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ABSTRACT 

Offshore pipelines are generally laid directly on the seabed and operated in high temperature and high 

pressure conditions. The accumulated axial force in a pipeline due to seabed resistance can cause 

engineering problems, such as lateral buckling and axial walking. Accurate assessment of the 

complex pipe-soil interaction behaviour and understanding the geotechnical stability are essential to 

provide guidance for mitigating lateral buckling and axial walking. 

In order to describe the complex pipe-soil interaction, developing capacity envelopes under combined 

loadings has been increasingly becoming a popular approach, where the vertical (V), horizontal (H) 

and axial (T) load are encapsulated to describe the allowable loading on a pipe. However, the tension 

between pipe and soil that can occur due to suction or negative pore pressure around the pipe has not 

been accounted for in most of the current available studies. With soft sediment predominately 

distributed in deep water regions, pipeline behaviour can induce undrained or partially drained 

conditions. The suction or negative pore pressure has been proven to have a significant influence on 

the capacity envelopes under combined loadings, which is yet to be rigorously explored. This thesis 

focuses on the pipe-soil behaviour considering the influence of tension and aims to develop reliable 

capacity envelopes under combined loadings in order to enable realistic prediction offshore pipeline 

response. 

The research campaign in this thesis can be divided into three parts. Firstly, a total stress framework 

was used to investigate the capacity envelopes under combined loadings considering the effect of 

tension between pipe and soil. A new interface model was developed, which is capable of describing 

the tensile stress between pipe-soil according to a predetermined level of pipe lifting capacity. Using 

an elastoplastic framework, this interface was implemented into a finite element program based on a 

penalty algorithm and through the UINTER user subroutine of the commercial software ABAQUS. 

Two-dimensional capacity envelopes under vertical (V) and horizontal (H) loading were derived, 

which shows the size of the capacity envelope is directly related to the magnitude of tension. Further, 
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three-dimensional capacity envelopes under vertical (V), horizontal (H) and axial (T) loading were 

developed and a mathematical expression of this was proposed. 

Secondly, an effective stress framework was also employed to explore the capacity envelopes under 

combined loadings, allowing for a more rigorous coupled analysis. A pore-fluid gap interface 

accounting for both the mechanical behaviour of the soil skeleton and the pore pressure behaviour 

was developed. This interface allows for separation/attachment between pipe and soil according to 

the suction development. After validation against established studies, this pore-fluid gap interface 

was implemented in finite element program and used in coupled analyses to investigate the capacity 

envelopes under combined loadings with the modified Cam Clay plasticity model used to describe 

the soil behaviour. Backbone curves are presented to describe the influence of loading rate and thus 

varying drainage soil conditions on pipeline capacity. Further, the effect of loading history, i.e. 

preloading and consolidation process, on the capacity envelopes under combined loadings is 

investigated, which indicates that the preloading and consolidation process change the soil strength 

around the pipe and thus can improve the capacity envelopes under combined loadings by up to 50%. 

Third and finally, a simplified framework was proposed in order to implement the derived capacity 

envelopes under combined loadings as a macro-element in a full structure pipeline, which was 

realised using a user defined element in the commercial software ABAQUS (known as a UEL). This 

framework was tested and demonstrated using a simple pipe-soil interaction model (i.e. elastoplastic 

‘spring’). By attaching numerous user defined elements, a long pipeline was modelled to explore the 

pipeline lateral buckling under thermal and internal pressure loading. This framework paves the 

pathway for future study by providing a more robust and realistic description of pipe-soil behaviour, 

where various effects, such as loading rate and loading history are to be considered. 
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NOTATION 
Note: some symbols have multiple meaning in different chapters 

b1, b2, b3, b4   Parameters of backbone curve 

B    Width of surface footing 

cv    Coefficient of consolidation of the soil 

D    Pipe diameter 

E    Young’s modulus 

e0    Initial void ratio 

ecs    Void ratio at p’=1 kPa on the critical state line 

Fcom    Compression load on pipe 

Fuplift    Uplift load on pipe 

h     Gap dimension 

H, Hl    Horizontal load 

Hmax    Maximum horizontal bearing capacity 

k    Permeability of soil 

K0    Coefficient of the lateral pressure 

Kn     Normal stiffness in UINTER model 

Kt     Tangential stiffness in UINTER model 

Ncc     Normalised compression bearing capacity factor 

Nch    Normalised horizontal bearing capacity factor 

Nct    Normalised axial bearing capacity factor 

Ncu     Normalised uplift bearing capacity factor 

Ncv    Normalised vertical bearing capacity factor 

Ncc,un     Compression undrained bearing capacity factor  

,
p

cc unN     Compression undrained bearing capacity factor after preloading  

Ncc,dr     Compression drained bearing capacity factor  

Nch,un     Horizontal undrained bearing capacity factor  

,
p

ch unN     Horizontal undrained bearing capacity factor after preloading 

Nch,dr     Horizontal drained bearing capacity factor 

Ncu,un     Uplift undrained bearing capacity factor 

,
p

cu unN     Uplift undrained bearing capacity factor after preloading 

Ncu,dr     Uplift drained bearing capacity factor  

M    Slope of critical state line 
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∆p    Pipeline internal pressure increase 

p'0    Initial mean effective stress 

p'c    Initial size of the yield surface 

p'c,un    Yield surface in undrained loading 

q    Deviatoric effective stress 

qM    Fluid flow into master surface 

qS    Fluid flow into slave surface 

q0    Initial deviatoric effective stress  

su     Undrained shear strength in situ 

t    Time period since pipe moves 

T Axial load (Chapter 3); Dimensionless time factor (Chapter 4, 5 and 6); 
Temperature (Chapter 7) 

Tmax    Maximum axial bearing capacity 

T50     Dimensionless time factor for 50% of the consolidation 

Δu    Final value of pore pressure  

Δuc,un     Excess pore pressure in undrained condition 

Δuu,un     Negative pore pressure in undrained condition 

u    Settlement of pipeline after consolidation 

uf    Final settlement of pipeline after consolidation 

uM    Pore pressures at master surface 

uS    Pore pressures at slave surface 

v    Velocity of pipeline movement 

vp    Preloading ratio 

V Vertical load (Chapter 2 and 3); Dimensionless velocity factor (Chapter 
4, 5 and 6) 

Vl Vertical load 

Vmax    Maximum vertical compression bearing capacity 

Vt    Uplift bearing capacity 

Vpre    Preloading vertical load 

Vc,un     Compression undrained bearing capacity 

Vweight    Pipeline submerged weight per unit length 

V50-com    Normalized compression velocity for 50% compression capacity 

V50-hor    Normalized compression velocity for 50% horizontal capacity 

V50-uplift    Normalized compression velocity for 50% uplift capacity 
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w    Embedment depth 

W    Submerged weight of the pipeline 

α Pipe-soil interaction roughness (Chapter 2 and 3); thermal expansion 
coefficient (Chapter 7) 

α1, α2, α3, β1, β2  Parameters of capacity envelope  

γ    Relative sliding displacement 

γw    Unit weight of water 

Δγ     Tangential displacement increments 

Δε     Normal displacement increments 

ζ’    Effective contact enhancement factor 

η     Tension coefficient 

κ    Slope of normal compression line  

λ    Slope of swelling-recompression line 

σ     Normal pressure 

σt    Tension stress 

σv     Initial uniform surcharge 

σ'v    Initial vertical effective stress. 

Δσ     Normal stress increments 

τmax    Maximum allowable shear stress 

Δτ    Tangential stress increments 

φ     Friction angle for triaxial compression conditions 

µ     Friction factor 

μa, μl    Axial and lateral friction factor 

  





1.1 
 

Chapter 1 Introduction 

1.1 Background and motivation 

Since the beginning of the industrial revolution, the demand for oil and gas has been 

growing and broadening. Offshore oil and gas exploration is moving off the continental 

shelf into deep water area. From there hydrocarbons are required to be collected and 

transported. Pipelines have been shown to be the most efficient way of gathering oil and 

gas from offshore wells and transporting them to onshore processing plants (Kennedy, 

1993). On the North West Shelf of Australia, there is a significantly increasing demand 

for building offshore pipelines for transportation of oil and gas from deep water areas. An 

approximate cost of $4.5 million is required to build one kilometre pipeline on the North 

West Shelf of Australia, of which a significant proportion (~ 30%) is used for offshore 

pipeline stabilisation. Furthermore, as the conduits for oil or gas, ensuring geotechnical 

stability of offshore pipeline on seabed is critical, as there are enormous economic, social 

and environmental consequence to any catastrophic failure. 

Deep water pipelines are often operated in high temperature and high pressure condition 

to facilitate the flow of the content oil and gas from wells to production facilities. The 

pipeline expansion due to temperature and pressure loading, and the development of axial 

compressive forces in the pipeline due to seabed resistance can cause engineering 

problems in some circumstances. This includes lateral buckling and axial walking. 

Pipeline lateral buckling is caused by the development of axial compressive forces under 

thermal loading or internal pressure once the lateral seabed resistance is insufficient to 

limit pipeline lateral movement. Pipeline axial walking is the phenomenon where 

irrecoverable expansion is accumulated over operational cycles of temperature heating up 

and cooling down. Accurate assessment of the pipe-soil interaction response is essential 

to understand the geotechnical behaviour of offshore pipeline and to provide guidance for 

mitigating lateral buckling and axial walking (Bruton et al., 2008). 
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An effective approach to assess the response of pipe on soil under combined vertical (V), 

horizontal (H) and axial (T) loading (see Fig. 1-1 for illustration) is the capacity envelopes 

under combined loadings method. Increasingly employed in offshore engineering, the 

capacity envelopes under combined loadings method describes the allowable combined 

loading that a pipe can bear, which is superior to the simplistic uncoupled elastoplastic 

spring models. 

However, most current studies focus on the two-dimensional capacity envelopes under 

combined loadings without consideration the effect of tension, i.e. capacity envelopes 

from Randolph & White (2008) in Fig. 1-2. In deep water, the seabed sediment is 

predominately soft clay. Tension between pipe and soil can be generated due to the 

negative pore pressures developed in the soil around the pipe (see Fig. 1-3 for illustration), 

depending on the loading rate and soil permeability. Design guidelines (API 2000; ISO 

2002) acknowledge that the suction caused by short duration dynamic loads can 

significantly influence the on-bottom stability and buckling behaviour. Furthermore, 

neglecting the tension between pipe and soil is not always conservative for the design of 

on-bottom pipelines. For instance in thermal buckle design, lateral seabed resistance can 

be underestimated without considering tension, where ‘snap-through’ buckling may occur 

on the expected free-to-move pipeline. 

The magnitude of suction between pipe and soil is affected by the loading rate. Under fast 

loading rate, soil does not have enough time to dissipate excess pore pressure and thus 

undrained soil conditions around pipe are reached, while under slow loading rate, excess 

pore pressure can fully dissipate, resulting in drained soil conditions. Partial drained soil 

conditions are in between, where the excess pore pressure is partially dissipated under 

moderate loading rate. Furthermore, loading history, i.e. preloading and consolidation 

process, after pipeline laying can change the soil strength, which also has great influence 
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on the capacity envelopes under combined loadings. To date, there lacks a systematic 

study to assess the pipeline geotechnical behaviour with consideration of the effect of 

tension, loading rate and loading history.  

The motivation of this project is to rigorously investigate the capacity envelopes under 

combined loadings of pipe-soil interaction with consideration of the effect of tension, 

loading rate and loading history. The systematic study is expected to improve the 

understanding of the geotechnical behaviour of offshore pipeline and to provide guidance 

for mitigating lateral buckling and axial walking problems. 

1.2 Literature review 

Pipe-soil interaction behaviour has been an active research topic for several decades with 

the literature stretching back to the early 1970s. The brief literature on pipe-soil 

interaction behaviour is reviewed as three sections: analytical analysis, physical 

modelling and numerical analysis.  

1.2.1 Analytical analysis 

Randolph & Houlsby (1984) first gave a theoretical solution to the limiting pressure on a 

circular pile loaded laterally for undrained soil condition. This theoretical solution can be 

applied to any cylindrical object, for instance of the case of this thesis, to a pipeline under 

lateral loading. Lower and upper bound solutions were proposed by introducing 

theoretical concepts from classical plasticity theory. The soil was assumed to be a 

perfectly plastic cohesive material and the pile as an infinite length cylinder moving 

laterally. Fig. 1-4 shows the examples of meshes of slip lines of the deforming zone for 

the fully smooth and fully rough piles. This allowed simplification to a plane strain 

problem of plasticity theory.  

Following by Randolph & Houlsby (1984), Murff et al. (1989) presented a modified 

lower and upper bound limit analysis solution to predict the bearing capacity for a pipeline 
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under vertical compression loading in cohesive soil. The proposed upper bound solution 

was more rigorous and revealed an error of Randolph & Houlsby (1984) in the case of a 

fully rough pile. The reason is that there was a localized conflict between the strain rate 

field and the stress field. The author showed a difference between lower and upper limit 

analysis solution of approximately 25% for a smooth pipe-soil interface and 

approximately 10% for a rough pipe-soil interface. 

Randolph & White (2008) reported upper bound capacity envelopes for shallowly 

embedded pipelines in undrained clay under combined vertical and horizontal loading. 

Two parts of the failure mechanism were comprised: a generalization of the rotational 

mechanism by Martin & Randolph (2006) and a rigid rotation ‘Martin’ mechanism, as 

shown in Fig. 1-5. The pipeline was assumed to ‘break away’ at its trailing edge. Solutions 

were proposed for both homogeneous and non-homogeneous soil profiles. Cheuk et al. 

(2008) also investigated upper bound analyses. This study assumed a simple slip circle 

failure mechanism with non-breakaway and soil self-weight considered. 

1.2.2 Physical modelling 

Lyons (1973) investigated pipe-soil interaction and stability of pipelines under 

hydrodynamic loading on a clay seabed by using small-scale model tests and full-scale 

model tests, as shown in Fig.1-6. Pipeline lateral sliding test was conducted to investigate 

soil resistance of lateral displacement for a self-weight pipeline. Lateral sliding resistance 

was shown to increase with decreasing pipe diameter and with increasing submerged 

weight. Pipeline settlement was affected by hydrodynamic loading which have significant 

influence on lateral sliding resistance. 

Wantland et al. (1979) reported vertical compression resistance with a simple strip footing, 

where a strip footing was represented as an embedded pipeline with the same width. The 

effects of length and depth on the vertical compression bearing capacity factor were 
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investigated, showing that an increasing resistance with length and depth, as shown in 

Fig.1-7. 

From the mid-1980s to early 1990s, full-scale model tests were conducted at SINTEF in 

Norway on behalf of the American Gas Association. In the full-scale model tests, a wide 

range of parameters were investigated, e.g. pipeline diameter, various clay densities and 

cyclic loading. The relatively sophisticated experiment test facility used is shown in 

Fig.1-8. Morris et al. (1986) reported results of vertical compression resistance under 

cyclic horizontal loading and Dunlap (1990) investigated vertical compression resistance 

under cyclic vertical loading with consideration of soft clay, su = 1~2 kPa. Load control 

approach and displacement control approach were employed in both studies. Brennodden 

and Stokkeland (1992) proposed an empirical equation to predict pipeline compression 

resistance by fitting to the data of the model tests. Lateral horizontal resistance was then 

estimated after initial pipeline compression. An empirical equation was then proposed to 

prediction lateral horizontal resistance by using a friction coefficient approach. 

Verley and Lund (1995) summarised a review of much of the model tests during this 

period and proposed a series of empirical equations, including for the prediction of 

pipeline embedment and the relationship between lateral displacement and lateral 

resistance for a given pipeline embedment. However, there are still some limitations for 

the use of these equations, e.g. soil conditions, pipeline diameters in the model tests and 

loading conditions. 

Cheuk et al. (2007) reported results of full-scale model tests on clay to investigate pipe-

soil lateral interactions under cyclic loading. It was shown that there are four stages of the 

pipe-soil force-displacement response: breakout, suction release, steady berm growth and 

dormant berm collection, as shown in Fig.1-9. In the breakout stage, the peak lateral 

resistance was shown followed by a drop to residual lateral resistance due to suction 
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release at the rear of the pipe. An increase in lateral resistance caused by soil berm was 

also reported in this study. An upper-bound model was proposed to fit the experimental 

model test results. 

Dingle et al. (2008) reported results of vertical compression resistance and lateral 

breakout resistance of pipelines laid on soft clay through centrifuge experimental model 

test. An image of one centrifuge test for a pipeline under vertical penetration is shown in 

Fig.1-10. An advanced digital image analysis technique, Particle Image Velocimetry (PIV) 

(White et al., 2003), was employed to observe and investigate the soil deformation and 

failure mechanisms. The results showed good agreement with plasticity solutions (Murff 

et al., 1989), with small discrepancy due to accuracy of assessing the shear strength of 

mud-line sediments in the centrifuge tests. 

Cheuk & White (2011) investigated pipeline embedment behaviour under small-

amplitude oscillations, mimicking the dynamic motion during pipeline laying process in 

centrifuge experimental model tests. The influences of sensitivity of soil, the amplitude 

of the oscillation and vertical compression loading were reported. The combined effects 

of soil softening and lateral ploughing were also considered for additional pipeline 

embedment. A new calculation model was proposed to estimate dynamic pipeline 

embedment by introducing theoretical concepts from classical plasticity theory. 

Hodder & Cassidy (2010) reported a series of centrifuge experimental model tests of a 

pipeline to approximately define a capacity envelope. Tension force was observed in the 

centrifuge experimental model tests and the uplift bearing capacity was considered as a 

varying fraction of the vertical compression capacity depending on the pipeline 

embedment. A parabolic expression was proposed to describe capacity envelope fitting to 

the experimental data, which is based on a two-dimensional simplification of the 

parabolic expression by Martin (1994) and Martin Houlsby (2001). Lee et al. (2011 and 
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2012) also reported similar centrifuge experimental model with further tests. Both swipe 

and probe tests were used to investigated capacity envelope of a pipeline under combined 

vertical and horizontal loading. Preloading effect during installing process was considered. 

1.2.3 Numerical analysis 

Aubeny et al. (2005) reported results of investigations of a ‘wished-in-place’ pipeline 

under vertical compression loading using small-strain finite element analyses. Various 

embedment depths, from 0.1 that of pipeline diameter to 5 pipeline diameters, were used 

in the plane strain analyses. The effect of soils with uniform shear strength and linearly 

shear strength were reported. It was also shown the comparison between this study and 

lower bound and upper bound plasticity solutions (Murff et al., 1989). For pipe 

embedments less than half diameter, the collapse loads from finite element analyses are 

bracketed by the lower bound and upper bound plasticity solutions. For pipe embedments 

greater than half diameter, the upper bound solution tends to substantially overestimate 

the collapse loading from finite element analyses. A power law equation that fits the finite 

element results was proposed and can be used to predict the collapse load by pipeline 

embedment depth and the soil shear strength at the pipe invert. 

Barbosa-Cruz and Randolph (2005) studied the compression of a cylindrical object into 

soft clay using the Remeshing and Interpolation Techniques at Small Strain (RITSS) 

approach. The RITSS approach proposed by Hu & Randolph (1998) can account for large 

strain effects, such as soil berm growth during pipeline compression and lateral movement, 

removing the ‘wished-in-place’ assumption. Fully smooth and fully rough interfaces and 

homogeneous and non-homogeneous soil profiles were investigated. The evolution of 

bearing capacity factor and soil flow mechanisms were also reported. 

Merifield et al. (2008) reported results of finite element analyses of a shallowly embedded 

pipeline under combined horizontal and vertical loading. The results were compared with 
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the capacity envelopes from the upper bound solution by Randolph & White (2008) and 

data from centrifuge model testes, which showed a good agreement. A parabolic 

expression that fits the finite element results was proposed to describe the capacity 

envelope of shallow embedment pipeline in V-H loading space. Examples of the capacity 

envelopes proposed by Merfield et al. (2008) are shown in Fig. 1-11. 

Bransby et al. (2008a) and Bransby et al. (2008b) reported the results of comparative 

large strain and small strain finite element analysis of a shallowly embedded pipeline 

under combined horizontal and vertical loading. The additional vertical compression 

capacity due to soil weight was shown to reasonably be approximated from a "buoyancy" 

term assuming no soil heave. The scope of these studies was relatively limited and 

subsequent work was investigated in details by Merifield et al. (2009). 

Merifield et al. (2009) investigated the vertical compression resistance and horizontal 

resistance for ‘pushed-in-place’ pipeline, using a large deformation finite element 

methodology adopted in ABAQUS to limit mesh distortion. The contribution of soil 

weight and local heave to bearing capacity were explored. Simple expressions for vertical 

compression and horizontal bearing capacity were proposed incorporating these effects.  

Recently there has been some focus on consolidation of the soil around a pipeline. 

Gourvenec & White (2010) and Krost et al. (2011) investigated consolidation around 

partially embedded pipelines and pore pressure dissipation beneath pipelines using 

coupled (mechanical and fluid) finite element analysis, where the soil was simplistically 

treated as an elastic material. The generation and dissipation of pore pressure at different 

depths of soil domain were studied. The results were compared with a strip footing 

analysis and available field test data. A good agreement of the result was observed. The 

effective contact force after soil consolidation was presented. An increase of up to 35% 
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in the effective contact force was found, due to pore pressure dissipation around partially 

embedded pipelines. 

Chatterjee (2012) presented a systematic study of numerical modelling on pipe-soil 

interaction. In its papers, Chatterjee et al. (2010) and (2012a) investigate the effect of 

strain rate on the behaviour of pipeline under vertical compression. Chatterjee et al. (2011) 

and (2012b) investigated lateral resistance under combined vertical compression and 

horizontal loading. Chatterjee et al. (2012b) presented alternative fitting parameters of 

the parabolic equation proposed by Merifield et al. (2008) for V-H capacity envelopes.  

1.2.4 An important issue yet to be accounted for 

In summary, tension between pipe and soil has been observed in the above mentioned 

experimental tests. Cheuk et al. (2007) and Dingle et al. (2008) demonstrated the peak 

lateral resistance dropped to residual lateral resistance due to suction release at the rear 

of the pipe. Hodder & Cassidy (2010) indicated that the tension capacity against uplifting 

can reach up to 0.75 times the compression capacity in kaolin clay. The existence of 

tension between pipe and soil has also been shown to have a significant influence on the 

capacity envelopes under combined loadings. Design guidelines (API 2000; ISO 2002) 

acknowledge that the suction caused by short duration dynamic loads can significantly 

influence the on-bottom stability and buckling behaviour. However, there lacks a 

systematic study to explore the fundamental mechanism of suction and its influence on 

pipe-soil interaction. Though, capacity envelopes under combined loadings have been 

proposed, they have been limited to undrained soil condition. Developing capacity 

envelopes under combined loadings of pipe-soil interaction that covers the full range of 

soil drainage conditions, from undrained, partial drained to drained soil condition is 

required. Not only will it improve the current understanding of pipe behaviour on seabed, 

it also has practical importance in improving pipeline buckling and walking analysis. 
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1.3 Aim of the thesis 

The overall aim of the thesis is to develop the capacity envelopes under combined 

loadings of pipe-soil interaction with consideration the effect of tension, loading rate and 

loading history. In addition, a simplified framework which is capable of implementing 

the capacity envelopes under combined loadings in this thesis is to be developed, which 

can provide guidance for mitigating lateral buckling and axial walking. The specific goals 

of this thesis are: 

• To develop a pipe-soil interface model in a total stress framework accounting for 

the effect of tension between pipe and soil to simulate the response of offshore 

pipelines under vertical, horizontal and axial combined loading. This total stress 

analysis approach provides a basic understanding of the capacity envelopes under 

combined loadings evolution considering the effect of tension; 

• To develop a pipe-soil interface model that considers tension in an effective stress 

analysis approach that can describe both the mechanical and pore pressure behaviour 

between pipe and soil. This interface allows the separation and attachment between 

pipe and soil according to the suction development; 

• To assess the capacity envelopes under combined vertical and horizontal loading 

of pipe-soil interaction by implementing the pipe-sol interface in coupled analysis 

considering an offshore pipeline under varying loading rates; 

• To investigate the effect of loading history on the capacity envelopes under 

combined loadings of pipe-soil interaction, i.e. preloading and consolidation process 

after pipeline laying: 

• To develop a simplified framework which is capable of implementing the capacity 

envelopes under combined loadings developed in this thesis into a structure finite 

element code. A simple pipe-soil interaction model (i.e. elastoplastic ‘spring’) is 

firstly used for an example of pipeline lateral buckling under thermal and internal 
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loading. This framework paves the pathway for future study by providing a more 

robust and realistic description of pipe-soil behaviour. 

1.4 Methodology 

All analyses were performed by developing subroutines in Fortran95 and implemented in 

the commercial finite element software ABAQUS. The Tresca soil model was used in the 

total stress analyses (Chapter 2 and 3), while the modified Cam Clay (MCC) constitutive 

model (Roscoe & Burland, 1968; Schofield & Wroth, 1968) was used in the coupled 

effective stress analyses, which can model different drainage soil conditions (Chapter 4, 

5 and 6). 

Two different pipe-soil interfaces were developed. The first interface was coded in 

Fortran95 and implemented in ABAQUS as a UINTER subroutine (Chapter 2 and 3). For 

normal behaviour of this interface, contact pressure is generated with a large stiffness of 

pressure-overclosure relationship when the surfaces of pipe and soil come closer, while 

an allowable tension stress is specified to mimic the suction when the surfaces of the pipe 

and soil separate. Tangential behaviour between pipe and soil is based on a Coulomb 

friction model and implemented using a penalty algorithm. The second interface is a pore-

fluid gap interface, which can describe both the mechanical and pore pressure behaviour 

between pipe and soil (Chapter 4, 5 and 6). In the description of the mechanical behaviour, 

the contact between the two surfaces becomes open once the effective pressure between 

the pipe and soil skeleton reduces to zero. In the description of the pore pressure behaviour, 

a gap region is considered between pipe and soil, which forms or disappears with the 

contacting surfaces separating or closing. The pore fluid flow is allowed to flow into or 

drain out from the gap according to the pore pressure gradient. 

