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ABSTRACT 

Subsea pipelines play a significant role in transporting hydrocarbon from offshore. For 

both shallow and deep water, an effective means of hydrocarbon transportation is the 

usage of pipeline. However, deep water pipelines are expensive to bury and an economic 

way is to lay the pipelines on seabed. Due to pipe installation procedures (e.g. wave 

action, pipelines self weight etc.), pipelines could penetrate into the seabed a fraction of 

its diameter. Pipelines might experience thermal expansion (due to low ambient and high 

internal temperature) during operation cycles which can cause pipelines to expand axially. 

But due to restraining conditions from accumulated soil/pipe interaction and effective 

longitudinal force along the pipeline, bending moments can develop in the pipelines, 

which cause pipelines to buckle laterally. This lateral buckling is resisted mainly through 

soil/pipe interaction. In addition, the berm formed around the pipe (during installation 

period) plays a vital role in resisting the lateral pipe movements. Thus, accurate 

prediction of soil/pipe interaction of an as-laid pipeline is very important for the 

development of pipeline design guidelines. To address this critical phenomenon, the first 

step is to capture the soi l behaviour during pipe vertical penetration along with the berm 

formulation mechanism. This is a large deformation problem. To solve the problem 

numerically, a large deformation numerical tool is required. In this study, the Coupled 

Eulerian Lagrangian (CEL) finite element method is used for analysis of partially 

embedded pipelines. Analyses are performed using ABAQUS 6.1 0-EFl software. In the 

deep sea, the undrained shear strength of clay typically increases with depth. In addition, 

the undrained shear strength is strain rate dependent. Moreover, strain softening 
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behaviour of c lay is another critical phenomenon that should be considered. The standard 

von Mises yield constitutive model available in ABAQUS cannot capture this clay 

behaviour. Therefore, in this study an advanced soil constitutive model that considered 

these phenomena is implemented in ABAQUS using user subroutines programmed in 

FORTRAN. Results from the analysis are compared with centrifuge test results and 

other available solutions in the literature. [t is shown that the Coupled Eulerian 

Lagrangian (CEL) approach together with the advanced soi l constitutive model is a very 

effective tool for modelling large deformation behaviour of partially embedded pipelines 

in seabed both for vertical penetration and lateral movement. 
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Chapter 1 

Introduction 

l.lGeneral 

Demand for offshore technological development is increasing daily for increased 

hydrocarbon production. One of the major challenges is the safe and efficient 

transportation of hydrocarbon offshore. Among the possible options, an effective way to 

transport the hydrocarbon from offshore to onshore is the use of pipelines especially for 

high yield reservoirs. Depending upon shallow or deep water, pipelines can be either 

buried or kept in as-laid state on the seabed. In deep water, installations of buried pipe are 

expensive. Thus, pipelines are normally laid on the seabed in deep water. As- laid pipeline 

can penetrate a fraction of its diameter owing to self weight along with its laying effects. 

Sediment transportation, liquefaction, consolidation in soil along with installation process 

may also cause self burial of pipeline (Cathie et al., 2005); however, it is not of interest in 

the present study. 

After installation, pipelines may be operated under high temperature and pressure to 

transport the hydrocarbon whereas the ambient temperature around the pipeline is very 

low (Merifield et al., 2008). High temperature and pressure is required to ease the fluid 

flow through the pipe and to reduce the wax solidifications (Cheuk et al. , 2007). But high 
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temperature and pressure can create effective longitudinal forces along the pipelines, 

which is resisted by soil reaction (due to embedment). The developed longitudinal force 

might cause the pipeline to buckle laterally to release the energy. Thus, the pipeline might 

suffer from lateral buckling along with thermal expansion. This phenomenon can be best 

described in Fig.l.l where as-laid pipeline moves away from its original position. Besides 

thermal expansion, geo-hazards like submarine slide can also cause pipeline to move 

laterally up to 2 to 10m (Bruton et al., 2008). 

Original track of as-laid pipeline 

Fig. 1.1 Side-scan sonar image of lateral buckle (Bruton et al., 2008) 

Also, temperature variation within the pipeline might occur during operation at shut down 

and restart effects. It causes pipe thermal expansion and contraction, which is responsible 

for the variation of pipe effective axial force. This may cause cyclic lateral pipeline 

movement. The developed stress along the pipeline can be relieved by the usage of inline 

expansion spools or lateral buckle (snake lying) along the unburied pipeline. But inline 

spools are not cost effective (Dingle et al. , 2008) and for snake lying, it is difficult to 

estimate the boundary condition, mode of lateral buckling and the pipe feed that must be 
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allowed for expansiOn. Therefore, pipelines are kept as-laid and the challenge is to 

estimate the pipe lateral resistance from soil/pipe interaction. Pipe embedment during 

pipe installation is a governing factor affecting the lateral pipe resistance. Based on 

different theoretical (lower bound theory, upper bound theory), experimental (full scale, 

centrifuge) and numerical solutions, vertical penetration has been studied by different 

authors. 

1.2 Objective 

The purpose of this study is to understand the soil failure and flow mechanism for vertical 

and lateral pipe movements through numerical investigation using large deformation 

finite element tools. Among the available limited large deformation finite element 

(LDFE) tools, Coupled Eulerian-Lagrangian technique (CEL) is adopted in commercially 

available software package ABAQUS 6.10-EFl . However, the built-in constitutive 

models available in ABAQUS do not model properly the soil typically found in deep sea 

under large strain. Therefore, in this study an advanced soil constitutive model is 

implemented using user subroutines to show the strain-softening and strain rate effects on 

undrained shear strength of soil. Numerical analyses are performed both for vertical and 

lateral movement of partially embedded pipeline. The effect of pipe weight during 

applied vertical condition on lateral movement of the pipe is also shown. 
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1.3 Outline of Thesis 

This thesis presents the outcome of this research work in a systematic way in six chapters. 

The First chapter demonstrates introduction and objectives along with the contribution to 

the problem. Chapter 2 describes the research works that have been performed in the 

analysis of vertical penetration of offshore pipeline during installation phase and lateral 

displacement during pipeline operational period. Moreover, development of bearing 

capacity theorem and its application in vertical pipeline penetration problems is also 

outlined. Finite element model development, simulation and problem idealizations are 

discussed in Chapter 3. Finite element model was evaluated using existing centrifuge test 

data and comparison with centrifuge test results is also discussed. This chapter has been 

published as: Dutta, S., Hawlader, B. and Phillips, R. (2012) "Finite Element Modelling 

of Vertical Penetration of Offshore Pipelines using Coupled Eulerian Lagrangian 

Approach," 22"ct International Offshore (Ocean) and Polar Engineering Conference & 

Exhibition, Rodos Palace Hotel , Rhodes (Rodos), Greece, June 17-22, 201 2. In Chapter 

4, a more realistic numerical model is developed for most sophisticated analysis. A strain 

rate dependent softening soil model is incorporated to capture more realistic scenario and 

a detai led parametric study is also demonstrated with their effects. This chapter has been 

accepted for publication as: Dutta, S., Hawlader, B. and Phillips, R. (2012) "Strain 

Softening and Rate Effects on Soil Shear Strength in Modelling of Vertical Penetration of 

Offshore Pipelines," 9th International Pipeline Conference, IPC2012, September 24- 28, 

2012, Calgary, Alberta, Canada. In Chapter 5, a detailed analysis is performed for lateral 

pipeline movement. As discussed in the introduction, a pipeline can move several pipe 
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diameters during its operation and a number of numerical models are developed. Also, 

developed numerical models are compared with the centrifuge test results discussed. 

Finally, in Chapter 6 conclusions and recommendations of this research for future study 

are described. 

1.4 Contribution in Offshore Pipeline Analysis 

);> Applicability and challenges of Coupled Eulerian Lagrangian (CEL) 

technique in partially embedded offshore pipeline analysis. 

);> Analysis of large deformation soil behavior at undrained condition using 

user subroutines written in FORTRAN. 

);> Effects of strain rate and strain softening on soil behavior are analyzed. 
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Chapter 2 

Literature Review 

2.1 Introduction 

With increasing demand for energy, offshore oil and gas developments in deep water 

have significantly increased over the last several decades. Deep sea pipelines are often 

laid untrenched on the seabed and may not be buried. The pipelines may be operated 

under high temperature and pressures. Field data from various offshore pipeline projects 

confirm that the vertical penetration/embedment of pipelines has a strong impact on 

pipeline lateral displacement (Lyons, 1973; Karal, 1977). Thus, the accurate prediction of 

pipeline penetration is very important in pipeline design. During installation and 

operation the deep-sea pipelines might be subjected to two different types of 

displacements, which are critical in design. The first one is the axial displacement, which 

is commonly known as "Pipeline Walking." The second one is due to the effects of 

pressure and temperature during operating condition, which can cause the pipeline to 

move laterally and might result in lateral buckling of the pipeline. Lateral buckling can 

also occur for vertical and horizontal out-of-straightness of pipeline . 

In general deep water soils are very soft cohesive soil with high water contents. The 

problems considered in this study are the soil/structure interaction of a pipeline during 

vertical embedment and lateral displacement during operating conditions. As the 
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permeability of these fine-grained soils is very low and the application of the load ts 

relatively fast, then undrained conditions prevail. 

The literature review presented in the following sections covers mainly two problems: (i) 

vertical embedment of pipelines in the seabed, and (ii) the response of the partially 

embedded pipeline under lateral movement. The soil response for undrained loading 

conditions is mainly presented. 

2.2 Pipeline Embedment 

The untrenched pipelines generally embed into the seabed by a fraction of their diameter 

owing to their self-weight and the additional motions imposed during the laying process. 

The embedment of a partially embedded pipeline is defined as the depth of the pipe invert 

from soil surface. During penetration, heaving of soil around the pipe occurs as shown in 

Fig. 2.1 (a). Bruton et al. (2008) defined two depths of embedment for modelling of 

partially embedded pipelines. As shown in Fig. 2. 1 (a) the nominal embedment is the 

depth measured from the undisturbed mudline while the local embedment is the depth 

measured from the top of the heaved soil. Typically the local embedment ts 

approximately 50% greater than the nominal embedment (Bruton et al. , 2008). 

During operation lateral and axial movement of the pipelines might occur. The soil 

resistance to lateral and axial movement needs to be assessed properly for pipeline design. 

From physical experiments and field data it has been identified that the direction (angle e 
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in Fig. 2.1 (b) and (c)) is one of the key factors for estimating lateral resistance (e.g. White 

and Dingle, 2011). As shown in Fig. 2.1 (b), "heavy" pipes usually penetrate further into 

the soi l during lateral movement. On the other hand "light" pipes might move upward 

during lateral movement, and if it is very light it might even come to the initial mudline 

level. The soil berms formed in these two cases are quite different and has a significant 

effect on lateral resistance, which will be discussed further in the following sections. 

(a) 

embedment 

(b) 

(c) Angle,B 
·········· \ 

····· ... 
: J---

· ------F~~ ~ ) 

.· ········ 

Local 
embedment 

Fig. 2.1 Problem Statement: (a) initial embedment, (b) lateral movement for heavy pipe, 
(c) lateral movement of light pipe. 
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2.3 Modelling of Partially Embedded Pipelines 

The penetration of a pipeline in the seabed and subsequent lateral movement is 

fundamentally a large deformation problem. Various approaches have been used in the 

past for modelling this behaviour. At the early stage the pipeline penetration was 

modelled using the concept of soil bearing capacity. Guidelines have also been proposed 

based on physical modelling using geotechnical centrifuge, numerical modelling and field 

data. 

Embedment of a pipeline might occur due to several reasons such as self-weight of the 

pipe, stress concentration at touchdown zone (where catenary shaped pipeline touches the 

soi l), vertical and lateral oscillation due to sea state including waves and current. Thus, 

the total pipe penetration, which is also termed as "as-laid" or " initial" pipe embedment, 

can be divided into two broad categories namely "static" and "dynamic". The static 

component includes the penetration due to self-weight of the pipeline and stress 

concentration at the touchdown zone, while the dynamic component includes the 

penetrations due to vertical and lateral oscillation of pipelines during installation 

(Westgate eta!., 2010a). 

Initial pipe embedment during installation is the combined effects of both static and 

dynamic effects. Depending upon seabed soil property and laying process (sea state, 

vessel response, lay ramp configuration, pipeline rigidity, water depth and seabed 

stiffness), pipe embedment can vary significantly. It has been observed that depending 
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upon lay process, vertical penetration can increase up to 2 to I 0 times static embedment 

of pipelines (Westgate eta!. , 2010a). 

2.4 Modelling of Vertical Penetration 

Previous research on modelling of vertical penetration of pipelines can be broadly 

categorized into three groups: (i) theoretical modelling, (ii) physical modelling and (iii) 

numerical modelling. Theoretical modelling includes the models based on bearing 

capacity equations, upper and lower bound plasticity models and also the empirical 

models based on laboratory test and field data. The physical modelling includes small or 

large scale modelling and centrifuge modelling. Finally, the numerical modelling 

includes the early stage small strain finite element/finite difference modelling in 

Lagrangian framework and recent large strain finite element modelling. 

2.4.1 Theoretical modelling 

The vertical penetration of pipelines into the sea-bed can be better understood using the 

concept of soil bearing capacity and therefore many researchers considered the pipeline as 

an infinitely long strip footing for predicting depth of penetration and corresponding 

vertical resistance. The bearing capacity of a shallow foundation for undrained loading 

can be expressed as: 

(2.1) 
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where, q,, is the bearing capacity of the foundation, Nc is the bearing capacity factor, S11 is 

the undrained shear strength of the soil, y' is the submerged unit weight of the soil, and DJ 

is the depth of embedment. For undrained loading the value of Nc is equal to 5.14 when 

the foundation is at mudline. 

The concepts of bearing capacity for a strip footing can be extended further to calculate 

the vertical penetration resistance of as-laid pipeline as the pipe surface is not rectangular. 

If the pipeline is placed on the seabed, the unburied pipeline will tend to penetrate 

through soil up to its bearing capacity level. Small et al. (1971) proposed a method to 

calculate pipeline embedment into the seabed using the concepts of bearing capacity of a 

shallow foundation. Fig. 2.2 (b) shows the formation of a soi l wedge under the pipe and 

the soil failure mechanism used in their study. This is very similar to the fai lure of a 

shallow foundation as shown in Fig. 2.2 (a). The solutions have been developed for two 

penetration conditions as shown in Fig. 2.2 (b). The ease-l is for shallow embedment that 

means the center of the pipeline is above the mudline. The case-II is for deeper 

embedment, which means that the center of the pipeline is below the mudline. No effect 

of the berm is considered. Vertical load only from the submerged weight (Ws) of the pipe 

was considered. The fai lure has been modelled for general (upper line in Fig. 2.3) and 

local (lower line in Fig. 2.3) shear failure conditions. As shown in this figure that the 

maximum vertical resistance is mobilized when DJ = 4.0D. 
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While the presented method is very simple it has a number of limitations such as it does 

not consider the soil/pipe interaction properly and the solutions have been developed only 

for uniform undrained shear strength. 

In addition to pipe/soil interaction and lay process, vertical penetration of a pipeline also 

depends on undrained shear strength variation of soil. Soil failure mechanism is different 

for soil with uniform and non-uniform (vary with depth) undrained shear strength. 

Generally deep ea offshore soils are normally consolidated (NC) to slightly over 

consolidated (OC) clay and the undrained shear strength of soil varies with depth. Davis 

et al. (1973) shows that the conventional slip surface failure, such as the one shown 

above, overestimates the bearing capacity when soil shear strength variation with depth is 

dominant. In addition to shear strength variation, the roughness of the pipe also has 

significant influence on vertical resistance. 

(a) 
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(b) 

CASE 1 

- 0. 5 D ~ Dr ~ 0 

CASE 2 

Dr 2: 0 

Fig. 2.2 Failure modes: (a) strip footing (b) offshore pipelines (Small et al. , 197 1). 

- I 0 + 1 +2 +3 +4 +5 

Fig. 2.3 Vertical resistance (Small et al. , 197 1). 
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Murff et al. ( 1989) developed upper and lower bound plasticity solutions for partially 

embedded pipelines based on the failure mechanism of Randolph and Houlsby (1984). 

The velocity field under the pipeline is shown in Fig. 2.4. Both smooth and rough 

pipe/soil interface conditions are considered. The analyses were conducted first for 

wished in place (WIP) pipes (i.e. no berm around the pipe). Note that, WIP condition is 

different from pushed in place (PIP) condition as shown in Fig. 2.1 (a) where berms are 

formed around the pipe. 

y 

w = ARCSIN(1 · Pt r0 ) 

Ll. = ARCSIN (ADHESION/SHEAR STRENGTH) 
v

0 
= VIRTUAL VELOCITY OF PIPE 

Fig. 2.4 Velocity field around the pipeline (Murff et al., 1989). 

Murff et al. (1989) finally extended their model for the effects of a berm usmg the 

concept of volume conservation. For example, it is shown that berm formation for a pipe 

penetration of 0.2D can increase resistance by 10-15%. Their analyses are limited to a 
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vertical penetration of 0.5D. Also, they did not consider the effects of soil remoulding 

during penetration and large strain behaviour of soil. 

Aubeny et al. (2005) further extended the upper bound solution of Randolph and Houslby 

(1984) (Fig. 2.5) for pipe embedment greater than 0.5D. They also considered the 

variation of undrained shear strength with depth. While compared with finite element 

analysis, it was found that this solution substantially overestimates the penetration 

resistance. 

Fig. 2.5 Extended upper bound mechanism for pipe penetration depth of above half pipe 

diameter (Aubeny et a l., 2005). 
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Besides theoretical modelling, a number of experimental studies were also carried out to 

simulate vertical embedment of offshore pipelines for a number of projects (e.g. SINTEF 

1986a, 1986b, 1987 and TAMU (1992)). Verley and Lund (1995) compiled all the 

experimental works available in the literature on vertical penetration. Based on this 

experimental database, Verley and Lund (1995) developed an empirical relationship 

through dimensionless analysis for vertical penetration in clay which were written in 

terms of dimensionless soil strength, G = s" I Dy and dimensionless vertical force, 

S = w;, j Ds" , where w;, is the resultant downward force, which is the difference between 

submerged pipe weight and lift force. The parameters S and G are related as: 

(2.2) 

Cathie et al. (2005) showed a comparison between the proposed models available in the 

literature with the data compiled by Murff et al (1989). The comparison is shown in Fig. 

