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ABSTRACT 

The embedment and spanning condition of a subsea pipeline has an important influence 

on its operational behaviour, including the on-bottom stability, thermal expansion and 

contraction response during operational cycles, and flow assurance performance of the 

pipeline. After being laid, pipelines on mobile seabeds can undergo both reductions and 

increases in their embedment depth and spanning condition in response to scour 

(removal of sediment from around the pipeline) and sedimentation (deposition of 

sediment around it). These post-lay embedment changes are poorly understood. While 

extensive physical modelling has been carried out to understand the mechanics of scour, 

comprehensive comparisons have not been made between those results and behaviour in 

the field, and sedimentation has not been studied in detail. Faced with these unknowns, 

industry responses have ranged from either ignoring post-lay embedment changes to 

making worst-case design assumptions at considerable expense.  

In this work, field data in the form of subsea survey and inspection data along with 

supporting geotechnical, soil erosion, metocean and pipeline structural data is analysed. 

Those results are coupled with physical modelling to investigate the mechanisms 

driving pipeline scour and sedimentation, and to test the applicability of physical 

modelling results to field conditions. Two groups of pipelines are examined, permitting 

an analysis into the effects of various parameters including: pipeline orientation, 

diameter, soil conditions (including erosion resistance) and the type, duration and 

velocity of seabed currents on scour and sedimentation. A novel image-analysis 

approach to processing pipeline inspection video is also developed. 

Previous physical modelling results on the time scale of scour have been confirmed in 

the field, where scour was observed to develop rapidly then stabilise asymptotically. 

The mechanism of change has also been examined; behaviour consistent with both the 

sagging of pipeline sections into long spans formed by scour and the sinking of pipeline 

sections into span shoulders has been confirmed through the use of an analysis of far-

field embedment variation, span history analysis and beam bending analysis. A 

comparatively neglected mechanism – direct sedimentation – has also been identified 

through an analysis of embedment patterns, and then explored further through a series 

of physical model tests. Those tests provide novel information on the time scale and 

equilibrium geometry of this process. 
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The metocean environment has been shown to be of critical importance in determining 

the post-lay changes, with both distinct and more subtle factors shown to play a 

significant role in post-lay embedment changes. The controlling influence of near-

perpendicular flows is highlighted. Laboratory-based erosion tests are shown to be a 

good predictor of sediment mobility when used in conjunction with metocean data. Fish 

are shown to play an important role in span formation. 

Finally the influence that these changes should have on pipeline design is examined. 

Through numerical limit analysis a doubling of lateral breakout resistance is found for 

the embedded sections of the first pipeline. This effect, coupled with improved 

hydrodynamic sheltering is shown to lead to significant improvements in on-bottom 

stability, allowing the pipeline specific gravity to be reduced for a given design storm. 

By examining the temperature response of a hypothetical 60 km flowline, opportunities 

for considerable flow assurance and buckling scheme design savings are identified. 

The consistency of the observed post-lay embedment and spanning changes for a given 

set of conditions, their consistency with known mechanisms of embedment change, and 

the ability to replicate these changes in model scale tests all suggest that the effects of 

sediment mobility can now be quantified and therefore more effectively accounted for 

in pipeline design. These findings represent a significant advance, and have already 

been applied to codes of practice and on several offshore projects. The framework and 

methodology set out herein can now be applied to a wider range of pipelines to increase 

knowledge further and yield wider benefits for offshore pipeline design.  
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In accordance with University of Western Australia regulations, this thesis is organised 

as a series of academic papers, which describe the work performed during the PhD 

candidature. Details on authorship of the papers are set out below. Chapters 1 and 8 

form the introduction and conclusion and were completed by the candidate.  
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NOMENCLATURE 
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published work. This results in some differences between the papers which comprise the 

thesis. Where this occurs symbols which apply to a specific chapter are noted below; all 

other symbols can be considered as holding throughout the thesis.  
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CHAPTER 1.  INTRODUCTION 

Subsea pipelines and cables are ubiquitous features of the offshore oil and gas industry. 

Flowlines and trunklines are used to transport oil, gas and condensate, while MEG 

supply lines and umbilicals are integral to the operation of the hydrocarbon fields. 

Similar lines are also being installed in increasing numbers in offshore wind farms and 

have long been important features of water supply and waste water disposal systems. 

While challenging, the embedment of these lines immediately after laying (the as-laid 

embedment) can be estimated (see for instance Westgate et al. (2012)). However where 

ocean currents, surface waves or internal waves are sufficiently strong, those flows 

mobilise the sediment around the pipeline, leading to both increases and decreases in the 

embedment through scour (removal of sediment from around the pipe) and 

sedimentation (deposition of sediment against the pipe). These changes can dramatically 

influence the design of the pipeline, for oil and gas pipelines this includes the on-bottom 

stability, thermal expansion management and flow assurance design.  

While design practice now acknowledges the importance of these changes (Det Norske 

Veritas, 2011), there is not specific guidance on how they can be accounted for. This 

leads to either over or under conservative design depending on the approach taken by 

the designer, and the particular design aspect at hand. Where design savings can be 

made, the potential benefits are significant. In the case of on-bottom stability for 

instance, Randolph and Gourvenec (2011) note that recent offshore gas export pipelines 

in Australia cost an estimated $4 million per kilometre, with pipeline stabilisation 

measures such as concrete coating, rock dumping and trenching representing 30 % of 

that cost.  

A significant amount of laboratory and (to a lesser extent) numerical work has been 

completed in recent decades examining the relevant mechanisms, particularly that of 

scour (see for example (Sumer & Fredsøe, 2002) for a summary). However there has 

been very little work comparing those results to the behaviour observed in the field. 

Until such comparisons are made, the accuracy and repeatability of design approaches 

to mobility-induced changes to pipeline embedment cannot be known. 

Australia’s North West Shelf (NWS) has an extensive pipeline network, offering an 

opportunity to review post-lay embedment and spanning changes in the field. Working 

with an industry partner Woodside Energy Ltd, a range of pipelines from the NWS have 

been reviewed. The individual pipelines and pipeline sections which cross mobile 



Chapter 1 

 2 

seabeds were identified, and the extent and quality of the available survey, pipeline 

inspection, geotechnical, erosion test and metocean data were reviewed. Two pipeline 

groups were then identified for the more detailed work which is outlined below. 

1.1  THESIS OBJECTIVES 

The overarching goal of this research was to apply novel research techniques to further 

understanding of post-lay pipeline scour and sedimentation in the field, with the 

principal motivation being the unlocking of the substantial on-bottom stability design 

benefits potentially available when these changes are taken into account. To achieve this 

a series of sub-goals were set out, namely: (i) develop a method to extract quantitative 

data from survey inspection video, (ii) examine the post-lay embedment changes of 

pipelines in the field and compare those results with the existing (primarily laboratory 

based) literature, (iii) use this comparison to deepen our understanding of the 

mechanisms at work and their variability, and then finally (iv) examine the implications 

of this work on pipeline operation and design practice. A series of activities have been 

carried out accordingly: 

1. Development of a novel piece of image-analysis based software which allows 

for the transformation of historic two-dimensional sonar video footage into 

three-dimensional bathymetric data. 

2. Analysis of field data including: pipeline survey, geotechnical, soil erosion, 

metocean data and pipeline structural design data. 

3. Investigations into embedment change mechanisms, including physical 

modelling in the University of Western Australia (UWA) O-tube facilities and 

analytical pipeline bending modelling. 

4. Analysis of the implications of field embedment changes on lateral resistance, 

on-bottom stability, thermal expansion and flow assurance design.  

The analysis and interpretation of the field data was the main focus of the research 

project.  

1.2 THESIS ORGANISATION 

The thesis has been organised as a series of papers, as detailed on Page (iii). The 

structure of the thesis, including details on how each chapter relates to the goals of the 

research project are set out in Figure 1.1. To avoid repetition, the literature review has 

been split between the individual chapters. The thesis can be conceived of as having two 
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parts. In Part 1 (Chapters 2, 3 and 4), a novel approach to processing field data is 

introduced in Chapter 2. Then the post-lay changes to the embedment and spanning of 

field pipelines – and the mechanisms driving those changes – are examined in detail in 

Chapters 3 and 4. In Part 2 (Chapters 5, 6 and 7), the pipeline design and operation 

implications of the changes described in Part 1 are examined. To guide the reader a brief 

summary of the individual chapters is provided below. 

• Chapter 1 (this chapter) is an introductory chapter. 

• Chapter 2 details the development of a novel piece of software that was used to 

process historic survey data. Readers who are not interested in those details may 

skip this chapter without compromising their understanding of the wider 

research project. This chapter was published as a journal paper. 

• Chapter 3 examines seven years of post-lay embedment and spanning changes 

for a 23 km long pipeline on the North West Shelf. The introduction of this 

chapter is the main literature review for the research project, some additional 

details on sedimentation are provided in the introduction to Chapter 4. The 

geotechnical, soil erosion, metocean and structural setting of the pipeline are set 

out, before the pipeline’s embedment development throughout its operative life 

is examined. These results are compared to laboratory results to test their 

predictive capacity. The pipeline was a flowline oriented perpendicular to the 

predominating tidal currents and internal wave flows. This chapter was 

published as a journal paper. 

• Chapter 4 analyses the post-lay embedment and spanning changes along three 

26 km long sections of pipeline which run from a depth of 830 m on the 

continental slope up to a depth of 90 m on the continental shelf. The introduction 

of this chapter includes a review of sedimentation research. For the pipelines 

examined in this chapter, currents and internal waves are predominately near-

parallel to the pipeline, but the influence of short duration high velocity flows 

parallel to the pipe are examined. The field data review informed a series of 

physical model (O-tube) tests which are also described. Direct sedimentation is 

shown to be the dominant embedment change mechanism, with fish also shown 

to have a role. This chapter was published as a journal paper. 

• Chapter 5 is the first of three chapters which examine the influence of these 

changes on pipeline design. The embedment changes observed for the pipeline 

discussed in Chapter 3 are simplified to a two-parameter problem, and inform a 
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series of numerical models of the drained breakout resistance under combined 

lateral and vertical loading. This chapter was published as a conference paper. 

• Chapter 6 builds on this pipe-soil model to examine how the overall on-bottom 

stability of the pipeline discussed in Chapter 3 changes over an 11 year period 

due to scour and sediment transport. The potential for significant reductions in 

pipeline specific gravity are highlighted, and the sensitivity of the results to 

pipeline bending stiffness and tension are highlighted. This chapter has been 

submitted as a journal paper. 

• Chapter 7 examines the influence of these same changes on the temperature 

profile of the oil, gas and condensate inside the pipeline and the resulting flow 

assurance and buckling scheme implications. This chapter formed the second 

half of a conference paper; the first half is not relevant to this thesis topic so is 

not included herein to enhance the readability of the thesis. 

• Chapter 8 is the closing chapter which summarises the research highlighting the 

key conclusions, describes the original contributions to knowledge and sets out 

recommendations for future research. 
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FIGURE 

 

 

Figure 1.1: Thesis organisation diagram 
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CHAPTER 2.  UNLOCKING THE BENEFITS OF LONG 
TERM PIPELINE EMBEDMENT PROCESSES; IMAGE 
ANALYSIS-BASED PROCESSING OF HISTORIC 
SURVEY DATA  

Chapter context: The paper presented in this chapter details the workings and 

applications of a piece of software developed to assist in the processing of pipeline 

survey data. The software uses image-analysis techniques to extract bathymetric data 

from pipeline survey videos, transforming them into bathymetric datasets. The output of 

the software was used in the work detailed in subsequent chapters. While development 

of the software formed a substantial part of the research project, readers wishing to 

focus on the processes of scour and sedimentation along with their consequences may 

skip ahead to Chapter 3. 

 

This chapter has been published as: 

Leckie, S.H.F., White, D., Draper, S. and Cheng, L., 2016c. Unlocking the benefits of 

long term pipeline embedment processes: Image analysis-based processing of historic 

survey data. Journal of Pipeline Systems Engineering and Practice. 04016008. 
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2.1 ABSTRACT 

An image-analysis based method for retrieving high resolution bathymetry data from 

historic pipeline inspection video is detailed. The resulting time-dependant bathymetric 

data is shown to improve our understanding of pipe-soil and pipe-soil-fluid interaction. 

This allows better management of existing pipelines and improved design of new 

pipelines. The method has been implemented with the MATLAB language. The 

pipeline and seabed positions are extracted automatically from the survey video, 

spurious points removed, the data scaled and interpolation applied. The data can then be 

projected in various forms, for different applications. Drawing on field data from 

Australia’s North West Shelf, applications of the method are described. For pipeline 

design, we show how improvements in on-bottom stability and changes in seabed 

friction can be quantified for mobile seabeds and through buckling sections of pipeline. 

This approach unlocks advances in existing design practice by providing quantification 

of the effects of seabed mobility. The processes and mechanisms that lead to through-

life changes in pipeline embedment, soil support and hydrodynamic shielding can be 

quantified, allowing design to move beyond the usual assumptions of a pipeline 

embedment that is invariant in time and space.  

2.2 INTRODUCTION 

Offshore pipelines increasingly require careful monitoring of performance due to the 

complications involved in modern high temperature and high pressure systems, and the 

adoption of dynamic on-bottom stability design. It is now recognised that the condition 

of a pipeline varies over its operating life due to time-varying embedment and spanning 

from scour and erosion (Leckie et al., 2015) [Chapter 3 of this thesis], time-varying 

alignment from buckling and walking (Urthaler et al., 2012), as well as time-varying 

soil resistance, hydrodynamic exposure and thermal profiles (White et al., 2015) 

resulting from these effects. 

In parallel, there is an increasing awareness of the benefits of reviewing data from 

existing pipelines to provide benchmarking and validation of new design approaches, or 

when operating conditions change (e.g. Westgate et al. (2010), Borges-Rodriguez et al. 

(2013)). Sriskandarajah et al. (2011) described an evaluation of the structural 

performance of a high pressure – high temperature (HPHT) pipeline triggered by a 

desire to increase the operating flowrates and temperatures.  
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In making these reviews Westgate et al. (2010) and Borges-Rodriguez et al. (2013) used 

visual video footage and as-laid discrete pipeline embedment values at a given offset. 

Sriskandarajah et al. (2011) used sidescan sonar footage to determine pipeline 

alignment, using a method set out in Hansen et al. (2011). 

While work using visual video footage of the seabed is useful, it is limited in its ability 

to accurately quantify 3D seabed shape, particularly further away from the pipeline. In 

addition, the use of specially commissioned (typically as-laid) bathymetric surveys is 

useful, but these surveys are expensive (Wernli, 2002) and are typically only carried out 

immediately after pipeline laying. As a result subsequent changes to pipeline 

embedment throughout the pipeline’s lifetime – for example due to scour or pipeline 

buckling – are not often captured.  

In contrast, this paper sets out an approach for retrieving quantitative three dimensional 

seabed topographic information from videos from historical pipeline inspections. Data 

can be captured both for long sections of pipeline and at the level of individual spans. 

After lay offshore pipelines frequently undergo inspections by Remote Operated 

Vehicles (ROVs). These inspections capture information on the overall condition of the 

pipeline, the activity and the remaining life of cathodic protection, the presence of any 

debris or marine growth, and the spanning state of the pipeline. Cameras provide visual 

information from the vehicles while sonar profilers (also known as scanning profilers or 

profiler sonars) use two mechanically rotating sonar units to capture a continuous cross-

section of the top of the pipe and the surrounding seabed (see Figure 2.1), which is 

stored as a video of the sonar return.  

While some ROVs and Autonomous Underwater Vehicles (AUVs) are now fitted with 

onboard swath bathymetry systems , considerable amounts of data have been captured 

in the past – and continue to be captured on some projects – using these simpler two-

source sonar profilers. The resulting bathymetric information is stored as a simple video 

record of the sonar profile. The video is a screen capture of the real time sonar profile 

displayed to the ROV pilot. The same profilers have also been used extensively on other 

underwater operations such as trench surveying, rock dumping and mattress positioning 

campaigns. 

As a result, a large quantity of valuable near-pipe bathymetric information is held by 

pipeline owners and operators, but stored as a video that only permits a cursory visual 

inspection of the data. Sriskandarajah et al. (2011) pointed out the importance of 

collecting statistically definable information when considering pipeline remaining 
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useful life for instance. This paper shows how image analysis techniques offer a way to 

extract the valuable quantifiable information from these videos, converting them into 

quantitative data of the full 3D bathymetry around the pipeline; data that is increasingly 

valuable in light of recent research and modern design approaches for pipelines that are 

discussed at the end of this paper. 

In this way the approach can act as a tool to increase the amount of field data used in 

research, design and the integrity management of offshore pipelines. The steps of the 

approach are set out below, followed by details on its accuracy. In the final section 

further details are given on applications. 

2.3 PROGRAM SEQUENCE 

2.3.1 Overview 

An overview of the bathymetric data extraction process is set out in diagrammatic form 

in Figure 2.2. The process is performed using MATLAB and consists of the following 

steps: 

i. Pipeline inspection. 

ii. Extraction of images from the video. 

iii. Image analysis: Isolation of the relevant section of the image, identification of 

scaling points, shift to red, green and blue (RGB) channels. 

iv. Pipeline identification, data cleaning.  

v. Pipeline crest identification. 

vi. Interpolation and curve fitting of cross profiles. 

vii. Data set collation. 

viii. Application processing: interpretation into seabed condition parameters. 

Steps (ii) to (vii) are set out in more detail below, details on applications (viii) are set 

out in Section 2.5. 

2.3.2 Image extraction 

To begin the process the video must be extracted into a format that can be processed (in 

our case within MATLAB). We have used ‘Any Video Converter’ (see www.any-

video-converter.com) to create .avi files from the native format, and ‘Virtualdub’ (see 

www.virtualdub.org) to decimate (reduce the frame rate) of the video to the required 

frame rate. It is typically sufficient to retain only every 5th frame to generate cross-

profiles at approximately 1 m centres, although this varies with the speed of the ROV 
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and the frame rate of the video. Frame ranges of the video are then progressively 

imported into MATLAB, so as to manage computer memory requirements. 

Within MATLAB, images at pre-selected Kilometre Points (KP) are extracted at 

whatever frequency is required for the application. For example they can be captured 

every metre for high resolution embedment and spanning information, or every 10 m 

where the goal is to determine grouped statistics along a full pipeline. Once the image 

has been selected a KP reference is automatically attached to it and the images are 

grouped in a folder. 

Once image collection is complete, a different sub-program is used to step through the 

images in a semi-automated manner, withdrawing the bathymetric data. The discussion 

below follows the processing of one image within that second sub-program. 

2.3.3 Image analysis 

For each image the region with the sonar data is extracted. This is composed of a plain 

background, a contrasting trace of the sonar data and a variety of scaling points or lines 

depending on the technology used at the time. In the example shown in Figure 2.2 (ii) 

the bottom 40 % of the image would be selected, isolating the sonar trace which is 

shown in red and green (indicating the returns from the port and starboard side sonar 

sources respectively). The reference scaling points in this example are at 1 m centres 

(note the slight horizontal scale lengthening in this image).  

Within MATLAB each image is stored as a three-dimensional array. The horizontal and 

vertical coordinates of the array represent the location of a particular image pixel. In the 

third coordinate the array is three layers deep with each layer representing one colour 

channel (red, green and blue). Figure 2.3 represents this schematically. Each square in 

the lower part of the figure represents one pixel and the RGB values represent the 

strength of the red, green and blue colours for each pixel. The magnified section is a 

transition zone between a red and a green sonar trace. Moving from left to right through 

the close-up, this transition is reflected in the increasing intensity values on the green 

layer, and the decreasing values on the red layer. 

Each of the colour levels is interrogated and the values above or below a certain 

threshold withdrawn. Figure 2.2 (iii) shows the ‘red channel’ of the preceding image, 

with red shading indicating zones of high red intensity in the source image. For the 

example described herein, red and green colour thresholds were defined, the red and 

green levels or ‘channels’ of the array isolated, and the values higher than the threshold 
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identified as the sonar returns. This approach has proved satisfactory with a variety of 

source videos, but more complex relations drawing on all three colours and the relations 

between them could be coded for more difficult images. 

2.3.4 Pipeline identification and data cleaning  

The program then displays an image of the resulting data points isolated from the 

remainder of the image (Figure 2.2 (iv)). ‘Click and drag’ boxes can be used to filter out 

any spurious data points and automatic filtering is also used for some data sets to 

remove points such as gridlines that are above the threshold values, but don’t represent 

the pipeline or seabed surface. 

On some older surveys, due to inclination of the ROV or poor setup of the profiler 

equipment, the profile of one or both sonar heads has a rotational offset and thus does 

not reflect the true seabed surface. In these cases the profile can be rotated by selecting 

two points in the initial image to define this offset. The image is then rotated 

automatically about these two points. As was the case for the top of pipe location, these 

rotation points are retained after their first use, and can be adjusted when necessary by 

the user. 

2.3.5 Pipeline crest identification  

For the first image the location of the top of the pipe is set by the user (Figure 2.2 (v)) 

and this position is retained for the subsequent images. The sonar trace of the pipeline is 

then eliminated from the dataset.  

2.3.6 Interpolation and curve fitting 

A variety of functions are then used to remove points that may not be a reliable 

representation of the seabed, interpolate between gaps in the profile, and produce the 

final bathymetry.  

The sonar trace is several pixels thick vertically so to assist in subsequent interpolation 

work this thickness is reduced to one pixel. All points close to the edge of the pipeline 

(less than 5 % of the radius away) are removed. Comparisons with boom camera images 

indicate that these points might represent reflections off the pipeline rather than real 

seabed data. The resulting gap in the centre of the profile represents the removed 

pipeline trace for embedded sections, and the sonar ‘shadow’ underneath the pipe for 

spanning sections.  

To prevent unrealistic interpolation across the centre of this feature the data set is then 



Chapter 2 

 12 

split into two subsets: points to the left of the pipeline and points to the right. A moving 

average function is then applied to the two subsets of surface data to remove any 

pixilation effect. 

Where there is an occasional absence of sonar return at the outside edge of the sonar 

swath, the furthermost value from the pipeline can be extrapolated out to the edge of the 

profile. 

A narrow area of the image containing 3 to 4 scaling points is then analysed. The same 

threshold technique is applied to identify the centres of the scaling markers, and the 

horizontal and vertical scales are extracted and expressed as a number of pixels per 

metre. The array is then transferred from ‘pixel space’ to true space as shown on Figure 

2.2 (vi). 

The sonar profile is then interpolated on to a fixed vector of horizontal points. In most 

cases these points will generally sit on top of ‘real’ profile points, the interpolation only 

creating ‘new’ points where there is a gap in the profile. Despite the undulating nature 

of some seabed surfaces, a linear interpolation has been found to produce the best 

results in this interpolation. This is due to occasional ‘upticks’ or other anomalous local 

variations to the sonar profile (often due to pixilation) which tend to distort 

interpolations that use a cubic or spline interpolation. The interpolation points are 

sufficiently close that this small step linear interpolation provides a good approximation 

of a curved surface. 

An anchor point is then added manually beneath the pipeline (in the spanning case), 

based on the slope of the seabed either side of the pipeline, and feedback from the video 

footage. A spline interpolation to a finer grid is then applied. This provides closely 

spaced points to allow flexibility in how the bathymetric surface is interrogated for any 

given application. 

2.3.7 Dataset collation 

For wide sonar swaths, data is trimmed from the outside sections of the swath if that 

data is considered to be unreliable. The resulting profile is then saved, error checks 

made by comparing consecutive images, the surface loaded on to a ‘global’ output 

variable, and the next image loaded. This global variable holds and progressively 

updates all the captured data. A 200 m long example of the data is presented graphically 

in Figure 2.2 (vii). 
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2.4 QUALITY CHECKS 

The accuracy of both the sonar profiler equipment and the analysis described herein 

need to be considered together when judging the accuracy of this approach. Some brief 

details of profiler calibration are given below, followed by more extensive details on the 

accuracy of the analysis and the steps taken to check the output quality. 

When calibrating sonar profiler units two aspects are the most important: the local speed 

of sound and the angle that the sonar unit is set up at, known as the sonar’s bearing 

(Lekkerkerk & Theijs, 2012). Technology that uses surface-to-seafloor sonar can be 

sensitive to changes in temperature with depth and a resulting change in the speed of 

sound. In the case of the sonar profiler the close proximity of the sonar source, reflector 

and receiver ensures that these errors are negligible. For example, on Australia’s North 

West Shelf where strong thermoclines are common; the speed of sound can vary by up 

to 25 m/s within the depth range of current oil and gas operations. However, even 

assuming the sonar profiler unit was using an erroneous speed of sound at the maximum 

end of this range, the resulting distance error would only be 2 %, or 20 mm for a typical 

travel distances of 1 m. Even for a small 12 inch line, this in turn represents less than 

6 % of the pipeline diameter. Furthermore, given the standard calibration procedures 

required on offshore surveys, these minor errors should not occur if good practices are 

followed.  

Regarding bearing, on some older survey footage occasionally cases have been 

encountered where the sonar unit was set up at an angle on the ROV, resulting in angled 

profiles that do not reflect the true lie of the seabed. In this case the data is corrected by 

applying a rotation to the profile. 

Areas where the port and starboard sonar returns overlap (see for example the area of 

seabed to the left of the pipeline in the example shown on Figure 2.1) can indicate the 

data quality. With good alignment the returns agree to within ≤20 mm.  

The simplest check on the quality of the source data and the output is to compare the 

resulting bathymetric profile with the footage from the cameras at the front of the ROV. 

The example in Figure 2.4 shows very good agreement in all locations, with no 

distortion evident in the spanning or embedded sections. The figure shows that across 

the full surface, including the far-field area beyond the reach of the ROV cameras, the 

seabed shows frequent undulations, consistent with what would be expected of a mobile 

seabed adjacent to a pipeline. This data is summarised in Figure 2.5 which is a 
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histogram of the seabed gradient parallel to a 200 m section of pipeline, normalised by a 

conservative estimate of the angle of repose of the sediment, taken as 30°. Values in 

excess of unity would be unrealistic. A negative value indicates a downward slope 

between two successive points. The figure shows that the absolute value of the seabed 

slopes is limited to less than 0.6 times the angle of repose, with almost all data grouped 

below a value of 0.2. The boom cameras revealed high frequency oscillation of the bed 

level adjacent to the pipeline. This is reflected in the left sub-figure which shows a 

larger spread of normalised slope angle in the local-field (near the pipe) compared to the 

far-field (far from the pipe).  

In a related point, when stepping between KP points during the preparation of the 

datasets, the stability of the sonar output and processed image is striking. This is best 

measured by considering the location of the top of the pipe. As mentioned in the 

Program Sequence section, the location of the top of the pipe is entered manually for the 

first profile. For more modern surveys (those carried out within the last 8 years) it is 

typically only necessary to shift this location approximately once every 100 m, for 

example when the ROV flies over the top of a bracelet anode. This illustrates both the 

stability of the sonar output and the consistent ability of the software to extract the 

bathymetric information from the videos.  

The accuracy of the sonar source and the approach taken by the software when scaling 

can also be assessed by considering the pipeline surface curvature. Figure 2.6 is a screen 

grab of the program. It compares the curvature of the pipeline crest provided by the 

sonar source (in red and green) with the pipeline circumference derived from the known 

pipeline geometry in metres, scaled onto the figure using the approach previously 

detailed.  

During processing, the software checks the image scale in each consecutive image, to 

determine whether the difference between the pixels/metre scale calculated in two 

consecutive images exceeds a given threshold. This informs the user whether or not the 

correct part of the image is being interrogated to retrieve the scale reading, and alerts 

them to any shift in the frame or other problem that could mean that the image scaling 

may have alerted in the recording.  

This approach naturally requires clean source data. From comparing different surveys it 

is apparent that there is a trade-off between capturing far-field data long distances from 

the pipeline and capturing a high level of detail in the immediate vicinity of the pipeline. 

As the sonar takes in a wider swath, the returns become increasing sensitive to sonar 
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interference around the pipe and errors when interpreting gaps in the profile such as the 

shadow region underneath the pipeline in spanning sections. These errors are 

particularly important when determining the precise bathymetry of the transition zone 

between spanning and embedded sections. 

Finally the length scale of seabed features such as ripples needs to be considered. In our 

analysis images have been captured at 1 m centres along the pipeline. At a typical ROV 

operating speed, the sonar profiler does not provide ‘returns’ at much finer resolution 

than this. Therefore features with length scales of less than 1m parallel to the pipeline 

will not be picked up in detail. Soulsby (1997) notes that bed feature heights are limited 

to approximately 1/7th of the bed feature wavelength; consequently features less than 

approximately 0.15 m in height will not be systematically captured by sonar profilers 

under typical ROV operating speeds. 

2.5 APPLICATIONS 

2.5.1 Overview 

The image analysis produces a bathymetric map of the seabed and pipeline to high 

resolution. Figure 2.7 shows surface plots of two example datasets sets which were 

collected over the same section of pipeline in different years. Depending on the 

application these datasets can be interrogated either in their entirety, in long section, or 

in cross section. Details are provided below on ways the analysis can assist in various 

aspects of pipeline engineering projects at the design, verification, operation and life 

extension stages; or in the research that underpins those efforts.  

2.5.2 On-bottom stability 

For pipelines on mobile seabeds both embedment and spanning characteristics have 

been shown to change dramatically under the action of waves and currents (Palmer 

(1996), Pinna et al. (2003), Leckie et al. (2015)). However, existing on-bottom stability 

design practice does not allow for the increased lateral resistance and hydrodynamic 

shielding that scour can afford on mobile seabeds. These changes can occur due to 

ambient flows, long before the design storm arrives (Leckie et al., 2015). Alternatively, 

where ambient conditions are not sufficiently strong, they can occur in the ramp-up 

period of large storms, allowing for the gains in stability to be secured before the peak 

of the storm arrives (Draper et al., 2015).  

Incorporating scour effects into the design of new pipelines relies on an ability to 
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accurately predict the onset of scour, and both the rate and extent of scour. While 

relations exist for the prediction of scour depth (Sumer & Fredsøe, 2002), horizontal 

scour rate (Cheng et al., 2009) and other parameters relevant to the problem, this work 

is based on laboratory experiments and numerical modelling results, and has not been 

widely cross checked against field observations. This restriction and a lack of a unified 

design approach mean that it is at present difficult for a researcher to generalise their 

findings to a wide range of situations, or for a designer to confidently account for scour 

during design. 

In this context, the approach described herein offers the researcher or designer a 

valuable opportunity to compare the available theory with field behaviour. For the 

designer this is particularly useful where new pipelines are proposed in the vicinity of 

existing pipelines, or in areas where metocean and soil conditions are similar to an 

existing pipeline.  

The image analysis described herein can be used to gain an historical perspective of 

near-pipe bathymetry, improving estimates of the equilibrium scour depth, total pipeline 

lowering, span growth rates, maximum span lengths and more generally the embedment 

and spanning pattern along the pipeline. 

Leckie et al. (2015) used it to detail the lifelong development of scour and the resulting 

spanning and self-lowering of a 22.9 km flowline on the North West Shelf. They used 

the image analysis approach to demonstrate span growth, lowering of the pipeline due to 

scour, and to compare scour depth and longitudinal growth rates with previously 

reported values from laboratory experiments. In a previously unreported result they 

noted that even after lowering the scour holes do not backfill as is generally anticipated, 

which is attributed to the fact that live-bed conditions are very rare for this section of 

seabed. This provides a valuable new insight into pipe-soil interaction and on-bottom 

stability changes to designers seeking to place new structures in this area of active field 

development. 

The image analysis approach has also triggered research into scour and breakout 

resistance for pipelines with curved seabeds. Previously scour research has focussed on 

flat embedment profiles, but data from the use of software show that field embedment 

profiles are commonly curved, varying from high local-field embedment down to lower 

far-field embedment (see for example the upper sub-figure of Figure 2.7). For the field 

of scour and sediment transport, this has revealed that research on the effects of curved 

profiles on scour initiation, and the potential wash out of high near-field embedment 
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during storms is required, while in geotechnics this work has triggered research by Tom 

et al. (2015) [Chapter 5 of this thesis] into the lateral resistance mobilised by a pipeline 

displacing into a curved soil profile, the existing relations having been developed for 

flat, or near flat profiles (see for example Verley and Sotberg (1994). In order to make 

these observations the image analysis approach has been critical, due to both the limited 

field of view of ROV cameras, and the inability of the human eye to accurately estimate 

the far-field embedment and seabed slopes from video.  

The review of historical pipeline inspection data is also an important part of life 

extension projects. Jas et al. (2012) described the life extension work completed on the 

‘1TL’ trunkline. This 40-in diameter pipe has a specific gravity of 1.23 and runs across 

Australia’s North West Shelf between the North Rankin A platform and the Burrup 

Peninsula. Towards the end of its 30 year design life a life extension project was 

completed to allow for a further 30 years of service. However, during the preceding 

years the embedment of the pipeline had undergone significant changes after the 

passage of several tropical cyclones, which removed the protection and resistance 

previously offered by a ploughed trench. This fact, coupled with the relatively low 

specific gravity of the pipeline, meant that detailed stability assessments needed to be 

carried out.  

Use of the image analysis approach on similar projects will allow for the full history of 

embedment, spanning and stability to be accurately extracted from historical pipeline 

monitoring surveys and accurately inputted into stability analyses. This is an 

improvement over qualitative interpretation of video data.  

Accurately accounting for the (generally net positive) effect of intermittent spanning 

and the sheltering provided to spans along sections of pipeline that have lowered into 

the seabed is another important aspect of stability design that can be assisted through the 

use of the software. 

2.5.3 Thermal expansion management 

Pipe-soil interaction is a principal concern in the design of high pressure – high 

temperature pipelines. It can affect lateral buckling, pipeline walking, route-curve 

pullout and flowline anchoring. Controlled buckling schemes to accommodate thermal 

expansion are now widely deployed, but their early implementation was problematic, 

with three full-bore ruptures and one pipeline abandonment occurring, due in the main 

to shortcomings in design (Bruton & Carr, 2011). The design approach has 
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subsequently undergone rapid development, and remains an area of active research. 

On both mobile and immobile seabeds, a necessary starting point in estimating the 

resistance that will be mobilised against these movements is to assess the likely as-laid 

embedment. As previously noted, where other pipelines have been installed nearby, or 

in similar soils, the approach outlined in this paper can be used as a cross check or 

calibration of predictions of as-laid embedment made by existing methods such as 

Westgate et al. (2012). Once the buckle ‘fires’ and the pipeline begins to move laterally, 

assessing the size of the berm that builds up ahead of the displacing pipe is crucial to 

understanding the resistance. Figure 2.8 was prepared using the image analysis 

approach to provide seabed level relative to the pipeline, and out of straightness survey 

data to provide the offset from the as-laid pipeline coordinates. It shows an example of a 

berm that developed along a buckling section of pipeline on a mobile seabed on 

Australia’s North West Shelf. Results such as these can be used to gain further 

understanding of the soil deformation mechanisms at work during buckling, and to 

calibrate design approaches that have been developed via laboratory experiments (see 

White and Dingle (2011) and Zhang et al. (2002) for example). 

Depending on the local metocean conditions, it may also be necessary to assess the 

potential for scour initiation, the likely equilibrium scour geometry and the rate of scour 

development, as previously described in the context of on-bottom stability. Bruton et al. 

(2007) noted that higher levels of embedment –  which are generally anticipated if scour 

is followed by backfilling – is of particular concern, as high levels of resistance is often 

the most challenging design case when assessing lateral buckling. These changes are 

illustrated in Figure 2.9 which shows the change of far-field embedment for a 200 m 

section of pipeline on Australia’s North West Shelf. It shows a shift of the mean 

embedment over a 4 year period; from a near zero mean embedment with a range of 

0.2D either side 6 months after lay in 2002 increasing up to a mean of 0.65, ranging 

from 0.4 to 1D 4.5 years after lay in 2006. These changes are reflected in Figure 2.10 

which quantifies the changes in the breakout friction factor for the same 200 m section 

of pipeline at pipeline lay (2001), 6 months later (2002) and 4.5 years after lay (2006). 

The breakout resistance has been modelled as ‘friction up a hill’, according to the 

following relation from Wilkinson et al. (1988): 

 𝐹𝐹𝑏𝑏𝐹𝐹𝑐𝑐𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐹𝐹𝐹𝐹𝑐𝑐𝐹𝐹𝐹𝐹𝑏𝑏 =
𝐻𝐻
𝑉𝑉

= tan (𝛿𝛿 + 𝜃𝜃) (2.1) 

where H is horizontal resistance, V is vertical force (pipe weight minus any lift), 𝛿𝛿 is the 
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drained interface friction angle and θ is the angle of the slope which runs from the base 

of the pipeline up to the surface at a point 3D from the pipeline centre. In line with 

DNV RP F109, 𝛿𝛿 has been taken as tan-1(0.6), where no friction factor is shown the 

pipeline is in span. Tom et al. (2015) compared Equation 2.1 against numerical limit 

analysis results for drained breakout resistance.  