1.5 Thesis outline 

This thesis contains eight chapters: Chapter 1 is Introduction and Chapter 8 is Conclusion. 

Other chapters (2~7) are written in format of papers published, under review or to be 
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submitted. In order to synergistically connect the chapters, an overview is first presented 

at the beginning of each chapter. In the Chapter overview, the relation between the current 

chapter and the previous chapter(s) will be explained. A research summary of current 

chapter will be followed. At the end of Chapter overview, the outcomes are linked to next 

chapter.  

A brief outline of this thesis is detailed below: 

Chapter 1 is an introductory chapter describing the background and motivation of this 

thesis and providing a general literature review of pipe-soil interaction modeling. 

Chapter 2 outlines a user defined pipe-soil interface model that has been developed to 

account for tension between pipe and soil. The interface model is used to investigate the 

influence of tension between pipe and soil on the combined loading capacity envelopes. 

The pipe-soil interface model is validated by comparing with established studies of 

previous publications. Explicit expressions are proposed to describe V-H capacity 

envelopes as a function of pipeline embedment ratio and tension capacity. 

Chapter 3 extends use of the interface model in Chapter 2 to three-dimensional pipe-soil 

response under combined vertical, horizontal and axial loading. A mathematical 

expression that describes three-dimensional capacity envelopes in V-H-T loading space 

is provided. 

Chapter 4 develops a pore-fluid gap pipe-soil interface model which can describe both 

the mechanical and suction (excess pore pressure) behaviour between pipe and soil. The 

pore-fluid gap interface is compared with two available interfaces (fully bonded interface 

and ‘water element’ interface) in a coupled analysis of a surface footing. The fundamental 

different uplift mechanisms that occur due to the different modelling interfaces, including 
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the pore-fluid gap interface developed in this thesis, and due to varying the loading rate, 

are discussed. 

Chapter 5 studies the uniaxial capacity of pipelines under vertical (compression and 

uplift) and horizontal loading in varying drainage soil conditions. The pore-fluid gap 

interface developed in Chapter 4 and the modified Cam Clay soil model are used in 

coupled analyses. The backbone curves for both bearing capacity and excess pore 

pressure are derived and provided. A systematic parametric study that includes pipe 

embedment ratio and loading rate (drainage conditions) is presented. 

Chapter 6 investigates the effect of preloading and consolidation on the combined 

loading capacity envelopes of a pipeline. The results of a parametric study varying 

preloading level and loading rate are presented using a coupled analysis framework. 

Explicit expressions are derived to describe vertical and horizontal bearing capacities that 

account for the preloading and consolidation process. A simple calculation methodology 

is presented that enables prediction of the capacity envelopes under combined loadings 

as a function of pipe embedment ratio, preloading level and loading rate. 

Chapter 7 presents a simplified framework which is capable of implementing the 

capacity envelopes under combined loadings developed in this thesis into a structure finite 

element coding of a pipeline. A simple pipe-soil interaction model (i.e. elastoplastic 

‘spring’) is used, where a long pipeline was modelled to explore the pipeline lateral 

buckling under thermal and internal pressure loading. A systematic parametric study is 

conducted to investigate what are the dominating factors affecting pipeline buckling. 

Chapter 8 summarizes the main findings and conclusion of the thesis, indicating the 

achievement against the thesis goals. Recommendations are also provided for future 

research. 
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FIGURES 

 
Fig. 1-1. Pipeline under combined loading 

 
Fig. 1-2. An example of the capacity envelopes under combined loadings without 

considering the effect of tension (Randolph & White, 2008) 
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Fig. 1-3. Observation of tension between pipe and soil (Dingle et al., 2008) 

 
Fig. 1-4. Examples of meshes of slip lines for the fully smooth and fully rough piles 

(Randolph & Houlsby, 1984) 

  

Suction generated
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Fig. 1-5. Form of failure mechanism for upper bound (Randolph & White, 2008) 

 
Fig. 1-6. Experimental tests performed by Lyons (1973) 

 
Fig. 1-7. Relationship between load and displacement from laboratory tests (Wantland 

et al., 1979) 
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Fig. 1-8. Pipe-soil interaction test facility by Breennoden et al. (1989) 

 
Fig. 1-9. Four stages of the pipe-soil force-displacement response (Cheuk et al., 2007) 

(a) breakout stage (b) suction release stage

(c) steady berm growth stage (d) dormant berm collection stage
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Fig. 1-10. An image of pipeline under vertical penetration (Dingle et al., 2008) 

 
Fig. 1-11. Capacity envelopes proposed by Merifield et al. (2008) 
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Chapter 2 Two-dimensional capacity envelopes under 
combined loadings considering the effect of tension in total 

stress analysis 

Chapter overview 

Chapter 1 outlined the background and introduced the motivation of this thesis 

with a brief review of the pipe-soil interaction literature. Tension between pipe 

and soil has been observed in some experimental tests, which is shown to have a 

significant influence on the capacity envelopes under combined loadings of pipe-

soil interaction. However, there lacks a systematic study to explore its influence 

on the capacity envelopes under combined loadings. In this Chapter 2, the effect 

of tension on two-dimensional capacity envelopes under combined vertical (V) 

and horizontal (H) loadings is investigated within a total stress framework. A new 

pipe-soil interface is developed and coded in Fortran95, which is implemented in 

ABAQUS through the UINTER subroutine. This interface is capable of describing 

the tensile stress between pipe and soil according to a predetermined level of pipe 

uplifting capacity. After being validated and verified by comparing with 

established studies, the capacity envelopes together with the failure mechanisms 

are presented. Explicit expressions are proposed to describe V-H capacity 

envelopes as a function of pipeline embedment ratio and tension capacity. The 

developed pipe-soil interface and two-dimensional capacity envelopes under 

combined loadings in this chapter forms the basis for the next Chapter 3, where 

three-dimensional capacity envelopes under combined loadings with 

consideration of the effect of tension are presented. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Effect of Tension on Combined Loading Capacity Envelope of a Pipeline on 

Soft Clay Seabed. International Journal of Geomechanics, 18(10), 04018131.  
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Abstract 

Offshore pipelines are commonly directly laid on the seabed, which is dominantly soft 

clayey deposit in deep water areas. This chapter presents a numerical finite element study 

of the undrained bearing capacity of a pipeline partially embedded into clay soil and 

subjected to combined vertical (V) and horizontal (H) loading. The effect of tensile 

capacity between the pipe and soil is considered. Expressions for capacity envelopes 

explicitly written in V-H space and covering a practical range of embedment ratios and 

uplift tensile capacities are presented. This allows offshore engineers to estimate pipeline 

behaviour under combined loading with consideration of the tension between pipe and 

soil.  

Keywords: pipeline; bearing capacity; capacity envelope; numerical modelling 
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2.1 Introduction 

Offshore pipelines are generally laid directly on the seabed, which is dominantly soft 

clayey deposit in deep water areas. Pipelines normally penetrate into the soft clayey 

seabed by a fraction of the diameter due to self-weight and the dynamic effect of the 

laying process. Accurate assessment of the pipeline behaviour under combined vertical 

(V) and horizontal (H) loading (see Fig. 2-1 for the illustration) is essential to predict the 

on-bottom stability and lateral buckling response. An effective approach to present the 

response of pipe on soil is to use the capacity envelope under combined loading defined 

in V-H space. Capacity envelopes for pipelines under combined V-H loading have been 

derived in previous studies through plasticity analysis (Cheuk et al., 2008; Randolph & 

White, 2008), experimental centrifuge modelling study (Zhang et al., 2002; Hodder & 

Cassidy, 2010; Tian et al., 2010) and numerical finite element analysis (Merifield et al., 

2008; Chatterjee et al., 2012; Dutta et al., 2014), which are summarised in Table 2-1. 

Most of these studies concentrated on shallowly embedded pipelines with the pipe 

embedment depth w less than half diameter D/2, although Hodder & Cassidy (2010) and 

Dutta et al. (2014) covered deeply embedded cases up to 8D (allowing transition to 

studies of full-flow around circular objects, such as the T-bar (Stewart and Randolph 

1991). The pipe-soil roughness factor α, representing the shear between pipe-soil 

interface and soil shear stress su, ranges from 0 (smooth interface) to 1 (rough interface) 

while the experimental studies used aluminium pipe models with estimated roughness 

factor around 0.30~0.36 (Chen & Randolph, 2007; Dingle et al., 2008; Hossain et al., 

2015). 

Tension stress at the pipe-soil interface can be generated due to suction or negative pore 

pressures in the soil around the pipe, where the soft sediment is most likely in undrained 

or partially drained state due to the low permeability. Design guidelines (API 2000; ISO 

2002) acknowledge that the suction caused by short duration dynamic loads can mobilise 
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greater bearing capacity and thus greatly influences the V-H capacity envelope. As shown 

in Table 2-1, most of the finite element and plasticity studies allowed separation between 

pipe and soil and thus neglected the effect of tension even for the undrained behaviour of 

clayey soils. Zhang et al. (2002) assumed a small tension capacity, i.e. 0.06 times the 

compression capacity Vmax derived from physical observations of calcareous sands. The 

centrifugal experiments in Hodder & Cassidy (2010) indicated that the tension capacity 

against uplifting can reach more than 0.75 times the compression capacity Vmax in kaolin 

clay. Through particle image velocimetry analysis in centrifuge testing, Dingle et al. 

(2008) demonstrated the suction generated during pipe lateral movement greatly affected 

the peak lateral resistance. However, care must be taken as neglecting tension at the rear 

of the pipe is not always conservative for the design of on-bottom pipelines. In the case 

of thermal buckling design, for example, pipeline lateral resistance may be 

underestimated when no tension is considered and ‘snap-through’ buckling may occur on 

the expected free-to-move pipelines. Snap-through buckling can cause severe 

consequence, for example the incident of buckling in the Guanabara Bay caused a 1.3 

million litre oil spill (da Costa et al., 2002). 

This chapter carries out a user defined pipe-soil interface model was developed based on 

penalty algorithm (Peric & Owen, 1992), which was then coded in Fortran95 and 

implemented in ABAQUS as a UINTER subroutine (see Dassault Systèmes, 2012 for 

technical methodology). After carrying out 660 cases of finite element analyses, explicit 

expressions are proposed in this chapter to describe vertical and horizontal bearing 

capacities and VH capacity envelopes as a function of pipeline embedment ratio w/D and 

tension capacity. This allows engineers to consider tension between pipe and soil in 

evaluating the capacity of a pipeline shallowly embedded in soft clayey seabed, where 

the soil is undrained or partially drained state under short duration of dynamic loading. 
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2.2 Finite element approach and tension force modelling 

2.2.1 Finite element model 

All the finite element analyses presented in this study were conducted in two-dimensional 

plane strain conditions using the commercial package ABAQUS (see Dassault Systems, 

2012 for details). Small-strain analysis were conducted with the pipeline ‘wished-in-

place’, without considering the soil heaving around the shoulders or remoulding during 

installation. Embedment ratio w/D varies from 0.1 to 0.5, which is the zone of most 

interest for shallowly embedded on-bottom pipelines. The finite element mesh with 

boundary conditions is illustrated in Fig. 2-2 for the example case of w/D = 0.3.  

The pipe is considered a rigid body with a reference point at the geometric centre. The 

width and depth of the soil domain are set as 10D and 8D, respectively, which are large 

enough to avoid boundary effects. Two side edges of the soil are restrained horizontally 

but free to move vertically, whereas the bottom edge is fixed in both directions. The finite 

element mesh shown in Fig. 2-2 comprises ~35,000 continuum 4-node quadrilateral plane 

strain element (CPE4) elements. A mesh sensitivity study was conducted and the mesh 

used represents a good balance between accuracy and computational efficiency. Fine 

meshes around the pipe are used to improve the accuracy of the analysis, where the 

minimum element size is ~D/170.  

The soil was modelled as a Tresca material with an undrained shear strength su. The 

results are presented normalised with su. The soil elastic behaviour was defined with 

Poisson’s ratio v= 0.49 and Young’s modulus E =400su, which is a reasonable 

representation of undrained clayey soil and widely used in the literature (e.g. Merifield et 

al. 2008, 2009). It is noted that the value of E does not influence the value of bearing 

capacity but only affects the stiffness (and thus computation effort) to reach capacity. It 
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is acknowledged that real seabed normally has an increasing strength with depth. This 

chapter concentrates on shallowly embedded pipeline, where strength of soil does not 

change much. Therefore, it is a reasonable approximation to consider as a uniform 

strength. Further, using uniform soil helps to validate this chapter’s new pipe-soil 

interaction model against previous publications. 

2.2.2 Modelling tension between pipe and soil 

The available built-in interaction models of ABAQUS cannot effectively model the 

tension between pipe and soil. This chapter developed a user defined model based on 

penalty algorithm and implemented it in the user subroutine UINTER using Fortran 95 

(see Dassault Systèmes, 2012 for details). In this model, the behaviour of pipe-soil 

interaction in the normal direction is as shown in Fig. 2-3(a). When the elements on the 

pipe and soil surfaces come closer (with positive ε denoting overclosure), contact pressure 

σ is generated. The stiffness of pressure-overclosure relationship is denoted as Kn, which 

was set to be a large number (106 in this study) such that its behaviour agrees with the 

‘hard contact’ adopted as default interaction behaviour in ABAQUS (Curnier & Alart, 

1988). When the contacting surfaces tend to separate, an allowable tension stress σt is 

specified to mimic the suction using the same stiffness Kn. By adjusting σt the pipe uplift 

bearing capacity Vt can be set as a fraction η of the maximum compression capacity Vmax, 

where η =Vt/Vmax is termed as the tension coefficient in this chapter. When η = 0, no 

tension will be present between pipe and soil while η = 1 implies a reversed bearing 

mechanism with the uplifting capacity equal to the compression capacity. It is noteworthy 

that the parameter σt is used to account for the interaction behaviour between node and 

node, which can be seen as ‘micro-scale’ factor. In contrast, the parameter η represents 

the tension behaviour between pipe and soil from a ‘macro-scale’. Therefore, η is used in 

the later part of this chapter to describe the tension. 
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Fig. 2-3(b) shows tangential behaviour between the contact elements on pipe and soil 

surfaces using the penalty formulation of Coulomb friction model (Ju & Taylor, 1988). 

When the relative sliding γ is less than a tolerance γcrit (taken as 0.005 times the element 

length in this chapter), i.e. |γ| ≤ γcrit, a ‘stiff elastic behaviour’ is presented, where the 

stiffness is denoted as Kt. When the sliding |γ| > γcrit, the frictional shear stress τ reaches 

a stable value τcrit = µσ, where σ is the normal pressure and µ is the friction factor. The 

consistent stiffness matrix of the constitutive relationship in this chapter is defined as (see 

Ang, 1993; 1994 for reference): 
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where Kn and Kt are the normal and tangential stiffness respectively; Δε and Δγ are the 

normal and tangential displacement increments; Δσ and Δτ are the normal and tangential 

stress increments. Due to crack propagation between pipe and soil, the tension will reduce 

to zero when the gap exceeds a tolerance. This model is capable of considering this 

phenomenon of ‘break out’ by specifying a tolerance value, shown as the dash line in 

Fig. 2-3(a). However, this chapter focus on the behaviour before ‘break out’ happens and 

crack development will be considered in future study. 

The maximum allowable shear stress at the interface, τmax, was set as αsu, where α is the 

interface roughness. Two extreme scenarios were considered in this chapter: smooth 

contact (α = 0) and rough contact (α = 1). Shen et al. (2015) described an interaction 

model to study the compressive capacity of shallow foundations on soil. It is noteworthy 

that the model in Shen et al. (2015) did not account for the coupling between normal and 

tangential behaviour (see Equation 2-1, 2-2) and no tension behaviour was included in 



2.8 
 

their study. 

2.2.3 Probe test 

In order to evaluate the V-H capacity envelope, the ‘probe test’ approach was employed, 

which has widely become the preferred method in numerical analysis (Bransby & 

Randolph 1998; Gourvenec & Randolph 2003; Supacharawote et al., 2005) to study the 

capacity envelopes under combined loadings. The pipe was displaced at an angle θ to the 

vertical (see Fig. 2-2) and the ultimate capacity of the pipe can be determined when a 

plateau in the load-displacement response is reached. Fig. 2-4 is an illustration of one 

probe test analysis (example case θ = 45°, w/D = 0.4, η = 0.8, α = 1). The dimensionless 

vertical V/Dsu and horizontal loads H/Dsu are approaching stabilised values at 4.19 and 

1.39 respectively, which represents the ultimate capacity of the pipe in this calculation 

case and one point on a V-H surface. This is shown in the inset of Fig. 2-4, as the load 

path V/Dsu ~H/Dsu approaches one final point in V-H space. The capacity envelope can 

therefore be defined by conducting a series of probe tests with varying angle θ. 

Calculations were run between θ = 0° and θ = 180°, as these two limits correspond to 

uniaxial compression and uplifting, respectively. For each pipe embedment in the 5 cases 

of w/D = [0.1, 0.2, 0.3, 0.4, 0.5], 11 displacement-controlled probed tests at angles θ = 

[0°, 7°, 26°, 32°, 45°, 90°, 135°, 148°, 154°, 173°, 180°] were conducted to obtain the 

capacity envelopes. These θ values are set as Merifield et al. (2008) for a direct 

comparison, which has been shown to have a good coverage of the capacity envelope in 

V-H load space. Considering 6 cases of the tension coefficient η varying in the range of 

[0, 0.2, 0.4, 0.6, 0.8, 1.0] and 2 roughness conditions, this chapter constitutes a total 

2×5×11×6 = 660 analysis. 

2.3 Results of the finite element analysis 

2.3.1 Vertical compression bearing capacity Vmax at θ=0° 

The maximum vertical compression bearing capacity Vmax is calculated at θ=0°. Fig. 2-5 
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shows the normalised vertical bearing capacity factor Ncv defined as Vmax/Dsu as square 

symbols. Ncv has a strong relation with embedment ratio coefficient w/D and the tension 

coefficient η does not influence the vertical compression bearing capacity factor Ncv much, 

especially for shallow pipe embedment cases (w/D ≤ 0.3). For the cases of w/D=0.4 and 

w/D=0.5, Ncv increased slightly with η, which is believed to be related to the minor 

difference in the failure mechanism. As illustrated by the displacement vector plot shown 

in Fig. 2-5, the soil around the ‘shoulder’ is dragged downward with the pipe for η=1 (due 

to the tension stress between pipe and soil) while the soil is squeezed upward for η=0 

(where the pipe-soil interface is free to separate). Vertical compression bearing capacities 

without considering tension predicted from Randolph & White (2008), Merifield et al. 

(2008) and Martin & White (2012) are also shown in Fig. 2-5 as circular, triangular and 

star symbols, which are upper bound solution based on plasticity limit analysis, finite 

element analysis and rigorous limit analysis, respectively. A close agreement can be 

observed with this study’s results. 

From Fig. 2-5, the maximum difference of Ncv between varying η cases is less than 2% 

and thus η is neglected in fitted the curve. The vertical compression bearing capacity Ncv 

is widely expressed as a power law (Aubeny et al. 2005). Merifield et al. (2008) used the 

below equations to describe the vertical compression bearing capacity factor: 

( )0.325.66 /cvN w D=             (α = 0) (2-3) 

( )0.47.40 /cvN w D=              (α = 1) (2-4) 

As shown as continual lines in Fig. 2-5, these equations agree well with this chapter’s 

finite element results.  

2.3.2 Horizontal bearing capacity Hmax (θ=90°) 

The normalised horizontal bearing capacity Nch=Hmax/Dsu with 6 cases of η = [0, 0.2, 0.4, 

0.6, 0.8, 1] for smooth interface α=0 and rough interface α=1 shown as square symbols 
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in Fig. 2-6(a) and (b) respectively. Also shown is Merifield et al. (2008, 2009), where no 

tension was considered, i.e. η=0. Merifield et al. (2008) modelled a ‘wished-in-place’ pipe 

and the values show good agreement with this study’s η = 0 case. It is noted that Merifield 

et al. (2009) derived from a ‘pushed-in-place’ pipe with soil heaving during the 

penetration process and thus the results are greater than the case of η = 0 in this study.  

The horizontal bearing capacity factor Nch is significantly influenced by the tension 

coefficient η. High tension leads to a greater horizontal bearing capacity factor Nch. The 

following equations for Nch account for this effect 

( ) ( )0.78 0.96
1 2.72 /  /chN w D w Dζ= +              (α = 0) (2-5) 

( ) ( )0.82 0.57
2 3.26 /  /chN w D w Dζ= +              (α = 1) (2-6) 

where the first term are the horizontal bearing capacities of Merifield et al. (2008) and 

the second term additional capacity accounting for the tension effect. The coefficients ζ1 

and ζ2 are best fit as 

2
1  5.19 2.21ζ η η= −  (2-7) 

2
2  5.54 5.02ζ η η= −  (2-8) 

Good agreement between equation (2-5) - (2-6) and the finite element results is shown in 

Fig. 2-6.  

2.4 Capacity envelope 

Tension force was observed in the centrifuge experimental tests (Hodder & Cassidy, 2010) 

and the uplift bearing capacity Vt was considered as a varying fraction of the vertical 

compression capacity Vmax depending on the embedment depth w/D. For example, the 

uplifting capacity was 0.36 and 0.42 times the vertical compression capacity Vmax (i.e. η 

= 0.36 and η= 0.42) for w/D = 0.3 and 0.5. Based on this, this chapter employed the below 

equation to describe the capacity envelope. 
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ββββββ ηβββββ ++ ++=   and fitting parameters β1 and β2 define 

the peak position of the capacity envelope. 

In this chapter, additional 44 analysis cases were conducted to compare with the capacity 

envelope of Hodder & Cassidy (2010) by considering the cases of η = 0.36 for w/D = 0.3 

and η= 0.42 for w/D = 0.5. The results are compared in Fig. 2-7, where the vertical and 

horizontal loads were normalised with the uniaxial capacity Vmax and Hmax in order to 

present a clear comparison of the capacity envelope shape. The finite element results, 

shown as discrete symbols, sit closely onto the capacity envelopes derived from 

experiential centrifuge modelling (Hodder & Cassidy, 2010), which can be seen as a 

validation of the finite element analysis in this chapter. Slightly higher horizontal values 

were predicted in the present numerical study in the tensile vertical load region. 

As an illustration, the load path with ultimate capacity are shown in Fig. 2-8 for a smooth 

interface and an embedment of w/D=0.3. Fig. 2- 8(a) shows the cases of η =0 and 0.4 and 

Fig. 2-8(b) shows the cases of η =0.6 and 1.0. Each curve line represents the development 

of the horizontal to vertical load capacity as the finite element analysis progresses. It can 

be observed that for the same probe test angle θ, the ultimate capacity increases with the 

tension coefficient η (excluding the pure compression capacity of θ = 0° which saw little 

change, see Fig. 2-5 for details).  

In order to fit the parameters β1 and β2, the bearing capacity loads V/Vmax and H/Hmax of 

all the 660 cases are plotted in Fig. 2-9. It can be seen that the shape of the normalised 

capacity envelopes expands with increasing tension coefficients η. For varying η these 

are shown in Fig. 2-9 and close agreement between the fitting curve (equation (2-9)) of 

β1 = 0.634 and β2 = 0.749 and the finite element results can be observed. As one example, 
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and to provide a clear presentation, Fig. 2-10 shows the comparison between the capacity 

envelope of equation (2-9) and the V-H load paths for smooth interface, an embedment 

of w/D=0.3 and η= 0.42. It is noted that the capacity envelope represents the best fit of 

all the 660 cases and as such sight differences with specific cases are inevitable.  

2.5 Failure mechanisms 

To show the failure mechanism, Fig. 2-11 shows the displacement vector plots from finite 

element analysis by taking the example of rough pipe of w/D=0.5 with four probe loadings 

(θ = 0o, 45o, 90o 180o) and with three different tension coefficients (η = 0, 0.6, 1.0).  

For θ =0o (representing vertical compression), it can be observed that all three cases (η = 

0, 0.6, 1.0) show nearly the same failure mechanisms. In this case, the tension coefficient 

η does not have much influence on the failure mechanism and thus the bearing capacity 

(again see Fig. 2-5 for details).  

For θ =45o, only the soil in front of pipe resists the pipe movement for η = 0, due to no 

tension is considered, which agrees well with Merifield et al. (2008). For η = 0.6 and 1, 

both sides of soil were mobilised to resist. The soil behind the pipe is pulled while the 

soil in front of the pipe is pushed. Randolph & White (2008) assumed a circular trailing 

mechanism lead by transient negative excess pore pressure in their limit analysis. This 

trailing mechanism is observed in this chapter for cases of η=0.6 and 1.0, which is 

believed due to the transition between the soil pulled behind the pipe and the soil pushed 

in front of the pipe.  

For θ =90o, the soil in front of the pipe was pushed horizontally for η = 0 (bearing in mind 

there is no-tension interface between pipe and soil). With a tension considered, the soil 

behind the pipe also resists the pipe horizontal movement. It is seen that for η = 1.0 case, 

a ‘two-side failure mechanism’ is recorded, as shown in Fig. 2-6 and also observed in the 

centrifuge and PIV (particle image velocimetry) observation of Dingle et al. (2008).  
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For a pipe being uplift (θ =180o), the tension interface has a dominant influence on uplift 

resistance. With a no-tension interface, η = 0, the pipe simply lifts freely away from soil 

with no capacity (V = 0). With a tension interface, the soil under the pipe was mobilised 

to resist by tension force during pipe uplift. For η = 1.0, the ‘reverse bearing capacity’ 

mechanisms were observed, and as shown in Fig. 2-11 is comparable to the θ = 0o 

compressive mechanism.  