2.6 where V = pipe vertical resistance, z = pipe invert embedment from seabed and r = 

pipe radius. 
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Fig. 2.6 Comparison between various models (Cathie et al. , 2005). 

2.4.2. Physical modelling 

A number of small to large scale laboratory tests have been conducted in the past for 

modelling vertical penetration of offshore pipelines. Some of them are for large scale 

offshore projects such as PIPEST AB (Pipeline Stability Design). American Gas 

Association/Pipeline Research Committee (AGA/PRC) also conducted significant 

research for modelling on-bottom stability of offshore pipelines. Verley and Lund ( 1995) 

compiled all available data. Table 2.1 shows the summary of these experimental studies. 
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As shown in Table 2.1, tests were conducted mainly for soft clay as typically encounter in 

the deep sea, except SINTEF (1986b) where undrained shear strength (s") of 70 kPa was 

used. The diameter of the pipes (D) varied between 0 .15 m to 1.0 m. The compiled data 

are shown in Fig. 2.6, based on the available database from experimental study. 

Table 2.1 Summary of small to large scale test for vertical penetration (Revised from 

Verley and Lund 1995). 

References Summary 

Lyons, C.G.(l973) D =0.41 m; S 11 =2 kPa 

SINTEF (1986a) (for PIPESTAB) D =1.0(0.5) m; S 11 =1 kPa 

SINTEF (1986b) (for PIPESTAB) D =1.0 (0.5) m; Su =70 kPa 

SINTEF (1987) (for AGA) D =1.0(0.5) m ;s" =1.4 kPa 

Morris et al. ( 1988) D =0.15 m; s11 = 1 kPa 

Dunlap et al. (1990) D =0.1 5 m; S11 =1.4 kPa 

Brennodden ( 1991) D =0.5m; S11 =1-2 kPa 

TAMU (1992) (for AGA) D =0.324m ;S11 =1-8 kPa 

* D=Pipe diameter, Su =Soil undrained shear strength 

Verley and Lund (1995) proposed an empirical equation (Eq. 2.2) to calculate pipe 

vertical resistance. Although their model reasonably fits with the data they used (standard 

deviation of 20%), significant variation was observed as shown in Fig. 2.6 for the 

complete dataset. 
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Cheuk et al. (2007) conducted a series of large scale tests to simulate pipe penetration and 

cyclic lateral movement in kaolin (JIP) and West African (W A) clay. Tests were 

conducted for two pipe sizes (D=0.283 m & 0.174 m). The undrained shear strength of 

clays varied with depth. They compared the test results with two models, namely Verley 

and Lund (1995) and Murffet al. (1989), as shown in Fig. 2.7. 

e.--------------------------------------, .----------------------------, 
<> 

7 

6 

0.1 0.2 0.3 0 .4 

Pipe embedment, z;, 1/D 

Murff et al. (1989) - LB 

M\1rff et al. (1989) - UB 

Verley and Lund (1995) - G = 0.1 

Verley and Lund (1995) - G = 0.5 

Verley and Lund (1995) - G = 1 

-··-····-·---··-.. 

Su_J)Ito Su .. exl Su ___ op 

JIP2 ... \1 \1 

JIP3 • b. b. 

WA1 • 0 0 

WfV. • 0 0 
WAS • 0 0 

Su.J><n = Sy interpreted based on T -bar penetration 
resistance 

s_, •" = s_. interpreted based on T-bar extraction 
• resistance 

s..."<' = operative s,, based on geometric mean of 
0.5 T -bar penetration and extraction resistances 

Fig. 2.7 Comparison between various models for pipe vertical penetration (Cheuk et al., 

2007). 

Dingle et al. (2008) conducted centrifuge tests to understand the mechanism and also to 

develop solutions for resistance of vertical and lateral pipe movements. A 0.8 m diameter 

pipe section in prototype scale was pushed into the clay seabed to 0.4SD at a speed of 

O.OlSD per second. The undrained shear strength of the soil varies linearly with depth 
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with mudline shear strength of 2.3 kPa. Figure 2.8 shows the comparison between 

centrifuge test results with the empirical model proposed by Murff et a!. (2007) and also 

with the finite element model developed by Merifield et a!. (2008). As shown in this 

figure, the vertical penetration resistance obtained from the centrifuge test is higher than 

the model predictions. It is noted that vertical penetration resistance is normalized by 

initial undrained shear strength of clay at the invert of the pipe. 

Penetration resistance, V/s0 0 

0 2 3 4 5 6 7 

0 

Experimental 
0.05 data 

Murffet al. 

0.10 

(1989 ) 

t 
Optimal plasticity 

upper bounds 

0 0.15 (wished-in-place. 

} smooth, weightless ) 

i: t 
~ 0.20 
E 
~ 
~ 
~ 
..c 0 .25 E 
~ 

t:: 
Cl> 
> c:: 0.30 
~ 
a. 
i:i: 

0.35 Curve 'fits to FE analysis, 
with heave and self-weight 

(Merifield et at . 2008b ) 

0.40 

0.45 
" Pipe weight during 

lateral movement 

0.50 

Fig. 2.8 Vertical pipe penetration resistance with embedment (Dingle eta!. , 2008). 
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To have better insight, particle image velocity (PIV) techniques were used to capture the 

soil flow mechanism. Soil deformation was compared with the theoretical upper bound 

solution and good agreement was achieved. Also, formation of shear zones during pipe 

vertical penetration was identified (Fig. 2.9) to provide more insight into the soil flow 

mechanism. 

1 

1.5 

Fig. 2.9 Shear zone formation during vertical penetration (Dingle et al. , 2008). 

Hu et al. (2009) conducted a number of centrifuge tests for deeper pipe penetration (up to 

three pipe diameters). The intent of this study was to model cyclic vertical penetration of 

a steel catenary riser at the touchdown zone. Figure 2. 10 shows the penetration resistance 

during cyclic loading. The numbers 1 to 3 in this figure are the number of cycles. As 
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shown the penetration resistance significantly decreases with increase in number of cycles 

due to reduction of soil shear strength. 

Force (kN.Im ) 

-100 -50 0 50 

Trench -D 

c 

Fig. 2.10 Pipe penetration resistance with depth (Hu et al. , 2009). 
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2.4.3. Numerical modelling 

Pipeline penetration into the seabed is a large deformation process. Most of the available 

software packages cannot handle such large deformation due to mesh distortion and 

convergence tssue. [f the pipe is pushed into the soil, mesh tangling/convergence issues 

can occur after certain displacement of the pipe. Therefore, in the early stage (e.g. 

Aubeny et a l. , 2005, Bransby et al., 2008, Merifield et al., 2008 and Morrow and Bransby, 

2010) the analyses were conducted for pre-embedded pipes. That means, the pipe is 

initially placed at desired depth and displaced further to calculate pipe penetration 

resistance. This procedure was termed as small strain analysis (Fig. 2. 11 ). With recent 

technological advancement, issues regarding mesh tangling/convergence are overcome to 

simulate large deformation problems, which is termed as large strain analysis. For large 

strain analysis (e.g. Barbosa- Cruz and Randolph, 2005, Bransby et al. , 2008, Merifield et 

al., 2009, Wang et al. 2010, Tho et al. , 2011 ), there are no requirements to put the pipe at 

different pre-embedment depths and the pipe can penetrate several pipe diameters into the 

soil. Details of these numerical techniques to calculate the pipe penetration resistance are 

discussed below in two broad categories: (i) small strain analysis and (i i) large strain 

analysis. 

(a) (b) 

Fig. 2.11 (a) Small strain analysis (WIP pipe) (b) Large strain analysis (PIP pipe). 
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2.4.3.1 Small strain analysis 

Aubeny et al. (2005) performed finite element analyses and compared the results with the 

extended Randolph and Houlsby (1984) model discussed in Section 2.4.1. Based on their 

analyses, they proposed analytical models to calculate the pipe penetration resistance. 

Both uniform and varying undrained shear strength of soil was considered and von Mises 

yield criterion was adopted. Both smooth and rough pipe/soil interface conditions were 

considered. Figure 2.12 shows the variation of vertical pipe penetration resistance with 

pipe penetration depth. [n the vertical axis, the normalization was done using the 

undrained shear strength of clay at the pipe invert. Effects of uniform ( 7J = 0) and 

triangular ( 17 = oo ) undrained shear strength profile of clay are discussed where 

7J = kD/ sum (k = gradient of undrained shear strength of soil, Sum = mudline intercept of 

soil undrained shear strength). Figures 2.12 (a) and (b) show a wide variation in results 

obtained from FE and closed form solutions for the depth of embedment between one to 

three pipe diameters for both smooth and rough pipes with uniform soil ( 7J = 0 ). The 

difference is less for triangular shear strength profile of clay (Fig. 2.12(c)). 
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Fig. 2.12 Comparison between numerical and theoretical solution (Aubeny et al. , 2005). 

Bransby et al. (2008) show the importance the soil berm and soil unit weight on rough 

pipe penetration resistance from large and small strain finite element analysis. Uniform 
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undrained shear strength of clay is modelled using Tresca yield criterion. Close 

agreement (Fig. 2.13) is observed with Murff et al. (1989) but the deviation is higher 

when compared with Aubeny et al. (2005). Possible reasons might be Aubeny et al. 

(2005) used the von Mises whereas Bransby et al. (2008) used Tresca yield criterion and 

mesh distortion for Bransby et al. (2008). 

0 

0.05 

0.1 

0.15 

0.2 

wiD 
0.25 

0.3 

0.35 

Vertical Load, VlsuD 
0 2 3 4 5 6 7 

:',\ ~ 
···--·····-··-····-;---~,0---- "\····i························-··-•-··-···-····-····-··· 1 

~' l\ 

1\ 
\ ! .1 __ 

ITT 'f.~. -~11 \-= . . . ·l,, \ 1 ............ \ ........... . 0
·
4 ==~ub;;~~b~;;rd(M~~fi~i~I. Ih9) ' 

o 45 === drve fit(Aubenyetal.2 00h) ........................ ,i
1 
.....................•.. ., ...................... 1 

. 0 FE: Small disp lace~ent I \ 
' n 0.5 

Fig. 2.13 Comparison of vertical penetration resistance (redrawn from Bransby et al., 
2008). 

Merifield et al. (2008) conducted a series of finite element analyses and compared it with 

the upper bound theorem (using Martin 's mechanism) discussed in Section 2.4.1. 

Analytical solutions to calculate the pipe vertical resistance were also proposed. Uniform 

undrained shear strength of soil and the Tresca yield criteria was adopted. Both smooth 
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and rough pipes were considered for the analysis. The developed finite element model 

had been compared with theoretical as well as with other numerical models, Fig. 2.14. For 

smooth pipe, variations were observed with theoretical plasticity solutions whereas for 

rough pipe closer agreements are observed. In spite of different yield criteria used in FE 

analyses (Aubeny eta!., 2005 used von Mises whereas Merifield eta!. , 2008 used Tresca) 

close agreement was observed for both smooth and rough pipe as shown in Fig.2.14. 
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• 
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Randol pi·• & Houlsby 1984 
Murff el a/. 1989 
Aubeny eta/. 2005 

0 111---~-~--·~--~--
0 0·1 0·2 O<l OA 

w 
0 

(a) 

/ 

0·5 

(b) 

7 

6 

5 

4 

3 

? 
1/ 2 /1 

. / 
/ I 
./ 

'i 
1 If 

I 
I 
I 
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/ 
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uwer t>cund 
Randolph & Houlsby 1984 
Murff et al.1 969 

Aubeny et al 2005 

0-------~------------0 0·1 Q.2 0·3 04 0·5 
rl 

0 

Fig. 2.14 Comparison between numerical and theoretical solution (Merifield et al. , 2008) 
(a) Smooth pipe (b) Rough pipe. 

Morrow and Bransby (2010) showed that vertical pipe penetration resistance depends on 

the soi l undrained shear strength gradient (e.g. Fig. 2. 15, b, c, d) and shear strength crust 
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-----------------------------------------------------------------------------------------------------

(Fig. 2.15, e). Finite difference technique (FLAC 6.0) was used for the investigation and 

the Tresca yield criterion was adopted. Four different soi I undrained shear strength 

profiles (Fig. 2.15) were adopted in the analysis. Undrained shear strength of soil at 

mudline and pipe invert was defined as S 11111 and Suzp respectively. Pipe penetration 

resistance from developed numerical models were compared with Aubeny et a!. (2005) 

and Merifield eta!. (2008) (Fig.2.16). Pipe penetration resistances matches well with the 

literature for uniform soil undrained shear strength (sum!Suzp = 1.0). But significant 

variation was observed for soil with varying undrained shear strength as shown in Fig. 

2. 16. 

b) e) 
s,, 

Zp z 

c) 

Fig. 2.15 Typical shear strength profile (Morrow and Bransby, 2010). 
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Fig. 2.16 Comparison of pipe penetration resistance (a) Smooth (b) Rough (Morrow and 
Bransby, 2010). 

2.4.3.1 Large strain analysis 

As pipe penetration is a large deformation phenomenon the large strain FE analysis might 

be a better option to simulate this behaviour. Barbosa-Cruz and Randolph (2005) 

developed a series of numerical models to calculate the pipe vertical bearing capacity 

factor (explained later) at different penetration depths using "remeshing and interpolation 

techniques with small strain (RITSS) " technique with Arbitrary Lagrangian Eulerian 

(ALE) method to capture large strain behaviour. The details of ALE with RITSS 
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technique is discussed later in this section. They present the results in terms of pipe 

vertical bearing capacity factor Nc (=VID'su_D'max) where V was the pipe reaction force, D' 

was the pipe contact width and S11_D'max was soil undrained shear strength at maximum 

pipe contact width. Both uniform (homogeneous) undrained soil shear strength and 

varied (non homogeneous) soil undrained shear strength were considered in the analysis. 

Figure 2.17 show the bearing capacity factor obtained from the analyses with normalised 

pipe embedment. Nominal bearing capacity factor (Nominal Nc = P'lsu_D'maxD where P' 

was the net pipe force allowing buoyancy effects, S 11_D'max undrained soil shear strength at 

maximum contact width) was also increased as the pipe penetrates further (Fig. 2.18). 

Barbosa-Cruz and Randolph (2005) used large strain analysis and the limitations of small 

strain analysis were overcome. However, stain rate and softening effects on clay shear 

strength were not incorporated into the analysis. 

"J z 

1 -~ -.------ ----- -----------... 
- (2,N" = 8.97 

12 - c3.Nc = 10.72 

10 -c4 .N~=9.25 

- c5 ,Nc = 11.97 
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6 

4 

2 

0 
0 

Non homogeneous soil. srnoolh cylinder 
d. Non homogeneous soil, rough cyl inder 
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cS , Homogeneous soil. rough cylinder 

3 
Normalised embedment. z/D 

5 

Fig. 2.17 Variation of bearing capacity factor (Barbosa-Cruz and Randolph, 2005). 
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Fig. 2.18 Variation of nominal bearing capacity factor (Barbosa-Cruz and Randolph, 

2005). 

Bransby et al. (2008) conducted both small and large strain analysis to simulate pipe 

vertical penetration into seabed with uniform undrained soil shear strength. A rough pipe 

diameter of 0.3 m was used and the Tresca yield criterion was adopted for the analysis. 

The pipe was pre-embedded at the same depth for both small and large strain analysis and 

penetrated further to compare the results from two types of analyses as shown in Fig. 

2. 19. One of the key findings is that in small-strain analyses the vertical resistance is 

almost constant after w""'O. l 5 m (wiD ""' 0.5), however the large strain clearly shows the 

effects of the berm and the resistance increases with vertical penetration. 
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Fig. 2.19 Comparison between large strain and small strain (Bransby et al. , 2008). 

Merifield et al. (2009) conducted a series of numerical analysis to calculate the effects of 

the soil berm during pipe penetration both from theoretical and numerical investigations. 

Analytical solutions were also provided to calculate the pipe penetration resistance. 

Using conventional bearing capacity solutions for strip footings, a bearing capacity 

solution was developed first for WIP pipes and extended it to PIP pipes. Using the soil 

bearing capacity theorem, the developed equation for pipe vertical resistance (V) was: 

v rw --= N cv + N swv 
suD su 

(2.3) 

where N cv and N swv are two factors and the proposed equations for two factors were 

N =a(~)b 
cv D 

2-27 



Where N cv is the vertical bearing capacity factor, Nnvv is the self-weight factor, D is the 

pipe diameter, w is the pipe penetration depth from mudline, a and b are the fitting co-

efficient for limiting conditions of roughness and w = ~. Values of a (5.3-7.1) and b 
D 

(0.25-0.33) were calculated using large strain modelling through finite element analysis. 

The arbitrary Eulerian Lagrangian (ALE) technique was adopted for the analysis. 

Uniform undrained shear strength of soil with Tresca yield criterion was also used in the 

analysis. 

In ALE, elements near the pipeline become distorted after certain displacement and 

computational issues can occur. Therefore, this technique can only partially simulate 

large strain behaviour. However, mesh tangling/convergence issues can be overcome 

using RITSS technique with ALE. Wang et al. (2010) conducted a series of numerical 

analysis to simulate pipe penetration using "remeshing and interpolation techniques with 

small strain" (RITSS) technique with ALE to capture large strain behaviour. Undrained 

shear strength of soil was varied along with depth and a Tresca yield criterion was 

adopted. A rate dependent softening soi l model was incorporated in the analysis 

performed for both smooth and rough soil/pipe interface conditions. Close agreement was 

observed with centrifuge test results (Dingle et al. , 2008) as shown in Fig. 2.20. In 

horizontal axis, normalization was done by using undrained shear strength of soil at pipe 

invert. Wang et al. (20 I 0) modelled the kaolin clay as a rate dependent and strain 
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softening material. A remoulding sensitivity of 3.2 was used for kaolin clay to match the 

centrifuge test results although some authors recommended slightly different values of 

sensitivity (e.g. Sensitivity=2.0 - 2.8 Hossain et al., 2009). 