Clearly there are significant changes to the pipeline’s resistance to lateral movement 

through time which are generally not adequately accounted for in present design 

practice. The changes can occur quickly, with significant scour and sedimentation 

potentially occurring within a matter of days and weeks. 

Pipeline lowering can occur through two mechanisms; pipeline sagging in spans and 

sinking at span shoulders (see Figure 2.11). The dominant mechanism of lowering has 

important implications for the resulting profile of far-field embedments, and the 

resulting value and variation of both the lateral and axial resistance. Lowering by 

sagging will result in a larger range of embedment, and produce more vertical out of 

straightness to the pipeline profile. Leckie et al. (2015) demonstrated the use of this 

image analysis approach to identify the mode of lowering. Where other pipelines lie 

nearby this could be used to anticipate modes of burial and consequent embedment 

variation along the new pipeline.  

On both mobile and immobile seabeds where conservative estimates of the as-laid and 

post-lay embedment need to be made at the design stage, the software can be used to 

produce less onerous estimates of friction factors during the verification stage. 

Matheson et al. (2004) detailed how as-laid cross-profiler data was used to reduction the 

uncertainty in the lateral friction factor by 45 % during the verification of a snake-laid 

flowline in the North Sea. 

Regardless of the efficiency of the adopted original design approach, unanticipated 

reservoir characteristics or problems elsewhere in the upstream infrastructure can result 

in a pipeline being subject to shutdown-restart cycles in excess of those anticipated 

during design. The fatigue performance of girth welds at the buckle locations (for 

instance) is sensitive to this cycling (Bruton & Carr, 2011). In such cases, close 

consideration of the operating history and pipeline condition can allow continued 

operation of a pipeline. Given the inherent uncertainties surrounding geotechnical 

design parameters at the design stage, accurate quantification of pipeline embedment 

and lateral berm growth through a review of historic profiler data by this image analysis 
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approach could be of great assistance in these cases.  

2.5.4 Flow assurance 

Pipeline embedment is also an input to the flow assurance design. The insulating 

properties of the soil mean that embedment has a strong influence on the amount of heat 

loss from the pipeline over a given section, and the resulting temperature profile along 

the pipeline. Building on information collected with this image analysis approach, these 

effects are explored further in White et al. (2015), [Chapter 7 of this thesis]. The paper 

illustrates the potential value of incorporating a review of historical embedment and 

spanning information at the design stage, giving examples whereby such a review could 

result in savings of anti-corrosion and buckling measures over 25 % of a pipeline’s 

length. 

Where far-field embedment data was captured the image analysis approach can also be 

used to assess the degree to which post-lay scour had led to changes in pipeline 

inclination. A resulting increase in ‘total climb’ (through an increase in the vertical out 

of straightness features) could increase the potential for liquid accumulation and 

slugging. 

2.5.5 Span integrity 

Review of historic and recent embedment data via this image analysis approach can also 

yield valuable insights regarding span integrity. Where scour is active there is potential 

for span lengths to grow to a point at which vortex induced vibrations (VIV) become a 

concern. 

While design guidelines can provide information on span length thresholds beyond 

which VIV can become a problem, once spans exceeding those lengths are identified 

(through a review of ROV camera footage for example) it is worthwhile carrying out 

more detailed, case specific analysis to assess the true risk of VIV onset before costly 

intervention works such as grout bag placement are considered (Reid et al., 2000). At 

that stage, detailed near-pipe bathymetry can provide valuable detailed information 

about the true hydrodynamic exposure and soil support available to the pipeline, and 

hence the true vulnerability of a span. While not necessary on a routine level, for 

particularly problematic cases or research the geometry from the image analysis can 

also be fed into computational fluid dynamics models which can be used to assess the 

degree of shielding in more detail. Advances in computing power now mean that three-

dimensional seabed-pipeline-fluid systems can be modelled using computational fluid 
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dynamics with relative ease. 

Correction of scour induced spans is often carried out by placing grout bags beneath the 

span, to reduce the overall spanning length. However, in some cases this may be 

counterproductive. The presence of grout bags will interfere with the natural lowering 

of the pipeline into a more advantageous position (see Figure 2.11 for a depiction of 

unimpeded lowering), and any scour that occurs either side of the supported section will 

introduce bending stresses through the supported section and additional vertical out of 

straightness. Finally the grout bag itself may be subject to scour, reducing its 

effectiveness. In such circumstances it is necessary to consider that while the span may 

be beyond a traditional threshold point for intervention, its presence may be tolerable 

for a short period of time until the pipeline has lowered to the seabed, reducing its 

hydrodynamic exposure and potentially benefiting from backfilling (as depicted in 

Figure 2.7). The image analysis of historic pipeline span evolution can assist in 

assessing then need for intervention. 

2.6 CONCLUSIONS 

A novel method for the extraction of bathymetric data from pipeline inspection videos 

has been described. The method allows for the quantification of embedment and 

spanning both adjacent to, and far from the pipeline, removing the uncertainties 

associated with estimating these quantities from ROV camera footage. It unlocks 

valuable pipeline condition data from the survey archives held by owners and operators. 

The method has been implemented within MATLAB, and involves the discretisation of 

video footage into a series of images, the use of image analysis techniques to extract the 

bathymetric information from the images, and various subroutines which improve the 

quality of the output.  

The resulting spatial dataset comprises the position of the pipeline surface, and the 

seabed surface around the pipeline. This dataset can be used to understand embedment 

and spanning at the time of pipeline laying, and also quantify their changes in response 

to sediment transport, scour, and pipeline movement under thermal expansion. 

Examples have been provided on how this approach can advance understanding in the 

fields of on-bottom stability, thermal expansion management, flow assurance and span 

integrity. In these areas the image analysis approach can assist by providing a cross 

check on existing laboratory and numerically derived theory, providing statistically 
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defined bathymetric input into design calculations, or by working as a stand-alone 

predictive tool.  

Where sonar profilers are still in use today, the system could be integrated into the main 

ROV survey software, allowing for straightforward fully automatic image acquisition. 

The most immediate benefit of mining historic survey data in this way is in narrowing 

the range of design parameters such as friction factors and hydrodynamic load factors. 

However, beyond that Bruton and Carr (2011) have highlighted how it was pipeline 

integrity monitoring that first identified many significant design issues, including early 

observations of lateral buckling and pipeline walking. Further detailed analysis of 

historical pipeline monitoring data through techniques such as the one detailed herein 

will reveal further insights into pipeline behaviour. By capturing an often overlooked 

design variable – time – these efforts will lead to improvements in pipeline design 

practice.  
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FIGURES 

 

 

 

Figure 2.1: Still images of video and sonar data; clockwise from top-left; port, 
centre and starboard videos, sonar profiler (Leckie et al., 2015). 
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Figure 2.2: Overview of the approach; (i) pipeline inspection, (ii) extraction of 
images from the video, (iii) image analysis, (iv) pipeline identification, data 
cleaning, (v) pipeline crest identification, (vi) interpolation and curve fitting of 
cross profiles, 
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Figure 2.3: Schematic of a digital image. RGB values represent the intensity of 
these three colours at a given pixel. 
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Figure 2.4: Comparison of ROV camera stills with bathymetric output from the 
system, surface at true scale. 
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Figure 2.5: Normalised seabed slope parallel to the pipeline. 
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Figure 2.6: Correlation between the sonar trace of the pipeline crest (red and 
green) and the circumference of the pipeline (black). The black circumference is 
superimposed using automatic scaling extracted from the image and a known 
pipeline diameter. 
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Figure 2.7: Example output from the image analysis approach, illustrating 
spanning and embedment for a pipeline in 2002 (top) and 2006 (bottom). The 
surface has been smoothed with a 7 m moving average (parallel to the pipeline). 
The scale is compressed in the along-pipe (KP) axis. Leckie et al. (2015). 
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Figure 2.8: Bathymetric output for an 86 m long buckling section of pipeline. 
Output is unsmoothed along the pipeline length and at true scale. 
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Figure 2.9: Changes in pipeline far-field embedment statistics over a 4 year period. 
(a) 2002, (b) 2006. Leckie et al. (2015) — with corrected vertical axis. 
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Figure 2.10: Time dependence of breakout friction-factor (H/V) for a 200 m long 
section of pipeline on a mobile seabed. 
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Figure 2.11: Mechanisms of pipeline lowering (a) pipeline sagging into a single 
scour hole. (b) pipeline sinking into multiple span shoulders. Leckie et al. (2015). 
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CHAPTER 3.  LIFELONG EMBEDMENT AND SPANNING 
OF A PIPELINE ON A MOBILE SEABED 

Chapter context: The paper presented in this chapter presents an analysis of sediment 

mobility induced changes to embedment and spanning for a 23 km flowline. These 

processes are examined over a 7 year period. The software described in Chapter 2 is 

used to provide detailed pipeline embedment data for three 200 m sections of pipeline, 

revealing the embedment variation along the pipeline and so permitting the embedment 

change mechanisms to be identified. The field behaviour is compared with pre-existing 

results from physical modelling. The analysis shows points of agreement with the 

physical modelling literature, but also highlights novel field behaviour which has not 

been captured by that previous work. 

 

This chapter has been published as: 

Leckie, S.H.F., Draper, S., White, D.J., Cheng, L. and Fogliani, A., 2015. Lifelong 

embedment and spanning of a pipeline on a mobile seabed. Coastal Engineering, 95: 

130-146. 
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3.1 ABSTRACT 

Seven years of field survey measurements of a subsea pipeline obtained using sonar 

profilers and underwater video indicate significant lowering of the pipeline into the 

seabed due to sediment mobility and scour. The majority of the lowering occurs within 

2 years of pipeline laying and appears to result from sustained ambient tidal and soliton 

currents as opposed to large storms. The lowering results in an increase in pipeline 

embedment relative to the far field seabed of up to 0.8 times the pipe diameter 

(referenced at a distance ±8 diameters from the pipeline). At most locations along the 

pipeline, this increase in far-field embedment is uniform and occurs after the formation 

of many closely spaced scour holes. This suggests the pipeline lowered mainly through 

sinking into the seabed at span shoulders, rather than sagging into widely spaced scour 

holes, for much of the pipeline length. A beam bending analysis confirmed the 

dominance of sinking, but did show some evidence of pipeline sagging, calculating 

deflections of up to 0.3 pipeline diameters at the time of surveying. In contrast to the 

traditional conception of span growth and self-burial, which conceives of complete 

pipeline burial as an endpoint, this pipeline primarily appears to exhibit ‘self-lowering’ 

towards a mature state that consists of a pseudo-static profile of alternating spanning 

and embedded sections that are distributed at regular intervals. The observed changes 

appear to be predictable given sufficient pipeline setting data, which suggests that they 

can be quantified in the stability design of new pipelines. This opens up the possibility 

of more efficient on-bottom stability design, as the beneficial shielding and support 

provided by the self-lowering process is not usually accounted for.  

3.2 INTRODUCTION 

The on-bottom stability of an offshore pipeline is a fundamental aspect of pipeline 

design and has a significant influence on cost (Tørnes et al., 2009). On Australia’s 

North West Shelf, for instance, it is estimated that pipeline stabilisation measures – 

which may include, for example, concrete coating, rock dumping, trenching or rock 

bolting – contributed around 30 % of the estimated $US4 million per kilometre cost of 

recent gas export pipeline projects (Randolph & Gourvenec, 2011). The on-bottom 

stability of a pipeline is affected by the hydrodynamic loading due to wave and current 

velocities, the structural response of the pipeline, local scour of seabed sediment and the 

resistance provided by the soil to pipeline movement. However traditionally on-bottom 
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stability design methods have treated the seabed as immobile, unaffected by the actions 

of waves and currents (Palmer, 1996). A simplified soil response regime is normally 

adopted, with pipeline embedment either ignored, or a uniform (typically conservative) 

post-lay embedment value adopted along the entire pipeline. 

The key problem with this traditional stability design approach is that the same wave 

and current velocities that load the pipeline also act to mobilise the seabed sediment 

(Palmer, 1996). This can lead to scour of sediment from beneath the pipeline, which in-

turn can lead to the pipeline lowering into the seabed, ultimately increasing pipeline 

embedment and improving stability due to both the reduced exposure of the pipeline to 

hydrodynamic loading and the increased soil resistance to lateral movement. Although 

the latest version of the on-bottom stability design code DNV-RP-F109 (Det Norske 

Veritas, 2011) allows for the inclusion of additional embedment due to “piping” and 

“the action of waves and current”, no quantitative guidance is provided on how to 

calculate this embedment. The changes to embedment and spanning are also important 

in thermal expansion design through their strong influence on lateral and axial soil 

resistance.  

Laboratory experiments investigating scour beneath offshore pipelines suggest that the 

scouring processes which lead to changes in pipeline embedment can be split into a 

series of mechanisms. When a pipeline is first laid on the seabed it alters the local flow 

regime, establishing a pressure difference across the two sides of the pipeline (Sumer & 

Fredsøe, 2002). In areas where a small gap exists after the pipeline is laid – for example 

where the pipeline is unable to conform to the natural seabed bathymetry – amplified 

shear stresses can be sufficient to promote scour beneath the pipeline directly. 

Alternatively, in areas where the pipeline is shallowly embedded after laying, if the 

pressure difference is large it can drive a seepage flow beneath the pipeline, which can 

result in the piping of sediment from beneath the pipeline and the establishment of a 

scour tunnel (Sumer et al., 2001).  

Once a scour hole is established at an ‘initiation point’ (due to piping, for example) 

tunnel erosion will lead to deepening of the hole at a specific rate which is dependent on 

the near seabed velocities, the pipeline geometry and the pipeline embedment (Sumer 

and Fredsøe, 2002). The scour hole will also begin to extend along the pipeline, at a rate 

which is dependent on these same parameters in addition to the three dimensional 

geometry of the scour hole and the span shoulders (Cheng et al. (2009); Cheng et al. 

(2014); Wu and Chiew (2012)).  
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Propagation of scour holes along a pipeline increases the total proportion of pipeline 

length in span, and can lead ultimately to pipeline lowering via two mechanisms. 

Firstly, if the scour holes are spaced far apart along the length of the pipeline, they can 

grow to be sufficiently long for the pipeline to sag into the scour hole (Fredsøe et al. 

(1988); Figure 3.1a). Secondly, if the scour holes are regular and closely spaced (due to 

regular and closely spaced initiation points) the supporting length of seabed between 

scour holes will become very short well before the scour holes are sufficiently long for 

the pipeline to sag. Consequently the pipeline will lower by sinking into the supporting 

seabed when the imposed stress due to the pipeline weight exceeds the seabed bearing 

capacity (Sumer and Fredsøe (1994) Figure 3.1b).  

For both mechanisms there is a net increase in the length-averaged embedment of the 

pipeline, measured relative to a far-field datum, as the pipeline lowers. However, in the 

case of lowering through sagging, variations in the resulting far-field embedment along 

the pipeline are likely to be more substantial (see Figure 3.1), whilst for lowering due to 

sinking a relatively uniform far field embedment is possible. For both modes of 

lowering variations in embedment immediately adjacent to the pipeline (i.e. the local-

field) are expected (Figure 3.1). 

Pipeline lowering events due to sagging or sinking are thought to be episodic in time, 

leading to successive increases in the length-averaged far-field embedment of the 

pipeline. Laboratory test data suggests that the ultimate far-field embedment that can be 

reached due to either mechanism of lowering appears to align well with the equilibrium 

scour depth measured under a fixed pipe for a given set of wave and current conditions 

(Sumer et al., 2001). Locally, at locations where the pipeline has settled into a scour 

hole, experiments also suggest that backfill and sedimentation may result in increases in 

local embedment; i.e. self-burial. 

3.2.1  Existing observations of scour in the field 

The scour and lowering processes described above are based on laboratory observations. 

In comparison there is only a limited amount of published information regarding 

observations of scour and pipeline lowering in the field. A notable exception is that of 

Bruschi et al. (1997) who reviewed the theory relating to scour, sediment transport and 

stability design. They noted that “natural lowering occurs for pipelines characterised by 

a high submerged weight which lay on an erodible seabed affected by strong 

environmental conditions”. Unfortunately very few specific observations from the field 



Chapter 3 

 38 

are provided, however it is noted that “[t]ypical behaviour is for natural lowering to 

occur for long sections of the pipeline over a time scale of 2-5 years”.  

More recently Pinna et al. (2003) set out a series of observations of scour-induced 

changes to pipeline spanning over a period of 9 years for the Goodwyn Interfield 

Pipeline, located on the North West Shelf of Australia. The authors divided the pipeline 

into a series of 1 km long sections and compiled statistics on the total length of pipeline 

in span, the number of spans in each section, and the average length of each span. The 

scour behaviour along the pipeline varied between regions. The average span length 

remained stable in some sections whilst it increased or decreased elsewhere along the 

pipeline over the same period. These differences were attributed to the pipeline self-

burial process having reached different levels of maturity, brought about by varying soil 

properties along the pipeline.  

Most recently, Borges-Rodriguez et al. (2013) examined changes in pipeline 

embedment due to scour for a range of pipelines on the North West Shelf. They focused 

on the consequences of scour for both pipeline stability and thermal expansion 

management. For the pipelines that they analysed, surveyed local-field embedment (in 

their case measured immediately against the pipeline) generally stabilised at between 70 

to 90 % of the pipeline diameter within approximately 2 years, with the proportion of 

pipeline length in span stabilising at between 20 and 30 % over the same period 

(although they note that the locations of individual spans changed). Whilst these 

observations are insightful and important, the study reports very limited quantitative 

information regarding the degree of variability around these indicative values, the 

variation between local and far-field embedment, the metocean conditions and the 

geotechnical context.  

An ongoing Joint Industry Project called STABLEpipe (including work summarised in 

An et al. (2013)) aims to explore these seabed mobility processes in order to include 

them in on-bottom stability design. 

3.2.2 Motivation of this paper 

Motivated by the limited field observations of scour-induced variations of pipeline 

embedment, this paper presents historical pipeline monitoring data of a pipeline on 

Australia’s North West Shelf and examines in detail how scour leads to changes in its 

embedment and spanning. This analysis yields an understanding of changes in pipeline 
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stability over time due to sediment mobility, and how these changes might be predicted 

in design.  

3.3 THE DATASET 

The information used in this study was captured during annual pipeline integrity 

monitoring surveys. The surveys were carried out by Remotely Operated Vehicles 

(ROVs), which travelled along the pipeline capturing video and sonar data. The video 

footage was captured from three cameras located on the centre, port boom and starboard 

boom of the ROV. The sonar profiler was situated on the back of the ROV and captured 

simultaneous cross-profiles. Example stills from the three videos and the sonar profiler 

are displayed in Figure 3.2. 

Definitions of span length, scour depth 𝑆𝑆 and pipeline embedment (both local 𝑒𝑒𝑙𝑙 and far-

field 𝑒𝑒𝑓𝑓) used throughout this paper are shown in Figure 3.3. The pipeline did not 

exhibit significant spanning due to variations in bathymetry when it was first laid. 

Consequently, ‘span depth/length’ is equivalent to ‘scour depth/length’ throughout.  

3.4 PIPELINE SETTING 

3.4.1 Location and pipeline properties 

The pipeline considered in this study was used to transport gas and condensate on 

Australia’s North West Shelf in approximately 130 m of water (see Figure 3.4). The 

pipeline was laid at the end of 2001. The first available full inspection was completed in 

2002, 6 months after the pipe lay. Subsequent surveys were completed at roughly 12-13 

month intervals, with the final survey completed in October 2008.  

The pipeline has a nominal diameter of 12 in. and is 22.9 km long. It is oriented west-

southwest to east-northeast, parallel to the bathymetry contours. KP references used 

throughout this paper run from zero at the west-southwest end, up to KP 22.9 at the 

east-northeast terminus of the pipeline. Table 3.1 summarises the key pipeline 

properties, which unless otherwise noted, apply to the full length of the pipeline. 
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Table 3.1: Pipeline properties 

Property Value 

Pipe Diameter (𝐷𝐷) Nominal:                                              12 in. 

Outside Diameter (including coating): 350.9 mm 

Outside Diameter (steel):                     323.9 mm 

                                        Flexural Rigidity (EI) 40,063 kN.m2  

Specific Gravity (SG) Empty:       1.40 

Flooded:     2.08 

   Coating 13.5 mm thick 4 Layer Roughened Polypropylene 

Field Joint Coating 13.5 mm thick Injection Moulded Polyurethane 

Field Joint Spacing (Lj) 12.2 m 

Bracelet Anode Spacing KP 0 - 4.6:       120 m 

KP 4.6 - 8.6:    172 m 

KP 8.6 - 22.9:  197 m 

Estimated Residual Lay Tension 
(𝑇𝑇) 

98.1 kN 

Inlet (KP 0) / Outlet (KP 22.9) 
Operating Temperature Range 

88 - 96°C / 28 - 58°C  

Engineered buckle sections  

 

KP 2.38 - 2.543 

KP 4.64 - 4.756 

KP 5.59 - 5.67 

KP 6.717 - 6.84 

KP 9.42 - 9.593 

KP 11.525 - 11.757 

KP 13.916 - 14.04 

KP 15.532 - 15.939 

KP 18.431 - 18.669 

KP 21.007 - 21.401 

 

Two length scales associated with the pipeline are of interest. The first is the span length 

required for the pipeline to deflect one diameter, since this length approximates the 
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critical scour hole length required for lowering of the pipe due to sagging (illustrated in 

Figure 3.1). Following Fredsøe et al. (1988) this length can be estimated according to:  

𝐿𝐿𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 = �
384𝐷𝐷𝐷𝐷𝐷𝐷

3𝑤𝑤𝑜𝑜𝑝𝑝′
�
1/4

 (3.1) 

where 𝑤𝑤𝑜𝑜𝑝𝑝′  is the operational pipeline submerged weight per unit length, 𝐷𝐷𝐷𝐷 is the 

flexural rigidity and 𝐷𝐷 is the pipeline diameter (taken as the outside diameter including 

coating). Based on the values in Table 3.1, 𝐿𝐿𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 = 44 m.  

The second length scale (which is discussed later in the paper) is the distance between 

pipeline field joints, 𝐿𝐿𝑗𝑗, which is 12.2 m (Table 3.1). At lay the field joints were flush 

with the parent pipe. 

Lateral buckles initiated at 10 planned locations along the line to accommodate thermal 

strains. At these locations lateral movement occurred repeatedly during changes in 

operating condition over lengths of pipeline ranging from 80 to 407 m, which together 

comprise approximately 9 % of the total pipeline length. Within these displaced sections 

the proportion of the pipeline in span was lower, and berms of soil were present on the 

side of the pipe towards which the pipe was displacing. Elsewhere the pipeline 

embedment and spanning were controlled by scour and sediment transport. To remove 

any bias in the observations summarised in this paper, the lengths of the pipeline 

associated with buckling sections have been removed from the summary datasets. 

The pipeline was operated at two similar mean pressures throughout its lifetime and was 

at full operating pressure during each survey. Notwithstanding minor variations in 

shutdown frequency, overall the pipeline was operated in a consistent manner 

throughout the period of the surveys.  

In areas where the pipeline was spanning, soft marine growth slowly built up over the 

lifetime of the pipeline. Embedded sections remained almost completely free of marine 

growth. 

3.4.2 Geotechnical data 

Particle size and percentage fines content obtained from seabed sampling at various 

locations along the pipeline in the top 0.6 m of seabed are presented in Figure 3.5(a). 

The seabed soils are relatively uniform in composition along the pipeline route, ranging 

from carbonate silty SAND to carbonate sandy SILT, with the former predominating. 
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The soil is slightly coarser at the two ends of the pipeline. A slightly sandier (higher d50 

and d75 particle size) and higher carbonate zone exists from KP 0 to KP 5, and the 

orientation and slope of the bathymetry differs slightly in this area, forming what 

appears to be the toe of a (very gentle) slope that extends out from an area of paleoreefs. 

Sandier, high carbonate soils were also encountered over the final section of the pipeline 

route from KP 17 onward. The effective unit weight was relatively constant with KP, 

clustered around a typical value of 7.5 kN/m3, with a slight upward trend towards the 

two ends of the pipeline.  

Piezocone Penetration Test (PCPT) results indicate that the soils within the top 1 m of 

the seabed are comprised of drained sands, following the interpretation of Schneider et 

al. (2008). The PCPT profiles were consistent within two zones. From KP 0 to KP 5 net 

cone resistance (qnet) increased from zero at a rate of approximately 0.8 to 1.3 MPa/m to 

a depth of 1 m below the seabed. Beyond KP 5, qnet increased at a rate of 1 to 1.8 

MPa/m to a depth of 0.3 m, before stabilising and oscillating within bounds of 0.3 and 

0.6 MPa down to a depth of 1 m. The average net cone resistance qnet-avg measured 

between depths of 0.3 - 1 m is shown on Figure 3.5(b). The average net cone resistance 

is only shown beyond KP 5 due to the absence of a stabilised net cone resistance 

between KP 0 and KP 5. 

A geophysical sub-bottom profile survey confirmed that these soils were present along 

the full length of the pipeline. Laterally variable rock (Calcarenite) layers were present 

at depth, but the first cemented horizons lay between 1.0 m to 3.5 m below the seabed 

surface. Consequently scour could progress through erodible soils to depths (>2.8D) 

well in excess of that necessary for self-burial to occur. 

3.4.3 Metocean environment 

Figure 3.6 summarises 5.5 years of a continuous time series of current measurements 

from a nearby metocean recording station. The currents were measured 5 m ASB (above 

seabed), then translated down to 1 m ASB; details of the translation are given in 

Equation 3.2 of Section 3.4.4. In this plot the current velocity is normalised by 0.56 m/s, 

which coincides with the estimated threshold velocity of the seabed sediment (see 

Section 3.4.4). In both summer and winter it can be seen that the currents are largely bi-

directional, directed in the southeast and northwest directions (i.e. close to perpendicular 

to the pipeline). There is also a slight asymmetry in the currents, with a preference 

towards northwest currents. This is associated with a stronger ebb tidal current. The 
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mean ambient current for the data in Figure 3.6 at the location of the pipeline is around 

0.128 m/s. Currents in the order of 0.26 m/s are exceeded 10 % of the time.  

There is very little evidence of significant storm related current velocities in the time 

series trace of the data which fed into Figure 3.6 and no evidence of significant wave 

orbital velocities reaching the seabed.  

At the location of the pipeline, currents associated with internal waves (including 

solitons) are present, and are strongest in the summer months due to the stronger 

stratification and the position of the thermocline (Van Gastel et al. (2009)). These 

events are included in Figure 3.6. Typically these internal waves result in short duration 

flows, with larger events reaching near seabed velocities on the order of 0.5 - 1 m/s, 

directed perpendicular to the shelf contours (and the pipeline).  

Figure 3.7 presents tracks for cyclones that passed within approximately 200 km of the 

pipeline over the surveyed period. The measured current data for these cyclones has 

been reviewed. For the largest adjacent cyclone (Cyclone Monty, which reached 

Category 4 when it crossed the pipeline) seabed currents at 1 m ASB exceeded a 

velocity of 0.4 m/s for approximately 7 h, and peaked at 0.67 m/s. Cyclone Glenda in 

2006 created similar currents, but the remainder of the cyclones did not induce currents 

significantly greater than ambient conditions. Even for the strongest cyclones, similar 

current velocities were experienced frequently each summer due to tides and internal 

waves, over much longer cumulative time periods.  

3.4.4 Sediment mobility 

As part of site investigations for a different project, a total of 3 extruded gravity piston 

core (GPC) samples were recovered in 2012 in the top 0.5 m of seabed at locations 

close to the pipeline. These samples were subjected to erosion testing at the University 

of Western Australia’s Mini O-Tube (MOT) facility using a methodology identical to 

that outlined in Mohr et al. (2013), except that the half-cylindrical samples discussed 

here were obtained by splitting the intact core with a wire cutter rather than by 

reconstituting the sample. The threshold shear stress measurements for these samples 

are shown in Figure 3.8, together with data for a variety of silica sands from Shields 

(1936) and Soulsby (1997), and both silica and calcareous sediments from Mohr et al. 

(2013). For context the modified Shields curve presented in Soulsby (1997) is also 

shown.  
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The critical shear stresses for the tested sediments plot above the Shields curve for each 

of the GPC samples. This is consistent with some of the carbonate sediment results of 

Mohr et al. (2013), and other work which highlights the influence of cohesion, soil 

mixtures and other factors in determining erosion resistance (see for example Mitchener 

and Torfs (1996) for sand/mud mixtures and Grabowski et al. (2011) for a more general 

review). The mean threshold shear stress of the samples is approximately 0.85 N/m2. 

This corresponds to a threshold velocity of 0.56 m/s at 1 m ASB assuming a logarithmic 

velocity distribution near the seabed of: 

𝑈𝑈𝑐𝑐(𝑧𝑧) =
𝑢𝑢∗
0.4

ln �
𝑧𝑧
𝑧𝑧0
� , with 𝜏𝜏 = 𝜌𝜌𝑤𝑤𝑢𝑢∗2 (3.2) 

where 𝑈𝑈𝑐𝑐(𝑧𝑧) is the current velocity at a height 𝑧𝑧 above the seabed, 𝑢𝑢∗ is the friction 

velocity, 𝜌𝜌𝑤𝑤 is the density of sea water and 𝑧𝑧0 is a roughness length dependant on the 

seabed grain size and bedforms. No evidence of significant rippling or sandwaves in the 

vicinity of the pipeline was encountered on video or in the survey data. Consequently a 

roughness of 0.4 mm has been adopted, which is typical of an unrippled sandy seabed 

(see the field measurements collated in Soulsby (1997)).  

To estimate the likelihood of sediment mobility, the currents in Figure 3.6 are 

normalised (as mentioned earlier) by the threshold velocity of 0.56 m/s. Two contours 

are shown at 0.5 and 1.0. At and above the second contour the entire seabed is expected 

to be mobile (live bed conditions), this occurred in both summer and winter, for 

approximately 0.06 % and 0.02 % of the time respectively. The lower of the two 

contours, 0.5, represents the velocity required to cause local sediment mobility (given 

that the seabed shear stress varies with the square of the current velocity, and taking a 

shear stress amplification factor of 4 occurs close to the pipeline; Whitehouse 1998). 

Currents exceed this velocity for 8.5 % and 5.5 % of the time in summer and winter 

respectively, providing significant potential for scouring and pipeline lowering. Local 

sediment mobility is predicted on almost all ebb tides and many flood tides. 

3.4.5 As-laid conditions 

The as-laid pipeline condition has been determined partly from video taken during an 

ROV ‘flyover’ survey above most of the pipeline. The video was taken 2 to 3 days 

following lay and covered KP 9.13 to 20.84. This video indicates that the embedment 

depth at lay was typically 0 to 0.3D, occasionally reaching 0.4D. Significant variation 

occurred in sections where the higher embedments were reached, with embedments in 
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excess of 0.2D only maintained over short distances. As shown in Figure 3.9, in some 

sections evidence of pipeline scour was already present in the form of sediment plumes 

coming from the base of the pipeline and areas of eroded sediment at the base of the 

pipeline. Elsewhere, sediment was seen to be scouring from the front face of the 

pipeline, and being carried over it, in suspension. 

3.4.6  Predictions of scour 

Before reviewing the survey field data a prediction regarding the onset of scour can be 

made. Based on laboratory data, the onset of scour due to piping is expected if the 

steady current velocity exceeds a critical value given by Sumer et al. (2001): 

𝑈𝑈𝑐𝑐𝑏𝑏,𝑝𝑝 = �0.025𝑔𝑔𝐷𝐷(1 − 𝐹𝐹) �
𝜌𝜌𝑔𝑔
𝜌𝜌𝑤𝑤

− 1� exp �9 �
𝑒𝑒
𝐷𝐷
�
0.5
� (3.3) 

where 𝑔𝑔 is acceleration due to gravity, 𝐹𝐹 represents the soil porosity (taken as 0.6), 𝜌𝜌𝑤𝑤 

and 𝜌𝜌𝑔𝑔 represent the density of seawater and the soil respectively (taken as 1027 kg/m3 

and 2750 kg/m3, respectively). In Equation 3.3, 𝑈𝑈𝑐𝑐𝑏𝑏,𝑝𝑝 is defined at a height above seabed 

equal to the top of the pipe. For as-laid embedment values ranging from 0 - 0.3 𝐷𝐷 these 

critical velocities according to Equation 3.3 increase from 0.30 m/s to 3.9 m/s, 

converted to 1 m ASB. The lower of these values is exceeded frequently, with the 

current exceeding this velocity 6.2 % and 4.0 % of the time in summer and winter, 

respectively. This assessment, together with the fact that fluctuations in velocity due to 

oscillatory flow (Sumer et al., 2001) or turbulence are likely to reduce this critical 

velocity below 0.30 m/s and the observation of initial scouring in front of the pipeline 

(which would shorten the piping distance) soon after laying, suggests that scour onset is 

likely for this pipeline. 

In addition to the onset of scour, horizontal and vertical rates of scour may also be 

predicted using design formulae given in Sumer and Fredsøe (2002) and Cheng et al. 

(2009, 2014), respectively. Using the relationship of Cheng et al. (2009) and the current 

measurements, the along-pipe scour propagation growth for individual spans has been 

estimated to be 45 m (22.5 m at each shoulder) for the 6 month period between lay and 

the first survey in 2002. Whilst this is higher than that observed, each of these design 

formulas are derived from experiments on clean uniform sands. They are therefore 

expected to over-predict scour for this pipeline (because the soil has a higher erosion 

resistance than predicted by the Shields curve; see Section 3.4.4).  
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3.5 GENERAL OBSERVATIONS 

3.5.1 Scour-induced changes to embedment and spanning; statistics for 

the entire pipeline 

Significant changes in pipeline embedment were observed over the lifetime of the 

pipeline. These changes are summarised in Figure 3.10 which indicates the total 

percentage length of pipeline in span and the average number of spans per kilometre of 

pipeline. It can be seen that although only a limited number of spans were observed in 

the as-laid fly-over footage, by 2002 there were over 100 spans per kilometre along the 

pipeline. This number then reduced in 2003 and then levelled off. The percentage of the 

pipeline length in span varied from <15 % to 45 % over the survey period, exhibiting a 

slow declining trend after an initial rapid increase in the 6 months following lay. 

Interestingly, the mean percentage of pipeline in span compares well with an average 

value of 38 % (in both 1995 and 2002) reported by Pinna (2003) for a different pipeline 

on the North West Shelf in similar water depth and metocean conditions.  

A histogram of span lengths is shown in Figure 3.11. In 2002 almost all spans measure 

less than 10 m in length. Following this, the span lengths increase in 2003, and stabilise 

from 2004 onwards. From 2003, the most frequent span length is consistently ∼6 m. 

This distance is half the distance between field joints along the pipeline. Figure 3.11 

also shows that despite the significant increase in span length from 2002 to 2003, no 

spans develop with a length longer than 40 m. This is consistent with the predicted 

maximum of 𝐿𝐿𝑠𝑠𝑝𝑝𝑠𝑠𝑠𝑠 = 44 m (according to Equation 3.1). Span lengths do however 

exceed 30 pipeline diameters (or 10.5 m) and so, according to the DNV RP-F105 design 

code (DNV, 2006), the dynamic response of the span and Vortex Induced Vibration 

(VIV) may not be negligible. 

Collectively, both Figure 3.10 and Figure 3.11 indicate significant scour development 

between laying of the pipeline and the first survey in 2002, suggesting that in this time a 

significant number of initiation points led to the development of scour holes along the 

pipeline. To investigate this initiation of scour further, Figure 3.12 presents a histogram 

of the distance between the centres of successive scour holes observed in each survey. 

In 2002 the centres of the scour holes (which can represent the scour initiation points) 

are situated less than 25 m apart and the majority are 6 - 12 m apart. This large number 

of closely spaced scour holes suggests that regular and frequent initiation points existed 

along the pipeline. 
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Following 2002, Figure 3.12 indicates that the most common distance between the 

scour holes is just over 12 m, which is equal to the field joint spacing. Figure 3.12 also 

indicates a slight clustering of the distances between the scour holes at multiples of one, 

two and three times the field joint distances. 