2.6 Concluding remarks 

This chapter presents capacity envelopes of shallowly embedded pipe under combined 

horizontal and vertical loadings, but with the additional component of considering 

possible tension between pipe and soil. The results from finite element analysis have been 

presented to show the effect of tension between pipe and soil on the capacity envelopes. 

As the tension coefficient η increases a significant increase in horizontal bearing capacity 

results. Closed-form expressions are presented as a function of pipe embedment ratio w/D 

and tension coefficient η that enable prediction of the maximum vertical and horizontal 

capacity, Vmax and Hmax (equation (2-3) ~ (2-6)), and the capacity envelopes (equation (2-

9)). 

The fitted equations in this chapter consider the influence of both pipe embedment and 

tension on the capacity envelope, which provides a simple analytical method for 

calculating the bearing capacity and describing the generalised behaviour of pipeline 

within a force-resultant plasticity framework. Modelling the pipe-soil in effective stress 

framework is of meaning to investigate the suction generation and thus tension coefficient 

in the future study. 
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TABLES 

Table 2-1. Summary of combined loading capacity envelope  

Reference Method1 Embedment ratio 
w/D 

Interface condition V-H expression Roughness factor α Tension capacity ratio2 
Cheuk et al. (2008) PA 0.05 ~ 0.5 0 and 1.0 0 and ∞3 N/A 
Randolph & White (2008) PA ≤0.5 0 and 1.0 0 N/A 
Hodder & Cassidy (2010) EX ≤8 0.3 ~ 0.36 Varying with depth ( ) ( ) 0/1/// 21

00000 =−−−= βββ VVVVVVVhHf t  
Zhang et al. (2002) EX 0.05 ~ 0.35 0.3 ~ 0.36 0.06 0)/1)(( maxmax =−+−= VVVVHf βµ  

Tian et al. (2010) EX ≤0.5 0.3 ~ 0.36 0 ( ) ( ) 0/1//)/( 21 2
0

2
00

22
00 =−−−= βββ VVVVVVVhHf t  

Merifield et al. (2008) FE ≤0.5 0 and 1.0 0 ( ) ( ) 0/1// 21
maxmaxmax =−−= βββ VVVVHHf  

Chatterjee et al. (2012) FE ≤0.5 0.5 0 ( ) ( ) 0/1/// 21
maxmaxmaxmaxmax =−−= βββ VVVVVHVHf  

Dutta et al. (2014) FE ≤2.0 0 and 1.0 0 N/A 
This study FE 0.1~0.5 0 and 1.0 0~1 ( ) ( ) 0/1// 21

maxmaxmax =−+−= ββηβ VVVVHHf  
 

1- PA: plasticity analysis;       EX: experimental modelling;        FE: finite element analysis 
2- denoting the tension capacity compared with compression capacity 
3- Unlimited tension (fully bonded) considered 
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FIGURES 

 
Fig. 2-1. Problem definition

 
Fig. 2-2. Finite element mesh and boundary conditions 
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(a) normal direction behaviour        (b) tangential direction behaviour 

Fig. 2-3. User defined interaction model 

 
Fig. 2-4. An example of probe test 



2.19 
 

 
Fig. 2-5. Vertical compression bearing capacity 
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(a) smooth interface α=0 

 
(b) rough interface α=1 

Fig. 2-6. Horizontal bearing capacity 
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Fig. 2-7. Comparison of capacity envelopes from Hodder & Cassidy (2010) and this 

study 
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(a) dimensionless load path for η=0 and 0.4 

 

(b) dimensionless load path for η=0.6 and 1.0 

Fig. 2-8. V-H dimensionless load path  
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Fig. 2-9. V-H normalised capacity envelopes 

 
Fig. 2-10. Comparison of fitted expressions and V-H load paths from finite element 

results 
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Fig. 2-11. Failure mechanisms for rough pipe with w/D=0.5 
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Chapter 3 Three-dimensional capacity envelopes under 
combined loadings considering the effect of tension in total 

stress analysis 

Chapter overview 

In Chapter 2, a new pipe-soil interface accounting for the tension between pipe 

and soil was developed. By employing this interface, the development of two-

dimensional V-H capacity envelopes to the magnitude of tension was studied 

within a total stress framework. Chapter 3 continues and extends Chapter 2, 

where the pipe-soil interface is updated and employed in three-dimensional 

modelling. The capacity envelopes under combined loadings in three-

dimensional loading space (vertical (V), horizontal (H) and axial (T)) that 

considers the effect of tension is investigated. Capacity envelopes are presented 

in normalised loading spaces and a mathematical expression is proposed to 

describe the three-dimensional capacity envelopes under combined loadings as a 

function of pipeline embedment ratio and tension capacity. Such a fully coupled 

three-dimensional capacity envelope is believed to be the first published in the 

literature. The total stress framework in Chapter 2 and Chapter 3 provides a basic 

understanding of the capacity envelopes development with consideration of the 

effect of tension. In the following chapters (Chapter 4, 5 and 6), an effective stress 

framework will be presented to investigate the capacity envelopes under 

combined loadings with explicit description the pore pressure generation and 

dissipation. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Three-Dimensional Capacity Envelopes of a Pipeline on Soft Clay Seabed 

Considering the Effect of Tension. To be submitted.  
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Abstract 

This chapter presents three-dimensional capacity envelopes of a pipeline partially 

embedded in clay and subjected to combined vertical (V), horizontal (H) and axial (T) 

loading. A pipe-soil interface is developed in three-dimensional and used to account for 

the effect of tension between the pipe and soil. Capacity envelopes under combined 

loadings are presented in normalised loading spaces and a mathematical expression is 

proposed to describe the three-dimensional capacity envelopes under combined loadings 

as a function of pipeline embedment ratio and tension capacity. This allows offshore 

engineers to estimate the soil resistance to pipelines under complex three-dimensional 

combined loading with consideration of the tension between pipe and soil. 

Keywords: three-dimensional; pipeline; bearing capacity; capacity envelope; numerical 

modelling 
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3.1 Introduction 

Offshore pipelines are generally laid directly on the seabed and operated in high 

temperatures and pressures conditions. This causes pipeline expansion. The development 

of axial compressive forces in pipeline due to seabed resistance can cause lateral buckling 

and axial walking problems. Uncontrolled lateral buckling can have serious consequences 

for the stability and integrity of a pipeline (Carr et al. 2003). Pipeline axial walking is the 

phenomenon, where irrecoverable expansion is accumulated over operational cycles of 

pressure or temperature changes due to the pipe heating up and cooling down, during 

operation start up and shut down respectively. 

Bruton et al. (2007) demonstrates the significant influence of pipe-soil interaction on 

lateral buckling and axial walking behaviour. Accurate assessment of the pipeline 

behaviour under combined vertical (V), horizontal (H) and axial (T) loading (see Fig. 3-1 

for the illustration) is essential to understand the geotechnical behaviour of offshore 

pipeline and to provide guidance for mitigating lateral buckling and axial walking (Bruton 

et al., 2008). Unfortunately, most available studies have not incorporated axial (T) 

resistance, although it is acknowledged as a critical aspect. 

Capacity envelopes for pipelines under combined loading have been proposed from 

previous studies, but they are mostly in two-dimensional V-H loading space: plasticity 

analysis (Cheuk et al., 2008; Randolph & White, 2008), experimental centrifuge 

modelling study (Zhang et al., 2002; Hodder & Cassidy, 2010; Tian et al., 2010) and 

numerical finite element analysis (Merifield et al., 2008; Chatterjee et al., 2012; Dutta et 

al., 2014; Zhou et al. 2018a). A coupled three-dimensional capacity envelope of pipeline 

under vertical (V), horizontal (H) and axial (T) loading is yet to be developed.  

This chapter carries out a systematic finite element study to investigate the three-

dimensional V-H-T capacity envelope considering tension between pipe and soil. The user 
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defined pipe-soil interface model developed in Chapter 2 is updated and extended to 

three-dimensions and employed in this chapter. Three-dimensional finite element analysis 

is validated and verified by comparison with theoretical solution and established 

numerical results. The combined loading capacity envelopes are presented in normalised 

loading space and a mathematic expression is proposed to describe three-dimensional 

capacity envelopes as a function of pipeline embedment ratio and tension capacity. This 

allows engineers to evaluate the capacity of offshore pipeline under combined loading 

with considering tension between pipe and soil. 

3.2 Finite element approach and tension modelling 

3.2.1 Finite element model 

All the finite element analyses presented in this chapter were three-dimensional models 

using the commercial package ABAQUS (see Dassault Systems, 2012 for details). Small-

strain analyses were conducted with the pipeline ‘wished-in-place’, without considering 

the soil heaving around the pipe shoulders or remoulding during installation. The pipe 

diameter is denoted as D and the embedment is w. Embedment ratio w/D varies from 0.1 

to 0.5, which is the zone of most interest for shallowly embedded on-bottom pipelines.  

A slice of model was carried out to represent a long pipe by using a narrow prism of brick 

element (see Fig. 3-2). The technique of Multiple Point Constrains (see Dassault Systems, 

2012 for details) was used to force identical response of the corresponding nodes on the 

vertical front and back plane (see Fig. 3-2). The pipe was a rigid body and the reference 

loading point was considered at the geometric centre of the pipe. The soil domain was 

1D × 10D × 5D, which was large enough to avoid boundary interferences. A coordinate 

system x-y-z was located on the initial position of the pipe centre. Two side planes of the 

soil were restrained along x direction and y direction but free to move along z direction, 

whereas the bottom plane was fixed in all three directions. Fig. 3-2 shows the mesh of the 
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finite element model as an example case of w/D = 0.3, which comprises ~157000 8-node 

linear brick elements C3D8 (see Dassault Systems, 2012 for details). Finer meshes around 

the pipe were used to improve the accuracy of the analyses, where the minimum element 

size was ~D/200. Mesh density sensitivity study had been conducted and this example’s 

mesh represents a good balance between computational efficiency and result accuracy.  

The soil was assumed to be homogeneous, isotropic and elastic perfectly plastic, modelled 

with the Tresca yield criterion, which is able to replicate soil behaviour in undrained 

condition. The undrained soil shear strength is su. The elastic behaviour was defined with 

Poisson’s ratio of 0.49 and Young’s modulus E = 400su, which is a reasonable 

representation of undrained clayey soil and widely used in the literature (e.g. Merifield et 

al., 2008, 2009, Zhou et al., 2018). It is noted that the Young’s modulus E does not 

influence the bearing capacity but only affects the stiffness (and thus computation effort) 

to reach the stabilised capacity.  

3.2.2 Modelling tension between pipe and soil 

A zero-thickness pipe-soil interface accounting for the effect of tension between pipe and 

soil was developed in two-dimensional loading space in Zhou et al. (2018, Chapter 2). In 

this chapter, this interface was updated and extended to three-dimensional. In this model, 

the behaviour of pipe-soil interaction in the normal direction is as shown in Fig. 3-3(a). 

When the elements on the pipe and soil contacting surfaces come closer (with positive ε 

denoting overclosure), contact pressure σ is generated with a large stiffness of pressure-

overclosure relationship Kn (taken as 106 in this study), which agrees with the ‘hard 

contact’ adopted as default interaction behaviour in ABAQUS (Curnier & Alart, 1988). 

When there is a gap between the contacting surfaces, a predetermined tension stress σt is 

specified to mimic the suction using the same stiffness Kn. By adjusting σt the pipe uplift 

bearing capacity Vt can be set as a fraction η of the maximum compression capacity Vmax, 



3.6 
 

where η = Vt/Vmax is termed as the tension coefficient in this chapter. 

Fig. 3-3(b) shows mechanical behaviour in two tangential direction between the contact 

surfaces based on a Coulomb friction model using the penalty algorithm (Ju & Taylor, 

1988). When the relative sliding γi is less than a tolerance γcrit (taken as 0.005 times the 

element length in this chapter), i.e. |γi| ≤ γcrit, the frictional shear stress performs a ‘stiff 

elastic behaviour’, where the stiffness is denoted as Kt. When the sliding |γi| > γcrit, the 

maximum frictional shear stress τcrit = µσ is reached, where σ is the normal mechanical 

pressure and µ is the friction factor. The subscript i = 1, 2 denotes the two tangential 

direction. The consistent stiffness matrix of the constitutive relationship of three-

dimensional model is defined as (see Ang, 1993; 1994 for reference): 
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(3-1b) 

where Kn and Kt are the normal and tangential stiffness respectively; Δε and Δ γi are the 

normal and tangential displacement increments; Δσ and Δτi are the normal and tangential 

stress increments. 

The maximum allowable shear stress at the interface, τmax, was set as αsu, where α is the 
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interface roughness. In this chapter, an extreme scenario, fully rough contact (α=1), was 

chosen for all analyses. 

3.2.3 Probe test 

In order to evaluate the three-dimensional V-H-T capacity envelope, the displacement 

controlled ‘probe test’ approach (Bransby & Randolph 1998; Gourvenec & Randolph 

2003; Supacharawote et al., 2005) was employed to identify capacity envelopes. The pipe 

was displaced at an angle α to the x axis, β to the y axis and γ to the z axis (see Fig. 3-2), 

where the three angles are not totally independent but have cos2α+cos2β+cos2γ=1. The 

ultimate capacity of the pipe can be determined when a plateau in the load-displacement 

response is reached. First, the probe tests only in V-H, T-H and T-V loading spaces were 

conducted with the displacement in the other direction set as 0. For example, in V-H 

loading space, the pipe was displaced with a constant value β = 90°. Second, for general 

three-dimensional V-H-T loading, a constant vertical load, expressed as a proportion (0.25, 

0.50 and 0.75) of the ultimate vertical capacity Vmax, was first applied and then a series 

of displacement probes tests were conducted to explore the capacity envelopes. For each 

pipe embedment in the 5 cases of w/D = [0.1, 0.2, 0.3, 0.4, 0.5], 60 displacement-

controlled probed tests were conducted to fit the V-H-T capacity envelopes. Considering 

6 cases of the tension coefficient η varying in the range of [0, 0.2, 0.4, 0.6, 0.8, 1.0] and 

5 embedment ratios, a total 60×5×6 = 1800 analyses are reported in this chapter. 

3.3 Results of the finite element analysis 

3.3.1 Validation and uniaxial capacity factor 

The normalised axial, vertical compression and horizontal capacity factor, 

Nct = Tmax/DLsu Ncv = Vmax/DLsu and Nch = Hmax/DLsu, for varying embedment without 

considering tension, i.e. η = 0, obtained from this study are summarised in Table 3-1. L is 

the length of contact area in the axial direction. The vertical compression capacity factor 

was validated against values of plasticity limit analysis (Randolph & White 2008), finite 
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element analysis (Merifield et al., 2008) and limit analysis (Martin & White 2012), where 

the difference is within 2% for each embedment. The horizontal capacity factor was 

compared with Merifield et al. (2008) which shows a close agreement. The theoretically 

axial capacity is the product of the pipe-soil contact area and soil shear strength su, which 

also agrees well with this study. 

Fig. 3-4 shows the normalised capacity factor Ncv, Nch and Nct  as circular, triangular and 

square symbols respectively. Ncv, Nch and Nct have a strong relation with embedment ratio 

w/D. Under vertical compression or axial loading, it is believed that the pipe does not 

separated from the soil, thus no tension between pipe and soil is generated. When the 

pipeline is subjected to horizontal loading, tension is generated in the soil behind the pipe 

to resists the pipe horizontal movement. Thus, the tension coefficient η does not influence 

the axial and vertical compression capacity factors Nct and Ncv much, but significantly 

influences the horizontal capacity factor Nch. The vertical compression and horizontal 

capacity factor, Ncv and Nch, for different embedment considering the effect of tension 

was the same as Zhou et al. (2018, Chapter 2):  

( )0.4 7.40cvN w D=  (3-2a) 

( ) ( )( )0.82 0.572 3.26 5.54 5.02ch w D wN Dη η−+=  (3-2b) 

It is appropriate to describe the axial capacity by assuming a ‘skin friction’ model. The 

theoretical axial capacity factor can be calculated as the product of the pipe-soil contact 

area and soil shear strength su (see the inset of Fig. 3-4): 

1 2 cos 1ct
wN

D
−  = − 
 

 (3-2c) 

The uniaxial bearing capacity factor predicted by equation (3-2) is shown in Fig. 3-4, 

which shows a close agreement with this study’s results. 

3.3.2 Capacity envelope in V-H loading space (T = 0, β = 90°) 
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Fig. 3-5 shows the normalised V-H capacity envelopes obtained by the FE analysis for 

the embedment cases of w/D = 0.3. The vertical load and horizontal load are normalised 

by the corresponding bearing capacity value as V/Vmax and H/Hmax. It can be seen that the 

horizontal and vertical uplift capacity increases with increasing tension coefficients η and 

hence the shape of the dimensionless capacity envelopes shifts with η. Zhou et al. (2018, 

Chapter 2), proposed: 

1 2

0
max max max

1 0H V V
H V V

β β

β η
   

− + − =   
   

 (3-3) 

to describe the V-H capacity envelope, where ( ) 1 2

1 2 1 2

0 1 2 1 2/ [ (1 ) ]β β β β β ββ β β β β η+ += + +  and 

parameters β1 =0.634 and β2 = 0.749. Fig. 3-5 compares the normalised V-H capacity 

envelopes obtained by FE analysis for all embedment cases with fitting curve from 

equation (3-3), which shows a good agreement. 

3.3.3 Capacity envelope in T-V loading space (H = 0, α = 90°) 

Fig. 3-6 shows the normalised T-V capacity envelopes obtained by FE analysis for the 

embedment w/D = 0.3. The axial load and vertical load are normalised by the 

corresponding bearing capacity values as T/Tmax and V/Vmax. For the range of 

0.8η < V/Vmax < 0.8, nearly no coupling of axial capacity and vertical capacity can be 

observed. A pure sliding mechanism is observed in this region. It is interesting to note 

that the coupling range of axial capacity and vertical capacity is relatively small, i.e. 

V/Vmax > 0.8 and V/Vmax < -0.8η. The T-V capacity envelope can be fit using: 

0.52
max

max

0.81
0.2

V VT
T

 − = −  
   

          for V/Vmax > 0.8  (3-4a) 

max

1T
T

=                                                   for -0.8η < V/Vmax < 0.8 (3-4b) 
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0.52
max

max

0.81
0.2

V VT
T

η
η

  + 
= −  

   
       for V/Vmax < -0.8η (3-4c) 

The goodness of the curve fitting can be observed for the embedment cases of w/D=0.3 

in Fig. 3-6. Equation (3-4) is also verified to have a good fitting for other embedment 

ratios. 

3.3.4 Capacity envelope in H-T loading space (V = 0, γ = 90°) 

Fig. 3-7(a) and (b) show the dimensionless and normalised capacity envelopes obtained 

by FE analysis for the embedment w/D = 0.3. For the range of H/Hmax < 0.6, nearly no 

coupling of axial capacity and horizontal capacity can be observed. Again, a pure sliding 

mechanism is observed in this region. The following equation can be used to fit the 

coupled axial and horizontal capacity: 

0.52
max

max

0.61
0.4

H HT
T

 − = −  
   

        for H/Hmax > 0.6  (3-5a) 

max

1T
T

=                                                    for H/Hmax < 0.6 (3-5b) 

The comparison between FE results for the embedment cases of w/D = 0.3 and Equation 

(3-5) are presented in Fig. 3-7(b), showing divergence of less than 5%. Equation (3-5) is 

also suitable for other embedment ratios. 

3.3.5 Capacity envelope in T-V loading space at varying vertical load 

Fig. 3-8 shows the capacity envelope in normalised H-T loading space at vertical load of 

V = 0.25Vmax, 0.5Vmax and 0.75Vmax for embedment w/D = 0.3. It is can be seen that 

horizontal capacity and axial capacity is influenced by the level of vertical load. The axial 

and horizontal capacity reduced with greater vertical load as the capacity envelope 

contracts towards the origin (H=0, T=0). With the increases of vertical load, the tension 

starts to have a more significant influence on the capacity envelope.  
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3.3.6 Three-dimensional capacity envelope in V-H-T loading space 

Two-dimensional slices through a three-dimensional envelope, such as those shown in 

Fig. 3-5~ Fig. 3-8, illustrate the allowable combined loading that a pipe can bear. It would 

be convenient if the form of the response of pipe-soil interaction in three-dimensional 

space can be defined explicitly. A mathematical expression is proposed to describe three-

dimensional V-H-T capacity envelopes for a pipeline: 

11 3 1 2
1/

2 0
max max max max

1 0H T V V
H T V V

αα α β β

α β η
        
 + − + − =       
         

 (3-6) 

where ( ) 1 2

1 2 1 2

0 1 2 1 2/ [ (1 ) ]β β β β β ββ β β β β η+ += + +   and parameters β1 =0.634 and β2 = 0.749 

suggested from equation (3-3) (Zhou et al. 2018, Chapter 2). The best fit of finite element 

analyses results can be achieved by using α1 = 1.420, α2 = 0.493 and α3 = 4.290.  

Fig. 3-9 shows an example of the three-dimensional capacity envelope from equation (3-

6) for the case of η = 0.6. Fig. 3-10 illustrates the comparison of the capacity envelopes 

from the finite element results shown in Fig. 3-8 with equation (3-6) for embedment 

w/D = 0.3 and tension coefficient η = 0.2, 0.6 and 1.0. It is noted that the capacity 

envelope represents the best fit of all the 1800 cases, though slight differences for 

individual cases can be observed. The comparison shows that equation (3-6) captures the 

evolution of the capacity envelopes considering the effect of tension. 

3.4 Conclusion remarks 

A user-defined interface model was updated and extended to simulate the tension 

behaviour between pipe and soil in three-dimensional. Three-dimensional capacity 

envelopes of shallowly embedded pipe were developed that also consider tension between 

pipe and soil. The results from finite element analyses are presented to show the effect of 

tension between pipe and soil on the three-dimensional capacity envelopes. A 

mathematical expression is presented as a function of pipe embedment ratio w/D and 
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tension coefficient η that enable the assessment of the three-dimensional capacity 

envelopes. The three-dimensional capacity envelope developed is expected to improve 

the understanding of the geotechnical behaviour of offshore pipeline and to provide 

assistance for pipeline lateral buckling and axial walking modelling. 

3.5 References 

American Petroleum Institute (API) (2000). RP2A: Recommended Practice for Planning, 
Designing and Constructing Fixed Offshore Platforms, Washington DC. 

Ang, G. (1993). “Implementation of coulomb friction in user subroutine FRIC using the 
penalty method.” HKS Technical Note. 

Ang, G. (1994). “Lagrange implementation of coulomb friction using user subroutine 
Fric.” HKS Technical Note. 

Bransby, M. F., & Randolph, M. F. (1998). “Combined loading of skirted foundations.” 
Geotechnique, 48(5), 637-55. 

Bruton, D.A., Bolton, M., Carr, M. and White, D., (2008). “Pipe-soil interaction with 
flowlines during lateral buckling and pipeline walking-The SAFEBUCK JIP.” In 
Offshore Technology Conference. 

Carr, M., Bruton, D. and Leslie, D., (2003). “Lateral buckling and pipeline walking, a 
challenge for hot pipelines.” In Offshore Pipeline Technology Conference, 
Amsterdam (pp. 1-36). 

Chatterjee, S., White, D. J. & Randolph, M. F. (2012). “Numerical simulations of pipe-
soil interaction during large lateral movements on clay.” Geotechnique, 62(8), 
693-705. 

Cheuk, C. Y., White, D. J., & Dingle, H. R. C. (2008). “Upper bound plasticity analysis 
of a partially-embedded pipe under combined vertical and horizontal loading.” 
Soils and Foundations, 48(1), 133-140. 

Curnier, A., & Alart, P. (1988). “A generalized newton method for contact problems with 
friction.” Journal De Mecanique Theorique Et Appliquee, 7, 67-82. 

Dassault Systèmes (2012). Abaqus Analysis User's Manual, SIMULIA, Providence, RI. 

Dingle, H.R. C., White, D. J., & Gaudin, C. (2008). “Mechanisms of pipe embedment 
and lateral breakout on soft clay. Canadian Geotechnical Journal.” 45(5), 636-652. 

Dutta, S., Hawlader, B., & Phillips, R. (2014). “Finite element modeling of partially 
embedded pipelines in clay seabed using Coupled Eulerian-Lagrangian method.” 
Canadian Geotechnical Journal, 52(1), 58-72. 

Gourvenec, S., & Randolph, M. F. (2003). “Effect of strength non-homogeneity on the 
shape of capacity envelopes for combined loading of strip and circular 
foundations on clay.” Geotechnique, 53(6), 575-586. 



3.13 
 

Hodder, M. S., & Cassidy, M. J. (2010). “A plasticity model for predicting the vertical 
and lateral behaviour of pipelines in clay soils.” Geotechnique, 60(4), 247-263. 

ISO (2002) Petroleum and Natural Gas Industries – Specific Requirements for Offshore 
Structures – Part 4: Geotechnical and Foundation Design Considerations, 
ISO/FDIS 19901-4:2002, International Organization for Standardization, Geneva, 
Switzerland. 

Ju, J. W., & Taylor, R. L. (1988). “A perturbed lagrangian formulation for the finite-
element solution of nonlinear frictional contact problems.” Journal De Mecanique 
Theorique Et Appliquee, 7, 1-14. 

Martin, C. M., & White, D. J. (2012). “Limit analysis of the undrained bearing capacity 
of offshore pipelines.” Geotechnique, 62(9), 847. 

Merifield, R. S., White, D. J., & Randolph, M. F. (2008). “The ultimate undrained 
resistance of partially embedded pipelines.” Geotechnique, 58(6), 461-470. 

Merifield, R. S., White, D. J., & Randolph, M. F. (2009). “Effect of surface heave on 
response of partially embedded pipelines on clay.” Journal of Geotechnical and 
Geoenvironmental Engineering, 135(6), 819-829. 

Randolph, M. F., & White, D. J. (2008). “Upper-bound yield envelopes for pipelines at 
shallow embedment in clay.” Geotechnique, 58(4), 297-301. 

