometry has 

the greatest impact on it.  

Wang et al. (2014) introduced the results of their study on a 3D large-scale experiment on a 

SCR laid on a layer of clay at 1g condition. They focused on the trench formation, pipeline 

behaviour and excess pore pressure beneath the pipe. Their results showed the soil softening 

during cyclic motion applied on one part of the pipe according to the embedding process and the 

laded shape of the trench in TDZ. They measured the suction between pipes and soil and pore-

pressure. They concluded the excess pore pressure depends on the pipe trajectories in different 

parts of the pipe. They also concluded that the shape and depth of the trench reached to a steady 

state after about 200 cycles.  

Yu et al. (2015) compared the embedment of a SCR system between field survey and existing 

empirical models to study the existing uncertainties in the empirical formulas and moreover 

investigated the effect of soil nonlinear parameters on dynamic embedment. They defined 

Dynamic Embedment Factor (DEF) as a ratio of the dynamic and static embedment of pipelines 

and risers to cover the gap exist between survey results and empirical formulas. They concluded 

that the DEF factor range is very wide and highly depends on soil nonlinear parameters. They 

conducted series of tests on soft clay to identify the importance of soil parameters in DEF and 

they found the shear strength gradient as the most important soil parameter in clay which affects 

the DEF. 

1.2.2 Riser-soil Interaction Model in the TDZ  

The second aim of the literature review is to study the existing nonlinear soil models developed 

for riser-soil interaction in details.  

Bridge et al. (2004) developed a nonlinear riser-soil interaction model according to the test 

results presented in STRIDE and CARISIMA JIP’s test data. The model proposed has four 

different phases: penetration, unloading, suction, and re-penetration. They proposed 

mathematical equations for each of these four modes based on the test data results mentioned 

above. Equivalent linear soil stiffness is also presented for three different loading conditions in 
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the riser. Authors finally suggested for more detailed research to reduce the conservatism in the 

dynamic riser-soil interaction model they provided. 

One of the nonlinear discrete soil models for SCRs response was the model proposed by Jiao 

(2007). This model consists of two non-degrading and degrading soil models for different soil 

conditions. Both models formed by a backbone curve describing self-penetration of the riser, 

bounding curves to simulate the soil behaviour under large deformations and series of 

formulations to describe the soil behaviour within the bounding loops. The non-degradation 

model is able to simulate complex loading-unloading conditions including partial and full 

separation while degrading model is capable of modelling degradation using three degradation 

control parameters. Results of these two models were compared to the laboratory tests and two 

codes were developed.  

Aubeny & Biscontin (2008) presented an analytical method for analysis of SCRs considering an 

elastic pipeline on a series of nonlinear soil springs. They considered the nonlinear soil 

behaviour and riser separation from the soil. Soil degradation was also simulated implicitly for a 

specific load level in their model. The approximated degradation model considered the soil 

plastic deformation. This model is based on the assumption that reloading stiffness is less than 

that one in the unloading condition. They developed a shifted unload curve for the next coming 

loading-unloading cycles. A formula developed by Dunlop et al. (1990) was applied for 

calculating shifted penetration. This approximated degradation model ignores the effects of 

water entrainment, reconsolidation, soil erosion and thixotropy (Nakhaee & Zhang, 2010). Soil 

stiffness was defined for each part of the nonlinear soil behaviour including backbone curve, 

unload and reload stiffness and applied as springs’ stiffness connected to a SCR. They 

compared their results with the test results of typical soft clay at the seabed. Authors concluded 

that considering soil degradation has a significant effect on the bending moment in the riser.  

Currently, there are two popular advanced nonlinear soil models for SCR analysis. They are 

proposed by Aubeny & Biscontin (2009) and Randolph & Quiggin (2009), referred to as AB 

and RQ models hereafter. These two models were developed by investigating the seabed load-

deflection curves extracted from various experiments. These experiments broaden from the 
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prototype, large-scale tests performed by Langford & Aubeny (2008) and centrifuge tests by 

Hodder et al. (2009), to full-scale experiments by Bridge et al. (2003). Both models categorised 

soil behaviour in several modes and explain them using mathematical formulation according to 

the physical interpretation for each mode. These two models look similar in their overall 

physical concepts; However, they are different in their mathematical approaches, formulation 

and key input parameters.  

AB model was developed based on the laboratory model tests of vertically loaded horizontal 

pipes in weak sediment carried out by Dunlop et al. in 1990 (Aubeny & Biscontin, 2009). As 

shown in Figure  1-2, a full cycle uplift-penetration curve is divided into five different sections 

in AB model. The first section of the curve is called backbone curve and models the intact soil 

behaviour against the initial riser penetration. Backbone curve is formulated using a power type 

function. Elastic rebound curve is the name of the second part, which simulates the riser uplift 

before the initiation of the riser-soil separation. This part of the curve is modelled using a 

hyperbolic type function. The next part of the curve which models the riser-soil separation is 

called partial riser-soil separation curve. A 3rd order polynomial is adopted to model the S-shape 

shape in this part of the curve. Partial riser-soil separation is followed by a full separation 

section, where soil and the riser are detached completely and there is no soil resistance on the 

riser. A re-contact curve is also defined to model any subsequent penetration into the disturbed 

soil which is formulated by a 3rd order polynomials similar to partial separation curve. Any 

reversal from and within bounding loop is modelled using two intermediate hyperbolic 

functions. Nakhaee & Zhang (2010) introduced an updated version of this model to consider 

approximated degradation in the original model.  

RQ model simulates the nonlinear hysteretic soil behaviour under a vertical oscillating riser 

using a combination of hyperbolic and exponential functions (Randolph & Quiggin, 2009). In 

this model, as shown in Figure  1-3 seabed soil behaviour in a full uplift-penetration cycle is 

defined using four modes: initial penetration, uplift, not-in-contact, and re-penetration. The 

initial penetration curve models the first penetration of the riser into the intact soil. Uplift part of 

the curve models the soil behaviour in riser upward motion before full separation occurs. Not-
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in-contact part is presented to show the riser and the soil resistance while they are separated. 

Any subsequent penetration of the riser into the soil is modelled using reloading curve in RQ 

model.  

You (2012) presented an updated AB model which considers the degradation effects using 

power type functions. He proposed a new formula for re-joining the repenetration curve to the 

initial penetration backbone curve. He used the test results presented by NGI and COFS for his 

model. Similar to the parent model (AB model) this model uses different mathematical formulas 

for each part of the loading-unloading cycles which potentially makes its application difficult.  

Aubeny et al. (2015) proposed a new degradation model based on the test data provided by 

Langford & Meyer (2010). They defined a new nonlinear soil model with three phases: virgin 

penetration, elastic rebound, and reloading. They implemented the effect of soil degradation in 

their model in the definition of the soil stiffness for uplift and reloading modes. They applied 

the degradation on the initial tangent stiffness and asymptote of the hyperbola using series of 

inverse exponential and power type functions respectively in uplift mode. For the reloading 

mode, they applied the degradation on the stiffness reduction factor using a combination of a 

power type and hyperbolic functions. The model they presented was based on the original AB 

model. 

1.2.3 Application of the Riser-soil Interaction Models in Structural 

Response and Fatigue design of SCRs  

The final stage of the literature review is focused on the application of the existing nonlinear 

riser-soil interaction models in performing more accurate fatigue design and structural response 

of SCRs. These studies were initially started by investigating the effects of one or few number 

of riser-soil interaction parameters on the global riser behaviour and then extended to parametric 

studies to consider the sensitivity of the riser fatigue life or its structural response to wide range 

of the riser-soil interaction parameters through an excessive number of simulations.  

Theti & Moros (2001) investigated the riser-soil interaction effects on the design of SCR 

considering a nonlinear soil model. They performed a parametric study on the test data from 

STRIDE JIP and discussed the effect of soil stiffness and damping on SCR fatigue damage.  



A New Hysteretic Seabed Model for Riser-Soil Interaction 1-10 
 
 
Xia et al. (2008) performed a parametric study using Riflex and DeepC software to investigate 

the effect of different factors influencing the fatigue life of a SCR. They studied the effect of 

linear soil parameters (friction coefficient, vertical and transverse) stiffness and other 

parameters on the stresses in the pipe and presented a weighted-optimized SCR configuration.  

Kimiaei et al. (2010) performed a parametric study on the fatigue life of SCRs considering the 

riser-soil interaction in touch down area. They developed a new numerical model to determine 

the contribution of loading parameters on the fatigue life of a SCR system. Different wave 

heights, wave periods and different vessel motions were considered as loading parameters. 

Authors concluded that fatigue life in the TDZ is highly dependent on the tangential heave 

motion of the vessel.  

Shiri & Randolph (2010) studied the effect of trenches underneath a SCR in its fatigue 

performance. They coded a user-defined element in Abaqus for simulating the nonlinear soil 

behaviour using the RQ model and investigated the gradual trench formation on the SCR fatigue 

characteristics. Shiri (2014) also extended the initial research and concluded that considering 

riser dynamics enhances the fatigue life of a SCR, however calculating the enhancement ratio 

needs more comprehensive analyses and more accurate systems.  

Nakhaee & Zhang (2010) investigated nonlinear effects of riser-soil interaction such as trench 

formation on the dynamic behaviour of SCRs. In this study, the AB soil model was primarily 

used to simulate the soil behaviour and trench formation underneath a riser subjected to cyclic 

loadings. They concluded that trench development can cause a reduction in variation of the 

maximum bending moment in the riser, which means a higher fatigue life in SCRs. 

Li & Low (2012) introduced a systematic reliability analysis in fatigue design of SCR 

considering the nonlinear riser-soil interaction (AB model). In the initial phase, they conducted 

a sensitivity analysis to select the critical variables and selected soil stiffness, suction and trench 

to characterize the uncertainties in the soil. They applied first-order reliability method (FORM) 

and inverse FORM (iFORM) to consider the soil uncertainties in estimating the probability 

density of SCR fatigue reliability.  
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Quéau et al. (2013) applied dimensionless analysis in structural response of SCR systems. They 

identified the dimensionless parameters influencing the structural behaviour of the system and 

then validated them using a series of numerical simulations. They used linear and nonlinear soil 

models in order to consider the fundamental effects of seabed on the riser behaviour.  

Elosta et al. (2013) presented their investigation results on a SCR laid on soft clay in 910m 

water depth using the Orcaflex software. Through time-domain analysis, they modelled the 

vertical soil behaviour using the nonlinear model available in Orcaflex based on the RQ model 

and simulated the lateral soil behaviour using bilinear and trilinear models. They concluded that 

considering nonlinear riser-soil interaction in TDZ causes degradation of the seabed soil 

stiffness in cyclic loading. They also recommended an improved soil model which simulates 

soil stiffness more accurately and may lead to less conservative results.  

Elosta et al. (2014) investigated an integrated riser and semisubmersible model subjected to 

irregular waves on the system. Their first focus was on the importance of the riser-soil 

interaction model in structural behaviour of the riser. Similar to their previous study they 

modelled the vertical soil behaviour using nonlinear springs and simulated the lateral soil 

behaviour using Coulomb friction model. They also introduced an improved model which was 

able to model soil resistance breakout. They also conducted a parametric study on the soil 

parameters to investigate the sensitivity of the fatigue results to the soil parameters.  

Quéau et al. (2014 & 2015) developed a code in Python programming language to link Orcaflex 

and mode FRONTIER software and created a comprehensive database comprising thousands of 

simulations with a wide range of geometrical, environmental, loading and soil input parameters 

for various SCR systems. They used this database in defining an artificial neural network in 

predicting the fatigue life of SCR systems under static and dynamic loads. They reported the 

agreement of the predicted and actual results in 99% of the cases with an accuracy of 5% and 

96% of the cases with an accuracy of 15% for static and dynamic results respectively. 

1.3 Project Aim 

The main purpose of this research is to introduce a new soil model which can effectively 

simulate the seabed soil behaviour underneath an oscillating riser using a unified mathematical 
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approach, considering the soil degradation in cyclic penetration uplift motions. Implementation 

of this model in global structural models and investigation of the results in fatigue performance 

of the riser is also considered as another objective of this project. In order to achieve the above-

mentioned goals, the following steps have been introduced: 

a. Determine the main features of a soil penetration-uplift loading cycle including the 

main modes in each loading cycle of in-plane riser-soil interaction, the key points in 

penetration-displacement curve (called p-y curve hereafter) which can be used as a 

framework for a new model and soil degradation behaviour. 

b. Develop a new soil model which can minimize the drawbacks in the existing models 

while it is still practical and simple for the industry. 

c. Investigate the applicability of the new model in global riser models and study of its 

effects on the structural response of the riser as well as the soil responses. 

The following specific objectives are derived to capture all the aforementioned concepts: 

Aim 1: Detail study of the selected nonlinear models and extracting their pros and cons and 

their applicability in global riser models under cyclic loads. 

Aim 2: A comprehensive study on the existing soil data to predict the soil behaviour on various 

penetration-uplift cycles. Tabulate the main modes and the key points that can construct the p-y 

curve.  

Aim 3: Investigate different mathematical approaches to find out the most promising approach 

which can represent the soil behaviour precisely. Introduce a new riser-soil interaction model 

with the unique mathematical formulation, but using different input parameters to represent soil 

response during different modes of riser penetration-uplift. 

Aim 4: Developing a stand-alone in-house code for the new soil model which can simulate the 

p-y curves using the defined model parameters and soil characteristics. Validation of the new 

model results against existing test data. 

Aim 5: Implementing the new soil element as UEL (User Element) in general finite element 

software, ABAQUS, to investigate the capabilities of the new model in the global structural 

response of riser systems under cyclic loads.  
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1.4 Thesis Outline 

This thesis comprises six chapters, presented as a series of technical papers according to the 

University of Western Australia’s regulations. Chapters 2 through 5 form the body of the thesis, 

and a paper is included in each chapter. Every chapter starts with an introduction section, which 

consists of a literature review of the relevant topic, and finishes with a summary and conclusion 

section. It should be noted that due to the style of the thesis, some parts may overlap across 

different chapters.  

 CHAPTER 2 presents a study that was carried out on the existing nonlinear soil models, which 

predict the soil behaviour underneath an oscillating riser in touch down zone. In this chapter, the 

main modes of the nonlinear model have been discussed and the mathematical approaches of 

each existing models have been investigated and pros and cons of them were studied. Moreover, 

series of studies have been performed on the existing soil data to determine the key points of the 

nonlinear model and to understand the degradation behaviour of the soil. Finally, the feasibility 

of different mathematical approaches has been studied to determine their capabilities in 

modelling soil model underneath a riser.  

 CHAPTER 3 illustrates the new soil model defined to predict the soil behaviour in riser-soil 

interaction in touch down zone. All modes of penetration and uplift cycles have been introduced 

and a unified mathematical model which can simulate the soil behaviour in all of the modes has 

been described in detail. The mathematical expression for soil degradation behaviour has also 

been introduced. Using some test data, the corresponding values for the proposed model 

parameters have been calculated. Finally, the new model capabilities in simulating soil 

behaviour have been validated and interpreted using some existing test data results. 

 CHAPTER 4 describes an improved soil model to obviate some of the inaccuracies existed in 

the initial model introduced in  CHAPTER 3. A new partial degradation model has been added 

as a new feature to the improved model. Moreover, the repenetration mode formulation has been 

changed to be able to introduce different soil stiffness at the end of the remould and the start of 

the semi-intact soil regions. These two changes have also been validated against some existing 

test data and the effects of these changes on the capabilities of the model have been 
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investigated. Finally, the soil hysteretic curve results from the new improved model have been 

compared with the results of the existing nonlinear soil models and the capabilities of these 

models in predicting soil behaviour have been studied.  

 CHAPTER 5 outlines the application of the new improved model in global response of a riser 

system. In this chapter, the effects of the new soil model have been investigated on the fatigue 

performance of a sample SCR system under cyclic loads applied at the hang-off point. The soil 

underneath the riser has been modelled using series of nonlinear springs, defined as new user 

elements. These elements simulate the soil behaviour as introduced in the improved new soil 

model. The effects of this new soil model on the fatigue life of the SCR have been investigated 

and compared with one of the existing nonlinear soil models.  

 CHAPTER 6 summarises the outcomes of this research along with recommendations for future 

research.  
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Figure  1-1. Interactive domains in the Touch Down Zone 
 

 

Figure  1-2. TDZ schematic seabed behavior in AB model (Aubeny & Biscontin, 2009) 

 

Figure  1-3. TDZ schematic seabed behavior in RQ model (Randolph & Quiggin, 2009)  
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CHAPTER 2  

AN INVESTIGATION ON EXISTING NONLINEAR SEABED 

MODELS FOR RISER-FLUID-SOIL INTERACTION STUDIES IN 

STEEL CATENARY RISERS 

Abstract 

Steel Catenary Risers (SCR) are one of the most popular systems to transport oil or gas from 

deep offshore fields to surface production vessels. Their lower installation and fabrication costs 

compared to the other riser systems are the main reasons for their popularity. Despite their 

simplicity in construction, their design is a challenging issue. Fatigue induced damage in the 

touch down zone (TDZ) is one of the most important engineering issues in the design of SCRs. 

The riser-soil interaction in the TDZ has a considerable effect on the fatigue life of SCRs. 

Therefore, developing a comprehensive soil model that can model the seabed appropriately is 

vital in SCR design. Soil erosion around the riser in the TDZ, as a result of riser-soil-fluid 

interaction can also influence the trench formation and hence the riser response. Nonlinear riser-

soil interaction models with different approaches and features have recently been developed and 

used in advanced structural analysis of SCRs. Main features, pros and cons of two previously 

established hysteretic nonlinear soil models are discussed in detail in this paper. Using recent 

test data, this paper develops new relationships between key points in soil hysteretic curves. The 

main objective of this study is to lay the ground work for developing a new nonlinear model that 

can be used as a pilot model in riser-fluid-soil interaction studies in future.  

 
2.1 Introduction 

Oil and gas production from deep offshore resources has increased significantly in the last three 

decades. Risers are one of the main components in development of offshore fields in deep 

waters. They are usually used for transmission of hydrocarbons between subsea and floating 

facilities (Lim & Gauld 2003). Steel Catenary Risers (SCRs) are used extensively in practice as 

the cost of their construction and installation is significantly less than other types of risers, and 
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they can also be adopted for a wider range of diameter and in wider range of water depths than 

other riser concepts (Maclure & Walters 2007). SCRs consist of a series of steel pipes welded to 

each other and free hanging from a floater to form a catenary shape. Therefore, the design of 

SCRs is quite complex.  

There are several challenges in the design phase of SCRs. As they are free floating in the sea 

water and subjected to cyclic loads due to environmental loads, they are susceptible to fatigue 

damage. Predicting the fatigue life of an SCR is the most challenging issue in its design. This is 

mainly due to a lack of knowledge about its interaction with the surrounding media. The Touch 

Down Zone (TDZ) where the riser lies on the seabed is usually one of the most critical areas for 

fatigue damages. Riser response in this region is highly nonlinear due to the soil characteristics. 

The riser bending moment magnitude is large near the touch down point. In addition seawater 

around the riser fluctuates and produces vortices due to the fluid current and pipe oscillation. 

These complexities cause several major uncertainties in the SCR design procedure (Jacob 

2005).  

Movements of a floating vessel (which an SCR is connected to) leads to oscillatory motion of 

the SCR. In the TDZ this can result in a complex interaction between three different domains 

existing there: fluid, soil and the riser. An oscillating riser section in the TDZ will penetrate into 

the seabed sequentially, which can lead to plastic deformation of the soil. At the same time, the 

riser excitations displace fluid and induce vortices in the seawater which impose extra shear 

stresses on the sea floor. This can lead to soil erosion and sediment transportation in the TDZ. 

Ultimately, plastic deformation and soil erosion will alter the seabed profile local to the TDZ; 

and, in turn, the new seabed profile will affect the flow pattern of displaced fluid around the 

pipe and formation of vortices in the seawater, as well as the riser motion and its interaction 

with the soil. This complex interaction between the riser, fluid and the soil repeats during every 

cycle of the riser motion.  

The inherent complexity of the interaction at the TDZ suggests that the best way to understand 

the behaviour of the whole system is to investigate each interaction mode in detail. Recognising 

the importance of nonlinear soil behaviour in the fatigue life of SCRs (Kimiaei et al. 2010), this 
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paper presents a comprehensive investigation on riser-soil interaction and the mathematical 

models describing this particular interaction mode. The pros and cons of existing models are 

described and using existing test data, meaningful relationships between key points in soil 

hysteretic curves are defined. 

 
2.2 Soil models 

A comprehensive soil model for fluid-riser-soil should be able to represent two main 

behaviours: soil deformations due to direct riser-soil contacts and soil erosion due to generated 

vortices from riser-fluid interaction. In this paper, main focus is on soil deformation only and 

therefore, soil models hereafter only refer to appropriate models for riser-soil interaction. In 

general, soil behaviour underneath a riser in TDZ can be modelled using continuum or discrete 

soil models. 

 
2.2.1 Continuum Soil Models 

In this approach the soil is assumed as a two or three dimensional continuum. Different soil 

constitutive models and numerical approaches (such as finite element, boundary element, finite 

volume, etc.) can be used to calculate the response of soil continuum models. The main 

advantage of this approach is its accuracy (compared to simpler spring models), however, 

coupling these soil models with other structural components to study interactions is very 

challenging and time consuming. The complexity in coupling is mainly due to the large number 

of soil and structural elements required and hence the total number of the equations solved 

simultaneously in a coupled manner. 

Clukey et al. (2008) investigated fluid-riser-soil interaction and trench formation around a riser 

in the TDZ using LS-DYNA software. They used coupled Eulerian-Lagrangian capability of 

LS-DYNA to simulate a 2D model of a rigid riser section in the TDZ with the surrounding 

water and soil. The soil and water were modelled as two separate Eulerian domains while the 

riser section was modelled in a Lagrangian domain. Von-Mises model and Mie-Grunisen 

equations were used for soil constitutive behaviour and water characteristics respectively. They 
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compared their numerical results with the experimental results conducted by Norwegian 

Geotechnical Institute (NGI).  

 
2.2.2 Discrete Soil Models 

In this approach, the seabed response to riser loading is modelled with a series of individual 

linear or nonlinear springs. These springs can reasonably (with no significant loss of accuracy) 

represent the soil behaviour. The main advantage of this approach is the simplicity in modelling 

the soil behaviour, which facilitates its use in combination with other parts of the overall soil-

structural model. The main drawback of this approach is decoupling the soil elements from each 

other and its limitations in modelling some particular soil behaviours such as creep, dilation and 

etc. in a simple and straight-forward way. Discrete spring-like soil modelling has been used 

widely in industry (primarily due to its simplicity), and these results often show good agreement 

with the results from continuum soil models and experimental data.  

The rest of this paper is devoted to spring-like soil models used for riser-soil interaction 

problems. Traditionally, linear soil springs have been used for SCR modelling at the TDZ even 

though the soil behaviour in this region is highly nonlinear. One of the primary discrete soil 

models for SCR response analysis is the model proposed by Jiao (2007). He presented a 

nonlinear model for soils beneath an SCR. This model introduced two non-degrading and 

degrading models for different soil conditions. More recently, other advanced nonlinear soil 

models for SCR analysis have been presented: Aubeny & Biscontin (2009) and Randolph & 

Quiggin (2009).  