3.5.2 Scour-induced changes to embedment & spanning; variation along 

the pipeline 

The statistics in the previous section are for the whole pipeline. To investigate variations 

in the spanning and burial behaviour along the pipeline, histograms of span length were 

computed at 100 m centres regularly along the pipeline. At each of these histogram 

locations a 500 m window (i.e. a window extending 250 m either side of the location) 

was used to form the histogram. The results from this analysis for the first three years 

and the final year of the survey data are set out in Figure 3.13(a)-(d). In each plot the 

vertical axis gives position along the pipeline, the horizontal axis contains bins of span 

length, and the colour indicates the proportion of spans for a given section of pipeline 

that fall within each of the bins. Figure 3.13(e)-(h) shows the span ratio and the number 

of spans within the 500 m window for each location along the pipe. The areas where no 

data is included represent locations and years for which the data quality was poor due to 

poor visibility at the time of survey or where no video was available. This data was also 

absent from the data sets presented in the previous sections. 

With reference to Figure 3.13(a)-(h) it can be seen that in the middle of the pipeline 

(KP 5 to KP 15) there were a large number of short spans (between 0 to 5 m and 5 to 10 

m) in 2002. In subsequent years, 2003 and 2004, span lengths grow in length over this 

section of the pipeline, before stabilising through to 2008. In contrast, for KP > 15 there 

was a wider distribution of span lengths in 2002, including larger spans measuring up to 

25 m in length. In subsequent years, span lengths then contract slightly in 2003 and 

stabilise through to 2008. For KP < 5 spans are relatively stable from 2003 onwards, the 

average for the section contracting slightly by 2008.   

This variation in the distribution of span lengths along the pipeline suggests two distinct 

zones of scour: Zone A comprising the first 5 km and last 7 km of pipeline, and Zone B 

comprising the middle section. Figure 3.13 indicates that of these two zones, Zone A 

may have experienced more rapid scouring and subsequent stabilisation of the span 

length distribution, compared with Zone B. This trend could be explained due to 

differences in the soils within each zone. Zone A exhibits slightly coarser sediment (see 
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Figure 3.5) and therefore possibly a lower erosion resistance. In contrast the finer 

sediments in Zone B may exhibit higher erosion resistance (see Section 3.4.4), termed a 

cohesive effect. These differences in soil are also likely to have led to differences in the 

as-laid embedment between the zones, which would also have played a role. Differences 

in scour behaviour might also be attributed to variations in metocean conditions along 

the pipeline, particularly in terms of internal waves and soliton currents, which can vary 

significantly over short distances.  

The variation in scour behaviour along the pipeline is also clear in Figure 3.13(i)-(l), 

which shows a series of histograms (also at 100 m centres along the pipeline) of the 

centre-to-centre distance between scour holes. In Zone B these centre-to-centre 

distances are mostly less than 20 m in 2002 and subsequent years, which is indicative of 

many closely spaced holes. In contrast, for Zone A there is more variation in the 

distance between scour holes in 2002 and across all years.  

Despite the differences in span growth at locations along the pipeline, the most 

noticeable feature in Figure 3.13 is that significant changes in (i) span lengths, (ii) 

percentage of pipeline in span, (iii) number of spans, and (iv) distances between span 

centres, occur for all sections of the pipeline between the first lay and the 2003 survey 

and so this generalises the result observed in Figure 3.10 for the pipeline as a whole. It 

is also interesting to note that this initial 1.5 year period following lay coincides with a 

period that saw no significant cyclonic storm activity (Figure 3.7). This is clear 

evidence that ambient metocean conditions (including both tidal and soliton currents) 

have caused the observed scour over this period, as opposed to large cyclonic storm 

events.  

There appears to have been preferential scour initiation at the field joints. For example, 

Figure 3.14 shows the percentage of field joints that were in span (including those that 

are ‘half-spanning’ on the immediate shoulder (<1m) of a span), in 2002 and 2007. In 

2002 around 80 to 90 % of the field joints are in spans or on the immediate shoulder, 

while only 30 to 60 % of the pipeline is in span. By 2007 the two percentages were 

roughly equal for most of the pipeline, the same was true in 2008. One explanation for 

the high correlation between scour initiation features and the location of field joints may 

be the Polyurethane coating of the field joints, which was smoother than the coating on 

the main pipe sections. For the range of velocities experienced by the pipeline, this may 

have caused differences in flow regime (i.e. the smooth joint is likely to have remained 

in the sub-critical regime, whereas the rough parent pipeline may have entered the 



Lifelong embedment and spanning of a pipeline 

49 

transcritical regime leading to a lower propensity for piping away from the field joints; 

see Sumer et al., 2001). Alternatively, an absence of pipe-soil particle interlocking along 

the smooth pipe could have led to a higher permeability along the pipe-soil interface, 

aiding scour initiation (via piping) at the pipe joints. It should be noted, however, that 

both of these explanations for the correlation between joint locations and scour initiation 

points require further investigation.  

3.6 DETAILED OBSERVATIONS 

To make more detailed observations of scour and embedment along the pipeline, three 

200 m long sections of pipeline were analysed at high resolution using sonar video 

footage. The locations of these section are highlighted in Figure 3.13(e) and have been 

selected to provide data at evenly spaced points along the pipeline whilst avoiding 

buckling sections and sections where good quality video was not available in all years. 

One section is located in Zone A (KP 19.9 - 20.1) and two are located in Zone B (KP 

7.2 - 7.4 and KP 13.3 - 13.5). 

3.6.1 Span development and migration 

For all three sections of pipeline, Figure 3.15 indicates the location of spans along the 

pipeline for each survey year. Consistent with the general observations in Section 3.5, 

this figure clearly indicates that in Zone B in 2002 there are a multitude of short spans 

which appear to link up in to longer spans by 2003 (for KP 13.3 - 13.5) and 2004-2005 

(for KP 7.2 - 7.4). These longer spans are then resolved into smaller spans, and by 2006 

span generation has stopped and span growth appears to have stabilised, with only 

minimal growth or migration of spans occurring in subsequent years. In Zone A 

(KP 19.9 - 20.1) the scour process appears to have developed quicker than elsewhere; in 

2002 the spans are longer than they are in Zone B, and a relatively stable profile appears 

to have become established by 2004.  

For all sections the relative stability of almost all the individual spans from 2005 

onwards is very clear, despite the fact that several cyclones pass between the 2005 and 

2006 surveys. Contrary to a traditional concept of span growth and self-burial which 

conceives of complete burial as an endpoint (see Sumer and Fredsøe (2002) for 

example), this pipeline appears to exhibit a mature state that consists of a pseudo-static 

profile of alternating spanning and embedded sections, which occur at regular intervals. 

This outcome can be explained by the limited duration of live bed scour conditions      
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(< 0.06 % of the time; see Section 3.4) which are required for the delivery of sediment 

to cause backfill following pipeline lowering.  

3.6.2 Scour and embedment profiles 

To better measure the scour and pipeline embedment the sonar profiler video footage 

was processed using a custom-written program [which is described in Chapter 2]. The 

program uses image analysis techniques to reproduce a three dimensional bathymetric 

surface surrounding the pipeline. As an example, Figure 3.16 shows the profiler data 

captured between KP 7.2 and KP 7.4 in the 2002 and 2006 surveys. The pipeline has 

lowered between 2002 and 2006 over this entire section, relative to the far-field (i.e. 

±8𝐷𝐷) seabed level. Closer to the pipe the local embedment (as defined in Figure 3.3) 

varies along the pipeline in both 2002 and 2006 due to the presence of scour holes and 

span shoulders.  

We now focus on the quantitative properties of the scour holes, and the changes in both 

local and far-field embedment in time, using the three dimensional bathymetric data.  

Scour hole geometry  

Summary statistics, such as span length and maximum span depth (measured from the 

bottom of the pipe) can be used to approximately describe the scour hole geometry. For 

each of the three sections of pipeline, Figure 3.17 presents this data, together with 

dashed boxes indicating anticipated bounds of scour depth and (pre-burial by sagging) 

span length based on previous literature and laboratory results. The extent of the boxes 

on the vertical axis represents 0.4 times the pipe diameter – the expected scour depth in 

unidirectional currents minus one standard deviation (see Sumer and Fredsøe (1990)), 

and 1.7 times the pipe diameter – the expected scour depth for a lowered pipe in a high 

KC bi-directional flow (from Figure 2.27(c) of Sumer and Fredsøe (2002), adapted to 

the definition of S/D used herein). The later conditions most closely resemble the flows 

experienced at the site. The extent of the boxes on the horizontal axis represents the 

critical span length for the pipeline to sag 0.4 and 1.7D, which are 35 and 50.5 m 

respectively according to Equation 3.1. Note that due to the pipeline lowering that had 

occurred by 2006, these span depths are not directly equivalent to those reported 

elsewhere for fixed pipelines in physical model tests.  

The changes to the scour holes within sections KP 7.2 to 7.4 and KP 13.3 to 13.5 are 

similar, indicating that the short (less than 7.5 m) and shallow (less than 0.6D) scour 

holes seen in 2002 deepen and lengthen by 2006. There is scatter between the 2006 and 
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2008 data points, but no significant systematic change. The development of scour holes 

in section KP 19.9 to 20.1 is different. In 2002 longer spans are evident, although they 

are shallow. Deepening, but not lengthening of the scour holes is evident in the later 

years. 

Whilst marine life may influence the scour geometry to some degree, the formation of 

very deep scour holes following 2002 is consistent with metocean measurements, which 

indicate bidirectional long period currents (which can scour much deeper holes 

compared with uni-directional currents (Sumer & Fredsøe, 1990)). It is also consistent 

with the pipeline lowering into the scour holes, thereby deepening the scour hole depth 

(Hansen et al., 1986). The depth of the scour holes suggests that currents drive the 

majority of the scour, rather than wave velocities, which is consistent with the metocean 

measurements. 

Changes to local and far-field embedment 

Figure 3.18 presents longitudinal sections running along the pipeline for the 2002 and 

2006 survey data. The local-field embedment (the blue line in the upper figure) has been 

calculated by combining (i) the depth immediately beneath the pipe for spanning 

sections, and (ii) the average embedment ±1D out from the centre of the pipeline for 

locally embedded sections. The far-field embedment has been calculated at ±8𝐷𝐷 on 

either side of the pipeline (see Figure 3.3), which is the furthermost distance from the 

pipe for which reliable data was avaliable. This distance is beyond the maximum scour 

hole width for a pipeline in steady current, but within the potential scour zone for a 

fixed pipe in bidirectional flow. Whilst the reversing tidal flows relevant to this pipeline 

are of the later category, it is expected that due to pipeline lowering the scour holes will 

not extend out to a width of 8D. This can be confirmed by comparing the local-field and 

far-field lines in Figure 3.18; there is no evidence of scour holes extending out to the 

far-field. It should also be noted that the asymmetry that is evident in differences 

between the port and starboard far-field embedment was noticed in all the sampled 

sections. Whilst the asymmetry is considered a true reflection of the seabed, the sonar 

profiler on the port side provided a more consistent and reliable output; consequently 

the port side embedments are believed to provide the best reference point, and are used 

in the discussion that follows.  
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To further understand the seabed profiles in Figure 3.18, cross sections have been 

prepared at two locations through the pipe. The cross sections have been superimposed 

by assuming equality of the average port far-field embedment between the two years.  

The local embedment measurements for all three sections show that a large number of 

small spans formed within 6 months following pipe lay. These spans grew at an average 

rate of 6.4 - 8.2 m/year over this period (depending on the estimate of percentage 

spanning at lay) compared to a theoretical value of 45 m (see Section 3.4.6).  

Due to the absence of accurate top of pipe absolute levels in the source surveys, the far-

field embedment has been used as a datum to give an indication of the pipeline lowering 

between the survey years. For instance, for the pipeline sections between KP 7.2 to 7.4 

and KP 13.3 to 13.5 the 2002 far-field embedment in Figure 3.18 indicates that 6 

months after pipe lay there was little to no lowering of the pipe. However, by 2006 the 

far-field embedment has risen to ∼ 0.6 - 0.8𝐷𝐷, which suggests significant lowering of 

the pipeline (this is also evident in Figure 3.16). Interestingly this depth of lowering is 

consistent with that found by Sumer and Fredsøe (1994) for lowering at span shoulders. 

The far-field embedment is reasonably stable over pipe lengths greater than 5-10 m; a 

degree of noise is present over shorter lengths - mainly due to pixilation in the source 

video.  

For KP 19.9 to 20.1 the port far-field embedment appears to indicate that some lowering 

may have already occurred by the time of the first survey in 2002, compared to as-laid 

estimates of embedment, although it is difficult to determine this accurately due to the 

uncertainty associated with the as-laid embedment data. However, by 2006 significantly 

higher far-field embedment can be seen, although this is not uniform along the pipe 

(compared to the relatively uniform far-field embedment in 2002). The fluctuations in 

far field embedment at the time of the 2006 survey range between that observed in the 

2002 survey and ∼0.7𝐷𝐷. 

3.7 MODE OF LOWERING 

Pipeline lowering due to scour can come about through two mechanisms: sagging of the 

pipe into long scoured sections followed by backfilling, or sinking of the pipe into span 

shoulders. Understanding which mode of lowering has occurred (and ultimately 

predicting it for new pipelines) is important for pipeline stability and thermal expansion 
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design since the magnitude and rate of embedment increase will depend on the 

mechanism of lowering.  

The simplest approach to determine the mode of lowering is to consider the variation in 

the long-term far-field embedment, since sagging results in an undulating far-field 

embedment whilst sinking results in a uniform far field-embedment profile (see Section 

3.2 and Figure 3.1). As noted in Section 3.6, Figure 3.18 shows that the first 200 m 

section (KP 7.2-7.4) of the pipeline has a relatively uniform far-field embedment, whilst 

the third section (KP 19.9-20.1) exhibits undulations in far-field embedment along the 

pipeline over the length scales relevant to sagging. The middle section (KP 13.3-13.5) 

has a mixed profile, but is predominantly uniform. These observations suggest that the 

dominant mechanism of pipeline lowering differed between Zone B and Zone A. This 

trend is also apparent in the histograms of far-field embedment for these sections of 

pipeline, which are presented in Figure 3.19 for the profiled data in Figure 3.18. There 

is a broad flat distribution of far-field embedment in 2006 for Section KP 19.9 to 20.1, 

which includes some sections of pipeline that have not experienced any lowering 

relative to 2002 data and some that have achieved up to 0.7𝐷𝐷. This broad range of 

embedment is consistent with an undulating far field embedment. In contrast, for KP 7.2 

- 7.4 the histogram is much narrower (and Gaussian) and appears to have shifted to a 

larger embedment almost in its entirety between 2002 and 2006. These trends are 

indicative of uniform lowering. The histogram for KP 13.3 - 13.5 indicates a mixed 

response, the 2006 data being almost a superposition of the narrow distribution 

observed for KP 7.2-7.4 and the broad distribution observed for KP 19.9 - 20.1. 

A different way to diagnose the mechanism of lowering is to consider the distance 

between scour initiation points, since sagging and sinking should result, respectively, 

from widely spaced and narrowly spaced initiation points. In Figure 3.13 it is observed 

that the distances between scour holes in 2002 (which are most likely equal to the 

distances between scour initiation points) are predominantly less than 10 m for Zone B, 

which is much lower than the critical span length of 44 m for this pipeline. In contrast, 

for Zone A the distances between scour holes can exceed the critical span length (as 

noted in Section 3.5). These observations therefore also tend to support the fact that 

Zone A experienced some lowering due to sagging between widely spaced holes, 

whereas Zone B experienced sinking at the shoulders between closely spaced scour 

holes.  
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An interesting way to further explore how the pipeline lowers (and in particular to 

analyse locations such as KP 13.3 - 13.5 where some mixed lowering behaviour is 

observed) is to perform a back analysis of pipeline vertical deflection at the time of each 

survey. This can be undertaken approximately (since accurate vertical position survey 

data was not available for the pipeline) by adopting a simple beam bending model for 

the pipeline, given by:  

𝐷𝐷𝐷𝐷
𝑑𝑑4𝑦𝑦
𝑑𝑑𝑥𝑥4

− 𝑇𝑇
𝑑𝑑2𝑦𝑦
𝑑𝑑𝑥𝑥2

= 𝐹𝐹 − 𝑏𝑏𝑦𝑦 (3.4) 

where 𝐷𝐷𝐷𝐷 is bending rigidity, 𝑇𝑇 is tension in the pipe, 𝑥𝑥 is position along the pipe, 𝐹𝐹(𝑥𝑥) 

is vertical force per unit length (representative of the pipe submerged weight) along the 

pipe, 𝑏𝑏(𝑥𝑥) is a vertical stiffness parameterising the vertical resistance of the seabed, and 

𝑦𝑦(𝑥𝑥) is the vertical deflection of the pipeline. For each of the 200 m sections of pipe we 

have solved Equation 3.4 for a given year of survey data by assuming that the soil 

stiffness is non-zero only at locations where the pipeline is not spanning. To estimate 

this soil resistance a simple model following Zhang et al. (2002) and Westgate et al. 

(2012) has been used:  

𝑏𝑏 =
𝑏𝑏𝑞𝑞𝑐𝑐𝐵𝐵
𝜆𝜆

 (3.5) 

where the vertical plastic seabed stiffness is linked to 𝑏𝑏𝑞𝑞𝑐𝑐, the gradient of the CPT tip 

resistance (𝑞𝑞𝑐𝑐) with depth in the top metre of seabed, and 𝐵𝐵 is the contact width between 

the soil and pipeline given by:  

𝐵𝐵 =  2𝐷𝐷�
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 𝐹𝐹𝑖𝑖 𝑒𝑒 ≤ 𝐷𝐷/2 (3.6) 

where 𝑒𝑒 is the local embedment at a span shoulder and 𝐷𝐷 is the pipe diameter. 𝜆𝜆 in 

Equation 3.5 is a scaling parameter, to link between the cone and pipe penetration 

responses.  

Boundary conditions of zero displacement and zero moment 100 m either side of the 

200 m sections of pipe have been modelled, and numerically the pipeline is split into 

sufficiently small segments to ensure convergence of the calculated results. 

Adopting 𝑏𝑏𝑞𝑞𝑐𝑐=1 MPa/m, a scaling factor of 𝜆𝜆 =10 and the remaining parameters as 

given in Table 3.1, Figure 3.20 presents a solution for the vertical displacement for each 
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of the three 200 m sections. Each plot also includes a record of where the spans are 

located (upper sub-plot), the soil resistance 𝐹𝐹(𝑥𝑥) mobilised at the span shoulders 

compared to the pipeline self-weight (middle sub-plot), and the deflection of the 

pipeline (lower sub-plot). Calculations are shown for the 2002 data only on this plot, 

since at that stage the net lowering of the pipeline is minimal and therefore the 

assumptions of the beam bending calculation (which ignores accumulated bending 

strains in the pipeline) are most appropriate. 

Consistent with the far-field embedment profiles discussed above; the pipeline 

deflection profiles in Figure 3.20 suggest that lowering by sinking was dominant for 

Section KP 7.2 - 7.4 (which lies within Zone B), a mix of sinking and sagging (sinking 

dominant) occurred in Section KP 13.3 - 13.5 (Zone B) and that sagging was dominant 

for Section 19.9 - 20.1 (Zone A).  

3.8 CONCLUDING DISCUSSION 

Seven years of field survey data of a subsea pipeline on a mobile seabed have been 

reviewed and interpreted. The data consisted primarily of sonar profiles and underwater 

video, together with geotechnical, erosion testing and metocean data. Statistical analysis 

of the spanning observations and image processing of the sonar footage have been 

combined to examine the changes in the pipeline embedment and the surrounding 

seabed bathymetry caused by scour and sediment transport.  

Scour initiation occurred at many closely spaced points along the pipeline, occurring 

preferentially at the field joint locations. As the scour process matured, significant 

lowering of the pipeline into the seabed occurred. The scour developed by first opening 

up large numbers of spans, which tended to join into longer spans and close out as the 

pipeline lowered. Averaged along the whole pipeline, the span lengths and the distance 

between spans had stabilised within 1.5 years following lay. Over this period the pipe 

was subjected to significant ambient tidal and soliton currents, but no significant 

cyclones. This suggests that in strong ambient conditions such as those encountered 

here, the benefits to stability caused by scour and lowering may be secured quickly, and 

are not dependant on the passage of storms (in this case tropical cyclones). 

In studying three subsections in more detail, changes to individual span lengths and 

positions were observed beyond the 1.5 year mark, but all three subsections had reached 

a pseudo-static state with a stable ratio of spanning and embedded lengths after 3.5 
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years. Physical modelling indicates that scour develops rapidly and then decays 

asymptotically towards an equilibrium point, and this behaviour appears to be 

duplicated in the field.  

The final ‘burial’ state observed for this pipeline consisted of alternating spans and 

embedded sections. This suggests that, under certain conditions at least, the process 

traditionally referred to as pipeline ‘self-burial’ could be more correctly termed pipeline 

self-lowering. This end state is different to that assumed based on experiments, but 

appears to be a likely outcome for pipelines in the field in cases where scour is mostly 

clear water (so that free-field sediment supply to backfill and bury the pipe is limited).  

The mechanism by which the pipeline lowered has been examined by two methods: (i) a 

thorough examination of the variation of the far-field embedment after scour maturation 

together with the initial distance between scour holes, and (ii) by examining the 

deflection of spanning sections by back-analysing the pipeline as a beam in bending. 

The first method suggested a dominance of burial by sinking (reflected in relatively 

consistent, high far-field embedment and close spacing between the scour holes prior to 

significant lowering) in the middle half of the pipeline (Zone B). In contrast, in the 

sections of pipeline located towards the end of the pipeline route (Zone A) a sagging 

mechanism appears to have created the lowering (indicated by undulations in far-field 

embedment and relatively longer spacing between scour holes at the earliest survey 

date). The beam bending analysis supported these findings, but demonstrated that both 

mechanisms of lowering (sagging and sinking) may be observed at some locations.   

In terms of pipeline design, it is evident that the changes in embedment observed for 

this pipeline have a significant influence on on-bottom stability. To accurately account 

for these impacts and extrapolate the observations of this pipeline to other pipelines in 

the field requires good predictions of sediment mobility and the mechanisms of scour, 

drawing on relevant soil, pipeline and metocean data. An analysis of this pipeline has 

shown that predictions of the onset of scour are consistent with observations, and that 

the final ‘burial’ state of the pipeline is consistent with minimal live bed scour, which is 

also in agreement with predictions. The depth of the scour holes also lies within the 

range predicted by laboratory experiments, and the growth of these scour holes along 

the pipeline are consistent (albeit slower due to the soil characteristics) with empirical 

formulas developed for clean uniform sands.  

In terms of predicting the mechanism of lowering it was observed that the mechanism of 

lowering was different between Zone A and Zone B, and that apparent differences for 
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this pipeline appear to have resulted from subtle differences in soil properties between 

these zones. The two zones also had different average spacings between scour holes in 

2002 (suggesting differences in the spacing between scour initiation points). Finally, 

variation in metocean conditions (in particular tidal and soliton) currents along the 

pipeline may have also played a role.  

This work reveals the wealth of knowledge that can be extracted from detailed analysis 

of historical monitoring data, which is often collected for other purposes and then filed 

away. The results of this analysis suggest that when equipped with relevant soil 

properties and metocean conditions, it is possible to quantify scour and changes in 

pipeline embedment. This type of analysis is not currently considered in design codes 

and design practice. This study provides evidence of the beneficial and predictable 

effect of seabed mobility on pipeline embedment, giving encouragement to efforts to 

account for scour-induced changes in embedment in pipeline stability design. 
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FIGURES 

 

Initiation Point

Initiation Points

Far field 
embedment

Far field 
embedment

(a)

(b)

 

Figure 3.1: Mechanisms of pipeline lowering (a) pipeline sagging into a single scour 
hole. (b) pipeline sinking into multiple span shoulders. 

 

 

 

  



Lifelong embedment and spanning of a pipeline 

59 

 
Figure 3.2: Still images of video and sonar data, clockwise from top-left; port, 
centre and starboard videos, sonar profiler. 
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Figure 3.3: Definition of terms. 
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Figure 3.4: Bathymetry of the North West Shelf. Shaded rectangle indicates 
location of the pipeline. Contours are in metres.  
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Figure 3.5: Variation of soil properties with KP along the pipeline. (a) (Left axis) 
median particle size by mass, d50, and 75th percentile of particle size by mass, d75. 
(Right axis) Fines content, defined as percentage mass of particles with a diameter 
of less than 75μm. (b) Average net cone resistance, measured threshold shear 
stress.  
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Figure 3.6: Roses of summer and winter tidal, internal wave and cyclone induced 
near seabed velocities at an adjacent metocean station. Compiles data from pipelay 
until June 2007. Direction is flow towards. Summer (upper rose) defined as 
October to March, Winter (lower rose) April to September.  
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Figure 3.7: Tropical Cyclones that passed within approximately 200 km of the 
pipeline over the survey period. The thick dotted line highlights cyclone Monty, 
which occurred in late February 2004 and was the largest cyclone by category to 
pass close to the pipeline. 
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Figure 3.8: Threshold shear stress measurements. Comparison is made with data 
collated by Shields (1936), Soulsby (1997) and Mohr et al. (2013).  
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Figure 3.9: Evidence of scour during the as-laid survey. Erosion at the base of the 
pipeline (upper image) and a plume of sediment arising from the base (lower 
image). 
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Figure 3.10: Left axis; number of spans per kilometre of pipeline. Right axis; 
percentage of pipeline in span, based on the total pipeline length. 
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Figure 3.11: Histogram of span length through the survey period. Bin size is 2 m. 
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Figure 3.12: Histogram of distances between span centres. Bin size is 2 m. 
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Figure 3.13: Changes to spanning along the pipeline. (Left) Histogram of span 
lengths: (a) 2002; (b) 2003; (c) 2004; and (d) 2008. (Centre) Average span length 
(red-dashed line, top axis) and percentage spanning (solid line, bottom axis): (e) 
2002; (f) 2003; (g) 2004; and (h) 2008. (Right) Histogram of distances between span 
centres: (i) 2002; (j) 2003; (k) 2004; and (l) 2008. 
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Figure 3.14: Relationship between field joints and spanning in 2002 (top) and 2007 
(bottom). Percentage of pipeline in span (solid black line) and percentage of field 
joints in span (dashed blue line). 
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Figure 3.15: Spanning sections for three separate lengths of pipe; spanning 
sections are shown as blue horizontal lines. The symbols on the right indicate when 
tropical cyclones passed within 200 km of the pipeline and caused near-bottom 
velocities greater than the critical velocity for periods of an hour or longer. Lj and 
Lspan shown for scale. 
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(a) 

 

(b) 

 

Figure 3.16: Profiler data, KP 7.2 to 7.4. (Top) 2002; (Bottom) 2006. Surface has 
been smoothed with a 7 m moving average (parallel to the pipeline).  
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Figure 3.17: Geometry of scour holes, defined in terms of span length and 
maximum scour depth. Thin black circles-2002; medium red circles-2006; solid 
blue circles-2008. Dashed red lines indicate expected extent of scour hole geometry 
for uni-directional and bi-directional flow.  
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Figure 3.18: Evolution of local and far-field embedment. Pipe shown in grey shading. Longsections: Upper solid blue line gives local 
embedment (el), lower three lines give far-field embedment (ef); dashed red line – port side, solid blue line – starboard side, solid black line – 
average. Far-field embedment smoothed using a moving average over a length of 7 m. Cross sections: Dashed black line – 2002 position, solid 
red line – 2006 position. Lj and Lspan shown for scale.  
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Figure 3.19: Histograms of far-field embedment for each section of pipeline in 2002 
and 2006. Vertical dashed line indicates length averaged embedment. 
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Figure 3.20: Pipe deflection analysis for three sections of pipeline in 2002; location 
of spans (upper sub-plot), soil resistance F(x) compared to pipeline self-weight 
(middle sub-plot), and the deflection of the pipeline y(x) (lower sub-plot). 
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CHAPTER 4.  SEDIMENTATION-INDUCED BURIAL OF 
SUBSEA PIPELINES: OBSERVATIONS FROM FIELD 

DATA AND LABORATORY EXPERIMENTS 

Chapter context: The paper presented in this chapter applies a similar analysis to that 

described in Chapter 3, but to a different group of three pipelines. These pipelines differ 

from the pipeline discussed in Chapter 3 in several important ways including: their 

orientation to the prevailing metocean conditions, the range of depths they traverse, 

their diameters, and the range of soil conditions present along their trajectory. The 

survey technology also differs; more modern multibeam bathymetry was available for 

these lines permitting the embedment development to be examined at one metre centres 

along the entire pipeline length. As opposed to the sinking and sagging described in 

Chapter 3, sedimentation is shown to be the dominant embedment change mechanism 

for these pipelines. The sedimentation mechanism is confirmed by a series of physical 

model tests, which also explore this time scale and equilibrium geometry of the process. 

The influence of fish life on pipeline spanning is also demonstrated. 

 

This chapter has been published as: 

Leckie, S.H.F., Mohr, H., Draper, S. McLean D.L, White, D.J. and Cheng, L., 2016b. 

Sedimentation-induced burial of subsea pipelines: Observations from field data and 

laboratory experiments. Coastal Engineering, 114: 137-158. 
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4.1 ABSTRACT 

Sediment transport-induced changes to the embedment of three 26 km long sections of 

subsea pipeline are analysed and subsequently explained using model scale 

experiments. Rather than the scour and scour-induced sinking and sagging traditionally 

thought to dominate post-lay pipeline spanning and embedment change, the change for 

these pipelines is shown to be caused by sedimentation. The pipelines traverse a range 

of metocean and soil conditions; the variation in embedment correlates well with the 

variation in metocean conditions, with most change occurring in an area where 

multidirectional high-velocity short-duration flows associated with internal waves 

propagate at near-perpendicular angles to the pipeline. To understand the mechanism 

driving these changes, a series of model scale tests in O-tube flumes have been 

completed under flow conditions mimicking those recorded in the field. Good 

agreement is found between the field and laboratory results, both in terms of the process 

timescale and the post-sedimentation profile. The consistency of the embedment 

changes between the pipelines, their correlation with metocean conditions, and the 

ability to replicate these changes in model scale tests suggests that such changes can be 

accounted for in more effective pipeline design. Spans are relatively rare along the 

pipelines but where they do occur fish rather than scour are shown to be the principal 

agent of span formation. 

4.2 INTRODUCTION AND MOTIVATION  

4.2.1 Motivation for this work 

The inability of traditional pipeline design – particularly on-bottom stability design – to 

incorporate the influence of seabed mobility has been well-documented (see for instance 

Palmer (1996)). Hydrodynamic loading from waves and currents apply forces to both 

the pipeline and the sediment around it. Present design guidelines (such as RP-F109, 

Det Norske Veritas (2011)) do not provide guidance on how the effects of sediment 

mobility can be taken into account in the stability analysis. This is an important 

omission because sediment mobility can result in both scour and sedimentation, which 

can lead to significant changes in pipeline embedment, both local to the pipeline and in 

the far-field. Changes in embedment may, in turn, improve on bottom stability of the 

pipeline due to a reduction in pipeline hydrodynamic drag and an increase in the lateral 

soil resistance available to the pipeline (Tom et al., 2015). Additionally, the change in 
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lateral soil resistance (and to a lesser extent the axial resistance) will also influence the 

thermal expansion design (Bransby et al., 2014), and the increase in pipeline insulation 

provided by the soil will change the temperature profile along the pipeline, with 

implications for various aspects of flow assurance including top of line corrosion (White 

et al., 2015). Consequently sediment mobility can introduce benefits and risks for 

pipeline response and integrity; this motivates the need for improved predictions of 

pipeline embedment resulting from scour and/or sedimentation.  

The mechanics of scour are well summarised in Sumer and Fredsøe (2002). The general 

understanding is that in waves and/or currents the presence of the pipeline on the seabed 

leads to a pressure difference across the pipeline, which (along with other sources) can 

initiate scour through piping (Sumer et al., 2001). Once a flow path is established 

beneath the pipeline, the amplification of the bed shear stress under the pipeline then 

leads to the removal of sediment through a process referred to as tunnel scour (Sumer & 

Fredsøe, 2002). With time this scour spreads along the pipeline allowing the pipeline to 

lower into the resulting scour hole and sink into the shoulders of the span (Fredsøe et al. 

(1992); Sumer and Fredsøe (1994)). Upon lowering, the pipeline is sheltered from the 

flow, and sediment may be deposited around the pipeline.  

Each of these scour processes have been explored extensively in the laboratory and in 

numerical work over the last 3-4 decades. To complement this work detailed studies 

comparing laboratory results to conditions encountered in the field are also now 

beginning to emerge (see, for example, Pinna et al. (2003) and Leckie et al. (2015)). 

Generally good agreement is found, although it is important to note that almost all of the 

existing laboratory testing and field comparisons focus on the influence of flows 

occurring predominantly perpendicular to the pipeline. 

Compared to scour and pipeline lowering, much less work has been completed on direct 

sedimentation around pipelines (i.e. the accumulation of sediment adjacent to the 

pipeline), and no detailed reports of sedimentation in the field have been published. Of 

the studies available, Chiew (1990) described laboratory experiments where scour did 

not initiate in a unidirectional current due to deposition of sediment behind the pipe by 

the lee-wake vortex. Zhao et al. (2015) have presented results from CFD analysis which 

point to the presence of a shear stress ‘shadow’ (i.e. zones of low shear stress) in the 

vicinity of the pipeline. In these areas, the shear stress amplification can fall below 1, 

allowing for deposition of sediment carried in from the far-field or for local re-working 

of the scour profile. 
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In terms of timescale, Sumer et al. (2001) presented some experimental results on the 

time scale of pipeline sinking into a scoured trench, and Fredsøe et al. (1992) presented 

experimental results for time scale of wave and current induced scour. More recently, 

Fuhrman et al. (2014) presented numerical simulations of both scour and backfilling, in 

which backfill rates were found to agree reasonably well with the experiment results of 

Fredsøe et al. (1992).  

Despite these works, the types of local seabed profile caused by sedimentation and the 

rate (or time scale) of sedimentation are still not well known. It is also relatively 

unknown how the direction of near bed currents, relative to the pipeline, may affect the 

sedimentation process. Motivated by the need for improved predictions of changes to 

pipeline embedment caused by sediment mobility, the aim of this study is to review in 

detail the spanning and embedment history of three pipelines located on the North West 

Shelf, offshore Australia. These pipelines are of particular interest in that they offer an 

opportunity to observe changes in pipeline embedment due to sedimentation as opposed 

to scour (as will become clear later) and they provide insight into local sediment 

mobility due to near bed velocities that are not directed perpendicular to the pipeline. 

Furthermore given their location, these pipelines also allow for a study into the 

influence of: (i) varying metocean conditions through a range of water depths, (ii) 

pipeline diameter and structural characteristics, and (iii) soil grain size, on sediment 

mobility induced changes to pipeline embedment. Lastly, because the pipelines are laid 

parallel to each other, the natural consistency of the scour and sedimentation processes 

can be investigated. 

4.2.2 The dataset 

The study has been performed using pipeline survey data from three surveys, performed 

in 2009 (7-9 months after lay), 2012 and 2013. The data analysed herein consisted of 

two subsets; video and multibeam bathymetry captured from a remotely operated 

vehicle (ROV). The ROV video and the derived pipeline-span reports cover three 

pipelines: Pipeline A (PA) and Pipeline B (PB) which are two flowlines with an external 

diameter of 0.64 m, and Pipeline C (PC) which is a mono-ethylene glycol (MEG) 

supply pipeline with an external diameter of 0.1 m. 

The video typically consisted of port, starboard and centre camera footage, and is 

principally of interest in ascertaining span locations and lengths, visual confirmation of 

local embedment, and information on small scale bed features such as ripples. The base 

bathymetric dataset consisted of Easting, Northing and depth to seabed information at 
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~0.1 - 0.2 m centres, in a swathe which varied in width from ~7-16 m depending on the 

location and year of the survey. From the base dataset a series of two to three 

(depending on the year) checked longsections were available either side of the pipeline. 

These were offset from the pipeline centre by distances ranging from 1 diameter (D) to 

12.5D. To enable comparison between years, the longsections were interpolated across 

short distances on to a uniform grid of points located 1D, 3D and (for the first survey) 

12.5D either side of the pipe, at spacings of 1 m along the pipeline.  

Due to the small diameter of PC, it was found that the multibeam bathymetry did not 

produce a sufficiently accurate profile of the embedment variation along this pipeline. 

Specifically, the accuracy of the data appears to be in the order of 0.5 to 1D for much of 

the length. As-laid embedment was also not available for PC. As a result the spanning 

behaviour (which is visually confirmed) along PC is included in the report, but no as-

laid embedment data, or changes to the post-lay embedment are included. Thus when 

discussing pipeline embedment, ‘the pipelines’ refers to PA and PB only, elsewhere it 

refers to all three lines. 