Supacharawote, C., Randolph, M. F., & Gourvenec, S. (2005). “The effect of crack 
formation on the inclined pullout capacity of suction caissons.” Proc. 11th Int. 
Conf. Computer Methods and Advances in Geomechanics, Turin 2, 577-584. 

Tian, Y., Cassidy, M. J., & Gaudin, C. (2010). “Advancing pipe-soil interaction models 
through geotechnical centrifuge testing in calcareous sand.” Applied Ocean 
Research, 32, 294-297. 

Zhang, J., Stewart, D. P., & Randolph, M. F. (2002). “Modelling of shallowly embedded 
offshore pipelines in calcareous sand.” Journal of Geotechnical and 
Geoenvironmental Engineering ASCE, 128, 363-371. 

Zhou, T., Tian, Y., & Cassidy, M. J. (2018). “Effect of tension on the combined loading 
capacity envelope of a pipeline on soft clay seabed.” International Journal of 
Geomechanics, 18(10), 04018131. 

 



3.14 
 

TABLES 

Table 3-1. Validation of axial, vertical compression and horizontal bearing capacity factor 
  Vertical compression bearing capacity factor, Ncv 

Embedment ratio This study Randolph & White (2008) Merifield et al. (2008) Martin & White (2012) 
0.1 3.11 3.37 3.06 3.03 
0.2 4.18 4.21 4.13 4.10 
0.3 4.76 4.81 4.71 4.70 
0.4 5.23 5.33 5.18 5.17 
0.5 5.48 5.64 5.43 5.59 
  Horizontal bearing capacity factor, Nch Axial bearing capacity factor, Nct 

Embedment ratio This study Merifield et al. (2008) This study Theoretical solution 
0.1 0.50 0.49 0.64 0.64 
0.2 0.90 0.87 0.93 0.93 
0.3 1.26 1.21 1.16 1.16 
0.4 1.58 1.54 1.37 1.37 
0.5 1.87 1.85 1.57 1.57 
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FIGURES 

 
Fig. 3-1. Problem definition 

 
Fig. 3-2. Finite element mesh and boundary conditions for embedment w/D=0.3 
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(a) normal direction behaviour       (b) tangential direction behaviour 

Fig. 3-3. User defined interaction model 

 
Fig. 3-4. Normalised bearing capacity against embedment 
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Fig. 3-5. Normalised capacity envelopes for pipeline under combined V-H loading 

 

Fig. 3-6. Normalised capacity envelopes for pipeline under combined T-V loading 
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(a)Dimensionless capacity envelopes under combined H-T loading 

 

(b)Normalised capacity envelopes under combined H-T loading 

Fig. 3-7. Dimensionless and normalised capacity envelopes for pipeline under combined 
H-T loading 
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(a) V/Vmax = 0.25 

 

(b) V/Vmax = 0.50 
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(c) V/Vmax = 0.75 

Fig. 3-8. Normalised capacity envelopes for pipeline under T-V-H loading

 
Fig. 3-9. An example of three-dimensional capacity envelope for η = 0.6 



3.21 
 

 

(a) η = 0.2 

 

(b) η = 0.6 
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(c) η = 1.0 

Fig. 3-10. Comparison of finite element results with equation (3-6) 
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Chapter 4 A pore-fluid gap interface accounting for the effect 
of tension in effective stress analysis 

Chapter overview 

Chapter 2 and 3 presented the capacity envelopes under combined loadings 

considering the effect of tension between pipe and soil within a total stress 

framework. The interface developed in Chapter 2 and 3 has the limitation that 

only the mechanical behaviour can be captured for tensile loads, with a 

predetermined level of uplift capacity defined and with no pore pressure explicitly 

modelled. In this Chapter 4, a pore-fluid gap interface that accounts for both the 

mechanical behaviour of soil skeleton and the pore pressure behaviour is 

developed. This pore-fluid gap interface allows the separation and attachment 

between pipe and soil to be defined according to the suction developed, which is 

a function of the loading rate. The pore-fluid gap interface is compared with two 

available structure-soil interfaces, i.e. fully bonded and ‘water elements’ interface, 

in a coupled analysis of a surface footing model. The fundamentally different 

uplift mechanism between the two available interfaces and the new pore-fluid gap 

interface developed in this chapter is presented. The pore-fluid gap interface can 

effectively describe the transition of soil behaviour from undrained condition to 

drained condition at varying loading rates. This chapter not only provides a 

comprehensive coupled structure-soil interface model, but it prepares the 

necessary numerical tools to study uniaxial capacity of pipeline and the capacity 

envelopes under combined loadings for pipe-soil interaction considering loading 

rate in the coupled analyses in Chapter 5 and 6. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Comparative Study of the Structure-Soil Interfaces Used to Model 

Compression and Uplift of a Surface Footing on Clay. To be submitted.  
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Abstract 

This chapter reports the development of a new pore-fluid gap interface for use in coupled 

finite element analysis. It uses the modified Cam Clay constitutive soil model to 

investigate compression and uplift of a surface footing and allows an explicit 

consideration of loading rate. Two available structure-soil interfaces, i.e. fully bonded 

interface and ‘water element’ interface, are compared with the new pore-fluid gap 

interface. Results show that similar compression and uplift resistance capacity in 

undrained soil condition can be well predicted by all the models. However, the two 

available structure-soil interfaces lead to a large overestimation of the partial drained and 

fully drained uplift resistance capacity because the structure is not allowed to separate 

from the soil. The new pore-fluid gap interface model can capture realistic soil response 

during varying uplift loading rate, which is an essential requirement in numerical 

modelling of uplift behaviour. 

 

Keywords: finite element method; coupled analysis; soil-structure interface; 

consolidation  
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4.1 Introduction 

Structure-soil interaction remains a fundamental but challenging geotechnical topic. A 

key problem is the development of a versatile interface to account for both the mechanical 

behaviour of the soil skeleton and the pore pressure behaviour of the pore fluid. This 

problem is especially relevant for offshore engineering, where the compression and uplift 

of a footing into and from the seabed can be undrained, partially drained or fully drained, 

depending on the loading rate. Some practical examples, where an efficient interface is 

especially critical to investigating the failure mechanism, including the modelling of on-

bottom pipelines, shallow foundations and bucket or skirted foundations, (Puech et al., 

1993; Deng et al., 2000; Acosta-Martinez et al., 2008; Lehane et al., 2008; Chen et al., 

2012).  

However, most available structure-soil interfaces in the literature did not distinguish the 

contribution from the effective stress of the soil skeleton and the pore pressure, though 

this is sometimes acceptable for undrained or drained analysis using a total stress 

framework. The current most common practice in the finite element method is to treat the 

contacting surfaces as fully bonded (Bransby, 2002; Song et al., 2008; Mana et al., 2012; 

Gourvenec et al., 2014; Li et al., 2014, 2015; Fu et al., 2015). As shown in Fig. 4-1(a), 

the degree of freedom of the ‘slave’ surface is coupled to that of the ‘master’ surface 

(where master and slave surfaces refer to structure and soil surfaces, respectively). This 

interface gives acceptable results for compression problems, as the structure does not tend 

to separate from the soil, and for undrained uplift, where the generated suction (negative 

excess pore pressure) is strong enough to sustain the soil adhered to the structure. 

However, this interface fails to give reasonable results for uplift in partially drained or 

fully drained conditions, as it does not allow the structure to separate from the soil.  
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Another available interface in the literature is a thin layer of ‘water elements’ (see Mana 

et al., 2014 for an example) connecting the structure and soil; This interface is used to 

ensure the compatibility of the pore pressure and the displacement between the footing 

and the soil (see Fig. 4-1(b)). By artificially adjusting the stiffness of the water element, 

this method performs satisfactorily in modelling seepage and consolidation, although the 

footing-bearing capacity can be underestimated, as shown later in this chapter. Moreover, 

this water element fails to predict the uplift resistance capacity, as the water element lacks 

the capacity to model separation of footing from the soil, regardless of how soft it is 

specified as.  

For uplifting analysis in a partially drained condition, the suction below the footing can 

vary and the fully bonded and water interfaces become inadequate, and thus a more 

advanced model formulation is required. A novel interface to describe both the 

mechanical and the pore pressure development between the structure and the soil is 

proposed in this chapter. When the effective pressure between the structure and the soil 

skeleton becomes zero, the mechanical contacting between the two surfaces becomes 

open (see Fig. 4-1(c) for illustration). In this model, the pore pressures at the contacting 

master and slave surfaces are set as equal, uM = uS. The fluid flow into the master and 

slave surface is denoted as qM and qS, respectively. When the gap is changing, qM and qS 

are associated with removing or adding fluid from the surfaces. The relationship between 

the gap changing and the pore fluid flow can be expressed as 

( ) M Sq qh = − +  (4-1) 

where h is the gap dimension. 

The three interfaces of fully bonded, ‘water element’ and the developed pore-fluid gap 

interface, are summarised in Table 4-1. These interfaces are compared in this chapter for 

a coupled analysis of a surface footing. This is believed to be the simplest geometry and 
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appropriate to demonstrate the interface models. Two scenarios are modelled in the next 

section, i.e., undrained compression (fast penetration) and uplift with varying uplift rates 

covering a full range of undrained, partially drained and fully drained conditions. 

4.2 Finite element model and analysis cases 

4.2.1 Finite element model 

All the finite element analyses presented in this study were conducted in the two-

dimensional plane strain condition, as illustrated in Fig. 4-2. The surface footing was 

considered a rigid body with a width B = 1 m. The width and depth of the soil domain 

were set as 10B and 5B, respectively, which were proven to be large enough to eliminate 

the boundary influence. The two side edges of the soil were restrained horizontally but 

free to move vertically, whereas the bottom edge was fixed in both directions. The pore 

water flow was allowed across the top free-soil surface, meaning that the top free surface 

always has a zero-pore pressure except the region under footing. The finite element model 

comprised ~8,500 continuum 4-node plane strain quadrilateral elements with the pore 

pressure degree of freedom, as shown in Fig. 4-1. Fine meshes around the shallow 

foundation bottom and corners, with the minimum element size of ~B/50, were used to 

improve the accuracy of the analyses. A mesh sensitivity study was conducted, and the 

mesh used in this study represents a good balance between accuracy and computational 

efficiency.  

4.2.2 Soil parameters 

The Modified Cam Clay (MCC) soil constitutive model (Roscoe & Burland, 1968; 

Schofield & Wroth, 1968) was adopted to describe the seabed soil, where the parameters 

of the MCC model used for the analyses are listed in Table 4-2. These parameters are 

typical values for commercially available kaolin clay (Stewart, 1992).  
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The soil was considered to be initially K0 consolidated, where K0 = 1- sinφ', and φ' is the 

friction angle in a triaxial compression condition. The initial size of the yield surface can 

be determined by p'c = q02/M2p'0+p'0, where M = 6sinφ'/(3-sinφ'), and p'0 and q0 are the 

initial mean and the deviatoric effective stress, respectively (see Fig. 4-3 for illustration 

of the MCC model). The initial void ratio e0 is expressed as 

( )
'

'
0 0ln ln

2
c

cs
pe e pλ κ κ

 
− 

 
−= −  (4-2) 

where λ and κ are the slopes of the normal compression line and the swelling-

recompression line. ecs is the void ratio at p' = 1 kPa on the critical state line. 

To facilitate interpretation of the numerical results, the soil was considered uniform, with 

a surcharge of 200 kPa applied on the top soil surface. This simplification of using 

uniform soil benefits from allowing normalisation of the results without requiring the 

consolidation coefficient cv to be chosen at a specific depth. The equivalent undrained 

shear strength was calculated using the expression proposed by Wroth (1984) 
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 (4-3) 

where a = (3-sinφ)/(6-4sinφ), and σ'v is the initial vertical effective stress. The undrained 

shear strength su in this study is calculated as 57.2 kPa, which is considered to reasonably 

represent firm clay in a shallow seabed (for instance, heavily overconsolidated soils found 

in the North Sea). The results from this study are all normalised; thus, the conclusions 

from this chapter are not only limited to this particular value but also applicable to a broad 

range of soil shear strength. 

4.2.3 Three interfaces describing the footing-soil interaction 

The fully bonded interface couples the mechanical degree of freedom of the nodes 

between the footing and the soil in the normal direction. In the water element interface, 
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one layer of thin poroelastic elements lies between the soil and the footing. To be 

comparable with Mana et al. (2014), the water elements were assigned with Poisson’s 

ratio μ = 0 to eliminate the tangential coupling influence and to minimum restraint in 

response to changes in volume of water element, and four different Young’s moduli 

(E = 0.01 kPa, 1 kPa, 10 kPa, and 106 kPa) were used to . The permeability of the water 

element, kw, was set as 1 m/s, which is proven to have a negligible effect on the rate of 

displacement of the footing due to seepage (Mana et al. 2014). The top and bottom 

surfaces of the water elements were fully coupled with the footing and the soil in the 

normal direction. 

4.2.4 Loading rate 

The surface footing was displaced for a small vertical distance, w, with different velocities, 

v. A positive value of w and v denotes compression, and a negative value denotes uplift. 

The dimensionless velocity is defined as 

v

vBV
c

=  (4-4) 

where cv, the in-situ consolidation coefficient of the soil, can be determined as 

( ) '
01 v

v
w

k e
c

σ
λγ
+

=  (4-5) 

where k is the permeability of the soil, and γw is the unit weight of pore fluid of water. 

Consistently, the dimensionless time factor can be defined as 

2
vT c t

B
=  (4-6) 

where t is the time duration when the surface footing is displaced.  

4.2.5 Analysis cases 
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For each of the 3 interfaces, a fast compression (V=10000) and 8 uplift cases with a 

dimensionless uplift rate V of [-10000, -1000, -100, -10, -1, -0.1, -0.01, -0.001] were 

conducted. The highest value of |V|=10000 was deemed to be in a fully undrained 

condition, where the excess pore pressure did not have enough time to dissipate. Slower 

velocities of the surface footing movement led to a partially drained or even fully drained 

condition. 

4.3 Interpretation of Results 

4.3.1 Compression at an undrained loading rate (V = 10000) 

Fig. 4-4 presents the normalised undrained compression resistance (Fcom/Bsu) against the 

normalised displacement (w/B) for all 3 interfaces. The undrained compression bearing 

capacity for the fully bonded interface, the high Young’s modulus water element interface 

(E = 106 kPa) and the pore-fluid gap interface proposed in this chapter are Nc = 5.12, 5.20 

and 5.18, respectively, which show close agreement with the theoretical value of 5.14. 

This agreement can be considered partial validation of the pore-fluid gap interface 

proposed in this chapter. The water element interface with the lower Young’s moduli 

(E = 0.01 kPa, 1 kPa, and 10 kPa) predicted much softer responses and lower capacity, 

resulting in an unrealistic resistance response.  

Fig. 4-5 shows the contours of the displacement field plots from the finite element 

analysis to compare the failure mechanism of the three interfaces. For the fully bonded 

interface, the high modulus water element interface (E = 106 kPa) and the pore-fluid gap 

interface, all three cases are found to exhibit nearly the same failure mechanisms, 

resulting in the close undrained compression bearing capacity (as shown in Fig. 4-4). For 

the water element interface with the low Young’s modulus (E = 10 kPa), the surface 

footing compressed the water element in the region where the soil was not fully mobilised.  
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The effective stress paths of the soil element located 0.05B beneath the surface footing 

invert (see the inset) are shown in Fig. 4-6, where p’ and q are the mean effective stress 

and the deviatoric stress, respectively. In the p’- q space, all of the stress paths start from 

the initial point O (bearing in mind the initial stress conditions of vertical stress 

σ'v = 200.0 kPa, K0 = 0.6 and thus p'0 = 146.7 kPa and q0 = 80.0 kPa). The uplift cases 

also shown in this Figure will be interpreted in a later part. The stress paths all merge into 

the critical state line, and the final stress path point is denoted CB for the fully bonded 

interface; CW1, CW2, CW3, and CW4 for the water element interface with E = 0.01 kPa, 1 

kPa, 10 kPa, and 106 kPa, respectively; and CP for the pore-fluid gap interface. For the 

fully bonded interface, the water element interface with E = 106 kPa and the pore-fluid 

gap interface, the effective stress p’ is reduced while the stress path endpoints CB, CW4 

and CP remain effectively the same. This observation corresponds to the undrained 

compression stress path. With the decrease of the Young’s modulus of the water element 

interface, the stress path moves along the undrained compression stress path but does not 

reach the critical state line, explaining why the undrained bearing capacity was not 

mobilised in Fig. 4-4. 

4.3.2 Uplifting at a varying rate 

Fig. 4-7 presents the development of normalised uplift resistance |Fuplift/Bsu| against 

normalised displacement w/B for three interfaces at varying uplift rates. For the fully 

bonded interface shown in Fig. 4-7(a), the uplift bearing capacity factor Nc = 5.15 

approaches the theoretical bearing capacity factor 5.14 at the uplift loading rate |V| ≥ 1000. 

For the cases of lower uplift rates, the negative excess pore pressure starts to dissipate, 

and the normalised uplift resistance decreases. For the slowest uplift rate (V = -0.001), 

the negative excess pore pressure essentially fully dissipates, but the normalised uplift 

resistance was calculated as 3.55 because the soil skeleton was fully bonded to the surface 
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footing to sustain uplift, even though no suction exists, leading to an overestimation of 

the partially drained and fully drained uplift resistance.  

For the high modulus water element interface (E = 106 kPa), shown in Fig. 4-7(b), the 

uplift bearing capacity shows a similar trend with the fully bonded interface, i.e., 

predicting the undrained uplift resistance Nc = 5.15 well but overestimating the partially 

drained and fully drained uplift resistance. For the water element interface with a low 

Young’s modulus (E = 0.01 kPa, 1 kPa, and 10 kPa), this interface provides an unrealistic 

soft response that is similar to the high Young’s modulus case, and the soil is not allowed 

to separate. 

For the pore-fluid gap interface, shown in Fig. 4-7(c), the two high velocities of uplift 

loading rates (i.e., V = -1000 and -10000) of this study show nearly the same normalised 

uplift resistance, suggesting that fully undrained conditions were reached. The uplift 

bearing capacity factor is calculated as 5.19, which is in good agreement with the 

theoretical bearing capacity factor of 5.14. In cases of a lower uplift loading rate, the 

negative excess pore pressure starts to dissipate, resulting in the decrease in the uplift 

bearing capacities. For a slow uplift loading rate (|V| ≤ 0.1), the surface footing was seen 

to freely uplift, indicating that the negative excess pore pressure is nearly fully dissipated, 

and the soil responses eventually reached the drained condition.  

Fig. 4-8 shows the vertical component of the effective pressure and the excess pore 

pressure acting on the surface footing at differing uplift loading rates for three contact 

interfaces.  

For the undrained case (V = -10000) with the fully bonded interface (Fig. 4-8(a)), the 

uplift bearing capacity was found to be essentially only derived from the negative excess 

pore pressure. The effective pressure contribution is negligible. For the partially drained 
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cases (V = -100 and V = -10), the negative excess pore pressure started to dissipate, but 

the effective pressure between the footing and the soil started to increase due to the fully 

bonded soil skeleton. For the drained cases (V = -0.001), the negative excess pore 

pressure fully dissipated and the footing was resisted by the effective pressure. These 

unrealistic effective pressure contributions caused a large overestimation of the partially 

drained and drained uplift resistance.  

For the water element interface (the case of E = 106 kPa is shown in Fig. 4-8(b)), the force 

acting on the footing cannot be separated from the effective pressure and the excess pore 

pressure contribution because the footing is ‘tied’ to the soil. Thus, the total pressure is 

shown in the Figure. For the partially drained cases (V = -100 and V = -10), the negative 

excess pore pressure dissipates in the water element. For the fully drained case (V = -

0.001), when the negative excess pore pressure is fully dissipated, the footing is resisted 

by the effective pressure. In this case, the water element interface behaved similar to the 

fully bonded interface. 

For the pore-fluid gap interface (Fig. 4-8(c)), the uplift bearing capacity was only affected 

by the negative excess pore pressure. For the partially drained cases (V = -100 and V = -

10), the negative excess pore pressure started to dissipate, resulting in the decrease of the 

uplift bearing capacity. For the fully drained case (V = -0.001), the negative excess pore 

pressure fully dissipated and the uplift bearing capacity reduced to 0.  

The effective stress paths of different uplift loading rates are shown in the lower part of 

Fig. 4-6 and are compared with the compression case. For the fully bonded interface, UB1, 

UB2, UB3, UB4, UB5, UB6, UB7, and UB8 are the endpoints of the stress paths of the cases 

of V = -0.001, -0.01, -0.1, -1, -10, -100, -1000, and -10000, respectively. For the slowest 

loading rate (V = -0.001), the stress path is similar to the tension in the triaxial test. After 

reaching the initial yield surface, the stress paths move back towards UB1 on the critical 
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state line, indicating that the yield surface of the soil is decreased. The decrease in the 

yield surface corresponds to the softening behaviour that follows the peak value in the 

load-displacement curve (Fig. 4-7(b)). For the cases of V = -1000 and V = -10000, the 

stress path moves to UB7 and UB8, where there is zero volume change, and thus the 

undrained condition is reached.  

Only the water element interface with E=106 kPa is shown in the Figure. For the slowest 

loading rate (V = -0.001), the stress path first reached the initial yield surface and then 

moved back to UW1. Due to the convergence of the analysis, the stress path did not fully 

retreat back to the critical state line. With the increase in the loading rate, the stress path 

reached the point UW4 (V = -1) and eventually moved to UW8, indicating the undrained 

stress path of uplift. 

For the fully drained case V ≤ -0.1 with the pore-fluid gap interface, the negative excess 

pore pressure was fully dissipated, there was essentially no change in the effective stress, 

and the stress paths remained at point O (UP1, UP2, UP3). With the increase in the loading 

rate, the stress paths started to retreat into the yield surface (i.e., elastic unloading), where 

the stress path moved from point O to point UP4 for the case of V = -1, to point UP5 for 

V = -10 and to point UP6 for V = -100. Eventually, the stress paths reached the yield 

surface in the tension side and then moved to points UP7 and UP8 on the critical state line 

(V = -1000, 10000).  

4.3.3 Comparison between the pore-fluid gap interface and experimental 

observation 

A set of circular and square skirted foundation uplift tests with different uplift rates were 

conducted at 200g drum centrifuge facility at the University of Western Australia (Stewart 

et al., 1998) and tests were reported by Li (2015). The model seabed consisted of normally 
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consolidated kaolin clay. Both circular and square skirted foundations had overall 

dimension of D = 20 mm (12 m in prototype) in diameter or width. Both models had a 

skirt length of h = 12 mm (2.4 m in prototype) giving an embedment ratio h/D = 0.2. The 

skirted foundation was connected to an actuator that was used to uplift skirt foundations 

by applying various uplift displacement rates ranging from v = 0.0005 to 3 mm/s 

(representing dimensionless velocity: V = vD/cv = 0.6 to 3784.3). Fig. 4-9 shows the 

uplift resistance of skirted foundation (Li, 2015) at failure normalised by the undrained 

uplift resistance, F/Fundrained, versus the dimensionless velocity V = vB/cv.  

This chapter’s results of surface footing with the pore-fluid interface are also shown in 

the Figure for comparison. Additional analyses of cases with the same dimensionless 

velocity in Li’s test (2015)were also conducted. A close agreement is found between the 

present study using the pore-fluid gap interface results and the centrifuge experiment 

results. It is argued that the control mechanism of skirted foundation and surface footing 

under uplifting is essentially due to the suction generation under the base of foundation, 

though the skirt was presented in Li (2015). This agreement shows that the pore-fluid gap 

interface developed in this chapter can effectively predict the transition of soil behaviour 

from the undrained condition to the drained condition.  

4.4 Concluding remarks 

This chapter presents the vertical capacity of the surface footing under compression and 

uplift for different loading rates. Results are based on coupled analysis involving the 

comparison of a new pore-fluid gap interface with available interfaces. The advantage of 

the new interface is that it can accurately account for the behaviour from both the soil 

skeleton and the pore fluid. The fundamentally different uplift mechanism between 

available structure-soil interfaces and the new pore-fluid gap interface was considered 

over the whole range of drainage conditions. 
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TABLES 

Table 4-1. Summary of structure-soil interfaces 

Interface Description Suitable for Comment 
Fully bonded 

interface 
The degrees of freedom of surfaces 
are coupled 

Fully undrained compression and 
uplift 

Overestimating partially drained and fully 
drained uplift resistance 

Water element 
interface 

A thin layer is the connection between 
the structure and soil 
Top and bottom surfaces are coupled 
with the structure and soil, 

 

Fully undrained compression and 
uplift with high Young’s modulus 

Compression and uplift resistances are 
influenced by Young’s modulus 

Pore-fluid gap 
interface 

Pore-fluid flowing is associated with 
gap changing 

Compression and uplift with varying 
drainage conditions 

A versatile interface to account for both the 
mechanical contribution from the soil skeleton 
and the pore pressure contribution  

 

Table 4-2. Soil parameters for numerical studies  

Parameter input for finite-element analysis Values 
Permeability of the soil, k: m/s 1.0×10-9 

Unit weight of water, γw: kN/m3 10 
Slope of the swelling and recompression line in e-ln(p’) space, κ 0.044 

Slope of the virgin compression line in e-ln(p’) space, λ 0.205 

Slope of the critical state line in p’-q space, M 0.92 
Friction angle in triaxial compression, ϕ  23.5o 

Void ratio at p’ = 1 kPa on critical state line, ecs 2.14 

 



4.17 
 

FIGURES 

 

(a) fully bonded interface 

 

(b) water element interface 

 

(c) pore-fluid gap interface 

Fig. 4-1. Illustration of three structure-soil interfaces 
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Fig. 4-2. Finite element mesh and boundary conditions 
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(a) yield surface in e-p’-q space 

 

(b) e-lnp’ relationship 

Fig. 4-3. Illustration of the MCC model 
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Fig. 4-4. Normalised undrained compression resistance of three interfaces 
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(a) fully bonded interface and pore-fluid gap interface 

 

(b) water element interfaces (E = 10 kPa and E = 106 kPa) 

Fig. 4-5. Failure mechanism of three interfaces 

  

Fully bonded interface Pore-fluid gap interface

0.2
0.1

0.3
0.4

0.5

Water element interface
E=10kPa

Water element interface
E=106kPa

0.1

0.2

0.1
0.2

0.3
0.4

0.5



4.22 
 

 

(a) fully bonded interface 

 

(b) water element 
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(c) pore-fluid gap interface 

Fig. 4-6. Effective stress path 
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(a) fully bonded interface 

 

(b) water element interface 
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(c) pore-fluid gap interface 

Fig. 4-7. Normalised uplift resistance at differing loading rates  



4.26 
 

 

(a) fully bonded interface 

 

(b) water element interface (E = 106 kPa) 

 

(c) pore-fluid gap interface 

Fig. 4-8. The effective pressure and excess pore pressure contribution for uplift  
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Fig. 4-9. Comparison of backbone curves between Li (2015) and this study 
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Chapter 5 Uniaxial capacity of pipeline subjected to vertical 
and horizontal loading considering loading rate in effective 

stress analysis  

Chapter overview 

In Chapter 4, a pore-fluid gap interface accounting for both the mechanical 

behaviour of the soil skeleton and the pore pressure behaviour was developed. 

