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ABSTRACT 1 

High resolution bathymetry combined with structural modelling is used to estimate changes in 2 

the on-bottom stability of an offshore pipeline due to scour and sedimentation over an 11 year 3 

period. Detailed observations of post-lay embedment changes have been combined with the 4 

pipeline structural characteristics and an elastic-plastic model of soil resistance to estimate the 5 

vertical and horizontal stability of the pipeline using a finite difference solution to the beam 6 

bending equation. Application of the design approach indicates that post-lay increases to the 7 

critical (break-out) velocity of 1 – 2 m/s occur along the full 19 km of surveyed pipeline due to 8 

scour and sedimentation, which act to reduce load and increase soil resistance. The rate at which 9 

this increase in stability occurs with time is found to vary along the pipeline, and is dependent 10 

on the mechanism of pipeline lowering (i.e. whether the pipe lowered due to sagging into widely 11 

spaced scour holes, or by sinking into the shoulders between many closely spaced scour holes). 12 

By incorporating sediment transport into the pipeline design, the present results suggest 13 

potential for significant improvements in pipeline on-bottom stability and associated reductions 14 

in minimum required specific gravity and/or secondary stabilisation.  15 
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1 INTRODUCTION 16 

Sediment mobility and, in particular, scour around pipelines has been an area of significant 17 

research effort for several decades; see, for example, the summaries provided in Sumer and 18 

Fredsøe (2002) and Whitehouse (1998). Despite this work and more applied studies (such as 19 

the work of Hulsbergen and Bijker (1989) on spoilers), the influence of sediment mobility on 20 

pipeline stability design has only been acknowledged in industry codes relatively recently (Det 21 

Norske Veritas, 2011). This acknowledgement corrects the erroneous assumption made in more 22 

traditional pipeline stability design that a pipeline on a mobile seabed will become unstable 23 

before the seabed itself becomes mobile (Palmer, 1996). However, the recent additions do not 24 

yet extend to specific guidance on how to predict changes to pipeline embedment due to 25 

sediment mobility, or how to make allowance for the associated changes in on-bottom stability 26 

in practise.  27 

Recent and ongoing research aims to address this shortcoming. The present paper is part of a 28 

wider research effort in which ocean-pipeline-seabed interaction has been studied in a cross-29 

disciplinary manner, combining hydrodynamic, sediment transport and geotechnical expertise 30 

(White et al., 2014). The overarching aim is to provide a balanced perspective on pipeline 31 

stability, giving seabed mobility due prominence in the work. Draper et al. (2015), for example, 32 

present the results of recent physical modelling tests using a unique recirculating flume 33 

(described in An et al. (2013)) to simulate scour-induced changes in pipeline stability and their 34 

sensitivity to the flow conditions, particularly the change in velocities during the development 35 

of a storm. 36 

One of the key barriers to accommodating sediment mobility in pipeline design is that pipeline 37 

scour and sedimentation research is predominantly based on laboratory modelling; there is a 38 

lack of published information on the actual scour and sedimentation behaviour of pipelines in 39 

the field to compare against those results. Bruschi et al. (1997) discussed pipeline self-burial in 40 

the field, while Pinna et al. (2003) provided detailed observations for a particular pipeline. More 41 

recently Leckie et al. (2015) and Leckie et al. (2016a) have presented detailed analysis of 42 

sediment mobility-induced changes to pipeline embedment and spanning for pipelines offshore 43 

Western Australia (WA). 44 

Following on from the work of Leckie (2015, 2016a), this paper uses 11 years of field survey 45 

data to quantify changes in pipeline embedment and the associated changes in on-bottom 46 

stability due to sediment mobility for a pipeline offshore WA. A brief overview of the pipeline 47 
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setting and the post-lay near-pipeline bathymetry is presented first, with an emphasis on the 48 

aspects of the geometry that have the greatest influence on pipeline stability. The evolution of 49 

the on-bottom stability of the pipeline is then considered under the action of a uniform 50 

perpendicular current. Finally, the sensitivity of pipeline stability to the pipeline specific gravity 51 

(S.G.) is examined to explore the implications of seabed mobility for pipeline design practice. 52 

 53 

2 PIPELINE SETTING AND SURVEY DATA 54 

The first 6.5 years of sediment mobility-induced changes to the embedment and spanning of 55 

the pipeline considered herein are discussed in detail in Leckie et al. (2015) along with details 56 

of the pipeline structural properties and the geotechnical and metocean setting. In summary, the 57 

pipeline is 22.9 km long, has a nominal diameter of 12 in. (0.30 m) and was laid in 2001 offshore 58 

WA (see Leckie et al. 2015). The seabed soils are relatively uniform along the pipeline route, 59 

comprising carbonate sandy SILT (typical d50=0.07 mm) through the middle Kilometre Point 60 

(KP) range and carbonate silty SAND (typical d50=0.12 mm) at the two ends. The pipeline lies 61 

in 130 m of water depth, which is sufficiently deep that wave induced orbital velocities are 62 

negligible at this location. Rather, sediment transport is controlled by tide and internal wave-63 

induced currents which flow perpendicular to the pipeline orientation. Current records from a 64 

nearby platform and results from erosion testing indicate that the seabed adjacent to the pipeline 65 

is mobile, on average, 7% of the time (a cumulative 25.6 days/year), while the whole seabed is 66 

mobile 0.04% of the time (a cumulative 3.5 hours/year) (see Leckie et al. 2015). 67 

Leckie et al. (2015) used annual survey data dating back to 2002, including (i) observations of 68 

span start and stop points from pipeline inspection video, and (ii) near pipeline bathymetry for 69 

three 200 m sections, which was extracted from historic two-source sonar footage using an 70 

image analysis technique described in Leckie et al. (2016b). The first 19 km of the same pipeline 71 

was surveyed again in 2013 using more modern multibeam bathymetry and the results made 72 

available to the authors after the publication of Leckie et al. (2015).  73 

This 2013 bathymetry forms the basis of the work described in this paper, supplemented with 74 

comparisons to the earlier 200 m subsection datasets presented in Leckie et al. (2015). The 2013 75 

multibeam dataset consists of a grid of points either side of the pipeline with a resolution of 76 

~0.2 m centres. While the raw multibeam data is of high quality, post-processing of the data 77 

has been undertaken to remove occasional errors and artefacts from the dataset and to 78 

interpolate the level of the seabed through the sonar shadow section that exists beneath spanning 79 
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sections of pipeline. The raw data, which was referenced to an absolute level, has been 80 

transformed to relative level bathymetry with the bottom of the pipeline acting as the reference 81 

point (see Figure 2). To assist with computational time, the 0.2 m grid has been interpolated to 82 

a grid that has a curvilinear coordinate following the pipeline (with 0.1 m grid spacing) and a 83 

second coordinate normal to the pipeline (with 0.1 m grid spacing up to a distance 5 m either 84 

side of the pipeline centre). An example of the post-processed bathymetry is shown in Figure 85 