V/su0D 

(b) 0 2 3 4 5 6 7 

0.1 

0.2 

0.3 

0.4 
Smooth, no strain effects ---

Fig. 2.20 Comparison between FE analyses and centrifuge test results (Wang et al. , 

2010). 

Other than ALE with RITSS, Coupled Eulerian Lagrangian (CEL) technique has the 

capabilities to model large deformation behaviour. Using CEL, Tho et al. (20 11 ) 

modelled pipe penetration to have insight into the deep cavity flow mechanism during 

pipe penetration. With CEL, it is possible to model pipe penetration more than several 

pipe diameters without mesh tangling or convergence issues. The mesh is fixed in this 
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case and material can flow within the mesh. Therefore, the numerical issues of mesh 

tangling or convergence can be avoided. Tho et al. (20 ll) developed the finite element 

model for uniform undrained shear strength of soil and the Tresca yield criterion was 

used. Analyses were conducted only for smooth soil/pipe interfaces. The calculated 

vertical bearing capacity factor (Nc or Nev. discussed in Section 2.4.3.) were compared 

with other available solutions in the literature and shown in Fig. 2.21. Note that, strain 

rate and strain softening effects on shear strength were not considered in their analyses. 
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Fig. 2.21 Comparison of vertical bearing capacity factor (Tho et al. , 20 10). 
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Chatterjee et al. (20 12a) conducted a number of finite element investigations again using 

ALE with RITSS approach and presented a new concept of estimating pipe vertical 

penetration resistance for clay. Undrained shear strength of soil was varied with depth 

and a rate dependent softening soil model was adopted. To define the rate dependent 

softening soil model, the developed equation of Einav and Randolph (2005) was used 

(Eq. 2.4). Finite element results were compare with the centrifuge test results of Dingle et 

al. (2008) as shown in Fig.2.22. Analytical solutions were proposed to calculate the pipe 

penetration resistance using an equivalent undrained shear strength of soil. The equivalent 

soil undrained shear strength was calculated using a strain rate ( y) of 0.7 v' ID (v' =pipe 

velocity and D = pipe diameter) and an accumulated strain ( ~) of 0.8 wiD (w = pipe 

penetration depth) in Einav and Randolph 's equation (Eq. 2.4). It was observed from 

finite element investigations that for different values of parameters (Eq. 2.4), pipe 

resistance varied widely and normalised pipe penetration resistance with equivalent 

undrained shear strength brought them into a narrow range as shown in Fig. 2.23. 

-[ {max(y,y,ef )}] [ -gt~. l 
s" - I + JL log Y ref o rem + (1 - o rem )e .!Suo 

(2.4) 

In summary, several numerical techniques have been developed in the past to calculate 

vertical pipe penetration resistance in clay varying from small to large strain finite 

element analyses with von Mises or Tresca yield criteria. Analysis was performed for 

uniform or non-uniform undrained shear strength profiles of the seabed. Some of the 

analyses considered the effects of strain rate and strain softening effects. The progressive 
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developments of numerical procedures for vertical pipe penetration are summarized in 

Table 2.2 for ease of comparison. 
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Fig. 2.22 Comparison between finite element model and centrifuge test (Chatterjee et a!. , 

2012a). 
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Fig. 2.23 Pipe vertical penetration with depth (Chatterjee eta!., 20 12a). 
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Table 2.2 Progressive development of numerical analysis in pipe penetration 

~----------~~----------------------------~----------------~ 

Authors Numerical Technique Notes 

~----------~~----------------------------~----------------~ 
et Small strain analysis using ABAQUS von Mises soil for both Aubeny 

al.(2005) (2000) uniform and increasing 

strength. 
~------------~----------------------------~----------------~ 

Barbosa-Cruz Arbitrary Eulerian Lagrangian (ALE) Tresca soi l with 

and Randolph with RITSS technique uniform strength and 

increasing strength (2005) 
~----------~~----------------------------~----------------~ 

with et Small strain analysis using ABAQUS Tresca soil Bransby 

uniform strength al. (2008) 
~----------~~----------------------------~----------------~ 

Merifield et Small strain analysis using ABAQUS Tresca soi l with 

al.(2008) uniform strength 
~------------~----------------------------~----------------~ 

Merifield et Arbitrary Eulerian Lagrangian (ALE) Tresca soi l with 

al.(2009) using ABAQUS (2004) uniform strength 

Morrow, D.R . Finite difference technique using FLAC Tresca soi l with 

and Bransby, 6.0 (2008) increasing strength 

M.F. (2010) 
~----------~~----------------------------~----------------~ 

with Wang et al. Arbitrary Eulerian Lagrangian (ALE) Tresca soil 

(2010) with RITSS technique using ABAQUS increasing strength and 

6.5 (2006) strain softening and rate 

effects. 
~----------~~----------------------------~----------------~ 

Tho et a1.(2011) Eulerian Technique Tresca soil with 

using ABAQUS 6.8 (2008) uniform strength 

Chatterjee et al. Arbitrary Eulerian Lagrangian (ALE) Tresca soil with 

(2012a) with RITSS technique using ABAQUS increasing strength and 

(2007) 
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2.5. Development of Lateral Pipe Resistance Theorem 

Partially embedded pipelines in deep sea can move laterally up to l 0 to 20 pipe diameters 

due to high temperature and pressure during its operational period (Bruton et a!., 2006). 

However, sti ll today, the guidelines for pipeline design considering such large amplitude 

lateral displacements are not well-developed. Literature indicates that the controlled 

lateral buckling is the best available mitigation option for as-laid pipeline (Bruton et a!., 

2006). For controlled lateral buckling, major uncertainties relate to the in pipe feed 

calculation. If the amount of pipe feed is less than that required, the pipeline can fail due 

to developed bending stresses. Accurate estimates of pipeline lateral movement is 

required in pipeline feed calculations and the expected mode shape. In other word, pipe 

lateral resistance plays a vital role in pipe feed calculation. 

During lateral travel, the resultant direction of as-laid pipe can be either downward or 

towards the mudline (vertical direction of movement). Pipeline lateral travel direction 

mainly depends on the soil undrained shear strength, soil unit weight and pipe applied 

vertical load (vertical load on pipe due to hydrocarbon and pipe self-weight). Based on 

pipe lateral travel direction, the pipe can be defined as light or heavy. Wang eta!. (20 10) 

defined light and heavy pipe in terms of over-penetration ratio (R). Over-penetration ratio 

(R) is the ratio between maximum vertical load that is required for further vertical 

penetration and applied vertical load. When the value of R is less than 2, pipe can be 

defined as heavy pipe (Wang eta!., 2010.) and vice versa. However, Cardoso et al. (2010) 
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, 
defined the pipes more elaborately by a ratio S where S =~and w' means submerged 

Ds
11 

pipe unit weight. The details are provided below: 

Table 2.3 Pipe Classification (Based on operative load) 

I 

Range 

Extra Light Pipe 5<0.5 

Light Pipe 0.5 < s < 1.0 

Heavy Pipe 1.0 < s <2.5 

I 
Extra Heavy Pipe s > 2.5 

For heavy pipe, pipe lateral resistance is gradually increased with pipe lateral movement. 

On the other hand, for light pipe, lateral pipe resistance increased at first (known as lateral 

breakout resistance), then decreases gradually and reaches a constant value known as 

residual resistance (Fig. 2.24). From observed pipe behaviour, it can be said that accurate 

assessment of lateral pipe resistance for light pipe is more crucial (as pipe lateral 

resistance is decreasing) than heavy pipe and therefore the present thesis is limited to 

investigating the light pipe only. 
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Fig. 2.24 Typical behaviour of light and heavy pipe. 

Lateral breakout resistance of pipelines is an important issue because it governs the 

initiation of pipe lateral buckling (Wagner et al. , 1989; Verley and Lund, 1995). Pipe 

breakout resistance is observed to occur within pipe lateral displacements of O.SD 

whereas pipe residual lateral resistance occurs within 3 to 4D (Bruton et al. , 2006). For 

lateral pipe movement, several empirical expressions had been developed using 

theoretical works (Merifield et al. , 2008, 2009; Randolph and White, 2008), model tests 

database (Wagner et al. , 1989; Verley and Lund, 1995; Bruton et al. , 2006; Cheuk et al., 

2007; Dingle et al. , 2008 ; White and Dingle, 201 1) and numerical works (Merifield et al. , 

2008; Wang et al., 2010.). For convenience, light pipe lateral travel is described in three 

separate sections: (i) theoretical, (ii) physical and (iii) numerical modelling. Each section 

is again divided into two sub-sections: (a) breakout resistance and (b) residual resistance. 
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2.5.1 Theoretical modelling of pipe lateral resistance 

Theoretical modelling of pipe lateral resistance includes Coulombs frictional law, 

classical metal plasticity theorem or Greens theorem ( 1954) and solutions of upper bound 

theorem using Martins mechanism (2006). 

2.5.1.1 Lateral breakout resistance 

Conventional pipeline design practice includes spring slider elements at an interval along 

the pipelines to simulate the lateral resistance. A spring slider element simulates linear 

elastic perfectly plastic response as shown in Fig. 2.25. The ratio of horizontal to vertical 

force (H/ V) increases linearly with lateral displacement and become maximum (H max/V) 

at breakout point, which is termed as "friction factor (!lr)". 

HN 

,..........-------- HmaxN 

UbreakoutfD u/D 

Fig. 2.25 Bi-linear model (White and Cheuk, 2008). 

The value of llr of 0.2 to 0.8 is recommended for pipeline design (White and Cheuk, 

2008). However, Coulomb's frictional model assumes that the support is rigid and the 
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pipe slides parallel to the surface of the support. But, in practice, soil (support) cannot be 

rigid. Therefore, Coulomb's model needs to be modified. 

Other than Coulomb's friction model or spring slider elements, Greens theory (Green, 

1954) was used to develop theoretical solutions for pipe lateral resistance with some 

modifications (ISO, 2003). Combination of shear and normal loads are used to define the 

failure envelope. To develop the failure envelop using Green's theory, a pipe contact area 

is required. Although pipes have curved surface, it can be modelled by approximating as a 

surface strip foundations of width D' (Fig. 2.26). During pipe lateral movement, 

penetration of pipe will occur until the load path reaches to the corner of the failure 

surface (Fig. 2.27). This point is known as parallel point. For uniform soil strength, the 

ratio of H max is 0.39 at parallel point but for varying undrained shear strength of soil this 
v 

value is decreasing up to 0.15 (Gourvenec and Randolph, 2003). 

w Su 
u 

D' 

Fig. 2.26 Effective embedment parameters (White and Cheuk, 2008). 
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Fig. 2.27 Theoretical failure loci for surface foundations and pipes (White and Cheuk, 

2008). 

From experimental and numerical investigation, Lyons (1973) showed that the Coulomb 

friction model is not valid for pipe lateral resistance measurement. Using the concept of 

wedge indenter and energy equilibrium principle, Karal ( 1977) calculated pipe horizontal 

resistance. But wedge indenter is reasonable only for small pipe movements. Later, 

Cheuk et al. (2007) proposed upper bound theorem where failure surface was assumed to 

occur along a circular slip surface (Fig. 2.28). Uniform undrained shear strength of soil 

was adopted for analysis. It was assumed the soil undrained shear strength was mobilised 

along the pipe slip surface. Maintaining conservation of volume, two semicircular soil 

berms were also assumed to form around the pipe after pipe vertical penetration. The slip 

surface passes through the berm at pipe rear end. Therefore, this mechanism is able to 
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simulate full soil/pipe adhesion i.e. suction at pipe rear end can be simulated. By using a 

moment equilibrium equation, the required horizontal force for lateral pipe movement can 

be expressed as: 

F 
- S.Jro + wsl x sl + w,.2 x,.2- w{J XV 

" - Yo 

(2.5) 

where, Fh = Horizontal force per unit length; l = Length of slip surface; r
0 
= Radius of the 

' ' 
s lip circle; w s l and w s2= Effective weights of the soil masses per unit length; x51 and 

x52 =Moment arm of w s l and w 's2 respectively and w · P =Effective pipe weight per unit 

length. 

Figure 2.29 compares observed full-scale model test data for first lateral sweep and 

developed equation. 

" 
' 

Zstartup! 

y 

Fig. 2.28 Geometry of upper bound solution for breakout resistance (Cheuk et al., 2007). 
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Fig. 2.29 Prediction of breakout resistance usmg upper bound solution (Cheuk et aL, 

2007). 

Upper bound solution largely depends on the adopted soil flow mechanism. Using 

Martin 's mechanism (Fig. 2.30), a theoretical yield envelope had been proposed by 

Merifield et al. (2008) (Fig. 2.3 1). Martin ' s mechanism consists of two parts. During pipe 

lateral breakout, a generalised Martin's mechanism was adopted in front of pipe (Fig. 

2.30). Generalisation occurs as center of rotation (S) cannot maintain its position on pipe 

diameter where pipe diameter should be perpendicular to the direction of motion. Second 

part consists of a rigid portion where the center of rotation was Q. It can maintain its 

position on the pipe diameter by keeping pipe motion direction perpendicular (Fig. 2.30). 

It was assumed that the pipe itself does not rotate. For a range of pipe embedment depths 
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(O.ID to O.SD), the pipe was moved at different angles (6, Fig. 2.30) to develop the yield 

envelope. The developed theoretical model was compared with numerical analysis and a 

close agreement was observed (Fig. 2.31). Details of the numerical analysis are discussed 

in Section 2.5.3.1.1. Both smooth and rough pipes were considered for the theoretical 

analysis with uniform soil undrained shear strength. 

level 

Centre of 

Martin mechanism 

Passive 

wedge 

0 

Fan zone 

Generalised Martin mechanism 

(with internal shear) 

Fig. 2.30 Upper bound mechanism (Merifield et al. , 2008). 
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Fig. 2.31 Yield envelope at different embedment (a) Smooth ptpe (b) Rough ptpe 

(Merifield eta!., 2008). 

Merifield et a!. (2008) considered uniform undrained shear strength of soil to develop the 

theoretical yield envelope. Using the upper bound mechanism (Martin 's mechanism), 

Randolph and White (2008) developed a theoretical yield envelope for varying undrained 

shear strength of soil. For different pipe embedments (0.1 D to O.SD) and interface 
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conditions (smooth and rough), theoretical yield envelopes were developed as shown in 

Fig. 2.32. 

1 2 

10 

0·8 
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0-4 
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Breakaway 

6 

Fig. 2.32 Theoretical yield envelopes for soil shear strength proportional to depth (a) 

Smooth pipe (b) Rough pipe. (Randolph and White, 2008). 

2.5.1.2 Residual lateral resistance 

Limited theoretical research is available for estimation of pipe lateral residual resistance. 

Cheuk et al. (2007) developed theoretical analysis for steady lateral pipe motion (i .e. pipe 

will not displace in upward or downward direction during horizontal movement) and it 

can shed light into the theoretical development of pipe lateral residual resistance. Cheuk 

et al. (2007) proposed an upper bound solution of measuring pipe lateral residual 

resistance and a new mechanism as shown in Fig. 2.33. Soil deformation in front of pipe 

was ignored and uniform soil undrained shear strength was adopted for the analysis. 
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Fig. 2.33 Upper bound geometry solution for lateral resistance (Cheuk et al., 2007). 

2.5.2 Physical modelling of pipe lateral resistance 

Small to large scale tests (Lyons, 1973, SINTEF 1986a, 1986b, Cheuk et al. , 2007) and 

centrifuge modelling (Dingle et aL, 2008, White and Dingle, 2011) were used to model 

pipe lateral resistance. A number of empirical equations were proposed based on the 

available experimental database. In order to present these works systematically the 

physical modelling is also discussed in two broad parts: pipe lateral breakout resistance 

and residual resistance. 

2.5.2.1 Pipe lateral breakout resistance 

Lyons (1973) had conducted small and large scale modelling to calculate pipe lateral 

resistance for both clay and sand. Figure 2.34 shows the typical arrangement for the tests. 
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For clay, the experiment was performed using an undrained shear strength of 45 psf (2. 1 

kN/m2
), bare and concrete coated pipelines with submerged pipe weights of 10 to 85 lb/ft. 

Experimental results showed that Coulombs friction law cannot be used to simulate the 

pipe lateral breakout resistance on clay since a co-efficient of friction was not constant. 

The co-efficient of friction increased with submerged unit weight and decreased with 

increasing pipe diameter and higher for bare pipe than concrete coated pipe (Fig. 2.35 

(a)). Figure. 2.35 (b) shows that the co-efficient of friction increases as the pipe weight 

increased (i.e. pipe penetration increased) during hydrostatic testing (performed normally 

for leak detection). 

Fig. 2.34 Schematic diagram oftest (Lyons, 1973). 
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Fig. 2.35 Variation of co-efficient of friction (a) with submerged weight, soil/pipe 

interface, pipe diameter (b) with hydrostatic test and without hydrostatic test (Lyons, 

1973). 

Wagner et al. (1987) modified Coulomb's frictional model based on data from 200 tests 

with five different soil conditions (silty fine sand, loose sand, dense sand, soft clay with 

undrained shear strength of I kPa and stiff clay with undrained shear strength of 70kPa) in 

PIPESTAB project. Using large scale model test program, breakout resistance was 

calculated for no cyclic loading (simple breakout), after small cyclic loading and after 

large cyclic loading with different pipe diameters and unit weights. Based on the test data, 

different analytical models for clay and sand were proposed. Figure 2.36 compares the 

test results with an analytical solution (for clay only) and reasonable agreement was 

shown. 