This pore-fluid gap interface can effectively predict the transition of soil 

behaviour from the undrained condition to the drained condition at varying 

loading rates. By employing the pore-fluid gap interface, the capacity envelopes 

under combined loadings considering the effect of tension between pipe and soil 

is developed in Chapters 5 and 6. In Chapter 5, the uniaxial capacity of the 

pipeline subjected to vertical (compression and uplift) and horizontal loading at 

varying loading rates is presented in coupled analysis, where the modified Cam 

Clay plasticity model is used to describe the soil behaviour. A systematic 

parametric study, including pipe embedment, loading rate (soil drainage 

conditions), on uniaxial capacity is presented. The backbone curves are presented 

to describe the influence of the loading rate on pipeline capacity. Chapter 6 

continues the study of Chapter 5 to present the capacity envelopes under 

combined loadings, considering loading rate and loading history. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Coupled Analysis of Pipeline Subjected to Uniaxial Loading Considering 

Loading Rate. To be submitted.  
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Abstract 

Solutions for vertical and horizontal capacity of a pipeline in an undrained soil condition 

are well established, where the soil is simply treated as a single-phase material. However, 

the soil drainage condition under pipelines is affected by the loading rate. This paper 

reports coupled finite element analysis using the modified Cam Clay constitutive soil 

model to investigate the vertical and horizontal behaviour of shallowly embedded 

pipelines considering varying loading rates. The bearing capacity and excess pore 

pressure development is explored, and the fundamental different mechanism between 

compression and uplift is discussed. The conclusions from this paper provide constructive 

guidance for offshore pipeline design, and they also have relevance to other foundation 

geometries subjected to different loading rates. 

Keywords: finite element method; coupled analysis; pipeline; loading rate; modified 

Cam Clay 
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5.1 Introduction 

Pipelines are increasingly being employed in offshore oil and gas development, where 

the seabed is typically comprised of soft fine-grained sediments in deep waters. Accurate 

assessment of the geotechnical behaviour of pipelines is essential to secure these 

important infrastructures during their whole service life. Accurately evaluating response 

under vertical (both compression and uplift) and horizontal loading can significantly 

affect pipeline behaviour and serviceability, such as for on-bottom stability, global 

buckling and temperature preservation (see Palmer et al., 1999; Guo et al., 2006; Drago 

et al., 2007; Westgate et al. 2012 among others). 

For vertical compression and horizontal behaviour, most available studies have focussed 

on the capacity of the pipeline under undrained soil conditions, where the soil was simply 

treated as a single-phase material within a total stress analysis framework. Therefore, the 

pore pressure generated in the soil was not accounted for. These studies include plasticity 

analyses (e.g. Cheuk et al., 2008; Randolph & White, 2008) and numerical finite element 

analyses (e.g. Merifield et al., 2008, 2009; Chatterjee et al., 2012a; Dutta et al., 2014). 

Relatively less coupled analysis has been performed. Among published studies, the 

timescale of pore pressure dissipation or the effect of consolidation on improving 

compression undrained bearing capacity was the major consideration. For instance, 

Gourvenec and White (2010) and Krost et al. (2011) investigated pore pressure 

dissipation beneath pipelines, where the soil was simplistically treated as an elastic 

material. Chatterjee et al. (2012b, 2013, 2014) used the modified Cam Clay model to 

investigate the effect of consolidation beneath pipelines and the gain in undrained 

breakout capacity considering preload levels and degrees of consolidation. To date, a 

systematic study to assess the pipeline geotechnical behaviour covering the whole range 

from drained, partially drained to undrained condition is lacking. 
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Tensile forces between pipe and soil have been observed in centrifuge tests (Cheuk et al., 

2007; Dingle et al., 2008; Hodder & Cassidy, 2010), and this tension can significantly 

influence the on-bottom stability and thermal buckling behaviour (API 2000; ISO 2002). 

Zhou et al. (2018, Chapter 2) published combined loading capacity envelopes that were 

calculated whilst considering the effect of tension and by using a user-defined pipe-soil 

interface within a total stress framework. However, this interface can only capture the 

mechanical behaviour between pipe and soil, with no pore pressure explicitly modelled. 

The pore-fluid gap interface developed in Chapter 4 is employed in this chapter, which 

can describe the mechanical behaviour between pipe and soil skeleton, as well as the pore 

pressure behaviour. 

This chapter uses the pore-fluid gap interface and the modified Cam Clay plasticity soil 

model in coupled analyses to investigate the behaviour of shallowly embedded pipelines 

under vertical (compression and uplift) and horizontal loadings. A systematic parametric 

study, including pipe embedment and loading rate, is reported in this chapter. Insights 

into understanding the failure mechanism of pipelines under more realistic loading 

conditions is provided.  

5.2 Finite element model and analysis cases 

5.2.1 Finite element model 

All the finite element analyses presented in this study were conducted under the two-

dimensional plane strain condition, where the pipeline was ‘wished-in-place’. The pipe 

diameter is denoted as D, and the embedment is w. The embedment ratio w/D varies over 

the range of 0.1, 0.2, 0.3, 0.4 and 0.5, which is the zone of most interest for on-bottom 

pipelines (Merifield et al., 2008). The finite element mesh with boundary conditions is 

illustrated in Fig. 5-1, taking the example of the w/D = 0.3 case.  
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The pipe is considered a rigid body. The width and depth of the soil domain were set as 

40D and 30D, respectively, proven to be large enough to eliminate boundary influence 

from a sensitivity study. The two side edges of the soil were restrained horizontally but 

free to move vertically, whereas the bottom edge was fixed in both directions. Pore water 

flow was allowed to cross the top free-soil surface, i.e., the top free surface always had a 

zero-pore pressure. The finite element model in Fig. 5-1 comprises ~23,500 continuous 

4-node plane strain quadrilateral elements with pore pressure degrees of freedom. Fine 

meshes around the pipe, with the minimum element size of ~D/110, were used to improve 

the accuracy of the analyses. A mesh sensitivity study was conducted, and the mesh used 

in this study represents a good balance between accuracy and computational efficiency.  

5.2.2 Soil parameters 

The modified Cam Clay (MCC) soil constitutive model (Roscoe & Burland, 1968; 

Schofield & Wroth, 1968) was adapted to represent the seabed soil. The numerical 

parameters of the MCC model used for the analyses are listed in Table 5-1 and are typical 

values for commercially available kaolin clay (Stewart, 1992).  

The soil was K0-normally consolidated at the beginning of the analyses. The coefficient 

of geostatic stress is K0 = 1-sinφ', where φ' is the friction angle in the triaxial compression 

condition. The initial size of the yield surface can be determined by p'c=q02/M2p'0+p'0, 

where M = 6sinφ'/(3-sinφ'), p'0 and q0 are the initial mean and deviatoric effective stress, 

respectively (see Fig. 5-2 for illustration of the MCC model). The model assumes an 

isotopic yield surface, and the value of M is identical in the compression and tension 

conditions. This assumption is proven to be acceptable from experimental results (Chen 

et al., 2012; Li et al., 2014), where a ‘reverse’ mechanism was observed in the undrained 

uplifting case. The initial void ratio e0 of the soil is expressed as follows: 



5.6 
 

( )
'

'
0 0ln ln

2
c

cs
pe e pλ κ κ

 
− 

 
−= −  (5-1) 

where λ and κ are the slopes of the normal compression line and the swelling-

recompression line. ecs is the void ratio at p' = 1 kPa on the critical state line. 

Initially, the soil was subjected to a uniform surcharge of 200 kPa on the surface, where 

a uniform initial stress field was built to facilitate interpolation of the numerical results. 

This simplification benefits by allowing the normalisation of the results without requiring 

the consolidation coefficient, cv, to be chosen at a specific depth. The equivalent 

undrained shear strength was calculated using the following expression proposed by 

Wroth (1984): 
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where a = (3-sinφ)/(6-4sinφ), and σ'v is the initial vertical effective stress. The undrained 

shear strength su in this study is calculated as 57.2 kPa, which is considered to represent 

firm clay at a shallow seabed (for instance, the heavily overconsolidated clays in the North 

Sea). The results from this study are all normalised, so the conclusions from this chapter 

are not limited to this particular value but are also applicable to a broad range of soil shear 

strengths. 

5.2.3 Pipe-soil interaction 

The pore-fluid gap interface (developed in Chapter 4) was employed in this chapter. This 

interface can describe both the mechanical and pore pressure behaviour between pipe and 

soil. In the tangential direction of the mechanical behaviour, fully smooth contact was 

assumed between pipe and soil, which can be considered a lower bound assessment of 

the pipe capacity. In the normal direction of mechanical behaviour, the effective pressure 

between pipe and soil skeleton becomes zero once the contacting surfaces tend to separate. 

In the description of the pore pressure behaviour, a gap region is considered between the 
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pipe and soil, which forms or disappears when the contacting surfaces separate or close. 

Correspondingly, the pore fluid flow may flow into or drain out from the gap, according 

to the pore pressure gradient (see Chapter 4 for details).  

5.2.4 Loading rate 

In this chapter, the pipe was displaced a small distance with different velocities, v (in the 

vertical direction, positive and negative denoting compression and uplifting, respectively), 

which can be represented by the dimensionless velocity factor: 

v

vDV
c

=  (5-3) 

where cv, the in situ consolidation coefficient of the soil, can be determined as: 

( ) '
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where k is the permeability of soil, and γ w  is the unit weight of the pore fluid of water. 

Consistently, the dimensionless time factor can be defined as: 

2
vT c t

D
=  (5-5) 

where t is the time duration when the pipe is displaced.  

5.2.5 Analysis cases 

For each pipe embedment in the 5 scenarios of w/D = [0.1, 0.2, 0.3, 0.4, 0.5], 8 analyses 

with the absolute value of dimensionless velocity |V| ranging over [10000, 1000, 100, 10, 

1, 0.1, 0.01, 0.001] were conducted. The highest value of |V| represents the fully undrained 

condition of the soil where the excess pore pressure does not have enough time to 

dissipate. Slower velocities of pipe movement lead to partial drainage and even a fully 

drained condition. Considering both vertical (compression and uplift) and horizontal 

loading directions in this study, this chapter constitutes a total of 5×8×3 = 120 analysis 

cases. 
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5.3 Interpretations of the result of vertical loading 

5.3.1 Vertical compression analyses 

Fig. 5-3 shows the development of the normalised compression load Fcom/Dsu acting on 

the pipe and excess pore pressure of one soil element located 0.05D beneath the pipe 

invert (see the inset) versus the dimensionless time factor T = cvt/D2 for the case of 

w/D = 0.3. All the 8 analysis cases with varying velocity in the figure can be joined with 

a common backbone curve, which presents an obvious transition from the fully undrained 

to the fully drained condition. At the two high velocities of compression loading rate (i.e., 

V = 1000 and V = 10000), positive excess pore pressure does not have enough time to 

dissipate, suggesting that fully undrained conditions are reached. Correspondingly, the 

compression bearing capacity factor Ncc (taken as the final value of Fcom/Dsu joining in 

the backbone curve) is calculated as 3.89. Undrained bearing capacities predicted from 

Randolph and White (2008) and Merifield et al. (2008) are 3.92 and 3.81, respectively, 

which are analytical upper bound solutions and finite element analyses, respectively. The 

close agreement verifies the accuracy of the coupled analyses in this chapter. For other 

embedment cases, the results from Randolph and White (2008) and Merifield et al. (2008) 

are close to the present study, with a maximum difference < 3%. For cases of lower 

compression loading rate, positive excess pore pressure starts to dissipate, and soil 

consolidates, which results in the compression bearing capacities being higher than the 

fully undrained conditions. For a slow compression loading rate (V = 0.01 and V = 0.001), 

excess pore pressure is nearly fully dissipated, and the soil responses eventually reach the 

drained condition.  

Fig. 5-4 shows the compression bearing capacity factor Ncc normalised by the undrained 

case Ncc,un versus the dimensionless velocity factor V, where Ncc,un was taken as the value 

of V = 10000 cases. For cases of V ≤ 0.01, compression bearing capacity reaches a plateau, 

indicating that the response of V ≤ 0.01 is essentially drained. For cases of V ≥ 1000, the 
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compression force again reaches a plateau, suggesting that responses are fully undrained. 

The results between these two thresholds (V =1000 and V =0.01) are seen to be a partially 

drained condition. The backbone curve of the compression case can be captured using the 

following equation: 

( ) 1
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where Ncc,un and Ncc,dr are the bearing capacity factors in undrained and drained 

conditions, respectively. V50-com is the normalised compression velocity at which the 

capacity is an average between the fully drained and undrained values. Parameter b1 

controls the curvature of the backbone curves. The values of parameter b1 and V50-com for 

different initial embedment ratios are tabulated in Table 5-2. Close agreement between 

fitting curve and finite element results can be seen in Fig. 5-4. 

The effective stress paths of the soil element located 0.05D beneath the pipe invert are 

shown in Fig. 5-5 for the case of w/D = 0.3, where p’ and q are the mean effective and 

the deviatoric stress, respectively. Uplifting cases are also shown in this Figure, which 

will be interpreted in a later part of this chapter. In p’- q space, the stress paths start from 

the initial point O (bearing in mind the initial stress condition of vertical stress σ'v = 200.0 

kPa, K0 = 0.6 and thus p'0 = 146.7 kPa and q0 = 80.0 kPa). The stress paths all merge into 

the critical state line and the final stress path points are denoted as C1, C2, C3, C4, C5, C6, 

C7, C8 for the 8 cases of V = [10000, 1000, 100, 10, 1, 0.1, 0.01, 0.001], respectively. For 

undrained cases (i.e., V = 1000 and V = 10000), the effective stress p’ is reduced while 

the stress path end points C1 and C2 (substantially the same) travel to the left-hand side. 

With the decrease of compression loading rate, positive excess pore pressure dissipates, 

and the stress path thus moves towards the right-hand side. The lower the loading rate, 

the larger effective stress is reached upon the critical state line, illustrating the expansion 

of the yield surface (and thus improving the bearing capacity). For the cases of V = 0.01 
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and V = 0.001, the stress path moves to C7 and C8, where positive excess pore pressure 

is fully dissipated and thus the drained condition is reached (cross reference to Fig. 5-3). 

Fig. 5-6 shows the vector of soil displacement of the w/D = 0.3 case with four selected 

compression loading rates V = [10000, 10, 1, 0.001]. For the undrained case (V = 10000), 

soil displacement (failure zone) is more concentrated close to the pipe. The area of the 

failure zone is all within 1.0D distance from the pipe edge. For a slower compression 

loading rate, the failure zone starts to expand. For the drained case where V = 0.001, the 

area of the failure zone becomes 2.0D from the pipe edge, which explains the increase in 

the compression bearing capacity for the drained case. 

Fig. 5-7 shows the distribution of positive excess pore pressure for w/D = 0.3 with the 

four selected compression loading rates V = [10000, 10, 1, 0.001], consistent with Fig. 5-

6. For the undrained case (V = 10000), the positive excess pore pressure is large and does 

not have enough time to dissipate. With a lower pipe compression loading rate, the 

positive excess pore pressure starts to have time to dissipate. The pressure is much smaller 

compared with the fully undrained case, which results in the increase of the soil skeleton 

strength, and compression bearing capacity is thus increased. For the case of V = 0.001, 

excess pore pressure is observed as nearly 0 (fully dissipated), and the soil responses 

eventually reach the drained condition. 

5.3.2 Vertical uplift analyses 

Fig. 5-8 shows the development of normalised uplift load Fuplift/Dsu and excess pore 

pressure (negative) of the soil element located 0.05D beneath the pipe invert versus the 

dimensionless time factor T = cvt/D2 for the case of w/D = 0.3. The uplift load is denoted 

as negative in this chapter to distinguish from the compression case. Similar to 

compression (Fig. 5-3), all the 8 analysis cases in the Figure join into a common backbone 

curve, which presents a transition from the fully undrained to the fully drained condition. 
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The two high velocities of uplift loading rate (i.e., |V| = 1000 and 10000) of this study 

show nearly no negative excess pore pressure dissipation, suggesting that fully undrained 

conditions were reached. For V = -10000, the uplift bearing capacity factor Ncu,un is 

calculated as 3.95, which agrees well with the compression bearing capacity factor 

Ncc,un = 3.88 (V = 10000), 3.92 from Randolph and White (2008) and 3.81 from Merifield 

et al. (2008). The failure mechanism (represented by a displacement vector plot) of 

undrained compression and uplifting is shown in the inset of Fig. 5-8, which implies that 

a full reversed bearing mechanism is reached for the uplift V = -10000 case. For cases of 

lower uplift velocities, negative excess pore pressure starts to dissipate, resulting in the 

uplift bearing capacities becoming lower than the fully undrained conditions, which is 

fundamentally different from the compression case. For a slow uplifting rate (|V| ≤ 0.1), 

negative excess pore pressure is nearly fully dissipated, and the soil responses eventually 

reach the drained condition. 

The normalised uplift bearing capacity Ncu/Ncu,un versus the normalised uplift velocity is 

presented in Fig. 5-9. The resulting backbone curves of the uplift bearing capacity factor 

indicate that uplift capacity increases with the pipe uplift loading rate. For the case of 

|V| ≤ 0.1, the uplift resistance remains at 0, which indicates that the drained condition was 

reached, and the pipe lifted freely away from the soil. No previous studies are known to 

be able to numerically realise this issue, probably due to the lack of a realistic pipe-soil 

interface. With the increase of the uplift loading rate, an increase in the normalised uplift 

bearing capacity factor is shown. The uplift bearing capacity factor becomes stable again 

when |V| ≥ 1000, which can be considered the fully undrained condition. The backbone 

curve of the uplift capacity ratio can be captured using the following equation: 
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where V50-uplift is the normalised uplift velocity at which the capacity is an average of the 

fully drained and the undrained values. The values of parameter b2 and V50-uplift for 

different initial embedment ratios are tabulated in Table 5-2. Close agreement between 

the fitting curve and the finite element results can be seen in Fig. 5-9. 

The effective stress paths of different uplift loading rates for w/D = 0.3 are shown in the 

lower part of Fig. 5-5 compared with the compression case. U1, U2, U3, U4, U5, U6, U7, 

U8 are the end points of the stress paths of the cases of V = [-10000, -1000, -100, -10, -1, 

-0.1, -0.01, -0.001], respectively. For fully drained cases where |V| ≤ 0.1, negative excess 

pore pressure was fully dissipated, and there was essentially no change in effective stress 

and the stress paths remained at point O (U1, U2, U3). With the increase of the loading 

rate, the stress paths start to retreat into the yield surface (i.e., elastic unloading), where 

the stress path moves from point O to point U4 for the case of V = -1 and to point U5 for 

V = -10. For undrained cases (V = -1000, -10000), the stress paths reach the yield surface 

on the tension side and then move to point U7 and U8 on the critical state line.  

Fig. 5-10 shows the contours of the displacement field of w/D = 0.3 with four selected 

uplift loading rates V = [-10000, -100, -10, -0.001]. For the fully drained case (V = -0.001), 

the pipe simply lifts freely away from the soil with no uplifting capacity. With the increase 

in the uplift loading rate, the soil under the pipe was mobilised to resist with negative 

excess pore pressure (suction). For the partial drained cases of V = -100 and -10, a small 

area was mobilised. For the undrained case (V = -10000), soil displacement eventually 

forms a failure zone close to the pipe, which results in the undrained uplift capacity. 

Fig. 5-11 shows the excess pore pressure distribution in the soil for w/D = 0.3 with the 

four uplift loading rates V = [-10000, -100, -10, -0.001]. For the fully undrained case 

(V = -10000), the negative excess pore pressure (suction) is large and concentrated at the 

pipe invert, which resisted the uplift of the pipe. For a lower pipe uplift loading rate, the 
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negative excess pore pressure starts to dissipate, which results in the decrease of the uplift 

bearing capacity. For the case of V = -0.001, negative excess pore pressure is eventually 

fully dissipated, and the soil responses reach the drained condition. Positive excess pore 

pressure is observed around the upper left-hand area in Fig. 5-11 for the V = -10000 case 

while no suction was seen for compression analyses where V = 10000, implying that the 

mechanism for compression and uplifting considering the initial stress is in a compression 

state is different. 

5.3.3 Different mechanism between compression and uplift 

To make a direct comparison between compression and uplift cases, responses of 

compression and uplift capacity for w/D = 0.3 are plotted in Fig. 5-12 (cross referring to 

Fig. 5-3 and Fig. 5-8). The fully undrained responses occurred when the normalised 

velocity |V| ≥ 1000 for both the compression and the uplift cases and the absolute values 

of compression and uplift undrained bearing capacities were very close (Ncc,un = 3.89 and 

Ncu,un = 3.95). With the reduction of the loading rate, the compression bearing capacity 

increases as the positive excess pore pressure dissipates, and the soil skeleton strength 

increases. In contrast, the uplift bearing capacity decreases because of the dissipation of 

the negative excess pore pressure, reducing to zero at full dissipation. The fully drained 

responses happened when the normalised velocity V ≤ 0.01 for compression cases, 

whereas normalised velocity |V| ≤ 0.1 for uplift cases. Finnie & Randolph (1994), House 

et al. (2001), Randolph & Hope (2004), Kim et al. (2008), amongst others, have reported 

the transition from undrained to drained for cone and T-bar in terms of the normalised 

compression rate, summarised in Table 5-3. A close agreement in the drained condition 

is seen between the present study and previous studies, whereas the high normalised 

compression loading rate of the undrained condition is observed in the present pipeline 

study, possibly due to the drainage length used in calculating the normalised velocity. 
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This chapter used D, which may overestimate the drainage length of a pipeline and may 

result in large normalised velocity.  

The normalised uplift velocity threshold for the fully drained condition is nearly three 

orders of magnitude higher than the compression because factors controlling the drainage 

conditions under uplift are essentially different from factors controlling the drainage 

conditions under compression. For compression, the positive excess pore pressure 

dissipation mechanism is governed by the pore pressure level in the soil domain, whereas 

the dissipation path of the negative excess pore pressure mainly occurs around the pipe-

soil interface. The dissipation of the negative excess pore pressure at the pipe-soil 

interface is expected to be much faster than the dissipation of the positive excess pore 

pressure in the soil domain. Similar observations were found by Lehane et al. (2008) for 

transmission tower footings resting on clay and backfilled with sand and Chen et al. (2012) 

for investigation of the vertical uplift capacity of mudmats in clay.  

To explain the ratio of the contribution from effective soil stress and excess pore pressure, 

the vertical component of excess effective pressure and excess pore pressure is extracted 

and plotted as a square symbol and a circle symbol in Fig. 5-12. The excess effective 

pressure is not the total pressure between the pipe and the soil. Rather, it means that the 

contribution to resist pipe movement due to effective stress from the soil skeleton. The 

sum of the effective pressure and excess pore pressure is shown as a triangular symbol, 

which sits exactly on the bearing capacity curve, proving that the pipe capacity is indeed 

composed of these two components: excess effective pressure and excess pore pressure.  

For a clear illustration, Fig. 5-13 shows the vertical component of the excess effective 

pressure and excess pore pressure acting on the pipe at a differing loading rate of 

w/D = 0.3 for both compression and uplift. For undrained cases (|V| = 10000), the vertical 

bearing capacity was essentially taken by excess pore pressure for both compression and 
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uplift. The effective pressure contribution is negligible. For partially undrained cases, 

effective pressure between the pipe and the soil starts to increase for the compression case 

while the uplift case does not cause any changes in excess effective pressure. For these 

reasons, the compression bearing capacity increases and uplift bearing capacity decreases 

with a low loading rate. For drained cases (|V| = 0.001), both excess positive and negative 

pore pressure are fully dissipated. The compression bearing capacity is totally borne by 

the excess effective pressure, whereas the uplift bearing capacity reduces to 0.  

5.4 Interpretation of the result of horizontal loading 

Fig. 5-14 shows the development of the normalised horizontal load Fhor/Dsu and excess 

pore pressure of the soil elements located 0.05D in front of the pipe and on the back of 

the pipe (see the inset) versus the dimensionless time factor T = cvt/D2 for the case of 

w/D = 0.3. All the 8 analysis cases in the figure join into a common backbone curve, 

which presents a transition from the fully undrained to the fully drained condition. The 

two high velocities of horizontal loading rate (i.e., V = 1000 and 10000) of this study 

show nearly no excess pore pressure dissipation on both sides of the soil around the pipe, 

suggesting that fully undrained conditions were reached. Zhou et al. (2018, Chapter 2) 

studied the capacity envelope using a user-defined pipe-soil interface to account for the 

tension and suction with the Tresca soil model. The horizontal bearing capacity factor 

with fully bonded interface from Zhou et al. (2018, Chapter 2) was predicted to be 2.01, 

which agrees well with the undrained horizontal bearing capacity factor Nh,un = 2.06 from 

this study, as shown in Fig. 5-14. For cases of lower horizontal velocities, excess pore 

pressure has enough time to dissipate, and the horizontal bearing capacity factor increases. 