Aubeny & Biscontin (2009) proposed a simplified model (referred to as the AB Model 

hereafter) to simulate the nonlinear hysteretic soil behaviour underneath a riser. This model 

consists of four step-wise functions that represent the soil spring characteristic in each load 

cycle. The first curve is called backbone curve and models the intact soil response against riser 

penetration. The second part of this model is the elastic rebound curve, which simulates the soil 

behaviour in unloading up to the initiation of the riser-soil separation. In the next step, an S-

curve is used to model the riser and soil partial separation up to full riser-soil separation. This 
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response is followed by a full separation path, where soil and the riser are detached completely 

and no soil reaction is applied to the riser. A reloading curve is also defined that models the riser 

re-penetration in the disturbed soil. Two intermediate functions are also introduced to model 

regional loading and unloading curves. The main disadvantage of this model is that it cannot 

model soil degradation comprehensively. Nakhaee & Zhang (2010) introduced an updated 

version of this model that considers approximated degradation in the original model.  

Randolph & Quiggin (2009) presented another nonlinear model (referred to as the RQ Model 

hereafter) to define the hysteretic soil behaviour under a vertical oscillating riser using a 

combination of hyperbolic and exponential functions. In this model, soil behaviour is defined in 

four main steps: initial penetration, uplift, not in contact and re-penetration. This model cannot 

consider full riser-soil separation when the riser is still below seabed, and hence it is not able to 

represent the real trench formation beneath the riser. Soil degradation is also not explicitly 

considered in this model. 

2.3 Typical Nonlinear Riser-soil interaction 

Typical soil hysteretic behaviour (presented as a p-y curve where y= normalised riser 

penetration in the soil and p= soil resistance) is presented on Figure  2-1. For every individual 

cycle, there are three key points as follows:  

• (p1,y1) : end of riser penetration in intact soil 

• (p2,y2) : maximum suction force 

• (p3,y3) : full riser-soil separation (with p3=0)  

In the following sections different parts of this riser-soil interaction curve as introduced in the 

AB and RQ models are discussed in detail. 

2.3.1 Initial Penetration 

To model initial penetration, the AB model uses the backbone curve developed by Aubeny et al. 

(2005). The RQ model uses the same model for normalised depths greater than 0.1and follows 

Randolph & White (2007) model for normalised depths less than 0.1. The RQ model multiplies 

soil ultimate resistance with a hyperbolic function of non-dimensionalised depth as: 
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P(y�) = HIP(y) × Pu(y�) Equation  2-1 

Where Pu(𝑦�) is the ultimate soil resistance and: 

𝑦 =
𝑦�

𝐷/𝐾𝑚𝑚𝑚
= Normalised Penetration 

Equation  2-2 

𝐻𝐼𝐼(𝑦) =
𝑦

1 + 𝑦
 Equation  2-3 

𝐾𝑚𝑚𝑚 =    
𝑑𝑑/𝑑𝑦�
𝑑1/𝐷

= Normalised soil stiffness 
Equation  2-4 

For very shallow penetration (small 𝜉), HIP(𝜉) asymptotes to 1.0; and therefore, it can be 

concluded that both the AB and RQ models follow the same methodology for initial penetration. 

It should be noted that the result of these models are in good agreement with available 

experimental results.  

The RQ model introduces an uplift backbone curve (as the potential ultimate suction capacity) 

for the uplift response. This curve is a proportion of the initial penetration curve. In summary, 

for each unloading cycle in the AB model, the maximum suction (p2) is a proportion (φ) of soil 

compressive resistance at the start of uplift (p1) as given in Equation  2-5 whereas in the RQ 

model, maximum suction at each depth (p2) is a proportion (Φ) of the soil compressive 

resistance at that depth (Pu) as given in Equation  2-6.  

𝑑2 = −φ𝑑1                AB Model  Equation  2-5 

𝑑2 = −Φ𝑃𝑢(𝑦2)        RQ Model Equation  2-6 

Figure  2-2 shows the different approaches in predicting suction values in AB and RQ models. 

One of the disadvantages of the adopted initial penetration curve is that the initial stiffness in 

both models is mathematically infinite. To account for this, Randolph & Quiggin (2009) 

introduced a high tangential stiffness at the beginning of the initial penetration.  

As both the AB and RQ models follow the same approach, with minor differences for initial 

penetration, and since they are both in good agreement with test results, this suggests that any 

new soil model may utilize the same approach for initial penetration. 

2.3.2 Uplift Mode 

During uplift motion of a penetrated riser, where the riser starts moving upward, there are two 

response stages. In the first stage, which starts immediately after ending the penetration process, 
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the soil remains under compressive stresses and behaves as a linear elastic material. This curve 

starts with a very high initial stiffness (same as the stiffness at the beginning of the initial 

penetration). In the second stage of uplift, compressive stresses between the riser and the soil 

diminish; and the uplift response shifts very quickly from a linear to a nonlinear curve. The 

nonlinear behaviour (deviation from a linear response) comes from mobilization of suction 

forces between the soil and the riser due to soil cohesion and low permeability which prevents 

entrapped fluid from filling the formed gap (Gourvenec et al., 2009). However, as fluid enters 

into the gap and the suction forces gradually reduce, the soil and riser will detached from each 

other completely. Considering the complexity of the uplift, suction and separation phenomena, 

defining a certain value for full detachment (y3) is not be an easy procedure (Aubeny & 

Biscontin, 2009).These complex uplift and separation behaviours are modelled in different ways 

in the AB and RQ models.  

The AB Model defines two separate parts for uplift: elastic rebound and partial detachment. 

Two different mathematical approaches are then used to define these parts: a hyperbolic 

function for the elastic rebound part and a third order polynomial for the partial detachment part. 

The mathematical differences in these utilised formulation is a weak point for the AB model as 

it causes inconsistency in the mathematical model as a whole.  

The RQ Model starts with a hyperbolic type function with a high stiffness at the beginning of 

the uplift. This response describes the soil behaviour reasonably closely; and after reaching zero 

or tensile soil resistance, the response starts to be capped with an exponential function that will 

be the governing formulation as the uplift process continues. This exponential function will 

eventually lead to full riser-soil separation only at seabed level (y=0). This model matches well 

with real soil behaviour for the uplift part (Hodder et al., 2009); however, it is not able to 

represent trench formation explicitly (i.e. means riser-soil separation below seabed cannot be 

modelled). This means that it cannot be used in a riser-soil-fluid interaction model where 

explicit trench formation is vital in the associated soil erosion calculations.  
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Comparing the AB and RQ models for the uplift mode shows that AB model suffers from 

inconsistent mathematical approaches for different stages of the uplift whereas RQ model is not 

able to show trench formation explicitly.  

Possible improvements in this portion of the modelling for a new soil model would be to 

investigate if the key uplift points in the response (y2, p2 and y3 in ) can be expressed as 

functions of a given point on the initial penetration part (e.g. p1, y1 in Figure  2-1 as known 

parameters at the end of the penetration). Moreover, a modification should be applied to the 

hyperbolic and exponential functions in order to avoid the limitation in explicit trench 

modelling.  

2.3.3 Reloading Mode 

The reloading part of the riser-soil interaction follows the same philosophy in both models but 

with different mathematical approaches.  

The AB model represents reloading part ((p3,y3) to (p1,y1)) using a 3rd order polynomial S-curve. 

In fact, it assumes a fully remoulded soil (slurry) at the riser-soil reconnection depth and hence 

uses an S-curve shape for reloading which causes a very smooth re-contact curve at the 

beginning. With further penetration the soil mobilizes more resistance and the curve starts to 

rise up quickly. However, approaching the intact soil causes a reduction in the curve slope again 

and finally it reaches the initial penetration curve at (p1,y1). The AB model in its initial revision 

(Aubeny & Biscontin, 2009) cannot model any further penetration after y1, and it cannot 

consider any soil degradation.  

The RQ model overcomes the limitation of reconnecting to the initial penetration after y1 by 

applying a combination of a hyperbolic function with an exponential capping curve. This starts 

with a smooth curve reaching to any other depth in reloading. 

2.3.4 Degradation Modelling 

Neither the AB nor RQ models in their original format can model the cyclic degradation 

explicitly. In cyclic loading, due to repeated partial remoulding of the soil beneath the riser, soil 

resistance degrades gradually until it is fully remoulded and reaches to a constant resistant after 
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few numbers of cycles. This degradation represents the energy dissipation during each cycle 

which could be measured by the closed area surrounded by the hysteretic curves in the relevant 

cycles.  

2.4 Key Points in Soil Hysteretic Model 

In this section, the positive aspects of the above soil models and existing test data are used to 

define a meaningful relationship between the key points in the soil hysteretic curves. Then, 

different mathematical approaches for the basis for development of a new riser-soil interaction 

model for future riser-fluid-soil interaction studies are investigated.  

2.4.1 Experimental Data Analysis 

Recorded results from a series of centrifuge tests carried out by Hodder (2010) in COFS (Centre 

for Offshore Foundation Systems) at the University of Western Australia are used in this paper 

to investigate the key points for the soil hysteretic behaviour as shown on Figure  2-1.  

Figure  2-3 shows the cyclic soil resistance for different loading rates of riser penetration into 

soil (Hodder, 2010). Figure  2-4 illustrates soil hysteretic curves for two different sets of 

maximum riser penetration in three different episodes of reconsolidation.  

Figure  2-5 shows typical soil hysteretic curves and the key points based on the overall trends 

observed on Figure 4. Based on the test results, the following relationships between the key 

points could be extracted as shown on Figure  2-5.  

2.4.1.1 Maximum Suction Displacement (𝚫𝒚𝒖𝒖) 

Figure  2-3 and Figure  2-4 show that the maximum suction displacement (∆yun), as highlighted 

on Figure  2-1, is a constant value for a given soil and it is about 0.1 here. In other word, for a 

given y1 in different loading cycles, y2 does not change cycle by cycle.  

∆yun = y1 − y2 Equation  2-7 

2.4.1.2 Maximum Separation Displacement (𝚫𝒚𝑹𝒖) 

Figure  2-4 shows that the maximum separation displacement for the nth cycle, ∆𝑦𝑅𝑛 (= 𝑦1 −

𝑦3𝑛), as highlighted on Figure 1, decreases with increasing cycle number and is in the range of 
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0.3 to 0.5 here for the 1st cycle and reduces by cycle numbers. In other words, for a given y1, 

separation depth for the nth cycle (y3n) increases gradually (while y2 does not change).  

𝑦3𝑛 = 𝑦1 − ∆𝑦𝑅𝑛 Equation  2-8 

2.4.1.3  Degradation ratio (𝑫) 

 𝑑1𝑛  (as the soil resistance at the end of nth cycle of loading) could be presented as: 

𝑑1𝑛 = 𝐷(𝑦)𝑑1 Equation  2-9 

where, D(n) is degradation ratio at the nth cycle. The degradation ratio for test data in Figure  2-4 

is shown in Figure  2-6 and decreases exponentially by increasing cycle numbers.  

2.4.1.4 Maximum suction ratio 

Figure  2-7 shows that the maximum suction ratio, φ (= pn
2/pn

1) is a constant value in different 

cycles for a given penetration depth; however this reveals that φ increases linearly with 

increasing penetration depth.  

𝑑2𝑛 = −𝜑𝑑1𝑛 Equation  2-10 

In summary, it may be concluded that by having the soil resistance (𝑑1) at the end of initial 

loading at a given depth (𝑦1) and knowing the soil suction (𝜑) and degradation (𝐷) ratios, all 

important data for key points of the soil hysteretic behaviour for the nth cycle (ie. y2, 𝑦3𝑛, 𝑑1𝑛, 

𝑑2𝑛) could be calculated using Equation  2-7 to Equation  2-10. 

2.4.2 Mathematical Model 

Knowing the key input data in each cycle (ie. p1, y1, p2, y2, p3, y3) and using the governing 

constraints for each part (initial penetration, unloading, separation and reloading), different 

mathematical models with particular pros and cons can be implemented to represent the soil 

hysteretic curves. Polynomial, spline, hyperbolic and cubic Bezier curves are among some 

common mathematical relationships that could be used for this model. These models are 

compared from physical (parametric nature of the equations) and stability (capabilities for 

fulfilling the governing constraints everywhere) perspectives as summarised on Figure  2-8.  

Based on Figure  2-8, Hyper-Exp. equations appear to be the most promising models for 

representing the soil hysteretic behaviour. 
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2.5 Conclusion 

Different parts of two existing popular advanced nonlinear soil models were compared in detail 

and main characteristics of an appropriate model were outlined. Results of some existing soil 

test data were investigated and useful relationships between key points of each load cycle were 

found. Some major mathematical models for describing the soil hysteretic curves were also 

investigated. A new nonlinear soil model for the riser-fluid-soil interaction problems using a 

combination of hyperbolic and exponential equations is now under development at the 

University of Western Australia. 
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Figure  2-1. Schematic view of a riser-soil interaction curve 

 
 
 

 
Figure  2-2. Penetration and suction backbone curves 
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Figure  2-3. Vertical penetration of a riser under different penetration rates (Hodder, 2010) 

 
 

 
Figure  2-4. Vertical penetration for 3 reconsolidation episodes at different depth (a: 1D; b: 0.5D) 

(Hodder et al., 2009) 
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Figure  2-5. Typical soil cyclic behavior in TDZ 

 
 
 
 

 
Figure  2-6. Degradation ratio over cycles 
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Figure  2-7. Suction ratio (𝛗) for different penetration depth  

 

 
 
 

 
Figure  2-8. A summary of mathematical models capabilities 

 
 

 

 

 

Weak 
   

Spline 
Physical Meaning 

Stability 

  

  

Hyper.-Exp. 
Physical Meaning 

Stability 

  

  

Cubic Bezier 
Curve 

Physical Meaning 

Stability 

  

  

Moderate
 

Strong 
     

Polynomial 
Physical Meaning 

Stability 
  

  



A New Hysteretic Seabed Model for Riser-Soil Interaction 3-1 
 
 
CHAPTER 3  

A NEW HYSTERETIC SEABED MODEL FOR RISER-SOIL 

INTERACTION  

Abstract 

Several models for the simulation of riser-soil interaction have been developed and used in 

practice. The models range from the extreme of a rigid seabed to springs that are either linear 

elastic or provide more sophisticated nonlinear response to simulate the seabed behaviour in the 

touchdown zone. The main goal of this study is to review the positive points and limitations of 

existing nonlinear models and introduce a new hysteretic model to simulate the seabed response 

more realistically for practical application.  

The new model uses a unified mathematical approach for different modes of the riser-soil 

interaction and incorporates an explicit degradation model for the soil behaviour. Development 

of a trench is simulated, together with incremental penetration of the riser into intact soil. The 

model can also incorporate variable parameters (e.g. depending on riser penetration rates and 

depth). The new model has been calibrated against existing data from model tests and found to 

provide good agreement for a range of test conditions. 

3.1 Nomenclature 

ap and bp: model variables that control the shape of the IP curve  

cRR: ratio of the stiffness parameter in RR and UR modes  

cUS: ratio of the stiffness parameter in US and UR modes  

C: model parameter that controls the curvature of the curves in each mode  

D(n): degradation function that gives the degradation ratio in nth cycle  

D: riser outer diameter [L] 

DT: detachment mode  

f(y): transition function  

IP: initial penetration mode  
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kmax: maximum uplift stiffness at the start of the UR mode  

Kmax: normalised maximum stiffness as defined in (Randolph & Quiggin, 2009) 

Ktan: tangential soil stiffness at y1 in RR mode [ML-1T-2] 

n: penetration-uplift cycle number  

Np: non-dimensional bearing factor used in calculation of the soil resistance in IP mode  

p: soil resistance (nominal pressure) at current penetration (y) [ML-1T-2] 

pm: associated soil resistance at ym [ML-1T-2] 

P: soil resistance per unit length [MT-2] 

PR: partway repenetration mode  

PU: partway uplift mode  

Riser Roughness: riser surface roughness ranges from smooth to rough  

RR: repenetration remould mode  

RS: repenetartion semi intact mode  

Su0: soil undrained shear strength at mudline [ML-1T-2] 

UR: uplift rebound mode  

US: uplift separation mode  

V,n: degraded variable, V, after nth cycle, unit varies by V (𝑑, 𝜅, Δ𝑦𝑈) 

w: trench width [L] 

y: normalised penetration depth  

yint: intersection point between PU and UR or US curves in partway uplift or intersection point 

between PR and RR curves in partway repenetration  

ym: normalised penetration depth where soil stiffness is a maximum  

z: penetration of riser below the seabed [L] 

∆pm: is a variable defined as the difference between the resistances at boundary points in each 

mode’s curve, unit of pressure [ML-1T-2] 

∆ym: is a variable defined as the difference between the depths at both ends of each mode’s 

curve  
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∆yU: maximum uplift displacement in a full uplift mode. It is defined as the displacement 

between maximum penetration (y1) and separation depth (y3) 

∆yUR: maximum displacement in UR mode. It is defined as the displacement between maximum 

penetration (y1) and maximum suction depth (y2) 

α, β, γ and ω: parameters that control the shape of the curve in each mode  

∆: increment (i.e. change in a variable relative to a defined starting point) 

ε: parameter that controls the gradient of degradation in each cycle  

φ: parameter defining ratio of maximum suction to maximum compressive soil resistance  

λ: model variable changes the effective length of the transition function  

κ: soil stiffness parameter  

µ: parameter defining ratio of tangential and secant stiffness at y1 in RS mode  

ν: variable that controls the RR curve slope at y1 

ρ: soil undrained shear strength gradient, unit of pressure over depth [ML-2T-2] 

ρ0: parameter that controls the maximum degradation ratio for degradable parameters  

τ(n) and δ: a function and a model parameter that control the stiffness at y1 in the nth cycle  

ξ: variable that controls the curve amplitude and ensures the curve passes it’s both ends  

3.2 Introduction 

For more than two decades, development of new offshore oil and gas fields has become 

increasingly concentrated in deep water, beyond the range where fixed platforms are either 

feasible or optimal from a cost perspective (Aubeny & Biscontin, 2008). Deep water 

developments therefore rely on some form of floating production system, for which ‘risers’ are 

required to transport hydrocarbon products and provide communication for control between 

seabed and production facility. There are several types of riser systems each of them with 

certain specifications and applicability (Lim & Gauld, 2003). Steel catenary risers (SCRs) are 

among the most widely used since they are both affordable and simple to construct and install 

(Maclure & Walters, 2007).  
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SCRs consist of steel tubular pipes that are suspended as a catenary from the floating facility to 

the seabed, where they connect to conventional pipelines or a subsea system. They must be 

designed to withstand extremes due to motions of the floating facility and environmental 

loading but, more challengingly, they must be designed to withstand fatigue induced damages 

due to time-varying loads and moments. Fatigue “hot spots” occur in the vicinity of the 

connection to the floating facility and also the touchdown point on the seabed. The riser-soil 

interaction forces where the SCR contacts the seabed (so-called ‘touchdown zone’ or TDZ) has 

a significant influence in determination of the fatigue life of the SCR locally in the touchdown 

point (Bridge et al., 2004).  

Analytical solutions for the catenary configuration of, and axial forces or bending moments 

induced in, SCRs (and similarly pipelines during lay operations) are available for simple elastic, 

rigid-plastic or elastic-plastic idealisations of the seabed response (Lenci & Callegari, 2005; 

Palmer, 2008; Yuan et al., 2012; Quéau et al., 2014). However, such solutions are overly 

simplistic and do not provide an accurate basis for assessing fatigue damage arising from cyclic 

perturbation of the riser. This requires taking account of the non-linear nature of the seabed 

response. 

In principle, the seabed could be modelled as a continuum, for example using finite element 

techniques, but in practice the simplification of representing the soil response by individual 

springs distributed along the riser where it contacts (or might contact) the seabed is adopted. 

This allows the introduction of realistic non-linear hysteretic soil springs, which may then be 

used in a parametric manner to study the riser-seabed interaction behaviour and to compare the 

effect of soil model parameters on riser fatigue life (Kimiaei et al., 2010).  

Currently there are two advanced nonlinear soil models that are used in practice for SCR fatigue 

analysis. They are described by Aubeny & Biscontin (2009), referred to as the AB model, and 

Randolph & Quiggin (2009), referred to as the RQ model hereafter. Both models are based on 

seabed response curves observed experimentally at full scale (Bridge et al., 2003), in large 

(Langford & Aubeny, 2008) and small (Dunlap et al., 1990) scale laboratory tests and in 

centrifuge model tests (Hodder et al., 2009). The present work builds on these models, but 



A New Hysteretic Seabed Model for Riser-Soil Interaction 3-5 
 
 
incorporates improved features such as degradation of relevant model parameters based on the 

amount of cyclic plastic work, and explicit quantification of trench depth. The input parameters 

for the new model are explained, together with their expected ranges. Results from the model 

are then compared with experimental test data from Hodder & Cassidy (2010) and the different 

soil model features are examined. 

3.3 Summary of Existing Nonlinear Soil Models 

Both the AB and RQ models categorize the soil response into different modes as indicated in 

Figure  3-1 and Figure  3-2 respectively. Each mode is simulated by a mathematical function 

according to the physical interpretation for each mode. Although the two models are very 

similar to each other in their physical concepts, they differ in their mathematical approaches and 

application. Table  3-1 presents the main features of the AB and RQ models. A detailed 

comparison of the two models and their relative advantages and limitations were presented by 

Zargar & Kimiaei (2015).  

The two nonlinear soil models have been used widely in recent research for structural analysis 

and design of SCR systems (particularly for fatigue design in the TDZ). Shiri & Randolph 

(2010) and Kimiaei et al. (2010), using the RQ model, and Nakhaee (2010) and Li & Low 

(2014), using the AB model, have all demonstrated the significant influence of nonlinear soil 

models on estimation of fatigue life. Nakhaee & Zhang (2010) and Mekha et.al (2013), using 

the AB and RQ models respectively, investigated the effects of trenching on fatigue 

performance of SCR systems.  

As noted above, and in Table  3-1, the AB and RQ models have many similar features, including 

the power-law backbone curve governing penetration into intact soil and a hyperbolic unloading 

response. However, the models differ in their treatment of breakaway during sustained uplift, 

the point of loss of contact and in the repenetration response. Neither model provides explicit 

treatment of ‘degradation’ (i.e. loss of strength on remoulding) of the soil, although both can 

simulate incremental penetration (see extension of the AB model described by Aubeny & 

Biscontin, (2008) and Nakhaee & Zhang (2010). The RQ model does not incorporate an explicit 
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point of separation (loss of contact) from the seabed, but represents this using exponential 

functions that give very low contact forces during sustained uplift. 

3.4 New Soil Model Formulation – Complete Cycle 

The main features of the new seabed soil model are explained in this section for a complete 

penetration-uplift cycle. The key points of the response curves are introduced and the proposed 

soil degradation model during cycles of penetration and uplift described. 