4.3 PIPELINE SETTING 

4.3.1 Location and bathymetry 

The pipeline location is shown in Figure 4.1 and the depth profile in Figure 4.2. The 

start of the pipelines, defined as Kilometre Point (KP) 0, is in 830 m of water. The 

pipelines then run up the continental slope (typical slope 1V:10H) until they reach KP 5 

where they arrive at the outer continental shelf. Beyond this point they progress 

gradually up the shelf (1V:200H) until KP 20, where they enter a series of sandwaves 

which have crests that run perpendicular to the pipeline. After the sandwave field, there 

is a brief area of flat seabed area until KP 26 where the pipelines cross the first of 

several reefs with cemented calcareous rock outcrops. The analysis presented herein 

stops at KP 26, with the scope of the study excluding the influence the rock layers on 

scour, pipeline lowering and sedimentation.  

In terms of bathymetry, over the section of interest the pipelines can be divided into 3 

main zones:  

1. Zone A: the continental slope; KP 0 to KP 4.5. 

2. Zone B: the continental shelf, flat section; KP 4.5 to KP 20. 

3. Zone C: the continental shelf, sandwave field; KP 20 to KP 26. 
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The pipelines typically run perpendicular to the bathymetric slope along almost all of 

their length. Through Zone B the pipelines are at a slight (< 20°) angle to a line 

perpendicular to the contour, but the gentle slopes across this area mean that the angle is 

not noticeable in terms of having a different seabed elevation either side of the 

pipelines. Slight cross-slope pipeline orientations also occur along certain subsections of 

the continental slope (Zone A), and through the sandwave field (Zone C). In these areas 

the effect of the cross-slope on apparent embedment is more noticeable and has been 

corrected for by rotating (in cross-section) the bathymetric data, based on the difference 

between the port and starboard far-field embedment in the 2009 survey. Definitions of 

span length and pipeline embedment used herein are shown in Figure 4.3. 

4.3.2 Pipeline properties 

The mechanical properties for the pipelines are set out in Table 4.1. A variety of subsea 

infrastructure is present along the pipeline route. Along the flowlines (PA and PB) 

displacement initiators (sleepers) are present from KP 0 to KP 18.75 at variable 

spacings of ~1 to 2.5 km. The pipeline immediately either side of these structures shows 

signs of lateral and vertical displacement, particularly over the low KP range. Some 

additional signs of thermal expansion-induced movement have been observed at 

locations remote from the sleepers over the range of KP 0 to KP 5. Elsewhere, rock-

dump areas, crossings, tie-ins, mattresses and areas where the pipeline appears to have 

formed a trench during lay (perhaps due to a period of delay during laying) are present. 

The sections of pipeline 75 m either side of all of these features have been removed 

from the dataset to avoid the influence they have on embedment and spanning. The 

interaction of sediment transport and lateral displacement within buckling sections is an 

important phenomenon in its own right, but beyond the scope of the current study. 

All of the pipelines are laid parallel to each other. The separation distance varies from 

approximately 15 m to 80 m, but is generally ~30 m (~45 to 80D). Based on the CFD 

modelling results presented in Shen et al. (2013), Shen et al. (2014) and Zhao et al. 

(2015); these distances are sufficient to avoid significant wake interference between the 

pipelines. 
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Table 4.1: Pipeline mechanical properties 

Property Pipelines A & B Pipeline C 

Pipe outside diameter 
including coating (D) 

0.64 m 0.106 m 

Flexural Rigidity (EI) 214600 kN.m2  516 kN.m2 

Specific Gravity KP 0 - 5.2:   Empty: 1.28 
                     Flooded: 1.80 

                     Operating: ~1.34 

KP 5.2 - 26: Empty: 1.65 

                     Flooded: 2.19 

                     Operating: ~1.72 

Empty: 2.1 
Flooded: 2.7 

Operating: 2.8 

 

Outer coating KP 0 - 5.2: Multi-layer 
polypropylene 

KP 5.2 - end: Concrete 
weight coating, 40 mm thick 
in the sections of interest. 

3 layers of 
polypropylene 

Field joint spacing (Lj) 12.2 m > 1000 m 

Recess depth at field joints KP 0 - 5.2:    5 mm 

KP 5.2 - 26:  32 mm 

None 

1D deflection span length 
(Lspan) 

KP 0 - 5.2:    62 m 
KP 5.2 - 26:  51 m 

11 m 

Typical inlet and outlet 
operating temperatures 

55 - 30 °C 5 - 25°C 

 

4.3.3 Soil and seabed properties 

The soil conditions vary along the pipeline route as summarised on Figure 4.2. In terms 

of soil classification, Carbonate SILT / Sandy SILT is present from KP 0 until KP 8, 

where a region of gradually coarsening Carbonate Silty Fine SAND exists until KP 20. 

At KP 20 the Carbonate Silty SAND continues, but the grain size (both P50 and P90 

(later not shown)) coarsens relatively rapidly until Carbonate SAND and Gravelly 

SAND are encountered over the final two kilometres. Carbonate content gradually 

increases with KP, increasing from ~85 % - 87 % at KP 0 to 95 % - 99 % at KP 26. 

No erosion test results are available for the soils along the pipeline route. The 

geotechnical characterisation work for this project was performed almost 10 years ago. 
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At that time, the importance of sediment mobility on pipeline stability was less 

appreciated. In addition, laboratory testing techniques for erosion properties were less 

developed. It is now common practice for Australian projects to use a facility such as 

the Mini O-tube flume at UWA to establish erosion properties to characterise the 

sediments along planned pipeline routes. 

However Mohr (2015) reports the results of erosion tests completed on similar soils 

from the North West Shelf (NWS). Using those results, a simplified scheme is set out in 

Table 4.2 to estimate expected ranges for threshold shear stresses along different 

regions of the pipeline route. The selection of threshold shear stress in each region is 

based primarily on the particle d50, but also considers the bulk density and particle size 

distribution following Mohr (2015). The following logic is adopted: 

1. When the observed sediment has a low fines content (< 5 - 10 %; KP > 17.5) the 

threshold shear stress results reported for sediment NWS1 in Mohr (2015) 

(Chapter 4; Table 4.3) have been adopted. Sediment NWS1 has a similar fines 

content and median grain size to that observed for KP > 17.5, and has a 

threshold shear stress very similar to that estimated using the empirical Shields 

curve.  

2. When the observed fines content is moderate (i.e. 10 - 20 %; KP 8 - 17.5) the 

threshold shear stress results reported for sediment NWS2 and NWS3 in Mohr 

(2015) (Chapter 4; Table 4.3) have been adopted, with the range in values 

representative of different sample density. These results have been adopted 

because the fines content and median grain size of NWS2 and NWS3 are similar 

to those observed along these pipelines over the region KP 8 - 17.5. 

3. When the observed fines content is significant (i.e. > 40 %; KP < 8), the 

threshold shear stress reported for NWS3 in Mohr (2015) (Chapter 4; Table 4.3) 

have been adopted as a lower bound estimate. The fines content for NWS3 is 

lower than that observed along these pipelines for KP <8. Given that the results 

in Mohr (2015) indicate that threshold shear stress increases with fines content, 

it has therefore been assumed that the erosion results for NWS3 are likely to be 

at the lower range of what may be expected for the soils in this region.  

In addition to threshold shear stress, bottom roughness values have also been estimated 

for each soil region along the pipeline route. These values have been estimated based on 

guidance offered in Table 7 of Soulsby (1997), together with observations of the seabed 
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(including the observation of bed ripples) using ROV footage (further details in Section 

4.3.6). 

For both threshold shear stress and bottom roughness a unique value has been selected 

from within the appropriate KP ranges of each region for use in the mobility 

calculations. Over two short lengths of pipeline (KP 4.5 - 4.785 and KP 17.5 - KP 

18.87) the boundaries of the regions set out in Table 4.2 for the soil conditions are offset 

from the boundaries of the metocean regions which are based on the location of 

metocean buoys (see Section 4.3.5). For these two short lengths of pipeline the 

predominant values for roughness and threshold shear stress are applied to the whole 

length of the metocean region when assessing potential for sediment mobility. 

Table 4.2: Threshold shear stress and bottom roughness variation along the 
pipelines 

Zone 

Soil 
Region 

KP 
[km] 

Soil description 

Estimated 
threshold 

shear 
stress 
τ [Pa] 

Threshold 
shear stress 

used in 
analysis 
τcr [Pa] 

Bedforms 
Present? 

Bottom 
Roughness 

used in 
analysis;  
z0 [mm] 

A 0 - 4.5 

Carbonate SILT / 
Sandy SILT 

d50: < 70 μm 

Fines: > 70 % 
> 0.6 

0.6 

No 0.05 

B 

4.5 - 8 

Carbonate Sandy 
SILT 

d50: ~70 μm 

Fines: 60 - 80 % 

Yes 

0.4  

(for skin 
friction) 

 

 

6  

(total 
roughness) 

8 - 17.5 

Carbonate Silty 
SAND 

d50: 130 - 200 μm 

Fines: 15 - 40 % 

0.25 - 0.95 

17.5 - 
20 

Carbonate Silty 
SAND. 

d50: 0.2 - 0.4 mm 

Fines < 10 % 
0.2 - 0.4 0.3 

C 20 - 26 

Carbonate SAND 
/ Gravelly SAND. 

d50: 0.2 - 0.4 mm 

Fines: < 10 % 

 



Sedimentation-induced burial of subsea pipelines 

87 

4.3.4 As-laid conditions 

The pipelines were laid from early March to late May, 2009. The first survey was 

completed up to 7 - 9 months later, depending on the date at which a particular section 

of pipeline was laid. From inspection of the survey video, it was apparent that in some 

sections of the pipelines, increases to the local pipeline embedment had occurred 

between lay and the first survey. The video showed evidence of the build-up of 

sediment near to the pipe, believed to be due to sedimentation.  

Because of these potential changes to the local embedment, the as-laid embedment has 

been estimated based on the far-field embedment in the 2009 survey. The local 

embedment 2009 survey then acts as a guide to the ‘early-life’ development of scour 

and sedimentation around the pipeline.  

4.3.5 Metocean environment  

Overview 

Prior to the installation of the pipelines, metocean measurements were recorded over a 

13 month period at a series of buoys placed parallel to the pipeline route, offset by a 

distance of approximately 6 km to the northeast. These recordings, along with published 

accounts of conditions elsewhere on the NWS (Holloway (1987), Van Gastel et al. 

(2009)), provide details on the variation of metocean conditions along the route. 

The measurements were recorded as continuous 1 minute vector averages of the water 

velocity. The recordings were made at depths ranging from 1.5 to 2.75 m above seabed 

(ASB), and have been translated down to 1 m ASB and converted into shear stresses 

using the method detailed in Leckie et al. (2015) and the seabed property zonation set 

out in Table 4.2. 

In Figure 4.4 currents for one full year of measurements along the pipeline route are 

shown. The full current rose is shown on the left and the near-perpendicular currents – 

defined herein as currents within the zone bounded by lines at 22.5° to either side of a 

line perpendicular to the pipeline – are shown on the right. By aggregating one full year 

of measurements these plots highlight the tidal currents. Each buoy was located 

approximately at the centre of the KP range given in Figure 4.4, albeit 6 km to the 

northeast. The orientation of the pipeline at each point is indicated by the dashed dark 

blue line.  

Considering first the full roses in Figure 4.4, it can be seen that the measured currents 
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are relatively gentle through Zone A; the threshold velocity is not exceeded through this 

region. Moving up the continental slope the currents gradually increase in magnitude 

until the continental shelf is reached. Up on the shelf (Zones B and C) the currents are 

relatively uniform in strength and are oriented parallel to the pipelines, particularly 

beyond KP 11.9. Only beyond KP 18.86 is the threshold velocity is regularly exceeded 

by tidal currents. Within Zone B and C there is an asymmetry in the roses, with ebb tide 

flows towards the north and west occurring for longer than those in the opposite 

direction. Within Zones B and C the threshold velocity is exceeded 0.02 - 4.68 % of the 

time, with the higher end of the range occurring within Zone C where the sandwaves are 

located. The components of the roses which are near-perpendicular to the pipeline (right 

hand side plots in Figure 4.4) show that near-perpendicular ambient flows are 

comparatively weak. Even within Zones B and C these flows only exceed the threshold 

velocity 0 - 0.02 % of the time, depending on location. 

Types of current events 

The tidal currents along with stronger, short duration events are summarised in Figure 

4.5, which plots the 50th, 99th
, 99.9943th (=30 min per year) and 99.9971th (=15 min per 

year) percentile currents and shear stresses (skin friction) at various points along the 

pipeline route, along with the maximum current event recorded at each location. Flows 

in all directions (Figure 4.5 (a) and (c)) are considered separately to flows near-

perpendicular to the pipelines (Figure 4.5 (b) and (d)). Note that the zonation beyond 

KP 11.9 is based on relatively sparely spaced buoys; the changes between all zones will 

in reality be gradual. From this plot it is clear that through Zones B and C the strongest 

flows (reflected by the P99.9943, P99.9971 and Pmax lines) are significantly stronger that the 

background currents. Considering only near-perpendicular currents, the strongest events 

are particularly rapid through the central portion of Zone B. 

High velocity flow events are considered in more detail in Figure 4.6 in which current 

velocity for two pipeline sections is separated into speed and direction bins, and the 

percentage of flows within each bin represented by the colour scale. For the length 

KP 7.81 - 11.96 (Figure 4.6 (a)) it is evident that a large number of high-velocity, short-

duration (~1 min) currents occur through this region, and that these events are distinct 

from the remainder of the currents, suggesting a distinct formation mechanism. These 

events propagate in a diverse range of directions. In contrast, for the length of pipeline 

from KP 24.3 - 26 (Figure 4.6 (b)) all of the strongest flows are oriented in a single 

(near-parallel) direction, and are contiguous with the ambient flows (and so are not 
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necessarily of a short duration). 

The high-velocity, short duration flows highlighted in Figure 4.6 (a) are likely to be 

caused by internal waves. Internal waves, including short period internal waves 

(solitons) were previously described by Holloway (1987) occurring elsewhere at the 

shelf break region of the North West Shelf (at the North Rankin A platform, NRA), and 

satellite imagery has revealed internal waves all along the NWS in the immediate 

vicinity of the shelf break region (Holloway, 1987). Holloway suggests that solitons 

propagate onshore (near-parallel to the pipelines in this case) at NRA, noting a 

reduction of their strength at a mooring ~30 km inland of NRA, and no solitons at a 

mooring 23 km further inland. Van Gastel et al. (2009) highlight the seasonal 

dependence of these features, which affect differing regions of seabed as the 

stratification of the water column varies throughout the year. They also provide further 

details on propagation direction from a 3 month monitoring programme at NRA; 

describing internal wave packets that propagated from a bearing window of 300° - 355°. 

The wide range of current directions (including cross-slope currents perpendicular to the 

pipeline orientation) evident in the high-velocity, short-duration flows in the vicinity of 

KP 10 (Figure 4.6 (a)) suggests that they are highly non-linear and may represent 

breaking solitons. The generation of cross-slope currents is consistent with the 

descriptions of breaking internal waves made by Thorpe (1999). Solitons and breaking 

solitons lead to short duration flows. The events vary significantly, Holloway (1987) 

describes solitons with typical periods of 20 minutes, but another event of 40 minute 

period. Peak flows associated with the solitons would be shorter (order of 10 minutes). 

High velocities due to breaking solitons would be felt over even shorter time periods, 

the information on Figure 4.6 (a) suggests durations are ~1 min. There is little published 

information on crest length of breaking solitons, but they would apply over discrete 

lengths of pipeline and not the entire route. The influence of these flows is considered 

further in subsequent sections. 

The history of tropical cyclones passing in the vicinity of the pipelines since 

construction has been reviewed; no storms of sufficient strength to create sediment 

mobility due to wave orbital velocities (even at the shallowest end of the pipelines) were 

noted. Tidal currents and solitons are however known to create strong water movements 

through this area.  
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4.3.6 Sediment mobility 

A review of the bed features due to sediment mobility that are visible in the vicinity of 

the pipelines has been completed. Figure 4.7 provides some examples from that review. 

Little to no bed features are visible through Zone A, but moving up the continental slope 

small (wavelength ~0.05 to 0.2 m) ripples begin to become visible at ~KP 4, and are 

generally well developed after ~KP 4.5, which is the starting point of Zone B. The 

ripples continue throughout Zone B until the sand wave field is reached, although small 

scale ripples are less noticeable and can only occasionally be made out after 

approximately KP 18.  

Within Zone C (KP 20 onwards) large (~7 m height, wavelength 200 - 300 m) 

sandwaves are present. Large (wavelength ~5 - 7 m) ripples are superimposed on the 

sandwave troughs and offshore faces for the first 6 sandwaves. Beyond this point they 

become less pronounced and are no longer visible after KP 21.5. The orientation of the 

ripples suggests that they are formed by onshore flows which are disturbed by the outer 

sandwaves, increasing bed shear stress through this area. The sandwaves themselves 

appear generally to be of sufficient length for the pipelines to conform to the sandwave 

surface. However the presence of some long spans through this area in 2009 (see 

Section 4.4.1) suggests that a lack of conformity may have created some spanning at 

lay. These long spans had been erased by the time of the 2012 survey, presumably via 

scour and/or sedimentation effects. The average pipeline embedment within the 

sandwave field does not differ significantly from that before or after the sandwave field, 

but variability in the embedment is higher. 

The bedfeature distribution is reflected in the sediment mobility predictions set out in 

Figure 4.5. The flows are below the threshold stress in Zone A, while in Zones B and C 

the higher end (P99 and above) flows exceed threshold. Near-perpendicular high stress 

flows (Figure 4.5 (b)) are at their strongest in Zone B, and peak in the central area of 

that zone. 

Note that for the assumed total bed roughness length beyond KP 4.5 of 6 mm (see Table 

4.2); the applied shear stresses are such that sheet flow would occur beyond a velocity 

of ~0.93 m/s. This velocity is not reached at any point in the P99.9971 flow event, but is 

reached in the Zone B in the maximum recorded event (see Figure 4.5). Such an event 

would flatten the ripples, thus reducing the bed roughness. Following the method set out 

in Soulsby (1997), the total roughness in Zone B would reduce from 6 mm to 0.12 mm 

in sheet flow, thus slightly increasing (by 0.11 m/s) the estimated velocity at 1 m ASB 
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and the resulting skin friction estimate for the maximum flow event in Zone B.  

4.4 GENERAL OBSERVATIONS 

4.4.1 Span lengths and locations 

A summary of pipeline free spans along PA and PB is presented in Figure 4.8. In 

comparison to published reports of other pipelines on the North West Shelf (Pinna et al. 

(2003), Borges-Rodriguez et al. (2013) and Leckie et al. (2015)), the pipelines 

considered herein exhibit relatively little spanning throughout the survey period. For 

both PA and PB the percentage of pipeline in span was relatively stable between the 

surveys at ~5 % of the pipeline length, with slight increases occurring from 2009 to 

2012, and a slight decrease from 2012 to 2013. As a comparison, the proportion of 

pipeline in span reported in Leckie et al. (2015) for another NWS pipeline was 45 % 6 

months after lay, and then stabilised at ~40 % in the 7 year survey period that followed.  

At the time of the first survey in 2009 (6 - 7 months after lay) span lengths (see middle 

row of Figure 4.8) are varied, with no particular span length strongly represented. By 

2012 the increase in the percentage of pipeline in span is due to the development of a 

large number of short (< 10 m) spans on both pipelines. The development of these short 

spans appears to have peaked around this time and had reduced by 2013. As observed 

previously for another pipeline on the North West Shelf (see Leckie et al. (2015)) the 

distance between spans (bottom row of Figure 4.8) clusters around multiples of the field 

joint distance (12.2 m). This is true of both pipelines, but the trend is stronger for PA. 

These observations are consistent with a review of the ROV footage, which revealed 

that typical spans are short, and located at a field joint. 

The spanning variation along the pipelines is summarised in Figure 4.9. In 2009 (6 

months after lay) PA does not show any spanning associated with sediment transport 

before KP 5. A small area of spanning occurs just past KP 5 where the continental slope 

transitions to the shelf. There is an area of uneven seabed in this area which may have 

led to bathymetry-imposed spans at lay and / or assisted in the formation of scour 

induced spans. There are no spans recorded over the continental shelf beyond KP 5 until 

the sandwave field is reached. In 2012 there are still no scour-induced spans from KP 0 

to KP 5. In comparison, the area of spanning just beyond KP 5 has grown, with a series 

of short spans (<5 m in length) causing up to 15 % of the pipeline to be in span in this 

area. Interestingly the longest spans observed in 2009 (of principal interest when 

considering the integrity of spans under self-weight and vortex-induced vibration load) 
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have all shortened by 2012. Finally in 2013, the area just beyond KP 5 has continued to 

increase in spanning percentage, whilst the spans observed from KP 7.5 to 15 are 

relatively unchanged. Beyond KP 15 both the percentage of pipeline in span and the 

span lengths have shortened. PB follows a very similar pattern to PA.  

PC shows a similar lack of spanning before ~KP 5 but intermittent spanning thereafter 

until KP 20. Comparison of the 2012 and 2013 surveys (no data was available for 2009) 

indicates that span development is ongoing in the vicinity of KP 5 and KP 21. The spans 

along PC are consistently less than 5 m in length, with a typical length of ~2.5 m. 

4.4.2 Effect of marine fauna on spanning 

To better understand the reasons for the formation of the pipeline spans summarised in 

Section 4.4.1, a review of the ROV footage was performed. During this review, it was 

observed that at almost all of the span locations, the shape of the holes beneath the 

pipeline was not consistent with what is expected for scour holes formed entirely due to 

piping and tunnel scour. For example, Figure 4.10 documents some typical spans, from 

which it can be seen that there are: (i) steep sided walls (see Figure 4.10 (e) and (h) for 

example); (ii) sharp crested berms on the side of the hole (see lower left section of 

Figure 4.10 (c)); (iii) discrete mounding (see Figure 4.10 (a), (g) and (f)) and excavation 

(Figure 4.10 (c)) of sediment on only one side of the pipeline; (iv) undulating profiles 

beneath the pipeline (Figure 4.10 (e) and (f)); and (v) secondary holes found within 

larger holes (Figure 4.10 (e)). All of these features are inconsistent with the smooth 

holes expected due to scour. In some cases the total depth (and depth to width ratio) of 

the scour holes (see Figure 4.10 (h) for example) are much larger than would be 

expected for holes formed by scour.  

In addition to these visual observations, calculation of the current velocities required to 

cause scour due to piping (based on the empirical formula of Sumer et al., 2011) 

suggests that currents in excess of 2.8 m/s measured at 1 m ASB are required for an as-

laid embedment of 0.2𝐷𝐷. A current this large was not observed in any of the metocean 

data. Furthermore, the locations of the spans showed no clear correlation with metocean 

trends. For instance, there is a spike in spanning at KP 5, and another spike beyond 

KP 15. Metocean measurements, however, indicate that the strongest perpendicular 

flows occur in between KP 7.5 and KP 19 (see Figure 4.5), an area of minimal 

spanning.  

During a review of ROV footage it was noted that the spans coincided with the presence 
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of a large number of fish, and that the general locations of spanning correlate well with 

areas where marine life would be expected to be most active. The spike in spanning 

activity at KP 5 occurs at the shelf break, an area commonly associated with increased 

marine life (Sharples et al., 2009). The second main area of spanning (KP 20 - KP 26) 

occurs close to the reef, where the pipelines are likely to act as an extension of the reef 

ecosystem (Langhamer, 2012). Within the ROV footage fish were clearly seen 

swimming beneath the pipelines and causing additional movement of sediment from 

beneath them.  

Collectively, these ROV observations and the metocean data suggest that the observed 

spans were not primarily a result of hydrodynamic scour. This conclusion naturally 

leads to questions of how and why fish may create holes under these pipelines. In 

response to these questions three possible mechanisms are speculated. The first is that 

the fish undertake direct and deliberate digging or burrowing (termed ‘bioturbation’). 

For instance, recent research has suggested that Epinephelidae species (grouper, with a 

variety of species seen along these pipelines, see Figure 4.11 (a), (b) and (c) for 

example) are responsible for the creation of holes observed in the vicinity of pipelines 

leading to the Stag Platform and elsewhere on the North West Shelf (Mueller, 2015). 

These holes are commonly termed pockmarks, a term associated with holes formed by a 

geological eruptive mechanism. While Nicholas et al. (2015) cautioned against 

ascribing all pockmarks on the Northwest Shelf to fish activity, for specific case studies 

Mueller (2015) presents evidence of a correlation between the location of subsea 

infrastructure and the locations of holes, along with evidence of a growing field of holes 

over a time scale (11 years) which is more consistent with biological than geological 

formation. Mueller (2015) also shows images of asymmetric sediment mounding 

adjacent to the holes, similar to that seen along these pipelines. This mounding is 

inconsistent with the eruptive geological formation mechanism, a point not addressed by 

Nicholas et al. (2015). In other waters Watling and Norse (1998) describe seabed 

digging by “annelid and echiuran worms, bivalve molluscs, amphipod crustaceans, 

shrimps, crabs and fishes”. 

The second mechanism involves the displacement of sediment by the swimming action 

of fish, with the sediment being moved either as bedload or by entering into suspension. 

As noted above, during the review of the ROV footage, fish were regularly seen moving 

sediment into suspension as they rapidly swam away from the advancing ROV. In the 

absence of the ROV, similar movements could occur in response to predator threats or 
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feeding activities. Once in suspension the sediment can be carried away from the 

pipeline by the cross-pipeline component of currents. Bedload may also be 

progressively transported away from the pipeline centre by a higher concentration of 

cave-dwelling fish species (for example Priacanthus spp.) which were observed in the 

ROV footage) directly under the pipelines relative to the population alongside the 

pipeline.  

A final mechanism is displacement of sediment during feeding activities. This 

hypothesis rests on the assumptions that the pipeline would provide an area rich in 

invertebrates relative to the surrounding seabed (Ambrose & Anderson, 1990) and that 

fish feeding on the invertebrates adjacent to and underneath the pipeline may 

progressively tunnel into the sand beneath the pipe. This assumption is consistent with 

observations of fish feeding at the edge of the pipeline in the ROV footage (see Figure 

4.11 (d)) and an associated disturbance of sediment. 

Given the observation that fish may initiate spans along these pipelines, it is important 

to consider the degree to which similar activities may be influencing pipeline spanning 

on the NWS and elsewhere. During the review of spanning and embedment along 

another pipeline on the NWS (see Leckie et al. (2015)), some very deep scour holes, as 

well as steep-sided walls beneath pipeline spans were occasionally observed and the 

possible influence of marine life was noted. However, the degree to which fish life 

affected the spanning for that pipeline may have been relatively small and was less 

easily observed due to the strong perpendicular flows at that location which would be 

able to smooth the features formed by marine life. However, based on the behaviour 

observed along these pipelines, we conclude that the spanning patterns elsewhere on the 

NWS may be a result of a combination of hydrodynamic effects and marine fauna.  

4.4.3 Embedment variation along the pipeline 

The embedment change for both pipelines (PA and PB) from lay until 2013 is 

summarised in Figure 4.12 which shows an average of the local, mid and far-field 

embedment on both sides of the pipeline. Minimal change is evident in Zone A (KP 0 to 

KP 4.5) in line with the relatively quiescent currents and absence of bedfeatures in this 

area (see Section 4.3.5). The only differences that are visible between the years in this 

zone are small and most likely due to differences in survey technique, minor 

interpolation errors (each year’s survey data was at slightly different offsets from the 

pipeline), minor variations in ROV trajectory as it travelled along the pipeline in any 

given year and uncertainty in the as-laid estimate for the mid-field and local field.  
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In Zone B (from KP 4.5 - 20) significant changes occur between the as-laid condition 

and the 3 subsequent surveys. For both pipelines the amount of change rapidly increases 

after ~KP 6 and peaks in the vicinity of KP 10 before declining down to a smaller 

amount at KP 15. The length of pipeline either side of KP 15 has a relatively high as-

laid estimate. However, based on a review of the soil conditions and vessel motions (see 

Westgate et al. (2012)) higher embedments are not expected here compared to KP 10 

for instance. As a result the high ‘as-laid’ embedment either side of KP 15 may 

represent sediment transport effects and the true amount of change observed in this area 

between lay and the 2009 survey may be similar to that seen in the vicinity of KP 10. 

Embedment change in the mid-field is negligible. The majority of the change in local-

field embedment appears to have occurred leading up to 2012, with little change 

between 2012 and 2013. This behaviour suggests that the embedment changes 

developed rapidly and then stabilised.  

For both pipelines the embedment in Zone C (from KP 20 onwards) is relatively stable, 

with a slight (~0.1D) increase in the local embedment between 2009 and 2012. As 

opposed to Zone B, the local embedment in Zone C does not reflect the embedment 

immediately adjacent to the pipe. From KP 20 onwards, a small ‘gutter’ (which is 

visible on ROV footage) appears to have formed immediately against the pipe. 

Zone B then represents a localised area of change in pipeline embedment, with the 

amount of change peaking in the vicinity of KP 10. In seeking to explain the reasons for 

the localisation of the change evident in Figure 4.12, it is necessary to consider the 

influence of soil properties, pipeline orientation, and current strength, direction and 

duration. Through the area of interest (KP 4.5 to 20), the soil properties (see Figure 4.2) 

are relatively stable, and do not correlate with the rising and then falling degree of 

embedment change. Similarly, the orientation of the tidal flows relative to the pipeline 

(see Figure 4.4) through this zone does not correlate with the pattern of embedment 

change. From KP 4.5 onwards tidal flows approach the pipeline from a near-parallel 

direction, with a slight bias for flows towards the northern (port) side of the pipeline. 

After KP 11.9, the flows are more purely near-parallel, with a relatively even balance of 

flows 22.5° either side of parallel. The strongest correlation exists between the amount 

of embedment change and the presence or absence of high-velocity, short-duration 

flows oriented near-perpendicular to the pipeline. By comparing Figure 4.12 and Figure 

4.5, the broad region of embedment change centred on KP 10 is seen to coincide with 

the region where the strongest high-velocity, short duration flows due to internal waves 
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occur. This point is explored further in subsequent sections. 

The amount of variation of the embedment along the pipelines is summarised in Figure 

4.13 which shows the standard deviation of the embedment within a 500 m window. 

The embedment in Zone A shows the largest amount of variation, typically around 

0.15D, which – given the lack of embedment change after 2009 – represents the 

variability of the as-laid embedment through this section. The bathymetry is relatively 

rough through Zone A; depending on the sharpness of the undulation this could lead to 

local highs and lows of embedment over high and low points respectively. It is also 

consistent with the fact that fine-grained soils are present through this region; these 

would have undergone a variable degree of remoulding and water entrainment during 

pipe-lay resulting in a more variable as-laid embedment (see Westgate et al. (2010)). 

Through Zone B the amount of variation is low (~0.05D), consistent with relatively 

uniform hydrodynamic shaping through this section. Finally, through Zone C there is a 

local maxima for both pipelines at KP 21 which is associated with the large ripples in 

this area and (for PB) a second maxima centred on KP 24.  

4.4.4 Variations in local, mid and far-field embedment 

The embedment of a pipeline is often considered as the invert depth relative to a flat 

seabed; see Det Norske Veritas (2011) for instance. However, the seabed is often not 

flat in cross-profile, so the embedment can vary both with increasing distance from the 

pipeline centreline and between equidistant points either side of the pipeline (see Tom et 

al. (2015) and Leckie et al. (2015)). Figure 4.14 consists of some typical cross sections 

in deep water, along the outer shelf and through the sandwaves. The difference between 

local and mid-field embedment, and the differences between the embedment at 

equidistant points either side of the pipeline vary with KP (Figure 4.15). Survey 

convention is followed on Figure 4.15 with embedment defined by the port (northern) 

and starboard (southern) sides, travelling from low KP to high KP. 

Figure 4.14, Figure 4.15 (a) and Figure 4.15 (c) show that for both pipelines, though the 

region of maximum embedment change (KP 5 to 15), the embedment increase primarily 

occurs as an increase in local embedment. This is indicated on the figure as a positive 

local minus mid-field embedment value. This is consistent with embedment change by 

sedimentation. For both pipelines from KP 10 to 20 (the region of gradually reducing 

embedment), this difference is higher on the starboard side than it is on the port side, 

indicating a steeper slope on the starboard (southern) side. This is true in each of the 

surveys and is presumably caused by a flow asymmetry. Note that Figure 4.15 (a) and 
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Figure 4.15 (c) show significant local minus mid-field difference either side of KP 15, 

consistent with the fact that this area underwent significant post-lay increases in 

embedment (see discussion on the as-laid estimate in this area, Section 4.4.3). 

The differences in embedment between equidistant points either side of the pipe are 

considered in Figure 4.15 (b) and (d). In the vicinity of KP 10 to 15, the port side 

embedments are noticeably (up to ~0.2 - 0.3D) higher than those on the starboard side. 

Interestingly this is not true of the region KP 5 to KP 10, despite the fact that these two 

subregions are part of the same broader area which exhibits a similar amount of change 

due to sediment transport, reflected about an axis intersecting KP 10.  

4.5 EXPERIMENTS 

4.5.1 Motivation and setup 

To better understand the observed changes in embedment of the pipelines (outlined in 

Section 4.4) model scale experiments have been undertaken using the recirculating O-

tube flumes at the University of Western Australia. In each of these experiments, a 

model pipe was placed on a flat model seabed and subjected to near bed time-varying 

flow (see Figure 4.16 a). To account for scaling effects, two different model pipes were 

used in the experiments; a 36 mm diameter model pipe (representative of ~1:17.8 

geometric scale compared to the pipelines) and a 110 mm diameter model pipe 

(representative of ~1:5.8 geometric scale). The smaller diameter model pipe 

experiments were performed in the Small O-tube (SOT) facility (which is similar to the 

Mini O-tube facility described by Mohr et al. (2016)), and the large diameter model pipe 

experiments were performed in the Large O-tube (LOT) facility (described by An et al. 

(2013)).  

In all of the experiments, the initial pipeline embedment and model scale flow 

conditions were chosen to best represent the observed field conditions. The initial 

embedment was therefore set to 0.2 times the pipe diameter in all experiments, so as to 

represent the estimated pipeline as-laid embedment on the continental shelf (where the 

largest changes to embedment were observed). With respect to flow conditions, it was 

shown in Section 4.4 that the strongest observed near bed current events (i.e. those most 

capable of causing local sediment mobility and sedimentation) appeared to (i) have 

short duration (~1 minute), (ii) were directed both near-perpendicular (approaching 

from both sides of the pipeline) and near-parallel to the pipeline, and (iii) occurred 

repeatedly. To introduce these short duration currents in the laboratory it was decided to 



Chapter 4 

 98 

model sinusoidal flow velocities. This choice of velocity time series provided a 

convenient way to introduce numerous current ‘events’ occurring from both directions 

(as well as having some relevance to scour and sedimentation around pipelines in wave 

conditions). One experiment was also performed for an irregular velocity time series 

(see Figure 4.16 b) to investigate if regularity of the current events had any effect on the 

sedimentation and scour process. 

To select the magnitude and period of the model velocities, dimensional analysis was 

used to deduce that, in addition to the incident direction of the flow relative to the pipe 

𝛼𝛼, for a given pipeline embedment the key dimensionless parameters that can affect the 

sedimentation and scour process (i.e. both the rate of sedimentation and the final 

profile) include: 

𝐾𝐾𝐾𝐾 = 2
𝑈𝑈𝑚𝑚𝑠𝑠𝑚𝑚𝑇𝑇𝐷𝐷

𝐷𝐷
, 𝑅𝑅𝑒𝑒 =

𝑈𝑈𝑚𝑚𝑠𝑠𝑚𝑚𝐷𝐷
𝜈𝜈

,          𝜃𝜃 =
𝜏𝜏

𝑔𝑔(𝑠𝑠 − 1)𝑑𝑑50
 (4.1) 

where 𝑈𝑈𝑚𝑚𝑠𝑠𝑚𝑚 is the maximum current velocity, 𝑇𝑇𝐷𝐷 is the duration of a near bed current 

event (equal to one half of the period for a sinusoidal flow), 𝜈𝜈 is kinematic viscosity, 𝜏𝜏 

is the seabed sediment shear stress, 𝑠𝑠 represents the relative density of the sediment and 

𝑑𝑑50 is the median grain diameter of the sediment. In forming the dimensionless groups 

in (4.1) it has been assumed that the sediment erosion behaviour can be characterised by 

𝜃𝜃 alone (ignoring ‘cohesive’ effects), onset of scour via piping will not occur, no 

winnowing occurs and suspended motion of the sediment is not significant.  