Negative excess pore pressure in the soil behind the pipe dissipates faster than the positive 

excess pore pressure in the soil in front of the pipe, which is discussed in the previous 

section. As shown in the figure, negative excess pore pressure is fully dissipated when 

V ≤ 0.1, while positive excess pore pressure is fully dissipated when V ≤ 0.01. 
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The normalised horizontal bearing capacity Nch/Nch,un versus the normalised horizontal 

loading velocity is presented in Fig. 5-15. Similar to the vertical compression and uplift, 

the backbone curve of the horizontal capacity ratio can be captured using the following 

equation: 
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where Nch,dr is the drained bearing capacity factor, and V50-hor is the normalised horizontal 

loading velocity at which the capacity is an average between the fully drained and 

undrained values. The values of parameter b3 and V50-hor for different initial embedment 

ratios are tabulated in Table 5-2. Close agreement between the fitting curve and the finite 

element results can be seen in Fig. 5-15. 

5.5 Concluding remarks 

This chapter presents the uniaxial capacity of an offshore pipe under vertical and 

horizontal loading considering different loading rates. These were developed from 

coupled analysis using the newly developed pipe-soil interface (Chapter 4), which can 

account for the contribution from both the soil skeleton and the pore fluid.  

For vertical compression and horizontal loading, the fully undrained condition was 

reached when the normalised velocity was larger than 1000, while the fully drained 

condition was reached when the normalised velocity was slower than 0.01. In the vertical 

uplift analysis, the fully undrained condition was reached when the normalised velocity 

was larger than 1000, while the fully drained condition was reached when the normalised 

velocity was slower than 0.1. The fundamentally different mechanism between 

compression and uplift was discussed. The results of the backbone curve of uniaxial 

capacity defining zones of fully undrained, partially drained compared to fully drained 

behaviour at a dimensionless velocity with different pipeline embedment ratios were 
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fitted using simple equations.  
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TABLES 

Table 5-1. Soil parameters for numerical studies  

Parameter input for finite-element analysis Values 
Permeability of the soil, k: m/s 1.0×10-9 

Unit weight of water, γw: kN/m3 10 
Slope of the swelling and recompression line in e-ln(p’) space, κ 0.044 

Slope of the virgin compression line in e-ln(p’) space, λ 0.205 
Slope of the critical state line in p’-q space, M 0.92 
Friction angle in triaxial compression, ϕ  23.5o 

Void ratio at p’ = 1 kPa on critical state line, ecs 2.14 

 

Table 5-2. Best fit values of parameter b1, V50-com, b2 and V50-uplift for different initial 
embedment ratios 

w/D b1 V50-com b2 V50-uplift b3 V50-hor 
0.1 0.99 3.74 2.52 13.37 

0.68 

2.50 

0.2 0.90 2.40 1.81 11.38 2.07 

0.3 0.89 1.64 1.49 8.56 1.68 

0.4 0.96 1.26 1.46 6.96 1.38 

0.5 1.04 1.04 1.48 6.09 1.17 
 

Table 5-3. Transition from undrained to drained 

Foundation type Undrained Drained Test type Reference 
 V > 30 V < 0.01 Centrifuge Finnie and Randolph (1994) 

Cone V > 30 - Centrifuge Randolph and Hope (2004) 

 V > 10 V < 0.05 In situ Kim et al. (2008) 

 V > 10 V < 0.1 Centrifuge House et al. (2001) 
T-bar V > 10 - Centrifuge Randolph and Hope (2004) 

 V > 3~12 V < 0.05 Centrifuge Lehane et al. (2008) 

Pipe 
Compression V ≥ 1000 V ≤ 0.01 Finite element 

analysis this study 
Uplift |V| ≥ 1000 |V| ≤ 0.1 
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FIGURES 

 

Fig. 5-1. Finite element mesh and boundary conditions 
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(c) Yield surface in e-p’-q space 

 

(d) e-lnp’ relationship 

Fig. 5-2. Illustration of the MCC model 
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Fig. 5-3. Normalised compression load and excess pore pressure at differing loading 

rates (w/D = 0.3) 

 

Fig. 5-4. Backbone curves for compression bearing capacity for different embedments 
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Fig. 5-5. Effective stress paths (w/D = 0.3) 

  



5.25 
 

 

            

Fig. 5-6. Vector of soil displacement under compression (w/D = 0.3)  
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Fig. 5-7. Excess pore pressure distribution under compression (w/D = 0.3) 
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Fig. 5-8. Normalised uplift load and negative pore pressure at differing loading rates 

(w/D = 0.3) 

 

Fig. 5-9. Backbone curves for uplift bearing capacity for different embedments 
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Fig. 5-10. Contours of soil displacement field under uplift (w/D = 0.3)  
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Fig. 5-11. Negative pore pressure distribution of uplift (w/D = 0.3) 
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Fig. 5-12. Bearing capacity for compression and uplift (w/D = 0.3) 

  



5.31 
 

 

(a) Undrained cases 

 

(b) Partial drained cases 
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(c) drained cases 

Fig. 5-13. The effective pressure and excess pore pressure contribution under vertical 

loading (w/D = 0.3)
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Fig. 5-14. Normalised horizontal load and excess pore pressure at differing loading rates 
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Fig. 5-15. Backbone curves for horizontal bearing capacity for different embedments 

 



6.1 
 

Chapter 6 Capacity envelopes under combined loadings 
considering the effect of preloading-consolidation and loading 

rate in effective stress analysis  

Chapter overview 

Chapter 4 developed a pore-fluid gap interface model accounting for both the 

mechanical behaviour of the soil skeleton and the pore pressure behaviour. 

Chapter 5 presented the uniaxial capacity of the pipeline subjected to vertical 

(compression and uplift) and horizontal loading, considering the loading rate by 

employing the pore-fluid gap interface in coupled analysis. Within this same 

effective stress framework, Chapter 6 studies the capacity envelopes under 

combined loadings with consideration of both effects of loading history 

(preloading and consolidation process) and loading rate. The pore-fluid gap 

interface developed in Chapter 4 and the modified Cam Clay soil model are used 

in the coupled analyses of this chapter. A systematic parametric study of loading 

history and loading rate on the capacity envelopes under combined loadings is 

conducted. A new equation is presented to enable prediction of the capacity 

envelopes under combined loadings of seabed pipelines as a function of 

embedment ratio, preloading level and loading rate. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Effect of Preloading-Consolidation and Loading Rate on the Capacity 

Envelope under Combined Loadings of Shallowly Embedded Pipeline. To be submitted.   
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Abstract 

Most of the available capacity envelopes under combined loadings for offshore pipeline 

were developed considering that the seabed soil is in an undrained condition and using a 

simple shear strength profile to model soil. Therefore, the strength of the soil surrounding 

the pipeline is affected by the loading history (preloading and consolidation process) and 

loading rate, which has not been extensively investigated. This Chapter presents the 

capacity envelopes of offshore pipelines subjected to vertical (V) and horizontal (H) 

loading in coupled analysis considering the effects of loading history and loading rate, 

using the modified Cam Clay soil model. The pore-fluid gap interface developed in 

Chapter 4 is used to describe the tension between the pipe and the soil. The capacity 

envelopes under combined loadings are developed as a function of the pipeline 

embedment ratio, the preloading level and the loading rate.  

 

Keywords: finite element method; coupled analysis; pipeline; capacity envelope; 

modified Cam Clay 
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6.1 Introduction 

Offshore pipelines are generally laid directly on the seabed, where in deep waters, the 

seabed is typically comprised of soft fine-grained sediments. After the pipeline laying 

process, pipelines experience preloading where due to self-weight and dynamic effects 

the soil around the pipe subsequently consolidates with excess pore pressures dissipation. 

This loading history of preloading and consolidation leads to an increase in the strength 

of the soil surrounding the pipeline. During the life of the operation, pipelines are 

commonly subjected to combined loadings, where the loading rate may vary and thus lead 

to different soil drainage conditions. The change of soil strength caused by the loading 

history and loading rate can significantly affect the capacity of pipelines. Thus, to design 

pipelines reliably for their whole service life, it is important to accurately model the 

response of the pipeline under combined vertical and horizontal loading (see Fig. 6-1 for 

the illustration), which is related to the strength of the surrounding soil. 

For the behaviour of the pipeline under combined loading, most available studies focus 

on the capacity of the pipeline in undrained soil conditions. This includes the analytical 

analyses of, amongst others, Muff et al. (2006), Cheuk et al. (2008), Randolph & White 

(2008) and Martin & White (2012) and the numerical finite element analyses of Merifield 

et al. (2008, 2009), Chatterjee et al. (2012a) and Dutta et al. (2014). These studies can 

provide a prediction of the capacity envelopes under combined loadings of offshore 

pipelines if the seabed soil remains in an undrained condition and has a simple shear 

strength profile. 

 Experimental tests have been performed to investigate pipeline behaviour on the seabed 

by Bruton et al. (2006), Bruton et al. (2008), Cheuk et al. (2007) and Dingle et al. (2008). 

These studies proposed empirical expressions for the undrained capacity of the pipeline 

by assuming that pipelines break out immediately after installation. Recently, there has 
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been some focus on the consolidation of soil after pipeline laying. Gourvenec and White 

(2010) and Krost et al. (2011) investigated the pore pressure dissipation beneath pipelines 

after pipelines are subjected to initial preloading, where the soil was simplistically treated 

as an elastic material. Chatterjee et al. (2012b, 2013, 2014) used the modified Cam Clay 

model to investigate the effect of consolidation beneath pipelines and the gains in 

undrained breakout capacity considering preload levels and degrees of consolidation. To 

date, a systematic study to assess the pipeline geotechnical behaviour using the capacity 

envelopes under combined loadings considering the effects of loading history and loading 

rate is lacking. 

This chapter presents the results of the capacity envelopes under combined loadings of 

pipe-soil interaction, incorporating the coupled effects of loading history and loading rate. 

The pore-fluid gap interface that was developed (Chapter 4) accounting for the tension 

between pipe and soil and modified Cam Clay soil model describing soil behaviour are 

used in the coupled analyses. A new equation is proposed that enables prediction of the 

capacity envelopes under combined loadings of seabed pipelines as a function of 

embedment ratio, preloading level and loading rate. 

 

6.2 Finite element model and analysis cases 

6.2.1 Finite element model 

All the finite element analyses presented in this study were conducted in the two-

dimensional plane strain condition, where the pipeline was ‘wished-in-place’. The pipe 

diameter is denoted as D and the embedment is w. A typical embedment ratio w/D = 0.3 

is used in this study. The finite element mesh with boundary conditions is as illustrated 

in Fig. 6-2.  
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The pipe was considered as a rigid body. The width and depth of the soil domain were set 

as 40D and 30D, respectively, which were proven to be large enough to eliminate 

boundary influence from a soil size sensitivity study. The two side edges of the soil were 

restrained horizontally but free to move vertically, whereas the bottom edge was fixed in 

both directions. Pore water flow was allowed to flow across the top free-soil surface, i.e., 

the top free surface maintained a zero pore pressure. The finite element model in Fig. 6-

2 comprises ~15,000 4-node plane strain quadrilateral elements with pore pressure 

degrees of freedom. Fine meshes around the pipe, with the minimum element size of 

~D/110, were used to improve the accuracy of the analyses. A mesh sensitivity study was 

conducted, and the mesh used in this study represents a good balance between accuracy 

and computational efficiency.  

6.2.2 Soil parameters 

The modified Cam Clay (MCC) soil constitutive model (Roscoe & Burland, 1968; 

Schofield & Wroth, 1968) was employed to simulate soil behaviour. The numerical 

parameters of the MCC model used for the analyses, which are typical values for 

commercially available kaolin clay (Stewart, 1992), are listed in Table 6-1.  

The soil was initially considered K0 consolidated, where K0 = 1-sinφ’, and φ’ is the 

friction angle under triaxial compression conditions, which is related to the slope of the 

critical line, M = 6sinφ’/(3-sinφ’). The initial size of the yield surface can be determined 

by p'c=q02/M2p'0+p'0, where p'0 and q0 are the initial mean and deviatoric effective stress, 

respectively (see Fig. 6-3 for illustration of the MCC model). The initial void ratio e0 is 

expressed as: 

( )
'

'
0 0ln ln

2
c

cs
pe e pλ κ κ

 
− 

 
−= −  (6-1) 
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where λ and κ are the slopes of the normal compression line and the swelling-

recompression line. ecs is the void ratio at p' = 1 kPa on the critical state line. 

The equivalent undrained shear strength was calculated using the following expression 

proposed by Wroth (1984): 

( )/22

'

2 1
2 23

u

v

s sin a
a

λ κ
ϕ

σ

−
 +

=  
 

 (6-2) 

where a = (3-sinφ)/(6-4sinφ), and σ'v is the initial vertical effective stress. The soil was 

initially subjected to a surcharge of 200 kPa to build a uniform initial stress field and a 

uniform value of cv within the soil domain. The undrained shear strength su in this study 

is calculated as 57.2 kPa, which considered to represent firm clay at a shallow seabed (for 

instance, the heavily overconsolidated clays in the North Sea). The results from this study 

are all normalised, thus the conclusions from this chapter are not limited to this specific 

value of shear strength but are also applicable to a broad range of soil shear strengths. 

6.2.3 Loading rate 

In this chapter, the pipe was displaced a small distance vertically with different velocities, 

v, which can be represented by the dimensionless velocity factor: 

v

vDV
c

=  (6-3) 

where cv, the in situ consolidation coefficient of the soil, can be determined as: 

( ) '
01 v

v
w

k e
c

σ
λγ
+

=  (6-4) 

where k is the permeability of the soil, and γ w  is the unit weight of pore fluid of water. 

Consistently, the dimensionless time factor can be defined as: 

2
vT c t

D
=  (6-5) 
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where t is the time duration when the pipe is displaced.  

6.2.4 Pipe-soil interaction 

The pore-fluid gap interface (developed in Chapter 4) was employed in this chapter. This 

interface can describe both the mechanical and pore pressure behaviour between pipe and 

soil. In the tangential direction of the mechanical behaviour, fully smooth contact was 

assumed between pipe and soil, which can be considered as a lower bound assessment of 

the pipe capacity. In the normal direction of mechanical behaviour, the contact between 

the two surfaces becomes open once the effective pressure between pipe and soil skeleton 

reduces to zero. In the description of the pore pressure behaviour, the pore fluid flow may 

flow into or drain out from the gap between the pipe and the soil, according to the pore 

pressure gradient.  

6.2.5 Analysis programme 

First, the pipeline was preloaded under vertical preloading Vpre with full consolidation. 

Six levels of preloading ratio vp = Vpre/Vc,un = 0 (no preloading), 0.1, 0.3, 0.5, 0.7 and 0.9 

were investigated, where Vc,un is the undrained compression bearing capacity: 

, ,c un cc un uV N Ds=  (6-6) 

where Ncc,un = 5.66(w/D)0.32 is the undrained vertical compression bearing capacity factor 

as a function of pipe embedment, which was proposed by Zhou et al. (2018) (Chapter 2).  

Second, the ‘probe test’ approach, which is becoming a popular method in numerical 

analysis (Bransby & Randolph 1998; Gourvenec & Randolph 2003; Supacharawote et al., 

2005) was employed to evaluate the V-H capacity envelope to study the capacity envelope 

under combined loadings. The pipe was displaced at an angle θ to the vertical (see Fig. 

6-1), and the ultimate capacity of the pipe can be determined when a plateau in the load-

displacement response is reached. In this study, 15 displacement-controlled probe tests at 

angles θ = 0°, 18°, 27°, 45°, 58°, 64°, 83°, 90°, 97°, 116°, 122°, 135°, 143°, 162°, 180° 
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were conducted to obtain the capacity envelopes. To develop the capacity envelopes 

under combined loadings to cover the whole range of undrained, partially drained and 

drained conditions, the ‘probe-test’ was carried out at varying loading rates, with the 

dimensionless velocity V ranging over 10000, 1000, 100, 10, 1, 0.1, 0.01, 0.001. The 

highest value of V = 10000 is proven in Chapter 5 to represent the fully undrained 

condition of the soil where the excess pore pressure does not have enough time to 

dissipate. Slower velocities of pipe movement lead to partial drainage and eventually 

reach a fully drained condition (V = 0.001). The analyses provide the evolution of 

capacity envelope in the V-H space from the undrained condition to the drained condition. 

6.3 Results of the finite element analyses 

6.3.1 Consolidation-settlement histories after pipeline preloading 

The consolidation settlement responses of the pipeline under varying vertical preloading 

ratios vp are shown in Fig. 6-4 (except no preloading case, vp=0), where the settlement is 

normalised by final consolidation settlement, uf. The response of the normalised 

consolidation settlement curve was found to be independent of the magnitude of 

preloading. Similar observations were found by Feng and Gourvenec (2016) for 

investigating modelling sliding resistance of mudmats. The degree of consolidation can 

be fitted by a hyperbolic function: 

50

1
1 ( / )f

v m

uU
T Tu −= =

+
 (6-7) 

where T50 is the dimensionless time factor for 50% of the consolidation, and m is an 

exponent. The best fitting for the degree of consolidation gives T50 = 0.45 and m = 0.61. 

Close agreement between the fitting curve and the finite element results can be seen in 

Fig. 6-4. 

The changes in effective stress and void ratio (e) of the soil around the pipe can be 

illustrated by the effective stress path in p’-q space and in e-ln(p’) space, where p’ and q 
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are the mean effective and the deviatoric stress, respectively. The effective stress paths of 

the soil element located 0.05D beneath the pipe invert with differing preloadings are 

shown in Fig. 6-5(a). In p’- q space, the stress paths start from the initial point O (bearing 

in mind the initial stress condition of vertical stress σ'v = 200.0 kPa, K0 = 0.6 and thus 

p'0 = 146.7 kPa and q0 = 80.0 kPa). After being subjected to preloading Vpre, the stress 

paths all move towards to the critical state line, and the stress path points are denoted as 

P1, P2, P3, P4, P5 for the 5 cases of vp = 0.1, 0.3, 0.5, 0.7, 0.9. For the cases of vp ≥ 0.5, 

the stress path point is located on the critical state line while for the cases of vp ≤ 0.3, the 

stress path point did not reach the critical state line. During the consolidation process, 

excess pore pressure dissipates, and the stress path thus moves towards the right-hand 

side located on C1, C2, C3, C4, C5, depending on the relative magnitude of the preloading. 

The higher the value of preloading, the more the excess pore pressure is dissipated and 

thus the larger effective stress is reached, indicating the expansion of the yield surface 

and the gain of soil strength. The corresponding stress paths are also shown in e-ln(p’) 

space in Fig. 6-5(b). 

With full consolidation and excess pore pressure fully dissipated, a total force can be 

obtained by summing the normal contact stressed over the pipe-soil contact perimeter, 

and this force can exceed the pipeline submerged weight due to a wedging effect around 

the curved pipe surface. White and Randolph (2007) assumed an elastic half space 

subjected to a line load to model a pipe on the curved surface, which provides a simple 

idealisation of the wedging effect for the contact enhancement factors. Krost et al. (2011) 

studied the contact enhancement factors considering the consolidation process by 

assuming an isotropic elastic soil in the small strain finite element analysis, which results 

in only mean total stress changed by the excess pore pressure (with the mean effective 

stress remaining constant). The effective stress increase can be illustrated by defining an 

effective contact enhancement factor, ζ’, given by the ratio of the effective normal force, 
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N’, acting around the pipe and soil contact and the pipeline submerged weight per unit 

length, Vweight, which is Vpre in this study: 

  / weightN Vζ ′ ′=  or / preN V′  (6-8) 

Fig. 6-6 shows the relationship between the effective contact enhancement factor ζ’ and 

the normalised time factor T. The initial effective enhancement factor reduces with a high 

preloading level because the preloading process creates additional excess pore pressure, 

which initially results in a lower portion of the pipe weight being carried by the effective 

stress. After full dissipation of the excess pore pressure, the effective stress between pipe 

and soil is observed ~32% higher than the preloading in this study. 

To investigate the relationship between pipeline embedment and an effective contact 

enhancement factor, additional analyses of cases of pipeline embedment ratio w/D 

varying from 0.1 to 0.5 were conducted. Fig. 6-7 shows the effective contact enhancement 

factor ζ’ versus pipeline embedment ratio w/D extracted from the finite element analysis 

results. The contact enhancement factor from White and Randolph (2007) and Krost et al. 

(2011) is also shown in the figure. The contact enhancement factor from this study is 

larger than the contact enhancement factor reported by White and Randolph (2007) and 

Krost et al. (2011), due to the neglect of the influence of the existence of the rigid pipe 

and the preloading-consolidation process in White and Randolph (2007) and neglect of 

an additional component of excess pore pressure under preloading in Krost et al. (2011).  

6.3.2 Vertical compression bearing capacity Vc at θ = 0° 

The vertical compression bearing capacity, Vc, was calculated at θ = 0°. Fig. 6-8 shows 

the normalised bearing capacity factor, Ncc = Vc/Dsu, as a square symbol, versus the 

dimensionless velocity factor V, where su is the initial shear strength before preloading. 

For the undrained case (V = 10000) with no preloading (Vpre = 0), the vertical 

compression-bearing capacity factor Ncc is calculated as 3.90. Undrained vertical 
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compression bearing capacities from Randolph and White (2008), Merifield et al. (2008) 

and Martin and White (2012) are 3.92, 3.81 and 3.84, which are upper bound solution 

based on plasticity limit analysis, finite element analysis and limit analysis, respectively. 

A close agreement can be observed with the results from this study. For the undrained 

cases with preloading, vertical compression bearing capacity was increasing due to the 

gain of soil strength after the preloading and the consolidation processes. Undrained 

compression-bearing capacity after the preloading and the consolidation process, ,
p

cc unN , 

was proposed by Chatterjee et al. (2014) in the following equation:  

,

, ,

1 0.6
p

precc u

cc n c u

n

u n

VN
N V

= +  (6-9) 

The undrained vertical bearing capacity ratio from Chatterjee et al. (2014) is shown in 

Fig. 6-9, which agrees well with the results from this study. The close agreement verified 

the accuracy of the coupled analyses in this chapter.  

For cases of a lower compression loading rate, excess pore pressure starts to dissipate, 

and soil consolidates, which results in the compression bearing capacities being higher 

than the fully undrained conditions. For a slow compression loading rate (V = 0.01 and 

V = 0.001), excess pore pressure is nearly fully dissipated, and the soil responses 

eventually reach the drained condition. The drained compression bearing capacity was 

predicted as the same value for six preloading cases. 

Fig. 6-10 shows the compression bearing capacity factor Ncc normalised by the undrained 

compression bearing capacity factor ,
p

cc unN versus the dimensionless velocity factor V. The 

vertical compression bearing capacity ratio, ,/ p
cc cc unN N , can be captured by using the 

following equations to describe the backbone curve of the compression:  
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( ) 1

, ,

, 50
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1

1 /
cc dr cc uncc
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cc un com

N NN
N V V −

−
= +

+
 (6-10) 

where Ncc,dr is the compression bearing capacity factor in the drained soil condition. V50-

com is the normalised compression velocity where the capacity is an average of the fully 

drained and undrained values. For varying preloading cases, ,
p

cc unN  can be calculated by 

equation (6) and (9). Equation (10) is plotted in Fig. 6-10 using b1 = 0.89, and V50-

com = 1.64 suggested for an embedment ratio of w/D = 0.3 from Chapter 5, which matches 

well with finite element results. 

6.3.3 Vertical uplift bearing capacity Vu at θ = 180° 

The normalised vertical uplift bearing capacity Ncu = Vu/Dsu with 6 preloadings of vp = 0 

0.1, 0.3, 0.5, 0.7 and 0.9 for different loading rates is shown in Fig. 6-11. For undrained 

cases (V = 10000), the absolute value of the uplift bearing capacity factor |Ncu,un| (3.88) 

agrees well with the compression bearing capacity factor (3.90). For cases of lower uplift 

velocities, negative pore pressure starts to dissipate, resulting in the uplift bearing 

capacities being lower than the fully undrained conditions. For a slow uplifting rate 

(V ≤ 0.1), negative pore pressure is nearly fully dissipated, and the pipe is free to uplift. 

The normalised uplift bearing capacity ratio ,/ p
cu cu unN N versus the normalised uplift 

velocity is presented in Fig. 6-12. The backbone curve of the uplift capacity ratio can be 

fitted by using the following equation: 

( ) 2
, 50

11
1 /

cu
bp

cu un uplift

N
N V V −

= −
+

 (6-11) 

where V50-u is the normalised uplift velocity at which the capacity is an average between 

the fully drained and undrained values, and ,
p

cu unN  is the undrained uplift bearing capacity 

after the preloading and consolidation process. The best fit of parameter b2 is 1.49, and 
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V50-uplift is calculated by V50-uplift = 8.24(1+vp). An example of the fitting curve for the case 

vp = 0.5 is shown in Fig. 6-12, which shows good agreement with finite element results. 