A typical seabed riser-soil hysteretic response within the touchdown zone is shown in 

Figure  3-3, together with identifiers adopted here for each part of the response. Figure  3-4 

illustrates the riser position and resulting soil conditions for key points on Figure  3-3. As shown 

in Figure  3-3, seabed soil behaviour can be divided into four main modes of initial penetration, 

uplift, detachment and repenetration (paths: OAD, ABC, COC, CA1D) but with the uplift mode 

(ABC) and repenetration mode (CA1D) each divided into two sub-modes (rebound and 

separation for the uplift mode, remould and semi-intact for the repenetration mode). Each of 

these is described in the following sections, with the mathematical relationships introduced later 

(sections  3.4.1 to  3.4.6). 

3.4.1 Initial Penetration Mode (IP) 

Initial penetration (IP) refers to the soil behaviour during first-time penetration of the riser into 

intact soil, as shown by curve OA in Figure  3-3, and response beyond point D. During this 

mode, only intact soil exists beneath the riser, and the resistance follows a bounding ‘backbone’ 

curve. In this process a trench grows beneath the riser as the soil is depressed or sheared to the 

side (Figure  3-4-a) and the soil in the vicinity of the riser is disturbed to some extent. The 

current point of maximum penetration along the backbone curve is denoted A, with resistance 

and penetration expressed as (p1, y1).  

Calculation of the soil resistance per unit length, P, and hence nominal resistance (p = P/D), at 

penetration (normalised by the riser diameter, D), y, during IP mode is based on the procedure 

presented in the AB model (Aubeny & Biscontin, 2009), which is conceptually similar to that in 

the RQ model (Randolph & Quiggin, 2009). The proposed formulation is expressed as  
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𝑑(𝑦) = 𝑃(𝑦)/𝐷 =  𝑁𝑝𝑠𝑢(𝑦) Equation  3-1 

where Np is a nominal bearing factor, and su(y) is the intact shear strength at normalised depth y. 

Although not essential, we shall assume here that the shear strength increases linearly with 

depth according to 

𝑠𝑢(𝑦) =  𝑠𝑢0 + 𝜌𝑦𝐷 Equation  3-2 

The non-dimensional bearing factor (Np) is calculated as 

𝑁𝑝 =  𝑎𝑝𝑦𝑏𝑝 Equation  3-3 

where ap and bp are model parameters that will depending on the riser roughness, shear strength 

profile and penetration mode (Randolph & Quiggin, 2009). Recommended values for ap and bp 

are given in Table  3-2. The non-dimensional bearing factor (Np) is bounded by Npmax functions to 

account for trench width effects and riser roughness (Aubeny & Biscontin, 2009). Expressions 

for Npmax are given in Table  3-3. 

3.4.2 Uplift Mode 

Uplift mode represents the soil behaviour during the riser’s upward motion. It begins from the 

point of maximum penetration and soil resistance (point A (p1, y1) in Figure  3-3), with soil 

resistance decreasing to the point of maximum negative (or ‘suction’) reaction (point B (p2, y2) 

in Figure  3-3) and then extends towards full riser-soil separation (point C (p3, y3) in Figure  3-3). 

The overall uplift response ABC involves two separate physical processes; hence this mode is 

divided into two parts. 

3.4.2.1 Uplift-Rebound (UR) 

In the initial stages of uplift, where the riser starts to move upward, the seabed soil is still under 

compressive stresses and behaves as a (non-linear) elastic material as illustrated in Figure  3-3 

(AB curve for p > 0). The curve initiates with a very high ‘unload’ stiffness. However, the 

secant stiffness reduces gradually until the net resistance reaches zero, after which the response 

becomes rapidly more nonlinear as the negative soil resistance approaches the value at 

maximum suction. In most seabed soils, some degree of suction can be sustained, due to 

partially drained soil response (i.e. low consolidation coefficient in relation to the riser diameter 
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and rate of movement), with negative pore pressures in the vicinity of the pipeline invert as 

water is drawn in towards the zone between riser and seabed (Gourvenec et al., 2009). 

The point of maximum suction resistance (p2 = -φp1) is assumed to occur at a fixed relative 

displacement ∆yUR from the original unload point on the backbone curve (at y1) according to  

𝑦2 = 𝑦1 − ∆𝑦𝑈𝑅 Equation  3-4 

 Δ𝑦𝑈𝑅 is a model parameter independent of penetration depth, loading rate or level of soil 

remoulding which is described in detail as model parameters (section  3.6). The corresponding 

maximum suction is 

𝑑2,𝑛 = −𝜙𝑑1,𝑛 Equation  3-5 

The subscript “,n” in Equation  3-5 represents the cycle number which is introduced later when 

discussing cyclic degradation (section  3.5). 𝜙 can be expressed as a function of penetration 

depth, 𝑦, and it is detailed later as model parameters (section  3.6). 

The form of the UR response is given by  

𝑑(𝑦) =  𝑑𝑚 + �
𝛼

[1 + 𝐶𝜅(𝑦−𝑦𝑚)]𝜈 + 𝛽� 𝜉|Δ𝑑𝑚| Equation  3-6 

where  

𝜉 =
𝛾

𝛼
1 + 𝐶𝜅𝜅|∆𝑦𝑚| + 𝛽

 Equation  3-7 

These two expressions provide a unique hyperbolic-exponential formulation, for all different 

types of full or partial uplift and repenetration motions. The various symbols are explained 

below and also documented in Table  3-4 for the different modes, varying the parameters to suit 

the mode while still maintaining the above formulation. The degree of nonlinearity in the uplift 

response is controlled by the curvature parameter, C, constrained to be greater than 1 and 

suggested value in the range 1.2 to 1.5, where lower values reducing the nonlinearity. Other 

parameters are summarised below: 

• ξ in Equation  3-7 is always greater than, but very close to, unity (within 1 or 2 %) and 

of a form that ensures that the curve passes through both end-points.  

• α, β, γ, ω and ν are parameters controlling the shape of the curves in each mode with 

values that change with each mode of response, as detailed in Table  3-4; all except for ν 
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have fixed values for each mode, while ν is unity apart from the ‘repenetration remould’ 

(RR) mode when its values must be determined, as discussed later in section  3.4.4.1.  

• Values of the soil stiffness parameter (κ) are obtained from equations presented later for 

the various modes of the hysteretic loops (sections  3.4.2 to section  3.4.6). 

•  ym and pm are values of normalised displacement and corresponding soil resistance at a 

key point in the relevant mode of response. 

• ∆ym and ∆pm are the maximum changes of displacement, and corresponding soil 

resistance, for the different modes. 

Adopting relevant parameter values from Table  3-4 the expression for the UR response from 

point A in Figure  3-3 becomes  

𝑑(𝑦) =  𝑑1 �1 − �1 −
2

1 + 𝐶−𝜅𝑈𝑈(𝑦1−𝑦)�
1

1 − 2
1 + 𝐶−𝜅𝑈𝑈∆𝑦𝑈𝑈

(1 + 𝜙)� 
Equation  3-8 

It has been customary to relate the maximum uplift stiffness, kmax, at the start of the UR mode 

�𝑑𝑝
𝑑𝑦
│𝑦=𝑦1� to the current limiting soil resistance, p1, as 𝑘𝑚𝑚𝑚 = 𝐾𝑚𝑚𝑚𝑑1 (Randolph & Quiggin, 

2009; Bridge et al., 2004). Therefore, making use of the parameter ξ being approximately unity, 

𝜅 in Equation  3-6 for the UR mode (𝜅𝑈𝑅) may be expressed as 

𝜅𝑈𝑅 =  
2𝐾𝑚𝑚𝑚

(1 + 𝜙)𝐿𝑦(𝐶)
 

Equation  3-9 

Typical values of the normalised maximum stiffness (Kmax) during unloading have been quoted 

as 100 to 300, although fits to data from model tests suggest a slightly lower range of 70 to 150 

is needed for the UR mode in order to obtain best agreement with normalised secant stiffness 

(ksec/p1). Figure  3-5 shows values of ksec/p1 versus normalised uplift displacement, ∆y values, in 

the UR mode for the new model, the RQ and AB models and from centrifuge model test data 

(Hodder & Cassidy, 2010). Although the RQ model provides the best fit compared to the other 

models, the new model with 𝐾𝑚𝑚𝑚 = 100 gives an adequate fit over the domain of most interest 

(0.01 < ∆y < 0.1). The slight deviation for extremely small values of ∆y should not affect the 

predictive capability of the model. 
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3.4.2.2 Uplift-Separation (US) 

Eventually, at the defined suction limit, the riser starts to separate from the seabed. The US 

mode simulates the riser-soil interaction during the gradual diminishing of the soil suction from 

maximum (point B (p2,y2) in Figure  3-3) to zero (point C (p3,y3) in Figure  3-3) at which point 

the riser and soil become fully detached. The process of separation is complex, involving the 

gradual entry of water into the gap between soil and riser, and therefore establishing a 

theoretical detachment depth (y3 in Figure  3-3) would be challenging (Aubeny & Biscontin, 

2009). Instead, the point of separation is expressed in terms of an empirically determined 

incremental upward movement ∆yu,0 relative to the initial point of unloading y1. Hence the 

separation depth in the first cycle of complete uplift (y3,0) is calculated as (Zargar & Kimiaei, 

2015) 

𝑦3,0 = 𝑦1 − ∆𝑦𝑈,0 Equation  3-10 

Although the soil resistance at the point of separation is zero, for consistency with other 

notations, it is referred to as p3. Δ𝑦𝑈,0, as described later in model parameters (section  3.6), is 

considered a constant value independent of penetration depth or loading rates and can be 

obtained from test results for a given soil. 

The mathematical expressions used for the US response is as given by Equation  3-6 and 

Equation  3-7 but with different model parameters as given in Table  3-4. The soil stiffness 

parameter (κUS) for this mode is calculated as 

𝜅𝑈𝑈 = 𝑐𝑈𝑈 × 𝜅𝑈𝑅 Equation  3-11 

with recommended values for 𝑐𝑈𝑈 discussed later in model parameters (section  3.6). 

3.4.3 Detachment Mode (DT) 

Detachment mode represents the soil behaviour after the occurrence of an uplift event which 

results in fully separation (p = 0) of the riser from the soil. Detachment starts from point C 

(𝑑3,𝑦3) in Figure  3-3. 
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3.4.4 Repenetration Mode  

During repenetration of the riser into the disturbed soil following a DT mode, mobilisation of 

soil resistance follows a different pattern compared with initial penetration. It is therefore 

necessary to break the re-penetration mode into two sub-modes, with the first part dominated by 

the response of remoulded soil (repenetration remould mode) and the second part providing a 

transition towards intact soil (repentration semi-intact soil). The initial depth where the 

repenetration mode starts is the depth in which the most recent full separation occurred in the 

soil (point C (𝑑3,𝑦3,0) in Figure  3-3). The riser may repenetrate to the depth in which the first 

motion reversal occurred (point A1 (𝑑1,1,𝑦1) in Figure  3-3 and Figure  3-4e). The subscript “,n” 

represents the cycle number of penetration-uplift cycle and is discussed in detail later in the soil 

degradation section (section  3.5). The soil resistance at this point (𝑑1,1) differs from its initial 

resistance (𝑑1) as the soil has been degraded during the previous cycle(s). 

Repenetration-Remould (RR) represents the disturbed soil behaviour in a re-penetration event. 

If the riser continues to penetrate into deeper soil, it encounters soil that is neither fully 

disturbed nor intact. This layer of the soil is called semi-intact and the re-penetration curve in 

this part behaves differently from the curve before point A1 (𝑑1,1,𝑦1). This part of the 

repenetration mode is referred to as Repenetration-Semi intact (RS). With further penetration 

the riser reaches intact soil again (point D (𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖,𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖) in Figure  3-3). The re-penetration 

curve in Figure  3-3 re-joins the initial penetration curve from this point on. 

3.4.4.1 Repenetration-Remould (RR) 

At initiation of the RR mode, the riser encounters soil slurry with negligible resistance. The soil 

resistance increases at an increasing rate with respect to penetration, resulting in a concave 

shape of the response curve. In the first repenetration cycle, the soil hysteretic curve in the RR 

mode should pass through its predefined starting and ending points (shown as C (p3, y3,0) and A1 

(p1,1, y1) in Figure  3-3). The main assumptions in repenetration mode are that the soil stiffness 

for both RR and RS modes is the same at y1, and that the soil stiffness at y1 is a fraction of the 

soil stiffness at ym in RR mode. These assumptions necessitate an asymmetric S-shaped 
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response for the RR mode. The governing equation for the RR mode is Equation  3-6, with 

model parameters documented in Table  3-4 and as detailed below. 

The soil stiffness parameter for RR mode (κRR) is taken as a proportion cRR of the value during 

the UR mode (Equation  3-9), according to  

𝜅𝑅𝑅 = 𝑐𝑅𝑅 × 𝜅𝑈𝑅 Equation  3-12 

The recommended values for cRR are discussed in the model parameter section. 

The parameter 𝜈, with non-unity value as presented in Equation  3-6 introduces asymmetry in 

the RR response. It is assumed that the stiffness during the RR mode at y1 is some fraction, 𝜏(1) 

of the maximum repentration stiffness at ym (i.e. (𝑑𝑝
𝑑𝑦
│𝑦=𝑦1) = 𝜏(1). (𝑑𝑝

𝑑𝑦
│𝑦=𝑦𝑚)). For the first 

repenetration 𝜈 can be calculated as 

𝜈 =
𝑙𝑦 �𝜏(1)(1 + 𝐴)

2𝐴 �

𝑙𝑦 � 2
1 + 𝐴�

 

Equation  3-13 

where  

𝜏(1) = 1 − 𝛿𝐷(1) Equation  3-14 

and 

𝐴 = 𝐶𝜅𝑈𝑈𝜅|Δ𝑦𝑚| Equation  3-15 

With 𝛿 a soil model parameter that implicitly controls 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 (the normalised penetration 

where the RS curve re-joins the IP curve). 𝐷(1) represents soil degradation ratio for the first 

cycle. More detailed information regarding the soil degradation ratio is provided later in the soil 

degradation section (section  3.5), where the concept is extended to consider several 

repenetration-uplift cycles rather than the single cycle considered here. 

By applying boundary conditions that force the RR curve to pass through (𝑑3,𝑦3,0) and 

(𝑑1,1,𝑦1), 𝜉 and 𝜓 parameters as addressed in Table  3-4 are calculated as  

𝜉 =
𝛾(1 + 𝐴)𝜈

𝛼(1 − 𝐴𝜈) 
Equation  3-16 

𝜓 =
−𝛾

1 − 𝐴𝜈
�𝐴𝜈 +

𝛽
𝛼

(1 + 𝐴)𝜈� 
Equation  3-17 

The parameter 𝜓 given by Equation  3-17 controls the pm value (as shown in Figure  3-6) and 

enforces the asymmetrical shape of the RR curve. 
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As the stiffness at y1 needs to be the same in both RR and RS modes (see Figure  3-6), Ktan 

(which is used in the RS mode) may be calculated using  

𝐾𝑖𝑚𝑛 = 𝐵
𝜈

21+𝜈
 Equation  3-18 

where 

𝐵 = 𝜏(1)𝜅𝑅𝑅𝑑1,1𝜉 Equation  3-19 

In case of non-degrading soil the same equations as explained above (Equation  3-13 to 

Equation  3-19) should be used. For a non-degrading soil, it is expected to have a symmetric RR 

curve which means 𝜈 parameter should asymptote to 1.0. In this case 𝛿 reaches to 1.0 and 𝜓 

gets close to 0.5. 

3.4.4.2 Repenetration-Semi Intact (RS) 

The ‘semi-intact soil’ is stronger than the much more remoulded soil through which the riser has 

already passed, although some loss in strength will have occurred during the repenetration-uplift 

cycles. The degree of soil degradation in the semi-intact zone reduces with further penetration in 

the soil as the RS mode converges into the bounding IP curve (see Figure  3-3). 

The RS mode curve passes through 𝐴(𝑑1,1,𝑦1) and 𝐷(𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖,𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖) points in Figure  3-3 

with the latter denoting where the RS mode re-joins the IP mode. Moreover, the RS curve has 

negative curvature (according to the test results given by Langford & Aubeny (2008) and 

Aubeny et al. (2008). As such, the tangential stiffness (Ktan) and secant stiffness at y1 may be 

related by 

𝐾𝑖𝑚𝑛 = 𝜇
𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑑1,1

𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑦1
 Equation  3-20 

µ is always greater than unity and can be evaluated using test results. As seen in Figure  3-6, Ktan 

is the tangential soil stiffness at y1 where the soil enters the RS mode at the end of RR mode or 

PR mode as discussed later in model parameters (section  3.6). 

Knowing 𝐾𝑖𝑚𝑛, 𝜇, 𝑑1,1, 𝑦1 and using Equation  3-20 and Equation  3-21 for the IP mode, 𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖 

and 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖, the coordinates of the rejoining RS and IP modes, can be calculated. 

Figure  3-6 shows that y1,intact is a function of p1,1 and Ktan and therefore it is a function of 𝐷(1) 

and 𝜏(1). Also, as explained in the RR mode section, 𝐷(1) and 𝜏(1) behave conversely, so that 
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their effects tend to cancel each other except for the effect of 𝛿. Ultimately, it can be concluded 

that 𝛿 implicitly controls 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖. 

𝜅𝑅𝑈 =  −
4𝐾𝑖𝑚𝑛
𝜉|Δ𝑑𝑚| 

Equation  3-21 

where |Δ𝑑𝑚| is defined in the RS section of Table  3-4. 

3.4.5 Partway Uplift (PU) 

Reversing of the riser motion (uplift following penetrating into the soil or repenetration 

following uplift) can occur anywhere on an penetration-uplift cycle, for example from point (p*, 

y*) in Figure  3-7. The ‘Partway Uplift’ (PU) mode refers to the soil behaviour during reversal of 

the riser movement from downward (penetration) to upward (uplift) while it is in RR mode (as 

shown in Figure  3-7) or in the PR mode. If the uplift occurs during the RS mode, with the riser 

within semi-intact soil (Figure  3-4e), the mode is considered as a new uplift mode not a partway 

uplift mode. The term ‘partway’ is selected for this mode (and the next described mode, PR) as 

they start before the previous mode is completed. 

It is expected that the most significant remoulding of the soil occurs during extended uplift 

modes rather than during a partway mode. Therefore, it seems reasonable to adopt the soil 

resistance in the uplift modes (UR and US) as a bounding limit for partway modes. A typical 

Partway Uplift (PU) mode, during the 1st complete penetration-uplift cycle, starting at y* 

(y3 < y* < y1), as shown in Figure  3-7. 

In the proposed model, PU follows the same equations as defined for a complete uplift curve 

(Equation  3-6) at y = y1 (using (𝑑1,1,𝑦1), (𝑑2,1,𝑦2) as the boundary values for the UR response 

and (𝑑2,1,𝑦2), (𝑑3,𝑦3,1) for the US curve), but starting from (p*, y*), the PU curve will 

continue until it intersects the original Uplift curve (passing through (𝑑1,1,𝑦1), (𝑑2,1,𝑦2) and 

(𝑑3,𝑦3,1)) as shown in Figure  3-7a. From the intersection point onwards (yint) it will switch to 

the original uplift curve. Combining these two curves is performed using a transition function to 

produce a smooth curve according to 

𝑑 = 𝑓(𝑦)𝑑𝐼𝑈(𝑦) + [1 − 𝑓(𝑦)]𝑑𝑈𝑅 𝑜𝑜 𝑈𝑈(𝑦) Equation  3-22 

where f(y) is calculated as  
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𝑓(𝑦) =
1

1 + 𝑒𝜆𝜅𝑃𝑈(𝑦−𝑦𝑖𝑖𝑖) 
Equation  3-23 

With 𝜆 =
−0.05

𝑚𝑚𝑦 �|𝑦∗ − 𝑦𝑖𝑛𝑖|, �
𝑦2
𝑜𝑜
𝑦3
− 𝑦𝑖𝑛𝑖��

 
Equation  3-24 

In the above equations, λ controls the effective length of the transition function f(y). If 𝑦𝑖𝑛𝑖 is 

bigger than 𝑦2 (PU curve intersects UR curve) 𝑑𝑈𝑅 and 𝑦2 and if 𝑦𝑖𝑛𝑖 is less than 𝑦2 (PU curve 

intersects US curve) then 𝑑𝑈𝑈 and 𝑦3 are used in Equation  3-22 and Equation  3-24 respectively. 

Figure  3-7b shows the resulting partway uplift curve. 

The soil stiffness parameter for the PU curve (κPU) is similar to κUR. All other model parameters 

are presented in Table  3-4. 

3.4.6 Partway Repenetration (PR) 

Partway Repenetration (PR) represents the soil behaviour during reversal of the riser movement 

from uplift to penetration during the UR, US and PU modes (before completion of the US 

mode). Figure  3-8a shows two typical PR modes during the 1st complete penetration-uplift 

cycle, starting at y* (y3,0 < y* <y1). Just as for the PU mode, it is reasonable to take the soil 

resistance in the main repenetration mode as a bounding limit for the partway repenetration 

mode. As a result, the PR mode is confined by the RR mode. 

In the proposed model, the PR mode is modelled using Equation  3-6 but starting from (p*, y*) 

and continuing until it intersects the original RR curve (using (𝑑3,𝑦3,0) and (𝑑1,1,𝑦1) as the 

boundary values for the RR curve) or directly approaches (𝑑1,1,𝑦1). From the intersection point 

(yint) onwards it will switch to the original RR curve. Combining these two curves, as shown in 

Figure  3-8b is performed using a transition function to produce a smooth curve, formulated as 

𝑑 = 𝑓(𝑦)𝑑𝐼𝑅(𝑦) + [1 − 𝑓(𝑦)]𝑑𝑅𝑅(𝑦) Equation  3-25 

where f(y) is calculated as  

𝑓(𝑦) =
1

1 + 𝑒𝜆𝜅𝑃𝑈(𝑦−𝑦𝑖𝑖𝑖) 
Equation  3-26 

With 𝜆 =
0.05

𝑚𝑚𝑦{|𝑦∗ − 𝑦𝑖𝑛𝑖|, |𝑦1 − 𝑦𝑖𝑛𝑖|}
 

Equation  3-27 

As explained in PU curve, λ controls the effective length of transition function f(y). 
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The stiffness parameter for the PR mode (κPR) is evaluated similarly to κUR as documented in 

Table  3-4. All other model parameters can also be found from Table  3-4. 

3.5 Soil Degradation Model 

Soil degradation refers to the reduction in soil stiffness and strength during sequential 

penetration-uplift cycles. The degradation, which arises from the soil response to cumulative 

plastic shear strain, may be linked to the plastic work in each cycle (Zhou & Randolph, 2009). 

The relative amount of energy dissipated in the nth cycle can be evaluated using the ratio of the 

area surrounded by the nth
 full penetration-uplift cycle to the area surrounded by the first full 

cycle as shown in Figure  3-9. The effect of the plastic work (with progressively smaller 

enclosed area in each cycle) can be transferred to the soil parameters, adjusting the soil 

maximum compressive and suction resistant (p1,n and p2,n values in Figure  3-9), the maximum 

RR mode displacement (∆yU,n in Figure  3-9) and the soil stiffness at the beginning of each uplift 

mode (the stiffness at points An in Figure  3-9). The degradable soil parameters are adjusted at a 

decreasing rate (with respect to each cycle number and the corresponding surrounding area in 

hysteretic penetration-uplift curves) as the riser’s cyclic penetration-uplift continues, ultimately 

reaching steady state values representing fully remoulded conditions. 