American Gas Association/ Pipeline Research Committee ( 1992) also proposed models 

for c lay to calculate pipe lateral resistance. However, Verley and Lund ( 1995) show that 
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PIPESTAB and AGA/PRC models give very different lateral resistance for a given initial 

embedment. Using the data from physical modelling (SINTEF 1986a, l986b, 1987; 

Morris et a l. 1988; TAMU 1992), Verley and Lund (1995) combined all the test data in a 

generalised framework. By modifying Coulomb' s equation and 
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X SIMPLE BREA KOUT 
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Fig. 2.36 Comparison with analytical model and experimental results (Wagner et at. , 

1987). 
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comparing it with the extensive experimental database through dimensionless analysis, 

Verley and Lund (1995) proposed an empirical equation to model pipe lateral resistance. 

The proposed equation of Verley and Lund (1995) to calculate the lateral breakout 

resistance is a function of dimensionless soil weight, S = w~ j Ds" and dimensionless soil 

strength, G = s" / Dy. The developed empirical equation can be expressed as: 

F (z)I.JI _ ,_ = J1 t s + 4.13c-oJn -
Ds" D 

(2.6) 

Verley and Lund (1995) showed that lateral pipe breakout resistance depended mainly on 

the vertical load on the pipe, undrained shear strength of soil, soil unit weight, pipe 

diameter and pipe embedment depth. Although Verley and Lund (1995) observed a 

standard deviation of 25% with physical modelling (Fig. 2.37), they recommended that 

more physical experiments are required for analytical model validation. 

Bruton et al. (2006) updated Verley and Lund's (1995) equation to calculate pipe lateral 

resistance based on the experimental database of SAFEBUCK JIP phase I. Pipe lateral 

breakout resistance was divided into two separate parts: (i) frictional component and (ii) 

passive component (to lift plus deform the soil in front of pipe). Test data showed that 

pipe lateral breakout resistance depended on vertical load, pipe embedment and the ratio 

of soi l shear strength to weight (s,,/ yD ). The modified Verley and Lund (1995) equation 

to measure the pipe lateral breakout resistance can be expressed as: 
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fbrk = 0.2v + --;::::=== 

5 u_inverr D 

where fbrk 

r' 

H breakolll 

s .. D 
and v = V / Dsu . 

(2.7) 

ZJD 

Fig. 2.37 Comparison of Verley and Lund's model with experimental results (Verley and 

Lund, 1995). 

A standard deviation of 37% was observed between the proposed equation and the 

available experimental database (Fig. 2.38) which was higher than Verley and Lund 

( 1995). Later, Cheuk et al. (2007) conducted a number of full-scale model tests for steady 

cyclic lateral sweeping of a pipeline followed by initial pipe embedment. Typical light 

pipe behaviour is shown in Fig. 2.39. As shown, during lateral travel, pipe lateral 
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resistance shows a peak first and then decrease gradually. Suction (at pipe rear end) had 

significant contribution in the post peak behaviour of pipe lateral breakout resistance (Fig. 

2.40). Results from the experimental analysis were compared with an upper bound 

solution (Fig. 2.29) and reasonable agreement was observed for first lateral sweep. 
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Fig. 2.38 Comparison of experimental data and analytical model (Bruton et al. , 2006). 
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Fig. 2.39 Pipe lateral resistance during steady cyclic lateral movements (Cheuk et al. , 

2007). 
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Fig. 2.40 Typical ptpe lateral resistance during pipe steady movement (Cheuk et al. , 

2007). 
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Dingle et al. (2008) performed the centrifuge tests to quantify the light pipe lateral 

resistance. Pipe was penetrated into soil at 0.45D and displaced laterally. During pipe 

lateral movement, pipe was free to move in vertical direction. Varying undrained shear 

strength of soil was considered. Analysis results (Fig. 2.41) showed normalised lateral 

pipe resistance peak at the very beginning (same as Fig. 2.39) and then to decrease. Three 

points A, B and C had been selected around the peak lateral resistance and the soil 

velocity field (using particle image velocity (PIV)) at these locations (A, B, and C) are 

shown in Fig. 2.42. Lateral breakout resistance occurs when the pipe was about to 

separate at pipe rear end and soil in front of pipe began to flow along a slip surface (Fig. 

2.42). 
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Fig. 2.41 Normalised pipe lateral resistance during pipe lateral movement (Dingle et al. , 

2008). 

However, Dingle et al. (2008) did not propose any guideline to quantify pipe lateral 

breakout resistance to use in the design. White and Dingle (201 1) conducted a number of 
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centrifuge tests to develop a design guideline. With different soil undrained shear 

strengths, pipe initial embedments and applied vertical loads (Table 2.4 ), tests were 

conducted. Different pipe lateral breakout resistance for different tests were observed 

(Fig. 2.43). However, all the test results showed a peak horizontal resistance and 

decreased gradually which was a typical light pipe phenomenon. 
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Fig. 2.42 Soil velocity field during pipe lateral breakout (Dingle et a!. , 2008). 

2-54 

1.0 



Table 2.4 Parameters used for analysis (White and Dingle, 2011) 

Test no Soil undrained 
shear strength, kPa 

L1 

L2 

L3 

L4 

L5 

L6 

9 

8 

E 7 z 
""' :i 6 
?5" g 5 

.~ 
~ 4 

2.3+3.6xdepth 

2.3+3.6xdepth 

2.3+ 3.6xdepth 

2.3+3.6xdepth 

3.0+5.0xdepth 

3.0+5.0xdepth 

L5 

Initial Applied 
embedment, w/ D Vertical load, 

kN 

0.52 2.1 

0.46 2.8 

0 .25 1.0 

0.18 3.2 

0.02 2.1 

0.05 4.4 

0 +---------~r----------.----------, 
0 0·5 1·0 15 

Horizontal displacement, u!D 

Fig. 2.43 Pipe lateral resistance during lateral movement (White and Dingle, 2011). 

One power law equation was proposed using the effective pipe embedment concept. 

Effective pipe embedment during lateral travel consists of two parts: (i) pipe embedment 
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during lateral travel (ii) berm height. During pipe lateral movement, a soil berm is formed 

in front of the pipe. Formulated soil berm area (in front of pipe) was converted to the 

berm height by considering the berm area as a rectangular block for an aspect ratio (Fig. 

2.44) and was expressed as hberm = ~ A berm!T!e . Berm height was added to pipe 

embedment (during lateral travel) to calculate effective pipe embedment. The formulated 

soil berm can be extremely remoulded during lateral travel which reduces its undrained 

shear strength. To account for this issue, formula for berm height calculation was 

modified and expressed as h. = h berm 
berm S 

1 berm 

where St,berm = A.S1 indicates the berm 

sensitivity. Thus, effective pipe embedment was expressed as: 

, 
w w 
- = - +---
D D St bermD 

(2.8) 

u 

Fig. 2.44 Development of effective embedment using soil berm and softening (White and 

Dingle, 20 11). 
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White and Dingle (2011) assumed the value of S1 x J,. x.fii: as 6.7 to measure its 

effective embedment. With the help of the above assumption, developed power law 

relationship for pipe lateral resistance was: 

(2.9) 

Where a= 2.8 and b = 0.75. 

Pipe lateral resistance with effective embedment are plotted (Fig. 2.45) for both 

experiments and analytical model. Variation between the developed analytical model and 

physical experiments are higher at small penetration depths and smaller at higher 

penetration depths. However, the developed power law equation to quantify the pipe 

lateral resistance has limitations for its assumption in berm sensitivity and berm area 

calculation. Again, horizontal pipe resistance is also plotted with pipe embedment during 

its lateral travel, Fig. 2.46. Comparison between Fig. 2.45 and Fig. 2.46 showed that 

minor improvement was achieved with effective embedment concept. Note that different 

authors proposed different value of a and b for the anal ytical model. Wang et al. (2010) 

proposed a=2.3 and b=0.9 (based on numerical investigation), Chatterjee et al. (2011 ) 

proposed a=2.45 and b= 0.95 through numerical analysis and Chatterjee et al. (2012a) 

proposed a =2.82 and b=0.72. Wang et al. (2010) and Chatterjee et al. (2012a) deal with 

both light and heavy pipe whereas Chatterjee et al. (2011) conducted the fi nite e lement 

investigation for light pipe only. 
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Fig. 2.45 Variation of pipe lateral resistance with effective embedment (White and 

Dingle, 20 11 ). 
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Fig. 2.46 Variation of pipe lateral resistance with embedment (White and Dingle, 2011 ). 
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2.5.2.2 Pipe lateral residual resistance 

Most of the earlier analyses were performed to quantify the p1pe lateral breakout 

resistance to hydrodynamic loads, such as on-bottom currents. Less attention was paid to 

the pipe residual resistance. At residual stage, experimental results show higher pipe 

residual force for higher pipe vertical loads, Fig. 2.47. The classical plasticity theorem 

determined horizontal to vertical load ratio of 0.39 for a surface foundation with sliding 

failure (Green, 1954), as shown by the solid line in Fig. 2.47. This classical plasticity 

theorem under predicts the results (Fig. 2.47). During pipe lateral travel at residual stage, 

soil (in front of pipe) needs to be lifted into the berm. Therefore, submerged soil unit 

weight and undrained shear strength of soil is also important for pipe residual resistance 

(Bruton et al., 2006). Figure 2.48 shows the variation of normalised shear strength 

(sJy 'D) with equivalent friction factor (hreslv) of experimental results. Based on the 

experimental observations, Bruton et al. (2006) proposed the following equation for pipe 

residual resistance calculation: 

h;s = 1-0.65 1- e 2fD 
[ 

( - su IDJ 1 (2. LO) 
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Fig. 2.47 Comparison of normalised residual horizontal and vertical load (Bruton et al. , 

2006). 

To measure h,e, , all parameters can be calculated easily except the undrained shear 
v 

strength. Experimentally, it is very difficult to estimate the soil undrained shear strength 

at mudline level and Bruton et al. (2006) recommend taking the value of s11 at one (1) pipe 

diameter. The comparison between test data and the analytical model is also shown in 

Fig. 2.49, which shows some general trend of these scattered data .. In the analytical 

model, -s
11

/ 2r'Dcan give guidance to capture the behaviour of lift and shearing the soil 

ahead of the pipe whereas it does not give any guidance for soil undrained shear strength 

variation i.e. fai lure plane consideration for normally consolidated clay. The soil 

undrained shear strength gradient ks11Dis111n (k is the undrained shear strength gradient, s" is 
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the undrained shear strength of soil at any depth and S 11111 is the undrained shear strength of 

soil at mudline) has an effect on residual frictional resistance as the failure envelope will 

changes with changes in the soil undrained shear strength gradient (Gourvenec et al. , 

2003). 

Cardoso et al. (20 1 0) conducted a number of large scale tests varying the undrained soil 

shear strength to calculate the pipe lateral resistance. Using a wide range of parameters 

(soil undrained shear strengths of 1 to 10 kPa, soil undrained shear strength gradient of 2 

to 30 kPa/m, pipe diameters of 0.23 to 0.33 m and initial pipe penetration depth of 0.1 to 

O.SD), the effect of different parameters on pipe residual resistance were calculated. 

Analysis shows that pipe residual resistance mainly depends on the dimensionless pipe 

weight ( S = w5 j s,D) and dimensionless weight term( G = ~~). Based on the 

experimental database and regressiOn analysis, Cardoso et al. (2010) proposed the 

equation : 

{ ]

0.586 - -{).479 

Hres =0.2+0.92 _ V _ (s"~ID) 
V su ,IDD yD 

(2. L l ) 

Here, su ,ID indicates the mean undrained shear strength of soil between soil surface and 

at one pipe diameter (i.e. su,l D = s/1111 + kD I 2 ). For their project data, a standard deviation 

of 19% was observed (Fig. 2.49). 
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Fig. 2.48 Comparison between model data base and empirical equation (Bruton et al. , 

2006). 

Fig. 2.49 Comparison between measured and predicted equivalent friction factor 

(Cardoso et al., 2010). 
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White and Dingle (20 ll ) conducted a total of 6 centrifuge tests. Soil parameters and test 

conditions are shown in Table 2.4. Figure 2.50 shows that after a lateral pipe movement 

of approx imately 3D, pipe lateral resistance become constant, which represents the 

residual resistance. 
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Fig. 2.50 Pipe horizontal resistance during lateral travel (White and Dingle, 2011 ). 

Whi te and Dingle (20 11 ) also proposed the fo llowing generalised equation to calculate 

lateral res idual resistance based on their experimental results. 

H res =~[0.3 + -,{ ~) _ J ] 
sLI D sLI D \_ D i11it JR 

(2. 12) 

The comparison between measured and model prediction (Eq. 2.1 2) is shown in Fig. 2 .5 1. 
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Fig. 2.51 Pipe residual friction factor co-relation (White and Dingle, 2011 ). 

2.5.3Numerical modelling of pipe lateral resistance 

The lateral movement of partially embedded pipelines can also be modelled numerically 

using small strain or large strain fi nite element modelling techniques. As it is a large 

deformation phenomenon the large strain analysis is the most suitable one. Details of pipe 

lateral movement analysis using small and large strain analysis are described below: 

2.5.3.1 Small strain analysis 

2.5.3.1.1 Pipe breakout resistance 

Lyons et al. (1973) used a fi nite element approach to model pipe lateral movement for 

nonlinear stress strain behaviour of soil. Plain strain conditions were used for the analysis. 

Mesh size and details of the analysis are shown in Fig. 2.52. An optimum mesh size of 1" 
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x 1" was used in their analysis with fixed and roller boundary conditions as shown. An 

arbitrary element with low modulus of elasticity was used to model soil/pipe interaction 

and the pipe (diameter of 9" and 16") was restrained to rotate. Analysis results were 

compared with physical testing (Fig. 2.53) and a deviation of 5 to 10% is observed 

between horizontal loads. 
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Fig. 2.52 Details of mesh size (Lyons, 1973). 
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Fig. 2.53 Comparison with numerical and physical experiments (Lyons, 1973). 
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Although the finite element analysis results showed a good agreement with experimental 

results, the modelling of soil/pipe interaction behaviour and soil constitutive model used 

in the analysis are questionable. Later, Merifield et a!. (2008) developed a finite element 

model to investigate the pipe breakout resistance. The pipe was embedded previously and 

no berm was formed around the shoulders of the pipe (i.e. pipe was at wished in place 

(WIP) pipe condition). Soil shear strength was uniform and no strain rate and softening 

effects were considered. The pipe was moved at different angles (Fig. 2.54) for different 

pipe embedments. This numerical study was limited to a low normalised weight for the 

pipeline mainly to understand the lateral resistance for a pre-embedded light pipeline. It 

was observed that during lateral movement, the resultant resistance (resultant of lateral 

and vertical resistance) had reached almost a constant value within a displacement of 8% 

of the diameter for both smooth and rough pipe for different as-laid embedments (Fig. 

2.55). In this figure R indicates the pipe resultant resistance and fJ. indicates the pipe 

relative displacement. The analysis results are also compared with a theoretical yield 

envelope which was developed using an upper bound theorem with Martin 's mechanism 

(Fig. 2.30). Comparison with the theoretical yield envelope showed closer agreement with 

numerical analysis . 
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2.5.3.1.2 Pipe residual resistance 

To calculate pipe lateral residual resistance, a pipe needs to travel at least 3 to 4D. But 

with small strain analysis, it is very difficult to simulate pipe residual resistance due to 

mesh distortion and convergence issue. No studies are available in the literature for pipe 

residual resistance using small strain analysis. 

2.5.3.2 Large strain analysis 

2.5.3.2.1 Pipe breakout resistance 

Merifield et al. (2009) conducted a fi nite element investigation to calculate the p1pe 

horizontal breakout resistance using the ALE technique. Plain strain condition was used 

for the analysis. Uniform soil undrained shear strength with Tresca yie ld criteria was 

adopted. For both smooth and rough pipe conditions, the horizontal pipe resistance was 

calculated. Using the concept of soil bearing capacity, an equation was developed to 

calculate pipe lateral breakout resistance, as shown below: 

_!i_=cwd +[w +O. l 562s[ sin -1(~4w(l - w) )] -(l-2w)](r'w) 
s"D 2 2~w(l-w) su 

(2.1 3) 

Here, the value of c and d depends on pipe-soil interface. Based on 160 fi nite e lement 

analyses, the values of c and d were back calculated. For smooth pipe, c = 2.7 and d = 

0.64 was proposed whereas for rough pipe, c = 3.0 and d = 0.58. Also, w indicates 

normalised pipe invert displacement and it was defined as: 
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- w w=-
D 

As discussed in Section 2.4.3.2, ALE cannot model very large strain behaviour well. 

Wang et a!. (20 10) developed a large deformation finite element model in ALE using 

Remeshing and Interpolation Technique with Small Strain (RITSS) approach. It was 

claimed that the mesh tangling and convergence issues can be overcome in RITSS. It is 

mentionable that the adopted numerical tools cannot capture suction behaviour at the pipe 

rear end during pipe lateral movement initiation and thus breakout resistance can be 

simulated without suction behaviour at pipe rear end. Based on their numerical analyses, 

Wang et a!. (20 10) proposed the fo llowing empirical equation to calculate pipe lateral 

resistance. 

H ( ')b 
s"o D =a ~ 

(2. 14) 

f h' 1 where a=2.3, b=0.9, w = w+ berm= w+--
Sr,berm 

and 77 = berm aspect ratio. 

The comparison between numerical results and the theoretical yield envelope is shown in 

Fig. 2.56, developed using the upper bound plasticity theorem with Martin's mechanism. 