3. 86 

Due to the difficulties in accurately interpolating the depth of shallow spans from multibeam 87 

data, visual confirmation from ROV video of the locations where spans start and stop remains 88 

the most accurate measure of these points, and has been used herein. While the post-processing 89 

produces good quality bathymetry through the sonar shadow region, the depths of very shallow 90 

spans (< ~0.25D) should only be taken as indicative.  91 

 92 

3 NEAR PIPELINE BATHYMETRY 93 

3.1 Overview  94 

Leckie et al. (2015) provide an overview of the post-lay changes in near-pipe seabed level that 95 

occurred between the laying of the pipeline in late 2001 through to 2008. At the time of the 96 

most recent survey in 2013, 40 % of the pipeline was in span; a slight increase from the 2008 97 

value of 38%, but within the ‘mature’ range described in Leckie et al. (2015). The mean number 98 

of spans per kilometre had reduced slightly from 36 in 2008 to 30 in 2013. Taken together these 99 

figures suggest that between 2008 and 2013 the pipeline remained in the ‘pseudo-static’ 100 

embedment state described in Leckie et al. (2015), albeit with a slight increase in the number 101 

of longer spans.  102 

The free span screening length for vortex-induced vibrations (VIV) on this pipeline is 24 m. Of 103 

the 27 such spans that were observed in the annual surveys from 2004 to 2008 and in 2013, 104 

only 4 were observed in consecutive surveys. None were observed in 3 or more consecutive 105 

surveys. While of only minor importance in the context of on-bottom stability, the transient 106 

nature of these spans is an important consideration when considering their integrity and in 107 

particular the merits of pipeline intervention works to address concerns surrounding VIV 108 

(Krawczyk et al. (2013).  109 

An overlay of the spanning and embedded cross-sections for three 200 m long sections of 110 
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pipeline is shown in Figure 4, together with an indication of the percentage of pipeline length 111 

in span and embedded. Both the embedded and spanning sections of pipeline are similar for all 112 

three sections of pipeline in 2002, in that the embedded sections display high local embedment 113 

and relatively low mid and far-field embedment (see Figure 2 for definitions) and the majority 114 

of the scour holes are shallow through the spanning lengths of pipeline. By 2006 the embedment 115 

and spanning patterns for each of the three sections had changed, but the changes in the sections 116 

KP 7.2 – 7.4 and KP 13.3 – 13.5 are the most striking. Here the local, mid- and far-field 117 

embedment have increased through the embedded sections (consistent with the idea that the 118 

pipeline has sunk into the seabed at supporting shoulders between spans), and the span profiles 119 

have both deepened and widened. Between 2006 and 2013 the spanning sections do not change 120 

significantly, but the embedment of the embedded sections has continued to increase. Slightly 121 

higher seabed levels are present on the starboard (onshore) side in each survey, particularly in 122 

2006 and 2013. For pipeline section KP 19.9 – 20.1 there is little increase in embedment 123 

between 2002 to 2006, as might be expected if the pipeline has mainly lowered via sagging at 124 

localised (and relatively widely spaced) scour holes.  125 

On the basis of the embedment and spanning patterns along the pipeline from 2002 to 2008, 126 

Leckie et al. (2015) established two distinct zones along the pipeline: Zone A covers the two 127 

ends of the pipeline and Zone B covers the mid-section from KP ~5 to KP ~16. Approximate 128 

values state that there is a transition between the two zones. By 2008 (the final survey 129 

considered in Leckie et al. (2015)) Zone A was characterised by a relatively low degree of 130 

spanning, moderate to high local embedment and low mid-field embedment, while Zone B was 131 

characterised by a high percentage of pipeline in span, and moderate to high local and relatively 132 

uniform high mid-field embedment. The Zone A characteristics are indicative of a pipeline that 133 

has sagged locally into widely space scour holes, while those for Zone B are indicative of a 134 

pipeline that had sunk uniformly into the shoulders between closely spaced scour holes. As 135 

indicated in Figure 14, by the time of the 2013 survey, the spanning pattern remained largely 136 

unchanged compared to the 2008 values. 137 

The 2013 survey was the first time that the embedment was measured along the full length of 138 

the pipeline; the local and mid-field embedments are summarised in Figure 5 and discussed 139 

further in Section 3.2. 140 

3.2 Cross-sectional geometry of embedded sections 141 

Considering now the embedded sections of pipeline in isolation, Figure 5 shows 5th
, 50th, and 142 
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95th percentiles of local and mid-field embedment along the pipeline in 2013 compared to their 143 

estimated values immediately after lay in 2001. These statistics have been collected within a 144 

1 km long window which has been shifted along the pipeline in 500 m steps. In addition to 145 

highlighting the significant increase in embedment due to sediment mobility over time, the 146 

figure demonstrates that on mobile seabeds the seabed is often not flat perpendicular to the 147 

pipeline due to the development of scour holes or sedimentation berms adjacent to the pipeline. 148 

This contrasts to the conditions often simulated in model tests of pipe-seabed interaction, in 149 

which a pipe is penetrated into a flat seabed to investigate the resulting lateral resistance - see 150 

Verley and Sotberg (1994) for instance.  151 

The embedment variation is explored further in Figure 6, where the relationship between the 152 

local-field embedment and the slope between the local-field embedment and the mid-field 153 

embedment level is plotted for the three subsections mentioned earlier. The data fit a straight 154 

line relationship; high local-field embedment is associated with negative slopes down away 155 

from the pipeline, and low local-field embedment is associated with positive slopes up away 156 

from the pipeline. The influence of this type of bathymetry on the pipe-seabed resistance has 157 

been explored via numerical analysis by Tom et al. (2015), and the lateral soil resistance 158 

modelling approach detailed therein is applied in the stability model detailed later in Section 4. 159 

3.3 Cross-sectional geometry of spanning sections 160 

An analysis of the maximum scour hole depths from 2002 to 2008 included in Leckie et al. 161 

(2015) gave scour hole depths (normalised by pipeline diameter) ranging from near zero to 162 

2.5 D. A histogram of the scour hole depth (as defined in Figure 2) of all spanning sections in 163 

2013 (sampled at 1 m centres) is presented in Figure 7. Similar scour hole depths are seen, with 164 

depths from 0 to 0.5 D being the most common. In terms of on-bottom stability these scour hole 165 

depths - or ‘gap heights’ in pipeline stability terminology - afford the pipeline significant 166 

reductions in both drag and lift force. For instance, drag and lift forces, respectively, can reduce 167 

by more than 40 and 80 % respectively of their zero-gap values for scour depths greater than 168 

0.2 D (Aamlid et al., 2010). 169 

A histogram of the scour hole half widths 𝑊𝑊1 and 𝑊𝑊2, (see definition in Figure 2) in 2013 is 170 

presented in Figure 8, with the scour hole edge defined as the point where – moving away from 171 

the pipeline centre – the local slope of the seabed reduces to less than 14°. This definition was 172 

arrived at by trial and error via manual examination of various spanning profiles of differing 173 

slope uniformity and span geometry. Span widths of around 5 ± 0.5 D are the most common, 174 