The degradation model proposed for the new model is developed from studies reported by 

Zargar & Kimiaei (2015) on the basis of model test data (Hodder et al., 2009; Hodder & 

Cassidy, 2010). The degradation in the 𝑦𝑖ℎ cycle, 𝐷(𝑦), is quantified by 

𝐷(𝑦) = 1 − 𝜌0
1 − 𝑒−𝜀𝑛

1 + 𝑒−𝜀𝑛
 

Equation  3-28 

D(n) varies from 1 (for n = 0) to 1 - ρ0 (for very large n) as indicated schematically in 

Figure  3-10. Parameters ρ0 and ε are soil dependant and are associated with the ratio of the 

overall area bounded by each cycle, since the area represents the plastic work. ρ0 controls the 

maximum degradation expected for a specific soil and ε controls the gradient of the degradation 

in each cycle. The 𝜉 and 𝜌0 may be extracted from experimental data by passing a best fit over a 

curve plotting the area ratio (ratio of the enclosed area in the nth cycle to the 1st cycle) as a 

function of the cycle number n (Zargar & Kimiaei, 2015). 
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The degradation function 𝐷(𝑦) is applied as a multiplier to the key values of 𝑑1,𝑛 , 𝑑2,𝑛, 𝜅,𝑛 and 

Δ𝑦𝑈,𝑛 in Figure  3-9. In addition Equation  3-13, Equation  3-14, Equation  3-19 in RR mode and 

Equation  3-20 in RS mode, which were introduced earlier only for the first cycle, may be 

rewritten in general form for the nth cycle as 

𝜈 =
𝑙𝑦 �𝜏(𝑦)(1 + 𝐴)

2𝐴 �

𝑙𝑦 � 2
1 + 𝐴�

 

Equation  3-29 

𝜏(𝑦) = 1 − 𝛿𝐷(𝑦) Equation  3-30 

𝐵 = 𝜏(𝑦)𝜅𝑅𝑅𝑑1,𝑛𝜉 Equation  3-31 

𝐾𝑖𝑚𝑛 = 𝜇
𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑑1,𝑛

𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑦1
 Equation  3-32 

3.6 Model Parameters 

The new model as described above contains parameters that need to be evaluated using test 

results. For some parameters there are defaults values, which may be adopted for a broad range 

of soils, but other model parameters need to be adjusted to suit particular conditions. The 

method of extracting the model parameters is described and the default values are presented 

here. 

The maximum UR mode displacement, Δ𝑦𝑈𝑅 (Equation  3-4) is a soil dependant parameter 

which is assumed independent of penetration depth, loading rates and degree of soil remoulding 

(Zargar & Kimiaei, 2015). A value of 0.2 was derived for lightly over-consolidated soft kaolin 

from test data (Hodder et al., 2009) as presented by Zargar & Kimiaei (2015). 

Similarly, the initial maximum uplift displacement Δ𝑦𝑈,0 (Equation  3-10) is a constant value for 

given soil, independent of penetration depth or loading rates (Zargar & Kimiaei, 2015). As 

described earlier ∆yU is a degradable parameter which reduces during cyclic loading in 

proportion to the degradation parameter 𝐷(𝑦) given by Equation  3-28. 

The suction ratio, ϕ, (see Equation  3-5) is a parameter that is independent of cycle number and 

loading rate but varies with penetration depth. In other words, the ϕ value increases as the riser 

penetrates into deeper soil. Analysis of the test data provided by Hodder & Cassidy (2010) and 
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presented by Zargar & Kimiaei (2015) shows a linear relationship between the suction ratio (ϕ) 

and the maximum penetration depth (y1) according to: 

𝜑 = 𝑚(𝑦1) + 𝑐 Equation  3-33 

where m and c are 0.09 and 0.53 respectively for the soil used by Hodder & Cassidy (2010). 

The degradation parameters (ρ0 and ε) presented in Equation  3-28 depends on the soil type. The 

recommended values for ρ0 and ε are 0.4 and 0.8 respectively for data presented by Hodder et 

al. (2009) data (Zargar & Kimiaei, 2015). 

The soil undrained shear strength at mudline (su0) and its gradient (ρ) are soil dependant 

properties which can be evaluated using proven site investigation tools, such as cone, T-bar or 

ball penetration tests (Aubeny & Biscontin, 2009). 

The fitting parameter (C) which controls the curvature of the penetration-uplift cycle should 

provide a best fitted curve on the test data. The value of C must lie between 1 and e (1< C ≤ e) 

and the recommended range is 1.2 to 1.5. For the test data provided by Hodder & Cassidy 

(2010), the best fit value for C was evaluated as 1.4. 

The ratios 𝑐𝑈𝑈 and 𝑐𝑅𝑅 of the stiffness parameters in US and RR modes (𝜅𝑈𝑈 and 𝜅𝑅𝑅) relative 

to the stiffness parameter in UR mode (κUR), as used in Equation  3-11 and Equation  3-12, are 

derived by fitting test data and are constrained not to exceed unity. This means that 𝜅𝑈𝑈 and 𝜅𝑅𝑅 

cannot be more than 𝜅𝑈𝑅. Recommended values for 𝑐𝑈𝑈and 𝑐𝑈𝑈 are 0.5 according the test results 

reported by Hodder et al. (2009). 

Two model parameters (both less than unity) control the tangential stiffness (𝐾𝑖𝑚𝑛) and the 

secant stiffness at y1: 𝛿 controls 𝐾𝑖𝑚𝑛 while 𝜇 controls the secant stiffness (as implemented in 

Equation  3-14 and Equation  3-20). They should be selected to match the semi intact curve (RS 

mode curve) with the test data. In order to fit the model on the experimental results presented by 

Hodder (2010), values of 0.4 and 1.2 were estimated for 𝛿 and 𝜇 respectively. 

3.7 Model Verification 

In this section the new model results, using an in-house developed code for the model, are 

validated against the existing test results reported by Hodder (2010), where a riser segment, 
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10 mm model diameter (500 mm prototype diameter), was penetrated and uplifted cyclically 

into a model seabed in a series of centrifuge tests. Four different test series for different depths 

and different loading rates were performed. The test characteristics are summarised in Table  3-5. 

Soil undrained shear strength (su0) and undrained shear strength gradient (ρ) are 2.5 kPa and 

1.15 kPa/m respectively. The riser surface is considered as rough and the normalised width of 

the trench (w/D) is chosen as 1. Values of ap and bp are chosen as 6.15 and 0.15 respectively 

(see Table  3-2). Other model parameters are considered as described in the model parameter 

section. Table  3-6 summarizes all the model parameters and variables used in the new model to 

simulate the test data. 

Only test results for cases 1-201, 1-202 and 1-204 from Hodder (2010) are compared with the 

new model results. In the 1-201 test, the riser section with loading rate of 0.25 mm/s was 

penetrated to a depth of 1D and then uplift started and continued up to 0.5D (1st event), then 

another penetration session started up to 3D and then uplifted up to 2.3D (2nd event). The third 

cycle started from 2.3 D and continued up to 5D and uplifted to 4.2D (3rd event) where the last 

penetration started and continued up to 7D (4th event). The last uplift session then started and 

continued up to taking out the riser out of the soil. Test 1-202 was performed with similar 

loading pattern as 1-201 but with a different loading rate (0.5 mm/s). Tests 1-201 and 1-204 

have the same loading rate (0.25 mm/s) but with different loading pattern. In 1-204 test, for four 

sequential cycles the riser segment was penetrated to 2D, 4D, 6D and 8D depths 

(approximately) and then for each cycle uplift was initiated, followed by repenetration, was 

initiated to depths of 1.3D, 3.2D and 5.2D (with the exception that for the deepest penetration of 

8D, uplift continued up to removal of the riser from the soil). 

Figure  3-11, Figure  3-12 and Figure  3-13 show the hysteretic curves produced by the new 

model for 1-201, 1-202 and 1-204 cases respectively. They are all in very good agreement with 

the test data. 

In 1-201, the measured maximum soil resistance (p1 at y1) for the 1st, 2nd, 3rd and 4th events from 

the test data are approximately 20, 35, 40 and 58 kPa respectively. The corresponding values 

calculated by the new model are 18.7, 31, 40 and 51 kPa, which are in good agreement with the 
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test data. Moreover, the new model results are also in good agreement with the approximate 

maximum suction (p2 values at y2 ) (10, 25, 35 and 45 kPa for the 1st, 2nd, 3rd and 4th events 

respectively from test data compared to 9, 24, 33 and 44 kPa from model results). Similar 

agreement can also be found in the comparison of the 1-202 and 1-204 test data and the new 

model results. 

3.8 Model Capabilities 

The model validation with existing test data illustrates part of the model capabilities. However, 

it does not represent all features in the model. In this section, a series of various example 

loading patterns are chosen and applied to the riser-soil system as defined in the previous 

section to examine the model capabilities in simulating soil behaviour in different loading 

situations. All curves are provided using an in-house code developed for this model. The results 

and interpretation of these tests are presented herein. 

A typical full cyclic loading pattern to gradually increasing depths is shown in Figure  3-14. The 

example loading pattern in this test is designed to present the model capabilities in modelling 

seabed soil degradation and its stability and continuity for several sequential penetration-uplift 

cycles. Table  3-7 shows the main characteristics of the loading pattern applied on the model in 

this test. As may be seen in Figure  3-14, soil degradable parameters (y3,n, p1,n and p2,n) can be 

clearly traced in this loading pattern. Moreover, it can be seen that the response shows smooth 

transitions from repenetration-remould (RR) mode to repenetration-semi Intact (RS) mode and 

successfully re-joins the initial penetration curve (IP). Figure  3-15 shows asymptotic trends for 

the cycle by cycle increase in trench depth, 𝑦3,𝑛, and decrease in soil compressive resistance, 

𝑑1,𝑛, for the loading pattern presented in Figure  3-14. 

The second sample loading pattern, as shown in Figure  3-16, is designed to examine the model 

capabilities in all possible penetration-uplift loading patterns. It includes the following loading 

conditions: 

a) 1st event: A partway repenetration mode (PR) starting from uplift rebound mode 

(UR) 
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b) 2nd event: A partway reloading mode (PR) starting from uplift separation mode 

(US) 

c) 3rd event: A partway uplift mode (PU) 

d) 4th event: An uplift mode starting from repenetration-semi intact (RS) mode  

e) 5th event: A series of partway uplift and repenetration cycles  

Table  3-8 presents the detail of cyclic patterns chosen for each cycle. As may be seen in 

Figure  3-16, the model can effectively simulate expected riser-seabed behaviour and soil 

degradation for relatively complex patterns of penetration and uplift. 

3.9 Conclusion 

In this paper, a new nonlinear model has been developed to simulate the seabed soil behaviour 

under the movements of an oscillating steel catenary riser. The main features of this model are: 

a) providing a unified hyperbolic-exponential mathematical model to simulate 

repenetration-uplift cycles; 

b) developing a quantitative energy-based model for soil degradation during cycles 

of penetration and uplift; 

c) Simulating evolution of a soil trench beneath the riser because of the nonlinear 

plastic behaviour in the soil. 

The new model is also capable of allowing users to adjust the model parameters and input them 

as a function of other parameters or as a constant number. This capability gives the flexibility to 

consider the effect of loading rates, depth and soil condition (intact or disturbed) on the model 

parameters e.g. suction ratio (𝜙), maximum UR displacement (Δ𝑦𝑈𝑅) and maximum uplift 

displacement (Δ𝑦𝑈). 

The new model has been validated against existing test data from a series of centrifuge tests on 

a riser section (Hodder, 2010). The results have been compared with the test results and shown 

to give good agreement with the test data. 
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Figure  3-1. TDZ schematic seabed behaviour in AB model (Aubeny & Biscontin, 2009)  

 

 
Figure  3-2. TDZ schematic seabed behaviour in RQ model (Randolph & Quiggin, 2009)  
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Figure  3-3. Schematic figure of seabed behaviour in the new model 

  

  

  
Figure  3-4. Soil situation at each step of penetration-uplift cycle 
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Figure  3-5. Normalised uplift secant stiffness in 1-201-1D test data by Hodder & Cassidy (2010) 

 

 

 

Figure  3-6. Schematic view of repenetration curve a) RR and RS modes b) RS mode in detail 
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Figure  3-7. Proposed model for Partway Uplift (PU) mode a) PU curve with no transition function b) 

smooth PU curve after applying transition function  
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Figure  3-8. Proposed model for Partway Repenetration mode a) PR curve with no transition function 

b) smooth PR curve after applying transition function  

 

 

Figure  3-9. Surrounded area by hysteretic curves in sequential cycles 
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Figure  3-10. Degradation function 

 
Figure  3-11. Model verification with test number 1-201 by Hodder (2010)  

 
Figure  3-12. Model verification with test number 1-202 by Hodder (2010) 
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Figure  3-13. Model verification with test number 1-204 by Hodder (2010) 

 
Figure  3-14. A typical full cyclic loading pattern 
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Figure  3-15. Maximum soil resistance and trench depth degradation  

 
Figure  3-16. A sample penetration-uplift loading pattern 
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Table  3-1. Comparing AB and RQ models features 

 AB model RQ model Remarks 

Initial 
Penetration 

Backbone curve 
Formulated using a power type 

function 

Backbone curve 
Formulated using power 
type and hyperbolic type 

functions 

Both models follow 
a similar approach 

in this part 

Uplift 

Elastic rebound 
A hyperbolic function used to 

model the initial phase of 
unloading 

Uplift 
Simulated using a 

hyperbolic function 
bounded by an exponential 

function 

Inconsistency in 
mathematical 

formulation in AB 
model and 

incapability of RQ 
model in explicit 
trench formation 

Riser-soil separation 
A 3rd order polynomial to 

model a s-curve 

Repenetration 
Re-contact 

A 3rd order polynomial used to 
model the s-curve shape 

Reloading 
A hyperbolic function 

bounded by an exponential 
function used to model s-

curve 

 

Partway 
repenetration and 

uplift 

Used a hyperbolic type 
function similar to the Elastic 

Rebound Curve 

Similar formulation 
regarding to Uplift and 
Reloading adopted for 

these conditions 

Both models follow 
the uplift 

formulation in these 
parts 

Degradation 

Unable to model degradation in 
original format 

considered approximated 
degradation in the original 
model (Nakhaee & Zhang, 

2010) 

Unable to model 
degradation explicitly  

 

Table  3-2. Recommended values for ap and bp (Aubeny & Biscontin, 2009) 

Riser Roughness y 0.5 y >0.5 
ap bp ap bp 

Smooth 4.97 0.23 4.88 0.21 
Rough 6.73 0.29 6.15 0.15 

 
Table  3-3. Npmax equations (Aubeny & Biscontin, 2009) 

Riser Roughness w/D Npmax 

Smooth 
2.75 7.74-1.22(w/D-1) 

>2.75 5.60 

Rough 
2.00 6.73-2.33(w/D-1) 

>2.00 4.40 
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Table  3-4. New model parameters 

Mode Model Parameters 
𝑑𝑚 𝑦𝑚 𝛥𝑑𝑚 𝛥𝑦𝑚 𝛼 𝛽 𝛾 𝜔 𝜉 𝜈 𝜅 

UR p1 y1 p2 − p1 y2 − y1 -2 1 -1 -1 
Eq. 7 1 

Eq. 9 

US 
p2
2

 
y2 + y3

2
 −p2 y3 − y2 1 -0.5 0.5 -0.5 Eq. 11 

RR  −ψ|Δpm| 
y3,(n−1) + y1

2
 p1,n y1

− y3,(n−1) 
-1 0.5 1 0.5 Eq. 

16 
Eq. 13 & 

Eq. 29 Eq. 12 

PU p∗ y∗ p1,n − p2,n y1 − y2 

-2 1 -1 -1 Eq. 7 1 

Eq. 9 
PR p∗ y∗ p1,n − p∗ y1 − y∗ 

RS p1,n y1 p1,n
− p1,intact 

y1
− y1,intact 

Eq. 21 

 

Table  3-5. Tests characteristics reported by Hodder (2010)  

Experiment 
No. 

Rate 
(mm/s) 

Maximum Penetration depths (y1) at each 
Loop 

Acceleration 
(g) 

Model Dia. 
(mm) 

1_201 0.25 1D 3D 5D 7D 50 10 

1_202 0.5 1D 3D 5D 7D 50 10 

1-203 1 2D 4D 6D 8D 50 10 
1_204 0.25 2D 4D 6D 8D 50 10 

 

Table  3-6. Associated new model parameters for Hodder (2010) test results  

Parameter Symbol Value 
Pipe diameter D 500 mm (10 mm model) 

Mudline shear strength Su0 2.5 kPa 

Shear strength gradient ρ 1.15 kPa/m 

Power low parameter  ap 6.15 

Power low parameter bp 0.15 

Maximum UR displacement ∆yUR 0.20  

Initial maximum uplift displacement ∆yU 0.5 

Suction Ratio φ 0.09y1+0.53 

Maximum normalised stiffness Kmax 100 

US stiffness parameter coefficient cUS 0.5 

RR stiffness parameter coefficient cRR 0.5 

Degradation parameter ρ0 0.4 

Degradation gradient parameter ε 0.8 

Stiffness at y1 model parameter δ 0.4 

Stiffness at y1 model parameter µ 1.2 

Base of the exponentiation C 1.4 
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Table  3-7. Main characteristics of the loading pattern loading in Figure  3-14  

Start of uplift mode No. of cycles ∆yU ∆yUR φ 
1D 10 0.5D 0.2D 0.5 
2D 10 0.5D 0.2D 0.5 

 
Table  3-8. Main characteristics of the loading pattern in Figure  3-16  

Event No. Start of uplift 
mode 

No. of 
cycles ∆yU ∆yUR φ y* 

1 0.5D 1 0.5D 0.2D 0.5 0.36D 
2 1.0D 1 0.5D 0.2D 0.5 0.72D 
3 2.0D 1 0.5D 0.2D 0.5 1.84D 
4 2.2D 1 0.5D 0.2D 0.5 - 

5 3D 5 0.5D 0.2D 0.5 @ PU 2.2D 
@PR 2.92D 
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CHAPTER 4  

AN IMPROVED HYSTERETIC MODEL FOR RISER-SOIL 

INTERACTION IN TDZ CONSIDERING PARTIAL CYCLIC 

DEGRADATION 

Abstract 

An improved hysteretic soil model is developed to simulate the complex nonlinear riser-soil 

interaction behaviour in the touch down zone. This model is an improved revision of a previous 

soil model developed by the authors by adding two new important features to the model 

capabilities: partial degradation for partway cycles and improved soil behaviour when the riser 

moves in the semi-intact area (transition from remoulded to intact region). Moreover, a 

modification has been introduced with respect to stiffness selection and boundary values for 

repenetration paths after partial uplift (prior to pipe separation from the soil).  

This model still relies on a simple unified mathematical formulation for all penetration modes; 

however corresponding values for model parameters vary between different modes. Soil 

degradation in this model is now based on actual dissipated energy in each hysteretic cycle. This 

enables the model to consider partial degradation due to partway cycles (comprising either 

partway uplift or partway repenetration or both) as well as full separation and re-penetration 

cycles.  

The hysteretic penetration, uplift and repenetration curves of the model now match much better 

with published test data than was achieved with the previous model. The results of the improved 

model have also been compared with existing nonlinear models for a number of example riser 

penetration time histories. The comparisons demonstrate the capabilities and increased 

flexibility of the new model for more accurate modelling of riser-soil interaction in the touch 

down zone. 

4.1 Nomenclature 

ap and bp: model variables that control the shape of the IP curve  
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Ap and Ac: are area bounded by a partial (p) or complete (c) cycle  

cRR: ratio of the stiffness parameter in RR and UR modes  

cUS: ratio of the stiffness parameter in US and UR modes  

C: model parameter that controls the curvature of the curves in each mode  

CU and CR: present the load ratio in uplift and repenetration sequences respectively  

D(n): degradation function that gives the degradation ratio in nth cycle  

D(na): is degradation function which gives the degradation ratio in na cycle number  

D: riser outer diameter [L] 

DT: detachment mode  

f(y): transition function  

IP: initial penetration mode  

kmax: maximum uplift stiffness at the start of the UR mode  

Kmax: normalised maximum stiffness as defined by Randolph & Quiggin (2009) 

n: uplift-penetration cycle number  

na: is uplift-penetration actual cycle number (real number) 

Np: non-dimensional bearing factor used in calculation of the soil resistance in IP mode  

p: soil resistance (nominal pressure) at current penetration (y) [ML-1T-2] 

pm: associated soil resistance at ym [ML-1T-2] 

P: Soil resistance per unit length of riser [MT-2] 

PR: partway repenetration mode  

PU: partway uplift mode  

Riser Roughness: riser surface roughness and ranges from smooth to rough  

RR: repenetration remould mode  

RS: repenetration semi intact mode  

su0: soil undrained shear strength at mudline [ML-1T-2] 

UR: uplift rebound mode  

US: uplift separation mode  

V,n: degraded parameter, P, after nth cycle, unit varies by P (p, κ, ∆yU) 
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w: trench width [L] 

y: normalised penetration depth  

yint: intersection point between PU and UR or US curves in partway uplift or intersection point 

between PR and RR curves in partway repenetration  

ym: normalised penetration depth where soil stiffness is a maximum  

yR: the penetration at which reloading started  

𝑦𝑖𝑜: the depth at which transition function effects from RR or PR to RS mode is diminished  

yU: the penetration at which unloading started  

z: penetration of riser below the seabed [L] 

∆pm: is a variable defined as the difference between the resistances at boundary points in each 

mode’s curve, unit of pressure [ML-1T-2] 

∆ym: is a variable defined as the difference between the depths at both ends of each mode’s 

curve  

∆yU: maximum uplift displacement in a full Uplift mode. It is defined as the displacement 

between maximum penetration (y1) and separation depth (y3) 

∆yUR: maximum displacement in UR mode. It is defined as the displacement between maximum 

penetration (y1) and maximum suction depth (y2) 

α, β, γ and ω: parameters that control the shape of the curve in each mode  

∆: increment (i.e. change in a variable relative to a defined starting point) 

ε: parameter that controls the gradient of degradation in each cycle  

φ: parameter defining ratio of maximum suction to maximum compressive soil resistance  

λ: model variable changes the effective length of the transition function  

κ: soil stiffness parameter  

µ: parameter defining ratio of tangential and secant stiffness at y1 in RS mode  

ρ: soil undrained shear strength gradient, unit of pressure over depth [ML-2T-2] 

ρ0: parameter that controls the maximum degradation ratio for degradable parameters  

ξ: variable that controls the curve amplitude and ensures the curve passes it’s both ends  
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Most of the model variables and parameters defined here are the ones defined in the ZKR model 

(Zargar et al., 2017). 

4.2 Introduction 

Even with the growth in renewable energy, oil and gas production from offshore deep water 

remains a critical component of energy supply (Aubeny & Biscontin, 2008). Production from 

deep water resources requires hi-tech and creative engineering solutions and equipment. Steel 

catenary risers (SCRs) are one of the most economical solutions for deep water offshore field 

developments (Maclure & Walters, 2007). 