6.3.4 Horizontal bearing capacity Hh at θ = 90° 

The normalised horizontal bearing capacity Nch=Hh/Dsu with six preloadings of vp = 0, 

0.1, 0.3, 0.5, 0.7 and 0.9 for varying loading rates is shown in Fig. 6-13. Zhou et al. (2018, 

Chapter 2) used the following equations for undrained horizontal bearing capacity 

without considering preloading: 

( ) ( )0.78 0.962
,  2.72 /  (5.19  2.21 ) /ch unN w D w Dη η= + −  (6-12) 

where η is the tension coefficient. The result for w/D = 0.3 with a fully bonded interface 

(undrained condition) from Zhou et al. (2018, Chapter 2) is 2.04, which agrees well with 

the result (2.13) from the undrained condition (V = 10000) with no-preloading (vp = 0) 

from this study. Undrained horizontal bearing capacity after preloading and consolidation 

process, ,
p

ch unN , was proposed by Chatterjee et al. (2014) as:  

,/
( )

, 1.24 1.6( / )

,

pre c unV Vp
ch un w D

ch un

N
e

N
+=  (6-13) 

The undrained horizontal bearing capacity with varying preloadings calculated by 

equation (12) and (13) is also shown as hollow symbols in Fig. 6-13, which shows close 

agreement with the results from this study.  

Fig. 6-14 shows the horizontal bearing capacity factor Nch normalised by the undrained 

case ,
p

ch unN  versus the dimensionless velocity factor V, which can be captured by using 

the following equations to describe the backbone curve:  

( ) 3

, ,

, 50

1
1

1 /

p
ch dr ch unch

bp
ch un hor

N NN
N V V −

−
= +

+
 (6-14) 
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where ,ch drN  is the horizontal bearing capacity factor in drained soil condition. V50-h is the 

normalised horizontal velocity at which the capacity is an average between the fully 

drained and undrained values. For varying preloading cases, ,
p

ch unN  can be calculated by 

equation (12) and (13). Equation (14) is plotted in Fig. 6-14 using b3 = 0.91, and V50-

hor = 6.90 suggested for an embedment ratio of w/D = 0.3 from Chapter 5. Close 

agreement between the fitting curve and the finite element results can be seen in Fig. 6-

14. 

6.3.5 Capacity envelope from the undrained to the drained condition 

The capacity envelopes for varying preloading levels and loading rates are shown in Fig. 

6-15. The capacity envelopes shift from undrained to drained conditions. For the 

undrained capacity envelope (V = 10000), the shape of the capacity envelope is 

axisymmetric. With the decrease in the loading rate, both compression and horizontal 

bearing capacity increase and uplift bearing capacity decreases, so that the capacity 

envelopes move towards the right hand and expand. For the slow loading rates (V = 0.01 

and V = 0.001), excess pore pressure is fully dissipated, and capacity envelopes reach the 

drained shape. 

The general shape of the capacity envelopes is taken as parabolic, although the vertical 

(compression and uplift) and horizontal bearing capacity changes with the preloading and 

loading rate. To fit the capacity envelopes, the ratio of bearing capacity loads Hl/Hh and 

Vl/Vc,un are plotted in Fig. 6-16, where Vl and Hl are the vertical and horizontal load. The 

following equation is proposed to fit the capacity envelopes:  

1 2

, .,.

0l l u l

h c un c un

c

c un c un

H V V Vf
H V V V

V
V

β β

β
   

= − + − =      
   

 (6-15) 
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where ( ) 1 2 1 2 1 2
1 2 1 2 , ,/ [ ( )/ ]/c c un u c unV V V Vβ β β β β ββ β β β β+ += + +  and fitting parameters β1 and 

β2 define the peak position of the capacity envelopes. The best fit of the finite element 

results is achieved by β1 = 0.52 and β2 = 0.48, as shown in Fig. 6-16. Equation (15) can 

be used to calculate capacity envelopes for a given embedment ratio, preloading level and 

loading rate using respective Hh, Vc,un, Vu/Vc,un and Vc/Vc,un values as explained in the 

previous section. 

6.4 Concluding remarks 

Loading history, as represented by the preloading and consolidation process, and the 

loading rate have a significant influence on the soil strength and hence the capacity of 

pipelines. This chapter presents the influence of loading history and loading rate on the 

capacity envelopes of an offshore pipe under vertical and horizontal loading.  

The consolidation-settlement was explored with varying preloading levels, which were 

found to be independent of the magnitude of preloading, and a simple hyperbolic equation 

was fitted to the consolidation-settlement response. The effective contact force 

enhancements for different pipeline embedment ratios were explored, which were shown 

to be larger than the established studies. 

After the preloading and consolidation process, the gain of the pipeline capacity was 

observed due to the increase of the soil strength according to the preloading level. A new 

equation was presented to enable prediction of the combined-loading capacity envelopes 

of seabed pipelines as a function of the pipe embedment ratio, preloading level and 

loading rate. These can be applied to predict the ultimate capacity of pipelines under 

combined loading as a function of pipe embedment ratio, preloading level and loading 

rate. 
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TABLES 

Table 6-1. Soil parameters for numerical studies  

Parameter input for finite-element analysis Values 
Permeability of the soil, k: m/s 1.0×10-9 

Unit weight of water, γw: kN/m3 10 
Slope of the swelling and recompression line in e-ln(p’) space, κ 0.044 

Slope of the virgin compression line in e-ln(p’) space, λ 0.205 
Slope of the critical state line in p’-q space, M 0.92 
Friction angle in triaxial compression, ϕ  23.5o 

Void ratio at p’ = 1 kPa on critical state line, ecs 2.14 
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FIGURES 

 

Fig. 6-1. Problem definition 
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Fig. 6-2. Finite element mesh and boundary conditions 
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(a) Yield surface in e-p’-q space 

 

(b) e-lnp’ relationship 

Fig. 6-3. Illustration of the MCC model 
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Fig. 6-4. Time-settlement response for varying preloading 
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(a) p-q’ space 

 

(b) e-ln(p’) space 

Fig. 6-5. Effective stress paths 
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Fig. 6-6. The development of an effective contact enhancement factor with varying 

preloading 

 

Fig. 6-7. Effective contact enhancement factor with varying embedment ratio 
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Fig. 6-8. Normalised compression bearing capacity at differing loading rates for varying 

preloading 

 

Fig. 6-9. Undrained compression bearing capacity ratio for varying preloading 
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Fig. 6-10. Backbone curves for compression bearing capacity ratio at differing loading 

rates for varying preloading 

 

Fig. 6-11. Normalised uplift bearing capacity at differing loading rates for varying 

preloading 
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Fig. 6-12. Backbone curves for uplift bearing capacity at differing loading rates for 

varying preloading 

 

Fig. 6-13. Normalised horizontal bearing capacity at differing loading rates for varying 

preloading 
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Fig. 6-14. Backbone curves for horizontal bearing capacity at differing loading rates for 

varying preloading 
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Fig. 6-15. Capacity envelopes from undrained to drained condition for varying preloading ratio (vp = 0, 0.1, 0.3, 0.5, 0.7 and 0.9)  

vp=0 vp=0.1 

vp=0.3 vp=0.5 

vp=0.7 vp=0.9 
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Fig. 6-16. Normalised capacity envelopes from undrained to drained condition for varying preloading ratio (vp = 0, 0.1, 0.3, 0.5, 0.7, 0.9)

vp=0 vp=0.1 

vp=0.5 vp=0.3 

vp=0.7 vp=0.9 
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Chapter 7 A simplified framework to implement the capacity 
envelopes under combined loadings in an example of pipeline 

lateral buckling analysis  

Chapter overview 

Capacity envelopes under combined loadings with consideration of the effect of 

tension have been defined within total stress (Chapter 2 and 3) and effective 

stress (Chapter 4, 5 and 6) frameworks. Chapter 7 proposes a method to 

incorporate these capacity envelopes under combined loadings into a finite 

element analysis of a long pipeline. This framework is tested and demonstrated 

using a simple pipe-soil interaction model (i.e. elastoplastic ‘spring’) by 

employing the commercial software ABAQUS and its user defined subroutine 

UEL. By attaching numerous of these user defined elements, a long pipeline was 

modelled to explore the pipeline lateral buckling under thermal and internal 

pressure loading more accurately defined. This framework paves the pathway for 

future study to implement the capacity envelopes under combined loadings, 

especially those defined through effective stress analyses. Thus, a more robust 

and realistic description of pipe-soil behaviour can be realised, where various 

effects, such as loading rate and loading history can be considered. 

— — — — — — — — — — — — — — — — — — — — — — — — — — — —  

Paper Title: Finite Element Modelling of Offshore Pipeline Lateral Buckling. Submitted 

to Journal of Pipeline Systems - Engineering and Practice.  
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Abstract 

The accurate prediction of lateral buckling is crucial for offshore pipelines that are 

subjected to high temperature and internal pressure. As a challenging topic, modelling 

pipeline buckling involves geometric nonlinearity and complex pipe-soil interaction. This 

chapter introduces a simple finite element modelling approach to simulate the pipeline 

lateral buckle behaviour. After validation against established knowledge, a variety of 

parametric analysis was systematically performed to investigate the effects of out-of-

straightness, seabed friction factor, elastic slip, internal pressure and initial stress. This 

study aims to provide a practical numerical approach for pipeline buckling and conveys 

a better understanding of the key parameters that must be considered when modelling the 

pipeline buckling mechanism. 

Keywords: Pipeline; lateral buckling; finite element modelling 
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7.1 Introduction 

Offshore pipelines expand under elevated temperature and internal pressure created by 

the transmission of oil and gas from wells to production facilities. For pipelines laid 

directly onto the seabed, this expansion is opposed by axial resistance due to seabed 

friction. This causes the development of axial compressive forces which can cause seabed 

pipelines to buckle laterally once the lateral soil resistance is insufficient to limit lateral 

pipeline movement. The philosophy of traditional pipeline buckling design was to 

increase restraint on the pipeline, e.g., by trenching and burying, thus suppressing 

buckling in the upwards, or upheaval, mode. This approach is costly but sometimes burial 

is a regulatory requirement regardless of buckling to avoid interaction with fishing gear. 

Burial against upheaval buckling moves the occurrence of buckling beyond the working 

temperature range.  

Strain energy builds up when pipelines are restrained and catastrophic consequences can 

occur if pipelines buckle uncontrollably. One example is the incident of a 1.3 million litre 

oil spill in the Guanabara Bay due to lateral buckling (da Costa et al., 2002). Human 

fatality and slope failure caused by pipeline buckling in Colombia was also reported in 

Palmer et al. (1999).  

In the past decades, laying a pipeline untrenched directly on the seabed has become a 

common design solution. For these shallowly embedded pipelines, “controlled buckling” 

has increasingly become a common practice, which involves laying pipelines with 

sufficient out-of-straightness (OOS) or using engineered features to induce (rather than 

suppress) pipeline buckling at controlled locations. As highlighted by Bruton et al. (2007), 

this fundamentally innovative approach requires a very careful design to ensure that 

buckles form as planned, and any unplanned buckles are tolerably, to an acceptable level 

of reliability. To ensure acceptable stress and strain levels, accurate modelling of the 
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buckling process is of great importance, which is also the basis to fully understand the 

pipeline buckling behaviour for “controlled buckling” design. 

Pioneering study in the literature of pipeline buckling was mainly concentrated on 

analytical and physical models. Allan (1968) conducted experimental and analytical 

studies of the buckling of a compressed strip under lateral loading and observed that 

buckling was sensitive to initial imperfections. Palmer and Baldry (1974) showed by 

experiments that internal pressure alone could cause buckling of a pipeline, clarifying the 

important concept of effective force; this phenomenon has been revisited by further recent 

experiments (Palmer and Sabtian 2012). Kerr (1974; 1978) studied the buckle localisation 

of railway tracks, assuming a rigid foundation providing a constant frictional resistance 

on the railway tracks, developing solutions for the post-buckled shape. Based on this, 

Hobbs (1984) investigated the buckling response of a heated pipeline on a rigid seabed, 

which has become a classical analytical solution in the area of buckling design. He 

proposed basic theoretical buckling modes and presented an analytical solution 

accounting for the buckling initiation temperature, buckle length and the buckle 

amplitude. The Hobbs solutions formed the basis of concept-level design screening for 

lateral buckling (e.g. DNV 2010, Atkins 2015). Taylor and Gan (1986) further improved 

the solution by considering initial imperfections and deformation-dependent axial friction. 

Croll (1997) analysed simple clamped column buckling with initial geometric 

imperfection and predicted the maximum buckling loads and a safe lower bound. A 

number of experiments and analytical studies on pipeline buckling with imperfections 

have appeared since then, most notably Taylor and Tran (1996), Boot (1997), Harrison et 

al. (2003), Rathbone et al. (2008) and Wang et al. (2011). The HOTPIPE and 

SAFEBUCK JIPs carried out with co-operation between academia and industry have 

significantly contributed to the understanding of the pipeline buckling, and the generation 

of systematic approaches for design (DNV 2010, Atkins 2015).  
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Due to the inherent high nonlinearity stemming from the abrupt geometry change, 

material plasticity and the complexity of pipe-soil interaction, modelling pipeline 

buckling is extremely challenging both in relation to the structural mechanics of the 

pipeline and the geotechnical pipe-soil interaction. Despite of the aforementioned studies, 

systematic numerical simulations of buckling using finite element methods have not been 

published, despite finite element analysis being widely used in design. Therefore, there is 

limited guidance to identify the critical aspects of the behaviour, in order that design 

studies and research can focus on the most critical sources of uncertainty. Such studies 

are hampered by the lack of analytical solutions against which numerical work can be 

benchmarked. Furthermore, ill-conditioning of the tangent stiffness matrix occurs close 

to the critical buckling point and determination of the secondary path at a bifurcation 

point in the post-buckling stage requires significant efforts (Parente et al., 2006). These 

numerical problems are the major challenge where dramatic nonlinear behaviour may 

induce a failure in the incremental or iterative solution procedure, especially those 

associated with “snapping phenomena” and the post-buckling behaviour (Crisfield 1981).  

The aims of this chapter, therefore, are to (1) establish the accuracy of a finite element 

approach to the modelling of lateral buckling; and (2) explore systematically the buckling 

behaviour, identifying the relative importance of different inputs, highlighting the critical 

sensitivities that should be the focus of design, or which could be exploited to improve 

the reliability of controlled lateral buckling solutions. 

The commercial finite element package ABAQUS was employed in this chapter, where 

the pipeline is modelled using built-in ‘Pipe’ elements and the seabed is represented as a 

rigid surface (see Dassault Systèmes, 2011 for technical details). Although using 

continuum elements to model the pipeline and a deformable body to represent the seabed 

seems more realistic, it is not practical for current computational capacities to model a 
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three-dimensional pipe-soil system. Any of the challenging aspects of contact behaviour, 

soil plasticity and large deformations are sufficiently complex to merit study individually. 

The purposes of this chapter are better addressed by a more-simple approach for 

modelling pipe-seabed interaction. In this chapter, a base case calculation example is first 

presented, where three computational methods, i.e., static, Riks (named after Riks, 1979) 

and dynamic, are compared. The pipe-soil interaction is represented with Coulomb 

friction. A systematic parametric study is then conducted to investigate the influence of 

dominating factors affecting pipeline buckling, i.e., initial out-of-straightness, lateral and 

axial friction factor, elastic slip distance to mobilise the full seabed friction, internal 

pressure and initial stress within the pipeline.  

7.2 Base case example 

7.2.1 Problem description and finite element model 

Based on the requirement to have enough pipe length to activate sufficient effective axial 

force and thus lateral buckling, a 15km long pipeline with typical properties for an infield 

flowline is considered in this chapter (for example, the network of pipelines described by 

Jayson et al. 2008). Fig. 7-1 illustrates the finite element model used in this analysis. The 

pipe diameter is D = 0.324 m (representing a 12″ flowline), and the wall thickness is t = 

0.021 m. The pipe material is modelled as elastic perfectly plastic with Young’s modulus 

taken as E = 200 GPa and the yield stress as σy = 400 MPa. Poisson’s ratio is considered 

as ν = 0.3 and the thermal expansion coefficient α = 1.2×10-5 °C-1. The pipeline is 

modelled as PIPE31H two-node linear Pipe elements with the hybrid formulation (see 

Dassault Systèmes, 2011 for technical details), which allows internal pressure load to be 

exerted.  

A mesh sensitivity study was conducted, indicating the results tended to converge when 

element size becomes less than 1m. This chapter uses an element size of 1 m (thus with a 
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total of 15000 elements in the finite element model), which is a good balance between 

accuracy and efficiency. The operational submerged weight of the pipeline is W = 0.37 

kN/m. The seabed is modelled as rigid surface and the pipeline directly sit on the surface, 

with ‘surface-to-surface’ contact used to describe the interaction. It is acknowledged that 

the real seabed is deformable and usually the offshore pipeline is partially embedded in 

the seabed. On sandy seabeds, scour features may cause intermittent spanning, but in the 

deep water conditions most relevant to high pressure high temperature pipelines, the 

seabed is usually soft clay. Modelling a long pipeline and the seabed as three-dimensional 

deformable bodies is not only arguably impractical for the state-of-the-art computational 

hardware, but also it is regarded as unnecessary as understanding the buckling mechanism 

does not necessarily require complex soil constitutive models and three-dimensional 

contact. In this study, simple pipe elements and a rigid surface are used without losing the 

capability to describing a complex pipe-soil response.  

In this chapter’s model, the soil axial and lateral resistance is modelled with a Coulomb 

friction model. As illustrated in Fig. 7-2, the pipe-seabed interaction behaviour is 

composed of an elastic stage and a plastic stage and the displacement from zero force to 

the plastic plateau is defined as the elastic slip distance. In the elastic stage, the 

displacement is recoverable and can return to zero when unloaded. In the plastic stage, a 

stable friction factor μ is reached, which is taken as 0.5 in this chapter unless otherwise 

specified. When unloaded in the plastic stage, the displacement cannot return back to zero 

but a residual plastic displacement is maintained. According to DNV recommended 

practice (2007, 2010), the friction factor μ for lateral resistance can be taken as 0.6 for 

sandy seabed and 0.2 for a clayey seabed (with additional resistance linked to the 

embedment level). Based on these, this study uses a value of 0.5 in the base case analysis 

and a parametric sensitivity study is conducted to show the influence of friction factor. 
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The finite element modelling process involves four steps: i) the gravity load (W = 0.37 

kN/m) is applied to the pipeline, and thus, the contact between the pipeline and the soil is 

established; ii) the middle node of the pipeline is displaced laterally (0.5 m in the base 

case) to mimic an initial out-of-straightness feature under displacement control (i.e., via 

a displacement boundary constraint in ABAQUS); iii) the boundary constraint at the 

middle node is freed (so the pipeline springs back slightly); and iv) the pipeline 

temperature is linearly ramped up by ∆T = 100 ºC. The flow of liquid or gas that enters 

the pipeline from a well is typically at a high temperature and this is maintained along the 

pipe through insulation in order to ease the flow and reduce the growth of wax and 

hydrates. For example, contents temperatures at the inlet of a pipeline carrying produces 

oil and gas in the range 70-95°C are given by Anderson et al. (2007), Harrison et al. (2001) 

and Jayson et al. (2008). As wells move into deeper water, contents temperatures are 

rising, and so in this study we have considered a temperature increase of ∆T = 100 ºC.  

Global buckling is caused by temperature and internal pressure change. Hydrostatic 

external pressure is constant during operation so although it affects the relative pressure, 

internally and externally, it does not drive buckling. Changes in internal pressure do create 

axial strains but these are minimal compared to the strains created by changes in 

temperature. In the deep water conditions, most relevant to high pressure high 

temperature pipelines, hydrodynamic loading is minimal so does not contribute to global 

buckling. Therefore, this chapter does not consider the hydrostatic, internal pressure and 

hydrodynamic loading.  

7.2.2 Static, Riks and dynamic methods 

For geometrically nonlinear problems such as buckling or collapse, the load-displacement 

response often includes regions of negative stiffness, which is extremely challenging for 

numerical convergence. This chapter investigates the three finite element calculation 
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algorithms available in ABAQUS, i.e., static, Riks and dynamic methods. The static 

method, ignoring inertia effects, is suitable for stable problems. For highly non-linear 

mechanisms such as buckling, the static method is less able to provide converged 

solutions. The Riks method (Wempner, 1971; Riks, 1979) implemented in ABAQUS also 

belongs to the static category but it uses the load magnitude as an additional unknown to 

improve the numerical convergence (Crisfield, 1981; Ramm, 1981; Powell and Simons, 

1981). As the Riks method (also called arc-length method) solves simultaneously for 

loads and displacements, the progress of the solution is measured by the “arc length” 

along the static equilibrium path in load-displacement space rather than in pseudo-time 

in general static approach. This is helpful for improving the convergence of Riks method 

even for unstable physical process.  

The dynamic method, accounting for inertia effects (i.e. forces due to mass-accelerations), 

is more realistic than the other two methods and is efficient for modelling unstable 

behaviour such as “snap-through” buckling. In this chapter, where the primary interest is 

to determine the quasi-static response in the monotonic heating up process, it is 

reasonable to use significant numerical damping in the dynamic analysis (see Dassault 

Systèmes, 2011 for technical details). 

7.2.3 Comparison of the three methods’ results 

The comparison of the results of the three methods is shown in Fig. 7-3 where the subplots 

(a) ~ (c) illustrate the history of lateral displacement, axial strain and axial force (negative 

being compression) at the middle node of the 15km pipeline, respectively. In this Figure, 

Step 1 represents the process of applying pipeline gravity. The middle node is displaced 

0.5m in Step 2 using a displacement constraint. In Step 3 this displacement constraint is 

freed and the middle node bounces back a small distance due to the elastic slip (see Fig. 

7-2). Consequently, Step 1~3 leads to a pipeline configuration with out-of-straightness. 
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Step 4 represents the heating up process by linearly ramping up the pipeline temperature 

as a prescribed condition. All the three methods predict that buckling initiation occurs 

around 9.65 °C. The dynamic method successfully completed the whole analysis while 

both the static and Riks broke down due to failure of convergence. The static method 

could only run up to 9.78 °C while Riks method terminated at 23.65 °C.  

The three methods have good agreement before the buckling initiation. The static method 

failed to converge after that and the Riks method shows a reduction of temperature during 

the buckling. As temperature is linearly ramped up as a prescribed condition in the finite 

element analysis, this unreasonable temperature reduction is due to the “arc length” 

algorithm of Riks method where the load magnitude (thus temperature in this analysis) is 

also taken as an additional unknown. From this aspect, the Riks analysis results are not 

physically realistic until the path returns to a higher temperature than at the buckling point. 

On the contrary, the dynamic method is the most realistic method. 

The dynamic results suggest that “snap-through” buckling occurs around 9.65 °C. The 

axial compression force at the middle node accumulated up to 440.51 kN and suddenly 

dropped to 210.75 kN when buckling happened. Correspondingly, the displacement and 

axial strain at the middle node increased by 1.21 m and 0.044% at the “snap-through”. At 

the post buckling stage, the axial compression force reduced toward a stable value of 

75.41kN while the displacement and strain consistently increase. In summary, the 

dynamic method is the most robust and practicable method, which is adopted in all latter 

analyses. 

7.2.4 Comparison with discrete macro-element modelling approach 

White et al. (2014) employed a macro-element approach to represent the pipe-soil 

interaction in the numerical modelling of pipeline buckling, where the pipe-soil behaviour 

is described in discrete “Winkler” foundation style. This was realised by implementing 
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the pipe-soil interaction into ABAQUS through the user element subroutine UEL (see 

Dassault Systèmes, 2011 for details). The advantage of using this macro-element 

approach is that complicated pipe-soil behaviour becomes possible to be coded in user 

subroutine UEL. Nevertheless, this requires significant user programming skills and 

commitment. On the contrary, this chapter uses continuous contact between the pipeline 

and the seabed to model the pipe-soil behaviour. As the contact is a built-in functionality 

of ABAQUS (and most generic finite element packages), it does not require any user 

programming effort although its functionality is less comprehensive than using a user 

subroutine.  

To compare these two different approaches, Coulomb friction (see Fig. 7-2) was also 

coded as a user subroutine and incorporated as discrete macro-elements. 15001 macro-

elements were used and the distance between neighbouring macro-elements is 1m (i.e., 

every pipe node is attached with a macro-element representing the pipe-soil interaction). 

The comparison results are shown in Fig. 7-4, where subplot (a) illustrates the lateral 

displacement and velocity at the middle node. The displacements of the two approaches, 

shown as solid lines, coincide before buckling initiation. At the post-buckling stage, the 

discrete macro-element method shows larger displacement. This discrepancy arises due 

to the different friction computation in case of non-uniaxial displacement. In the discrete 

macro-element method, the axial and lateral frictions are completely independent and thus 

the resultant friction at arbitrary displacement is the summary of the axial and lateral 

friction vectors. However, the continuous contact method uses an envelope to calculate 

the friction at an arbitrary displacement, which causes a net reduction in the available soil 

resistance (and may also be more realistic, reflecting the interaction of each mode of pipe-

seabed sliding). Regardless, there is acceptable agreement as the difference of the final 

displacement is ∼8%, given such a complex post-buckling analysis.  
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The velocity shown as broken lines of the two approaches are very close and cannot be 

visually distinguished. Fig. 7-4(b) denotes the axial force development history around the 

middle node, which shows a close agreement between the two approaches. Fig. 7-4(c) 

denotes the axial force distribution along the pipeline at the buckling initiation (∆T = 9.65 

ºC) as well as analysis completion with ∆T = 100 ºC. Good agreement can be observed 

between the two approaches. These agreements validate that this study’s approach is 

reliable. 

7.3 Parametric Study 

To further understand the pipeline buckling behaviour, a systematic parametric study is 

conducted to investigate the effects of initial out-of-straightness, friction factor, elastic 

slip, internal pressure and initial stress. In the following analysis, all calculation 

parameters are kept the same as the base case except the varying parameter as specified. 

7.3.1 Out-of-straightness 

In addition to pulling the middle node to 0.5 m in the base case, the pipeline middle node 

is displaced at a varying distance of 0.1, 0.3, 0.7, 1.0, 1.5 and 2.0 m in this parametric 

study. Fig. 7-5(a) ~ (c) illustrate the analysis results of the lateral displacement, velocity 

and axial force at the middle node. Fig. 7-5(a) quantifies how much a higher initial out-

of-straightness tends to ease the buckling occurrence, i.e., reduces the buckling initiation 

temperature. Consequently, the middle node velocity reduces significantly with 

increasing out-of-straightness as shown in Fig. 7-5(b). For instance of out-of-straightness 

of 0.1m, a “snap-through” buckling happens with velocity of 4.84m/s at the middle node. 