Observed changes to the stability of a subsea pipeline caused by seabed mobility January 2018 

 9 

but are distributed about this mean on both sides of the pipeline and range from 2 D to 10 D.  175 

With respect to Figure 8 it is important to note that the design code DNV-RP-F105 (termed 176 

F105 hereafter, Det Norske Veritas (2017)), which is used for the integrity analysis of free 177 

spanning sections of pipelines (and is used herein for the calculation of forces on spanning 178 

sections; see Section 4.1 for further details) uses the seabed height at a distance of 3.5 D from 179 

the centre of the pipeline to estimate the sheltering effect of scour holes (or ‘trenches’ in the 180 

wording used in F105). However, as shown in Figure 8 (and Figure 4) scour holes can be wider 181 

than 3.5 D. To understand what effect this underestimation of the scour hole width may have, 182 

Figure 9 presents a histogram of the difference between the seabed level at an offset distance 183 

of 3.5 D and the level at the edge of the span coinciding with the definition of the half widths 184 

𝑊𝑊1 and 𝑊𝑊2 described above. There is a significant difference in the elevation, which means that 185 

F105 may underestimate the degree of sheltering, however, additional numerical or physical 186 

modelling would need to be carried out to fully understand the effects of the changed geometry. 187 

These effects may have implications for a stability analysis that uses the force correction factors 188 

given in F105 and, perhaps more importantly, the analysis of pipeline integrity accounting for 189 

VIV.  190 

4 ESTIMATED CHANGES IN ON-BOTTOM STABILITY  191 

4.1 Modelling approach 192 

4.1.1 Overview 193 

As a result of the varying pipeline embedment and spanning conditions described above, the 194 

lateral on-bottom stability of the pipeline is expected to vary along its length and through time. 195 

To estimate these changes a stability analysis is undertaken in this section using (i) the local 196 

seabed bathymetry observed in the field; (ii) the pipeline structural properties, 197 

(iii) hydrodynamic loads from the industry recommended practices F105 and DNV-RP-F109 198 

(termed F109 hereafter, Det Norske Veritas (2017)), (iv) a pipeline lateral resistance model 199 

based on that described in Tom et al. (2015) to estimate the pipe-seabed resistance (see 200 

Equation (3) below), and (v) a beam bending analysis to account for vertical and horizontal 201 

load sharing along the pipeline between spanning and embedded section of pipe. Each of these 202 

aspects of the analysis approach are outlined in Figure 10 and described in more detail below, 203 

whilst the beam bending model is shown in schematic form in Figure 11. The pipeline stability 204 

is assessed using the criteria of ‘absolute stability - virtually stable’ described in F109, where 205 

the pipeline is considered stable provided displacements do not exceed half the diameter of the 206 
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pipeline at any location. The design hydrodynamic loading condition considered in this paper 207 

is a uniform perpendicular steady current (attacking the pipe from either direction). This loading 208 

condition has been chosen for simplicity and to allow for an uncomplicated assessment of 209 

relative changes to the stability of the pipeline. At shallower water sites the combination of 210 

waves and currents would need to be considered. 211 

4.1.2 Querying of bathymetry 212 

In the first step, the bathymetry dataset is queried to determine the scour depth 𝑆𝑆 (i.e. gap) as 213 

well as the local-field embedment 𝑒𝑒𝑙𝑙 and the mid-field embedment 𝑒𝑒𝑚𝑚 either side of the pipeline 214 

(as defined in Figure 2) at one metre centres (or nodes) along the pipeline length. Spanning 215 

sections are then separated from embedded sections based on the elevation of the seabed along 216 

the pipe centreline (i.e. spans are defined when 𝑆𝑆 > 0 at a given node).  217 

The local embedments are then split into subsets based on the chosen direction of the loading. 218 

For spanning sections, this leads to the definition of the ‘upstream’ local embedment 𝑒𝑒𝑙𝑙𝑙𝑙 and 219 

mid-field embedment 𝑒𝑒𝑚𝑚𝑙𝑙 . For embedded sections of pipeline both the upstream and 220 

downstream embedments are of relevance, and are defined for the local embedment (𝑒𝑒𝑙𝑙𝑙𝑙 and 221 

𝑒𝑒𝑙𝑙𝑙𝑙) and mid-field embedment (𝑒𝑒𝑚𝑚𝑙𝑙 and 𝑒𝑒𝑚𝑚𝑙𝑙) along with the slope (relative to horizontal) of a 222 

straight line connecting the mid and local field seabed level on the downstream side of the 223 

pipeline (θd). 224 

4.1.3 Calculation of load 225 

Together with information on the flow conditions, the embedments and scour depth are used to 226 

calculate the horizontal and vertical loads normal to the pipeline at each node. In steady flow 227 

conditions (which are assumed in this paper), these loads reduce to the following form for both 228 

embedded and spanning sections of pipeline; 229 

𝐹𝐹 = 𝜓𝜓.
1
2

. 𝜌𝜌𝑤𝑤.𝐷𝐷.𝐶𝐶.𝑈𝑈2 (1) 

where 𝐹𝐹 is the force (either the horizontal force 𝐹𝐹𝑌𝑌, or the vertical lift force 𝐹𝐹𝑍𝑍), 𝜓𝜓 is a load 230 

correction factor, 𝜌𝜌𝑤𝑤 is the density of seawater (taken as 1025 kg/m3), D is the pipeline diameter 231 

(0.3509 m in this case), C is the load coefficient (𝐶𝐶𝑌𝑌  or 𝐶𝐶𝑍𝑍 ) and U is the perpendicular 232 

component of the steady flow velocity averaged over the height of the pipe (for the purely 233 

horizontal flow condition considered herein). The load correction factors (denoted by r and 234 

termed reduction factors in F109, or denoted by 𝜓𝜓 and termed correction factors in F105 and 235 
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herein) account for the influence of the particular flow conditions and the shielding provided 236 

by the specific seabed geometry at each node (i.e. 𝜓𝜓(𝑆𝑆, 𝑒𝑒𝑙𝑙𝑙𝑙, 𝑒𝑒𝑚𝑚𝑙𝑙); see Figure 10). Note the zp 237 

term of F109 is referred to as elu herein. 238 

For spanning sections of pipeline, F105 is used to estimate the load coefficients and correction 239 

factors for horizontal loads (also known as in-line and lateral loads) on the spanning sections 240 

(via Section 5.4 in F105). Alternatively, for the lift forces on spanning sections of pipeline F109 241 

is used for the load coefficient, whilst the correction factor is taken from Figure A11 of DNV 242 

‘81 (see Aamlid et al. (2010)) as a function of the gap beneath the pipeline (i.e. 𝑆𝑆 herein). 243 