The SCR, seabed sediments and sea water form a three component system, interacting with each 

other in a very complex manner (Zargar & Kimiaei, 2015). Due to wave-induced cyclic motions 

of the floating production system, and wave-current induced loading of the risers directly, SCRs 

undergo continuous perturbations and their cyclic penetration and uplift on the seabed causes 

trench formation and evolving patterns of pipe-soil interaction. In addition to softening of the 

seabed due to cyclic remoulding, erosion processes due to significant velocity of seawater as it 

is squeezed out or sucked into the region between riser and soil combine in causing trench 

formation in the touch down zone (Clukey et al., 2008). 

In a simplified approach, the three phase system of fluid-riser-soil can be divided into three 

separate systems of riser-soil, fluid-riser and fluid-soil interaction. The present paper focuses on 

riser-soil interaction, which is considered as the most complex of the interactions and is 

regarded as dominant in assessing design performance such as fatigue in the touch down zone 

(TDZ). 

A summary of different approaches for riser-soil interaction was presented by Zargar et al. 

(2017) and so the discussion here focuses specifically on degradation of the soil due to the 

cyclic riser motions. 

Jiao (2007) developed preliminary ideas for a degrading soil model based on a backbone 

penetration curve, bounding curves for a given cyclic displacement, and a series of equations to 

simulate soil behaviour within the bounding curves (see Figure  4-1). The model simulates soil 

degradation using three parameters, although with a rather complex calculation procedure. 
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Simulations using the model were compared with results from laboratory tests. Key limitations 

as shown in Figure  4-1 included a lack of transition from the degraded cyclic model back onto 

the initial penetration curve and inability to model degradation effects during an uplift mode 

(Jiao, 2007). 

The Randolph & Quiggin (2009) model, referred to as the RQ model, considers degradation 

implicitly by allowing incremental penetration of the riser during load-controlled cycles, or 

conversely reducing maximum contact force for displacement-controlled cycles. There is no 

explicit parameter defined in this model formulation to account for the degradation. However, 

the normalised suction decay distance parameter indirectly simulates reduction in soil strength 

by increasing the depth at which re-loading curves rejoin the bounding initial penetration curve 

(Randolph & Quiggin, 2009). 

A more explicit form of degradation was incorporated in the Aubeny & Biscontin (2008) model, 

referred to as the AB model; by considering incremental plastic soil deformation. The 

underlying assumption is that the soil stiffness in reloading is less than that in unloading, and 

the reduction in secant stiffness was quantified by considering increments of riser penetration 

with each cycle (Aubeny & Biscontin, 2008). This model was applied by Nakhaee & Zhang 

(2010) to study fatigue design of SCR systems, confirming the important influence of non-linear 

riser-soil interaction and trenching on the fatigue life of a SCR. They also pointed out that 

phenomenological models such as the RQ and AB models do not make any attempt to consider 

explicitly phenomena such as water entrainment, reconsolidation, soil erosion and thixotropy 

(Nakhaee and Zhang, 2010). 

You (2012) presented an updated AB model simulating degradation effects using power law 

type functions. Based on test results from NGI (Norwegian Geotechnical Institute) and COFS 

(Centre for Offshore foundation Systems), You (2015) proposed a new curve for re-joining the 

repenetration curve to the initial penetration curve. Similar to its parent model (AB model) the 

model uses different mathematical formulas for each part of the loading-unloading curve. 

Aubeny et al. (2015) proposed a model to consider degradation of the stiffness of the original 

AB model, using various power law and inverse exponential functions. They did not consider 
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the effect of soil degradation on the maximum uplift displacement (before riser-soil separation) 

and soil resistance mobilised at the previous maximum penetration. 

Zargar et al. (2017) presented a new soil model, (ZKR model), to simulate riser-soil interaction, 

considering cycle by cycle soil degradation using a unified mathematical model for all uplift and 

repenetration modes. The model was developed considering the relative advantages and 

limitations of the RQ and AB nonlinear models. Using a unified mathematical model (avoiding 

the variety of functions used in the AB model) it can trace the trench formation explicitly (a 

limitation of the RQ model). It also allows the initial penetration curve to be rejoined smoothly 

(a drawback in the AB model) and considers soil degradation explicitly (rather than the implicit 

nature of the AB and RQ models). 

The degradation model proposed is based on observations from the centrifuge tests carried out 

by Hodder (2010). In contrast to the previous models, it applies soil degradation effects to the 

three main soil parameters: soil stiffness (κ), soil resistance (p) and maximum uplift 

displacement (∆yU) prior to separation (Zargar et al., 2017). As formulated, the model considers 

the same degradation value for all cycles independent of whether the cycle is a full (i.e. 

complete cycle of uplift, separation, detachment and repenetration) or a partial one (i.e. partly 

completed cycle due to either partway uplift, partway repenetration or both). This assumption 

leads to conservative results for partway cycles and therefore limits the accuracy of the model. 

On the other hand, Hodder’s test results (Hodder, 2010) showed that the soil stiffness increases 

markedly at the end of repenetration mode during the transition back to the backbone 

penetration curve. This stiffness jump cannot be simulated in the ZKR model. 

These two limitations of the ZKR model were the main inspirations to develop an improved 

ZKR model. The modifications presented here lead to more reliable and accurate simulations of 

riser-soil interaction under arbitrary load or displacement cycles. The paper first summarises the 

main features of the improved riser-soil interaction model (improved ZKR model) before 

presenting the new degradation concept, linking the amount of degradation to the size of the 

displacement cycle. The improved model is then validated using published test data. Finally, the 
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capabilities of the AB, RQ and improved ZKR models in simulating various loading conditions 

are compared and discussed. 

4.3 Improved Soil Model Development 

The main features of the hysteretic ZKR model Zargar et al. (2017) are summarised below, but 

focusing particularly on the changes in the mathematical formulations and degradation model 

that lead to the improved ZKR model. 

A typical riser-soil hysteretic interaction response is shown in Figure  4-2. The soil behaviour is 

divided into four main modes with uplift and repenetration modes each divided into two sub-

modes (Zargar et al., 2017). These modes and their governing equations are documented in this 

section. As shown in Figure  4-2 each penetration-uplift cycle can be constructed on the basis of 

three key points, values of which are based on experimental data (Zargar & Kimiaei, 2015). The 

three key points are: 

a) Maximum penetration point (p1, y1): where the riser motion direction reverses 

from penetration to uplift following the first penetration sequence. 

b) Maximum suction point (p2, y2): where the maximum soil suction resistance 

occurs. p2 and y2 can be related to p1 and y1 respectively by 

𝑦2 = 𝑦1 − ∆𝑦𝑈𝑅 Equation  4-1 

𝑑2,𝑛 = −𝜑𝑑1,𝑛 Equation  4-2 

The subscript “,n” represents the cycle number (described in detail later in the degradation 

model). 

c) Separation point (p3,y3): where soil suction resistance is diminished and soil and 

riser fully detached. As expected p3 value is always zero and the separation depth 

in the first cycle of complete uplift (𝑦3,0) can be written as 

𝑦3,0 = 𝑦1 − ∆𝑦𝑈,0 Equation  4-3 

p and y in the above equations and in the rest of the paper are the normalised soil resistance and 

soil penetration respectively. p is nominal soil resistance (p = P D⁄ ) normalised by riser 

diameter (D) where P is the soil resistance (force per unit length of riser) and y is normalised 

penetration depth (y = z ∕ D). 
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4.3.1 Initial Penetration (IP) 

The curve OA in Figure  4-2 represents the first riser penetration into intact soil and is 

recognised as Initial Penetration (IP) mode. It starts from zero resistance and zero penetration 

(point O in Figure  4-2) and continues up to the first riser motion reversal (point A (p1,y1) in 

Figure  4-2). The soil resistance (𝑑1) corresponds to a specific normalised penetration (𝑦1) in this 

mode is the highest compares to p values in subsequent penetration sequences at the same or 

lower penetration depths. 

The governing equation for the IP mode is based on the method presented in the AB model 

(Aubeny & Biscontin, 2009) and summarised as (Zargar et al., 2017) 

𝑑(𝑦) =
𝑃(𝑦)
𝐷

= 𝑁𝑝𝑠𝑢(𝑦) 
Equation  4-4 

where, undrained shear strength (𝑠𝑢) varies linearly with a constant gradient in depth (see 

Equation  4-5) and the non-dimensional bearing factor (Np) is a function of normalised depth (y) 

as presented in Equation  4-6. 

𝑠𝑢(𝑦) =  𝑠𝑢0 + 𝜌𝑦𝐷 Equation  4-5 

𝑁𝑝 =  𝑎𝑝𝑦𝑏𝑝 Equation  4-6 

Model parameters ap and bp in Equation  4-6 are determined depending on the riser roughness 

and penetration depth (y) with recommended values given by Aubeny & Biscontin (2009). The 

maximum value of the non-dimensional bearing factor (known as Npmax) also varies with the 

normalised trench width ratio (w/D) (Aubeny & Biscontin, 2009). 

4.3.2 Repenetration-Uplift cycles  

All subsequent uplift and repenetration modes occurring after the initial penetration mode are in 

remoulded or partly remoulded soil that is not as strong as the intact soil. The mathematical 

expression developed for these modes is a unique hyperbolic-exponential function expressed as 

(Zargar et al., 2017) 

𝑑(𝑦) =  𝑑𝑚 + �
𝛼

1 + 𝐶𝜅(𝑦−𝑦𝑚) + 𝛽� 𝜉|Δ𝑑𝑚| Equation  4-7 



A New Hysteretic Seabed Model for Riser-Soil Interaction 4-9 
 
 
where, ξ is always slightly greater than unity, ensuring that curves passes through both 

boundary points, according to 

𝜉 =
𝛾

𝛼
1 + 𝐶𝑘𝜅|∆𝑦𝑚| + 𝛽

 Equation  4-8 

α, β, γ and ω  change in each mode as detailed in Table  4-1. 

ym and pm are displacement and corresponding soil resistance variables, also varying for each 

mode as presented in Table  4-1. 

The soil stiffness parameter (κ) for each mode is calculated using the equations in Table  4-1. 

∆ym and ∆pm are the maximum changes of displacement and corresponding soil resistance, p, in 

each mode respectively and are given in Table  4-1. 

The fitting parameter (C) controls the curvature of the curves and is always greater than one. 

Recommended values are discussed in detail by Zargar et al. (2017). 

4.3.3 Uplift Mode  

Uplift mode refers to the soil behaviour during uplift of the riser. It starts from point A (p1, y1) 

where first penetration reversal occurs, passes through point B (p2, y2), where the maximum soil 

suction resistance occurs, and extends towards point C (p3, y3) in Figure  4-2, where full riser-

soil separation occurs. The physical processes that occur during curve ABC in Figure  4-2 result 

in two different soil behaviour regimes, dividing the uplift mode into two parts as explained 

below. The details of these physical processes are discussed for the ZKR model (Zargar et al., 

2017). 

4.3.3.1 Uplift-Rebound (UR) 

The UR mode refers to the segment AB of the uplift response (Figure  4-2) where the riser starts 

to move upward with a very high rate of reduction in contact stress (high stiffness). This semi-

linear behaviour is for small displacements only as the AB curve deviates very quickly from a 

linear to a nonlinear curve. Eventually the compressive contact stress is reduced to zero (p = 0). 

From that point on suction resistance is developed, increasing up to point B in Figure  4-2 where 



A New Hysteretic Seabed Model for Riser-Soil Interaction 4-10 
 
 
the maximum soil suction occurs. The rate of suction resistance development is high initially 

but decreases quickly and asymptotes to zero at B. 

The stiffness parameter (κUR) for the UR mode is calculated as 

𝜅𝑈𝑅 =  
2𝐾𝑚𝑚𝑚

(1 + 𝜑)𝐿𝑦(𝐶)
 

Equation  4-9 

4.3.3.2 Uplift-Separation (US) 

With further upward motion of the riser, suction resistance is gradually lost. This section of the 

uplift response is referred to as the US mode (curve BC in Figure  4-2). Full detachment of the 

riser occurs at point C (Detachment mode starts). 

The stiffness parameter (𝜅𝑈𝑈) for the US mode is calculated from 

𝑘𝑈𝑈 = 𝑐𝑈𝑈 × 𝜅 Equation  4-10 

The recommended values for 𝑐𝑈𝑈 are discussed in detail for the ZKR model (Zargar et al., 

2017). 

4.3.4 Detachment Mode (DT)  

With further upward motion of riser, the riser and soil separate from each other so that the riser 

motion does not affect the soil until the riser motion is reversed and contacts the soil again (at 

y3). This mode is called Detachment and starts from point C (𝑑3,𝑦3) in Figure  4-2. The soil 

resistance is zero throughout this mode. 

4.3.5 Re-penetration Mode  

Repenetration mode refers to the second (and subsequent) penetration of the riser, now into 

disturbed soil. The soil resistance during this new penetration is less than its resistance in IP 

mode. It starts from point C (p3, y3) in Figure  4-2 where the most recent uplift finished and 

continues to rejoin the IP mode curve at a depth greater than at point A (𝑦1), as shown by point 

D (𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖,𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖) in Figure  4-2. 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 can be calculated based on the soil failure 

mechanism around a penetrating riser and is explained in the following sections. The riser 

passes two different soil responses in repenetration mode: from point C (p3, y3,0) to point A1 

(p1,1, y1) and then to point D �𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖,𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖� in Figure  4-2. 
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The first part of the curve represents remoulded soil behaviour and is referred to as 

repenetration-remould (RR) mode; the second part simulates soil conditions that are neither 

fully disturbed nor intact and that section of the response is referred to as repenetration-semi 

intact (RS) mode. The subscript number “,n” represents the cycle number of uplift-penetration 

cycles. Note that the value of p1,1 is less than p1,0 according to soil degradation, as explained 

below. 

4.3.5.1 Repenetration-Remould (RR) 

The RR mode starts at point C with a very mild slope (stiffness) and continues up to point A1 as 

its stiffness increases asymptotically (Figure  4-2). Therefore, the shape of the RR mode is an S-

curve. The physics causing this behaviour in RR mode has been discussed for the ZKR model 

(Zargar et al., 2017). 

The stiffness parameter (𝜅𝑅𝑅) for RR mode is calculated as 

𝑘𝑅𝑅 = 𝑐𝑅𝑅 × 𝜅 Equation  4-11 

The recommended values for 𝑐𝑅𝑅 are discussed in detail for the ZKR model (Zargar et al., 

2017). 

4.3.5.2 Repenetration-Semi Intact (RS) 

The RS mode refers to the part of the repenetration mode beyond the previous maximum 

penetration (curve A1D in Figure  4-2). In the ZKR model, it was assumed that the soil stiffness 

will not change as it enters into the RS mode. However, investigation of test data reported by 

Hodder (2010) shows a sudden increase in soil stiffness in RS mode compared to the RR mode, 

although with a smooth transition between RR and RS mode. The increase in soil stiffness is 

due to encountering increasingly intact soil strength during the RS mode compared with 

remoulded soil during the RR mode. 

According to test results presented by Hodder (2010), the ‘rejoining’ distance in RS mode can 

be taken as a constant value. To calculate this distance a series of analyses were performed in 

ABAQUS using its coupled Eulerian-Lagragian method (CEL method). Riser sections with 

different diameters were penetrated into the soil (clay and sand) up to 1 to 2 times the diameter 
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(1-2D) and the rejoining distance was determined as the depth of the soil region beneath the 

riser where the plastic strain was non-zero (Figure  4-3a). Tresca model has been used to model 

the soil. The rejoining distance is thus only a function of the soil mechanism around the 

penetrating pipe and is typically about 0.3D to 0.4D for different soil types (clay and sand). 

Figure  4-3a shows the plastic strain beneath a penetrating riser at 1D and 1.5D penetration. As 

can be seen the domain of plastic strain beneath the riser does not change with further 

penetration in soil beyond a depth of 1D. Figure  4-3b presents changes in the re-joining distance 

as the riser penetrates into the soil. From the results, the following equation is proposed for 

calculating 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖: 

𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 = 𝑦1 + 0.3 Equation  4-12 

By calculating 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖, 𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖 can be calculated using the IP equations presented above 

(Equation  4-4 to Equation  4-6). 

According to the ZKR model (Zargar et al., 2017), the RS mode curve is concave upwards, 

passing through (𝑑1,𝑛,𝑦1) and (𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖,𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖). The second point of the RS curve represents 

the intersection with the IP curve, so the stiffness of the RS curve can be calculated according to 

the secant stiffness of the former curve. Therefore, the stiffness parameter in the RS mode is 

proposed as: 

𝜅𝑅𝑈 = 𝜇 �
𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑑1,𝑛

𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑦1
� Equation  4-13 

where µ is always greater than one (to form a concave upwards curve) and can be evaluated 

using test results. The normal range for µ according to Hodder’s test results (Hodder et al., 

2009) is between 2 and 2.5. 

Although the soil strength in the RS mode is considerably higher than for the RR mode, the 

transition from RR mode to RS mode should occur as a smooth transition. A transition function 

𝑓(𝑦) is therefore defined to create a smooth transition at the beginning of the RS mode, with the 

contact stress expressed as a weighted average of the RR (or PR) and RS responses according to 

𝑑 = 𝑓(𝑦)𝑑𝑅𝑅 𝑜𝑜 𝐼𝑅(𝑦) + [1 − 𝑓(𝑦)]𝑑𝑅𝑈(𝑦) Equation  4-14 

where f(y) is calculated as: 
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𝑓(𝑦) =
1

1 + 𝑒𝜆𝑈𝑅𝜅𝑈𝑅(𝑦−𝑦𝑖𝑡) 
Equation  4-15 

𝑦𝑖𝑜 is the depth at which the transition function effectively diminishes to zero, calculated as 

𝑦𝑖𝑜 = 𝑦1 + 0.05 Equation  4-16 

λ controls the effective length of the transition function f(y) and is defined as 

𝜆𝑅𝑈 = 2 Equation  4-17 

All other parameters for the RS mode can be derived from Table  4-1. 

4.3.6 Partway Uplift & Repentration (PU & PR)  

Partway uplift mode (PU) occurs where the riser motion changes from downward to upward 

before the maximum penetration depth (y1). This situation can occur anywhere during the RR 

and PR modes, for example point (𝑑∗,𝑦∗) in Figure  4-4. If the riser upward motion occurs 

during the RS or IP modes the soil is assumed as intact, therefore the upward motion is 

considered as a new UR mode. 

In the proposed improved ZKR model, a similar equation as proposed for the UR mode is 

adopted for the PU mode, changing the starting point from (𝑑1,𝑛,𝑦1) to (𝑑∗,𝑦∗). This curve is 

bounded by the corresponding uplift curve (UR and US) constructed using the key points 

(𝑑1,1,𝑦1), (𝑑2,1,𝑦2) and (𝑑3,𝑦3,1). The stiffness parameter for the PU curve (κPU) is calculated 

using Equation  4-9 (similar to 𝜅𝑈𝑅) as addressed in Table  4-1. All other model parameters can 

also be found from Table  4-1. 

Partway repenetration mode (PR) occurs where the riser motion changes from upward to 

downward. It may occur anywhere during uplift modes (UR, US and PU), for example at 

(𝑑∗,𝑦∗) as shown in Figure  4-5. The PR mode can continue up to y1 and is bounded by the 

corresponding RR mode formed by key points �𝑑3,𝑦3,(𝑛−1)� and (𝑑1,𝑛,𝑦1). 

The PR curve is constructed using similar formulations considered for the PU curve, but with 

the model variables changed to simulate the downward motion. The soil stiffness parameter for 

PR (𝜅𝐼𝑅) is chosen equal to the stiffness chosen in the corresponding UR mode (κUR) as 

addressed in Table  4-1. All other model variables are presented in Table  4-1. 
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By defining the PU and PR curves as explained above, an abrupt change in stiffness may occur 

at the intersection of PU and UR or US curves and PR and RR curves. To circumvent any sharp 

corner (which may cause numerical instabilities) a transition function is defined to produce a 

smooth curve at the intersection of the two curves. This transition function was defined in the 

ZKR model (Zargar et al., 2017), presented here as 

𝑑 = 𝑓(𝑦)𝑑𝐼𝑈(𝑦) + [1 − 𝑓(𝑦)]𝑑𝑈𝑅 𝑜𝑜 𝑈𝑈(𝑦)   for PU curve Equation  4-18 

𝑑 = 𝑓(𝑦)𝑑𝐼𝑅(𝑦) + [1 − 𝑓(𝑦)]𝑑𝑅𝑅(𝑦)  for PR curve Equation  4-19 

where f(y) is calculated as: 

𝑓(𝑦) =
1

1 + 𝑒𝜆𝑃𝑈 𝑜𝑡 𝑃𝑈𝜅𝑃𝑈 𝑜𝑡 𝑃𝑈(𝑦−𝑦𝑖𝑖𝑖) 
Equation  4-20 

and 𝑦𝑖𝑛𝑖 is the depth where the RR or PR curves intersect their boundary curves. 

λ controls the effective length of transition function f(y) and is defined for the PU and PR curves 

respectively as: 

𝜆𝐼𝑈 =
−0.05

𝑚𝑚𝑦 �|𝑦∗ − 𝑦𝑖𝑛𝑖|, �
𝑦2
𝑜𝑜
𝑦3
− 𝑦𝑖𝑛𝑖��

 Equation  4-21 

and  

𝜆𝐼𝑅 =
0.05

𝑚𝑚𝑦{|𝑦∗ − 𝑦𝑖𝑛𝑖|, |𝑦1 − 𝑦𝑖𝑛𝑖|} 
Equation  4-22 

If 𝑦𝑖𝑛𝑖 > 𝑦2 then 𝑑𝑈𝑅 and 𝑦2 should be used in Equation  4-18, while if 𝑦𝑖𝑛𝑖 < 𝑦2 then 𝑑𝑈𝑈 and 

𝑦3 and Equation  4-21are used. 

4.4 Soil Degradation Model 

For any material with nonlinear (hysteretic) behaviour, the area enclosed by loading-unloading 

curves in each cycle is an indication of the energy dissipated in that cycle, which eventually 

results in degradation of the material properties (Clough & Penzien, 1975; Einav & Randolph, 

2005). The ratio of the decrease in soil strength (or stiffness) between the nth and the 1st cycle is 

proportional to the ratio of dissipated energy between those cycles and consequently may be 

taken equal to the ratio of the enclosed area of repenetration-uplift curves in the nth
 and the 1st 

cycles as shown in Figure  4-6. 
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The soil degradation can be traced in the following soil properties: soil compressive and suction 

resistances (𝑑1 and 𝑑2 respectively), soil stiffness (κ) and the maximum uplift displacement 

(𝛥𝑦𝑈) as shown in Figure  4-6. The degradation in soil properties with increasing number of 

cycles continues up to a certain limit (fully remoulded soil). The degradation model proposed in 

the ZKR model (Zargar et al., 2017) was based on the above assumptions and was expressed as: 

𝑉,𝑛  = 𝑉,0  × 𝐷(𝑦) Equation  4-23 

𝐷(𝑦) = 1 − 𝜌0
1 − 𝑒−𝜀𝑛

1 + 𝑒−𝜀𝑛
 Equation  4-24 

The degradation function, 𝐷(𝑦), limits the degraded soil parameter between 1 and (1 − 𝜌0) 

times its initial value. The rate of the degradation in soil parameters is controlled by ε. ρ0 and ε 

are model parameters that can be evaluated from test data as discussed by (Zargar et al., 2017). 

n (=0,1,2, ….) is the cycle number in which degradation is calculated. 