Based on (4.1), Table 4.3 summarises the range in key non-dimensional parameters 

observed in the field (with the currents representative of the short duration events likely 

to cause local sedimentation). In comparison, Table 4.4 provides a list of the 

experiments that have been performed. It can be seen that the non-dimensional 

parameters covered in the experiments are in good agreement with those observed in the 

field, except for the Reynolds number (which we will later show appears to have 

minimal effect on the sedimentation process). A series of tests at higher shear stresses 

have been included to examine the sensitivity of the results higher shear stress flows. 

Figure 4.16 (c) compares the range in 𝐾𝐾𝐾𝐾 and shear stress for the field and laboratory 

conditions. 
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Table 4.3: Estimated values of the key dimensionless parameters observed in the 
field. 

D 
[m] 

el/D 
[-] 

𝝉𝝉𝒄𝒄𝒄𝒄 
[N/m2] 

Umax 
[m/s] 

TD 

[s] 
KC 
[-] 

Re 
[-] 

𝜽𝜽/𝜽𝜽𝒄𝒄𝒄𝒄 
[-] 

0.64 0.2-0.4 0.25-0.95 ~0.5-1.0 30-180 45-660 105-106 ~2-10 

 

Table 4.4: Experiments performed. 

Test D 
[m] 

α 
[deg] 

el,0/D 
[-] 

Umax(2) 
[m/s] 

TD 

[s] 
KC 
[-] 

Re 
[-] 

𝜽𝜽/𝜽𝜽𝒄𝒄𝒄𝒄 
[-] 

T 
[-] 

T* 
[-] 

SOT-1 0.036 90 0.2± 
0.05 

0.36 2.5 50 12,960 3.5 50 2.01 

SOT-2 0.40 4.5 100 14,400 3.5 70 2.81 

SOT-3 0.53 8.5 250 19,080 3.5 100 4.01 

SOT-4 0.64 14 500 23,040 3.5 150 6.02 

SOT-5 0.64 14(1) 500 23,040 3.5 150 6.02 

SOT-6 0.45 2 50 16,200 6 18 0.72 

SOT-7 0.51 3.5 100 18,360 6 26 1.04 

SOT-8 0.69 6.5 250 24,840 6 35 1.40 

SOT-9 0.82 11 500 29,520 6 55 2.21 

LOT-1 0.110 0.58 14 250 63,800 3.5 1500 1.31 

LOT-2 0.78 17.5 250 85,800 6 650 0.57 

LOT-3 0.06 0 0.62 ∞ ∞ 37,200 3.5 - - 

LOT-4 0.81 ∞ ∞ 48,600 6 - - 

Note (1): Irregular wave cycles; see Figure 4.16 b. (2) Velocity recorded at 0.17 m 
above the seabed in the SOT and 0.40 m above the seabed in the LOT.   

  

With respect to flow direction, the majority of the experiments were undertaken with 

flow velocities directed perpendicular to the pipeline (i.e. 𝛼𝛼 =90º). This was because 

preliminary testing revealed that this flow direction was most effective at causing local 

sedimentation (see also Section 4.5.3). Some preliminary experiments were also trialled 

at values of 𝛼𝛼 between 0º and 90º, however the resulting scour profiles were clearly 

influenced by the side walls of the flume and so these experiments were discarded. 

Two different uniform silica sand sediments were used. In the SOT experiments, 
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uniform silica sediment with median grain diameter 𝑑𝑑50= 0.54 mm and relative density 

s = 2.75 was used, and in the LOT experiments uniform silica sediment with 𝑑𝑑50 =0.19 

mm and s = 2.67 was used. Based on erosion testing, these sediments were found to 

have threshold shear stresses of 0.25 Pa and 0.16 Pa, respectively, which are similar 

values to those predicted by the modified Shields curve proposed by Soulsby (1997).  

Finally we note that the dimensionless shear stresses in Table 4.4 are calculated using 

the empirical expression for the wave friction factor according to Soulsby (1997). This 

friction factor is appropriate for the orbital excursions modelled in the experiments. The 

shear stresses in 4.3 are computed based on the assumption of a logarithmic velocity 

profile, noting that the field velocity measurements are referenced at 1 m above the 

seabed. 

The procedure in each of the experiments was as follows: 

1. Locally flatten the seabed. 

2. Push the pipe vertically into the seabed until the required local embedment is 

achieved. 

3. Lock the pipe in position, laterally and vertically. 

4. Introduce the flow conditions.  

5. Scan the seabed with a laser scanner every 13 seconds, and continuously record 

the scour and sedimentation process with a video camera.  

In the following subsections we explain the experimental results first, and then describe 

how these results compare with the field observations. 

4.5.2 Experimental results (𝜶𝜶 =90º) 

Piping and tunnel scour was not observed in any of the experiments with perpendicular 

flow velocities, owing to the large initial embedment and relatively low current 

velocities. Instead, local sediment mobility led to a gradual build-up of sediment (i.e. 

sedimentation) around the pipe. To describe this sedimentation process an example 

result is given in Figure 4.17 for SOT-9. It can be seen that the sediment builds up 

quickly adjacent to the pipeline, and seabed lowering occurs further from the pipe, until 

an equilibrium profile is eventually reached. Observations during the experiment 

indicated that the changes in the scour profile were due to the lee wake flow drawing 

sediment back towards the pipe; as indicated schematically in Figure 4.17 (a). As a 

result, the increase in the local embedment either side of the pipe occurred sequentially 

on the leeward side as the flow changed direction. 
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At a horizontal distance 1𝐷𝐷 from the centre of the pipe, the time variation in the local 

embedment shown in Figure 4.17 (b) is very similar in mathematical form to that 

observed for scour development (Sumer and Fredsøe (2002); Whitehouse (1998)) and 

can be reasonably well approximated by: 

𝑒𝑒𝑙𝑙(𝐹𝐹) − 𝑒𝑒𝑙𝑙,0
𝐷𝐷

=
𝑒𝑒𝑙𝑙,𝑒𝑒 − 𝑒𝑒𝑙𝑙,0

𝐷𝐷
�1 − exp �−

𝐹𝐹
𝑇𝑇
�� (4.2) 

where 𝑇𝑇 is the time scale of the scour or sedimentation process, 𝑒𝑒𝑙𝑙,0 is the initial (or as-

laid) embedment depth and 𝑒𝑒𝑙𝑙,𝑒𝑒 is the maximum (or equilibrium) local embedment 1𝐷𝐷 

from the centre of the pipeline. 

To compare the results observed across different flow conditions, Figure 4.18 presents 

the equilibrium profiles for all of the SOT experiments. It can be seen that the local 

embedment close to the pipe (i.e. within ±𝐷𝐷 from the centre of the pipe) is similar in all 

experiments, however further from the pipe there are some differences in the 

equilibrium profile with variations in 𝐾𝐾𝐾𝐾 number. For instance, the adjacent seabed 

lowering occurs closer to the pipe (in the mid-field region) for smaller 𝐾𝐾𝐾𝐾 and appears 

to be slightly deeper. Below a certain point the KC number will act to limit the extent of 

the lee wake, and so control the locations of sediment removal and deposition. In 

comparison to the changes observed with 𝐾𝐾𝐾𝐾 number, there is very little change in the 

equilibrium profile due to changes in the shear stress and Reynolds number.  

Figure 4.19 overlays the equilibrium profiles observed in the LOT and SOT 

experiments for the same 𝐾𝐾𝐾𝐾 number. It can be seen in this figure that there is generally 

good agreement at both geometric scales. Consequently, Figure 4.19 provides further 

justification that regardless of the absolute pipe diameter the 𝐾𝐾𝐾𝐾 number appears to be 

the key parameter that controls the shape of the equilibrium profile for a given flow 

direction and initial embedment.  

To investigate the influence of flow regularity, Figure 4.20 compares the equilibrium 

profiles observed in irregular and sinusoidal flow. The results suggest that the 

equilibrium profile is not sensitive to the regularity of the flow. We also remark that the 

scour profiles on either side of the pipe in Figure 4.18, Figure 4.19 and Figure 4.20 are 

qualitatively similar to that observed by Chiew (1990) on the leeward side of a model 

pipe in (clear water) steady current. In combination, the present experiments and those 

of Chiew (1990) imply that sedimentation on the leeward side of the pipe is not very 

sensitive to the profile upstream of the pipe.  
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To quantitatively investigate the rate of sedimentation observed in the experiments 

Equation 4.2 has been fitted to all of the experiments using 𝑒𝑒𝑙𝑙,0 =0.2𝐷𝐷 and the average 

observed value of 𝑒𝑒𝑙𝑙,𝑒𝑒 =0.65𝐷𝐷. The resulting time scales have then been normalised. To 

achieve this normalisation it has been assumed (based on the experimental observations) 

that:  

𝑇𝑇 ∝
𝐷𝐷2

𝑞𝑞𝑏𝑏
   (4.3) 

where 𝐷𝐷2 is proportional to the volume of sediment (per metre of pipeline length) built 

up either side of the pipeline, and 𝑞𝑞𝑏𝑏 describes the volumetric transport of sediment 

back towards the pipeline in the lee wake which is dependent on shear stress in the free-

field and the amplification factor applied to that shear stress in the lee wake. Introducing 

the dimensionless bedload transport rate:  

Φ𝑏𝑏 =
𝑞𝑞𝑏𝑏

(𝑔𝑔(𝑠𝑠 − 1)𝑑𝑑503 )1/2   (4.4) 

where 𝑠𝑠 is the relative density of the sediment and 𝑔𝑔 is acceleration due to gravity, 

Equation 4.3 can therefore be reduced to: 

𝑇𝑇∗ =
(𝑔𝑔(𝑠𝑠 − 1)𝑑𝑑503 )

1
2

𝐷𝐷2 𝑇𝑇 ∝
1
Φ𝑏𝑏

   (4.5) 

where 𝑇𝑇∗ represents a dimensionless time scale that varies only with the dimensionless 

transport rate in the lee wake. As a result, it therefore follows from (4.5) that the 

dimensionless time scale should depend only on the shear stress (i.e. 𝜃𝜃) and 

amplification factor, regardless of pipe diameter.  

Figure 4.21 presents the dimensionless time scale for each of the experiments in the 

SOT and LOT. Several conclusions can be made based on this figure. Firstly, it can be 

seen that as the shear stress increases the time scale of the scour process reduces. This is 

simply because the increase in Shields Parameter leads to more sediment transport back 

towards the pipe in the lee wake. Secondly, as the 𝐾𝐾𝐾𝐾 number increases the time scale 

of the process increases. This result is qualitatively similar to that observed for backfill 

of a pipe in a trench (Sumer et al., 2001), although here we note that the volume of 

sediment built up against the pipe is similar regardless of 𝐾𝐾𝐾𝐾 number in the present 

experiments. Finally it can be seen that the results in the SOT and LOT are consistent 

with each other, confirming that the dimensionless time scale is adequately normalised 
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for pipe diameter.  

For additional comparison, Figure 4.21 also presents the time scale for tunnel scour 

under pipes compiled by Fredsøe et al. (1992). It can be seen that the time scale for 

sedimentation is slower in all cases than tunnel scour. Although this is an intuitive 

result, Figure 4.21 provides a useful quantitative comparison of the time scale of these 

two separate processes (both of which can lead, eventually, to self-burial of a pipeline). 

4.5.3 Experimental results (𝜶𝜶 =0º) 

Two experiments (LOT-3 and LOT-4) were performed with the flow parallel to the 

pipe. In these experiments the pipe was placed along the entire length of the 17 m long 

LOT working section (see Figure 4.22 (a)) and subjected to two different flow 

conditions, as indicated in Table 4.2. In both experiments the total duration of the flows 

was 2 hours.  

During LOT-3 bed ripples became apparent (see Figure 4.22 (b)), however no evidence 

of local build up in sediment was observed adjacent to the pipe. During LOT-4 no 

ripples were formed, owing to the large seabed shear stress. Again no evidence of 

sediment build up was observed (see Figure 4.22 (c) and Figure 4.22 (d)). 

The results in experiments LOT-3 and LOT-4 therefore imply that parallel flows are not 

efficient at causing local sedimentation. This is presumably because secondary flows 

normal to the pipe are insufficient to generate significant bedload transport towards the 

pipe over the time scales for which the experiments were conducted.  

4.5.4 Comparison to observed field conditions 

The experiments undertaken in the O-tube flumes indicated several important 

conclusions: 

1. Perpendicular flows can lead to sedimentation, provided the initial embedment is 

sufficient to suppress tunnel scour. In comparison parallel flow conditions did 

not lead to local sedimentation over the time scales considered. 

2. Sedimentation leads to an equilibrium profile that is weakly dependent on the 

𝐾𝐾𝐾𝐾 number, but shows little or no dependence on Reynolds number or shear 

stress across the range of conditions considered. 

3. The dimensionless time scale of the scour process is dependent on both 𝐾𝐾𝐾𝐾 

number and shear stress, but is not dependent on Reynolds number (hence it is 

possible to scale up from the model scale tests to field scale using the empirical 
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curves in Figure 4.21).  

The first of these conclusions appears to explain the changes in embedment observed 

for the pipelines considered herein where they cross the outer continental shelf. 

Specifically, the most noticeable increases in local embedment were observed from 

KP 7 - KP 20 in the field, where relatively large near-perpendicular currents were 

observed. In comparison, for KP > 20 very few large near-perpendicular current events 

were observed, and this is likely to explain why limited sedimentation was observed in 

the field along these sections of pipeline. 

To investigate how the laboratory equilibrium sedimentation profiles compare with field 

measurements, Figure 4.23 and Figure 4.24 overlay the sedimentation profiles observed 

in the LOT with measured profiles at KP 10 and KP 15 respectively. The agreement 

between these profiles is extremely good. This result implies that the sedimentation 

profile observed in the field is likely to have been similar to that observed in the 

laboratory.  

In terms of the time scale of sedimentation, extrapolating the laboratory results in Figure 

4.21 to field conditions suggests that the time scale for sedimentation is expected to be 

𝑇𝑇∗~𝑂𝑂(0.1 - 0.3) in a 0.5 m/s current (for which 𝜃𝜃~𝑂𝑂(0.5)). Accounting for the pipeline 

diameter of 0.64 m, and taking d50 = 0.2 mm and 𝑠𝑠 = 1.7 to be representative of field 

conditions, this corresponds to 𝑇𝑇~𝑂𝑂(1 hour); i.e. 1 hour of 0.5 m/s currents is needed to 

achieve a significant amount of sedimentation. In comparison, the metocean field 

measurements discussed in Section 4.4 show that there is a total of ~0.5 hours/year of 

short duration currents at or above 0.5 m/s directed near-perpendicular to the pipeline in 

the region between KP 7.5 - 17.5 where sedimentation is most apparent (see Figure 4.6 

and Figure 4.12). Combining this observation with the time scale estimate of 1 hour 

therefore suggests that sedimentation may be expected to take 1 - 2 years to reach close 

to an equilibrium profile in the region KP 7.5 - 17.5. Interestingly, the cross-sections 

presented in Figure 4.14 suggest that an estimate of 1 - 2 years is not inconsistent with 

what is actually observed for the pipelines. For instance, in Figure 4.14 it is clear that 

sedimentation has started by the 2009 survey in Zone B, but is not yet fully complete 

(i.e. more sedimentation is clearly possible at KP 7.5 and KP 10 in particular). In 

contrast, several years later the 2013 profiles appear to be more representative of the 

equilibrium profiles observed in the experiments. These changes are also reflected in the 

longsections (Figure 4.12).  

Notwithstanding the good fit between the field profiles and O-tube results, the profiles 
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observed in the field display asymmetries in some areas, which are likely to represent 

asymmetry in the metocean conditions.  

During the bedfeature review it was noted that where ripples due to flows parallel to the 

pipe are visible, their crests do not refract close to the pipe. This supports the finding 

from LOT tests 3 and 4 that the presence of the pipe does not affect the flows 

significantly under parallel flow conditions. 

While beyond the scope of the current work, it would be valuable to numerically model 

the direct sedimentation processes. For instance, sedimentation behaviour at flow 

approach angles between 0 and 90 degrees could be examined without the wall 

interference effects described in Section 4.5.1. 

4.6 CONCLUDING DISCUSSION 

Three years of high quality survey data for three pipelines which run from the 

continental slope up on to the North West Shelf, offshore Australia has been reviewed. 

Interpretation of these results has informed a series of O-tube tests which explored the 

mechanism of sediment transport around the pipelines. 

The survey data shows that there is a clear variation in embedment change along the 

pipelines, consistent within three zones. Zone A consists of a section of relative 

inactivity at depth (consistent with the quiescent flows in that area), Zone B a region of 

change on the outer continental shelf with the amount of change peaking at around KP 

10 where strong near-perpendicular flows occur, and Zone C an area of relatively 

uniform minor change beyond KP 20 where near-parallel flows dominate. This pattern 

is repeated along both PA and PB, increasing confidence in the conclusions that have 

been drawn from these patterns.  

The pattern of embedment change observed within Zone B is of particular interest. Here 

the seabed profile in 2012 and 2013 is characterised by high local embedment against 

the pipeline, with embedment reducing down to its (expected) as-laid value further from 

the pipeline. These patterns are consistent with sedimentation occurring against the 

pipeline, and the expectation of this mechanism has been found to be consistent with 

that observed in a series of O-tube tests. Those tests highlighted the importance of 

pipeline orientation; with the sedimentation mechanism – which is driven by the return 

of sediment towards the pipe by the lee-wake – functioning for flows perpendicular to 

the pipeline but not for parallel flows. This finding is consistent with observations from 
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the field where the large increases in local embedment occurred through a region where 

strong near-perpendicular flows of short duration occur. Elsewhere strong flows were 

oriented near-parallel to the pipeline, and the embedment increases did not occur. 

Scour initiation by piping has not occurred along the majority of the pipeline, allowing 

the sedimentation mechanism to dominate. This is consistent with theory (see Sumer 

and Fredsøe (2002)) given the high as-laid embedment of ~0.2 - 0.3D. The result was 

confirmed during the O-tube tests, where a modelled as-laid embedment of ~0.2D was 

sufficient to prevent scour initiation. 

Marina fauna (most likely fish) appear to have opened up spans at several points along 

the pipeline. These spans are characterised by features inconsistent with pure 

hydrodynamic shaping including: deep holes with steep walls, sharp crested berms on 

the side of the holes, discrete mounding and excavation of sediment on one side of the 

pipeline, undulating longsections beneath the pipeline and secondary holes found within 

larger holes. This finding, together with the discovery by Mueller (2015) that similar 

holes are been dug adjacent to structures elsewhere on the North West Shelf, suggests 

that fish may be having a wider impact on offshore pipeline embedment and spanning 

than previously thought.  

It is interesting that particularly for the section from KP 4.5 to KP 20 significant scour 

does not appear to have occurred from the initiation points (holes) formed by marine 

fauna. This is despite the fact that the embedment far from the pipe remains low, 

preventing sheltering by far-field embedment. While further work is required on this 

point, the apparent lack of scour could be explained in the following manner. Inspection 

of video footage of several holes indicates that while the fish have removed sediment 

from the area immediately adjacent to the pipeline there is still build-up of sediment 

further out towards a distance of ~2D. As a result, significant sheltering of the pipeline 

is still provided, capable of suppressing scour. Due to the relative time scales of 

sedimentation and scour (see Figure 4.21) this explanation is dependent on the 

sedimentation occurring before the fish holes formed, a point supported by the spanning 

records of both PA and PB (Figure 4.9) which show almost a complete absence of 

spanning through Section B in 2009, while the local embedment (Figure 4.12) has 

already increased to ~0.4D by this time.  

In the shallower water beyond KP 20 some longer spans were observed. Some scour 

may have occurred through this section and strong near-perpendicular currents 

associated with a tropical cyclone may lead to an increase in spanning and some 
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associated lowering in the future. But for now comparison of the 2012 and 2013 surveys 

suggests that pipeline spanning and embedment appear to be relatively stable.  

The changes to embedment through Zone B, particularly where they peak in the vicinity 

of KP 10, are similar in magnitude to those observed along another NWS pipeline and 

discussed in Leckie et al. (2015). The spanning patterns differ considerably, with a 

much lower percentage of the pipelines currently under consideration in span than was 

noted for the other NWS pipeline, regardless of the time period being considered. For 

the other pipeline, Leckie et al. (2015) noted the potential influence of marine life, but 

the degree to which it was influencing the spanning of that line was less clear due to the 

regular and strong near-perpendicular tidal currents at that site. The presence of fish 

along that pipeline may help explain why a large percentage of that pipeline’s length 

remains in span in its mature state. 

When considering application of these findings to other pipelines it is noteworthy that 

the strength of metocean conditions for these pipelines – specifically near-perpendicular 

short duration high velocity currents – appears to be a better predictor of the degree of 

change in embedment than variation in soil conditions. The broad curve of embedment 

change that occurs between KP 5 increasing up to KP 10 before decreasing down again 

towards KP 20 does not reflect the relatively uniform soil conditions through this area. 

This highlights the importance of gathering detailed metocean data to assist in pipeline 

design and operation. It would be of interest to explore the extent to which an ‘internal 

surf zone’ (see Thorpe (1999)) exists on the NWS and the extent to which it influences 

pipeline embedment and spanning.  

The observed changes will have an important influence on each of the aspects of 

pipeline design mentioned in Section 4.2.1. In terms of on-bottom stability, while the 

mature profile for these pipelines is less streamlined than the profile of a pipeline that 

has lowered due to scour-induced sagging and sinking (see Sumer and Fredsøe (2002)), 

the pipeline still benefits from an increase in lateral and uplift resistance and a reduction 

in horizontal loading. Lift loading will generally decrease (but may increase slightly 

where the burial increase is very small (see Griffiths et al. (2012)). Post-lay pipeline 

insulation by soil and pipeline lateral resistance to buckling will both have increased 

through the areas subject to sedimentation, while they will have decreased through the 

short sections beyond KP 20 where embedment change was negligible but spanning 

increased. 

Building on previous field-data analysis summarised in Leckie et al. (2015), this work 
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has underlined the value of field data in understanding the changes in embedment and 

spanning that a pipeline on a mobile seabed can undergo. By incorporating laboratory 

work with field studies, sedimentation – an area that has previously reviewed little 

academic interest – has been shown to be of vital importance in understanding changes 

to post-lay pipeline embedment. This study has led to new relationships for predicting 

the rate of this sedimentation process. Future incorporation of this mechanism into 

pipeline stability analysis methods will lead to more efficient pipeline stabilisation 

measures. 
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FIGURES  

 

 

Figure 4.1: Location of the pipelines. 
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Figure 4.2: Water depth and soil property variation along the pipeline. Upper plot, 
water depth. Middle plot, left axis; median particle size by mass, d50, right axis; 
fines content defined as percentage mass of particles with a diameter of less than 
75 μm. Lower plot, left axis; bulk density, right axis; moisture content. 
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Figure 4.3: Definition of terms. 
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Figure 4.4: Roses of normalised seabed currents 1 m ASB. For each KP range two 
roses are shown; the full rose (left) and a rose which only shows the near-
perpendicular currents 22.5° either side of a line perpendicular to the pipelines 
(right). Direction is flow towards. 
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Figure 4.5: Variation of velocity ((a) & (b)) and shear stress ((c) and (d)) with KP. 
Plots (a) and (c) consider flows in all directions while plots (b) and (d) show near-
perpendicular flows. The 50th, 99th, 99.9943th (= 30 min/year), and 99.9971th (= 15 
min/year) percentile flows are shown along with the highest 1 min mean velocity 
recording at each station. Plots (a) and (b) show velocity recordings along with the 
estimated threshold velocity. Plots (c) and (d) show bed shear stress and use a best-
estimate zonation of the critical shear stress and the bed roughness, based on soil 
samples and observations of bed features along the route.  
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Figure 4.6: Annual occurrence current velocity charts for the region KP 7.81 - 
11.96 (a) and KP 24.3 - 26 (b). The pipeline orientation is shown by the vertical 
black lines. 
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Figure 4.7: Examples of bedfeature development along the pipelines showing; (a) 
hill shade view of large ripples superimposed on sandwaves near KP 21, (b) well 
developed small ripples with crests predominately perpendicular to the pipeline at 
KP 10, (c) partially developed ripples with crests parallel to the pipeline in 360 m 
of water at KP 4, (d) as-laid footage showing a smooth seabed in 760 m of water at 
KP 1. 



Chapter 4 

 116 

 

 

Figure 4.8: Development of spanning along PA (left) and PB (right) over their full 
length. Statistics are shown for the number of spans per kilometre and the 
percentage of pipeline in span ((a) & (b)), the span lengths ((c) & (d)) and the 
distance between span centres ((e) & (f)). 
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Figure 4.9: Spanning variation along the pipeline for PA (first column), PB (second 
column) and PC (third column) in 2009 (first row), 2012 (second row) and 2013 
(third row). The locations of images shown in Figure 4.10 are indicated. 



Chapter 4 

 118 

 

Figure 4.10: ROV images of spans formed by fish along PA (a) - (c), PB (d) - (f) 
and PC (g) & (h). Image locations shown on Figure 4.9. The images show; (a) a ray 
in a hole beneath a field joint and discrete sediment mounding adjacent to the pipe, 
(b) plumes of sediment parting to the port and starboard side as fish are agitated 
by the passage of the ROV, (c) a bowl shape depression with a sharp crest on the 
starboard side, (d) a small hole beneath a field joint 6 months after lay, (e) steep 
sided walls and ((e) and (f)) uneven hole depth along the pipeline, (g) fish holes 
beneath and adjacent to the line in deep water, and (h) a steep sided deep hole 
showing two sub-holes, and a mound of sediment to the side.  
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Figure 4.11: Images of various species (family Epinephelidae) along PA at (a) 
KP 5.845, (b) KP 5.858, (c) KP 20.172 and (d) greater amberjacks (Seriola 
dumerili) feeding adjacent to PC at KP 20.187. 
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Figure 4.12: Embedment (smoothed over a length of 500 m) along PA and PB; (a) 
water depth and cross section locations, (b) PA as-laid far-field embedment, (c) PA 
mid-field, (d) PA local-field, (e) PB as-laid far-field embedment, (f) PB mid-field 
and (g) PB local-field. 
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Figure 4.13: Standard deviation of embedment within a 500 m window for PA; (a) 
water depth and cross section locations, (b) far-field, (c) mid-field, (d) local-field 
and for PB (e) far-field, (f) mid-field, and (g) local-field. 
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Figure 4.14: Typical cross sections within the three pipeline zones. Particularly 
where embedments are low (<~0.6D) the area within ~0.75D of the pipeline centre 
is subject to pipeline shadowing effects, points within this zone do not represent the 
seabed surface. Cross sections are uncorrected for cross-slope effects. 
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Figure 4.15: Differences between the local and mid-field embedment (a) and (c) 
and differences between the port and starboard embedments (b) and (d) for PA 
((a)&(b)) and PB ((c)&(d)). Differences are calculated within a 500 m window. 
  



Chapter 4 

 124 

 

Figure 4.16: (a) Experimental setup. (b) Regular and irregular velocity time series. 
(c) Comparison of experimental (markers) and observed (shaded rectangle) key 
non-dimensional parameters. 
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Figure 4.17: (a) Development of profile in time for SOT-9. Dashed lines with 
arrows indicate mean flow driving sedimentation when flow is directed left to 
right. (b) Variation in embedment as a function of time for SOT-9. Solid line is fit 
according to Equation 4.2. 
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Figure 4.18: Comparison of profiles close to equilibrium. (a) θ/θcr = 3 for KC 500 
(solid), KC 250 (dashed), KC 100 (dotted), KC 50 (dash-dot) (b) θ/θcr = 6 for KC 
500 (solid), KC 250 (dashed), KC 100 (dotted), KC 50 (dash-dot). Horizontal 
dashed (red) line indicates initial seabed. 
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Figure 4.19: Comparison of profiles observed in SOT results (dashed line) with 
LOT results (solid line). (a) θ/θcr= 3, KC = 250. (b) θ/θcr= 6, KC = 250. Horizontal 
dashed (red) line indicates initial seabed. 
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Figure 4.20: Comparison of profile formed in sinusoidal (solid line; SOT-4) and 
irregular velocity (dashed line; SOT-5). Horizontal dashed (red) line indicates 
initial seabed. 
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Figure 4.21: Time scale as a function of shear stress. Grey line and symbols are 
results for tunnel scour compiled by Fredsøe et al. (1992). Black lines and symbols 
represent sedimentation results from present experiments. 
 

  

10-2 10-1 100 10110-1

100

101

θ [-]

T*
 [-

]

D

el (t)

Flow
KC = 500

250
100

50

KC τ/τcrD
36 mm 50 3.5, 6
36 mm 100 3.5, 6
36 mm 250 3.5, 6
36 mm 500 3.5, 6

110 mm 250 3.5, 6Tunnel 
Scour



Chapter 4 

 130 

 

Figure 4.22: (a) Preparation for LOT-3 and LOT-4. (b) Photograph of profile after 
LOT-3. (c) Photo of profile after LOT-4. (d) laser-scan cross-section after LOT-4. 
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Figure 4.23: Overlay of field data at KP 10 with equilibrium profile (solid line) 
observed in (a) LOT-1; θ/θcr=3.5; KC=250, and (b) LOT-2; θ/θcr=6; KC=250. 
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Figure 4.24: Overlay of field data at KP 15 with equilibrium profile (solid line) 
observed in (a) LOT-1; θ/θcr=3.5; KC=250, and (b) LOT-2; θ/θcr=6; KC=250. 
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CHAPTER 5.  DRAINED BREAKOUT RESISTANCE OF A 
PIPELINE ON A MOBILE SEABED 

Chapter context: This is the first of three chapters which examine the implications that 

the changes in embedment described in Chapters 3 and 4 have on pipeline behaviour. 

The paper presented in this chapter uses time-dependent pipeline embedment data from 

the pipeline discussed in Chapter 3, and examines the change in lateral soil resistance 

that occurs as the pipeline embedment changes. This resistance change is important for 

thermal expansion management and on-bottom stability design. The embedment 

changes along this pipeline, along with the implications of those changes for on-bottom 

stability design are examined in more detail in Chapter 6.  

 

This chapter has been published as: 

Tom, J.G., Leckie, S.H.F., White, D.J. and Draper, S., 2015. Drained breakout 

resistance of a pipeline on a mobile seabed, OMAE2015-41206, International 

Conference on Ocean, Offshore and Arctic Engineering, St. John’s, Newfoundland, 

Canada. 
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5.1 ABSTRACT 

This paper describes a numerical study investigating the effect of sediment transport and 

associated changes in the local seabed profile on the drained breakout resistance of 

subsea pipelines. Limit analyses were conducted assessing the breakout response of a 

pipeline placed on a cohesionless Mohr-Coulomb material considering different seabed 

profiles around the pipeline. These profiles were determined from surveys of a pipeline 

on an erodible seabed. The parametric study shows the relative importance of various 

parameters describing the seabed profile geometry, including the local pipe embedment 

and the adjacent slope of the seabed. Significant changes in drained resistance occur due 

to changes in local pipeline embedment resulting from scour induced pipeline lowering 

and/or sedimentation. The seabed slope local to the pipeline also has a strong impact. 

The assumption of a flat seabed can lead to predicted seabed resistance that differs 

significantly from the actual value, accounting for a more natural seabed profile.  

5.2 INTRODUCTION 

Seabed pipelines are used to transport materials or provide communication connections 

between locations for the offshore oil and gas industry, among others. These pipelines 

are often laid on mobile seabeds, such as sandy soils in relatively shallow waters 

ranging from the coastline out to the continental margin. In these waters the surficial 

materials may be actively mobile for some portion of the design life and placement of 

an obstruction to the natural flow, such as a pipeline, will affect the sediment transport 

regime. Sedimentation and pipeline scour may occur, resulting in changes to the local 

seabed profile along the length of the pipeline and over the design life of the pipeline. 

This phenomenon has been recognised for some time within the pipeline industry (e.g. 

Palmer (1996), Bruschi et al. (1997)). The mechanisms of pipeline scour, for instance 

the onset of scour below pipelines, are reasonably well understood and a review is 

provided by Sumer and Fredsøe (2002).  

Recently, Leckie et al. (2015) reviewed a series of in-service surveys of a pipeline on 

the North West Shelf of Australia and described in detail the changes in pipeline 

embedment/spanning as a result of sediment mobility around the pipeline. That work 

illustrates that changes in pipeline embedment can occur rapidly (on the order of 

months) along the entire length of pipeline. Importantly, the results of that review 

confirm that significant changes occur in both local pipeline embedment (ranging from 
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zero to almost one pipeline diameter) and the seabed profile around the pipeline, over 

the life of the pipeline. These variations are illustrated on Figure 5.1 and Figure 5.2, and 

form the major motivation for this current work. Throughout this work, ‘local’ 

embedment (eL) refers to the elevation of soil in contact with the pipeline as compared 

to ‘far-field’ embedment (eF), which would be defined as the ambient seabed elevation 

away from influence of the pipeline. ‘Mid-field’ embedment (eM) refers to some 

intermediate seabed elevation as defined in the next section. 

Although significant advances have been made recently in understanding pipeline scour 

and burial mechanics, how these phenomena affect the resistance to pipeline movement 

provided by the seabed has not yet been fully quantified. Proper understanding of the 

resulting changes to pipeline breakout resistance plays a key role in design of pipelines 

for on-bottom stability and thermal expansion-induced buckling management.  

For on-bottom stability, Det Norske Veritas (2011) recommends the use of a slightly 

modified version of the force-displacement model presented by Verley and Sotberg 

(1994). Those authors developed a relationship for breakout resistance based on a 

database of model pipeline breakout tests. These tests were conducted for pipelines 

covering a range of normalised far-field embedments, eF/D, ranging from 0.01 to 0.35, 

where eF (+ve down) is the pipeline embedment relative to the ambient seabed level and 

D is pipeline outer diameter (see Figure 5.3). However, a shortcoming of these tests is 

that they only report the far-field (not local) embedments and the range of embedment is 

limited in comparison to that expected for pipelines that experience scour and 

sedimentation. For instance, it is evident from the field data presented in Leckie et al. 

(2015) that eL/D can approach 1 for a real pipeline on a mobile seabed, while Verley & 

Sotberg considered only embedments less than 0.35, and did not consider the effect of 

seabed slope. Zhang et al. (2002) presented a kinematic hardening plasticity 

macroelement model of drained pipeline breakout resistance. However, their 

experimental investigations in carbonate sands did not consider seabed profiles resulting 

from sediment transport, such as large ranges of local embedment and seabed slope.  

In summary, there has been limited investigation into seabed resistance for pipelines 

that have experienced sediment transport. One exception is the study by Bransby et al. 

(2014) who presented numerical analyses to demonstrate that the seabed profile can 

have a significant effect on the soil resistance. That investigation was conducted for 
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undrained soil conditions and the present work considers drained seabed resistance. In 

this paper we also focus on seabed profiles informed directly from field observations. 

Based on the foregoing, this paper has two primary aims: (i) to estimate the effect of 

changes in seabed profile (due to sediment mobility) on the pipeline breakout resistance 

and (ii) to determine the relative influence of the parameters defining the local seabed 

profile geometry on the breakout resistance. These aims are investigated utilising 

profiles from field data of an operating pipeline. 

5.3 SEABED PROFILES AROUND PIPELINES 

The seabed profiles adopted for analysis in this paper are based on field data presented 

by (Leckie et al., 2015), which span an 8 year period for a pipeline off the coast of 

Australia. This paper focuses on the parts of the pipeline that remain in contact with the 

seabed. The sections of pipeline in free-spans are not discussed herein. 

For the current work, representative pipeline/seabed cross-sections were established 

based on remotely operated vehicle (ROV) video and side-scan sonar surveys. The 

seabed profile around the pipeline was essentially flat beyond a distance of about 3 

diameters from the pipe centreline. Adjacent to the pipe, there was sometimes local 

embedment and a sloping seabed extending from the pipe to ~3 diameters away. The 

local embedment was, however, not always the same on both sides of the pipeline. 

Based on review of the pipeline survey data, representative seabed profiles have been 

analysed. These profiles are described using 3 parameters (or 6 if both sides of the 

pipeline are considered independently), defined as per Figure 5.3:  

i. eL: The local pipeline embedment, i.e. the elevation of soil adjacent to the 

pipeline relative to the pipe invert (eL,P, eL,S); 

ii. S: The seabed slope between the soil level adjacent to the pipeline and the 

mid-field embedment (eM,P, eM,S) at some distance (W) from the pipeline 

centreline; 

iii. W: Influence zone width, i.e. distance from pipe centreline to the mid-field 

embedment point, beyond which the seabed is relatively flat: this is taken to 

be 3 pipeline diameters in this work but may be different for other pipelines, 

seabed conditions or metocean environments. 
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The definitions of these parameters are described schematically on Figure 5.3 with an 

example seabed profile from the surveys plotted in black behind. These parameters 

provide reasonable linear approximations of the real profiles. Further details on the 

development of these profiles are provided in Leckie et al. (2015). 