Estimating the loads for spanning sections of pipe using these methods ensures that the forces 244 

on spanning sections of the pipeline make some allowance for; 245 

• The proximity of the seabed beneath the section of pipe. 246 

• The sheltering provided by the embedment in the mid-field, termed a ‘trench’ effect. 247 

Due to the short span lengths that occur along this pipeline, corrections for the lateral drag 248 

amplification caused by cross-flow vibrations have not been made when using F105.  249 

For embedded sections of pipeline the lateral and lift forces are calculated using F109 250 

(specifically Section 3.6.4 in F109) using the upstream local embedment to define the 251 

penetration depth. In this way corrections (only reductions) to the load are made for: 252 

• The permeability of the seabed. 253 

• The sheltering provided by the local embedment, termed ‘penetration’. 254 

• The sheltering provided by the mid-field embedment, termed ‘trenching’. 255 

Because the goal of this work is to examine the evolution of the pipeline stability as the seabed 256 

conditions change, safety factors are not applied to the loads and resistances. Also, we have not 257 

explored the influence of modifications to the code-defined approaches, even where recent 258 

research suggests modifications may be justified. For instance, a 0.7 reduction in lift force due 259 

to a permeable seabed was applied for consistency with the F109 stability approach, although 260 

recent work by An et al. (2011) suggests this correction factor may not be justified. This 261 

approach has been taken as the focus herein is on the relative stability of the pipeline 262 

incorporating the effects of sediment mobility.  263 

Finally, as mentioned above the span lengths considered herein were relatively short (with 264 

length to diameter ratios generally less than 30) and occur in areas of high stability. As a result, 265 

calculation of any amplification of the inline drag force on a spanning section of pipeline due 266 
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to cross-flow VIV has not been included. However, on projects where longer spans might occur 267 

the influence of this effect would need to be considered in design as the resulting correction 268 

factors on the loading are considerable, ranging from 1 to 2.55. However, the dominating design 269 

concern would be VIV for such cases.  270 

4.1.4 Vertical beam bending 271 

With the loads calculated, the resulting non-uniform vertical load is then applied and the beam 272 

bending equation solved vertically to provide the soil reaction force (𝐹𝐹𝐶𝐶) along the pipeline 273 

length. A finite difference method is used to solve the beam bending equation, given by; 274 

𝐸𝐸𝐸𝐸
𝑑𝑑4𝑧𝑧
𝑑𝑑𝑥𝑥4

− 𝑇𝑇
𝑑𝑑2𝑧𝑧
𝑑𝑑𝑥𝑥2

= 𝑊𝑊′ − 𝐹𝐹𝑍𝑍(𝑥𝑥) − 𝑘𝑘(𝑥𝑥)𝑧𝑧(𝑥𝑥), (2) 

where 𝐸𝐸𝐸𝐸 is the pipeline bending stiffness, 𝑇𝑇 is tension in the pipe, 𝑥𝑥 is position along the pipe, 275 

𝑧𝑧(𝑥𝑥) is the vertical displacement of the pipe, 𝑊𝑊′ is the pipeline self-weight, 𝐹𝐹𝑍𝑍(𝑥𝑥) is the vertical 276 

lift force per unit length along the pipe and 𝑘𝑘(𝑥𝑥) is the vertical soil stiffness, which is zero at 277 

spanning sections of pipeline and is calculated as described in Leckie et al. (2015) for embedded 278 

sections of pipeline with 𝑘𝑘(𝑥𝑥) = 𝑘𝑘𝑞𝑞𝑞𝑞𝐵𝐵
λ

 where 𝑘𝑘𝑞𝑞𝑞𝑞 is   the gradient of the CPT tip resistance �𝑘𝑘𝑞𝑞𝑞𝑞� 279 

with depth in the top metre of seabed, λ is a scaling parameter, to link between the cone and 280 

pipe penetration responses (taken as 10) and B is the contact width between the soil and pipeline 281 

given by 𝐵𝐵 = 2𝐷𝐷�𝑒𝑒
𝐷𝐷
− �𝑒𝑒

𝐷𝐷
�
2

 𝑖𝑖𝑖𝑖 𝑒𝑒 < 𝐷𝐷/2. The vertical soil reaction force is given by 𝐹𝐹𝐶𝐶(𝑥𝑥) =282 

𝑘𝑘(𝑥𝑥)𝑧𝑧(𝑥𝑥). 283 

4.1.5 Available soil resistance 284 

Following evaluation of the soil reaction force the available soil resistance to lateral movement 285 

is then calculated. A horizontal resistance model is described in DNV-RP-F109, which, in the 286 

case of sandy soils, is based on physical model tests described in Verley and Sotberg (1994). 287 

However, as described in Tom et al. (2015) and discussed earlier in Section 3.2, those tests do 288 

not cover the wide range of local and mid-field embedments encountered on mobile seabeds. 289 

To overcome these shortcomings, the approach described in Tom et al. (2015) is applied herein. 290 

More specifically, the maximum available horizontal resistance is calculated such that; 291 

𝐹𝐹𝑟𝑟(𝑥𝑥)
𝐹𝐹𝐶𝐶(𝑥𝑥) = 𝑐𝑐𝜃𝜃𝜇𝜇𝑏𝑏𝑟𝑟𝑘𝑘,𝜃𝜃=0, (3) 

where 𝐹𝐹𝑟𝑟(𝑥𝑥) is the available horizontal soil resistance, 𝐹𝐹𝑞𝑞(𝑥𝑥) is the vertical pipeline contact 292 
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force (obtained from the solution of equation (2)), 𝜇𝜇𝑏𝑏𝑟𝑟𝑘𝑘,𝜃𝜃=0 is the lateral friction coefficient 293 

assuming a flat seabed and 𝑐𝑐𝜃𝜃 is a correction factor that accounts for the effect of a sloping 294 

seabed adjacent to the pipeline. The ratio 𝐹𝐹𝑟𝑟/𝐹𝐹𝑞𝑞 is termed the ‘friction factor’.  295 

To evaluate equation (3), firstly 𝜇𝜇𝑏𝑏𝑟𝑟𝑘𝑘,𝜃𝜃=0 is interpolated from numerical limit analysis results 296 

reported in Tom et al. (2015) (see Figure 14 of that paper). Those results are means of upper 297 

and lower bound results assuming associated flow, a friction angle of 30°, and a flat seabed. 298 

The resulting ratios are shown on Figure 12, with the values assumed herein for local 299 

embedments outside the range considered in Tom et al. (2015) indicated by dashed lines. 300 

Secondly, the correction factor 𝑐𝑐𝜃𝜃  is applied to account for the effect of the seabed slope 301 

between the local and the mid-field embedment (this angle 𝜃𝜃 is defined on Figure 6). The results 302 

of Tom et al. (2015) are used again. They used further numerical modelling to establish a 303 

relationship for ‘friction up a hill’ (where the slope angle is added (or subtracted) from the soil 304 

friction angle). The resulting correction factor 𝑐𝑐𝜃𝜃 is plotted for a range of slope angles on Figure 305 