It is mentionable that Wang et al. (20 10) used a rate dependent strain softening soil model 

for their numerical investigation. Comparison was performed with both the rate 

dependent softening soil constitutive model and without a rate dependent soil constitutive 

model. Note that for upper bound theorem, a rate dependent softening soil constitutive 

model was not considered. Chatterjee et a!. (20 12b) conducted a number of finite element 
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modelling for pipe lateral resistance usmg RITSS with the ALE technique. Linearly 

varying soil shear strength with a rate dependent softening soil model was used and the 

Tresca yield criterion was adopted. Developed yield envelope for breakout resistance was 

compared with Merifield et al. (2008), which is shown in Fig. 2.57. 
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2.5.3.2.2 Pipe residual resistance 

Limited research is available in the literature for pipe residual resistance using large strain 

analysis. Wang et al. (2010) conducted a number of finite element investigations for 

lateral residual resistance. Both light and heavy pipes were considered in their analyses. A 

strain softening and strain rate dependent soil model was used and the Tresca yield 

criterion was adopted. Numerical analyses show that the residual resistance for a light 

pipe develops after a lateral displacement of approximately 2.5D. The authors suggested 

that Equation 2.14 could also be used for estimating residual resistance. Note that w' for 

residual resistance is significantly lower than that for breakout resistance, and therefore 

residual resistance is less than breakout resistance. Chatterjee et al. (20 12b) also shows 

that the residual resistance for a light pipe develops after a lateral displacement of 2.5D. It 

was shown that the higher the initial pipe embedment or applied vertical load the higher 

the residual friction factor (H ,.esfV). The calculated residual friction factor is also 

compared with the experimental database (SAFEBUCK phase II and White and Dingle 

(20 11 ). 

2.6 Conclusion 

A comprehensive literature revtew of the studies on vertical embedment of offshore 

pipelines into the seabed and subsequent lateral movement during operation period is 

presented in this chapter. Vertical embedment and lateral movement ts a large 

deformation problem. Experimental, theoretical and numerical studies have been 

performed in the past to model this behaviour. Finite element modeling of such large 
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deformation problems is very complicated and challenging. Although some researchers 

attempted to model this behaviour using traditional finite element method in a Lagrangian 

framework in a form of "pseudo" large deformation problem, their results are somehow 

questionable as they could not simulate the whole process together. Later researchers 

used the Arbitrary Lagrangian Eulerain (ALE) approach with remeshing technique to 

overcome some of these issues. The finite element modelling techniques in a Lagrangian 

framework has been significantly advanced over the last few years. The research 

presented in the following chapters is based on such a FE modelling technique to simulate 

the large deformation behaviour of partially embedded pipelines in deep sea. 
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Chapter 3 

Finite Element Modeling of Vertical Penetration of Offshore Pipelines 

using Coupled Eulerian Lagrangian Approach 

Co-Authorship: Chapter 3 is prepared according to the Guidelines for Manuscript

Format Theses in the Faculty of Engineering and Applied Science at Memorial University 

This part of the research has been published as: Dutta, S. , Hawlader, B. and Phillips, R. 

(2012) "Finite Element Modeling of Vertical Penetration of Offshore Pipelines using 

Coupled Eulerian Lagrangian Approach," 22"d International Offshore (Ocean) and Polar 

Engineering Conference & Exhibition, Rodos Palace Hotel, Rhodes (Rodos), Greece, 

June 17-22, 2012. 

Most of the research work presented in this chapter was conducted by the first author. He 

also prepared the draft manuscript. The other two authors mainly supervised the research 

and reviewed the manuscript. 

3.1 Abstract 

Subsea pipelines are the preferred mode of transporting hydrocarbon in both shallow and 

deep water. In deepwater, pipelines are usually laid on the seabed. A portion of the pipe 

diameter penetrates into the seabed because of the effects of several factors including 
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wave action and vessel motions during installation and pipeline self weight. Embedment 

of the pipeline has a major influence on lateral buckling and thermal expansion during 

operation. Conventional finite element method in Lagrangian framework cannot be used 

to model such large deformation behavior as occurs in subsea pipeline penetration. In th is 

study, finite element analyses using Coupled Eulerain Lagrangian technique is presented. 

The pipeline has been modeled in Lagrangian and the soil has been modeled in Eulerain 

framework. Comparison with other solutions and test results are also presented. 

3.2 Introduction 

Offshore pipelines are typically operated under high temperature and pressure to ease the 

liquid hydrocarbon flow through the pipe and to reduce wax solidification. High 

temperature and pressure can generate axial stress along the pipeline which might cause 

lateral buckling of the pipeline if insufficient resistance to prevent the movement of the 

pipeline is avai lable. The pipelines are often laid on the seabed in the deep sea which 

penetrate into the seabed due to static load resulted from initial stress concentration from 

pipe catenary shape and submerged pipeweight. However, because of some other actions 

such as dynamic motion of the pipeline at the touch down zone due to vessel movement, 

the vertical penetration can increase up to 2 to l 0 times of static embedment of pipelines 

(Westgate et al. , 20 lOa). Previous studies show that vertical pipe penetration/embedment 

has a significant impact on lateral resistance (Karal, 1977; Lyons, 1973) and therefore on 

lateral buckling during operation. 
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Small et al. ( 1971) present a method to calculate pipe penetration using the concept of 

bearing capacity of shallow foundations. Since then a number of studies have been 

performed to better understand the mechanism of pipe embedment which includes 

theoretical works (e.g. Karal, 1977, Randolph and Houlsby, 1984, Murff et al. , 1989), 

experimental work (e.g. Verley and Lund, 1995), centrifuge modeling (e.g. Dingle et al., 

2008, Cheuk and White, 2011) and finite element modeling (Merifield et al., 2008, 2009, 

Wang et al., 2010). 

The finite element (FE) technique has been widely used for modeling various aspects of 

geotechnical engineering. However, offshore pipe embedment is fundamentally a large 

deformation problem. Therefore, conventional finite element method cannot be used for 

this problem as it suffers numerical instability at large strain. Various techniques have 

been proposed in the past to overcome numerical difficulties in large strain finite element 

modeling, which include updated Lagrangian, updated Eulerian, pure Eulerian, mesh-free 

and Arbitrary Lagrangian Eulerian. Recently, Wang et al. (2010) simulated pipe 

embedment using remeshing and interpolation technique with small strain (RITSS) which 

is essentially an Arbitrary Lagrangian Eulerian (ALE) approach. 

The main purpose of this study is to present modeling of offshore pipe embedment using 

a more advanced finite element tool based on Coupled Eulerian Lagrangian (CEL). In 

CEL Eulerian material flows through the fixed mesh and therefore there is no meshing 
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1ssue at large deformation. The analyses have been performed usmg ABAQUS FE 

software. 

3.3 Problem Definition 

Figure 3.1 shows the idealized condition of vertical penetration of offshore pipelines 

modeled in this study. A pipe of diameter D has been penetrated into the seabed at a given 

velocity to a desired depth. The pipe does not roll during the vertical penetration. The 

depth of penetration (w) represents the depth below the original seabed to the bottom of 

the pipe. A soil berm will be formed with penetration of the pipe into the seabed. The 

berm formation is symmetric on both sides of the pipe in this case because the pipe 

moved only in the vertical direction due to the idealized condition. 

Pipe 

X 

Suo = Sum+kz k 

1+----D --- -.t 

z 

Fig. 3.1 Problem definition 

The pipe was penetrated into a clay seabed. As the penetration typically occurs in a short 

period of time and the permeability of the clay is low, the undrained shear strength (s110) 
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governs the design. The undrained shear strength of clay is a function of effective stress 

(cr'o) and overconsolidation ratio (OCR). To account for these effects a linear variation of 

Suo in the form of suo = s,,
111 

+ kz has been used, where Sum is the undrained shear strength 

of clay at the mudline, k is the strength gradient and z is the depth of the soil element 

below seabed. 

3.4 Finite Element Model Formulation 

ABAQUS 6.1 0-EFl finite element software has been used in this study for numerical 

modeling. Coupled Eulerian Lagrangian (CEL) approach has been used in the analysis. 

Figure 3.2 shows the finite element model used in this study. The finite element model 

consists of three parts: (i) pipeline, (ii) soil and (iii) voids to accommodate displaced soil 

mass. The pipeline is modeled as Lagrangian elements while the soil has been modeled 

using Eulerian elements. The pipeline is modeled as rigid body since the deformation is 

negligible in comparison with soil, which also makes the model computationally more 

efficient. Pipe is modeled using shell element and element type of S4R. The soil layer is 

modeled using Eulerian element EC3D8R, which is an 8-noded linear brick, multi-

material, reduced integration with hourglass control. 

The pipe is penetrated into the clay layer (Eulerian materials) to a desired depth and a 

berm is formed from displaced soil. One of the key features of CEL is that the space is 

required to be defined to accommodate the displaced soil- the berm in this case. A void 

space is created above the clay layer using the "volume fraction" tool in Eulerian element. 
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Soil and void spaces are created in Eulerain domain using Eulerain Volume Fraction 

(EVF). For void space EVF is zero (i.e. no Eulerain material , soil in this case). On the 

other hand, EVF is unity in clay layer, meaning that these elements are fi lled with 

Eulerian material. 

The bottom of the model (Fig. 3.2) is restrained from any vertical movement, while all the 

vertical faces are restrained from any lateral movement using roller supports. All 

components of velocity at each Eulerian node on the bottom or vertical faces are defined 

as zero so that no Eulerian material moves outside the domain. The top of the seabed is 

free to move and no velocity boundary condition is applied that allows this surface to 

move freely and Eulerian materials could move into the voids. The pipe was moved 

downward using a velocity boundary condition applied at all faces of the Eulerain 

domain. 

The pipeline is modeled in plane strain condition. Although in Coupled Eulerian 

Lagrangian (CEL) technique only 3D model can be generated, the plane strain condition 

has been created using one element depth along the axial direction of the pipe. It also 

makes the numerical model computationally less expensive than a full 3D model. 

One of the limitations with ABAQUS CEL is that the Eulerain material might penetrate 

through Lagrangian element. A Lagrangian mesh two times finer than the Eulerian mesh 

(Brown et al. , 2001) was used to avoid this problem in numerical analysis. Another 
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limitation in ABAQUS FE software is that the linear variation of undrained shear strength 

with depth (see Fig. 3.1) cannot be defined as an input. In this study, the increase in Suo 

with depth has been incorporated using the user subroutine. 

The pipe-soil interface plays an important role in modeling partially embedded pipelines. 

General contact algorithm is used to define soil-pipe interaction properties. [n this study, 

analyses are performed for both smooth (frictionless) and rough conditions. 

For convenience, the numerical analysis is divided into three steps. The first step is the 

geostatic step. During geostatic step the pipe is kept Vill above the seabed in order to 

avoid any pipe penetration or interaction with seabed due to gravity. In the second step, 

the pipe is moved downward at given velocity to the seabed. As this movement occurs 

only through the void, no vertical reaction force is developed. In the third step, the pipe is 

penetrated vertically through the soil at a given velocity using amplitude options in 

ABAQUS FE software. 

3.5 Parameter Selection 

Table 3.1 shows the geometry and mechanical properties of the soil and pipe. A steel pipe 

of 0.8 m diameter has been modeled in this study. To model the soil an Eulerian domain 

of 8 m x 5 m x 0.04 m (width x height x thickness) is used (Fig. 3.2). The soi l is modeled 

as an elastic-perfectly plastic material. Field investigation shows that most of the 

sediments near the seabed in deep sea are normally consolidated to lightly 
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overconsolidated clays (Quiros eta!., 2003, Cheuk and White, 2011). The soil parameters 

for liner variation of suo are obtained from Dingle et a!. (2008) and Cheuk and White 

(2011). Submerged unit weight of soil (y') is taken as 6.5 kN/m3 and undrained elastic 

modulus as Eu = 500suo· 

Table 3.1 Geometry and parameters used in the analyses 

Pipe: 

Pipe diameter, D 

Depth of penetration, w 

Soil (Clay) 

Undrained modulus of elasticity, Eu 

Poisson's ratio, Vu 

800mm 

360mm 

! 500su 

l o.49 
Undrained shear strength at mudline, 2.3 kPa 

Sum 

Gradient of shear strength increase, k 3.6 kPa/m 

Submerged unit weight of soil, y' i 6.5 kN/m3 

The pipe is penetrated vertically to the maximum depth of 360 mm (=0.45D) at a speed of 

0.015D per second. These values are typical values and also compare centrifuge test of 

Dingle et a!. (2008). 
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3.6 Model Validation and Results 

The numerical model is used to understand phenomena of vertical penetration of offshore 

pipelines, which are presented in the following sections. 

y 

t 
l.Sm 

3m 

j 
Fig. 3.2 Finite element model used in this study 

3. 7 Mesh Sensitivity 

Mesh size has a significant impact on model performance. In general, finer mesh yields 

more accurate results but are computationally expensive. One of the key parameters 
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required in the design of a partially embedded offshore pipeline is the vertical reaction 

force (V). Therefore, the effect of mesh size on V is examined in this section to find 

optimum mesh size. Figure 3.3 shows the variation of normalized reaction force 

( VlsuouP) with normalized depth of embedment (wiD) for three different mesh sizes, 

where SuO(i) is the undrained shear strength of clay at the invert of the pipe. Other 

parameters used in the analysis are listed in Table 3.1. The largest mesh (0.25D) gives 

erratic results, and calculated Vis significantly higher than other two especially for initial 

penetration. However, for other two mesh sizes the calculated values gives smooth 

variation of V with depth. Hence a mesh size of 0.050 (i.e. 0.04 m x 0.04 m) is adopted 

for further analysis. 

3.8 Comparison with Centrifuge Test Results 

Dingle et al. (2008) performed a series of centrifuge tests to simulate the behavior of a 

section of partially embedded pipeline. A model pipe of 0.8 m prototype diameter was 

penetrated in a clay bed having geotechnical properties similar to the values listed in 

Table 3.1. In the present study, numerical simulation has been performed for both smooth 

and rough soil-pipe interface conditions. Figure 3.4 shows the comparison between 

numerical prediction and centrifuge test results. 
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Fig. 3.3 Effect of mesh size on vertical reaction 
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Fig. 3.4 Comparison between finite element and centrifuge test results 

The centrifuge test result is in between the rough and smooth conditions. A roughness 

coefficient between rough and smooth conditions might give a better comparison. 

However, it is to be noted here that not only the value of roughness coefficient but also 

other factors such as the variation of undrained shear strength with strain and strain rate 

should be considered for better modeling. 
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3.9 Soil Deformation around the Pipe 

With penetration the soil around the pipe, especially the soil near the invert of the pipe, is 

significantly displaced. This type of large deformation behavior of soil can be simulated 

well using CEL approach as used in this study. Figure 3.5 shows the velocity vectors of 

the soil around the pipe at two depths of embedment (wiD =0.18 and 0.25) for smooth 

and rough interface conditions. The numerical prediction has been compared with 

centrifuge test results (Dingle et al., 2008). In centrifuge, the images were captured using 

a digital camera and conducted PlY photogrammetric analyses to obtain velocity fields . 

The velocity distribution obtained from the present study is very similar to the velocity 

fields obtained in centrifuge tests using image capture technique. Figure 3.5 also shows 

that the soil particle movement is higher only in the failure zone near the pipe and outside 

that zone the particle velocity is reduced. That means, the vertical resistance V mainly 

depends upon the shear strength of the soil in this failure zone. 
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Smooth Pipe Rough pipe Centrifuge (Dingle et al 2008) 
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Fig. 3.5 Predicted and observed velocity vectors at different depth of penetration 

3.10 Strain in Soil Mass 

w/O-Q.18 

wl0-0.25 

Figure 3.6 shows the variation of equivalent plastic strain ( e ~'1 = '!:..e"1 : e"1 , where &"
1 ts 

3 

the plastic strain) around the ptpe at wiD=0.45. As shown, significant shear strain 
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developed near the pipe. The maximum equivalent plastic strain in case of rough pipe is 

higher than that of smooth pipe. 
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Fig. 3.6 Equivalent plastic strain around the pipe at w/D=0.45: (a) smooth (b) rough 
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3.11 Berm Development Mechanism 

Figure 3.7 shows a typical image of pipe penetration observed in the centrifuge tests 

(Dingle et al., 2008). The size of the soil berm formed on both sides of the pipe depends 

on soil properties, depth of penetration and soil-pipe interface behavior. 

Fig. 3.7 Vertical penetration and berm formation (Dingle et al. , 2008) 

Figure 3.8 shows the predicted berm size using the finite element model presented above. 

The height of the berm for smooth pipe is slightly higher than that of rough pipe. On the 

other hand, the lateral extent of the berm is higher for rough pipe. The predicted berm size 

using the numerical model compares well with centrifuge test (Dingle et al., 2008) results 

for the cases analyzed in this study. 
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Fig. 3.8 Predicted and observed berm size at w!D=0.45 

3.12 Conclusions 

The process of vertical penetration of on-bottom offshore pipelines in deep sea is 

analyzed in this study. Offshore pipeline penetration in seabed is a large deformation 

problem. Coupled Eulerian Lagrangian (CEL) approach, recently incorporated in 

ABAQUS FE software, is used for numerical modeling of this process. Comparison with 

available model test results using a geotechnical centrifuge shows that ABAQUS CEL 

can successfully model such very large deformation problems. These analyses provide 

some valuable insights into soil failure and berm formation mechanism. 
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Although the present study shows the capability of CEL for modeling offshore pipeline 

embedment, the research with advanced soil constitutive model for various loading 

conditions is in progress. 
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4.1 Abstract 

Offshore pipelines play a vital role in the transportation of hydrocarbon. In deep seas, 

pipelines laid on the seabed usually penetrate into the soi l a certain amount. These 

pipelines might experience significant lateral movement during the operational period. 

The resistance to lateral movement depends on vertical penetration and berm formation 

around the pipe. Vertical penetration is a large deformation problem. Finite element 
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modeling of vertical penetration of offshore pipelines in soft clay seabed in deep water is 

presented in this study. The modeling was performed using ABAQUS finite element 

software. Soil was modeled in an Eulerian framework and the pipe in a Lagrangian 

framework. Strain softening behavior and strain rate effects on undrained shear strength 

of clay was incorporated in ABAQUS FE software using user subroutines written in 

FORTRAN. The variation of undrained shear strength with depth is also considered. The 

results are compared with centrifuge test results and also with avai lable solutions. 

Keywords: Pipeline, Strain rate, Strain softening, Large deformation analysis . 