For cases of OOS>0.7m, the velocity becomes less than 0.07m/s. Consequently, no “snap-

through” can be seen and the pipe displacement-temperature response becomes a smooth 

curve in Fig. 7-5(a) for the cases of OOS>0.7m. This can also be proven in Fig. 7-5(c) 

where axial force at the middle node accumulates until the buckling initiation.  



7.13 
 

At the occurrence of buckling, the axial compression force sharply reduces for “snap-

through” cases (OOS<0.7m) while smoothly reduces for greater out-of-straightness cases. 

The residual axial force at post buckling of all out-of-straightness cases reaches a 

relatively constant value of 75kN except that OOS=0.1m is slightly higher. Fig. 7-5(d) 

and (e) show the configuration and axial force along the pipeline at the end of the analysis. 

Again, the results show similar pattern of pipeline configuration and axial force 

distribution, except OOS=0.1m. For cases other than OOS=0.1m, the major buckle forms 

at the middle of the pipeline with minor buckles with reducing buckle amplitude at both 

sides. For the case of OOS=0.1m, the middle buckle is much smaller and greater buckles 

appear about 220m from the middle node.  

As shown in Fig. 7-5(a), the middle node lateral displacement of OOS=0.1m stays almost 

constant during the post buckling stage. The reason for this high mode (with more buckle 

lobes) for OOS=0.1m can be attributed to the availability of initial stress and soil friction 

resistance. Fig. 7-5(f) shows the lateral friction distribution before heating up (ΔT=0°C) 

and at buckling initiation for the cases of OOS=0.1m and OOS=0.5m. Before heating up, 

the initial lateral friction exists to resist the elastic rebound of the initial OOS. During the 

heating up, the friction changes direction (and thus the sign in the Figure) as it attempts 

to resist the thermal expansion. For the case of OOS=0.1m, the initial lateral friction is 

less than the maximum friction capacity µW = 185N/m while the friction around the 

minor buckle lobe is even smaller. Consequently, the friction around the minor buckle 

lobe first reaches maximum value and thus more axial expansion feeds into this location. 

At buckle initiation, this buckle lobe becomes slightly greater than the initial major 

(middle) lobe. Thus, high mode of buckle lobes is formed post buckling.  

For the case of OOS=0.5m, the initial lateral friction at major and minor lobes all reaches 

the maximum friction capacity. However, the middle major lobe first changes direction 
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and reaches the maximum value and thus the middle buckle lobe keeps growing when the 

temperature increases further. These comparisons highlight the influence of the initial 

conditions, and specifically how the OOS is created, on the resulting buckle response.  

Fig. 7-6(a) shows the pipe configurations corresponding to the instant of buckling 

initiation. Sketches of Hobbs’ (1984) analytical Mode 1 and 3 are also illustrated in the 

Fig. 7-6(a). The buckling initiation configuration in the finite element analysis is close to 

Mode 3 as two minor kinks can be seen opposite to the major out-of-straightness. Fig. 7-

6(b) shows the middle node displacement and velocity versus the buckling initiation 

temperature, which is essentially extracted from Fig. 7-5(a) and (b). Again, this Figure 

shows that a higher out-of-straightness tends to mitigate the “snap-through” effect, i.e. 

buckling occurs at lower temperature and slower velocity.  

By assuming a pipeline without an initial geometric out-of-straightness and a fully 

mobilised friction in certain segments, Hobbs (1984) proposed an analytical relationship 

between buckling amplitude and the buckling initiation temperature, where Fig. 7-6(b) 

also shows the analytical result for Mode 1 and 3. The buckling initiation temperatures 

from this study’s finite element analysis are lower than Hobbs (1984). The reason is that 

the initial out-of-straightness (imperfection) of the pipeline was not considered in Hobbs’ 

(1984). This agrees with previous studies (see among others, Taylor and Gan 1986, 

Pedersen and Jensen 1988, Croll 1997, Taylor and Tran 1996, Harrison et al. 2003, Wang 

et al. 2011) that the existence of out-of-straightness tends to reduce the buckling initiation 

temperature. Furthermore, Fig. 7-6(c) and (d) illustrate the axial friction and lateral 

friction along the pipeline at buckling initiation of case OOS=0.5m. Compared in Fig. 7-

6(c) and (d) is the Hobbs (1984) analytical solution which assumed that the axial and 

lateral friction are fully mobilised in certain segments when the bucking occurs. This 

explains why the Hobbs (1984) analytical initiation temperature is greater than found in 
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the finite element modelling. 

7.3.2 Friction factor 

In the previous examples, both the lateral friction factor μl and axial friction factor μa are 

0.5. To investigate the influence of μl and μa, parametric studies are conducted by varying 

one friction factor in the range of [0.3, 0.5, 0.7, 0.9] while keep the other constant as 0.5. 

Fig. 7-7(a) illustrates the influence of lateral friction μl on the lateral displacement of the 

middle node. It is obviously shown that the buckling initiation is significantly influenced 

by the lateral friction μl. For high lateral friction case, a greater axial force – and 

corresponding lateral component in the OOS – is required to cause lateral movement and 

thus the buckling initiation temperature is increased. For instance, for the case of μl =0.9, 

the buckling initiation occurs at 13.19 ºC, whereas for the case of μl=0.3, the initiation 

temperature is predicted to be 7.47 ºC. In practical terms, these differences are small, but 

the axial force at buckling initiation increases by 74% when μl increases from 0.3 to 0.9 

(Fig. 7-7(b)). Furthermore, at the post buckling stage the middle node of high μl case 

shows larger displacement than those cases with low μl. The reason for this is that high 

lateral friction tends to limit the buckle length and consequently the axial expansion feeds 

in the relatively concentrated middle buckle. This explains why the μl=0.9 case has the 

largest middle node displacement at the end of analysis.  

Fig. 7-7(c) shows the final pipeline configuration at the analysis completion, which 

verifies that higher μl =0.9 has relatively small buckle length but large buckle amplitude. 

For μl =0.3, high buckle mode forms with the increasing temperature. The reason is that 

the friction around minor buckle lobes is relatively easier to reach the maximum friction 

capacity. The axial feed in will first go into the lobes away from the middle major lobe 

and thus high mode of buckling appears. Fig. 7-7(d) illustrates the axial force distribution 

at the end of analysis. 
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Fig. 7-8(a) illustrates the influence of axial friction μa on the lateral displacement at the 

middle node. It can be observed that all four cases of μa = [0.3, 0.5, 0.7, 0.9] predict the 

same buckling initiation temperature at around 9.65 °C. This is because in the fully-

constrained central section of the pipeline, the axial friction has no effect on the axial 

force and thus the buckling initiation. However, low axial friction cases show large 

displacement at post buckling stage. This is because the pipe axial expansion can more 

easily feed into the middle buckle lobe for the low axial friction case and thus large buckle 

amplitude is formed. For the large μa case, the high axial friction leads to extra buckles. 

Consequently, there is less feeding in to the main buckle and thus a smaller amplitude is 

formed.  

Fig. 7-8(b) illustrates the final pipeline configuration and. Fig. 7-8(c) shows the axial 

force distribution at the end of analysis, clearly highlighting that for high axial friction, 

the axial force needs a shorter distance to accumulate. A higher buckle mode is also 

observed in the high axial friction cases (Fig. 7-8(b)). This is because high axial friction 

leads to greater axial force, which causes the maximum lateral friction capacity to be 

reached earlier at the buckle lobes away from the middle major buckle lobe (relative to 

the low lateral friction cases). Miles and Calladine (1999) also reported this phenomenon 

of ‘lobe-extinction’, where the first lobe to be formed grows rapidly at first as temperature 

increases but eventually its growth slows down and the adjacent, smaller lobes take over 

the role of accommodating further expansion. 

Kerr (1984) presented an analytical prediction of buckling initiation temperature 

accounting for both μa and µl. Combining the later Hobbs’ (1984) improvement, the 

buckling initiation temperature can be evaluated. These results compared with this study 

are shown in Fig. 7-8(d). As expected, this study’s buckling initiation temperatures from 

the finite element modelling are lower than the analytical prediction for the no 
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imperfection case. With reducing μa, better agreement can be seen. The reason is that for 

low axial friction, finite element model becomes similar to the analytical solution, with 

the influence of the out-of-straightness diminishing. 

7.3.3 Elastic slip  

As denoted in Fig. 7-2, elastic slip is the distance within which the pipe-soil behaviour is 

in elastic stage. In the previous analysis, the elastic slip was taken as 0.1D. To investigate 

its influence, varying elastic slips in the range of [0.01D, 0.1D, 0.2D, 0.3D] are considered. 

It is noteworthy that the pipeline rebounds slightly due to the elastic slip, as well as the 

redistribution of elastic stresses within the pipe, when the displacement constraint at the 

middle node is released (cross referring to Step 3 of the analysis procedure detailed in 

section 2.1). To eliminate the influence of the initial pipeline configuration, a range of 

initial middle displacements [0.587, 0.628, 0.674, 0.721]m have been adopted to ensure 

all cases have the same initial displacement at the middle node before heating up (as 

shown in Fig. 7-9(a)).  

Fig. 7-9(b) illustrates the pipeline configuration at respective buckling initiation. This is 

straightforward to understand as a large elastic slip (thus low elastic stiffness) encourages 

a more gradual elastic displacement during heating up. For instance, for the case of 0.3D, 

the middle node displacement at buckle initiation is 0.71m, whereas for the case of 0.01D, 

the middle node displacement is 0.57m. Fig. 7-9(c) and (d) show the results of lateral 

displacement and velocity at the middle node. It can be observed that the large elastic slip 

tends to ease the buckling initiation with lower buckling initiation temperature and slower 

velocity. For the case of 0.3D, the middle node lateral displacement shows a slow increase 

of displacement after 34.89 ºC during the post buckling stage, which is due to an extra 

buckle being formed. 
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7.3.3 Internal Pressure  

It is well accepted that internal pressure can also cause buckling as it creates a 

compressive force in the pipeline similarly as temperature (Palmer 1974), if end restraint 

or frictional restraint is present. Hobbs (1984) showed that the temperature and internal 

pressures at which buckling will occur can be related as: 

( )0.5
2
DE T p
t

α ν∆ = − ∆  (7-1) 

where ∆p is pipeline internal pressure increase.  

A parametric study of internal pressure in range of 0~12MPa with intervals of 2MPa 

interval is reported. In the analysis, the first 3 steps are the same as the previous analysis 

(cross referring the analysis procedure in section 2.1). The internal pressure is quickly 

exerted at the beginning of Step 4 before heating up (to eliminate its influence on the 

pipeline configuration) and the temperature has the same linear ramp up as the previous 

analysis. The results are illustrated in Fig. 7-10 by the lateral displacement at the middle 

node. The internal pressure leads to a lower buckle initiation temperature. This means the 

internal pressure and temperature are coupled and together influence the buckling, 

consistent with Equation 1. Fig. 7-11 depicts the temperature increase and the internal 

pressure at buckle initiation with compared of equation (7-1). The good agreement 

between this study and equation (7-1) verifies that the finite element analysis is able to 

model the coupled effect of temperature and pressure. Consequently, it is reasonable to 

use an equivalent temperature-defined by equation (7-1) instead of internal pressure to 

model pipeline buckling in numerical analysis. 

7.3.3 Initial stress  

In the previous analysis, the out-of-straightness is created by displacing the pipeline 

middle node. Consequently, initial stress exists in the pipeline before heating up. The 

initial stress tends to push the pipeline back to its original position which is prevented by 
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the initial seabed friction resistance. To investigate the effect of this initial stress, “wished 

in place” pipelines with OOS=0.5m and OOS=0.1m are modelled with the same 

configuration of the base cases before heating up where no initial stress (thus no seabed 

friction) is mobilised in the pipeline. 

This comparison has similarities to the modified approach to pipe laying reported by 

Endal et al. (2014). They showed benefits from leaving residual curvature within a reel-

laid pipeline – a method that creates reduced stresses within the OOS compared to either 

the artificial creation in the present FE analysis, or through bending the pipe around a 

counteract structure. 

The comparison results are shown in Fig. 7-12 where the subplots (a) and (b) illustrate 

the middle node position and velocity. In the “pulled in place’’ case (base case), “snap-

through” buckling happened while the “wished in place” shows a smooth buckling 

process although the final configurations are close to each other, as shown in Fig. 7-12(c). 

The reason for this is explained in Fig. 7-12(d) and (e), which are the lateral friction 

distribution before heating up and buckling initiation respectively. Before heating up, 

lateral friction exists to restrain the pipe from bouncing back for the “pulled in place’’ 

case, while there is no stress in the ‘‘wished in place’’ case. During the heating up, the 

initial friction is first mobilised similar to the ‘‘pulled in place’’ case. Consequently, a 

higher temperature is needed to activate buckling. As for the ‘‘wished in place’’ case, the 

heating up directly causes the lateral friction to accumulate. Consequently, the buckling 

of the ‘‘pulled in place’’ case is delayed and more energy accumulates leadings to ‘‘snap-

through’’ buckling. 

This result suggests that neglect of the initial stress in the pipeline may mask the potential 

for “snap-through” buckling. It also demonstrates one of the benefits of adding OOS 

while minimising the residual stresses that tend to straighten the pipe. In practice this may 
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be achieved via deliberate manipulation of the reel-lay straighteners (Endal et al. 2014) 

(the so-called “residual curvature method”) or through using specific curved joints of pipe 

to form the deliberate OOS. 

7.4 Concluding remarks 

In this chapter, a simple finite element approach is demonstrated to model pipeline lateral 

buckling. Based on validation against established knowledge, a systematic parametric 

study of lateral pipeline buckling is conducted and the main conclusions are as follows: 

(1) Increasing initial out-of-straightness tends to ease the buckling occurrence. Pipelines 

with a large out-of-straightness tends to show a smooth buckling process and a ‘‘snap-

through’’ buckling occurs for small out-of-straightness.  

(2) The lateral friction factor μl dominates the buckling initiation temperature while the 

axial friction factor μa affects the magnitude of the pipeline expansion. 

(3) Elastic slip has a significant effect on the buckle initiation temperature. 

(4) Internal pressures can also lead to pipeline lateral buckling but can be reasonably 

represented by an equivalent temperature in numerical analysis. 

(5) A comparison between the ‘‘wished in place’’ and ‘‘pulled in place’’ methods of 

establishing the OOS indicates that the ideal ‘‘wished in place’’ scenario predicts a 

lower buckle initiation temperature and a gentler buckle with reduced tendency for 

“snap through”. Neglecting the initial pipeline stress may underestimate the potential 

for the ‘‘snap-through’’ phenomenon, and so the residual stresses left by the formation 

of OOS features are important to model realistically. 
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FIGURES 

 

Fig. 7-1. Finite element model 

 

Fig. 7-2. Illustration of Coulomb friction model 

  

15km pipeline (15,000 elements with 1m each element)

Seabed modelled as rigid surface

Pipeline modelled as Pipe elements
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(a) lateral displacement at middle node 

 

(b) axial strain at middle node 

 

(c) axial force at middle node 

Fig. 7-3. Comparison of the three methods 
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(a) lateral displacement and velocity at middle node 

 

(b) axial force at middle node 

 

(c) axial force distribution along pipeline 

Fig. 7-4. Comparison between continuous contact and discrete macro-element 
approaches 
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(a) lateral displacement at middle node 

 

(b) velocity at middle node 

 

(c) axial force at middle node 

 

(d) final pipeline configuration 

 

(e) final axial force distribution along pipeline 
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(f) lateral friction distribution for OOS=0.1m and OOS=0.5m 

Fig. 7-5. Results in the OOS study 
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(a) pipeline configuration of buckling initiation 

 

(b) buckling initiation temperature and displacement, velocity at middle node 

 

(c) buckling initiation axial friction distribution 
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(d) buckling initiation lateral friction distribution 

Fig. 7-6. Comparison between Hobbs solution and finite element results 
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(a) lateral displacement at the middle node 

 

(b) axial force distribution at buckling initiation 

 

(c) final pipeline configuration 

 

(d) final axial force distribution along pipeline 

Fig. 7-7. The effect of lateral friction factor 
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(a) lateral displacement at the middle node 

 

(b) final pipeline configuration 

 

(c) final axial force distribution along pipeline 

 

(d) buckling initiation temperature between this study and analytical prediction 

Fig. 7-8. The effect of axial friction factor  
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(a) pipeline configuration before heating up 

 

(b) pipeline configuration of buckling initiation 

 

(c) lateral displacement at middle node 

 

 (d) velocity at middle node 

Fig. 7-9. The effect of elastic slip 
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Fig. 7-10. The effect of internal pressure 

 

Fig. 7-11. The relation between temperature and pressure 
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(a) lateral position at middle node 

 

(b) velocity at middle node 

 

(c) finial pipeline configuration 

 

(d) before heating up lateral friction distribution 

 

 

(e) buckling initiation lateral friction distribution 

Fig. 7-12. The effect of initial stress 
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Chapter 8 Conclusions 

This thesis carried out a systematic study to investigate the capacity envelopes of 

shallowly embedded pipeline under combined loadings within both a total stress and 

effective stress framework. The effect of tension between pipe and soil has been 

rigorously explored through developing two pipe-soil interfaces and then implementing 

the pipe-soil interfaces into a finite element program. Influential factors, i.e., pipeline 

embedment, loading rate and loading history, have been investigated, which provides a 

thorough understanding of the pipe-soil interaction behaviour. A simplified framework, 

which is capable of implementing the capacity envelopes under combined loadings into 

a long pipeline analysis is developed. 

8.1 Original contributions and main findings 

This section presents the contributions and findings of the thesis. 

8.1.1 The capacity envelopes under combined loadings considering the effect of 

tension in total stress analysis 

Tension between pipe and soil has been observed in experimental tests, whereas a 

systematic study to explore the fundamental mechanism of tension and its influence on 

the capacity envelopes is carried out in this thesis. A pipe-soil interface model accounting 

for tension between pipe and soil was developed in Chapter 2. This interface is capable 

of describing the tensile stress between pipe and soil according to a predetermined level 

of pipe lifting capacity, which is used to investigate the effect of tension between pipe and 

soil on the capacity envelopes under combined loadings. Two-dimensional finite element 

modelling in vertical (V) and horizontal (H) loading space in total stress analysis was 

conducted with the soil modelled with the Tresca failure criteria. Relationships defining 

the variation of vertical and horizontal capacity with pipe-soil tension were proposed and 

it was found that the tension has minor effect on the vertical compression capacity but 
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has significant influence on the horizontal capacity. V-H capacity envelopes under 

combined loadings were defined by conducting a series of probe tests, i.e. the pipe was 

displaced at an angle θ to the vertical. Closed-form expressions as a function of pipe 

embedment ratio and tension were presented to describe the V-H capacity envelopes.  

By extending the interface model to three-dimensions, finite element modelling was 

presented to investigate the capacity envelopes under combined vertical (V), horizontal 

(H) and axial (T) loadings considering the effect of tension in Chapter 3. The interaction 

between V-H-T loadings has been shown to produce complex shapes in the capacity 

envelopes. Under combined V-T loadings, coupling is very minor for the range of 

0.8η < V/Vmax < 0.8. This also applies for combined H-T loadings, where nearly no 

coupling can be observed for H/Hmax < 0.6. In three-dimensional V-H-T loading space, 

capacity envelopes under combined loadings were described by proposing a mathematical 

expression as a function of pipeline embedment ratio and tension capacity. Such a fully 

coupled three-dimensional capacity envelope is believed to be the first to be described in 

the literature. 

8.1.2 The capacity envelopes under combined loading considering the effect of 

tension in effective stress analysis 

An effective stress framework was used to describe combined loading capacity envelopes, 

considering the effect of tension, was developed in Chapter 4 ~ 6. A coupled pore-fluid 

gap interface to describe both the mechanical and the pore pressure behaviour between 

the pipe and the soil was proposed, where the separation/attachment between pipe and 

soil is allowed according to the suction development in Chapter 4. The pore-fluid gap 

interface was compared with available structure-soil interfaces. The fundamentally 

different uplift mechanism between the structure-soil interfaces and the pore-fluid gap 

interface was presented. The pore-fluid gap interface can effectively describe the 
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transition of soil behaviour from undrained condition to drained condition at varying 

loading rates. This pore-fluid gap interface was implemented in a finite element program 

and used in coupled analyses to investigate the capacity envelopes under combined 

loadings, where the modified Cam Clay plasticity model was used to describe the soil 

behaviour. Using this novel approach, the effect of loading rate and effect of preloading 

and consolidation were studied in detail. 

Loading rate 

Coupled finite element analysis was performed to investigate the uniaxial capacity of 

pipeline under varying loading rates in Chapter 5. The pore water pressure developments 

and soil drainage conditions under varying loading rates were investigated. Results of 

backbone curves of pipeline uniaxial capacity were presented to define the full loading 

rate range of fully undrained, partially drained to fully drained behaviour. Simple fitting 

equations of backbone curves were presented as a function of normalised velocity (vD/cv) 

and pipeline embedment ratio.  

In the analyses of vertical compression and horizontal displacement, the fully undrained 

condition was reached when the normalised velocity was larger than 1000, while the fully 

drained condition was reached when the normalised velocity was slower than 0.01. 

Vertical compression capacity increased with slower rate of compression due to the gain 

of soil shear strength with excess pore water pressure dissipation. In vertical uplift, the 

fully undrained condition was reached when the normalised velocity was larger than 1000, 

while fully drained condition was reached when the normalised velocity was slower than 

0.1. The excess pore water pressure dissipation in vertical uplift was faster than that in 

vertical compression because of the different excess pore pressure dissipation paths.  

Preloading and consolidation 
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The soil resistance to pipeline loads is highly dependent on the loading history, preloading 

and consolidation process, after pipeline laying. An extension of the study in Chapter 5, 

coupled finite element analysis was performed in Chapter 6 to investigate capacity 

envelopes under combined vertical (V) and horizontal (H) loadings that considers loading 

history and loading rates. The pore water dissipation time history and corresponding 

consolidation settlement were presented for pipelines subjected to varying levels of 

preloading. The response of the normalised consolidation curve was found to be 

independent of the magnitude of preloading and a simple hyperbolic equation was fit to 

describe the consolidation-settlement response. After full consolidation with excess pore 

pressure fully dissipated, the effect of pipeline embedment on effective contact force 

enhancement was explored.  

The coupled effects of preloading together with loading rate on the capacity envelopes 

under combined loadings were presented. A new equation was presented that enables 

prediction of the capacity envelopes under combined loadings as a function of pipe 

embedment ratio, preloading level and loading rate. 

8.1.3 A simplified framework to implement the capacity envelopes into a finite 

element program 

Capacity envelopes under combined loadings, with consideration of the effect of tension, 

have been defined using total stress (Chapter 2 and 3) and effective stress (Chapter 4, 5 

and 6) analyses. A simplified framework which is capable of implementing the capacity 

envelopes under combined loading was developed in Chapter 7. A simple pipe-soil 

interaction model (i.e. elastoplastic ‘spring’) was realised in the framework. Good 

agreement with the traditional Coulomb friction model was achieved, which validated the 

reliability of this approach. 
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An example of a 15km long pipeline undergoing lateral buckling modelling under thermal 

and internal pressure loading was presented. A detailed parametric study was performed 

to investigate the influence of the dominating factors affecting pipeline buckling. 

Increasing initial out-of-straightness of the pipeline tends to ease the ‘snap-through’ 

buckling occurrence. The buckling initiation temperature was controlled by the lateral 

friction factor and the axial friction factor has great influence on the magnitude of the 

pipeline expansion. Elastic slip, the distance to mobilise the plastic behaviour of pipe-soil 

interaction, has a significant effect on the buckling initiation temperature. Pipeline 

internal pressures can also lead to pipeline lateral buckling, which has been proven to be 

able to be represented by equivalent temperature.  

This framework provides a methodology to implement the capacity envelopes developed 

in this thesis and this is recommended for future study. 

 

8.2 Future research 

8.2.1 Implementation of the capacity envelopes into finite element program 

This thesis has presented a set of capacity envelopes under combined loadings to describe 

pipe-soil interaction behaviour with consideration of the effect of tension (Chapter 2 ~ 6). 

A simplified framework of a long pipeline analysis was developed, which is capable of 

implementing the capacity envelopes under combined loadings (Chapter 7). Based on all 

the capacity envelopes developed in this thesis, force - resultant plasticity models are 

expected to be established by further investigating the hardening law and elastic 

behaviour inside the capacity envelopes. These force - resultant plasticity models can 

predict the behaviour of a segment of pipe in terms of the applied combined loading and 

the corresponding displacements. By implementing these force - resultant plasticity 

models into the finite element program within framework established in Chapter 7, a 
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practicable approach can be obtained to conduct a long pipeline simulation and to 

systematically investigate the behaviour of a long pipeline. For example, the numerically 

challenging problems of pipeline lateral buckling and axial walking could use this 

approach, providing a more practical tool for engineering pipeline practice. 

8.2.2 Cyclic behaviour 

All of the capacity envelopes of pipe-soil interaction developed in this thesis were for 

monotonic loading. During the whole operation life, offshore pipelines are commonly 

subjected to cyclic loadings caused by cycles of temperature heating up and cooling down. 

The pipe-soil interaction behaviour subjected to cyclic loadings is worth investigating as 

another topic for future research.  

8.2.3 The effect of geometry  

The finite element analyses in this thesis are based on a ‘wished-in-place’ pipeline. The 

change of geometry, i.e. local heave generated due to pipeline laying and pipe lateral 

movement, can also affect the pipe-soil interaction behaviour. The effect of geometry on 

the capacity envelope under combined loadings is thought to be another aspect for future 

research. This will allow pipe-soil interaction behaviour to be defined under even more 

realistic conditions. 
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