12. 306 

This is a relatively simple approach to the modelling of pipe-soil interaction forces, consistent 307 

with the simplified form of loading that is considered, and consistent with codified stability 308 

design methods. More detailed soil models have been proposed to capture undrained conditions, 309 

the interaction between vertical load and friction coefficient, and the gross deformation of the 310 

seabed by ‘bulldozing’ effects (e.g. Randolph & White (2008), Tian & Cassidy (2008) and 311 

White & Cheuk (2008)). However, the purpose of the present analysis is to assess the relative 312 

changes in stability due to changes in embedment, and it is anticipated that this relative stability 313 

would be broadly independent of the adopted soil model. 314 

4.1.6 Horizontal beam bending 315 

With the loads and resistances calculated, the beam bending equation is then solved horizontally 316 

to calculate the lateral displacement for a given applied horizontal velocity. In this calculation 317 

the beam bending equation is given by;  318 

𝐸𝐸𝐸𝐸
𝑑𝑑4𝑦𝑦
𝑑𝑑𝑥𝑥4

− 𝑇𝑇
𝑑𝑑2𝑦𝑦
𝑑𝑑𝑥𝑥2

= 𝐹𝐹𝑌𝑌(𝑥𝑥) − 𝐹𝐹𝑟𝑟′(𝑥𝑥), (4) 

where 𝑦𝑦  is the lateral displacement of the pipeline, 𝐹𝐹𝑌𝑌(𝑥𝑥)  is the horizontal (or lateral) 319 

hydrodynamic force and 𝐹𝐹𝑟𝑟′(𝑥𝑥) is the mobilised horizontal soil resistance. At locations where 320 

the pipeline is embedded the load displacement relationship is modelled as elastic-perfectly 321 
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plastic (see inset to Figure 11) with the soil resistance given by; 322 

𝐹𝐹𝑟𝑟 
′(𝑥𝑥) = �

𝐹𝐹𝑟𝑟(𝑥𝑥)
𝑦𝑦

𝑦𝑦𝑚𝑚𝑚𝑚𝑏𝑏
, 𝑦𝑦 ≤ 𝑦𝑦𝑚𝑚𝑚𝑚𝑏𝑏  

𝐹𝐹𝑟𝑟(𝑥𝑥),  𝑦𝑦 > 𝑦𝑦𝑚𝑚𝑚𝑚𝑏𝑏     
, (5) 

where 𝑦𝑦𝑚𝑚𝑚𝑚𝑏𝑏 is the mobilisation distance (set equal to 0.1𝐷𝐷). This mobilisation distance value 323 

lies between the results of Verley and Sotberg (1994) and Zhang et al. (2002). The sensitivity 324 

of the analysis to the mobilisation distance has been analysed across a range of 0.05 𝐷𝐷 to 0.2 𝐷𝐷, 325 

with the resulting critical velocity only varying by 0.02 m/s within this range. The pipeline was 326 

equidistantly discretised with the finite difference approach. The sensitivity to the size of the 327 

discretisation was analysed and a satisfactory convergence was achieved for elements of 1.0 m 328 

of length. 329 

Solution of Equation (4) allows for accommodation of the ‘smearing’ or load-sharing effect that 330 

the pipeline bending stiffness has on the loads and soil resistance. Zero moment and 331 

displacement end conditions are assumed as boundary conditions in the solution, and a 200 m 332 

buffer either side of the 200 m section of pipeline under consideration is used to ensure that the 333 

boundary conditions do not influence the displacement solution through the analysis section.  334 

The critical velocity is found, when the horizontal displacement of the pipeline exceeds 0.5 D 335 

at any point along the central 200 m. 336 

4.2 Quasi 2D Analysis 337 

It should be noted that the beam bending approach outlined in Section 4.1 assumes that the 338 

hydrodynamic forces and lateral soil ‘friction factor’ may be estimated based on the local 2D 339 

geometry at each node along the pipeline. The interaction between successive nodes is then 340 

accounted for by the beam bending model. This type of quasi-2D analysis approach is used 341 

commonly by industry (with varying levels of sophistication), however, it should be noted that 342 

there is a lack of conclusive analysis to indicate whether or not it is valid to treat the 343 

hydrodynamic force as the aggregation of forces based on 2D cross-sections (see Griffiths et 344 

al. (2012), Shen et al. (2013)), and to treat the local friction factors as locally 2D (i.e. based on 345 

the assumption the pipeline is translating perpendicular to its length only). To properly assess 346 

the quasi-2D analysis approach, 3D analysis would be of benefit in future work (providing 347 

computational requirements are not prohibitive). Nevertheless, it is expected that general 348 

conclusions concerning relative changes in stability will be consistent regardless of the analysis 349 

approach, and for this reason the quasi-2D approach is adopted in this paper.   350 
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4.3 Results 351 

4.3.1 Load and resistance variation due to sediment mobility 352 

An example output from the model subjected to a 1 m/s current (mean velocity across the 353 

pipeline diameter) is shown for a 200 m section of pipeline in Figure 13. This represents a 354 

strong, but not untypical loading for offshore WA; for example Van Gastel et al. (2009) report 355 

currents of ~1 m/s associated with internal waves, while Leckie et al. (2016a) report values of 356 

up to 2 m/s possibly associated with breaking internal waves. The figure outlines, from top to 357 

bottom; (i) the locations of spans, (ii) the seabed level in the local-field and mid-field, (iii) the 358 

load distribution along the pipeline, (iv) the vertical contact force and available lateral resistance 359 

distribution along the pipeline, and (v) the lateral displacement of the pipeline. The values for 360 

these parameters for the as-laid embedment condition are indicated by dashed lines, whilst for 361 

the 2013 condition they are indicated by solid lines.  362 

Comparisons of these lines show how the lateral (𝐹𝐹𝑌𝑌) and lift (𝐹𝐹𝑍𝑍) forces both reduce from the 363 

as-laid condition, with lift reducing by around 70% along the majority of the embedded lengths 364 

of pipeline and almost to zero over the majority of the spanning lengths. As a result of this lift 365 

reduction and the formation of pipeline spans, the vertical contact force (Fc) between the 366 

pipeline and the seabed increases by 2013, with particularly high values apparent at the span 367 

shoulders where the soil supports the additional pipeline weight from the spans. The increase 368 

in contact force, coupled with the significant increases in local and mid-field embedment, leads 369 

to an increase in the available resistance to lateral movement (Fr) at embedded sections. 370 