4.2 Introduction 

Demand for offshore oi l and gas development has increased significantly over the last 

several decades. Industry is moving from shallow to deep water in search of o il and gas to 

meet the global demand for energy. One of the key components in offshore oil and gas 

development is pipelines. In deep sea, pipelines are often laid on the seabed. However, 

because of some other actions such as laying effects, hydrodynamic force and weight of 

the pipe and its contents, pipelines often penetrate partially into the seabed. Offshore 

pipelines are typically operated under high temperature and pressure which is required to 

ease the flow through the pipe and to reduce the wax formation. However, during 

maintenance and emergency shutdown the internal pressure and temperature are reduced. 

This causes cyclic lateral movement of the pipeline. High temperature and pressure can 
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generate axial stress along the pipeline which might cause lateral buckling of the pipeline 

if sufficient resistance to prevent the movement of the pipeline is not available. The 

vertical penetration/embedment of pipeline and formation of berms during penetration 

have a significant impact on lateral resistance. 

Various models have been proposed for static pipeline penetration in the seabed. At first, 

the pipeline was modeled as a strip footing and vertical resistance was taken as the 

bearing capacity [ 16]. Since then, various attempts have been made to understand the 

mechanism of pipe embedment which includes theoretical works [e.g. 8, 12, 14], 

experimental work [e.g. 18], centrifuge modeling [e.g. 4, 6] and finite e lement modeling 

[2, 3, 9, 10, 17, 19]. One of the key issues in finite element modeling of pipe penetration 

is that it i fundamentally a large deformatio n problem and therefore typical finite 

element modeling in Lagrangian framework is not suitable. Another important issue is the 

modeling of soil behavior at large strain. With penetration, the soi l around the pipeline 

undergoes significant plastic shear strain which could soften the soi l element. Moreover, 

the pipelines usuall y penetrate the soil at much higher shear strain rates in the soil 

e lements near the pipe as compared to the shear strain rate typical ly used in laboratory 

tests . Therefore, for successful modeling the strain-softening and strain rate effects on 

shear strength should be considered . 

The main purpose of this study is to present modeling of offshore pipe embedment using 

a more advanced finite e lement tool based on Coupled Eulerian Lagrangian (CEL) 
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approach. In CEL, Eulerian material flows through the fixed mesh and therefore there is 

no mesh tangling issue at large deformation. The analyses are performed using ABAQUS 

FE software. The mode ling is done in an undrained condition. The undrained shear 

strength of the soil is varied as a function of accumulated plastic shear strain and shear 

strain rate. 

4.3 Problem Definition 

Large deformation finite element (LDFE) is performed to have an insight into the soil 

behavior during pipe vertical penetration and its effects on vertical resistance during 

penetration. An offshore pipeline of diameter D is penetrated vertically at a constant 

velocity through the seabed to a certain depth as shown in Fig.4.1. It is assumed that the 

pipeline is infinitely long and hence the plane strain condition is used in the simulation. 

Soil is displaced during pipe vertical penetration and the berm is formed by the displaced 

soi l mass. In normally consolidated clays, the insitu undrained shear strength (s11o) 

increases near linearly with depth as S110 = S 11111 + kz where s11m is the undrained shear 

strength of clay at the mudline, k is the strength gradient and z is the depth of the soil 

element below seabed. T he undrained shear strength is updated during the analyses as a 

function of strain rate and accumulated plastic shear strain as discussed in the fo llowing 

sections. von Mises yield criterion is adopted. 
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Soil 

1-----D ----.t 

Fig. 4.1 Problem definition 

4.4 Strain Rate and Strain Softening Effects on Undrained Shear Strength of Clay 

In general, deep sea sediments are normally consolidated soft clay [ 4, 13]. Undrained 

shear strength of clay depends on the rate of shearing. The undrained shear strength 

degradation depends upon the plastic shear strain magnitude. T -bar or spherical ball 

penetrometer can be used to capture the effects of strain rate and softening on undrained 

shear strength of clay [7]. In this study, the fo llowing empirical model proposed by Einav 

and Randolph (2005) and Zhou and Randolph (2009) has been used. 

-[ {max(Y,Yref )}]r -3qtq. l , 
su - l + ,ulog Yref lorem + (l - o rem)e J5 uo 

(4. 1) 

= [!I ] [! 2 ko 

Here f 1 in the first square bracket represents the strain rate effect whi le h in the second 

one represents the strain-softening effect; S 11o is the insitu shear strength at or below the 
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reference shear strain rate ( '! ,.1 ) and prior to any softening; ~ is the rate of undrained 

strength increase per log cycle; Drem is the ratio of remoulded to insitu shear strength 

which is the inverse of remoulded sensitivity S1; ~ is the accumulated absolute plastic 

shear strain; and ~95 is the value of~ at which soi l has undergone 95% reduction in shear 

strength due to remolding. 

4.5 Finite Element Model 

ABAQUS 6.10 EF-1 is used to perform the large deformation finite element (LDFE) 

analysis of vertical penetration of offshore pipelines. Note that, conventional finite 

element technique in Lagrangian approach cannot handle large deformation problem due 

to convergence issues and mesh distortions. These issues are solved in the recently 

developed novel approach in Coupled Eulerian Lagrangian (CEL) technique. In CEL, the 

mesh is fixed and material can flow through the mesh. Thus, CEL can overcome the 

problems associated with mesh tangling and convergence and therefore it is adopted in 

the present study. 

For finite e lement modeling, the pipe is modeled using Lagrangian framework whereas 

the soil is modeled in an E ulerian framework. The pipeline is modeled as a rigid body 

since the deformation is negligible in comparison with soil, which also makes the model 

computationally more efficient. The pipe is modeled using shell element and element type 

of S4R. The soil layer is modeled using Eulerian e lement EC30 8R, which is an 8-noded 

linear brick, multi-material, reduced integration with hourglass control. 
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The pipe is penetrated into the clay layer (Eulerian materials) to a desired depth and a 

berm is formed from displaced soil. One of the key features of CEL is that the space is 

required to be defined to accommodate the displaced soil-the berm in this case. Soil and 

void spaces are created in Eulerian domain using Eulerian Volume Fraction (EVF). For 

void space EVF is zero (i.e. no Eulerian material, soil in this case). On the other hand, 

EVF is unity in clay layer, meaning that these elements are filled with Eulerian material. 

Velocity boundary conditions are provided at all faces of the Eulerian domain (Fig.4.2) to 

make sure that Eulerain materials are within the domain and cannot move outside. 

However, at seabed-void interface, no boundary condition is provided so that the soil can 

flow to the void. That means, the bottom of the model (Fig. 4.2) is restrained from any 

vertical movement, while all the vertical faces are restrained from any lateral movement. 
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Fig. 4.2 Finite element model used in this study 

A displacement boundary condition is applied at the reference point of the pipe to move it 

vertically downward and penetrated into the soil to a desired depth. As CEL can generate 

only 30 model, plane strain condition is simulated by considering single element along 

the axial direction of the pipe. It makes the model computationally less expensive. 

One of the limitations of ABAQUS FE software is that it cannot incorporate the linear 

variation of initial undrained shear strength of clay (s"o) with depth as shown in Fig. 4 .1 
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using graphical user interface or from input file . Moreover, ABAQUS does not have any 

direct option for modeling the soil behavior using a strain-softening and strain-rate 

dependent soil constitutive model as shown in Eq.4.1. In this study, the soil model is 

implemented using a user subroutine. The subroutine is written in FORTRAN. The 

accumulated plastic shear strain is read in each time increment and the values of f 1 and h 

in Eq. 4.1 are calculated. Then the value of S 11 is calculated, which is returned as an input 

parameter for numerical analysis. 

The total analysis is divided into three time steps to capture the soil behavior accurately 

during pipe vertical penetration. First step is the geostatic step. In geostatic step, pipe is 

located Y2 D above the sea bed to avoid any interaction with seabed. In the second step, 

the pipe is moved downward vertically to the seabed. In the third step, the pipe is further 

moved vertically through the seabed. The pipe is penetrated vertically to the maximum 

depth of embedment of 0.45D at a velocity of 0.015D/s which is same as the centrifuge 

test [6]. 

4.6 Parameter Selection 

Table 4.1 shows the geometry and mechanical properties of soil and pipe. As shown in 

Fig. 4.2, a domain of 8mx4.5mx0.04m (lengthxheightxthickness) is considered in finite 

element analysis. The pipe is placed at mid-length to avoid any boundary effect. The soil 

is modeled as an elastic-perfectly plastic, strain softening and strain rate dependent 
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material. The soil parameters used in this study are obtained from Dingle et al. (2008) and 

Cheuk and White (2011). 

Table 4. 1 Geometry and parameters used in the analyses 

Pipe 

Pipe diameter, D 

Depth of penetration, w 

Soil {Clay) 

Undrained modulus of elasticity, Eu 

Poisson's ratio, Yu 

Undrained shear strength at mudline, Sum 

Gradient of shear strength increase, k 

Submerged unit weight of soil, i 

Rate of shear strength increase, fl 

Reference shear strain rate , ~ ,.1 

Remoulded soil sensitivity, S1 

Accumulate absolute plastic shear strain 

for 95% degradation of soil strength, ~95 
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I 800 mm 
! 

1360 mm 

i 500su 
i 
! 0.49 
! 

I 2.3 kPa 

J3.6 kPa/m 
! 

I 6.5 kN/m3 

I 0.1 
; 

i 3 x 10-6 Is 

! 
i 3.2 
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4.7 Model Validation and Results 

The finite element model is used to calculate the vertical resistance during the penetration 

of pipeline. As the vertical resistance depends on the mobilized value of Su , the effects of 

strain rate and strain softening on su is also investigated. 

4.7.1 Mesh sensitivity 

Mesh size has a significant impact on finite element modeling. Often a finer mesh yields 

more accurate results but computational time is higher. In general, computational time in 

CEL is higher than the time required in typical finite element analysis using Lagrangian 

framework. The optimum mesh size is selected after conducting the analyses for a 

number of different mesh sizes. For example the calculation using three mesh sizes are 

shown in Fig. 4.3. In these analyses, the effects of strain softening or strain rate on 

undrained shear strength are not considered, but the strength does increase linearly with 

depth (Fig. 4.1). In this study, this condition is referred to as "ideal soil." Figure 4.3 

shows the variation of normalized reaction force (VIsuou'P) with normalized depth of 

embedment (wiD) , where SuO(i) is the undrained shear strength of clay at the invert of the 

pipe. Other parameters used in the analysis are listed in Table 4 .1. The largest mesh 

(0.25D) gives erratic results, and calculated Vis significantly higher than the other two 

cases especially for initial penetration. However, for the other two mesh sizes the 

calculated values give a smooth variation of V with depth. Hence a mesh size of O.OSD 

(i.e. 0.04 m x 0.04 m) is adopted for further analysis. 
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Fig. 4.3 Effect of mesh size on pipe vertical penetration resista nee for smooth pipe-

soil interface 

4.7.2 Comparison with existing models 

In the past, both static and dynamic penetrations of offshore pipelines have been 

investigated. In the present study, static penetration of the pipe is modeled. Several 

mathematical models are available in the literature for estimating vertical penetration 
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resistance. Some of them are based on model tests results [18] while some of them are 

developed from analytical or finite element modeling [e.g. 9, 10, 15, 19]. Finite element 

analysis of offshore pipeline embedment in pure Lagrangian framework with some 

limited success was presented by Aubeny et al. (2005) and Bransby et al. (2008). 

Merifield et al. (2009) conducted a series of large deformation finite element analysis 

using Arbitrary Lagrangian Eulerian (ALE) approach for uniform undrained shear 

strength of clay and proposed analytical solutions for estimating vertical resistance based 

on the numerical results. Tho et al. (2009) first demonstrated the use of Eulerian 

technique for modeling pipe embedment in seabed with an uniform undrained shear 

strength profile. Morrow and Bransby (2010) showed the effects of various undrained 

shear strength profiles of the seabed on vertical penetration resistance using FLAC 6.0 

finite difference software. None of these previous studies [3, 11 , 17] had considered strain 

softening or strain rate effects. Wang et al. (20 1 0) conducted two-dimensional large strain 

finite element modeling using remeshing and interpolation technique with small strain 

(RITSS). 

In order to show the performance of the present model, the calculated vertical penetration 

resistance has been compared with four recent studies namely Randolph et al. (2008), 

Merifield et al. (2009), Tho et al. (2009) and Wang et al. (2010). Based on an upper 

bound plasticity solution, Randolph et al. (2008) proposed a model to estimate vertical 

penetration resistance. The soil behavior is modeled as isotropic rigid plastic material 

with an undrained shear strength, which is uniform or proportional to depth. 
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Figure 4.4 shows the comparison between the present model for ideal soil (i.e. Su 

proportional to depth) and the other four models. Analyses are performed both for smooth 

(Fig. 4.4a) and rough (Fig. 4.4b) pipe-soil interface conditions. As shown, the calculated 

vertical resistance at a given depth of penetration using the present model is higher than 

the values obtained from previous models. However, the use of Tresca criterion gives 

closer results to the previous studies. An average undrained shear strength of 3 kPa was 

used for Merifield et al. (2009). 
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Fig. 4.4(b) Comparison with previous solutions for rough pipe-soil interface 

4.8 Effect of Strain Softening and Strain Rate 

The results presented above are for ideal soil, that means without any strain rate or strain 

softening effects. In the following sections the effects of strain softening and strain rate 

are presented. 
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4.8.1 Comparison with centrifuge test results 

Dingle et al. (2008) performed a series of centrifuge tests to simulate the behavior of a 

section of partially embedded pipeline. A model pipe of 0.8 m prototype diameter was 

penetrated into a soft clay bed. Figure 4.5 shows the comparison between numerical 

prediction and centrifuge test results. The soil parameters used in the analyses are shown 

in Table 4.1. As shown in Fig. 4.5, the centrifuge test result is between the calculated 

values using smooth and rough pipe-soil interface conditions. It is to be noted here that 

the authors also compared the centrifuge test results using ideal soil conditions [5]. For 

comparison the reaction vs. penetration curves for ideal soil condition are also shown in 

this figure. As shown in Eq. 4.1 , the strain rate in general increases but softening effect 

reduces the shear strength of the soil. The combined effects of these two govern the 

vertical resistance. The strain rate and strain softening parameters used in this study 

effectively increase the shear strength. Therefore, penetration resistance is increased when 

strain rate and strain softening effects are considered. 

4.8.2 Plastic strain in soil mass 

Equivalent plastic shear strain around the pipe at the depth of penetration of 0.45D is 

shown in Fig. 4.6 for both smooth and rough pipe-soil interface conditions. The strain 

contour interval is in logarithmic scale. As shown, significant plastic shear strain is 

developed near the pipe, which decreases with distance from the pipe. The maximum 

equivalent plastic shear strain in the case of rough pipe is higher than that of smooth pipe. 
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Fig. 4.6(a) Equivalent plastic shear strain around the pipe at wiD = 0.45 for smooth pipe-

soil interface 

Fig. 4.6(b) Equivalent plastic shear strain around the pipe at wiD = 0.45 for rough pipe-

soil interface 
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4.9 Parametric Study 

Equation 4.1 shows that mainly three parameters (~L, Sr and ~95) define the effects of strain 

softening and strain rate. The effect of these parameters on vertical penetration resistance 

is examined in this section. In the parametric study only one of these three parameters is 

varied keeping other soil parameters the same as ideal soil condition. 

4.9.1 Effect of f.1 

As shown in Eq. 4.1 the strain rate effect on shear strength mainly depends on the value 

of~. which is typically varied between 0.05 and 0.2 [7]. Figure 4.7 shows the normalized 

vertical resistance with normalized depth of penetration of the pipe for three different 

values of~ (0, 0.1 and 0.2) with no softening effects. Note that, ~=0 means no strain rate 

effect on undrained shear strength. As shown, the higher the value of ~. the higher the 

vertical resistance as the mobilized undrained shear strength is increased. 

4.9.2 Effect of S1 

Figure 4.8 shows the effect of remoulded sensitivity (Sr) on vertical penetration resistance 

with no strain rate effects. Three different values of Sr (1, 3.2 and 4) are considered. As 

shown, the Vlsuo(;jD vs. wiD curve shifts to the left with an increase in Sr. Figure 4.8 also 

shows that the calculated vertical resistance is not very sensitive to the value of Sr. This is 

because of the fact that the undrained shear strength reduced significantly only in a small 

zone of soil near the pipe where large plastic shear strain is developed. 
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4.9.3 Effect of ~95 

Figure 4.9 shows the effect of accumulated plastic shear strain on vertical penetration 

resistance with no strain rate effects. Einav and Randolph (2005) suggested that ~95 could 

vary between 10 and 50 (1000% to 5000%). Figure 4.9 shows the variation of Vlsuo(r/) 

with w/ D. As expected, vertical reaction is higher for higher value of ~95 . 
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Fig. 4.7 Effect of strain rate parameter, Jl for smooth pipe-soil interface 
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4.10 Conclusion 

Large deformation finite element (LDFE) is adopted to analyze the vertical penetration of 

offshore pipelines at seabed. The Coupled Eulerian Lagrangian (CEL) method currently 

available in ABAQUS finite element software was used for the numerical analysis . A 

strain rate and plastic shear strain dependent model of undrained shear strength is 

implemented into ABAQUS using a user subroutine. The current CEL analysis with 
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strain rate and strain softening effects shows higher penetration resistance compared to 

ideal soil with a linear variation of undrained shear strength and also to the previous 

studies. Further calibration of the model and its application to offshore pipeline design is 

in progress. The analyses also indicates that the strain rate effect on vertical penetration 

resistance is more significant than remoulded sensitivity or strain softening parameter (~) . 
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Chapter 5 

Lateral Movement of Partially Embedded Offshore Pipelines 

5.1 Introduction 

After successful installation of partially embedded pipelines in deep water, pipelines 

might experience problems regarding lateral stability. Lateral instability of pipelines 

occurs due to wave induced pressure (during severe storms), lay tension or pipeline 

internal temperature and pressure changes in oil and gas. For deep water pipeline, wave 

induced instability of pipelines is not significant (White and Cheuk, 2008). Lay tension 

from steel catenary shape formation during installation remains in the pipelines after 

installation. However, it cannot significantly affect lateral buckling of the pipeline under 

high temperature and pressure during the operational period (Bruton et al. , 2008). 