This model works well for full uplift-penetration cycle events where there is full degradation at 

the end of each cycle. However, in the case of a partway cycle as shown in Figure  4-7 the actual 

expected degradation ratio is less than the degradation ratio in a full cycle (due to the fact that 

the dissipated energy during a partway cycle is less than the corresponding one in a full cycle). 

This is in contrast to Equation  4-24, where any cycle is effectively considered as a full cycle. In 

order to consider the reduced degradation during ‘partway’ cycles, the following modifications 

are applied in the improved model. 

In calculation of the degradation factor, 𝐷(𝑦) in Equation  4-24, the partial degradation can be 

simulated by defining the cycle number, 𝑦, as a real number (showing the effect of a partway 

cycle as a fraction of the full cycle) rather than an integer number (only counting the cycle 

numbers). The real cycle number in each new cycle, denoted as 𝑦𝑚, is defined as 

(𝑦𝑚)𝑛𝑛𝑛  = (𝑦𝑚)𝑜𝑜𝑑 + 𝐴𝑅 Equation  4-25 

where 𝐴𝑅 = 𝐴𝑝/𝐴𝑖, is known as area ratio hereafter and Ap and Ac refer respectively to the 

enclosed areas for partway and full penetration-uplift cycles. For example, in the case of a 50% 

partway cycle (𝐴𝑅 = 𝐴𝑝/𝐴𝑖 = 0.5) after completion of the first full cycle, the na value is 1.5 
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(=1+0.5) compared to the cycle number counter (n) which is 2 (showing only the occurrence of 

the second cycle). 

This means that the first step for improving the degradation model is to calculate AR. To 

calculate the enclosed area for a given cycle, it is required to integrate the p, y response over 

each penetration-uplift cycle. Applying some simplified assumptions and integrating over the 

boundaries shown in Figure  4-8, the following equation is proposed for AR: 

𝐴𝑅 = (𝐶𝑈 − 𝐶𝑅)(𝑦𝑈 − 𝑦𝑅) ×
(𝑦𝑈 − 𝑦3) + (𝑦𝑅 − 𝑦3)

(∆𝑦𝑈)2  Equation  4-26 

where, as shown Figure  4-8, yU and yR are the depths at which uplift and repenetration occur 

respectively. CU and CR are two variables defined to determine the ratio of the soil resistance 

compared to its bounding values according to: 

𝐶𝑈 =
𝑑𝑈 + 𝜑𝑑𝑅𝑅
(1 + 𝜑)𝑑𝑅𝑅

 Equation  4-27 

𝐶𝑅 =
𝜑(𝑑𝑈𝐼 − 𝑑𝑅)
(1 + 𝜑)𝑑𝑈𝐼

 Equation  4-28 

𝑑𝑅𝑅 and 𝑑𝑈𝐼 are bounding soil resistances in repenetration remould (RR) and uplift (UR and 

US) modes respectively. pR and pU are the corresponding soil resistance for yR and yU 

respectively. CR is calculated where the previous mode is an uplift mode (UR, US, PU) or DT 

mode. Similarly CU is calculated where the previous mode is a penetration mode (IP, RS, RR 

and PR). 

𝐶𝑅 and 𝐶𝑈 values are unity when the partway mode (PU or RR) starts from a bounding curve 

and less than unity when the previous mode is a partway mode. This means that 𝐶𝑅 is unity 

whenever the previous mode is one of UR, US or DT and less than unity when the previous 

mode is PU. On the other hand, 𝐶𝑈 is unity when the previous mode is one of IP, RS or RR 

modes and less than unity when the previous mode is PR. 

Equation  4-26 to Equation  4-28 come from a series of integrations and simplifying assumptions 

over the model which are summarised in an Appendix. 
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4.5 Model Verification 

In this section, the improved ZKR model results are compared with published test data from 

Hodder (2010) and also with the results from the original ZKR model (Zargar et al., 2017). All 

of the soil parameters selected here (except µ) are same as those selected in (Zargar et al., 

2017), which are consistent with the data analysis presented by Zargar & Kimiaei (2015) on the 

same test data. µ is chosen as 2.0 in this paper, which provides the best overall fit to the test 

data. All model parameters are presented in Table  4-2. 

Hodder’s (2010) tests comprised 4 series of centrifuge tests on a 10 mm diameter pipe segment 

at centrifugal acceleration of 50g (scaling factor of 1:50). The test characteristics are 

summarised in Table  4-3. Based on the latest modifications in the presented model, a new in-

house code has been developed, allowing comparisons with the data and the original ZKR 

model. As shown in Table  4-3, the riser penetration and uplift events for Tests 1-201 and 1-202 

are the same. The only difference between these two tests is the rate of penetration which is 

0.25 mm/s for 1-201 and 0.50 mm/s for 1-202. On the other hand, Tests 1-201 and 1-204 have 

the same penetration rate (0.25 mm/s) but different penetration-uplift events. 

Penetration time histories (y-t data) for Tests 1-201, 1-202 and 1-204 are used as input for the 

improved soil model and the hysteretic soil resistance-penetration curves (p-y results) are 

compared with test data and the original ZKR model in Figure  4-9, Figure  4-10 and Figure  4-11 

respectively. Both the original and improved ZKR model results are in very good overall 

agreement with the test data, and particularly so at key points. However, the most notable 

differences are the curve trends around the semi-intact region. The original ZKR model shows a 

smooth trend in the transition zone (transition between RR and RS modes); however the 

improved ZKR model can successfully simulate the relatively sudden increase in soil stiffness 

as the riser enters the semi intact area. As an example, Figure  4-12 presents a detailed view of 

this transition zone for the 3rd event for Test 1-204, showing that the improved ZKR model 

matches the test data very well. 

Figure  4-13, Figure  4-14 and Figure  4-15 present a comparison of the improved ZKR soil model 

and the existing AB and RQ nonlinear soil models with the Test 1-201, 1-202 and 1-204 data. It 
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should be noted that the model parameters in these models are different, with parameters found 

by trial and error for the best overall fit with the test results. The model parameters are reported 

in Table  4-2, Table  4-4 and Table  4-5 for the improved ZKR, AB and RQ models respectively. 

Figure  4-13, Figure  4-14 and Figure  4-15 clearly show the capabilities of the improved ZKR 

model to simulate the soil hysteretic behaviour better than AB and RQ models, particularly for 

remoulded and semi-intact zones. At the end of each penetration-uplift cycle, the improved 

ZKR results match the test data very well in the transition area (from remoulded to intact soil) 

whereas both the AB and RQ results show notable differences. 

4.6 Model Capabilities 

In this section, a sample penetration time history comprising several penetration-uplift events 

has been used as input data to explore the improved ZKR capabilities relative to the AB and RQ 

models. The soil model parameters used in this section are the same as those used for the model 

verification, as presented in Table  4-2, Table  4-4 and Table  4-5. This ensures that the selected 

model parameters for all three models have the best possible match with the test data and 

provides a consistent basis for comparison. 

The example penetration time-history data comprises 6 distinct repenetration-uplift events at 

different depths, as detailed in Table  4-6. The comparisons are shown in Figure  4-16. The riser 

penetration starts with penetration to 1D followed by 15 penetration-uplift full cycles between 

0.25D and 1D (1st event). 

These cycles are designed to show the model capability in modelling full cycle soil degradation. 

As may be seen, the AB and RQ models follow the same curve for all 15 cycles and do not 

capture any soil degradation. By contrast, the improved ZKR model simulates soil degradation; 

with steady-state behaviour achieved after 9 cycles (the maximum soil resistance after 9 cycles 

remains at 11.7 kPa). 

The riser penetration is then continued to 2D (2nd event) and the model responses revert to their 

initial penetration curves. The AB model rejoins its backbone curve immediately (for y > y1), 

since the model does not consider any degradation. The RQ model reverts to the original 

backbone curve with a reduction in soil resistance at 𝑦1. This characteristic is because of the 
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exponential cap formulation used in this model. The improved ZKR model successfully rejoins 

the IP curve after a specified rejoining distance (Δ𝑦𝑅𝑈 = 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 − 𝑦1 = 0.3). 

At 2D penetration, uplift is initiated and continued to 1.5D followed by 15 very small cycles 

between 1.78D and 1.8D are applied to the soil (3rd event) to study the soil model capabilities in 

modelling very small cycles. The AB and RQ models come back to their backbone curve 

without any permanent loss in the soil behaviour. The improved ZKR model shows a small 

amount of permanent loss in each curve and soil resistance drops by 15%. Similar behaviour 

may be observed for all models while the soil is in the semi-intact region at 2.5D (4th event) and 

also when the soil is in uplift mode at 2.8D (5th event). 

To show the effect of the partial degradation formulation used in the improved ZKR model one 

following cyclic perturbation (6th event) is modelled, comprising 15 uplift-penetration cycles 

between 3.7D and 4.0D. These cycles are incomplete cycles in which full riser-soil separation 

does not occur. The AB and RQ models are unable to simulate the expected soil behaviour as 

they do not capture degradation. To explore the results from the improved ZKR model in more 

detail, the rate of decrease in soil resistance (𝑑1 ∕ 𝑑1,max) is plotted versus cycle number (n) in 

Figure  4-17, in comparison to the degradation for full cycles between 0.25D and 1D. As 

expected the rate of reduction in soil resistance per cycle is less for partial cycles than for full 

cycles, since AR values for the partial cycles are in the range 0.6 to 0.8. Thus the actual cycle 

number (na) in the degradation model is approximately 0.7 times the actual cycle number (n). 

4.7 Conclusions 

A refined model for seabed soil-riser interaction is proposed in this paper, improving the 

original model presented by Zargar et al. (2017). The main improvements are (a) revising the 

soil response within a transition zone as the SCR penetrates from remoulded soil into intact 

material and (b) developing a more accurate degradation model in order to improve agreement 

with experimental data. 

The improved model results are compared with those obtained with the original model, and also 

using the AB (Aubeny & Biscontin, 2009) and RQ (Randolph & Quiggin, 2009) models. The 

model refinements provide closer matches to experimental data, eliminate sudden changes in 
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gradient of the SCR-soil response, and also reflect better the physical processes within the soil. 

Finally the improved model capabilities in simulating different soil behaviour beneath an SCR 

are shown by a series of illustrative penetration-uplift cycles. The results of this part are also 

compared with those obtained using the AB and RQ models, demonstrating the improved model 

capabilities to simulate such sequences. 
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Appendix 

The purpose of this appendix is to describe the process of finding 𝐶𝑈, 𝐶𝑅 and 𝐴𝑅 as presented in 

Equation  4-26 to Equation  4-28. 

Fig.A.  4-1a proposed a simplified curves to represent actual full and partial penetration-uplift 

loops shown in Figure  4-8. RR curve is modelled by a line connecting (𝑑3,𝑦3) to (𝑑1,𝑦1) and 

UR and US modes are simplified by a vertical line connecting (𝑑1,𝑦1) and (−𝜙𝑑1,𝑦1) and a 

line passing through (−𝜙𝑑1,𝑦1) and (𝑑3,𝑦3). These lines are replaced by a right-angle triangle 

as shown in Fig.A.  4-1b. The partway uplift and repenetration loops shown in Figure  4-8 are 

simplified by two vertical and horizontal lines connecting (𝑑𝑈,𝑦𝑈) and (𝑑𝑅 ,𝑦𝑅) together as 

shown in Fig.A.  4-1a. These lines create a rectangle in Fig.A.  4-1b. 

The penetration values in Fig.A.  4-1b are the same as the corresponding values at soil resistance 

values Fig.A.  4-1a. However, the soil resistance is shifted to represent the total load differences 

at each depth. The shifted resistance are shown with 𝑃 to differentiate with actual soil resistance 

(𝑑). Therefore, 𝑃1,𝑓, which the maximum shifted load is at 𝑦1, is calculated as 

𝑃1,𝑓 = (1 + 𝜙)𝑑1,𝑓 Eq.A.  4-1 

The simplified shifted full and partial penetration-uplift loops proposed in Fig.A.  4-1b have 

been used to calculate the surrounded area 𝐴𝐶 and 𝐴𝐼 for full and partial loops respectively. 𝐴𝐶 

is the area of the triangle and can be calculated as 

𝐴𝐶 =
1
2
𝑃1,𝑓 × ΔyU Eq.A.  4-2 

The process of calculating AP is done in two steps. In the first step, the area bounded between 

yU and yR and triangle boundaries is calculated. This trapezoidal area (equal to the area of the 

red rectangle) is shown in Fig.A.  4-1b) represents a partway loop that starts and finishes on the 

boundary curves. This area is known as 𝐴𝑇. To calculate 𝐴𝑇 we need to calculate 𝑃𝑈𝐼 and 𝑃𝑅𝑅 

using 𝑃1,𝑓 as 

𝑃𝑈𝐼 =
𝑃1,𝑓

Δ𝑦𝑈
× (yR − 𝑦3)  Eq.A.  4-3 

𝑃𝑅𝑅 =
𝑃1,𝑓

Δ𝑦𝑈
× (yU − 𝑦3) Eq.A.  4-4 
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therefore the mean values of 𝑃𝑈𝐼 and 𝑃𝑅𝑅 and 𝐴𝑇 are calculated as 

𝑃𝑀 =
1
2
𝑃1,𝑓

ΔyU 
 (𝑦𝑈 + 𝑦𝑅 − 2𝑦3) Eq.A.  4-5 

𝐴𝑇 =
1
2
𝑃1,𝑓

ΔyU 
 (𝑦𝑈 + 𝑦𝑅 − 2𝑦3) × (𝑦𝑈 − 𝑦𝑅) Eq.A.  4-6 

For partway loops that lie within boundary values similar to those shown in Figure  4-8 and 

Fig.A.  4-1b, the area is a fraction of 𝐴𝑇. 

𝐴𝐼 = 𝐴𝑇 × 𝑀.𝐹 Eq.A.  4-7 

where 𝑀.𝐹 is a modification factor which can be considered as 

𝑀.𝐹 =
𝑃𝑈 − 𝑃𝑅
𝑃𝑀

 Eq.A.  4-8 

𝑃𝑈 and 𝑃𝑅 can be written as 

𝑃𝑈 = 𝐶𝑈 × 𝑃𝑀 Eq.A.  4-9 

𝑃𝑅 = 𝐶𝑅 × 𝑃𝑀   Eq.A.  4-10 

Therefore 

𝑀.𝐹 = 𝐶𝑈 − 𝐶𝑅 Eq.A.  4-11 

𝐴𝐼 =
1
2
𝑃1,𝑓

ΔyU 
 (𝑦𝑈 + 𝑦𝑅 − 2𝑦3) × (𝑦𝑈 − 𝑦𝑅) × (𝐶𝑈 − 𝐶𝑅) Eq.A.  4-12 

And finally AR which is defined as the ratio of AP and AC is calculated as: 

𝐴𝑅 =
𝐴𝐼
𝐴𝐶

=  

1
2
𝑃1,𝑓
ΔyU 

 (𝑦𝑈 + 𝑦𝑅 − 2𝑦3) × (𝑦𝑈 − 𝑦𝑅) × (𝐶𝑈 − 𝐶𝑅)

1
2𝑃1,𝑓 × ΔyU 

 
Eq.A.  4-13 

After some simplification this converts to 

𝐴𝑅 = (𝑦𝑈 − 𝑦𝑅) × (𝐶𝑈 − 𝐶𝑅) ×
 (𝑦𝑈 − 𝑦3) + (𝑦𝑅 − 𝑦3)

(ΔyU)2 
 Eq.A.  4-14 

𝑃𝑈 and 𝑃𝑅 in Eq.A.  4-9 and Eq.A.  4-10 represent the shifted resistance for the partway loop. The 

corresponding values for 𝑃𝑈 and 𝑃𝑅 in Fig.A.  4-1b are 𝑑𝑈 and 𝑑𝑅 shown in Fig.A.  4-1a. 𝐶𝑈 and 

𝐶𝑅 are calculated according to the definition of 𝑃𝑈 and 𝑃𝑅 using the actual partway data given in 

Fig.A.  4-1a. 

Consider now a partway uplift starting from a repenetration or a partway repenetration curve. If 

it starts from a repenetration curve the 𝐶𝑈 value is unity, while if it starts from a partway 

repentration curve, as shown in Fig.A.  4-2a, it can be calculated as 
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𝐶𝑈 =
𝑑𝑈 − (−𝜙𝑑𝑅𝑅)
𝑑𝑅𝑅 − (−𝜙𝑑𝑅𝑅) Eq.A.  4-15 

which can be rewritten as 

𝐶𝑈 =
𝑑𝑈 + 𝜙𝑑𝑅𝑅
(1 + 𝜙)𝑑𝑅𝑅

 Eq.A.  4-16 

similarly 𝐶𝑅 can be calculated as (see Fig.A.  4-2b) 

𝐶𝑅 =
𝑑𝑅 − 𝑑𝑈𝐼

− 1
𝜙 𝑑𝑈𝐼 − 𝑑𝑈𝐼

 Eq.A.  4-17 

which after some simplifications can be rewritten as 

𝐶𝑅 =
𝜙(𝑑𝑈𝐼 − 𝑑𝑅)
(1 + 𝜙)𝑑𝑈𝐼

 Eq.A.  4-18 
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Figure  4-1. Schematic bounding loops of degrading model (Jiao, 2007) 

 

Figure  4-2. Schematic soil behaviour and main parameters in the improved ZKR model 
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Figure  4-3. Rejoining distance evaluation, a) plastic strain development in soil as riser penetrates in soil 

(CEL method analysis results), b) rejoining distance vs penetration depth (y) 

 

Figure  4-4. A typical partway uplift and its main key points (Zargar et al., 2017)  
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Figure  4-5. A typical partway repenetration and its main key points (Zargar et al., 2017)  

 

 

Figure  4-6. Schematic view of soil degradation inconsecutive cycles (zargar et al., 2017) 

 

 

Normalised 
Penetration Depth 

So
il 

R
es

is
ta

nc
e 

(p1,y1) 

(p2,y2) 

(p3,y3) 

(𝑑∗,𝑦∗) 

 

�𝑑1,1, 𝑦1� 

𝑦𝑖𝑛𝑖
 

 

Normalised Penetration 
Depth 

So
il 

R
es

is
ta

nc
e 

A (p
1
, y

1
) 

B 

(p
2
, y

2
) 

C 

(p
3
, y

3
) O 

𝐴1 (𝑑1,1, 𝑦1) 

 

 

 

�𝑑2,𝑛 , 𝑦2� 

 

Bn 

𝐴𝑛+1 (𝑑1,𝑛+1, 𝑦1) 

�𝑑3, 𝑦3,𝑛� 

Cn 

∆yU,n 
∆y

U,0
 

Area1 
 

Arean 



A New Hysteretic Seabed Model for Riser-Soil Interaction 4-28 
 
 

 

Figure  4-7. Partial degradation versus full degradation 

 

 

Figure  4-8. Representation of the values defined in Equation  4-26 
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Figure  4-9. Model Verification with test number 1-201(Hodder, 2010) 

 

 

Figure  4-10. Model Verification with test number 1-202 (Hodder, 2010)  
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Figure  4-11. Model Verification with test number 1-204 (Hodder, 2010)  

 

 

Figure  4-12. A close look to the 3rd event of 1-204 (Hodder, 2010)  
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Figure  4-13. Comparison of ZKR improved model with AB and RQ models for 1-201(Hodder, 2010)  

 

 

Figure  4-14. Comparison of ZKR improved model with AB and RQ models for 1-202 (Hodder, 2010)  
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Figure  4-15. Comparison of ZKR improved model with AB and RQ models for 1-204 (Hodder, 2010)  

 

 

Figure  4-16. AB, RQ and improved ZKR model comparison 
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Figure  4-17. Maximum normalised Soil Pressure Degradation 
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 Fig.A.  4-1. Proposed simplification curve for penetration-uplift loop a) penetration-uplift loop b) Shifted 

penetration-uplift loop 
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Fig.A.  4-2. Calculation of a) 𝐶𝑈 and b) 𝐶𝑅  
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Table  4-1. Uplift-Penetration model parameters 

Phase 𝑑𝑚 𝑦𝑚 Δ𝑑𝑚 Δ𝑦𝑚 𝛼 𝛽 𝛾 𝜔 κ 
UR 𝑑1 𝑦1 𝑑2 − 𝑑1 𝑦2 − 𝑦1 -2 1 -1 -1 Eq. 9 

US 
𝑑2
2

 
𝑦2 + 𝑦3

2
 −𝑑2 𝑦3 − 𝑦2 1 -0.5 0.5 -0.5 Eq. 10 

RR 
𝑑1,1

2
 

𝑦3,1 + 𝑦1
2

 𝑑1,1 𝑦1 − 𝑦3,1 -1 0.5 0.5 0.5 Eq. 11 

PU 𝑑∗ 𝑦∗ 𝑑1,1 − 𝑑2,1 𝑦1 − 𝑦2 -2 1 -1 -1 Eq. 9 
PR 𝑑∗ 𝑦∗ 𝑑1,1 − 𝑑2,1 𝑦1 − 𝑦2 -2 1 -1 -1 Eq. 9 
RS 𝑑11 𝑦1 𝑑1,1 − 𝑑1,𝑖𝑛𝑖𝑚𝑖𝑖  𝑦1 − 𝑦1,𝑖𝑛𝑖𝑚𝑖𝑖 -2 1 -1 -1 Eq. 13 

 

Table  4-2. Model Parameters used in Model Verification for improved ZKR model 

Parameter Symbol Value 
Pipe diameter D 500 mm (10 mm model) 

Mudline shear strength su0 2.5 kPa 
Shear strength gradient χ 1.15 kPa/m 
Power low parameter  ap 6.15 
Power low parameter bp 0.15 

Pipe Roughness PipeRoughness Rough 
Maximum UR displacement ∆yUR 0.3- 0.4  

Initial maximum uplift displacement ∆yU 1.0 
Suction Ratio φ 0.09y1+0.53 

Maximum normalised stiffness Kmax 100 
US stiffness parameter coefficient cUS 0.5 
RR stiffness parameter coefficient cRR 0.5 

Degradation parameter ρ0 0.4 
Degradation gradient parameter ε 0.8 

Base of the exponentiation a 1.2 
Tangential to secant stiffness at y1 µ 2.0 

 

Table  4-3. Tests characteristics reported by Hodder (2010) 

Experiment 
No. 