Inspection of the Fc and Fr profiles shows that the 2013 ‘friction factors’ exceed unity for 371 

almost all of the embedded length of pipeline. The reduction in loading coupled with the 372 

increase in available resistance results in a large increase in pipeline stability. The maximum 373 

lateral deflection for the 2013 condition is only 22% of the deflection under the as-laid 374 

condition.  375 

4.3.2 Stability variation along the pipeline 376 

By iterating on the velocity magnitude, the model has been used to determine the ‘critical’ 377 

steady current velocity (Ucrit) for which a given section of pipeline will ‘break out’ or displace 378 

laterally by 0.5 D.  The critical velocity along the pipeline is shown in Figure 14. To prepare 379 

this figure the critical velocity has been computed separately for successive 200 m sections of 380 

the pipeline, both for an offshore current and an onshore current. For the offshore loading case 381 

average values within each 200 m section are shown for the applied lateral and lift loads, the 382 
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vertical contact force, and the available soil resistance. While these average values of the load 383 

and resistance do not rigorously account for load and resistance sharing along the pipeline in 384 

the way that the model does, they indicate the general trend along the pipeline. Statistics on the 385 

spanning state of the pipeline are also shown.  386 

The critical velocity for the as-laid condition is also shown, along with the loads, contact force 387 

and available resistance when the critical velocity for the 2013 condition for each particular 200 388 

m section is applied to the as-laid condition. When the 2013 critical velocity is applied to the 389 

as-laid pipeline-seabed geometry, the lateral and lift forces range from ~0.75 to ~1.5 kN/m. 390 

This lift force is sufficiently high to lift sections of pipeline off the seabed, resulting in zero 391 

available resistance and the failure of the pipeline under the absolute stability criterion. 392 

In contrast, when the same load is applied to the pipeline with the 2013 embedment condition, 393 

lift loading is reduced to <0.25 kN/m and the lateral force to <0.69 kN/m. The reduction in lift 394 

load ensures that a positive vertical contact force is maintained along the pipeline, thus enabling 395 

a lateral resistance ranging from 0.21 to 0.79 kN/m. These changes result in a 1-2 m/s increase 396 

in the critical velocity by 2013 compared with the as-laid value of 1.07 m/s. There is a minor 397 

variation in the offshore and onshore values of critical velocity due to asymmetric seabed levels 398 

either side of the pipeline, with the offshore direction giving the lower critical velocity, 399 

typically.  400 

The critical velocity varies along the pipeline (Figure 14). The higher critical velocity through 401 

the mid-section of the pipeline (relative to the two end sections) is accompanied by an increase 402 

in the available resistance to lateral movement. Inspection of the embedment variation (see 403 

Figure 5) shows that the resistance increase through the central sections is in turn due to 404 

increases in both the local and the mid-field embedment through this zone (with the higher mid-405 

field embedment attributable to the fact that the pipeline has lowered relatively uniformly due 406 

to scour in this section; see Leckie et al. (2015)). 407 

Plots of the percentage of pipeline in span (Span) and the average ratio of the added half-lengths 408 

of the embedded sections of pipeline either side of a span to the length of that span (Lembed/Lspan), 409 

are included in Figure 14. The values shown are averages of these parameters for each 200 m 410 

analysis section. While the percentage of pipeline in span increases through the mid-section of 411 

the pipeline, there is significant variation within this overall trend and this variation is not 412 

reflected in the critical velocity profile. This suggests that the span ratio does not have a direct 413 

influence on the stability of this particular pipeline. However, the spanning ratio does have an 414 

indirect influence, as in this case it is consistent with the uniform lowering of the pipeline mid-415 
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section (Zone B) primarily through pipeline sinking at span shoulders (Leckie et al., 2015), 416 

which explains the higher midfield embedment that this section enjoys. Similarly, the 417 

Lembed/Lspan ratio tends to be low through the mid-section of the pipeline. While this suggests 418 

that this parameter is not critical in terms of mobilising sufficient lateral soil resistance, it does 419 

reflect the above-mentioned pipeline lowering history.  420 

4.3.3 The relative influence of hydrodynamic load reduction and increased soil resistance 421 

From inspection of Figure 13, both increases in lateral soil resistance and reductions in lift and 422 

horizontal load are evident over the 200 m section of pipeline compared with the as-laid 423 

embedment profile. To further explore how the changes in lateral soil resistance and in 424 

hydrodynamic load both effect stability,  Table 1 presents – for the full pipeline length – the 425 

average load and resistance values in both the as-laid and the 2013 condition, for the same 1 m/s 426 

perpendicular current shown on Figure 13. It can be seen that the lateral and vertical 427 

hydrodynamic force reduce by a factor 2.5 and 6.5, respectively, due to sheltering and spanning 428 

in 2015. In comparison the available lateral soil resistance increases by a factor of 3.8. Thus the 429 

reduction in hydrodynamic load due to sheltering and the increase in lateral soil resistance make 430 

similar contributions to the increased stability in 2013.  431 

Table 1: Hydrodynamic load and soil resistance changes from as-laid to the 2013 condition 432 
under 1 m/s steady current. 433 

 
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′51T     [kN/m] 0.46 0.46 
𝐹𝐹𝑟𝑟�   [kN/m] 0.18 0.69 
𝐹𝐹𝑟𝑟�/𝐹𝐹�𝑞𝑞  [ ] 0.55 1.6 

𝐹𝐹𝑟𝑟′����/𝐹𝐹�𝑟𝑟 [ ] 0.83 0.08 
Note: Values with overbars are averaged over the length of the pipeline. 434 

Each of the values listed in Table 1 will vary with the applied current velocity. The sensitivity 435 

of these parameters to the current velocity is explored in Figure 15, which shows the failure 436 

lines (i.e. the friction limits indicating the maximum available lateral resistance for a given 437 

vertical contact force) and load paths (i.e. the lateral and vertical force, net of weight, for 438 

different current velocities) for the as-laid and 2013 condition. For the 2013 condition case, the 439 

values presented are averages for the entire pipeline length. The as-laid conditions are assumed 440 
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to be uniform.  441 

The failure lines indicated by the friction limits on Figure 15 highlight the significant increase 442 

in soil resistance between the as-laid to the 2013 condition; for a given vertical contact force 443 

(Fc), almost three times the horizontal resistance can be mobilised in 2013. The differing load 444 

paths and the coordinates of points of a given velocity highlight how the loading has also 445 

changed in two significant ways due to seabed mobility; (i) the magnitude of both lift and 446 

horizontal (or drag) force has reduced in the 2013 condition for any given applied current 447 

velocity, and (ii) the ratio of drag to lift has increased, which allows for fuller utilisation of the 448 

bottom right hand corner of the failure envelope. This is advantageous for the pipeline stability; 449 

had the ratio of drag to lift been maintained between the as-laid and 2013 condition, the load 450 

path would have crossed the failure line at a lower value of Fc, and at a lower current velocity, 451 

reducing the gain in stability. Hence for the conditions considered herein, Figure 15 further 452 

demonstrates that both hydrodynamic load reduction (through sheltering) and increased soil 453 

resistance contribute to the increase in stability. 454 

In light of the observations in Table 1 and Figure 15, it is interesting to consider if certain 455 

situations may arise in which it is possible to separate the relative influences of a reduction in 456 

hydrodynamic load and an increase in lateral soil resistance on stability and, in turn, to 457 

determine if either effect was more dominant. We can explore this question by noting that a 458 

pipeline will become unstable on a flat seabed when;  459 

𝜌𝜌𝑤𝑤𝐶𝐶𝑌𝑌𝐷𝐷𝑈𝑈2 > 𝜇𝜇(2𝑊𝑊′ − 𝜌𝜌𝐶𝐶𝑍𝑍𝐷𝐷𝑈𝑈2) (6) 