Therefore, the lateral instability occurs mainly due to internal pressure and temperature 

changes. The lateral movement of the pipeline is mainly opposed by the resistance from 

soil and therefore the understanding of soil/pipe interaction is important. However, the 

modeling of such complex soil/pipe interaction problems is extremely difficult (Bruton et 

al., 2006). 

Mitigation procedures for the pipeline lateral buckling includes snake lay, buried 

pipelines and sleeper systems. The choice of the appropriate techniques largely depends 

on the site specific data and the operational requirements. The current practice for a 

partially embedded pipeline is the controlled lateral buckling as discussed in Section 2.5 
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of Chapter 2. However, the estimation of pipe feed for buckle formation is very uncertain. 

In this chapter, numerical investigations are presented for light pipes under various 

conditions for lateral loading. The numerical results have been also compared with 

physical model test results. 

5.2 Comparison between Numerical and Centrifuge Models 

Dingle et al. (2008) conducted one centrifuge test to simulate the soil/pipe interaction 

behavior during lateral movement. The test was conducted in a seabed with a linearly 

varying undrained shear strength profile. Pipe was embedded to 0.45D and moved 

laterally. White and Dingle (2011 ) extended the work of Dingle et al. (2008) by 

conducting six more centrifuge tests (Ll to L6) for di fferent initial embedment and 

applied vertical loads. In the centrifuge tests, Dingle et al. (2008) displaced the pipe 

laterally up to 3D whereas White and Dingle (20 11) moved the pipe laterally up to 4D. 

Residual friction factor between as-laid pipelines and seabed during pipe lateral 

movements was investigated. The test conditions including undrained shear strength 

profiles, applied vertical loads and initial depths of embedment are shown in Table 5 .1. 

The experimental works of Dingle et al. (2008) and six cases of White and Dingle (2011 ) 

are simulated in the present study using Coupled Eulerian Lagrangian (CEL) finite 

element technique. The roughness of the pipe surface has significant effects on both 

vertical and horizontal resistance. The maximum shear resistance at the pipe/soil interface 

in undrained loading is generally expressed as 'tmax=as,, where a is constant and a value 
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of a=O means fully smooth condition. Although this function is available in ABAQUS, it 

does not work properly in ABAQUS CEL. Therefore, analyses have been performed only 

for smooth and no-slip (rough) soil/pipeline interface conditions. 

Table 5.1 Centrifuge test conditions (White and Dingle, 2011; Dingle et al. , 2008). 

Test Initial Undrained shear Applied Initial Embedment, 
strength of soil, kPa V ertical load, (w/D );,u 

kN/m 

D1 2.3+3.6xdepth 3.39 0.45 

Ll 2.3+3.6xdepth 2.1 0.52 

L2 2.3+3.6xdepth 2.8 0.46 

L3 2.3+ 3 .6xdepth 1.0 0.25 

L4 2.3+3.6xdepth 3.2 0.18 

LS 3.0+5.0xdepth 2.1 0.02 

L6 3. 0+ 5. Oxdepth 4.4 0.05 

Note: 
D 1: Test conducted by Dingle et al. (2008); 
Ll to L6: Tests conducted by White and Dingle 2011; 
depth: distance from mudline. 

5.2.1 Vertical penetration 

As shown in Table 5.1, the undrained shear strength profile of soil is the same in 

centrifuge tests by Dingle et al. (2008) and the Ll to L4 tests of White and Dingle (20 11 ). 

However, the applied vertical loads and initial depths of embedment are different. The 
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rate of vertical penetration of the pipe was also the same for all these tests (0.0 15D/s). As 

the soil profile and rate of penetration is the same in these five tests, only one simulation 

is shown in the present study for a vertical penetration up to the maximum embedment of 

0.52D. The normalised vertical resistance with vertical embedment is shown in Fig. 5.1 . 

The only vertical penetration resistance curve from a centrifuge test avai lable in the 

literature is from Dingle et al. (2008), which is also shown in Fig. 5.1. The arrows on the 

right vertical axis show the depth of embedment from where lateral movement started. 

Other parameters used in the analysis are listed in Table 4.1 . The strain-rate and strain 

softening model described in Section 4.4 is used to represent the undrained shear strength 

behaviour of soil. Vertical embedment for Cases-LS and L6 are very small and are not 

shown. 

5.2.2 Lateral movement 

The seven centrifuge tests listed in Table 5.1 are simulated for pipe lateral displacement. 

The strain softening and strain-rate dependent soil model implemented in ABAQUS 

discussed in Section 4.4 is used. The other soil parameters are listed in Table 4 .1. After 

penetration of the pipe to the desired depth the lateral displacement is applied under 

appl ied vertical load. For example, in Test L2 the pipe is penetrated vertically into the soil 

to a depth of 0.46D, a vertical load of 2.8 kN/m is applied and then moved laterally under 

this applied vertical load giving a displacement boundary condition to the pipe. Figures 

5.2 to 5.8 show the comparison between numerical and physical modelling results. 
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5.2.2.1 Load displacement curves 

Figures 5.2(a) to 5.8(a) show the developed lateral force (H) per unit length of the pipe 

with normalized lateral displacement ( U,! D). The lateral force increases first with lateral 

displacement and reaches a peak and then decreases gradually almost to a constant 
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Fig. 5.2 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Fig. 5.2 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Fig. 5.3 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iij) lateral displacement of three pipe diameter. 
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Fig. 5.3 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Fig. 5.4(b) Pipe invert trajectory (Case-L2) . 
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Test No: 
L2 

(c) 

(Smooth) 

(d ) 

PEEQVAVG 
(Avg· 75%) 

2 4 17 
0 .9 13 
0 .345 
0 .130 
0 049 
0 .019 
0 .007 
0 .0 03 
0001 
0 .000 

At peak lateral resistance 

V, Resultant I 0.155 0.110 
0.055 
0.000 

(i) 

(i) 

(ii) 

V, Resultant I 0.049 0.033 
0.016 
0.000 

PEEQVAVG 
(Avo: 75%) 

15064 
6 .035 
2 .418 
0 .969 
0 .388 
0 .156 
0062 
0025 
0 .0 10 

0.000 

V, Resultant 

I 0 .186 0 .124 
0.052 
0 .000 

u, !0=3 

(iii) 

(iii) 

Fig. 5.4 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Test No: 
L2 

(e) 

(Rough) 

(f) 

PEEQVAVG 
(Avo: 75%) 

3.698 
1 324 
0 4 74 
0170 
0.061 
0 .022 
0 .008 
0003 
0.001 
0000 

v , Resultant 

At peak lateral resistance 

(i) 

(i) 
V, Resultant 

I 
0.204 
0 .136 
0 .068 
0 .000 

(ii) v , Resultant 

I 
0.066 
0 .044 
0 .022 
0 .000 

UIID=3 

Fig. 5.4 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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-~bitE and [ ingle, 011 
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······ ··· Roug ,CEL,L3 
7 +---r--+---r--+---r-_,---+--~--+---r--+---r~+---r-_,--~ 

6 +---r--+---r--+---r-_,---+--~--+---r--+---r--+---r-_,--~ 

:§ g5 +--+--~~--~--~~--+--+--~~--~--~~--+--+~ 
:X:: 

4 ~--r--+---r--+---r-_,---+ __ ,_ __ +---r--+---r--+---r-_,--~ 

3 ~--r--+---r--+---r-_,---+--~--+---r--+---r--+---r-_,--~ 

0 0.25 0.5 0.75 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75 4 

wiD 

U1 /D 

Fig. 5.5(a) Pipe resistance during lateral movement (Case-L3). 
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.... ... 

1.5 
u,w 

2 2.5 3 3.5 

·..:·~·:·~· ·· · ··········· ············ ......... .... ········· 

-- .Vhite and Dingle,201 

mooth,W th Strain,( EL ,L3 

.. .. .. ough Wit Strain,C L,L3 

4 

0.4 +------+------+----_, ______ f------+------+-----+-------' 

0.5 +------+------+----_, ______ f------+------+-----+-------1 

0.6 -'------'------'------'-------'-------'------'-------L-------' 

Fig. 5.5(b) Pipe invert trajectory (Case-L3). 
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Test No: 
L3 

(c) 

(Smooth) 

(d) 

PEEQVAVG 
(Avo: 75%) 

1.789 
0.701 
0.275 
0 .108 
0 .0 42 
0 .0 17 
0 .007 
0 .003 
0 .001 
0 .000 

V, Result ant 

I 
0 .068 
0 .0 45 
0 .023 
0 .000 

At peak lateral resistance 

(i) 

(i) 

PEEQVAVG 
(AVQ: 75%) 

3 .109 
1.5 17 
0.740 
0 .36 1 
0.176 
0 .086 
0 .042 
0 .020 
0 .0 10 
0 .000 

V, Resultant 

I 
0.068 
0.045 
0.023 
0.000 

(ii) 

(ii) 

PEEQVAVG 
(Avg: 75°1<>) 

3.795 
1.806 
0 .860 
0 .409 
0 .195 
0 .093 
0 .044 
0.021 
0 .010 
0 .000 

V, Resultant 

I 
0 .040 
0 .027 
0 .013 
0 .000 

U 1 ID=3 

(iii) 

(iii) 

Fig. 5.5 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Test No: 
L3 

(e) 

(Rough) 

(f) 

PEEQVAVG 
(Avo: 75%) 

2 .634 
0 984 
0 .3 68 
0 .137 
0 051 
0 0 19 
0 .007 
0 .003 
0 001 
0 .000 

At peak lateral resistance 

v, Resultant 

I 
0 .08 9 
0 .059 
0 .030 
0.000 

(i) 

(i) 

PEEQVAVG 
(Avg: 75%) 

6.056 
2.039 
0 .687 
0.231 
0 .078 
0 .026 
0.009 
0.003 
0.001 
0.000 

V, Resultant 

I 
0 .126 
0 .084 
0 .042 
0 .000 

(ii) 
PEEQVAVG 
(Avg: 7 5%) 

8 .501 
2.743 
0.885 
0 .286 
0.092 
0.030 
0.010 
0.003 
0.001 
0.000 

V, Resultant 

I 
0 .068 
0.045 
0.023 
0.000 

U , ID=3 

(iii) 

(iii) 

Fig. 5.5 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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U11D 

Fig. 5.6(a) Pipe resistance during lateral movement (Case-lA) 

0 0.5 1.5 

U 1 /D 
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0. I -j------,,,-cf-_.,.., . .. ,......_:..:--+-__,---::;;;..,...,:.__--+---t-------j---t----1 
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0.6 -'-------'------'------'-------'-------'-------'------'--------1 

Fig. 5.6(b) Pipe invert trajectory (Case-lA) 
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Test No: 
L4 

(c) 

(Smooth) 

(d) 

At peak lateral resistance 

V, Resultant 

I 
0 .142 
0 .095 
0 .04 7 
0 .000 

(i) 
v, Resultant 

I 
0.091 
0.060 
0.030 
0.000 

(ii) 
PEEQVAVG 
(AVQ: 75%) 

11.129 
3 .473 
1 084 
0 .338 
0 .105 
0033 
O.QlO 
0 .003 
0.001 

0 .000 

V, Resultant 

I 
0 .067 
0.045 
0 .022 
0 .000 

U 1 ID=3 

(iii) 

Fig. 5.6 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Test No: 
L4 

(e) 

(Rough) 

(0 

At peak lateral resistance 

V, Resultant 

I 
0 .095 
0.063 
0.032 
0.000 

PEEQVAVG 
(Awg: 75%) 

6 .765 
2.252 
0 .748 
0 .248 
0.082 
0 .027 
0.009 
0.003 
0 .001 
0.000 

V, Resultant 

I 
0 .075 
0 .050 
0.025 
0 .000 

PEEQVAVG 
(Awg: 75%) 

7.170 
2.364 
0.779 
0.257 
o.oes 
0.028 
0.009 
0 .003 
0.001 
0 .000 

V, Resultant 

I 
0 .090 
0.060 
0.030 
0 .000 

U I /D=3 

Fig. 5.6 (e) Equivalent plastic strain around pipeline and (0 Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Fig. 5.7(a) Pipe resistance during lateral movement (Case-LS). 
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Fig. 5.7(b) Pipe invert trajectory (Case-LS). 
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Test No: 
L5 

(c) 

(Smooth) 

(d ) 

PEEQVAVG 
(.Avg: 750f.) 

0.29 7 
0 . 146 
0 .072 
0 .035 
0 .011 
0 .008 
0 .004 
0 .002 
0 .001 
0.000 

V, Resultant 

I 
0 .040 
0 .027 
0 .013 
0 .000 

At peak lateral resistance 

(i) 

(i) 

PEEQVAVG 
(Avg: 75"!.) 

0 .604 
0 .271 

. 0.122 
0.055 
0 .025 
0 .011 
0 .005 
0 .002 
0 .001 
0.000 

V, Resultant 

I 
0 .04 0 
0 .027 
0 .0 13 
0 .000 

(ii) 

(ii) 

PEEQVAVG 
(Avg : 75%) 

0.602 
0 .271 
0 .122 
0 .055 
0.025 
0 .0 11 
0 .005 
0 .00 2 
0 .001 
0 .000 

V, Resultant 

I 
0 .040 
0 .0 27 
0 .013 
0 .000 

U 1/D=3 

Fig. 5.7 (c) Equivalent plastic strain around pipeline and (d ) Velocity field during pipe lateral movement at (i) breakout point (ii ) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Test No: 
L5 

(e) 

(Rough) 

(f) 

PEEQVAVG 
(Avg : 75%) 

0.396 
0.188 
0.089 
0.042 
0.020 
0.009 
0 .004 
0.002 
0 .001 
0.000 

At peak lateral resistance 

V, Resultant 

I 
0.086 
0 .0 57 
0 .0 29 
0 .0 00 

(i) 

(i) 

PEEQVAVG 
(Avo: 75%) 

4.S97 
1 693 
0.585 
0202 
0.070 
002 .. 
0008 
0003 
000 1 
0.000 

V, Resultant 

I 
0 .140 
0 .093 
0 .04 7 
0 .000 

(ii) 

(ii ) 

PEEQVAVG 
(Ava: 75%: 

4.238 
1.492 
0.525 
0.185 
0.065 
0 .023 
o.ooe 
0.003 
0.001 
0.000 

V, Resultant 

I 
0 .073 
0 .049 
0 .024 
0 .000 

u1 ID=3 

(iii) 

Fig. 5.7 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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u,m 

Fig. 5.8(a) Pipe resistance during lateral movement (Case-L6) 
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u,ID 
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ough With Strain,CE ,L6 
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Fig. 5.8(b) Pipe invert trajectory (Case-L6) 
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Test No: 
L6 

(c) 

(Smooth) 

(d) 

PEEQVAVG 
(AvQ. 75'¥.) 

1.502 
0 .602 
0.241 
0 .097 
0 .039 
0 .016 
0 .006 
0 .002 
0 .0 01 
0 .000 

V, Resultant 

I 
0.052 
0.035 
0 .017 
0 .000 

At peak lateral resistance 

(i) 

(i) 

PEEQVAVG 
(Avg: 75"1.) 

5 411 
18<8 
0 631 
0 215 
0 .074 
0 025 
0 .009 
0 003 
0 .001 
o.ooo 

V, Resultant 

I 
0 .068 
0 .046 
0 .023 
0 .000 

(ii) 

(i i) 

PEEQVAVG 
(Avg: 75%) 

6.915 
2.290 
0.758 
0.251 
0.083 
0.028 
0.009 
0.003 
0.001 
0.000 

v, Resultant 

I 
0 .066 
0 .04 4 
0 .022 
0 .000 

U 1/D=3 

(ii i) 

Fig. 5.8 (c) Equivalent plastic strain around pipeline and (d) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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Test No: 
L6 

(e) 

(Rough) 

(f) 

At peak lateral resistance 

V, Resultant 

I 
0 .062 
0 .041 
0 .021 
0 .000 

(i) PEEQVAVG 
{Avg: 75%) 

6 .807 
2 .259 
0 .74-9 
0 .249 
0 .083 
0 .027 

- 0.009 
0 .003 
0.001 
o.ooo 

( i) V, Resultant 

I 
0 .066 
0 .044 
0 .022 
0 .000 

(ii) 

(ii) V, Resultant 

I 
0.055 
0.036 
0.0 18 
0 .000 

U I /D=3 

(iii) 

(iii) 

Fig. 5.8 (e) Equivalent plastic strain around pipeline and (f) Velocity field during pipe lateral movement at (i) breakout point (ii) 
lateral displacement of one pipe diameter (iii) lateral displacement of three pipe diameter. 
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(a) 

(b) 

(c) 

Fig. 5.9 Variation of pipe rear end surface area with pipe travel direction. 

value at large displacement. For a given lateral displacement the lateral force is higher for 

rough pipe/soil interface condition. For a very low applied vertical load (e.g. Test L3, 

applied vertical load is 1.0 kN/m) the horizontal resistance is almost zero when smooth 

pipe/soil interface condition is used as shown in Fig. 5.5(a). The peak lateral resistance is 

termed as "breakout resistance" and the approximately constant lateral resistance at large 
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displacement is termed as "residual resistance." The breakout and residual resistance 

under various test conditions are discussed in the following sections. 