To determine a realistic range of local embedment and seabed slope, two 200 m sections 

of pipeline have been analysed, denoted as Section 1 and Section 2 in the remainder of 

this paper. These two sections illustrate the two primary pipeline lowering mechanisms 

identified for this pipeline as described in Leckie et al. (2015): (i) lowering by sinking in 

Section 1 and, (ii) lowering by sagging in Section 2. The seabed soils along both 

sections of the pipeline are relatively uniform, comprising carbonate silty sand to 

carbonate sandy silt. For Section 1 the soil is relatively siltier (d50 ~ 0.06 mm) and for 

Section 2 relatively coarser (d50 ~ 0.12 mm).  

For each of the pipeline sections, values of local pipeline embedment 𝑒𝑒𝐿𝐿 and seabed 

slope 𝑆𝑆 have been recorded at each meter along the pipeline (for the sections of pipeline 

not in free span). These values have been collected for two survey years, 2002 and 

2006, which were 6 months and 4 years after pipe lay, respectively.  

The embedment and slope data is plotted on Figure 5.4 and Figure 5.5 for both the port 

(offshore side) and starboard (onshore side) sides of the pipeline. Figure 5.4 shows the 

data for pipeline Section 1, and Figure 5.5 shows the data for pipeline Section 2. In 

2002 both pipeline sections have similar seabed profiles, with some local sedimentation 

around the pipeline. However, Section 2 has relatively higher local and mid-field 

embedment (represented by the embedment at three diameters) than Section 1. Further 

detailed discussion of the seabed profiles is provided in Leckie et al. (2016a) [Chapter 6 

of this thesis]. 

On each figure, a linear least-squares fit to the data is shown. P10, P50 and P90 values of 

local embedment are plotted with corresponding values of seabed slope based on the 

linear fit to the data. Additionally, a point corresponding to the independent medians of 

the local embedment and seabed slope of each data set is plotted, which may be viewed 

as an approximate representation of the ‘average’ condition of the pipeline over each 

200 m length. Based on this, Section 1 experienced a much larger increase in the local 

embedment from 2002 to 2006, as compared to Section 2.  
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From the data set presented on Figures 5.4 and 5.5, representative cross-sectional 

profiles have been derived to represent the range of conditions for each section and 

year. For each section and year, the local embedment values below which the 10th (P10), 

50th (P50), and 90th (P90) percentiles of the data fall have been calculated. For each of 

these local embedment values the corresponding seabed slope has been calculated based 

on the least-squares fit to the data having the same local embedment. The derived 

geometric parameter values are tabulated in Table 5.1 (port side) and Table 5.2 

(starboard side). 

The resulting seabed cross-sectional profiles corresponding to these parameters are 

illustrated on Figure 5.6 (pipeline Section 1) and Figure 5.7 (pipeline Section 2). 

Inspection of the individual pipeline sections profiles between 2002 and 2006 also 

suggests some differences in scour and pipeline lowering behaviour between the 

sections. Significant increases in local embedment, seabed slope and the volume of soil 

around the pipeline occur for pipeline Section 1, and the pipeline appears to have 

undergone significant general lowering between 2002 and 2006. On the other hand, 

relatively minimal changes in these profiles are apparent for Section 2, although the 

local embedment does marginally increase. The difference in behaviour between the 

two sections can be linked to differences in the mechanism of pipeline lowering.  
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Table 5.1: Specific local embedment values and associated best-fit slope values – 
port side. 

Pipe 
sect. 

Year P10 
eL,P/D 
[m] 

SP* 
 
[°] 

P50  
eL,P/D 
[m] 

SP* 
 
[°] 

P90 
eL,P/D 
[m] 

SP* 
 
[°] 

1 
2002 0.23 -4.5 0.48 -12.4 0.62 -17.0 

2006 0.20 11.4 0.59 -1.1 0.73 -5.7 

2 
2002 0.28 2.6 0.60 -8.3 0.71 -12.0 

2006 0.43 -0.7 0.66 -11.1 0.76 -16.0 

*Best fit value (Fig. 4, Fig. 5) for specified eL,P (m) 

Table 5.2: Specific local embedment values and associated best-fit slope values – 
starboard side. 

Pipe 
sect. 

Year P10 
eL,P/D 
[m] 

SP* 
 
[°] 

P50  
eL,P/D 
[m] 

SP* 
 
[°] 

P90 
eL,P/D 
[m] 

SP* 
 
[°] 

1 
2002 0.21 1.1 0.42 -5.4 0.54 -9.2 

2006 0.24 16.3 0.73 3.8 0.87 0.2 

2 
2002 0.30 4.3 0.60 -5.4 0.71 -9.0 

2006 0.49 1.25 0.63 -2.9 0.75 -6.4 

*Best fit value (Fig. 4, Fig. 5) for specified eL,S (m) 

 

Section 1 has more closely spaced scour initiation points, and this leads to more 

significant and spatially consistent sinking of the pipeline. Section 2, on the other hand, 

has more widely spaced initiation points, which results in the formation of longer spans, 

leading to intermittent pipeline sagging and subsequent burial. This mechanism is 

believed to cause less consistent lowering with a reduced final embedment. This above 

interpretation is consistent with Leckie et al. (2015), who suggest these differences may 

result from soil property variations between the sections. 

In addition to relative changes in local embedment between pipeline sections and over 

time, both pipeline sections generally have more soil volume and mid-field embedment 

on the starboard side than the port side in 2006. The effect of this feature on the 

available soil resistance is shown in the results presented later in this paper.  
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5.4 METHODOLOGY 

The analyses were performed using OptumG2, a commercially-available finite element 

and finite element limit analysis software (OptumCE 2014). Failure envelopes were 

calculated as the mean of the upper and lower-bound results from finite element limit 

analysis assuming associated flow. OptumG2 incorporates adaptive remeshing (see 

Lyamin et al. (2004) and Lyamin et al. (2005)), which automatically optimises the size, 

position and orientation of mesh elements used in each analysis scenario.  

The analyses used the parameters given in Table 5.3 for a drained Mohr-Coloumb soil. 

The pipe was modelled in the first (mesh adaptation) iteration of each analysis as a 

polygon with a minimum side length of 0.1 m. The adaptive remeshing procedure 

locally densifies the mesh size in areas where more intense energy dissipation occurred 

in previous mesh calculation steps. As a result, the areas along the pipeline perimeter 

where the shearing occurs become modelled as a polygon with progressively smaller 

side lengths inscribing a circle of 1 m diameter. In all cases, pipe rotation is prevented. 

The soil domain was modelled a distance of 5 diameters on either side of the pipe 

centreline and 1.5 diameters below the pipeline invert, which was sufficiently remote to 

prevent interaction with the failure mechanism. 15,000 elements with 4 remeshing 

iterations on each loading step were adopted, which was sufficient in most cases to 

achieve a targeted relative discrepancy between the upper and lower bounds of 2 %.  

Table 5.3: Parameters adopted for OptumG2 analyses. 

Parameter Symbol Value 

Pipeline outer diameter D 1 m 

Soil friction angle ϕ′ 30° 

Interface friction angle δ 30° 

Soil effective unit weight γ′ 10 kN/m3 

Interface tension - none 

Young’s modulus E 1000 MPa 

Poisson’s ratio ν 0.3 

 

The typical analysis setup used in OptumG2 is shown for two example cases on Figure 

5.8, which also show converged meshes resulting from the adaptive meshing method 

with failure mechanisms for two scenarios with a combined V:H loading vector as 

explained in this next section. 
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For all analyses a small initial vertical dead load was applied to the pipeline (2 kN per 

unit length) and the pipeline was then loaded at various ratios of horizontal and vertical 

load to failure (corresponding to small pipeline displacements). For each profile 

analysed, 28 load vector combinations were used to calculate the failure envelope.  

The soil properties adopted for these analyses only consider spatially 

uniform/homogenous soil properties, which are also invariant with time and have the 

same properties as the in situ seabed. For example, ‘winnowing’ of the soil during 

erosion and deposition, i.e. the removal of fines from the soil matrix, that can be 

observed in model testing and field observations is not considered. 

5.5 RESULTS 

The analyses described are presented in this section as combined horizontal-vertical   

(H-V) load failure envelopes calculated for each representative seabed profile. Collapse 

load combinations are presented in terms of normalised vertical and horizontal loads, 

which are defined as: 

𝑉𝑉� =
𝑉𝑉

𝛾𝛾′𝐷𝐷2 (5.1) 

𝐻𝐻� =
𝐻𝐻

𝛾𝛾′𝐷𝐷2 (5.2) 

where 𝑉𝑉 is the vertical force per unit length of pipe, 𝐻𝐻 is the horizontal force per unit 

length of pipe, 𝛾𝛾′ is the soil effective unit weight and 𝐷𝐷 is the outer diameter of the 

pipeline. 

Calculated failure envelopes are presented on Figure 5.9, for pipeline Section 1, and 

Figure 5.10, for pipeline Section 2. Also plotted on each figure are ‘close up’ views of 

the envelopes for normalised vertical loads which are of particular interest in practice 

(i.e. normalised vertical loads less than 3). On Figure 5.8 horizontal loading to the right 

(starboard) is positive. On each ‘close up’ figure (with 𝑉𝑉�  < 3) a hypothetical load path is 

drawn for a pipeline with an on-bottom weight corresponding to 𝑉𝑉�  = 1.5 and a positive 

horizontal loading trajectory, V:H, of -1:1. This diagonal load path represents a 

condition with equal hydrodynamic lift and drag. 

Results for Section 1 presented on Figure 5.9 show significant increases in overall 

resistance to pipeline movement in 2006, relative to 2002. In particular, for the P50 and 
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P90 local embedment profiles the horizontal resistance is almost doubled for 𝑉𝑉�  < 3. The 

local embedment increases much less for the P10 case than the other cases; however, in 

2006 the pipeline is situated within a scoured trench. Therefore, although the relative 

increase in horizontal breakout resistance between the surveys is less significant than 

the P50 or P90 embedment profiles, some increase is still expected for vertical loads of 

practical interest.  

In contrast to Section 1, the failure envelopes for Section 2 show much lower increases 

in resistance over time (Figure 5.10), with no significant change between 2002 and 

2006. As discussed previously, this section of pipeline saw a smaller overall increase in 

embedment because the mechanism of pipeline lowering was more representative of 

sagging than sinking.  

In both sections, some asymmetry or rotation of the failure envelopes to the starboard 

(positive H) direction is evident, particularly for the 2006 envelopes. The rotation 

results from greater embedment on the starboard side of the pipeline.  

5.5.1 Effect of changing seabed profile on breakout resistance 

To further explore the changes in breakout resistance, this section assesses the 

horizontal breakout resistance for each seabed profile for an assumed (but realistic) 

loading path. For this study, the breakout resistance for each envelope is calculated for 

pipelines with an on-bottom weight of, 𝑉𝑉� , of 1.5 undergoing a combined loading at a 

constant ratio of vertical uplift to horizontal load of -1:1. This path is illustrated on 

Figure 5.9 and Figure 5.10. For reference the initial normalised vertical load (1.5) might 

be appropriate, for instance, for a pipeline with about 50 % of its length in free spans 

(assuming the weight of the spanning portions is shed to the portion in contact with the 

seabed), a pipeline SG of 1.6 and an effective soil unit weight of 6.5 kN/m3. 

The corresponding breakout resistance is calculated as the point where the loading 

vector intersects the failure envelope. The horizontal breakout resistance (𝐻𝐻�𝑏𝑏𝑏𝑏𝑏𝑏) is 

normalised by the corresponding vertical load at failure (i.e. 𝐻𝐻�𝑏𝑏𝑏𝑏𝑏𝑏/𝑉𝑉�𝑏𝑏𝑏𝑏𝑏𝑏). For simplicity 

only loading in the positive horizontal (starboard) direction has been considered for this 

example. The resulting normalised breakout resistances are plotted versus local pipeline 

(starboard) embedment on Figure 5.11.  

Figure 5.11 shows the Section 1 breakout resistance increases significantly for all local 

embedment percentiles considered. For the P50 and P90 embedment levels, the 
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previously-described increases in local and mid-field embedment lead to commensurate 

increases in normalised breakout resistance (by multiples of 2.6 and 3.1, respectively). 

Interestingly, the resistance for the P10 local embedment profile increases by a multiple 

of 1.6, even though local embedment increases only marginally. Inspection of Figure 

5.7 (b) suggests this increase arises from the increased seabed slope in 2006 compared 

to 2002; i.e. the pipe sits within a scoured trench instead of a flat seabed with a similar 

local embedment.  

For comparison, a simple method of estimating the horizontal force for a pipeline 

moving up a sloping seabed is: 

𝐻𝐻
𝑉𝑉

= tan (𝜙𝜙′ + 𝜃𝜃) (5.3) 

where 𝜙𝜙′is the friction angle of the soil and θ is the slope angle (defined in the same 

way as SP and SS). Following Equation 5.3 and considering the slope angle for the P10 

profile for Section 1 in 2006, the calculated ratio between the sloping seabed and a flat 

seabed is 1.7, which is similar to the calculated estimate of 1.6. This result illustrates the 

effect that changes in the seabed profile can have on breakout resistance even if the 

local embedment of the pipeline is nominally unchanged. 

For Section 2, after the 4 year period, only the embedment and breakout resistance of 

the P10 profile increases substantially. No significant changes in either embedment or 

breakout resistance were calculated for the P50 and P90 profiles. However, the average 

resistance for the section does increase due to reduced range of breakout resistance (i.e. 

P10 increasing). 

 

5.5.2 Effect of local embedment and seabed slope 

In the foregoing discussions both the local embedment and seabed slope affect the 

calculated resistance. However, a primary focus is often given to local embedment when 

assessing pipe-seabed resistance. To investigate the relative contributions of embedment 

and seabed slope, a systematic study is presented in this section. 

The adopted profile parameters cover the range analysed for the surveyed pipeline. 

These parameters are outlined in Table 5.4, and the resulting profiles are illustrated on 

Figure 5.12 for symmetric seabed profiles (i.e. port = starboard profile). 
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Assuming, as before, a pipeline with an on-bottom weight of 1.5 and a constant uplift 

load vector, V:H = -1:1, the normalised horizontal breakout resistance has been 

calculated for each of the profiles. These calculated breakout resistances, normalised by 

the horizontal resistance for a flat seabed slope with the same local embedment, are 

presented on Figure 5.13 as a function of seabed slope and on Figure 5.14 in terms of 

the normalised breakout resistance (or ‘friction factor’) as a function of local 

embedment with a flat seabed.  

Table 5.4: Adopted parameters for seabed slope study. 

Local embedment, 
eL,P = eL,S, [m] 

Seabed slope, SP = SS [°] 

0.25 0 10 20 

0.5 -20 0 20 

0.75 -20 -10 0 

 

The results on Figure 5.13 show a virtually linear trend of increasing resistance ratio 

with increasing slope. This is consistent with the increased soil volume beside the 

pipeline (for a given local embedment) leading to increasing breakout resistance. For 

positive slope angles, the calculated ratios are consistently lower than the trend 

suggested by Equation 5.3. This relatively lower resistance is partially caused by the 

local pipeline embedment, which provides additional passive resistance not considered 

by Equation 5.3. As embedment reduces the ratio would converge towards the limiting 

solution provided by Equation 5.3. Since loading direction also affects resistance in 

combined H-V loading, some deviations from Equation 5.3, which assumes purely 

horizontal loading, remain. 

Figure 5.14 illustrates the individual effect of local embedment by comparing the 

normalised breakout resistance with a flat seabed for various local embedments. These 

analyses show that an increase in local embedment from 0.25 to 0.5D increases the 

normalised resistance by a factor 2. Furthermore, increasing the local embedment from 

0.25 to 0.75D increases the resistance by nearly a factor of 4.  

In summary, these parametric studies reveal some important conclusions regarding the 

breakout resistance of pipelines subject to sediment transport. First, modelling a flat 

seabed corresponding to the measured local embedment may lead to 50 % under and 

overestimations of the resistance compared to more realistic sloping profiles, for 
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pipelines with a range of local embedment. Secondly, the effect of seabed slope shows 

similar trends to that predicted by Equation 5.3 but this comparison is not exact due to 

other factors, such as local pipeline embedment and loading direction. Finally, the local 

embedment is shown to have an even stronger effect on the resistance than the seabed 

slope, increasing the resistance by up to factor of 4 in these analyses compared to 

factors of up to 1.5 for seabed slope. Nevertheless, both local embedment and seabed 

slope are shown to be significant and improved predictions of breakout resistance can 

be made if both are accurately assessed. 

5.6 CONCLUSIONS 

A series of finite element limit analyses have been conducted investigating the effect on 

the drained breakout resistance of changes in seabed profile around pipelines. The 

seabed profiles analysed represent simplifications based on the results of ROV surveys 

of an operating pipeline offshore Australia. The evolving geometries for two different 

200 m long sections of the pipeline have been modelled considering changes occurring 

over a period of 4 operational years. 

The results demonstrate the significant effect that these changes have on pipe breakout 

resistance. Several key conclusions can be made based on these analyses and 

observations: 

1. Significant increases in estimated local breakout resistance (more than a multiple 

of two) occurred as pipeline scour and subsequent pipeline lowering occurred 

over the four years of observation. 

2. The particular mechanism of pipeline lowering appears to strongly affect the 

level of resistance increase: 

a. Pipeline Section 1 comprised finer sediments and scour initiated at 

relatively even and closely spaced locations, resulting in more even 

‘sinking’ of the pipeline. This led to larger changes in seabed profiles 

and larger increases in breakout resistance between surveys compared to 

Section 2. 

b. Pipeline Section 2 comprised coarser materials. Scour initiation locations 

in this section occurred more intermittently and at wider spacings. This 

behaviour caused larger spans and pipeline ‘sagging’, leading to more 
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uneven lowering. The overall magnitude of embedment and resistance 

increase between surveys was relatively less than Section 1. 

3. Portions of pipeline lowered into a scoured trench, but without increased local 

embedment, show increased breakout resistance compared to pipelines 

embedded to the same local embedment with a flat seabed. Conversely, 

pipelines with significant local embedment but lower mid field embedment (e.g. 

deposition berms) have significantly lower resistance than a similar embedded 

pipeline with a flat seabed. This implies that: 

a. Assuming a flat seabed around an embedded pipeline may lead to 

significant error in resistance estimates compared to more realistic 

sloping seabed profiles.  

b. Standard methods for estimating breakout resistance assuming a flat 

seabed should be used with caution if sediment transport around the 

pipeline is likely to occur. 

4. Using Equation 5.3 to estimate the effect of seabed slope (for instance for a pipe 

within a trench) captures the general trend of resistance with increasing seabed 

slope but can overestimate the effect by more than 50 %. This overestimation is 

due to local pipeline embedment and the influence of loading direction. 

5. Both the local embedment and seabed slope strongly affect the breakout 

resistance. Local embedment is shown to have a relatively larger impact on the 

estimated breakout resistance. 

Certain simplifications and assumptions are made in this work. The seabed profiles are 

based directly on field observations, but other pipelines may not experience the same 

profiles. This paper also only focuses on changes in the seabed resistance owing to 

sediment transport, but the level of hydrodynamic loading will also be changed. Finally, 

the analyses do not consider the effect of non-association of plastic flow on the failure 

or plastic potential envelopes, although this does not affect the general conclusions of 

the work. 
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FIGURES 
 

(a) 2002 
.

 
(b) 2006 

 
Figure 5.1: 3D representation of seabed around pipeline – Section 1. Reproduced 
from Leckie et al. (2015). 
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(a) 2002 

 
(b) 2006 

 
Figure 5.2: 3D representation of seabed around pipeline – Section 2. From data 
given by Leckie et al. (2015). 
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Figure 5.3: Seabed profile parameter definition 
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(a) Port side 

 
(b) Starboard side 

 
Figure 5.4: Pipeline embedment survey results – Section 1 
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(a) Port side 

 
(b) Starboard side 

 
Figure 5.5: Pipeline embedment survey results – Section 2  
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(a) 2002 

 
(b) 2006 

 
Figure 5.6: Adopted cross-sectional seabed profiles – Section 1 (based on 
parameters in Table 5.1). 
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(a) 2002 

 
(b) 2006 

 
Figure 5.7: Adopted cross-sectional seabed profiles – Section 2 (based on 
parameters in Table 5.2). 
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(a) Section 1 – 2006 P10 eL (based on Figure 5.7b) 

 
(b) Section 2 – 2006 P90 eL (based on Figure 5.7b) 

 
Figure 5.8: Typical adapted mesh and failure mechanism. 
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Figure 5.9: Failure envelopes – Section 1.  
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Figure 5.10: Failure envelopes – Section 2.  
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Figure 5.11: Variation of equivalent friction factors with local embedment.  
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(a) Local embedment = 0.25 m 

 
(b) Local embedment = 0.5 m 

 
(c) Local embedment = 0.75 m 

 
Figure 5.12: Adopted seabed profiles for seabed slope study.  
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Figure 5.13: Effect of slope angle on breakout resistance.  
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Figure 5.14: Normalised breakout resistance for various local embedments and a 
flat seabed (0 degree slope). 
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CHAPTER 6.  OBSERVED CHANGES TO THE 
STABILITY OF A SUBSEA PIPELINE CAUSED BY 

SEABED MOBILITY 

Chapter context: In this chapter the sediment transport induced changes to the on-

bottom stability of the pipeline described in Chapter 3 are examined. The chapter begins 

with a brief review of the embedment and spanning changes, updated with the findings 

of a recent high-resolution survey, and focusing on the changes most relevant to the 

pipeline’s on-bottom stability. A stability analysis approach is then developed on the 

basis of the design codes produced by Det Norske Veritas (DNV), known as F105 and 

F109, and used to analyse the change in on-bottom stability over an 11 year period. It is 

shown that the stability of the pipeline is significantly enhanced by the changes in 

embedment. The potential for reductions in pipeline weight are highlighted. 

 

This chapter has been published as: 

Leckie, S.H.F., Draper, S., White, D.J., Cheng, L. and Griffiths, T. 2016a. Observed 

changes to the stability of a subsea pipeline caused by seabed mobility. Coastal 

Engineering (submitted). 
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6.1 ABSTRACT 

High resolution bathymetry combined with structural modelling is used to estimate 

changes in the on-bottom stability of an offshore pipeline due to scour and 

sedimentation over an 11 year period. Post-lay changes in the length, depth and 

distribution of spans and embedment have been observed in detail. These observations 

have been combined with the pipeline structural characteristics and an elastic-plastic 

model of soil resistance to estimate the vertical and horizontal stability of the pipeline 

using a finite difference solution to the beam bending equation. Using this approach, the 

stability is quantified in terms of the ‘critical’ uniform steady current velocity under 

which the pipeline ‘breaks-out’ or displaces laterally by a defined distance. Application 

of the design approach indicates that post-lay increases to the critical velocity of 1 – 2 

m/s occur along the full 19 km of surveyed pipeline due to scour and sedimentation. The 

stability increase is found to be due to both reductions in loading and increases in soil 

resistance. The rate at which this increase in stability occurs with time is found to vary 

along the pipeline, and is dependent on the mechanism of pipeline lowering (i.e. 

whether the pipe lowered due to sagging into widely spaced scour holes, or by sinking 

into the shoulders between many closely spaced scour holes). By incorporating 

sediment transport into the pipeline design, the present results suggest potential for 

significant improvements in pipeline on-bottom stability and associated reductions in 

minimum required specific gravity and/or secondary stabilisation. 

6.2 INTRODUCTION 

Sediment mobility and, in particular, scour around pipelines has been an area of 

significant research effort for several decades; see, for example, the summaries provided 

in Sumer and Fredsøe (2002) and Whitehouse (1998). Despite this work and more 

applied studies (such as the work of Hulsbergen and Bijker (1989) on spoilers), the 

influence of sediment mobility on pipeline stability design has only been acknowledged 

in industry codes relatively recently (Det Norske Veritas, 2011). This acknowledgement 

corrects the erroneous assumption made in more traditional pipeline stability design that 

a pipeline on a mobile seabed will become unstable before the seabed itself becomes 

mobile (Palmer, 1996). However, the recent additions do not yet extend to specific 

guidance on how to predict changes to pipeline embedment due to sediment mobility, or 

how to make allowance for the associated changes in on-bottom stability in practice.  
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Recent and ongoing research aims to address this shortcoming. The present paper is part 

of a wider research effort in which ocean-pipeline-seabed interaction has been studied in 

a cross-disciplinary manner, combining hydrodynamic, sediment transport and 

geotechnical expertise (White et al., 2014). The overarching aim is to provide a 

balanced perspective on pipeline stability, giving seabed mobility due prominence in the 

work. Draper et al. (2015), for example, present the results of recent physical modelling 

tests using a unique recirculating flume (described in An et al. (2013)) to simulate 

scour-induced changes in pipeline stability and their sensitivity to the flow conditions, 

particularly the change in velocities during the development of a storm. 

One of the key barriers to accommodating sediment mobility in pipeline design is that 

pipeline scour and sedimentation research is predominantly based on laboratory 

modelling; there is a lack of published information on the actual scour and 

sedimentation behaviour of pipelines in the field to compare against those results. 

Bruschi et al. (1997) discussed pipeline self-burial in the field, while Pinna et al. (2003) 

provided detailed observations for a particular pipeline. More recently Leckie et al. 

(2015) and Leckie et al. (2016b) have presented detailed analysis of sediment mobility-

induced changes to pipeline embedment and spanning for pipelines offshore Western 

Australia (WA). 

Following on from the work of Leckie (2015, 2016a), this paper uses 11 years of field 

survey data to quantify changes in pipeline embedment and the associated changes in 

on-bottom stability due to sediment mobility for a pipeline offshore WA. A brief 

overview of the pipeline setting and the post-lay near-pipeline bathymetry is presented 

first, with an emphasis on the aspects of the geometry that have the greatest influence on 

pipeline stability. The evolution of the on-bottom stability of the pipeline is then 

considered under the action of a uniform perpendicular current. Finally, the sensitivity 

of pipeline stability to the pipeline specific gravity (SG) is examined to explore the 

implications of seabed mobility for pipeline design practice. 

6.3 PIPELINE SETTING AND SURVEY DATA 

The first 6.5 years of sediment mobility-induced changes to the embedment and 

spanning of the pipeline considered herein are discussed in detail in Leckie et al. (2015) 

along with details of the pipeline structural properties and the geotechnical and 

metocean setting. In summary, the pipeline is 22.9 km long, has a nominal diameter of 

12 in. (0.30 m) and was laid in 2001 offshore WA (see Figure 6.1). The seabed soils are 
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relatively uniform along the pipeline route, comprising carbonate sandy SILT through 

the middle KP range and carbonate silty SAND at the two ends. The pipeline lies in 130 

m of water, which is sufficiently deep that wave induced orbital velocities are negligible 

at this location. Rather sediment transport is controlled by tide and internal wave-

induced currents which flow perpendicular to the pipeline orientation. Results from 

erosion testing indicate that the seabed adjacent to the pipeline is mobile on average 7 % 

of the time, while the whole seabed is mobile 0.04 % of the time (see Leckie et al. 

2015). 

Leckie et al. (2015) used annual survey data dating back to 2002, including (i) 

observations of span start and stop points from pipeline inspection video, and (ii) near 

pipeline bathymetry for three 200 m sections which was extracted from historic two-

source sonar footage using an image analysis technique described in Leckie et al. 

(2016c). The first 19 km of the same pipeline was surveyed again in 2013 using more 

modern multibeam bathymetry and the results made available to the authors after the 

publication of Leckie et al. (2015).  

This 2013 bathymetry forms the basis of the work described in this paper, supplemented 

with comparisons to the earlier 200 m subsection datasets presented in Leckie et al. 

(2015). The 2013 multibeam dataset consists of a swathe of points either side of the 

pipeline at ~0.2 m centres. While the raw multibeam data is of high quality, post-

processing of the data has been undertaken to remove occasional errors and artefacts 

from the dataset and to interpolate the level of the seabed through the sonar shadow 

section that exists beneath spanning sections of pipeline. The absolute level raw data has 

been transformed to relative level bathymetry, with the bottom of the pipeline acting as 

the reference point (see Figure 6.2). To assist with computational time, the 0.2 m grid 

has been interpolated on to an asymmetrical grid. This consists of cross sections made 

up of points at 0.1 m separation reaching 5 m either side of the pipeline centre, which 

are taken at 1 m centres along the pipeline’s length. An example of the post-processed 

bathymetry is shown in Figure 6.3. 

Due to the difficulties in accurately interpolating the depth of shallow spans from 

multibeam data, visual confirmation from remotely operated vehicle (ROV) video of the 

locations where spans start and stop remains the most accurate measure of these points, 

and has been used herein. While the post-processing produces good quality bathymetry 

through the sonar shadow region, the depths of very shallow spans (< ~0.25D) should 

only be taken as indicative.  
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6.4 NEAR PIPELINE BATHYMETRY 

6.4.1 Overview  

Leckie et al. (2015) provide an overview of the post-lay changes in near-pipe seabed 

level that occurred between the laying of the pipeline in late 2001 through to 2008. At 

the time of the most recent survey in 2013, 40 % of the pipeline was in span; a slight 

increase from the 2008 value of 38 %, but within the ‘mature’ range described in Leckie 

et al. (2015). The mean number of spans per kilometre had reduced slightly from 36 in 

2008 to 30 in 2013. Taken together these figures suggest that between 2008 and 2013 

the pipeline remained in the ‘pseudo-static’ embedment state described in Leckie et al. 

(2015), albeit with a slight increase in the number of longer spans.  

A review of spans longer than 24 m in length (which corresponds to the threshold length 

for preliminary vortex induced vibrations (VIV) analysis on this pipeline, Det Norske 

Veritas (2006)) present during the ‘mature’ years (post 2004) showed that of the 27 such 

spans that were observed in the annual surveys from 2004 to 2008 and in 2013, only 4 

were observed in consecutive surveys, and none were observed in 3 or more consecutive 

surveys. While of only minor importance in the context of on-bottom stability, the 

transient nature of these spans is an important consideration when considering their 

integrity and in particular the merits of pipeline intervention works to address concerns 

surrounding VIV (Krawczyk et al. (2013).  

An overlay of the spanning and embedded cross-sections for three 200 m long sections 

of pipeline is shown in Figure 6.4, together with an indication of the percentage of 

pipeline length in span and embedded. Both the embedded and spanning sections of 

pipeline are similar for all three sections of pipeline in 2002, in that the embedded 

sections display high local embedment and relatively low mid and far-field embedment 

(see Figure 6.2 for definitions) and the majority of the scour holes are shallow through 

the spanning lengths of pipeline. By 2006 the embedment and spanning patterns for 

each of the three sections had changed, but the changes in the sections KP 7.2 - 7.4 and 

KP 13.3 - 13.5 are the most striking. Here the local, mid and far-field embedment have 

increased through the embedded sections (consistent with the idea that the pipeline has 

sunk into the seabed at supporting shoulders between spans), and the span profiles have 

both deepened and widened. Between 2006 and 2013 the spanning sections do not 

change significantly, but the embedment of the embedded sections has continued to rise. 

Slightly higher seabed levels are present on the starboard (onshore) side in each survey, 
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particularly in 2006 and 2013. For pipeline section KP 19.9 - 20.1, there is little increase 

in embedment between 2002 to 2006, as might be expected if the pipeline has mainly 

lowered via sagging at localised (and relatively widely spaced) scour holes.  

On the basis of the embedment and spanning patterns along the pipeline from 2002 to 

2008, Leckie et al. (2015) established two distinct zones along the pipeline; Zone A 

which covers the two end sections of pipeline and Zone B which covers the mid-section 

from ~KP 5 to ~KP 16 (approximate values are indicated as the two zones grade into 

each other). By 2008 (the final survey considered in Leckie et al. (2015)) Zone A was 

characterised by a relatively low degree of spanning, moderate to high local embedment 

and low mid-field embedment (indicative of a pipeline that has sagged locally into 

widely space scour holes), while Zone B was characterised by a high percentage of 

pipeline in span, and moderate to high local and relatively uniform high mid-field 

embedment (indicative of a pipeline that had sunk uniformly into the shoulders between 

closely spaced scour holes). By the time of the 2013 survey, the spanning pattern 

remained largely unchanged (see Figure 6.14 for the 2013 spanning pattern). 

The 2013 survey was the first time that the embedment was measured along the full 

length of the pipeline; the local and mid-field embedments are summarised in Figure 6.5 

and discussed further in Section 6.4.2. 

6.4.2 Cross sectional geometry of embedded sections 

Considering now the embedded sections of pipeline in isolation, Figure 6.5 shows 5th
, 

50th, and 95th percentiles of local and mid-field embedment along the pipeline in 2013 

compared to the estimated values immediately after lay. These statistics have been 

collected within a 1 km long window which has been shifted along the pipeline in 500 

m steps. In addition to highlighting the significant increase in embedment due to 

sediment mobility over time, the figure demonstrates that on mobile seabeds the seabed 

is often not flat perpendicular to the pipeline due to the development of scour holes or 

sedimentation berms adjacent to the pipeline. This contrasts to the conditions often 

simulated in model tests of pipe-seabed interaction, in which a pipe is penetrated into a 

flat seabed to investigate the resulting lateral resistance – see Verley and Sotberg (1994) 

for instance.  

The embedment variation is explored further in Figure 6.6, where the relationship 

between the local-field embedment and the slope between the local and the mid-field 

embedment level is plotted for the three subsections mentioned earlier. In each case the 
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data fits well to a straight line relationship; high local-field embedment is associated 

with negative slopes down away from the pipeline, and low local-field embedment is 

associated with positive slopes up away from the pipeline. The influence of this type of 

bathymetry on the pipe-seabed resistance has been explored via numerical analysis by 

Tom et al. (2015), and the lateral soil resistance modelling approach detailed therein is 

applied in the stability model detailed later in Section 6.5. 

6.4.3 Cross sectional geometry of spanning sections 

An analysis of the maximum scour hole depths from 2002 to 2008 included in Leckie et 

al. (2015) gave scour hole depths (normalised by pipeline diameter) ranging from near 

zero to 2.5D. A histogram of the scour hole depth (as defined in Figure 6.2) of all 

spanning sections in 2013 (sampled at 1 m centres) is presented in Figure 6.7. Similar 

scour hole depths are seen, with depths from 0 to 0.5D being the most common. In 

terms of on-bottom stability these scour hole depths – or ‘gap heights’ in pipeline 

stability terminology – afford the pipeline significant reductions in both drag and lift 

force. For instance, drag and lift forces, respectively, can reduce by more than 40 and 

80 % respectively of their zero-gap values for scour depths greater than 0.2D (Aamlid et 

al., 2010). 

A histogram of the scour hole half widths 𝑊𝑊1 and 𝑊𝑊2, (see definition in Figure 6.2) in 

2013 is presented in Figure 6.8, with the scour hole edge defined as the point where – 

moving away from the pipeline centre – the local slope of the seabed reduces to less 

than 14°. This definition was arrived at by trial and error via manual examination of 

various spanning profiles of differing slope uniformity and span geometry. Span widths 

of around 5 ± 0.5D are the most common, but are distributed about this mean on both 

sides of the pipeline.  

With respect to Figure 6.8 it is important to note that the design code DNV-RP-F105 

(termed F105 hereafter, Det Norske Veritas (2006)), which is used for the integrity 

analysis of free spanning sections of pipelines (and is used herein for the calculation of 

forces on spanning sections; see Section 6.5.1 for further details) uses the seabed height 

at a distance of 3.5D from the centre of the pipeline to estimate the sheltering effect of 

scour holes (or ‘trenches’ in the wording used in F105). However, as shown in Figure 

6.8 (and Figure 6.4) scour holes can be wider than 3.5D. To understand what effect this 

underestimation of the scour hole width may have, Figure 6.9 presents a histogram of 

the difference between the seabed level at an offset distance of 3.5D and the level at the 
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edge of the span coinciding with the definition of the half widths 𝑊𝑊1 and 𝑊𝑊2 described 

above. There is a significant difference in the elevation, which means that F105 is likely 

to underestimate the degree of sheltering (and therefore overestimate the hydrodynamic 

forces acting on the span). This may have implications for a stability analysis that uses 

the force correction factors given in F105 and, perhaps more importantly, the analysis of 

pipeline integrity accounting for VIV.  