Rearranging (6) gives the following at the point of instability; 460 

𝑈𝑈𝑞𝑞𝑟𝑟𝑐𝑐𝑐𝑐 = �2𝑊𝑊′
𝜌𝜌𝑤𝑤𝐷𝐷

� 𝜇𝜇
𝐶𝐶𝑌𝑌+𝜇𝜇𝐶𝐶𝑍𝑍

�. (7) 

The values affected by embedment are inside the brackets and control the relative importance 461 

of drag, lift and soil resistance. As 𝜇𝜇 increases, lift becomes increasingly important, and in the 462 

limit as 𝜇𝜇 → ∞ (7) reduces to;  463 

𝑈𝑈𝑞𝑞𝑟𝑟𝑐𝑐𝑐𝑐 = � 2𝑊𝑊′
𝜌𝜌𝑤𝑤𝐷𝐷𝐶𝐶𝑍𝑍

, (8) 

and the pipe can only be destabilised by being lifted off the seabed, rather than sliding across 464 

it. Hence, we can conclude that in this limiting condition, changes in hydrodynamic load 465 

(specifically the lift coefficient) would be of most relevance for stability of a pipeline, with a 466 
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fractional increase in Ucrit being equal to the square root of a fractional decrease in CZ. In 467 

contrast, as  𝜇𝜇 decreases to zero, the drag term dominates in the denominator so (7) reduces to;  468 

𝑈𝑈𝑞𝑞𝑟𝑟𝑐𝑐𝑐𝑐 = � 2𝑊𝑊′𝜇𝜇
𝜌𝜌𝑤𝑤𝐷𝐷𝐶𝐶𝑌𝑌

, (9) 

and the pipe will become unstable by sliding across the seabed. In this limiting condition it is, 469 

therefore, possible to separate the relative contributions of drag force and resistance on stability 470 

and, in turn, to ascertain which effect contributes most to a change in Ucrit. 471 

For the more general situation in which neither of these limits in 𝜇𝜇 holds, it follows that drag, 472 

lift and soil resistance are all important in determining the pipeline’s stability. More 473 

importantly, because 𝜇𝜇 appears in the denominator in (7) the relative influence of changes in 474 

the hydrodynamic load and soil resistance cannot be separated; with both effects contributing 475 

interdependently to the critical velocity. This situation is most relevant for the present pipeline.  476 

4.3.4 The influence of pipeline specific gravity 477 

In on-bottom stability design the principal objective is to determine the minimum pipeline 478 

specific gravity at which the pipeline remains stable in a design storm. The stability analysis 479 

presented in Section 4.3.2 was repeated for different values of the specific gravity of the 480 

pipeline; all other parameters were kept constant. The results are summarised in Figure 16. 481 

Values are shown for the as-laid case, along with the maximum and minimum velocities in each 482 

flow direction in 2013. Above the real pipeline S.G. of 1.48, the critical velocity increases in a 483 

relatively linear fashion with S.G., while below that value the critical velocity declines non-484 

linearly towards zero at an S.G. of 1. 485 

Figure 16 shows a remarkable difference in required pipeline S.G. for the as-laid and 2013 486 

conditions for a given design current. For example, the real pipeline is stable up to a current of 487 

1.1 m/s in the as-laid condition. However, if the changes in embedment from seabed mobility 488 

could be relied upon prior to this flow occuring, then a pipeline S.G. of only 1.1 is required to 489 

be stable in the same current. This is significantly lower than the actual S.G. of 1.48 and 490 

illustrates the practical benefit of seabed mobility on pipeline stability design – a major 491 

reduction in the required pipeline self-weight occurs if seabed mobility effects can be accounted 492 

for in the stability design.   493 

These conclusions rest on the assumption that the scour and sedimentation changes around the 494 

pipeline are relatively independent of the pipeline S.G. However, consideration of the three 495 

main mechanims that are believed to account for the embedment change on mobile seabeds 496 
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suggests that this assumption may not be overly limiting. These three mechanisms are (i) direct 497 

sedimentation as described in Leckie et al. (2016a) (ii) sagging into long spans and (iii) pipeline 498 

sinking at span shoulders (sagging and sinking are both described in Sumer and Fredsøe 499 

(2002)). With respect to the first of these mechanisms, namely direct sedimentation, it is 500 

expected that this is independent of pipeline S.G (down to an S.G. at which the pipeline is no 501 

longer stable under the flow conditions which lead to sedimentation). For the second 502 

mechanism, it is evident from beam bending theory that pipeline sagging is more heavily 503 

dependant on span length (to the fourth power of span length) than it is on the pipeline self-504 

weight. Finally, with respect to the third mechanism, Sumer and Fredsøe (1994) found that 505 

sinking at span shoulders is “practically uninfluenced” by pipeline self weight, and that the 506 

process was governed by the progression of scour at the span shoulders.  507 

Finally it is important to recall that other limit states such as pipeline floation under liquefaction 508 

(see Sumer et al. (1999) and Bonjean et al. (2008) for instance) may also impose a lower bound 509 

limit on the results displayed in Figure 16. 510 

4.3.5 Stability evolution with time 511 

The change in the embedment, loads, available resistance and critical velocity from 2002 to 512 

2013 are displayed for the sections KP 7.2 – 7.4 and 19.9 – 20.1 in Figure 17. The loads in each 513 

case result from a 1 m/s steady current flow velocity. The two sections display a contrasting 514 

evolution of stability with time. From 2002 to 2013 the section KP 7.2 – 7.4 (which is typical 515 

of the mid-section of the pipeline) becomes progressively more stable due to an increase in the 516 

local and mid-field embedment. This is because the embedment change led to a progressive 517 

decrease in loading, and lateral soil resistance increased by an even larger magnitude. The 518 

critical velocity initially increases only slowly from the as-laid value of 1.07 m/s, but by 2013 519 

has reached a value of 2.90 m/s. 520 

In contrast, the section 19.9 – 20.1 generally had a slightly larger initial increase in local 521 

embedment, and a higher degree of spanning in the 6 months following laying in 2002. This 522 

resulted in a higher critical velocity in 2002 of 1.35 m/s. However, by 2006 only minor 523 

additional increases in the local and mid-field embedment had occurred, and the percentage of 524 

the pipeline in span had reduced significantly. These changes resulted in a slight increase in the 525 

critical velocity to 1.49 m/s. This section of pipeline was not surveyed in 2013, but based on 526 

the sections of Zone A that were surveyed in 2013 it is likely to have undergone an increase in 527 

embedment and hence stability since 2006. 528 
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These changes are explored further in Figure 18, which for a range of assumed pipeline S.G. 529 

values shows the post-lay evolution of critical velocity that occurs for these sections of pipeline 530 

and the section KP 13.3 – 13.5. For all three sections, small to moderate increases in stability 531 

are noticeable 6 months after lay (in 2002). However, by 2006 the critical velocity has increased 532 

by approximately 0.6 m/s for the Zone B pipeline sections KP 7.2 – 7.4 and 13.3 – 13.5 533 

assuming an S.G. of 1.43, or 0.8 m/s assuming an S.G. of 2. Further increases occur between 534 