The breakout resistance is defined as the highest lateral resistance and generally develops 

within 0.20 lateral movement. The breakout resistance is higher for rough pipe/soil 

interface conditions. The comparison between numerical and centrifuge test results show 

that the breakout resistance obtained from centrifuge tests is higher than that of finite 

e lement models even with a rough pipe/soil interface for higher initial embedments (Ll

L3 and Dl ). However, for very shallow initial embedment (L4-L6) finite element models 

with rough pipe/soil interface give higher breakout resistance than centrifuge tests. One of 

the reasons behind this is the effects of suction at the rear end of the pipe. During vertical 

penetration, soil around the pipe comes in contact with the pipe. In subsequent lateral 

movement suction develops in the rear end of the pipe in centrifuge test. The magnitude 

of lateral force from suction depends on contact area of the pipe with soil. The higher the 

initial pipe embedment the higher the pipe rear surface contact with soil , and thus higher 

suction. That means the suction force is less in shallow embedded tests (L4-L6) than 

deeper embedded tests (D 1 and L1 -L3). 

The suction force also depends on the direction of pipe movement. The direction of pipe 

movement is related to applied vertical load and initial depth of embedment. This is 

schematically shown in Fig. 5.9. For example, as shown in Fig. 5.9(a) if the initial depth 

of penetration is high and the applied vertical load is low then the pipe will move tn 

5-28 



inclined upward direction. The contact area behind the pipe is shown by a thick line. 

Similarly, the contact areas behind the pipe for pure horizontal and incl ined downward 

movement are shown in Figs. 5.9 (b) and 5.9(c), respectively. It is clear from this figure 

that the contact area behind the pipe for suction is higher in Fig. 5 .9(a). Therefore, in 

centrifuge tests higher breakout resistance was observed in D 1 and Ll -L3. In the present 

finite element analyses this suction force could not be modelled using ABAQUS CEL and 

therefore less breakout resistance is calculated for these four cases. 

5.2.2.2 Pipe Invert Trajectory 

Figures 5.2(b) to 5 .8(b) show the trajectories of the invert of the pipe during lateral 

movement. As light pipes are considered in the present study, the pipes move up with 

lateral displacement at constant depth of embedment. The higher the applied vertical load 

the higher the depth of embedment at residual state. Very light pipe (e.g. L3) moves to the 

seabed at residual stage. Figure 5.5(b) shows that the finite element prediction of pipe 

invert trajectory for test L3 is somehow different in shape from other tests. In this 

simulation, the pipe is penetrated to a depth of 0.25D and then displaced laterally under a 

very light applied vertical load of 1.0 kN/m. Therefore, during lateral movement the 

smooth pipe easily climbed up the berm that has been fo rmed by the initial vertical 

penetration and then moved essentially on the original seabed as shown in Figs. 5.5(c) 

and 5.5(d). However, when a rough interface condition is used some soil has been 

ploughed and there is a small berm in front of the pipe even at large displacement. The 
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passive resistance from the berm with soil/pipe interaction contributes in lateral p1pe 

resistance during its lateral travel. 

5.2.2.3 Effects of applied vertical load 

The lateral loading in centrifuge tests Dl (Dingle et al., 2008) and L2 (White and Dingle, 

2011) were done approximately from the same initial embedment. The soil shear strength 

profile is also the same in these tests. The only difference is the applied vertical load; test 

Dl was conducted under 3.39 kN/m while test L2 was conducted under 2.8 kN/m applied 

vertical load. Comparison between Fig. 5.2(a) and Fig. 5.4(a) show higher lateral force 

in Test D 1 both in numerical analyses and centrifuge tests as the applied vertical load is 

higher. Similar conclusions can be drawn from comparing the simulation of Tests L3 and 

L4 although there is a slight difference in initial embedment. 

5.2.2.4 Very shallowly embedded pipes 

The tests L5 and L6 are for very shallowly embedded pipes (wiD = 0.02 and 0.05). 

Numerical simulation of these cases are shown in Figs. 5.7 and 5.8. Test L5 and L6 were 

conducted under an applied vertical load of 2.1 and 4.4 kN/m, respectively. The 

comparison between numerical analysis and physical test results show that the horizontal 

resistance is higher in both L5 and L6 when rough soil/pipeline interface condition is 

used. Higher breakout resistance is calculated for the Case-L6 than Case-L5 (Figs. 5.7(a) 

& 5.8(a)). In finite element analyses it is also found that the lateral force slightly increases 
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with lateral displacement especially in Case L6. It is noted that while the numerical and 

centrifuge test results show some reasonable comparison, there are several other factors 

that is very difficult to characterize. One of them is the undrained shear strength of the 

soil near the mudline. While T-bar tests have been widely used for seabed shear strength 

measurement, the shear strength obtained from T -bar near the mudline is not accurate. 

Moreover, the shear strength of soil in the berm in front of the pipe is also very difficult 

to measure. In this study, the intact shear strength at the mudline, with remoulding and 

strain rate effects is used for soil shear strength in the berm. 

Figures 5.2 (e & f) to 5.8(e & f) show the plastic shear strain and velocity vectors with 

lateral movement of the pipe. Large shear strain is developed near the bottom of the pipe, 

which has been successfully modelled using ABAQUS CEL without any numerical 

issues. However, it is noted that accurate estimation of lateral resistance depends on 

undrained shear strength of soil in this narrow zone. Estimation of undrained shear 

strength near the mudline is very difficult. 

5.2.2.5 Comparison of velocity field 

Dingle et al. (2008) showed the soil velocity field around the pipe during the lateral 

displacement using PIV technique. Soil velocity field at six different pipe lateral 

displacements shown in Fig. 5.10 are discussed here. Two of them (A & B) are near the 

lateral breakout resistance, two (E & F) are near the lateral residual resistance and the 

remaining two (C & D) are in between the breakout and residual resistances. The velocity 
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fields observed in centrifuge modeling are compared with the present finite element 

modeling, (Fig. 5.11 ). The results show that the direction of movement varies with lateral 

displacement, and at the residual condition the pipe displaced almost horizontally for the 

case analyzed here. The soil velocity fields obtained from the present FE analyses with 

rough soil/pipe interface conditions are very similar to the velocity field observed in the 

centrifuge. 
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Fig. 5.10 Six pipe locations (A, B, C, D, E & F) on load-displacement plot (Dingle et al. , 

2008). 
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Smooth Rough Centrifuge (Dingle et al. 2008) 
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Smooth Rough Centrifuge (Dingle et al. 2008) 
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Fig. 5.11 (b) Predicted and observed velocity vectors at pipe lateral displacement of 0 .1 5D (location C) and 0.53D (location D) 
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Smooth Rough Centrifuge (Dingle et al. 2008) 
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Fig. 5.11 (c) Predicted and observed velocity vectors at pipe lateral displacement of 2.11 D (location E) and 2.95D (location F) 
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5.3 Alternative interpretation of pipe lateral resistance 

Attempts have been taken in the past to develop simplified solutions for estimating force 

and resistance during lateral movement. To develop such solutions, pipe lateral resistance 

obtained from numerical analysis or physical model tests were plotted in terms of 

effective embedment (w') (Chatterjee et al. , 2009; Wang et al., 2010; White and Dingle, 

2011). The effective embedment is defined as: 

w' w 1 JA''"" D = D + S, bermD -7]-

Details of effective embedment are given in Section 2.5.2.1 of this thesis. 

(5.1) 

The normalized lateral resistance and pipe invert location obtained from the present finite 

element model is plotted in Fig. 5.1 2 and Fig. 5.13, respectively, for smooth and rough 

interface conditions. Finite element simulations for L5 and L6 are not shown in these 

figures as the initial depth of embedment is very small and very little change in depth of 

embedment occurred during lateral displacement. The pipe moves upward with lateral 

movement. The horizontal resistance also decreases as the pipe moves upward. The 

arrows show the breakout resistance. A narrow variation in lateral resistance is observed 

for smooth pipe but a wider variation is observed for rough pipe. 
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Fig. 5.12 Variation of smooth pipe lateral resistance with embedment from CEL analysis 
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Fig. 5.13 Variation of rough pipe lateral resistance with embedment from CEL analysis 

Previous studies show that fluctuation in lateral resistance can be reduced with the help of 

effective embedment concept (Wang et al. , 2010; White and Dingle, 2011). Using Eq. 

5.1 , the effective embedment is calculated from the location of the invert of the pipe and 
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soil ploughing during lateral displacement. The value of S
1 

berm x.J7i = 6.7 is used as 

suggested by White and Dingle (2011). Figures 5.14 and 5.15 show the variation of 

lateral resistance with normalized effective embedment. Although the calculated 

resistance is still scattered, it shows a clear trend of decreasing lateral resistance with 

decrease in effective embedment. The numerical results obtained in the present study are 

compared with the following empirical equation. 

(5.2) 

Where a and b are model parameters. Wang et al. (2010) suggested a = 2.3 and b = 0.9 

while White and Dingle (2011) recommended a= 2.8 and b = 0.75. 

Figure 5.14 shows that the empirical equation by Wang et al. (2010) underestimates the 

lateral resistance, but White and Dingle (2011) is close to the numerical prediction for 

smooth pipe. Note that, the present analyses are performed only for light pipe whereas 

Wang et al. (2010) is based on both light and heavy pipes. On the other hand both 

empirical models give lower horizontal force if rough pipe/soil interface condition is used 

as shown in Fig. 5. 15. 
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Fig. 5.14 Variation of smooth pipe lateral resistance for CEL analysis with effective 

embedment (w' =effective embedment) 
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Fig. 5.15 Variation of rough pipe lateral resistance for CEL analysis with effective 
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5.4 Comparison with Other Analytical Solutions 

Pipe lateral resistance has two main parts: (i) pipe breakout resistance and (ii) pipe 

residual resistance. Based on the experimental database, analytical models have been 

proposed by Bruton et al. (2006), Cardoso and Silveira (2010) and White and Dingle 

(20 11) to calculate breakout and residual resistance. The lateral breakout resistance 

obtained from the present finite element models are compared with the analytical model 

of Bruton et al. (2006) as shown in Eq. 2. 7, in Chapter 2 and also with centrifuge test data 

(Table 5.1). The comparison is shown in Fig. 5.16. The vertical axis shows the 

normalised breakout resistance and the horizontal axis shows the normalised initial pipe 

embedment. As discussed before, centrifuge tests showed higher breakout resistance with 

higher the initial embedment, which is shown in Fig. 5.16. The analytical model by 

Bruton et al. (2006) underestimates the lateral breakout resistance observed in centrifuge 

tests except Test D 1. Note that, the analytical model by Bruton et al. (2006) is not only a 

function of (w/D)init but also depends on applied vertical load and undrained shear 

strength of soil which are different in centrifuge tests and the analyses performed in this 

study. That is why the points obtained from this analytical model do not show a general 

trend in Fig. 5.14 as they are plotted only with (w/D)init· The present FE analyses give a 

reasonable comparison with centrifuge test results . For the initial pipe embedment depth 

of less than 0.2D, centrifuge test results are in between the finite element model results 

for smooth and rough pipe. 
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Fig. 5.16 Comparison of lateral breakout resistance 

Similarly the residual resistances from the present finite element model are compared 

with the analytical solutions and centrifuge test results in Fig. 5.17 and 5.18. In finite 

element modelling, the average value of the lateral resistance for the final 0.5D lateral 

displacement is defined as pipe residual resistance. Figure 5.17 shows the normalised pipe 

residual resistance (HresfV) with initial pipe embedment and Figure 5.18 is for residual 

resistance with initial embedment time over square root of over-penetration ratio (R). 

Both plots show that the analytical solutions of Bruton et al. (2006) (Eq. 2.10, in Chapter 

2) and Cardoso and Silveira 2010 (Eq. 2.11 , in Chapter 2) give higher residual resistance 

than the values obtained in the present finite element model and centrifuge tests. Again, in 
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these two analytical models the residual resistance is also a function applied vertical load 

and undrained shear strength of the soil which are not constant in different centrifuge tests 

simulated in this study, and therefore the values calculated with these models are 

scattered in Figs. 5.15 and 5 .16. The solid line in Fig. 5.18 shows the best fit line of 

centrifuge test results proposed by White and Dingle (2011). The values of residual 

resistance in centrifuge tests is slightly lower that obtained in the present finite element 

models with rough pipe/soil interface. The use of appropriate pipe/soil interface condition 

( a<l ) might simulate the centrifuge test results closer. As mentioned before, 

unfortunately this option is not working in the current version (6.1 0-EFI) of ABAQUS 

CEL. 
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Fig. 5.17 Variation of lateral residual resistance with initial pipe embedment 
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5.4 Conclusion 

0.225 

Partially embedded pipelines under lateral displacement have been modelled usmg 

ABAQUS CEL finite element software. Strain softening and strain rate effects on 

undrained shear strength have been modelled. Lateral load versus lateral displacement 

plots are shown, and from this plot two critical values for design are identified: (i) 

breakout resistance and (ii) residual resistance. The finite element models developed in 
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the present study are compared with seven centrifuge test results conducted at the 

University of Western Australia. 

The pipe was first pushed to the desired depth and then moved laterally. The comparison 

between vertical penetration resistance and centrifuge test results are discussed in 

Chapters 3 and 4. The lateral force versus lateral displacement in the first four centrifuge 

tests (cases-Ll to L4), where the initial embedment is at least 0.180, match well with 

numerical models if rough soil/pipe interface conditions are used. However, for very 

shallowly embedded pipes (cases-L5 and L6), the centrifuge test results are in between 

the numerical models of smooth and rough pipes. Using the effective embedment 

concept, the lateral resistance is plotted for both smooth and rough pipes and then 

compared with available analytical models. Analytical solution of Wang et al. (2010) 

always underestimates the lateral resistance whereas White and Dingle (20 II ) is close for 

smooth pipe. Finally, the lateral breakout and residual resistance are compared with 

available analytical solutions. Higher residual resistance is found from the available 

analytical solutions when compared with the present finite e lement and centrifuge test 

results. 
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Chapter 6 

Conclusions and Recommendations for Future Research 

6.1 Conclusions 

During offshore pipeline installation in deep water a pipeline can be embedded a fraction 

of its diameter into the seabed. However, during operation these partially embedded 

subsea pipelines can experience very large lateral displacements typically from either 

thermal expansion or a submarine land slide. Both of them are fundamentally large 

deformation phenomenon. Few finite element techniques have been developed/used in 

the past to address these issues - some of them are very simplified while some are the 

advancement of these models. Almost all the numerical analyses conducted at the early 

stage used the wished in place (WIP) pipe concept for calculating vertical and lateral pipe 

resistance using finite element software. Very limited analyses are available for pushed in 

place (PIP) pipe. The analysis using WIP pipe is a small strain analysis while the PIP pipe 

is for large strain analysis. 

One of the advancements in the finite element modelling technique is the use of Eulerian 

framework. Large deformation problems can be modelled numerically in this framework. 

Coupled Eulerian Lagrangian (CEL) approach, recently incorporated in ABAQUS FE 

software, is used for numerical modelling in this study. 
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In Chapter 3, the successful use of ABAQUS CEL for modelling vertical penetration of 

on-bottom offshore pipelines in deep sea conditions is presented. The soil is modelled as 

ideal clay; that is, the undrained shear strength does not vary with strain rate or strain 

softening. However, the undrained shear strength of soil is varied with depth. The pipe is 

penetrated to 0.45D where D is the diameter of the pipe. The formation of a berm during 

penetration and vertical penetration resistance are consistent with the centrifuge test 

results . Plastic strains around the pipeline and soil flow mechanism during vertical pipe 

penetration are explained and compared with the observed centrifuge phenomenon. 

Analyses were conducted successfully without any numerical issues, such as mesh 

tangling, as typically encountered in small strain analysis using Lagrangian framework. 

Several researchers showed that the undrained shear strength of soil depends on shear 

strain rate. Moreover, strain softening behaviour is common in offshore clays. Modelling 

of such behaviour of clay cannot be done using the built-in soil constitutive models 

available in ABAQUS. Therefore, in this study, a strain softening and strain rate 

dependent model is implemented in ABAQUS CEL using user subroutines. The analyses 

using this model are presented in Chapter 4. It is shown that the prediction of vertical 

resistance and berm formation improved significantly if this new soil constitutive model 

is used. The FE results from the developed model are compared with the existing 

analytical, theoretical and experimental results. Closer agreement is observed and a 

parametric study is conducted to show the effects of various soil parameters on predicted 
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vertical resistance. Parametric study shows that the pipe penetration resistance IS 

influenced by rate parameters rather than softening parameters. 

The response of pipelines under a lateral displacement is presented in Chapter 5. Again, 

the strain softening and strain rate dependent model mentioned before is used for 

modelling the soil. The pipe is first embedded into the desired depth and then displaced 

laterally. A total of seven centrifuge tests are simulated numerically. The breakout 

resistance and residual resistance obtained from FE analysis are compared with centrifuge 

test results and analytical models. The residual resistance obtained from the present finite 

element analyses compares well with the centrifuge test result. Excellent comparison of 

breakout resistance from FE model and centrifuge tests is not found. One of the reasons is 

that ABAQUS CEL cannot model the suction behind the pipe when it moves laterally. 

6.2 Recommendations for Future Research 

In the present study the vertical penetration and lateral displacement of deep water 

offshore pipelines has been successfully modelled. Although a number of important 

features have been simulated in this study, there are some limitations which might be 

addressed for further improvement of the model. 

» The roughness of the pipe surface should be modelled properly. The maximum 

shear resistance at the pipe/soil interface cannot be defined in ABAQUS CEL (e.g. 

Fig. 4.4(b)). Therefore, analyses have been performed only for smooth and rough 
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conditions. It is expected that this limitations will be solved in the new version of 

ABAQUS CEL and then it could be used. 

~ For calculating breakout resistance the suction force behind the pipe should be 

calculated properly. ABAQUS cannot model such behaviour. A different type of 

modelling technique could be used in the future. 

~ During installation, a pipeline might experience dynamic loading, which might be 

considered to simulate the more realistic conditions. The strain softening effects 

might be significant and as-laid embedment might increase for dynamic loading as 

found in some fie ld observations (Westgate et al. 201 Ob ). 

~ There is a great uncertainty in undrained shear strength of soil in the berm and 

near the mudline. Accurate measurement/estimation will improve the prediction of 

vertical and lateral resistance. 

);> Soil water mixing and its effects on pipe lateral resistance can be addressed using 

appropriate tools (e.g. computational fluid dynamics tools). 
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