6.5 ESTIMATED CHANGES IN ON-BOTTOM STABILITY  

6.5.1 Modelling approach 

Overview 

As a result of the varying pipeline embedment and spanning conditions described 

above, the lateral on-bottom stability of the pipeline is expected to vary along its length 

and through time. To estimate these changes a stability analysis is undertaken in this 

section using: (i) the local seabed bathymetry observed in the field; (ii) the pipeline 

structural properties, (iii) hydrodynamic loads from the industry recommended practices 

F105 and DNV-RP-F109 (termed F109 hereafter, Det Norske Veritas (2011)), (iv) a 

pipeline lateral resistance model based on that described in Tom et al. (2015) to estimate 

the pipe-seabed resistance, and (v) a beam bending analysis to account for vertical and 

horizontal load sharing along the pipeline between spanning and embedded section of 

pipe. Each of these aspects of the analysis approach are outlined in Figure 6.10 and 

described in more detail below, whilst the beam bending model is shown in schematic 

form in Figure 6.11. The pipeline stability is assessed using the criteria of ‘absolute 

stability - virtually stable’ described in F109, where the pipeline is considered stable 

provided displacements do not exceed half the diameter of the pipeline at any location. 

The design hydrodynamic loading condition considered in this paper is a uniform 

perpendicular steady current (attacking the pipe from either direction). This loading 

condition has been chosen for simplicity and to allow for an uncomplicated assessment 

of relative changes to the stability of the pipeline. At shallower water sites the 

combination of waves and currents would need to be considered. 

Querying of bathymetry 

In the first step, the bathymetry dataset is queried to determine the scour depth 𝑆𝑆 as well 

as the local-field embedment 𝑒𝑒𝑙𝑙 and the mid-field embedment 𝑒𝑒𝑚𝑚 either side of the 

pipeline (as defined in Figure 6.2) at one metre centres (or nodes) along the pipeline 
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length. Spanning sections are then separated from embedded sections based on the 

elevation of the seabed along the pipe centreline (i.e. spans are defined when 𝑆𝑆 > 0 at a 

given node).  

The local embedments are then split into subsets based on the chosen direction of the 

loading. For spanning sections, this leads to the definition of the ‘upstream’ local 

embedment 𝑒𝑒𝑙𝑙𝑙𝑙 and mid-field embedment 𝑒𝑒𝑚𝑚𝑙𝑙. For embedded sections of pipeline both 

the upstream and downstream embedments are of relevance, and are defined for the 

local embedment (𝑒𝑒𝑙𝑙𝑙𝑙 and 𝑒𝑒𝑙𝑙𝑙𝑙) and mid-field embedment (𝑒𝑒𝑚𝑚𝑙𝑙 and 𝑒𝑒𝑚𝑚𝑙𝑙) along with the 

slope (relative to horizontal) of a straight line connecting the mid and local-field seabed 

level on the downstream side of the pipeline (θd). 

Calculation of load 

Together with information on the flow conditions, the embedments and scour depth are 

used to calculate the horizontal and vertical loads normal to the pipeline at each node. In 

steady flow conditions (which are assumed in this paper), these loads reduce to the 

following form for both embedded and spanning sections of pipeline: 

𝐹𝐹 = 𝜓𝜓.
1
2

.𝜌𝜌𝑤𝑤.𝐷𝐷.𝐾𝐾.𝑈𝑈2 (6.1) 

where 𝐹𝐹 is the force (either the horizontal force 𝐹𝐹𝑌𝑌, or the vertical lift force 𝐹𝐹𝑍𝑍), 𝜓𝜓 is a 

load correction factor, 𝜌𝜌𝑤𝑤 is the density of seawater, D is the pipeline diameter, C is the 

load coefficient (𝐾𝐾𝑌𝑌 or 𝐾𝐾𝑍𝑍) and U is the perpendicular component of the steady flow 

velocity averaged over the height of the pipe (for the purely horizontal flow condition 

considered herein). The load correction factors (denoted by r and termed reduction 

factors in F109, or denoted by 𝜓𝜓 and termed correction factors in F105 and herein) 

account for the influence of the particular flow conditions and the shielding provided by 

the specific seabed geometry at each node (i.e. 𝜓𝜓(𝑆𝑆, 𝑒𝑒𝑙𝑙𝑙𝑙, 𝑒𝑒𝑚𝑚𝑙𝑙); see Figure 6.10).  

For spanning sections of pipeline, F105 is used to estimate the load coefficients and 

correction factors for horizontal loads (also known as in-line and lateral loads) on the 

spanning sections (via Section 5.4 in F105). Alternatively, for the lift forces on spanning 

sections of pipeline F109 is used for the load coefficient, whilst the correction factor is 

taken from Figure A11 of DNV ‘81 (see Aamlid et al. (2010)) as a function of the gap 

beneath the pipeline (i.e. 𝑆𝑆 herein). Estimating the loads for spanning sections of pipe 

using these methods ensures that the forces on spanning sections of the pipeline make 

some allowance for: 
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• The proximity of the seabed beneath the section of pipe. 

• The sheltering provided by the embedment in the mid-field, termed a ‘trench’ 

effect. 

Due to the short span lengths that occur along this pipeline, corrections for the lateral 

drag amplification caused by cross flow vibrations have not been made when using 

F105.  

For embedded sections of pipeline the lateral and lift forces are calculated using F109 

(specifically Section 3.6.4 in F109) using the upstream local embedment to define the 

penetration depth. In this way corrections (only reductions) to the load are made for: 

• The permeability of the seabed. 

• The sheltering provided by the local embedment, termed ‘penetration’. 

• The sheltering provided by the mid-field embedment, termed ‘trenching’. 

Because the goal of this work is to examine the evolution of the pipeline stability as the 

seabed conditions change, safety factors are not applied to the loads and resistances. 

Also, we have not explored the influence of modifications to the code-defined 

approaches, even where recent research suggests modifications may be justified. For 

instance, a 0.7 reduction in lift force due to a permeable seabed was applied for 

consistency with the F109 stability approach, although recent work by An et al. (2011) 

suggests this correction factor may not be justified. This approach has been taken as the 

focus herein is on the relative stability of the pipeline once the effects of sediment 

mobility are incorporated. 

Finally, as mentioned above the span lengths considered herein were relatively short 

(with length to diameter generally less than 30) and occur in areas of high stability. As a 

result, calculation of any amplification of the inline drag force on a spanning section of 

pipeline due to cross-flow VIV has not been included. However, on projects where 

longer spans might occur the influence of this effect would need to be considered in 

design as the resulting correction factors on the loading are considerable, ranging from 1 

to 2.55 depending on the span geometry and flow conditions (although concerns 

surrounding the pipeline’s integrity in VIV would take priority over stability concerns). 

When considering the potential for long spans in design, incorporating an understanding 

of sediment mobility into the design would be crucial when contemplating the likely 

maximum span lengths, the mobility of the spans, and the degree of sheltering offered to 

the spanning pipeline by the adjacent seabed. 
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Vertical beam bending 

With the loads calculated the resulting non-uniform vertical load is then applied and the 

beam bending equation solved vertically to provide the soil reaction force (𝐹𝐹𝐶𝐶) along the 

pipeline length. A finite difference method is used to solve the beam bending equation, 

given by: 

𝐷𝐷𝐷𝐷
𝑑𝑑4𝑧𝑧
𝑑𝑑𝑥𝑥4

− 𝑇𝑇
𝑑𝑑2𝑧𝑧
𝑑𝑑𝑥𝑥2

= 𝑊𝑊′ − 𝐹𝐹𝑍𝑍(𝑥𝑥) − 𝑏𝑏(𝑥𝑥)𝑧𝑧(𝑥𝑥) (6.2) 

where 𝐷𝐷𝐷𝐷 is the pipeline bending stiffness, 𝑇𝑇 is tension in the pipe, 𝑥𝑥 is position along 

the pipe, 𝑧𝑧(𝑥𝑥) is the vertical displacement of the pipe, 𝑊𝑊′ is the pipeline self-weight, 

𝐹𝐹𝑍𝑍(𝑥𝑥) is the vertical lift force per unit length along the pipe and 𝑏𝑏(𝑥𝑥) is the vertical soil 

stiffness, which is zero at spanning sections of pipeline and is calculated as described in 

Leckie et al. (2015) for embedded sections of pipeline. The vertical soil reaction force is 

given by 𝐹𝐹𝐶𝐶(𝑥𝑥) = 𝑏𝑏(𝑥𝑥)𝑧𝑧(𝑥𝑥). 

Available soil resistance 

Following evaluation of the soil reaction force the available soil resistance to lateral 

movement is then calculated. A horizontal resistance model is described in DNV-RP-

F109, which in the case of sandy soils is based on physical model tests described in 

Verley and Sotberg (1994). However, as described in Tom et al. (2015) and discussed 

earlier in Section 6.4.2, those tests do not cover the wide range of local and mid-field 

embedments encountered on mobile seabeds. To overcome these shortcomings, the 

approach described in Tom et al. (2015) is applied herein. More specifically, the 

maximum available horizontal resistance is calculated such that: 

𝐹𝐹𝑏𝑏(𝑥𝑥)
𝐹𝐹𝐶𝐶(𝑥𝑥) = 𝑐𝑐𝜃𝜃𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏,𝜃𝜃=0   (6.3) 

where 𝐹𝐹𝑏𝑏(𝑥𝑥) is the available horizontal soil resistance, 𝐹𝐹𝑐𝑐(𝑥𝑥) is the vertical pipeline 

contact force (obtained from the solution of Equation 6.2), 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏,𝜃𝜃=0 is the maximum 

friction assuming a flat seabed and 𝑐𝑐𝜃𝜃 is a correction factor that accounts for the effect 

of a sloping seabed adjacent to the pipeline. The ratio 𝐹𝐹𝑏𝑏/𝐹𝐹𝑐𝑐 is termed the ‘friction 

factor’.  

To evaluate Equation 6.3, firstly 𝜇𝜇𝑏𝑏𝑏𝑏𝑏𝑏,𝜃𝜃=0 is interpolated from numerical limit analysis 

results reported in Tom et al. (2015) (see Figure 5.14 herein). Those results are means of 

upper and lower bound results assuming associated flow, a friction angle of 30°, and a 
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flat seabed. The resulting ratios are shown on Figure 6.12, with the values assumed 

herein for local embedments outside the range considered in Tom et al. (2015) indicated 

by dashed lines. 

Secondly, the correction factor 𝑐𝑐𝜃𝜃 is applied to account for the effect of the seabed slope 

between the local and the mid-field embedment (this angle 𝜃𝜃 is defined on Figure 6.6). 

The results of Tom et al. (2015) are used again. They used further numerical modelling 

to establish a relation for ‘friction up a hill’ (where the slope angle is added (or 

subtracted) from the soil friction angle). The resulting correction factor 𝑐𝑐𝜃𝜃 is plotted for 

a range of slope angles on Figure 6.12. 

This is a relative simple approach to the modelling of pipe-soil interaction forces, 

consistent with the simplified form of loading that is considered, and consistent with 

codified stability design methods. More detailed soil models have been proposed to 

capture undrained conditions, the interaction between vertical load and friction 

coefficient, and the gross deformation of the seabed by ‘bulldozing’ effects (e.g. 

Randolph & White (2008), Tian & Cassidy (2008) and White & Cheuk (2008)). 

However, the purpose of the present analysis is to assess the relative changes in stability 

due to changes in embedment, and it is anticipated that this relative stability would be 

broadly independent of the adopted soil model. 

Horizontal beam bending 

With the loads and resistances calculated, the beam bending equation is then solved 

horizontally to calculate the lateral displacement for a given applied horizontal velocity. 

In this calculation the beam bending equation is given by:  

𝐷𝐷𝐷𝐷
𝑑𝑑4𝑦𝑦
𝑑𝑑𝑥𝑥4

− 𝑇𝑇
𝑑𝑑2𝑦𝑦
𝑑𝑑𝑥𝑥2

= 𝐹𝐹𝑌𝑌(𝑥𝑥) − 𝐹𝐹𝑏𝑏′(𝑥𝑥)   (6.4) 

where 𝑦𝑦 is the lateral displacement of the pipeline, 𝐹𝐹𝑌𝑌(𝑥𝑥) is the horizontal (or lateral) 

hydrodynamic force and 𝐹𝐹𝑏𝑏′(𝑥𝑥) is the mobilised horizontal soil resistance. At locations 

where the pipeline is embedded the load displacement relationship is modelled as 

elastic-perfectly plastic (see inset to Figure 6.11) with the soil resistance given by: 

𝐹𝐹𝑏𝑏 
′(𝑥𝑥) = �

𝐹𝐹𝑏𝑏(𝑥𝑥)
𝑦𝑦

𝑦𝑦𝑚𝑚𝑜𝑜𝑏𝑏
, 𝑦𝑦 ≤ 𝑦𝑦𝑚𝑚𝑜𝑜𝑏𝑏  

𝐹𝐹𝑏𝑏(𝑥𝑥),  𝑦𝑦 > 𝑦𝑦𝑚𝑚𝑜𝑜𝑏𝑏     
 (6.5) 

where 𝑦𝑦𝑚𝑚𝑜𝑜𝑏𝑏 is the mobilisation distance (set equal to 0.1𝐷𝐷). This mobilisation distance 

value lies between the results of Verley and Sotberg (1994) and Zhang et al. (2002). The 
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sensitivity of the analysis to the mobilisation distance has been analysed across a range 

of 0.05 𝐷𝐷 to 0.2 𝐷𝐷, with the resulting critical velocity only varying by 0.02 m/s within 

this range. Sensitivity to the pipe element length used in the finite difference solution 

has also been examined, with 1 m steps providing satisfactory convergence of the 

solution. 

Solution of Equation 6.4 allows for accommodation of the ‘smearing’ or load-sharing 

effect that the pipeline bending stiffness has on the loads and soil resistance. Zero 

moment and displacement end conditions are assumed as boundary conditions in the 

solution, and a 200 m buffer either side of the 200 m section of pipeline under 

consideration is used to ensure that the boundary conditions do not influence the 

displacement solution through the analysis section.  

The applied flow velocity is increased until the maximum velocity that results in a 

deflection of 0.5D at any point on the central 200 m section of pipeline is found.  

6.5.2 Quasi 2D analysis 

It should be noted that the beam bending approach outlined in Section 6.5.1 assumes 

that the hydrodynamic forces and lateral soil ‘friction factor’ may be estimated based on 

the local 2D geometry at each node along the pipeline. The interaction between 

successive nodes is then accounted for by the beam bending model. This type of quasi-

2D analysis approach is used commonly by industry (with varying levels of 

sophistication), however it should be noted that there is a lack of conclusive analysis 

which indicates whether or not it is valid to treat the hydrodynamic force as the 

aggregation of forces based on 2D cross-sections (see Griffiths et al. (2012), Shen et al. 

(2013)), and to treat the local friction factors as locally 2D (i.e. based on the assumption 

the pipeline is translating perpendicular to its length only). To properly assess the quasi-

2D analysis approach, 3D analysis would be of benefit in future work (providing 

computational requirements are not prohibitive). Nevertheless, it is expected that 

general conclusions concerning relative changes in stability will be consistent regardless 

of the analysis approach, and for this reason the quasi-2D approach is adopted in this 

paper. 

6.5.3 Results 

Load and resistance variation due to sediment mobility 

An example output from the model subjected to a 1 m/s current (mean velocity across 

the pipeline diameter) is shown for a 200 m section of pipeline in Figure 6.13. This 
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represents a strong, but not untypical loading for offshore WA for example Van Gastel 

et al. (2009) report currents of ~1 m/s associated with internal waves, while Leckie et al. 

(2016b) report values of up to 2 m/s possibly associated with breaking internal waves. 

The figure outlines, from top to bottom: (i) the locations of spans, (ii) the seabed level in 

the local-field and mid-field, (iii) the load distribution along the pipeline, (iv) the 

vertical contact force and available lateral resistance distribution along the pipeline, and 

(v) the lateral displacement of the pipeline. The values for these parameters for the as-

laid embedment condition are indicated by dashed lines, whilst for the 2013 condition 

they are indicated by solid lines.  

Comparisons of these lines show how the lateral (𝐹𝐹𝑌𝑌) and lift (𝐹𝐹𝑍𝑍) forces both reduce 

from the as-laid condition, with lift reducing by around 70 % along the majority of the 

embedded lengths of pipeline and almost to zero over the majority of the spanning 

lengths. As a result of this lift reduction and the formation of pipeline spans, the vertical 

contact force (Fc) between the pipeline and the seabed increases by 2013, with 

particularly high values apparent at the span shoulders where the soil supports the 

additional pipeline weight from the spans. The increase in contact force, coupled with 

the significant increases in local and mid-field embedment, leads to an increase in the 

available resistance to lateral movement (Fr) at embedded sections. Inspection of the Fc 

and Fr profiles shows that the 2013 ‘friction factors’ exceed unity for almost all of the 

embedded length of pipeline. The reduction in loading coupled with the increase in 

available resistance results in a large increase in pipeline stability. The maximum lateral 

deflection for the 2013 condition is only 22 % of the deflection under the as-laid 

condition.  

Stability variation along the pipeline 

By iterating on the velocity magnitude, the model has been used to determine the 

‘critical’ steady current velocity (Ucrit) for which a given section of pipeline will ‘break 

out’ or displace laterally by 0.5D. Using this approach, the critical velocity along the 

pipeline is summarised in Figure 6.14. To prepare this figure the critical velocity has 

been computed separately for successive 200 m sections of the pipeline, both for an 

offshore current and an onshore current. For the offshore loading case average values 

within each 200 m section are shown for the applied lateral and lift loads, the vertical 

contact force, and the available soil resistance. While these average values of the load 

and resistance do not rigorously account for load and resistance sharing along the 
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pipeline in the way that the model does, they indicate the general trend along the 

pipeline. Statistics on the spanning state of the pipeline are also shown.  

The critical velocity for the as-laid condition is also shown, along with the loads, 

contact force and available resistance when the critical velocity for the 2013 condition 

for each particular 200 m section is applied to the as-laid condition. When the 2013 

critical velocity is applied to the as-laid pipeline-seabed geometry, the lateral and lift 

forces range from ~0.75 to ~1.5 kN/m. This lift force is sufficiently high to lift sections 

of pipeline off the seabed, resulting in zero available resistance and the failure of the 

pipeline under the absolute stability criterion. 

In contrast, when the same load is applied to the pipeline with the 2013 embedment 

condition, lift loading is reduced to <0.25 kN/m and the lateral force to <0.69 kN/m. 

The reduction in lift load ensures that a positive vertical contact force is maintained 

along the pipeline, thus enabling a lateral resistance ranging from 0.21 to 0.79 kN/m. 

These changes result in a 1 - 2 m/s increase in the critical velocity by 2013 compared 

with the as-laid value of 1.07 m/s. There is a minor variation in the offshore and onshore 

values of critical velocity due to asymmetric seabed levels either side of the pipeline, 

with the offshore direction giving typically the lower critical velocity.  

The critical velocity varies along the pipeline (Figure 6.14). The higher critical velocity 

through the mid-section of the pipeline (relative to the two end sections) is accompanied 

by an increase in the available resistance to lateral movement. Inspection of the 

embedment variation (see Figure 6.5) shows that the resistance increase through the 

central sections is in turn due to increases in both the local and the mid-field embedment 

through this zone (with the higher mid-field embedment attributable to the fact that the 

pipeline has lowered relatively uniformly due to scour in this section; see Leckie et al. 

(2015)). 

Plots of the percentage of pipeline in span (Span) and the average ratio of the half-

length of the embedded sections of pipeline either side of a span to the length of that 

span (Lembed/Lspan), are included in Figure 6.14. The values shown are averages of these 

parameters for each 200 m analysis section. While the percentage of pipeline in span 

increases through the mid-section of the pipeline, there is significant variation within 

this overall trend and this variation is not reflected in the critical velocity profile. This 

suggests that the span ratio does not have a direct influence on the stability of this 

particular pipeline. However, the spanning ratio does have an indirect influence, as in 
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this case it is consistent with the uniform lowering of the pipeline mid-section (Zone B) 

primarily through pipeline sinking at span shoulders (Leckie et al., 2015), which 

explains the higher midfield embedment that this section enjoys. Similarly, the 

Lembed/Lspan ratio tends to be low through the mid-section of the pipeline. While this 

suggests that this parameter is not critical in terms of mobilising sufficient lateral soil 

resistance, it does reflect the above-mentioned pipeline lowering history.  

The relative influence of hydrodynamic load reduction and increased soil resistance 

From inspection of Figure 6.13, both increases in lateral soil resistance and reductions 

in lift and horizontal load are evident over the 200 m section of pipeline compared with 

the as-laid embedment profile. To further explore how the changes in lateral soil 

resistance and in hydrodynamic load both effect stability, Table 6.1 presents – for the 

full pipeline length – the average load and resistance values in both the as-laid and the 

2013 condition, for the same 1 m/s perpendicular current shown on Figure 6.13. It can 

be seen that the lateral and vertical hydrodynamic force reduce by a factor 2.5 and 6.5, 

respectively, due to sheltering and spanning in 2015. In comparison the available lateral 

soil resistance increases by a factor of 3.8. Thus the reduction in hydrodynamic load due 

to sheltering and the increase in lateral soil resistance make similar contributions to the 

increased stability in 2013.  

Table 6.1: Hydrodynamic load and soil resistance changes from as-laid to the 2013 
condition under 1 m/s steady current. 

 As-laid value 2013 value 

𝐹𝐹𝑌𝑌���  [kN/m] 0.15 0.06 

𝐹𝐹𝑍𝑍���  [kN/m] 0.13 0.02 

𝐹𝐹𝐶𝐶���  [kN/m] 0.33 0.44 

𝑊𝑊′     [kN/m] 0.46 0.46 

𝐹𝐹𝑏𝑏�   [kN/m] 0.18 0.69 

𝐹𝐹𝑏𝑏�/𝐹𝐹�𝑐𝑐  [ ] 0.55 1.6 

𝐹𝐹𝑏𝑏′����/𝐹𝐹�𝑏𝑏 [ ] 0.83 0.08 

Note: Values with overbars are averaged over the length of the pipeline. 

Each of the values listed in Table 6.1 will vary with the applied current velocity. The 

sensitivity of these parameters to the current velocity is explored in Figure 6.15, which 

shows the failure lines (i.e. the friction limits indicating the maximum available lateral 

resistance for a given vertical contact force) and load paths (i.e. the lateral and vertical 
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force, net of weight, for different current velocities) for the as-laid and 2013 condition. 

For the 2013 condition case, the values presented are averages for the entire pipeline 

length. The as-laid conditions are assumed to be uniform.  

The failure lines indicated by the friction limits on Figure 6.15 highlight the significant 

increase in soil resistance between the as-laid to the 2013 condition; for a given vertical 

contact force (Fc), almost three times the horizontal resistance can be mobilised in 2013. 

The differing load paths and the coordinates of points of a given velocity highlight how 

the loading has also changed in two significant ways due to seabed mobility: (i) the 

magnitude of both lift and horizontal (or drag) force has reduced in the 2013 condition 

for any given applied current velocity, and (ii) the ratio of drag to lift has increased, 

which allows for fuller utilisation of the bottom right hand corner of the failure 

envelope. This is advantageous for the pipeline stability; had the ratio of drag to lift 

been maintained between the as-laid and 2013 condition, the load path would have 

crossed the failure line at a lower value of Fc, and at a lower current velocity, reducing 

the gain in stability. Hence for the conditions considered herein, Figure 6.15 further 

demonstrates that both hydrodynamic load reduction (through sheltering), and increased 

soil resistance contribute to the increase in stability. 

In light of the observations in Table 6.1 and Figure 6.15, it is interesting to consider if 

certain situations may arise in which it is possible to separate the relative influences of a 

reduction in hydrodynamic load and an increase in lateral soil resistance on stability 

and, in turn, to determine if either effect was more dominant. We can explore this 

question by noting that a pipeline will become unstable on a uniform seabed when:  

𝜌𝜌𝑤𝑤𝐾𝐾𝑌𝑌𝐷𝐷𝑈𝑈2 > 𝜇𝜇(𝑊𝑊′ − 𝜌𝜌𝑤𝑤𝐾𝐾𝑍𝑍𝐷𝐷𝑈𝑈2) (6.6) 

Rearranging (6.6) gives the following at the point of instability: 

𝑈𝑈𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐 = �
𝑊𝑊′
𝜌𝜌𝑤𝑤𝐷𝐷

�
𝜇𝜇

𝐾𝐾𝑌𝑌 + 𝜇𝜇𝐾𝐾𝑍𝑍
� (6.7) 

The values affected by embedment are inside the brackets and control the relative 

importance of drag, lift and soil resistance. As 𝜇𝜇 increases lift becomes increasingly 

important and in the limit 𝜇𝜇 → ∞ (6.7) reduces to:  

𝑈𝑈𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐 = �
𝑊𝑊′

𝜌𝜌𝑤𝑤𝐷𝐷𝐾𝐾𝑍𝑍
 (6.8) 
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and the pipe can only be destabilised by being lifted off the seabed, rather than sliding 

across it. Hence, we can conclude that in this limiting condition, changes in 

hydrodynamic load (specifically the lift coefficient) would be of most relevance for 

stability of a pipeline, with a fractional increase in Ucrit being equal to the square root of 

a fractional decrease in CZ. In contrast, as 𝜇𝜇 decreases to zero, the drag term dominates 

in the denominator so (6.7) reduces to:  

𝑈𝑈𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐 = �
𝑊𝑊′𝜇𝜇
𝜌𝜌𝑤𝑤𝐷𝐷𝐾𝐾𝑌𝑌

 (6.9) 

and the pipe will become unstable by sliding across the seabed. In this limiting 

condition it is therefore possible to separate the relative contributions of drag force and 

resistance on stability and, in turn, to ascertain which effect contributes most to a 

change in Ucrit. 

For the more general situation, in which neither of these limits in 𝜇𝜇 holds, it follows that 

drag, lift and soil resistance are all important in determining the pipeline’s stability. 

More importantly, because 𝜇𝜇 appears in the denominator in (6.7) the relative influence 

of changes in the hydrodynamic load and soil resistance cannot be separated; with both 

effects contributing interdependently to the critical velocity. This result is most relevant 

for the present pipeline.  

The influence of pipeline specific gravity 

In on-bottom stability design the principal objective is to determine the minimum 

pipeline specific gravity at which the pipeline remains stable in a design storm. The full 

pipeline length analyses described in above have been repeated for a range of pipeline 

specific gravities, with all other pipeline and seabed parameters held constant. The 

results are summarised in Figure 6.16. Values are shown for the as-laid case, along with 

the maximum and minimum velocities in each flow direction in 2013. Above the real 

pipeline SG of 1.48, the critical velocity increases in a relatively linear fashion with SG, 

while below that value the critical velocity declines non-linearly towards zero at an SG 

of 1. 

Figure 6.16 shows a remarkable difference in required pipeline SG for the as-laid and 

2013 conditions for a given design current. For example, the real pipeline is stable up to 

a current of 1.1 m/s in the as-laid condition. However, if the changes in embedment 

from seabed mobility could be relied upon prior to this flow occuring, then a pipeline 

SG of only 1.1 is required to be stable in the same current. This is significantly lower 
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than the actual SG of 1.48, and illustrates the practical benefit of seabed mobility on 

pipeline stability design – a major reduction in the required pipeline self-weight occurs 

if seabed mobility effects can be accounted for in the stability design. 

These conclusions rest on the assumption that the scour and sedimentation changes 

around the pipeline are relatively independent of the pipeline SG However, 

consideration of the three main mechanims that are believed to account for the 

embedment change on mobile seabeds suggests that this assumption may not be overly 

limiting. These three mechanisms are: (i) direct sedimentation as described in Leckie et 

al. (2016b) (ii) sagging into long spans and (iii) pipeline sinking at span shoulders 

(sagging and sinking are both described in Sumer and Fredsøe (2002)). With respect to 

the first of these mechanisms, namely direct sedimentation, it is expected that this is 

independent of pipeline SG (down to an SG at which the pipeline is no longer stable 

under the flow conditions which lead to sedimentation). For the second mechanism, it is 

evident from beam bending theory that pipeline sagging is more heavily dependant on 

span length (to the fourth power of span length) than it is on the pipeline self-weight. 

Finally, with respect to the third mechanism, Sumer and Fredsøe (1994) found that 

sinking at span shoulders is “practically uninfluenced” by pipeline self weight, and that 

the process was governed by the progression of scour at the span shoulders.  

Finally it is important to recall that other limit states such as pipeline floation under 

liquefaction (see Sumer et al. (1999) and Bonjean et al. (2008) for instance) may also 

impose a lower bound limit on the results displayed in Figure 6.16. 

Stability evolution with time 

The change in the embedment, loads, available resistance and critical velocity from 

2002 to 2013 are displayed for the sections KP 7.2 - 7.4 and 19.9 - 20.1 in Figure 6.17. 

The loads in each case result from a 1 m/s steady current flow velocity. The two 

sections display a contrasting evolution of stability with time. From 2002 to 2013 the 

section KP 7.2 - 7.4 (which is typical of the mid-section of the pipeline) becomes 

progressively more stable due to an increase in the local and mid-field embedment. This 

is because the embedment change led to a progressive decrease in loading, and lateral 

soil resistance increased by an even larger magnitude. The critical velocity initially 

increases only slowly from the as-laid value of 1.07 m/s, but by 2013 has reached a 

value of 2.90 m/s. 
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In contrast, the section 19.9 - 20.1 generally had a slightly larger initial increase in local 

embedment, and a higher degree of spanning in the 6 months following laying in 2002. 

This resulted in a higher critical velocity in 2002 of 1.35 m/s. However, by 2006 only 

minor additional increases in the local and mid-field embedment had occurred, and the 

percentage of the pipeline in span had reduced significantly. These changes resulted in a 

slight increase in the critical velocity to 1.49 m/s. This section of pipeline was not 

surveyed in 2013, but based on the sections of Zone A that were surveyed in 2013 it is 

likely to have undergone an increase in embedment and hence stability since 2006. 

These changes are explored further in Figure 6.18 which for a range of assumed 

pipeline SG values shows the post-lay evolution of critical velocity that occurs for these 

sections of pipeline and the section KP 13.3 - 13.5. For all three sections small to 

moderate increases in stability are noticeable 6 months after lay (in 2002). However by 

2006 the critical velocity has increased by approximately 0.6 m/s for the Zone B 

pipeline sections KP 7.2 - 7.4 and 13.3 - 13.5 assuming an SG of 1.43, or 0.8 m/s 

assuming an SG of 2. Further increases occur between 2006 and 2013, with a total 

increase in capacity from the as-laid position of 1.7 m/s or 2.4 m/s at the same two SG 

values. Where these changes in embedment could be allowed for in design (through for 

instance a probabilistic considerations of the likelihood of the design storm arriving in 

the initial years of the pipeline life), the design SG for a design current of 1.75 m/s (for 

example) could be reduced from 2 to 1.16.  

In contrast, the section of pipeline from KP 19.9 to 20.1 experienced only a minor 

increase in stability between 2002 and 2006, no survey data was available for this 

section in 2013. This later section of pipeline lies within Zone A. The differences 

between these sections of pipeline and zones are discussed further below. 

6.6 CONCLUDING DISCUSSION 

The post-lay changes in spanning and embedment of a pipeline, and the resulting 

increase in its on-bottom stability, have been reviewed using conventional industry 

standard approaches to assess pipeline stability for a given embedment state. The 12 in. 

pipeline is 22.9 km long and laid perpendicular to the tidal and internal wave driven 

currents that drive sediment transport at the site. The pipeline crosses relatively uniform 

soils; the two end sections of the pipeline (Zone A) cross silty SAND while the middle 

section (Zone B) crosses sandy SILT. In the 6 months following lay, spans formed 

along much of the pipeline length and small increases in the local embedment of the 
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embedded sections occurred. In the next 4 years, the spans deepened, and the average 

embedment continued to rise in the local and mid-field. Finally, 12 years after lay (in 

2013), further embedment increases had occurred, and the spanning pattern was largely 

stable. 

The resulting reductions in pipeline lateral and lift loading – as well as increases in the 

available soil resistance – led to significant increases in the pipeline stability as assessed 

using conventional stability design guidelines. For the earlier years detailed bathymetric 

data has only been analysed for three 200 m long sections of pipeline. Two of those 

sections (both in Zone B) evolved at a similar rate, while the third section (in Zone A) 

showed a more rapid increase in stability over the first 6 months, but then only a small 

additional increase 4.5 years later, and a lower level of stability at that time relative to 

the Zone B sections.  

By 2006 the post seabed mobility profile in Zone B typically consisted of a relatively 

uniformly lowered pipeline with high local embedment in the embedded sections and 

high mid-field embedment in both the embedded and spanning sections of pipeline. 

Such a profile is consistent with pipeline lowering by sinking into span shoulders. In 

contrast the post seabed mobility profile in Zone A consisted of rapid development of 

increased local field embedment with low mid and far-field embedment in the 

embedded sections, and high mid and far-field embedment in the spanning sections. 

This is consistent with sagging of discrete sections of pipeline coupled with local 

sedimentation in the intervening embedded sections. These two different modes of 

pipeline lowering have been shown to result in different rates of stability change, 

particularly in the early years. But by 2013 the local and mid-field embedment had risen 

along the entire surveyed length of pipeline. 

The resulting stability of the pipeline when subjected to steady current has been 

assessed via two methods. Firstly the local stability was assessed in the as-laid and 2013 

embedment conditions, via a structural analysis of the pipeline allowing for bending and 

tension. Secondly, the average drag and lift loads and the average soil resistance over 

the entire length have been compared at the two times. Using both methods it is 

demonstrated that the stability has been significantly enhanced. The structural 

modelling showed that in Zone A the critical velocity to cause a lateral pipe movement 

of 0.5 diameter increased by over 1 m/s, while increases of up to 2 m/s had occurred in 

Zone B by that stage. The length-averaged analysis showed that the soil resistance had 
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approximately tripled while the lift and drag had reduced by approximately the same 

factor.  

Most fundamentally, the results in this paper highlight the potential value in accounting 

for sediment mobility effects in design. These effects are time dependent, and will not 

be available to the pipeline immediately after lay. There are two approaches that may be 

used to account for this: (i) using probabilistic techniques to determine the likelihood of 

the design storm occurring before sediment transport under ambient flow conditions has 

afforded sufficient stability gains to the pipeline, and (ii) considering the ability of the 

pipeline to adapt to a more stable position in the ramp up period of the design storm. On 

the first approach Leckie et al. (2015) and Leckie et al. (2016b) provide examples of 

mobility-driven embedment change under ambient conditions which may be used to 

validate models in ambient conditions. On the second approach Draper et al. (2015) 

have examined experimentally the lowering (and changes to stability) of a pipeline 

during the storm ramp up period.  