2006 and 2013, with a total increase in capacity from the as-laid position of 1.7 m/s or 2.4 m/s 535 

at the same two S.G. values. Where these changes in embedment could be allowed for in design 536 

(through, for instance, a probabilistic considerations of the likelihood of the design storm 537 

arriving in the initial years of the pipeline life), the design S.G. for a design current of 1.75 m/s 538 

(for example) could be reduced from 2 to 1.16.  539 

In contrast, the section of pipeline from KP 19.9 to 20.1 experienced only a minor increase in 540 

stability between 2002 and 2006, no survey data was available for this section in 2013. This 541 

later section of pipeline lies within Zone A. The differences between these sections of pipeline 542 

and zones are discussed further below.   543 

 544 

5 CONCLUDING DISCUSSION 545 

The post-lay changes in spanning and embedment of a pipeline, and the resulting increase in its 546 

on-bottom stability, have been reviewed using conventional industry standard approaches to 547 

assess pipeline stability for a given embedment state. The 12 in. pipeline is 22.9 km long and 548 

laid perpendicular to the tidal and internal wave driven currents that drive sediment transport at 549 

the site. The pipeline crosses relatively uniform soils; the two end sections of the pipeline 550 

(Zone A) cross silty SAND while the middle section (Zone B) crosses sandy SILT. In the 6 551 

months following lay, spans formed along much of the pipeline length and small increases in 552 

the local embedment of the embedded sections occurred. In the next 4 years, the spans 553 

deepened, and the average embedment continued to increase in the local and mid-field. Finally, 554 

12 years after lay (in 2013), further embedment increases had occurred, and the spanning pattern 555 

was largely stable. 556 

The resulting reductions in pipeline lateral and lift loading – as well as increases in the available 557 

soil resistance – led to significant increases in the pipeline stability as assessed using 558 

conventional stability design guidelines. For the earlier years detailed bathymetric data has only 559 

been analysed for three 200 m long sections of pipeline. Two of those sections (both in Zone 560 
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B) evolved at a similar rate, while the third section (in Zone A) showed a more rapid increase 561 

in stability over the first 6 months, but then only a small additional increase 4.5 years later, and 562 

a lower level of stability at that time relative to the Zone B sections.  563 

By 2006 the post-seabed-mobility profile in Zone B typically consisted of a relatively uniformly 564 

lowered pipeline with high local embedment in the embedded sections and high mid-field 565 

embedment in both the embedded and spanning sections of pipeline. Such a profile is consistent 566 

with pipeline lowering by sinking into span shoulders. In contrast the post-seabed-mobility 567 

profile in Zone A consisted of rapid development of increased local field embedment with low 568 

mid and far-field embedment in the embedded sections, and high mid- and far-field embedment 569 

in the spanning sections. This is consistent with sagging of discrete sections of pipeline coupled 570 

with local sedimentation in the intervening embedded sections. These two different modes of 571 

pipeline lowering have been shown to result in different rates of stability change, particularly 572 

in the early years. But by 2013 the local and mid-field embedment had risen along the entire 573 

surveyed length of pipeline.  574 

The resulting stability of the pipeline when subjected to steady current has been assessed via 575 

two methods. Firstly the local stability was assessed in the as-laid and 2013 embedment 576 

conditions, via a structural analysis of the pipeline allowing for bending and tension. Secondly, 577 

the average drag and lift loads and the average soil resistance over the entire length have been 578 

compared at the two times. Using both methods it is demonstrated that the stability has been 579 

significantly enhanced. The structural modelling showed that in Zone A the critical velocity to 580 

cause a lateral pipe movement of 0.5 diameter increased by over 1 m/s, while increases of up 581 

to 2 m/s had occurred in Zone B by that stage. The length-averaged analysis showed that the 582 

soil resistance had approximately tripled while the lift and drag had reduced by approximately 583 

the same factor.  584 

Most fundamentally, the results in this paper highlight the potential value in accounting for 585 

sediment mobility effects in design. These effects are time dependent, and will not be available 586 

to the pipeline immediately after lay. There are two approaches that may be used to account for 587 

this; (i) using probabilistic techniques to determine the likelihood of the design storm occurring 588 

before sediment transport under ambient flow conditions has afforded sufficient stability gains 589 

to the pipeline, and (ii) considering the ability of the pipeline to adapt to a more stable position 590 

in the ramp up period of the design storm. On the first approach Leckie et al. (2015) and Leckie 591 

et al. (2016a) provide examples of mobility-driven embedment change under ambient 592 

conditions which may be used to validate models in ambient conditions. On the second 593 
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approach Draper et al. (2015) have examined experimentally the lowering (and changes to 594 

stability) of a pipeline during the storm ramp up period.  595 

While other failure modes (such as buoyant uplift) will set a lower limit to the pipeline design 596 

S.G., the significant stability increases highlighted herein demonstrate that accounting for time 597 

dependent embedment changes offers significant opportunities for more efficient pipeline 598 

stability design. 599 

   600 
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Figure 1: Location of the pipeline and the bathymetry of the North West Shelf. Reprinted 
from Coastal Engineering, Vol 95, Jan. 2015, S. H. F. Leckie, S. Draper, D. J. White, L. 
Cheng, and A. Fogliani, “Lifelong embedment and spanning of a pipeline on a mobile 
seabed,” pp. 130–146, Copyright 2014. 
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Figure 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. W1 and W2 are set at the point where the local slope of the seabed reduces 
to less than 14 degrees. 
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Figure 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 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, € 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. One section is drawn at every meter along the pipeline. The top and bottom plot in each subfigure represent, 
respectively, the embedded and spanning sections of the pipeline. 
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Figure 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: 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 a€(e) port and (f) starboard for 19.9 
– 20.1. Seabed slope is as defined in (g). 
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Figure 7: Histogram of the normalised scour hole depth in 2013. 

 



 

 35 

 
Figure 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 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 10: Structure of the stability algorithm including the design codes and equations 
used, and the parameters produced, at each stage. 
 



 

 38 

 
Figure 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 12: Available soil resistance as a function of local embedment (𝝁𝝁𝒃𝒃𝒃𝒃𝒃𝒃,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 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 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. See text for the definition of Lembed/Lspan. 
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Figure 15: Failure lines (solid lines) and load paths (dashed lines) for the as-laid (blue) 
and 2013 (red) condition. 
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Figure 16: The influence of pipeline S.G. on critical velocity along the full surveyed 
length of pipeline. 
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Figure 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 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 S.G. of 1.48. 
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