Rate 
(mm/s) Maximum Penetration depths (y1) at each Loop Acceleration 

(g) 
Model 

Dia. (mm) 
1-201 0.25 1D 

(Uplifted 
to 0.5D) 

3D 
(Uplifted 
to 2.3D) 

5D 
(Uplifted 
to 4.2D) 

7D 50 10 
1-202 0.5 
1-203 1 2D 

(Uplifted 
to 1.3D) 

4D 
Uplifted 
to 3.2D) 

6D 
(Uplifted 
to 5.2D) 

8D 
(Uplifted 
to 7.5D) 

50 10 
1-204 0.25 
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Table  4-4. Model Parameters used in Model Verification for AB model 

Parameter Symbol Value 
Pipe diameter D 50 mm (10 mm model) 

Mudline shear strength su0 2.5 kPa 
Shear strength gradient ρ 1.15 kPa/m 
Power low parameter  ap 6.15 
Power low parameter bp 0.15 

Pipe Roughness Pipe Roughness Rough 
Unload tension limit (p2/p1) φ Varies 0.5 to 0.95 

Maximum normalised stiffness K0/p1 75 
Riser-soil separation ψ Varies 1-2.5 

Unload large deflection ω Varies 0.6-1.1 
 

Table  4-5. Model Parameters used in Model Verification for RQ model 

Parameter Symbol Value 
Pipe diameter D 50 mm (10 mm model) 

Mudline shear strength su0 2.5 kPa 
Shear strength gradient ρ 1.15 kPa/m 
Power low parameter  ap 6.15 
Power low parameter bp 0.15 

Pipe Roughness Pipe Roughness Rough 
Suction Ratio fsuc 0.89 

Maximum normalised stiffness Kmax 160 
Suction decay parameter λsuc 0.4 
Repenetration parameter λrep 0.2 

 

Table  4-6. Loading pattern  

Event 
number 

Start of 
uplift mode 

Start of 
repentration 

mode 

Number 
of cycles 

Aim of Event 

1st 1D 0.1D 15 To compare degradation simulation in 
different soil models 

2nd 1D 2D - To describe the rejoining distance in SR mode 
3rd 1.80D 1.78D 15 To study the partial degradation capability in 

the improved ZKR 4th 2.50D 2.48D 15 
5th 2.80D 2.78D 15 
6th 3.7D 4D 15 To compare the partial and full degradation 

capabilities 
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CHAPTER 5  

STRUCTURAL RESPONSE OF STEEL CATENARY RISER USING 

A NEW DEGRADABLE HYSTERETIC RISER-SOIL 

INTERACTION MODEL 

Abstract 

Oil and gas production from deep offshore resources has increased significantly in the last three 

decades. Steel Catenary Risers (SCRs) are one of the main components in development of 

offshore fields in deep waters. On spite of their simplicity in fabrication and installation, their 

design process is challenging. They are susceptible to fatigue damage and therefore estimating 

their fatigue life of an SCR is highly important. Touch Down Zone (TDZ) where the riser lies 

on seabed is usually one of the most critical areas for fatigue damages. Riser response in this 

region is highly nonlinear due to the soil characteristics.  

This paper compares the global behaviour and structural response of a steel catenary riser using 

a recently developed degradable hysteretic riser-soil interaction model with one of the existing 

and popular nonlinear riser-soil interaction models implemented in a commercial analysis 

program, OrcaFlex. The new nonlinear soil model that can explicitly model trench formation as 

well as the soil degradation in consecutive cycles is implemented in general finite element 

software, Abaqus, using a User Element (UEL) and the results are verified accordingly. Series 

of vessel motions are applied at the riser hang off point and the riser global behaviour, 

maximum stress range riser penetration profiles and soil hysteretic responses are compared 

between the new (Abaqus) and existing (Orcaflex) riser-soil interaction models. Trend wise the 

new model show good overall agreement with the results from the existing model. However the 

new model’s stress range and penetration results are slightly less than those ones form the 

Orcaflex model. The results from Abaqus model with new riser-soil interaction concept show 

that it can effectively simulate the hysteretic soil behaviour underneath the SCR with less 

conservative and restricting assumptions. They also show the stress ranges in the SCR 
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considering the new model are less than OrcaFlex results. Reduction in stress range causes 

increase in the fatigue life of the SCR which may reduce the cost of SCR fabrication and 

installation considerably. 

5.1 Nomenclature 

ap and bp: model variables that control the shape of the IP curve 

cRR: ratio of the stiffness parameter in RR and UR modes 

cUS: ratio of the stiffness parameter in US and UR modes 

C: model parameter that controls the curvature of the curves in each mode 

D: riser outer diameter [L] 

H: Amplitude of tangential heave vessel motion 

HOP: Hang-Off Point 

Kmax: normalised maximum stiffness as defined by Randolph & Quiggin (2009) 

p: soil resistance (nominal pressure) at current penetration (y) [ML-1T-2] 

P: Soil resistance per unit length of riser [MT-2] 

Riser Roughness: riser surface roughness and ranges from smooth to rough 

SCR: Steel Catenary Riser 

Su0: soil undrained shear strength at mudline [ML-1T-2] 

T: Period of vessel motion 

TDP: Touch Down Point 

TDZ: Touch Down Zone 

UEL: Abaqus User Element 

UINT: Abaqus User Interaction 

w: trench width [L] 

y: normalised penetration depth 

z: penetration of riser below the seabed [L] 

∆yU: maximum uplift displacement in a full Uplift mode. It is defined as the displacement 

between maximum penetration (y1) and separation depth (y3) 
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∆yUR: maximum displacement in UR mode. It is defined as the displacement between maximum 

penetration (y1) and maximum suction depth (y2) 

ε: parameter that controls the gradient of degradation in each cycle 

φ: parameter defining ratio of maximum suction to maximum compressive soil resistance 

µ: parameter defining ratio of tangential and secant stiffness at y1 in RS mode 

ρ: soil undrained shear strength gradient, unit of pressure over depth [ML-2T-2] 

ρ0: parameter that controls the maximum degradation ratio for degradable parameters 

Note: All of the model variables and parameters defined here are the ones defined by Zargar et 

al., 2017b. 

5.2 Introduction 

It is more than two decades after the installation of the first steel catenary riser (SCR) in Auger 

field (Howells, 1995), however SCRs are still the most economical choice for deep water 

offshore field developments (Maclure & Walters, 2007). Offshore industry’s interest in SCRs is 

because of their simplicity in fabrication and installation though their design procedure is not 

straight forward as they are highly sensitive to environmental loading effects, and in particular 

to fatigue damages (Jacob, 2005). SCR fatigue performance in the touch down zone (TDZ) is a 

challenging task due to the complex interaction between SCR, soil and seawater around the riser 

(Zargar & Kimiaei, 2015). The importance of riser-soil interaction in the global behaviour and 

fatigue performance of SCRs is widely accepted (Shiri & Randolph, 2010). Therefore, better 

understanding of soil nonlinear behaviour in TDZ and developing new models which are able to 

simulate riser-soil interaction more accurately has been a major issue in fatigue design of SCRs. 

In engineering practice, a more accurate riser-soil interaction model leads to safer, less 

conservative and more economic design at the end. 

In SCR’s traditional design methods, simple linear seabed stiffness models are usually 

implemented and they normally end with conservative results (Aubeny et al., 2008). 

Aubeny & Biscontin (2008) and Randolph & Quiggin (2009) developed two nonlinear soil 

models (referred to AB and RQ models respectively) to investigate the riser-soil interaction. AB 
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and RQ models, despite their simplifying and sometimes not very accurate assumptions in 

representing soil nonlinear behaviour, have been used widely in recent research works for SCR 

analysis. Nakhaee & Zhang (2010) investigated trench effects on dynamic behaviour of SCRs. 

In this study, AB soil model was used to simulate the soil behaviour and trench formation 

underneath a riser subjected to cyclic loadings. They extended an existing code named 

CABLE3D (a code for dynamic analysis of riser and mooring systems) to allow for a more 

realistic behaviour of the seabed soil in contact with the riser. They concluded that trench 

development can cause a reduction in the variation of maximum bending moment in the riser, 

which means a higher fatigue life in SCRs.  

You (2012) presented an improved version of AB model considering the soil degradation 

explicitly. He proposed a power type function to simulate the degradation according to the test 

results provided by NGI (Norwegian Geotechnical Institute) and COFS (Centre for Offshore 

foundation Systems). He also proposed a new curve for re-joining the repenetration curve to the 

initial penetration curve. This model uses different mathematical approaches for each part of 

penetration-uplift curve similar to its parent model (AB model). Aubeny et al. (2015) 

implemented a series of power type and inverse exponential functions to introduce a 

degradation model for the soil stiffness in the original AB model. This degradation model was 

not applied either on the maximum uplift displacement before soil riser detachment or 

maximum soil resistance. They also did not check the new model on an integrated SCR system 

to investigate its global behaviour. They examined it only on a unit length of a riser segment.  

Akula & Datye (2015) implemented a User Interaction subroutine (UINT) using AB model in 

Abaqus (Simulia, 2016), a general finite element software for structural analysis, to model the 

nonlinear riser-soil interaction. Their subroutine provided a special contact interaction property 

which defined the normal and tangential behaviour (frictional resistance) of the riser-soil 

interaction. Liu et al. (2016) implemented the RQ soil model in a User element (UEL) in 

Abaqus. They studied the global behaviour of a SCR system which was modelled as a series of 

two dimensional pipe elements resting on nonlinear springs simulating the RQ soil model. They 

carried out series of static and dynamic analyses and compared their results with the results 
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from Orcaflex (Orcina, 2013), a commercial software for riser and mooring system analysis, in 

which RQ model is a built-in feature for riser-soil interaction. Bilinear definition of soil shear 

strength profile, not available in the Orcaflex software, for more accurate representation of the 

shear strength variation with riser penetration was also added to this code.  

Analytical solutions for steel catenary risers under cyclic loads and similarly pipelines during 

lay operations are available for simple elastic, rigid-plastic or elastic-plastic idealisations of the 

seabed response (Lenci & Callegari, 2005; Palmer, 2008; Yuan et al., 2012; Quéau et al., 2014); 

however, such solutions are usually based on simplistic assumptions and hence cannot not 

provide an accurate basis for assessing the fatigue damage in the TDZ in which non-linear 

nature of the seabed response has to be taken into account properly. For instance Modica et al. 

(2011) defined a dynamic amplification factor to estimate the dynamic stress range produced in 

a sample SCR using the results from static analysis. Quéau et al. (2014) extended an existing 

analytical model to estimate the static stress range of a SCR using the displacement at the hang-

off point (HOP). They used the RQ model in OrcaFlex to simulate the SCR system.  

Shiri & Randolph (2010) developed a UEL implementing RQ soil model in Abaqus to 

investigate the influence of the seabed response, number of the wave cycles and ordering of the 

sea states on the fatigue life of SCRs under statically applied cyclic loads. They studied the 

fatigue performance of SCR in the TDZ considering the effects of gradual SCR’s embedment. 

They concluded that the fatigue life is decreased by increasing the pre- trench depths and also 

the final fatigue life is independent of the order and number of applied wave cycles. Their 

studies also showed that increasing the pre-trench depth moves the location of the maximum 

fatigue damage toward the vessel. 

Kimiaei et al. (2010) proposed a new advanced numerical model using the RQ soil model for 

riser-soil interaction to determine the effects of different loading parameters on fatigue damage 

of SCRs in the TDZ. They studied the effects of wave heights, wave periods, wave pack orders 

as well as different motions of the floating vessel for SCR connected to a sample 

semisubmersible. It was also shown that riser response in TDZ is highly influenced with 

amplitude and period of the environmental loadings.  
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Mekha et.al (2013) conducted a study on the effects of some input parameters in the fatigue 

damage of SCR including linear or nonlinear seabed soil model, the trench profile, and the 

direction of dominant fatigue sea states relative to the SCR orientation. They studied different 

approaches for modelling of trench vertical profiles and for validation purposes they compared 

the modelled trench profile with the recorded surveying results for a 12-inch SCR connected to 

a tension legged platform (TLP). They used fatigue sea states for Western Australia and Gulf of 

Mexico to evaluate the fatigue life of the SCR, using a conventional linear seabed model as well 

as the RQ nonlinear seabed model. They also adopted the appropriate soil parameters for these 

two different regional soil types. They concluded that the trench development reduces the SCR 

fatigue damage in the touchdown zone.  

Zargar et al. (2017a) developed a new soil models to simulate the riser-soil interaction in the 

TDZ. Main aim of this model was to improve some of the major weaknesses existing in the AB 

and RQ models. They proposed a unique exponential-hyperbolic function for all different 

modes of penetration-uplift cycle. Explicit modelling of the trench formation and soil 

degradation were two main features of this model. Zargar et al. (2017b) introduced an improved 

version of their original in which partial soil degradation depending on the hysteretic soil 

response in consecutive penetration-uplift cycles can be taken into account. They verified these 

models against series of existing experimental test data.  

In this paper, a new UEL has been coded in Abaqus to implement the improved revision of the 

new riser-soil interaction model by Zargar et al. (2017b). The main focus of this study is to 

investigate the global structural response of SCR under cyclic loads using this new degradable 

riser-soil interaction model. Different vessel motions are applied on a sample SCR and the stress 

range profile, penetration profile, hysteretic curves and maximum stress ranges values are 

compared with the results using the RQ soil model in Orcaflex. 

5.3 Nonlinear Seabed Model 

The nonlinear seabed model used in this paper is the one proposed by Zargar et al. (2017b). 

This model defines the nonlinear riser-soil interaction as hysteretic p-y equations where 𝑑 and 𝑦 

denotes the soil resistance and the corresponding riser penetration below the mudline. The main 
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features of this model are summarised in this section, however more detail information about 

the model and its mathematical expressions can be found in Zargar et al. (2017b). For more 

simplicity this model is referred to as ZKR model hereafter.  

A typical seabed soil hysteretic curve in the ZKR model is shown in Figure  5-1. Seabed soil 

behaviour is divided into four main modes: initial penetration, uplift, detachment and 

repentration with uplift and repenetration modes each divided into two sub-modes: uplift-

rebound, uplift-separation and repenetration-remould, repenetration-semi intact. The required 

input data to construct the soil resistance-penetration curves using this model are presented in 

Table  5-1. The ZKR model needs more number of input parameters compared to the RQ model 

as it can explicitly model the soil degradation as well as soil trench formation.  

Orcaflex utilizes RQ soil model to simulate the nonlinear riser-soil interaction. The schematic 

view of this model is presented in Figure  5-2 and the model parameters presented in Table  5-2. 

More detail information about the RQ model can be found in Randolph & Quiggin (2009). 

5.4 SCR and Seabed Modelling Concept 

Steel catenary risers are long pipes with negligible ratio of pipe diameter to total length. 

Therefore, as shown in Figure  5-3, they create a catenary shape when they are under their self-

weight. They are connected to a floating vessel on top end and connected to a subsea facility on 

the bottom end. They are connected to floating vessels with or without flexible joints and are 

usually connected to subsea facilities using a fixed connection. In engineering practice, SCRs 

and the seabed underneath them are normally modelled using beam elements with 2D or 3D 

pipe sections and linear or nonlinear Winkler springs respectively. Using beam elements rather 

than complex shell or solid elements to model riser segments and individual Winkler springs to 

simulate seabed soil behaviour cause considerable reduction in computational efforts and costs 

too. 

The beam on Winkler spring foundation approach is used in the commercial Orcaflex software 

for riser analysis. Catenary shape of the riser is generated easily in Orcaflex and rigid, linear or 

nonlinear models are available there for soil springs to show the riser-soil interaction behaviour. 

However in Orcaflex there is no flexibility to add new user defined elements either for riser 
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segments or for seabed springs. Hydrodynamic loads (wave, current and wind loads) are 

generated using simplified methods (Orcina, 2013). The beam on Winkler spring foundation 

approach for riser analysis can also be implemented using general purpose finite element 

package, Abaqus (Simulia, 2016). Generating initial catenary shape of the riser in Abaqus is not 

as easy and straight forward as Orcaflex. However, Abaqus allows users to define new user 

defined elements, material and interaction properties which can adopt new soil models and then 

use them in structural analysis simulations. Wider range of built-in element types, materials 

behaviour, interaction or contact models are available in Abaqus compared to Orcaflex. 

Abaqus is used in this research to study the global SCR behaviour using the new ZKR riser-soil 

interaction model. The results of this research are compared with the results from Orcaflex 

using the RQ soil model. 

In the Abaqus model, SCR is modelled using 2-node linear pipe segments called PIPE21H 

element type which can consider internal and external fluid pressure. The ZKR nonlinear seabed 

soil behaviour is simulated by coding a new UEL in FORTRAN language (Fortran, 2016) and 

using it as the element type for soil spring elements in the Abaqus model. UEL defines how the 

new element works against applied loads or displacements in the system. UEL code interacts 

with the Abaqus solver by updating the stiffness and load matrices of the system each time it is 

called by the solver. The flowchart shown in Figure  5-4 describes how Abaqus solver and UEL 

interact in a structural analysis. Each time UEL is called in the main model, Abaqus solver 

sends the required input parameters) and solution variables (denoted as SVARS) to the UEL 

code, each UEL element receives them and calculates the contribution of the element in the 

overall system stiffness and load matrices using Jacobian stiffness matrix (denoted as 

AMATRX) and Right Hand Side vector (denoted as RHS) respectively. Updated solution 

variables are returned to the Abaqus solver for the next loading increment. The environmental 

loads applied on the riser (due to wave and current loads) as well hydrostatic pressures due to 

both internal and external fluids are calculated automatically in Abaqus using Aqua module 

(Simulia, 2016). 
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In this study, a four-step procedure is implemented in the Abaqus input data file to create a 

catenary shape for the SCR under its self-weight, riser content and buoyancy forces and then 

applying cyclic loads on the riser. Using analyses steps in Abaqus helps user to apply loadings 

and boundary conditions in specific order (Simulia, 2016). Four main steps to construct the SCR 

under cyclic loads, schematically shown in Figure  5-5, are as follows: 

In the first step, Figure  5-5a, the entire length of the riser is modelled as series of horizontal 

beam segments under its self-weight and buoyancy forces with fixed boundary condition at 

anchor end and pinned at Hang-Off point (HOP) end. In the second step, as shown in 

Figure  5-5b, HOP moves vertically up to reach to the final height of the riser above seabed at its 

rest position. In this step it is assumed that all riser elements are above the seabed elevation (the 

elevation at which UELs are activated for the first time). In the first two steps UELs are not 

activated yet in the system. In the third step, as per Figure  5-5c, UELs are activated and the 

HOP moves horizontally to reach to its final position. By moving the HOP towards its final 

position, some of the riser elements start touching the seabed for the first time and so the UELs, 

depending on the riser catenary shape, could only be in either initial penetration or detachment 

modes. At the end of the third step the riser should have a catenary shape lying on the seabed 

under its self-weight and buoyancy forces. The fourth step, as seen in Figure  5-5d, is defined to 

apply the riser perturbation defined as cyclic motions in the HOP of the riser and then 

investigate the global behaviour of the riser considering the ZKR nonlinear riser-soil interaction 

model provided in the UEL. In this step, all UELs are activated and depending on the catenary 

shape of the riser and its cyclic motions, they can be in one of the penetration-uplift modes. 

5.5 SCR Model and Simulation 

The schematic view of the sample SCR considered in this research, as adopted by Kimiaei et al. 

(2010), is shown in Figure  5-6. It is a 9in (22.86 cm) pipe with 1in (2.54cm) wall thickness with 

bending stiffness (EI) of 18 MNm2. Its total length is 1600m and it is connected to a semi-

submersible vessel in 1000m water depth with HOP height of 982 m above the mudline. The 

mean angle of HOP is 10o and the horizontal distance of the HOP to the anchor end of the riser 

is 932 m. The density of riser steel, sea water and the riser content are assumed as 7850 kg/m3, 
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1.025 kg/m3 and 800 kg/m3 respectively. Table  5-3 presents all the key dimensions of SCR, riser 

pipe properties and environmental parameters used for both simulations in Abaqus and 

Orcaflex. The soil model adopted for this study is typical soft clay soil in Gulf of Mexico with 

the corresponding model parameters as presented in Table  5-1 and Table  5-2 for the new ZKR soil 

model (Abaqus simulation) and the RQ soil model (in Orcaflex). There are few common 

parameters (D, Suo, ρ, ap, bp) in these two models which are assumed the same in both 

simulation. Rest of the input parameters are not common between these two models and the 

proposed default values in Randolph & Quiggin (2009) and Zargar et al. (2017b) are used for 

them except the soil buoyancy factor in RQ model which changes to zero as no soil buoyancy 

considered in Abaqus simulation. 

It should be noted that the main goal of this research is to present the global behaviour of the 

SCR using the capabilities of the new ZKR model in modelling the riser-soil interaction in the 

TDZ and comparing the results with the RQ model. Therefore the effect of the SCR attachment 

such as VIV strakes, bending stiffeners and pipe coatings are not considered in this research. All 

analyses are carried out in static mode and therefore the dynamic effects (drag and inertia 

effects) are ignored. The cyclic motion applied only on the tangential heave motion direction as 

a displacement-controlled harmonic periodic motion at the HOP. Kimiaei et al. (2010) showed 

that tangential heave motion of the vessel (i.e. heave motion in the tangential local coordinate 

system of the riser at the hang off point) has the highest contribution in the induced fatigue 

damage in the TDZ for SCR connected to a semisubmersible. Therefore in this study only 

tangential heave emotions of the vessel, referred to heave motions for simplicity hereafter, is 

considered as the only applied cyclic motion on the riser system. 

In Abaqus, structural analysis can be explicitly switched to static mode in which all dynamic 

effects are ignored and hence the period of the applied cyclic loads won’t be important from 

numerical points of view. In contrast, Orcaflex solver works only with dynamic equilibrium 

equations and to simulate static analyses in Orcaflex, cyclic loads are applied with very long 

time period to diminish the dynamic effects implicitly by decreasing velocity and acceleration 

components of the riser segments. The corresponding chosen periods for Abaqus and Orcaflex 
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simulations in the static mode are T=10 s and T=2000 s respectively. Cyclic sinusoidal heave 

motions, as shown typically in Figure  5-6, with wide range of heave motions from H=0.1 m to 

H=10 m are applied at the HOP. Simulations are performed for sufficient number of cycles (100 

cycles here) to ensure steady and stable response of the system. 

5.6 Results Verification 

In the first step, to ensure that UEL works properly, the results obtained from Abaqus 

simulations using the ZKR soil model are compared with a standalone Visual Basic (VBA) code 

developed by Zargar et al. (2017b) for checking the ZKR model against experimental data. An 

Abaqus model of a sample SCR (outside diameter of 0.5m and wall thickness of 2.54cm) 

including one riser segment with a unit length and only one UEL attached (representing the 

riser-soil interaction) is developed. The typical sample penetration-uplift time history input data, 

as adopted by Zargar et al. (2017b), comprising series of different penetration-uplift cycles, is 

applied on the riser. The soil resistance time-history calculated by the UEL in the Abaqus 

simulation are compared in Figure  5-7 with the results presented by Zargar et al. (2017b). 

Figure  5-7 shows the very good agreement between the results and hence it can be concluded 

that the developed UEL matches well with the ZKR model and works properly with the Abaqus 

solver. 