The significant stability increases highlighted herein demonstrate that where one or a 

combination of these approaches can be applied, the potential benefits offer significant 

opportunity for more efficient pipeline stability design. 
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FIGURES 

 

Figure 6.1: Location of the pipeline and the bathymetry of the North West Shelf 
(from Leckie et al 2015).  
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Figure 6.2: Definition of terms and examples of spanning (left image) and 
embedded (right image) sections of pipeline; where D is diameter, el is the local 
embedment, em is the mid-field embedment, S is the scour hole depth, W1 is the 
port (in this case offshore) scour hole half-width, and W2 is the starboard (onshore) 
scour hole half-width, and Lspan and Lembed are as shown. 
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Figure 6.3: Example of the post-processed 2013 survey bathymetry. Seabed level is 
shown relative to the bottom of the pipeline.  
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Figure 6.4: Overlays of spanning and embedded cross-sections for the pipeline sections KP 7.2 - 7.4 in (a) 2002, (b) 2006 and (c) 2013; KP 
13.3 - 13.5 in (d) 2002, (e) 2006 and (f) 2013; and 19.9 - 20.1 in (g) 2002 and (h) 2006. Vertical dashed lines are at 3.5D offsets from the 
pipe centreline. 
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Figure 6.5: Embedment variation along the pipeline both (a) local to the pipeline 
and (b) in the mid-field. As-laid variation embedment estimate is shown along with 
statistics on the 2013 embedment either side of the pipeline, collected within a 1 km 
long window which is moved in 500 m steps along the pipeline. 
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Figure 6.6: Relationship between local embedment and seabed slope for embedded 
sections of pipeline on the (a) port (offshore) and (b) starboard (onshore) sides of 
the section KP 7.2 - 7.4, (c) port and (d) starboard for KP 13.3 - 13.5 and (e) port 
and (f) starboard for 19.9 - 20.1. Seabed slope is as defined in (g). 
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Figure 6.7: Histogram of the normalised scour hole depth. 
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Figure 6.8: Histogram of scour half-width on the port (W1) and starboard (W2) 
sides of the pipeline. The vertical dashed line at 3.5D corresponds to the ‘3D’ offset 
distance in the definition used in DNV RP-F105. 
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Figure 6.9: Histogram of the normalised difference between the seabed level at the 
edge of the scour hole and the seabed level at an offset of 3.5D. Positive values 
show that the embedment at the edge of the span is higher than the embedment at 
3.5D, indicating cases where the method set out in DNV-F105 is likely to 
underestimate the degree of sheltering. 
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Figure 6.10: Structure of the stability algorithm including the design codes and 
equations used, and the parameters produced, at each stage. 
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Figure 6.11: Schematic of the beam-bending approach showing (a) the pipe-soil 
interaction model and (b) the moving window approach to the beam bending 
solution. 
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Figure 6.12: Available soil resistance as a function of local embedment (𝝁𝝁𝒃𝒃𝒄𝒄𝒃𝒃,𝜽𝜽=𝟎𝟎) 
and seabed slope (𝒄𝒄𝜽𝜽). The solid lines are reproduced from Tom et al. (2015) while 
extrapolations for this work are shown as dashed lines. 
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Figure 6.13: Variation of spanning, embedment, hydrodynamic lateral load (FY), 
lift load (FZ), contact force (Fc), available soil resistance (Fr) and deflected profile 
for the as-laid and 2013 embedment condition under an offshore load of 1 m/s 
between (a) KP 13.3 - 13.5 and (b) the subset 13.33 - 13.4. The embedments are 
averages of the port and starboard values. 
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Figure 6.14: Critical velocity variation along the pipeline for onshore and offshore 
flows, hydrodynamic load, soil resistance and spanning statistics. The loads, 
contact and resistance values are for the 2013 offshore critical velocity case, 
applied to both the as-laid and 2013 seabed profiles. 
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Figure 6.15: Failure lines (solid lines) and load paths (dashed lines) for the as-laid 
(blue) and 2013 (red) condition. 
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Figure 6.16: The influence of pipeline SG on critical velocity along the full 
surveyed length of pipeline. 
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Figure 6.17: Changes in pipeline embedment and stability for two 200 m sections 
of pipeline; KP 7.2 - 7.4 in (a) 2002, (b) 2006 and (c) 2013 and KP 19.9 - 20.1 in (d) 
2002 and (e) 2006. 
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Figure 6.18: Stability changes with time; (a) the change in the critical velocity with 
time for three different sections of pipeline, (b) the change in critical velocity with 
time with the actual pipeline SG of 1.48. 
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CHAPTER 7.  THE INFLUENCE OF SEABED MOBILITY 
ON PIPELINE TEMPERATURE PROFILES 

Chapter context: This chapter examines the influence of seabed mobility on the 

temperature profile of the pipeline contents, which has implications for the flow 

assurance, thermal expansion management and corrosion design. Two pipelines are used 

to provide the embedment change information: ‘Pipeline 2’ is the pipeline described in 

Chapter 2, while ‘Pipeline 1’ is a nearby pipeline in shallower water. It is shown that the 

temporal changes in pipeline embedment caused by seabed mobility can have a 

significant influence on the temperature profile along a pipeline, and are therefore 

relevant for assessments of corrosion, flow assurance, and thermal expansion 

management. 

 

This chapter has been published as the second half of the following conference paper: 

White, D.J., Leckie, S.H.F., Draper, S. and Zakarian, E., 2015. Temporal changes in 

pipeline-seabed condition, and their effect on operating behaviour, OMAE2015-42216., 

International Conference on Ocean, Offshore and Arctic Engineering, St. John’s, 

Newfoundland, Canada. 

The first half of that paper describes axial pipeline walking behaviour on soft soil in 

deep water, so is not relevant to this thesis. It has not been included herein to enhance 

readability. 
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7.1 ABSTRACT 

It is increasingly recognized that the state of the seabed surrounding an on-bottom 

pipeline may change during the operating life of the pipeline. For seabed sediments that 

are soft and fine-grained, the strength may vary through episodes of pipeline movement 

due to consolidation effects. For seabed sediments that are mobile due to waves and 

currents, the burial state and the adjacent seabed topography may vary due to sediment 

transport and scour.  

These changes in the strength and topography of the surrounding seabed alter the 

exposure of the pipeline to hydrodynamic loads and ambient cooling, as well as the 

level of geotechnical support and insulation provided by the seabed. 

The design relevance of these changes in seabed condition is amplified by modern 

design approaches in which the pipeline itself can be tolerably mobile – for example in 

a dynamic on-bottom stability approach or through engineered schemes of global 

buckling and axial walking. 

This paper illustrates the interactions between the geotechnical and sediment transport 

processes and the resulting global pipeline behaviour. Two interactions are considered: 

the long-term axial walking behaviour on soft soil [omitted herein], and the long-term 

insulation and temperature profile on a mobile seabed.  

The examples highlight the potential for over or under-estimation of various inputs to a 

pipeline design when these temporal changes in pipe-seabed condition are overlooked. 

Emerging analysis methods for pipeline-seabed interaction that incorporate these 

temporal effects can lead to more reliable and cost-effective design. 

 

7.2 INTRODUCTION 

The quantity of papers in this conference series and the wider literature that describe the 

research and practice of pipeline-seabed interaction has increased significantly in the 

past decade. Two particular aspects of design have received significant attention: (i) on-

bottom stability under hydrodynamic loading (e.g. Det Norske Veritas (2011), Tornes et 

al. (2000), Zeitoun et al. (2008)) and (ii) the thermally-induced expansion of high 

pressure high temperature pipelines (e.g. Safebuck (2004), Tornes et al. (2000)). 
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As a result of this increased attention on pipeline-seabed interaction, processes that 

cause temporal changes in the pipeline-seabed condition have been identified, 

researched, and are now entering practice. This paper focuses on two processes: 

• Changes in the strength of fine-grained (e.g. clay-sized) sediments caused by 

consolidation following cycles of axial movement of on-bottom pipelines. 

• Changes in the seabed topography around on-bottom pipelines due to scour 

caused by waves and currents. 

Both of these processes can be quantified by emerging design methods, such as those 

developed within the SAFEBUCK and STABLEpipe Joint Industry Projects (Safebuck 

(2004), White et al. (2012), Draper et al. (2014), Draper et al. (2015)). This paper shows 

how these two processes can affect the global response of a pipeline. Consolidation-

induced changes in soil strength can lead to a long-term reduction in pipeline axial 

walking. Over time, sediment transport and scour can alter the temperature profile along 

the pipeline, due to the change in insulation level. 

7.3 TEMPORAL CHANGES IN AXIAL PIPE SOIL FRICTION 
[OMITTED FROM THIS THESIS FOR READABILITY] 

7.4 TEMPORAL CHANGES IN PIPELINE EMBEDMENT 

For pipelines placed on mobile seabeds, scour and sediment transport can lead to 

dramatic changes in the embedment and the spanning state of the pipeline during its 

design life. Bruschi et al. (1997) set out a review of some of the processes surrounding 

pipe lowering due to scour and sediment transport. More recently Borges-Rodriguez et 

al. (2013) set out indicative trends for time-varying embedment and spanning, 

discussing the implications for stability and thermal expansion management. Also, 

(Leckie et al., 2015) present detailed lifelong changes in pipeline embedment, and the 

underlying mechanisms for a pipeline on Australia’s North West Shelf.  

To illustrate the scale of these changes, the embedment and free spanning statistics for 

two pipelines located on Australia’s North West Shelf are summarised in Table 7.1. 

These pipelines have undergone regular surveying and inspection of their embedment 

and spanning state, and data from the as-laid and ‘mature’ (after a number of years) 

states are shown. 
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Table 7.1: Pipeline properties: seabed mobility example 

 Pipeline 1 Pipeline 2 

Size and type 14″ flowline 12″ flowline 

External diameter (D) 375 mm 350 mm 

As-laid embedment (e/D) ~0.05 ~0.1 

As-laid percentage of 
pipeline in span <5 % <5 % 

Mature embedment (of 
non-spanning sections) 
(e/D)  

0.65 0.75 

Mature percentage of 
pipeline in span <5 % 50 % (over surveyed 

section) 

Mobility of seabed away 
from the pipeline Mobile Largely Immobile 

 

After Pipeline 1 was laid, scour and lowering rapidly increased the normalised local 

embedment relative to the bottom of the pipe (e/D) to a relatively consistent value of 

approximately 0.6 - 0.7. Besides rare short spans, principally around spools, the pipeline 

was embedded along its full length. 

The setting, properties and history of embedment and spanning of Pipeline 2 are 

described in Leckie et al. (2015). After a development phase, this pipeline lowered into 

a relatively stable state which consisted of alternating spanning and embedded sections. 

While the condition varied with position along the pipeline, typical changes in local and 

far-field embedment are illustrated for a 200 m section of pipeline in Figure 7.1. 

These changes influence various aspects of pipeline design, including the pipeline’s 

hydrodynamic exposure and resistance to lateral and axial movement. The rate at which 

the pipeline transfers heat to the surrounding water (expressed as the overall heat 

transfer coefficient or OHTC [W/m2/°C]) and the resulting temperature profile along the 

pipeline are also affected through changes in the degree of insulation afforded by the 

soil. It is this aspect which is explored in more detail below. 

 

7.5 EFFECT ON PIPELINE TEMPERATURE PROFILE 

Failure to accurately estimate the OHTC and the resulting temperature profile along the 

pipeline at the design stage can affect the integrity of the pipeline and its ancillary 
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systems during the production phase. Potential issues are the under design of cooling 

spools, accelerated degradation of external coatings, excessive corrosion rates and 

unanticipated top of line corrosion of wet gas pipelines (Zakarian et al., 2012). In 

addition to these integrity concerns, over or under-estimation of various inputs to a 

pipeline design could lead to significant increases in project costs through inefficient 

design. 

Several relations exist to calculate a pipeline steady state OHTC as a function of the 

pipeline’s thermal properties and embedment condition. Zakarian et al. (2012) present a 

review of three such formulae by Carslaw and Jaeger, Morud and Simonsen and 

Ovuworie before presenting their own relation (termed OTC23033 hereafter), which is a 

modified version of the Ovuworie formula. The OTC23033 formula has subsequently 

been validated in laboratory testing for the case of a bare pipe with a range of 

embedments (Oh et al., 2014).  

For partially buried pipes, the OHTC at any point along the pipeline is calculated 

through a perimeter weighted average of the heat transfer coefficient for exposed pipe 

and the heat transfer coefficient for a pipeline in the ground as follows: 

𝑈𝑈 =
𝜃𝜃𝑏𝑏
𝜋𝜋
𝑈𝑈𝑒𝑒𝑚𝑚𝑝𝑝𝑜𝑜𝑠𝑠𝑒𝑒𝑙𝑙  + (1 −  

𝜃𝜃𝑏𝑏
𝜋𝜋

) 𝑈𝑈𝑔𝑔𝑏𝑏𝑜𝑜𝑙𝑙𝑠𝑠𝑙𝑙 (7.1) 

where:  

𝜃𝜃𝑏𝑏 = 𝑐𝑐𝐹𝐹𝑠𝑠−1(
2𝐻𝐻
𝐷𝐷𝑒𝑒𝑚𝑚𝑐𝑐

).  (7.2) 

Both 𝐻𝐻 and the external diameter 𝐷𝐷𝑒𝑒𝑚𝑚𝑐𝑐 are defined in Figure 7.2. The heat transfer 

coefficients 𝑈𝑈𝑒𝑒𝑚𝑚𝑝𝑝𝑜𝑜𝑠𝑠𝑒𝑒𝑙𝑙 and 𝑈𝑈𝑔𝑔𝑏𝑏𝑜𝑜𝑙𝑙𝑠𝑠𝑙𝑙 can be calculated as outlined in Zakarian et al. 

(2012). 

Assuming forced convection within the pipeline, the steady state temperature profile 

along the pipeline can then be calculated with a heat balance approach through: 

−�̇�𝑚𝛿𝛿𝐻𝐻 = 𝜋𝜋𝐷𝐷0𝑈𝑈0�𝑇𝑇𝑓𝑓 − 𝑇𝑇𝑠𝑠�𝛿𝛿𝑙𝑙 (7.3) 

where:  

�̇�𝑚 = mass flow rate of fluid [kg/s] 

𝛿𝛿𝐻𝐻 = differential expression of fluid enthalpy [J/kg] 
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𝑈𝑈0 = overall heat transfer coefficient [W/m2/°C] 

𝐷𝐷0 = pipe diameter of reference for determination of 𝑈𝑈0 [m]  

𝑇𝑇𝑓𝑓 = temperature of fluid [°C] 

𝑇𝑇𝑠𝑠 = ambient temperature surrounding pipe [°C] 

𝛿𝛿𝑙𝑙 = elementary pipe length [m] 

The Joule Thomson effect is not included in the calculation, hence it is assumed that 

𝛿𝛿𝐻𝐻 = 𝑐𝑐𝑝𝑝𝛿𝛿𝑇𝑇 where 𝑐𝑐𝑝𝑝 is the specific heat capacity [J/kg/°C]. Then assuming 𝑐𝑐𝑝𝑝 is 

constant for the temperature value variation within the pipeline, integration of Equation 

7.3 and rearranging yields: 

𝑇𝑇𝑓𝑓(𝑙𝑙) = 𝑇𝑇𝑠𝑠 + �𝑇𝑇𝑓𝑓,𝐼𝐼𝐼𝐼 − 𝑇𝑇𝑠𝑠�𝑒𝑒
−𝜋𝜋𝐷𝐷0𝑈𝑈0𝑙𝑙
�̇�𝑚𝑐𝑐𝑝𝑝  (7.4) 

where: 

𝑇𝑇𝑓𝑓,𝐼𝐼𝐼𝐼 = 𝑇𝑇𝑓𝑓(0) = temperature at pipe inlet [°C] 

𝑇𝑇𝑓𝑓(𝑙𝑙) = temperature at distance 𝑙𝑙 from pipe inlet [°C] 

𝑙𝑙= pipe length from pipe inlet [m] 

To highlight the influence of the temporal changes in seabed condition, the survey data 

from the two pipelines shown in Table 7.1 have been applied to an example pipeline, 

representing a 60 km long insulated flowline. The pipeline properties other than flow 

rates are those detailed under the ‘Case 1’ pipeline with a low pipe Biot number in 

Zakarian et al. (2012), which was inspired by a recent offshore development in Western 

Australia. The internal diameter of the example pipeline and those of the surveyed 

pipelines are within 30 mm of each other. The external diameters are also very similar, 

ensuring that the time scaling of the scour between the surveyed pipelines and the 

example pipeline is equivalent.  

Uexposed and Uground (see Equation 7.1) have been calculated through the methods set out 

in Zakarian et al. (2012), using the OTC23033 formula, the resulting OHTC variation 

with depth is shown on Figure 7.3. All of the necessary thermal properties are given in 

the paper, with the exception of the internal film coefficient, which has been set as equal 

to the external film coefficient provided in the paper (the sensitivity of the calculated 

OHTC to this value is negligible). For clarity, properties other than embedment which 
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can vary along a pipeline such as soil thermal properties, internal and external heat 

transfer coefficients (HTC) and pipe HTC are held constant. 

 

7.5.1 Calculated thermal profiles; Pipeline 1 

The mean surveyed embedment along the pipeline was calculated, and the 

corresponding mean OHTC applied along the full length of the pipeline. Equation 7.4 

was then applied with reference to the temperature at the pipeline inlet. Temperature 

profiles have been calculated for the following embedment cases: (i) fully exposed 

(𝑒𝑒/𝐷𝐷 ≤0); (ii) as-laid; (iii) mature surveyed embedment (after the scour and 

sedimentation had stabilised); and (iv) fully buried (𝑒𝑒/𝐷𝐷 =1). These embedment cases 

are included to compare the temperature profiles which result from various design 

assumptions of pipeline embedment against the actual survey results. In the absence of 

detailed information on the local scour and sediment transport environment, an engineer 

designing a pipeline which rests on a mobile seabed might conclude that they should 

design for an OHTC range which assumed an embedment condition ranging from the 

as-laid embedment up to a fully buried pipeline. In other words they might assume a 

normalised burial (e/D) ranging from 0.05 to 1. Figure 7.4 shows the resulting 

temperature profiles which result from the two assumed, and two measured 

embedments. 

The similarity between the as-laid and fully exposed profiles is due to the minimal as-

laid embedment for this pipeline, the as-laid OHTC only differs slightly from that of a 

fully exposed pipeline. The temperature at the outlet for both cases is nearly equal to the 

ambient temperature of 20 °C. However by the time the scour process has matured, the 

increased embedment would raise the delivery temperature by 5 °C. If complete burial 

is assumed, the calculated design delivery temperature is 13 °C higher than for the as-

laid case. 

Another important influence of the insulation level is the distance along the pipeline 

where the contents cross a threshold temperature, beyond which a given design problem 

is deemed critical. Herein a value of 50 °C has been selected. This coincides with a 

critical value for top of line corrosion (TLC) in wet gas pipelines: Gunaltun et al. (2013) 

observed that the rate of TLC decreased linearly down to 50 °C for external seawater 

temperatures of 15 - 20 °C, and that the thickness of pipe lost to this form of corrosion 

did not change below 50 °C. As a result, a designer who was confident of the burial 
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condition of the pipeline could specify an optimised, uniform corrosion allowance 

beyond the point where the 50 °C threshold was to be crossed, or switch from corrosion 

resistant alloy (CRA) to less expensive carbon steel pipe beyond that point.  

The threshold value can also be considered in terms of the buckling design. The point 

where upheaval and lateral buckling ceases to be problematic is a function of the 

temperature, pressure, soil properties and the structural properties of the pipeline. The 

threshold of 50 °C is also typical of the range where buckling may become critical for 

design, depending on these other parameters.  

The differences between the threshold temperature crossing points are annotated on 

Figure 7.4. Pipeline 1 self-buried to an average depth of 0.65D. This value is consistent 

with scour theory for the conditions that it was exposed to. With this information, and 

the knowledge that scour-induced embedment has a theoretical upper limit, when 

designing the example pipeline in a similar environment to Pipeline 1, a designer could 

save around 12 km of additional corrosion measures or buckling mitigation measures. 

Conversely, a design which failed to account for seabed mobility at all will have 6.5 km 

of under-designed pipeline length. 

While this analysis does not consider uncertainties in other design parameters such as 

pipe inlet temperature, the relative design efficiencies highlighted be applicable to a full 

analysis.  

 

7.5.2 Calculated thermal profiles; Pipeline 2 

For Pipeline 2 bathymetric data around the pipeline was available every metre over 

19.9 km of its length. This data was queried at 1 m intervals along the pipeline, and the 

average of the embedment on both sides of the pipeline used as the burial depth 

reference. The OHTC was then calculated at each of those points. For the temperature 

calculation, the varying OHTC was accounted for by stepping along the pipeline in 1 m 

sections and calculating an outlet temperature after each section. As a cross check 

against the method used for Pipeline 1, the average OHTC was also calculated, and the 

temperature at a given point calculated with reference back to the inlet temperature. Due 

to the high frequency of the embedment variation (and resulting OHTC variation), the 

resulting temperature profile varied by less than 0.4 °C from that calculated with the 

stepwise method, the difference being most prominent over the initial few kilometres of 
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pipeline where the embedment was higher than the average. On that basis the mean 

OHTC over the 19.9 km of surveyed pipeline was able to be used in an extrapolation of 

the survey data to the 60 km example flowline (see later discussion). 

Figure 7.5 shows the variation of the embedment and the OHTC along the surveyed 

section of pipeline; the upper and middle plots have been smoothed over a length of 500 

m, the lower plot has not been smoothed. The OHTC values for pipeline sections which 

are fully exposed, fully buried and buried to 0.1D (the estimated as-laid embedment) are 

shown for reference on the lower two plots.  

Despite the dramatic changes in the embedment state along the pipeline, comparison of 

the as-laid and mature lines show that the average OHTC along the pipeline was 

relatively unchanged between lay and the survey. While the pipeline was shallowly 

buried at lay, there was next to no spanning along the pipeline. In contrast, as indicated 

on Figure 7.1 and described in detail in Leckie et al. (2015), the maturing of the 

scouring process lead to a significant increase in the proportion of the pipeline in span, 

along with an increase in burial depth for embedded sections.  

For the 19.9 km section of pipeline that was surveyed, these effects largely offset each 

other in terms of the OHTC. This is true both for the full pipeline and (with some minor 

variation) locally. As a result of this offsetting effect, the temperature profiles for the as-

laid and mature pipelines (see Figure 7.7) are very similar, differing by a value of less 

than 1.2 degrees at the end of the pipeline. 

This behaviour is in contrast to that shown for Pipeline 1, where the mature state 

consisted of a fully embedded pipeline. The differences between the two cases reflect 

the mobility of the seabed sediment away from the pipeline. While for Pipeline 1 

sediment is mobile in the far-field – and hence available for backfilling around the 

pipeline – for Pipeline 2 the metocean conditions and properties of the soils are such 

that (with only rare exceptions) sediment can only be mobilised in the vicinity of the 

pipeline due to the hydrodynamic shear-stress amplification around the pipeline. This 

highlights the importance of gaining an understanding during design of the mobility of 

the sediment in the free-field. 

A histogram of the raw OHTC values is presented as Figure 7.6. The distribution is non-

continuous, and is comprised of a near-normal distribution representing the embedded 

sections of pipeline, and a spike at the end of the distribution representing the spanning 
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sections which make up approximately 50 % of the surveyed length of the pipeline. Due 

to the fact that just over 50 % of the surveyed section of pipeline is in span and the 

(related) non-continuous distribution of the OHTC, the median and 5 % exceedance 

value of the OHTC coincide at a value of 9.96 W/m2/°C, which is the value for a fully 

exposed pipeline. 

To again consider influence on design, selecting an embedment range of 0 to 1D 

represents a potential OHTC range of 4.41 to 9.96 W/m2/°C for the case study 

considered herein. As shown on Figure 7.7 this results in a large spread of possible 

temperature profiles.  

However, similarly to Pipeline 1, by incorporating information on the effects of scour 

and sedimentation this conservatism can be reduced. Where confidence was high that 

the conditions would be similar to Pipeline 2, approximately 15.5 km of additional 

corrosion protection or buckling infrastructure could be saved. A more conservative 

approach could be taken, with the 95 % exceedance value shown on Figure 7.6 selected 

as the bottom end of the design range, and the value for a fully exposed pipe as the 

upper end. In this case design savings would be made along 4.5 km of pipeline.  

The examples presented above were for a pipeline with a low pipeline Biot number (a 

well-insulated pipeline). The design range over which pipeline temperature will cross 

over a given threshold is a function of the uncertainty around pipeline self-burial, and 

the ratio of the OHTC at 0 % and 100 % burial, which is in turn a function of pipeline 

Biot number. The design savings highlighted above would be much larger for pipelines 

with higher Biot numbers such as concrete weight coated trunklines or uninsulated 

pipelines. To illustrate this point, Table 7.2 shows the OHTC range for three published 

scenarios including the low Biot number example examined herein. 

Finally, while the pipeline was not in operation at the time of survey, previous surveys 

completed during operation periods showed that the pipeline embedment was altered by 

buckling along approximately 9 % of the pipeline length (Leckie et al., 2015). While 

these effects would need to be considered in a design (the pipeline was generally more 

exposed through the buckling sections), the findings set out above would not be altered 

significantly. 
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Table 7.2: OHTC variation with pipeline embedment for various pipelines 
(adapted from Zakarian et al. (2012)) 

Biot no. Example 
Case Biot no. 

OHTC 

e/D = 0 e/D = 1.0 Ratio 

Low  
(this paper) 

Insulated 
pipeline 2.08 9.95 4.41 2.3 

Intermediate 

Concrete 
weight 
coated 

trunkline 

4.17 23 8 2.9 

High 

Uninsulated 
pipeline, 
cooling 
spool 

441 550 18 30.6 

 

7.6 CONCLUSIONS 

This paper has demonstrated two important temporal effects of pipe-seabed condition 

that can have a major influence on the pipeline operating response. 

The first example [not included in this thesis] illustrates that axial pipe-soil resistance 

on soft clay soils can rise significantly through cycles of movement and consolidation. 

The effect of this process on the axial walking of the pipeline is highlighted, and it is 

shown that a more efficient design is possible if this effect can be quantified and applied 

in design. 

The second example [included herein] shows how a failure to effectively account for 

temporal changes in seabed level driven by scour and sediment transport can lead to 

either unsafe or overly conservative assessments of the temperature profile along the 

pipeline. It has been shown how these assessments might alter the requirement to 

mitigate corrosion and global buckling, and they may also have a significant effect on 

hydrate management. 

These temporal changes in pipe-seabed condition depend on the geotechnical and 

metocean environment and the case studies shown here are site-specific. For example, 

the time development of scour and sedimentation depends on the vigour of the 

metocean environment and the erosive resistance of the local soils, as well as the 

pipeline properties and the as-laid condition. Similarly, the rate and magnitude of 
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changes in seabed strength depend on the soil properties as well as the time history of 

pipeline expansion and the resulting pore pressure generation and dissipation. 

To assist the refinement and application of design methods that capture these effects, it 

is recommended that greater effort be spent back-analysing the observed performance of 

existing pipelines, using a cross-disciplinary perspective encompassing the 

geotechnical, metocean and flow assurance aspects that interact in pipeline engineering. 

The case studies reported by Leckie et al. (2015) and Hill and White (2015), which 

include further analysis of the phenomena described in this paper, demonstrate the value 

of careful field data interpretation. This interpretation relies on both pipeline response 

data and also quantification of the metocean, sediment transport and geotechnical 

environment as well as the history of operating conditions. The resulting improvements 

in design practice offer more reliable and cost-effective pipeline design. 
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FIGURES 

 

 
 

Figure 7.1: Changes to embedment and spanning of Pipeline 2 between 2002 
(upper image, 6 months after lay) and 2006 (lower image), from Leckie et al. 
(2015).  
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Figure 7.2: Notation for partially embedded pipeline, from Zakarian et al. (2012) 
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Figure 7.3: Effect of burial depth on OHTC, adapted from Zakarian et al. (2012) 
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Figure 7.4: Temperature profile for Pipeline 1. 
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Figure 7.5: Variation of embedment (upper plot) and the OHTC (middle and lower 
plots) along a 19.9 km section of flowline. The mature surveyed OHTC shown on 
the middle plot has been smoothed over a length of 500 m, the lower plot shows the 
unsmoothed OHTC variation from KP 5 to 5.2.  
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Figure 7.6: Histogram of the mature surveyed OHTC compared with the fully 
buried, 95 % exceedance, as-laid and fully exposed values. 
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Figure 7.7: Temperature Profiles for Pipeline 2 under various assumed and 
measured OHTC values. 
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CHAPTER 8.  CONCLUDING REMARKS 

8.1 PRINCIPAL FINDINGS 

Novel research techniques have been applied to demonstrate that the embedment and 

spanning of offshore pipelines change in ways that can be predicted, and are consistent 

with our understanding of the scour and sedimentation processes. Incorporation of this 

knowledge into the thermal expansion, corrosion prevention, flow assurance and in 

particular on-bottom stability design of pipelines has been shown to lead to significant 

potential cost savings and more robust designs. Each of these points is examined in 

more detail below. 

8.1.1 Image-analysis based processing of historic field data. 

A methodology for the extraction of scaled bathymetric data from historic survey video 

has been demonstrated. This technique transforms these videos into a bathymetric 

database, providing a time-dependent bathymetric history of the pipeline. Once 

transformed with this method, these historic surveys are of considerable value to the 

researcher and the practitioner, providing data without the need for expensive, specially 

commissioned, seabed mobility surveys. 

8.1.2 Scour and sedimentation behaviour in the field and laboratory 

The post-lay changes to embedment and spanning have been reviewed for two groups of 

pipelines. This represents the first published systematic study comparing the existing 

theory on seabed mobility around pipelines – theory which is primarily based on small 

scale physical modelling – with actual behaviour in the field. The comparison has both 

confirmed and challenged various parts of that theory, while opening up new areas of 

study. 

In terms of time scale, previously published physical scour modelling results have been 

confirmed, with scour and sedimentation observed to develop rapidly then stabilise 

asymptotically. In terms of mechanisms, behaviour consistent with the sagging of 

pipeline sections into long spans formed by scour and the sinking of pipeline sections 

into span shoulders has been confirmed through the use of an analysis of far-field 

embedment variation, span history analysis and a beam bending analysis. This confirms 

the importance of these mechanisms, which were previously described in physical 

model tests. However a comparatively neglected mechanism – sedimentation – has also 
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been identified through an analysis of embedment patterns, and then confirmed through 

a series of O-tube tests. 

Those tests both confirmed the sedimentation mechanism, and provided novel 

information on the time scale and equilibrium geometry of this process. The equilibrium 

profile under sedimentation was shown to be weakly dependent on the KC number, but 

showed little or no dependence on Reynolds number or shear stress across the range of 

conditions considered. The dimensionless time scale of the sedimentation process was 

dependent on both KC number and shear stress, but not dependent on Reynolds number, 

allowing for straightforward scaling of these test results to field conditions. The 

timescale of the sedimentation process was slower than previously published values for 

scour, but as the KC number reduced the results approached those for scour. 

The metocean environment has been shown to be of critical importance in determining 

the post-lay change, with both large and more subtle differences in conditions between 

areas shown to play a role. For instance, the approximately 90 degree rotation (relative 

to the dominant currents) of the pipelines considered in Chapters 3 and 4 resulted in 

very different outcomes, while the more subtle variation in internal wave behaviour 

along the pipeline considered in Chapter 4 was also shown to strongly influence its post-

lay embedment change. The behaviour of the later series of pipelines suggests that even 

in a predominantly parallel flow environment, where sufficiently strong near-

perpendicular events occur these can dominate the post-lay outcome. Where 

information on the metocean environment is available, laboratory-based assessment of 

soil erosion behaviour was shown in Chapter 4 to be a good predictor of mobility in the 

field. 

The persistence of open spans in a ‘pseudo-static’ permanent state is a novel 

observation, not anticipated by the literature, as is the degree to which fish life can 

influence span formation along a pipeline. The holding open of spans is consistent with 

environments where far-field mobility is rare, and / or fish life remains active along the 

pipeline. 

8.1.3 Implications for pipeline behaviour 

Chapters 5 to 7 explored the implications of these changes for pipeline behaviour and 

design. In Chapter 5, the local breakout resistance of the embedded sections of the 

pipeline reviewed in Chapter 3 increased in the years following lay, more than doubling 
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in some sections. While existing guidelines consider the seabed as flat, the importance 

of both the local embedment and the slope of the seabed away from the pipe were 

highlighted, with local embedment having the strongest influence on breakout 

resistance. 

In Chapter 6 both the pipeline resistance and the hydrodynamic loading were 

considered, and a time-dependent post-lay stability analysis completed for the pipeline 

described in Chapter 3. The stability was analysed over an 11 year period, and post-lay 

increases to the critical on-bottom stability velocity of 1 - 2 m/s were calculated. 

Reductions in hydrodynamic load and increases in soil resistance were both shown to 

make important contributions to the stability increase. The rate of stability increase was 

found to vary along the pipeline, and was dependant on the mechanism of pipeline 

lowering. The analysis highlighted the potential for large reductions in specific gravity 

where sediment mobility is taken into account during the design.  

In Chapter 7 the influence of these changes on the temperature profile of the pipeline 

contents was explored. Similarly to the previous examples, a failure to incorporate 

knowledge of seabed mobility driven embedment change was shown to lead to non-

robust or overly conservative design depending on the approach taken. Using an 

example 60 km long flowline, incorporation of a seabed mobility assessment allowed 

for design savings along up to 15.5 km of the line, relative to a conservative ‘fully 

buried’ baseline. These savings would apply to the buckling scheme, corrosion 

protection and hydrate management design. 

8.2 A NEW APPROACH TO PIPELINE DESIGN 

Historically seabed mobility around pipelines has proven to be a challenge to the design 

practitioner due to the highly variable embedment and spanning states that it can 

produce. The findings described herein suggest that these changes can be quantified and 

effectively accounted for in design, and that a detailed scour and sedimentation analysis 

should precede the remainder of the pipeline design. Such an analysis does however rely 

on the collection of detailed information on the pipeline environment, particularly the 

metocean and soil erosion conditions along the full length of the pipeline. For instance 

Chapter 4 has highlighted how both gross and subtle changes to the metocean 

conditions can result in significantly different embedment change outcomes. These 

changes were observed to be consistent with changes to metocean conditions, which 
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were able to be reviewed thanks to a relatively dense array of metocean measuring 

stations. Soil erosion test results in conjunction with metocean data were shown to be a 

good predictor of mobility in the field. While gathering detailed metocean and soil data 

comes at a cost in the design stage of a project, the metocean data used herein was 

already gathered during project planning to assist in other aspects of pipeline design, 

while the erosion tests used in Chapter 3 and 4 can be incorporated into a standard 

geotechnical investigation. The scale of the design savings highlighted in Chapters 5 to 

7 suggests that the additional costs would comfortably be recaptured through the 

improved efficiency and robustness of the final pipeline design. 

8.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

The outcomes of this research project have highlighted several areas which warrant 

additional research. These include: 

1. Physical modelling and field studies on the interplay of scour and 

sedimentation. The work described in Chapter 4 highlighted the importance of 

direct sedimentation as a mechanism of change. This mechanism has not 

received the same degree of attention as scour in physical and numerical 

modelling work. Physical modelling of a wider range of initial conditions, 

including variation of the initial embedment and flow conditions will assist in 

the development of an understanding of the conditions within which direct 

sedimentation can be expected to develop and further understanding of the 

interplay between scour and sedimentation. Two examples are presented below: 

From the work of Sumer et al. (2001) on scour onset it is known that relatively 

high velocity flows are required initiate scour under an as-laid embedment of 

0.1D for instance. Furthermore, from the work of (Fredsøe et al., 1992) and that 

presented herein, it is known that scour develops more rapidly than 

sedimentation. The degree to which local lows in the as-laid embedment can 

lead to a scour-dominated regime as opposed to a sedimentation dominated 

regime could be investigated further.  

In addition, more general work comparing the timing of these changes to the 

timing of critical pipeline loading would be of considerable value. The changes 

highlighted herein occur under regular tidal and internal wave flows. A 

probabilistic analysis could be completed which assesses the likelihood of a 
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design storm of a given strength occurring before significant embedment 

changes could be secured.  

Meanwhile in Chapter 4.6 the presence of stable short spans formed by fish, 

within non-lowered sections of pipeline was noted. It was hypothesised that 

these spans had not grown in scour due to the shielding provided by berms of 

previously deposited sediment present in the mid-field either side of the pipeline 

span. The validity or otherwise of this explanation could be explored with 

physical model tests, with the outcome helping to further explain the interplay of 

scour and sedimentation highlighted herein. 

2. Extended field investigations, metocean variation. The two principal studies 

presented herein (Chapters 3 and 4) highlight the degree to which the 

embedment and spanning can vary, in particular as metocean conditions change. 

Two quite different post-mobility profiles were presented in each case; and the 

results described in Chapter 4 suggest that apparently minor changes in 

metocean conditions along a single pipeline can have a dramatic influence on 

embedment change. Additional field studies will help further understanding of 

the specific conditions under which a given post-mobility embedment and 

spanning state will be produced. The results presented herein suggest that a 

presence of at least some strong near-perpendicular flow events is crucial to 

producing embedment changes. For the pipeline reviewed in Chapter 3 these are 

provided by both tides and internal waves, while for the pipeline discussed in 

Chapter 4 they are provided by (relatively rare) internal waves. Extending 

similar studies into shallower water where (for instance) internal waves are 

weaker or absent, and tides remain aligned near-parallel to the pipeline would be 

of considerable interest. 

3. Extended field investigations, marine fauna. The results presented in Chapter 4 

highlight the influence fish can have on span development along the pipelines. 

This result together with the work of Mueller (2015) suggests that the influence 

of fish life on pipeline spanning and embedment is significant on (at least) the 

North West Shelf. This provides a challenge to attempts to model the pipeline 

scour and sedimentation process. Further field studies could assist in 

establishing a more detailed understanding of where these effects are strongest, 

and any natural limiting behaviour (in terms of span length for instance) that 

could be used to help delimit model conditions or design problems.  
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4. Fully automated processing of historic survey data. The expense of offshore 

surveying and the vast amounts of survey data collected in the past justified the 

expenditure of sufficient time in this this study to extract bathymetric data from 

historic survey video footage using image analysis techniques. The approach 

described in Chapter 2 has already led to several insights. Full automation of this 

process through optical character recognition of KP recordings and algorithm-

based cleaning of sonar footage would greatly increase the amount of historic 

bathymetry available, leading to further discoveries. 
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