RQ and the new ZKR soil models show the same behaviour in their initial penetration mode 

Zargar et al. (2017b). The global behaviour of the sample SCR for the initial penetration under 

the application of its self-weight, content weight and buoyancy loads between Abaqus (using 

ZKR model) and Orcaflex (using RQ model) simulations are compared in next step. The riser 

internal loads (bending moment and wall tension) and the riser penetration results for both 

Abaqus and Orcaflex simulations at the end of self-weight penetration (before applying any 

cyclic load) are compared in Figure  5-8 and Figure  5-9 respectively. It can be seen the results 

for Abaqus simulation match very well with those ones from Orcaflex simulation and so the 

Abaqus model is verified against the Orcaflex for initial loading. Figure  5-8 shows that both 

models have the same arc length (S, as typically shown in Figure  5-6) for touch down point 

(TDP, where the first riser segment lays on seabed under self-weight only) and it is St=1162 m. 
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5.7 Simulation Results and Discussions 

Series of simulations are performed to investigate the global riser behaviour, stress range 

distribution, riser penetration profile, soil hysteretic response and stability of the results between 

the ZKR and RQ models. All the results are presented and discussed herein this section. 

Bending moment and wall tension for the most critical time frame of the vessel motion (i.e. ¾ 

T, where T is the period of the loading cycle as shown in Figure  5-6) during the last cycle (100th 

cycle) are shown in Figure  5-10. It comprises the results of the 0.5, 1.0 and 4.0 meter heave 

motion for both ZKR and RQ soil models. As presented in Figure  5-10, the wall tension profiles 

are very similar in both models however the SCR’s bending moment profile for the ZKR soil 

model is slightly less than the RQ model. The difference for the maximum bending moment 

along the riser length is about 1.5 percent for all heave motions. 

The bending moment and wall tension are varying with time in each load cycle and they 

together form the time-varying SCR axial stress. The difference between the maximum and 

minimum axial stress in each cycle, which is called stress range hereafter, is the main parameter 

in fatigue design of SCRs. The stress range profiles (i.e. stress range against the normalised arc 

length) for the data given in Figure  5-10 are presented in Figure  5-11 and it can be seen that 

both simulation have the same overall trend for different heave amplitudes. The stress ranges 

values obtained from the RQ model are higher than the results from the new ZKR soil model. 

Furthermore, in the ZKR soil model longer section of the riser in the TDZ is influenced by the 

soil- riser interaction. Figure  5-11 shows that by increasing the heave amplitude the critical 

fatigue location (i.e. the riser arc length with maximum stress range) moves toward the anchor 

end of the riser. 

Figure  5-12a reveals the trend of changing the maximum stress range for both models with 

different heave amplitudes. Both soil models show an increasing trend however for small heave 

motions (up to about H=1.0 m), they represent more or less the same maximum stress range but 

by further increase in the heave motions the difference between them increases and the RQ 

model leads to considerably results than the ZKR model (up to about 15% difference for H=10 

m). Figure  5-12b presents the normalised maximum stress ranges for each heave motion 
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normalised by the corresponding value using the RQ model. This graph shows that the SCR’s 

maximum stress range using the ZKR soil model are in range of 0.85 to 0.98 of the 

corresponding value using the RQ model. 

Stress range profiles for different loading cycles in both soil models due to H=1m heave 

amplitude are shown in Figure  5-13. A closer look at stress ranges around the peak location for 

each soil model is also presented in Figure  5-14. Results for both simulations show that by 

increasing the cycle number the maximum stress range in overall increases asymptotically and 

the critical arc length (location with maximum stress range) moves toward the HOP. Maximum 

stress range versus cycle number for the ZKR and RQ models are displayed in Figure  5-15 and 

it is seen that the variation of the maximum stress range for both models are very small after 

almost 20-30 cycles. Overall, the ZKR model is less sensitive to increasing the cycle numbers 

and both maximum stress range and critical arc length in this model get stabilised faster than the 

RQ model. 

Riser-soil interaction is the most important parameter influencing fatigue performance of the 

SCR in the TDZ. Soil resistance versus riser penetration for each riser segment along the riser in 

the TDZ is an indication of interaction between them. In the TDZ and depending on the riser 

perturbations, the riser penetration into soil may vary from very small values up to several times 

of the pipe diameter. Moving towards the anchor end of the riser, the penetration converges 

asymptotically to self-weight penetration of the riser. To study riser-soil interaction in the ZKR 

and RQ models, for the SCR under heave motion of H=1 m, the hysteretic p-y curves (soil 

resistance versus riser penetration) for four main locations in the TDZ (S/St =0.99, 1.00, 1.01, 

1.02 representing the riser nodes before TDP, on TDP, after TDP and around the maximum riser 

penetration respectively) are shown in Figure  5-16a to Figure  5-16d. The reason for choosing 

two nodes on TDP is to show the capability of the model in simulating degradation based on full 

or partial cycles. It should be noted that both models have the same arc length for TDP at 

equilibrium condition (St=1162 m). It can be seen that the ZKR and RQ models in Figure  5-16 

don’t show similar overall trend however, the hysteretic curves in the ZKR model, in overall are 

matching better with the general trend of the test data results presented by Aubeny et al. (2008). 
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Different behaviour of the models, mainly in repenetration mode as well as the soil degradation, 

and consequently different redistribution of the loads between adjacent soil springs seem to be 

the main reasons for different observed trends in Figure  5-16. 

Figure  5-16 shows that by increasing the arc length the general behaviour of two models get 

closer to each other (Figure  5-16d), however in the vicinity of the TDP it can be seen that the 

RQ model show more penetration than the ZKR model in the same normalised arc lengths. 

Moreover, soil resistance in the RQ model shows increasing trend in semi intact zone during 

repenetration-uplift cycles which means that after each cycle soil quickly return to initial 

penetration curve (recovers from remould to intact). The degradation model and rejoining 

distance in the ZKR model causes a reducing trend in the soil resistance while the riser 

penetrates in semi intact zone, which means that the soil in the ZKR model recovers from 

remould soil to intact zone slower than the RQ model. 

Normalised riser penetration into soil along the riser length in the TDZ, for the SCR under 

heave motion of H=1m and for the ZKR and RQ soil models during different loading cycles (at 

t=3/4 T for each cycle, as per Figure  5-6) are shown in Figure  5-17. Both models show the 

similar trend of gradual riser penetration into soil by increasing the cycle numbers whereas the 

penetration profile doesn’t not change considerably after about 20-30 cycles. It is also seen that 

the corresponding arc length for the maximum riser penetration moves towards HOP by 

increasing the cycle number. It is evident in Figure  5-17 that by moving towards anchor end of 

the riser, where the riser segments are far enough from TDP and hence they are not perturbed 

considerably, the riser penetration for all different cycles in both models converges to self-

weight penetration of the riser (i.e. y=1.8 here). Convergence of the riser penetration profiles for 

the ZKR model in Figure  5-17a is much faster than the RQ model in Figure  5-17b. Based on the 

results in Figure  5-17, the increasing trend of maximum riser penetration in consecutive loading 

cycles is illustrated in Figure  5-18. Stability and quick convergence of the maximum penetration 

results for both soil models (after about 20-30 cycles) as well as the higher maximum 

penetration in the RQ model compared to the corresponding value in the ZKR model, are 

apparent in Figure  5-18. 
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Variation of the TDP locations (i.e. arc lengths ) with loading cycles for the riser penetration 

profiles in Figure  5-17, are presented in Figure  5-19 TDP’s arc length in the ZKR model is 

always closer to the anchor end of the riser compared to the RQ model. However the difference 

between two models is about 1m. Similar to the riser penetration, TDP location in both models 

is stabilised after about 20-30 cycles. 

Explicit trench development (formation of gap between riser and seabed surface) is one of the 

main features in the ZKR soil model which is not seen in the RQ model. In other words, seabed 

profile at the end of each loading cycle in the ZKR model can be different than the riser 

geometry whereas they are always as the same in the RQ model. Due to mathematical 

restrictions in the RQ model, trenching (gap formation) is taken into account implicitly as 

negligible soil resistance as the end of uplift or beginning of the repenetration modes which 

occurs at zero penetration. Figure  5-20 represents the riser and seabed profiles for both soil 

models at the end of 100 loading cycles for the SCR under heave motion of H=1m. In the RQ 

model there is no opening between seabed and the riser profiles which means no trench 

development underneath the riser. The ZKR model in Figure  5-20 displays a gap (trench) 

between the riser and seabed in front head of the TDZ in normalised arc length between 0.996 

and 1.000 as shown in detail in Figure  5-20. 

5.8 Conclusion 

In this paper, an in-house user element using the new ZKR soil model, developed by Zargar et 

al. (2017b) was implemented in Abaqus finite element package for global structural response 

analysis of SCR system under cyclic loads. The UEL performance in the Abaqus model was 

validated against an existing in-house code which was previously verified with few 

experimental test results. The results of this model were compared with commercial riser 

analysis package Orcaflex using the RQ nonlinear hysteretic riser-soil interaction model, 

developed by Randolph & Quiggin (2009). The ZKR model benefits from advanced features in 

unique mathematical equation for all penetration and uplift modes, explicit trench formation as 

well as soil degradation. Stress range profiles, penetration profiles and maximum stress range 

values in the TDZ were compared for an example SCR under statically applied cyclic motions 
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at the HOP. The presented results show that there is no major difference between overall trends 

of the results from the ZKR and RQ models as far as the SCR structural response is concerned. 

For all the studied cases, the ZKR model leads to less maximum stress range and less maximum 

riser penetrations in the soil than the RQ model. From fatigue design perspective, this means 

higher fatigue life of the SCR using the ZKR model for riser-soil interaction which can be 

considered as a step forward in more accurate and less conservative design. In contrast to the 

RQ model, the developed gap between riser and the deformed seabed can be traced in the ZKR 

model and it will help using this model for future comprehensive riser-fluid-soil interaction 

analysis. 
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Figure  5-1.Schematic soil behaviour and main parameters in the ZKR model (Zargar et al., 2017b)  

 

Figure  5-2. Schematic seabed behaviour in RQ model (Randolph & Quiggin, 2009) 
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Figure  5-3. Schematic 3D view of a SCR connected to a floater 
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Figure  5-4. Abaqus Solver-UEL interaction Flowchart  
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Figure  5-5. Schematic process of constructing a catenary shape in Abaqus  
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Figure  5-6. Schematic Configuration of example SCR system 

 

Figure  5-7. Comparison of Abaqus-UEL and ZKR code  
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Figure  5-8. Initial bending moment and wall tension 

 

Figure  5-9. Initial soil deflection 
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Figure  5-10. SCR bending moment and wall tension for the last cycle a) H=0.5 m, b)H=1.0 m, c)H=4.0 m  
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Figure  5-11. SCR stress range for the last cycle 
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Figure  5-12. Maximum stress ranges versus heave motions a)Maximum stress range b) Normalised stress 
range  
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Figure  5-13. Stress ranges variation in the TDZ in different loading cycles for the SCR under H=1.0 m a) 
ZKR model b) RQ mode  
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Figure  5-14. Close look at stress ranges variation in the TDZ in different loading cycles for the SCR 
under H=1.0 m a) ZKR model b) RQ mode  
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Figure  5-15. Variation of maximum stress range with loading cycle number in the SCR under H=1.0 m  
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Figure  5-16. soil resistance versus normalised soil penetration a) S/St=0.99 b) S/St=1.00 c) S/St=1.01 d) 
S/St=1.02  
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Figure  5-17. Normalised riser penetration in the TDZ during different cycles in t=3/4T for the SCR under 
H=1m a)ZKR model b)RQ model  
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Figure  5-18. Maximum normalised riser penetration in the TDZ during different cycles in t=3/4 T for the 
SCR under H=1m 

 

Figure  5-19. Variation of TDP location with cycle numbers for the SCR under H= 1m 
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Figure  5-20. a) Comparing riser and seabed profile at the end of the last loading cycle 
b) closer look at seabed and riser profiles at gap location in ZKR model 
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Table  5-1. Model parameters used in the ZKR model verification 

Parameter Symbol Value 
Pipe diameter D 22.86 mm  

Mudline shear strength Su0 0 kPa 
Shear strength gradient ρ 1. 5 kPa/m 
Power low parameter  ap 6.0 
Power low parameter bp 0.25 

Pipe Roughness PipeRoughness Rough 
Maximum UR displacement ∆yUR 0.2  

Initial maximum uplift displacement ∆yU 0.5 
Suction Ratio φ 0.5 

Maximum normalised stiffness Kmax 100 
US stiffness parameter coefficient cUS 0.5 
RR stiffness parameter coefficient cRR 0.5 

Degradation parameter ρ0 0.4 
Degradation gradient parameter ε 0.8 

Base of the exponentiation C 1.3 
Tangential to secant stiffness at y1 µ 4.0 

 

Table  5-2. Model Parameters used in the RQ model verification 

Parameter Symbol Value 
Pipe diameter D 22.86 mm  

Mudline shear strength Su0 0.0 kPa 
Shear strength gradient ρ 1.5 kPa/m 
Power low parameter  ap 6.0 
Power low parameter bp 0.25 

Pipe Roughness Pipe Roughness Rough 
Suction Ratio fsuc 0.2 

Maximum normalised stiffness Kmax 200 
Suction decay parameter λsuc 1.0 
Repenetration parameter λrep 0.3 

Bouyancy factor fb 0.0 
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Table  5-3. Main model parameters for the example SCR  

SCR Geometry Parameters 
Water Depth 1000 m 
HOP Height 982 m 

SCR Total Length 1600 m 
Distance from HOP to TDP ~1162 m 

HOP Angle 10� 
Distance from HOP to Anchor end 932 m 

Riser Pipe Properties 
Outer Dimension 228.6 mm-9in 
Wall Thickness 25.4 mm-1in 

Pipe Density 7850 𝑘𝐷
𝑚3 

Content Density 800 𝑘𝐷
𝑚3 

Submerged Weight 1.03 𝑘𝑘
𝑚3 

Young’s Modulus 2.12E+11 Pa 
Bending Stiffness 18 MNm2 

Poisson Ratio 0.293 
Environmental Parameters 

Sea Water Density 1025 𝑘𝐷
𝑚3 

Drag Coefficient (Cd) 1.0 
Added Mass Coefficient (Ca) 1.0 
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CHAPTER 6  

CONCLUSION 

6.1 Introduction 

This dissertation focuses on the riser-soil interaction between steel catenary riser and seabed in 

the touchdown zone. The existing nonlinear models, in which seabed soil is modelled as a series 

of independent springs, were studied in detail and their limitations and pros and cons were also 

investigated. A new nonlinear riser-soil interaction model which can improve the existing 

models in different areas was introduced. A comprehensive data analysis was performed on the 

existing test results to understand the soil behaviour and extract appropriate parameters to 

develop the new model. A new in-house code was programmed to study and verify the 

behaviour of the new model and the results were compared with the test results. Finally, the new 

model was coded as a user element in a finite element software (Abaqus) to study the global 

behaviour of SCRs and its fatigue response in the TDZ. The main outcomes of this research and 

recommendations for future work are presented in this chapter. 

6.2 Conclusion - Main Findings  

6.2.1 Nonlinear Hysteretic Seabed Soil Models and Test Data Analyses  
In a comprehensive literature review, existing nonlinear soil models in simulating the riser-soil 

interaction at the touchdown zone of steel catenary risers were studied. Two of these models are 

widely accepted and used in academic researchers, therefore, these two models, their main 

features, drawbacks, and advantages were investigated in detail. In parallel, an extensive study 

was performed on some of the existing centrifuge test data to understand different modes of soil 

in a penetration-uplift cycle and then to define the main key points of the new model. Finally, a 

comprehensive research was carried out to find a proper mathematical formulation which is able 

to interpret the complex soil behaviour in a proper simple way. The following conclusions can 

be drawn from the investigation in determining the basis of the new developed model: 
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- The existing models, despite their capabilities in representing hysteretic soil behaviour, 

still suffer from some of the following drawbacks which make them imperfect to 

simulate the real soil behaviour: modelling the gap between the riser and soil after uplift 

(trench formation), no explicit soil degradation and inconsistent mathematical 

formulation in different modes of penetration-uplift. 

- There are three key points in a penetration-uplift cycle which can be used to construct 

the whole cycle. These key points are the maximum penetration at which the first uplift 

starts, the maximum suction point during uplift motion and the separation point where 

the riser is detached from the soil in uplift motion. 

- There are several mathematical formulations which can be used to simulate the soil 

behaviour; however, they each have some limitations which restrict their capabilities. 

Polynomials cannot physically represent soil characteristics and also they have 

unwanted peaks. The spline can appropriately create the curves; however, similar to 

polynomials they cannot represent a physical interpretation of soil behaviour. Bezier 

formulations have very strong capabilities in constructing and interpreting soil 

behaviour; however, their parametric nature makes them uncomfortable for engineering 

practice. 

- The most appropriate mathematical expression that can represent soil adequately while 

keeping its simplicity is a combination of a hyperbolic and exponential function; this is 

referred to as hyperbolic-exponential in this dissertation. 

6.2.2 The Initial New Soil Model to Simulate Riser-soil Interaction in 

TDZ  

A new soil model has been developed based on the three key points (maximum penetration, 

maximum suction and separation point) using a unique hyperbolic-exponential function for all 

modes of the penetration-uplift cycle. The new model presents the soil behaviour in four main 

modes: Initial penetration, Uplift, Detachment and Repenetration with uplift and repenetration 

modes each divided into two sub-modes (uplift rebound and uplift separation for uplift and 
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repenetration remould and repenetration semi-intact for repenetration mode). The new model 

also shows soil behaviour within incomplete cycles (uplift while the previous penetration is not 

completed yet, or repenetration during an incomplete uplift) using partway modes (partway 

uplift and partway repenetration respectively). An in-house Visual Basic code has been 

developed for the new model to construct the hysteretic soil-resistance curves for given 

penetration time histories using the parameters found from test data. The main features of the 

new model and the conclusions of comparing the results with existing test data results are as 

follows: 

- The new model provides a unified mathematical formulation which is able to be 

implemented for all penetration and uplift session that may occur in a penetration-uplift 

cycle. This is achieved by designing a new hyperbolic-exponential function. 

- The new model proposes a new soil degradation model. This model can explicitly 

simulate the soil degradation during penetration-uplift cycles using two degradation 

parameters. 

- The new model can adequately simulate the soil and riser separation after an uplift 

session. This is an important feature in gap formation between riser and soil in studying 

soil-fluid-riser interaction in complex SCR structural analysis. 

- Verifications of the new model with existing soil data show the capabilities of the 

model to simulate the complexities of riser-soil interaction in TDZ. The results from the 

in-house code, based on the new model, have a very good agreement with the existing 

centrifuge test results. 

6.2.3 Improved New Hysteretic Soil Model for Riser-soil Interaction 

Detailed investigations in comparing the results from the initial model and the test data resulted 

in determining the following areas in which the overall soil behaviour in TDZ from the new 

model can be improved: 

- In the initial new model, the smooth transition and gradual increase in soil stiffness 

form repenetration remould (RR) to repenetration semi-intact (RS) mode is not matched 
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well with the test results where a noticeable jump in the soil stiffness at the end of RR 

mode and start of the RS mode can be traced in the test data. 

- The initial model can only consider the full cycle degradation; however, in reality, the 

soil may experience incomplete cycles (comprising partway repenetration and or 

partway uplifts) in which less degradation is expected in the soil. 

Modifications in soil stiffness variation from RR to RS mode as well as partial degradation 

framework were added to the initial model and a new Visual Basic code programmed to 

examine the capabilities of the improved new model in simulating the riser-soil interaction. 

According to the results outlined in this study, the following points are highlighted: 

- The improved model is able to differentiate between the stiffness at the end of RR mode 

and the start of the RS mode; however, the transition between these two sub-modes are 

still smooth using a new transition function proposed for this part of the p-y curve. 

- A new partial soil degradation model proposed for the improved model. The new 

degradation model is capable of considering partial degradation during partway 

penetration-uplift cycles. No additional input parameter was needed for this change 

which keeps the model simple to use. 

- Comparing the results of the improved and initial new model and two popular existing 

nonlinear riser-soil interaction models in simulating soil hysteretic behaviour in TDZ 

reveals the capabilities of the improved new model in constructing the p-y curves quite 

similar to those ones obtained from centrifuge test data. 

- The improved new soil model is capable of simulating soil behaviour considerably 

better than the existing nonlinear soil models in complex penetration-uplift cycles. 

6.2.4 Global Behaviour of SCRs Considering the Effect of the New 

Model for Riser-soil Interaction 

The ultimate goal of this dissertation is to estimate the global structural behaviour of SCRs more 

precisely considering the effects of nonlinear riser-soil interaction in TDZ. In this sense, using 

the improved version of the new soil model, a new nonlinear soil element was coded in 
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FORTRAN language and implemented as User Element (UEL) in general finite element 

package, Abaqus, for the structural response of SCRs under cyclic loads. The results from 

Abaqus model with improved new soil model for a sample SCR under a wide range of statically 

applied cyclic loads were compared with the results from the same SCR model with a different 

nonlinear soil model (modelled in OrcaFlex commercial package using the RQ model for riser-

soil interaction). Comparing the results from these two approaches generates the following 

findings: 

- The new soil model can predict the soil p-y curves better than the RQ model. 

Comparing the p-y curves given from both methods shows that the results given by the 

new soil model are in better agreement with existing test results. 

- The results from the new soil model are numerically more stable than the RQ results. 

They also stabilise much faster than those using the RQ model. 

- Comparing the maximum stress ranges in the TDZ using both models shows that the 

new soil model results in lower maximum stress ranges compared to the RQ model. For 

instance, for heave motions of 1 m and 4 m, the new model stress range resulting for the 

sample SCR is 97% and 91% of the RQ results respectively. This eventually means less 

total fatigue damage predicted for the SCR using the new model. 

- In contrast to the RQ model, the new soil model can successfully and clearly depict the 

developed gap between riser and seabed at the end of the cyclic load. For instance, for 

heave motion of 1m, a maximum gap of 0.25D is seen between the sample SCR and the 

deformed seabed whereas the RQ model is not able to show this explicitly. 

6.3 Suggestions for Future Work  

A new nonlinear soil model was developed in this thesis for the complex riser-soil interaction in 

the TDZ and then validated against some existing centrifuge test data. The new model, using a 

unique hyperbolic-exponential formulation, is able to capture the soil degradation and riser-soil 

separation during cyclic loads. The application of the new model in estimating the global riser 
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behaviour was also investigated as a part of this dissertation. However, further investigations 

can be undertaken in future studies, as outlined below: 

- The proposed model parameter values proposed in this thesis are based on limited test 

results. A series of new experimental tests are recommended to determine these 

parameters more precisely. 

- The effect of different loading conditions on the model input parameters can be found 

by a series of penetration-uplift tests on different soil types. The effects of loading rate, 

consolidation, penetration depth and so on need to be traced on the model parameters 

through new experimental tests. 

- A laboratory full-scale test for a piece of SCR under cyclic loads in the TDZ and 

comparing the structural response of the riser with the numerical model will help in 

validation of the numerical results. 

- Fluid-soil interaction features in modelling sedimentation and scoring phenomena can 

be added to this model for a comprehensive fluid-riser-soil interaction model. A model 

that can quantify soil deflection due to riser penetration, soil sedimentation and fluid 

vortices around the riser would lead to more accurate fatigue life estimation of the riser. 
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