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A B S T R A C T

The embedment and spanning of surface-laid offshore pipelines and cables can change during their operational 
life due to seabed mobility. Understanding these changes is important as it affects their operational response. 
However, systematic interpretation of long-term observation data across different projects and in different 
seabed environments is lacking.

This study analyses the survey data of three different pipelines with diameters ranging from 4 to 42 inches, 
installed in two different sand wave fields on the Northwest Shelf of Australia. These surveys were carried out 
from the as-laid (initial) condition to a maximum period of 13 years after installation. The results quantify how 
the proportion of the pipeline length that is in span reduces over time, and identifies approximately 2- to 3-fold 
embedment increases in certain parts of the sand waves. Notably, the data reveals that current design practice 
significantly underestimates as-laid embedment by a factor of approximately ten and that temporal changes are 
not usually considered.

Quantitative insights due to these changes were further assessed, including geotechnical aspects, structural 
aspects, hydrodynamic loading and stability, and the progression of scour. These findings illustrate the value of a 
multi-disciplinary approach to evaluate the long-term integrity of cables and pipelines.

1. Introduction

1.1. Background

Subsea pipelines and cables are used to transport energy offshore in 
both the renewables and oil and gas industries. For example, the total 
length of offshore pipelines in Australia exceeds ~6500 km (Australian 
Government, 2025) – with an industry value of $20 billion and a typical 
through-life cost of $3 million/km. Meanwhile, the subsea power cable 
network worldwide is on the order of millions of kilometres (Ardelean 
and Minnebo, 2015) and is growing rapidly with the development of 
offshore renewable energy and the interconnection of national elec
tricity grids. Pipelines and cables are typically laid on the seabed, but 
may be buried for protection. The ability of on-bottom pipelines and 
cables to deal with loading from internal pressure and temperature, or 
hydrodynamic action depends on the seabed reaction forces as they 

move laterally and axially on the seabed (Bruschi et al., 1997; Randolph 
and White, 2008a; Cheng et al., 2009; White et al., 2014, 2015a; Bransby 
et al., 2020). These seabed reaction forces depend strongly on the level 
of embedment, which must therefore be well understood to ensure the 
integrity of pipelines and cables. The performance and operational range 
of subsea power cables depends on the thermal environment, which is 
also affected by the level of embedment (Dix et al., 2017; Unsworth 
et al., 2023).

1.2. As-laid embedment

The embedment immediately after installation (i.e., ‘as-laid’ 
embedment as shown in Fig. 1a) is the starting point in geotechnical 
pipeline-soil interaction (PSI) calculations (the term pipeline-soil inter
action is used, but applies equally to cable-seabed interaction). How
ever, prediction of as-laid embedment includes significant uncertainty 
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because of the dynamic lay process and seabed variability (Randolph 
and White, 2008b; Westgate et al., 2010; Bransby et al., 2020). This 
uncertainty is especially significant in transitional soils with uncertain 
drainage conditions during laying, and in carbonate soils, which have 
high friction angles, wide grain size distribution, large compression ratio 
and reduced cyclic strength (Watson et al., 2019; Bransby et al., 2020). 
For example, Hou et al. (2023a) showed that the use of recommended 
practice approaches (DNV AS, 2021a) leads to significant 
under-estimation of pipeline as-laid embedment and that approximately 
10-times less stiff soil springs are required to match field observations.

1.3. Temporal changes of embedment

Pipeline embedments may continually change with time after 
installation (see Fig. 1a) due to sediment mobility effects including (i) 
scour that erodes the surrounding soil away, and (ii) sedimentation that 
increases local embedment (e.g. Sumer et al., 2001; Bransby et al., 2014; 
Leckie et al., 2015; Zhang et al., 2023). Scour can create and alter free 
spans, which requires fatigue risk assessment.

Current design guidance (e.g. DNV AS, 2021a,b,c,d and e) only 
considers embedment or spanning changes if they threaten pipeline 
integrity. For example, longer spans and changes in burial condition 
may reduce the reliability (and tolerability) of a pipeline thermal 
management scheme, or may cause a cable or pipeline to be less stable 
under hydrodynamic action (Sumer and Fredsøe, 1994; Palmer, 1996; 
White et al., 2015; Leckie et al., 2018). Predicting future as-laid span
ning helps to assess the need for costly pre-lay intervention, e.g., adding 
or removing seabed material to alter the local bathymetry. However, 
confidence in predicting temporal changes remains low. Consequently, 
spans are managed via costly inspections and follow-up interventions 
throughout the operating life (e.g. Peek and Kristiansen, 2009; Madeley 
et al., 2015; Low et al., 2018).

Temporal changes in embedment may be beneficial if they reduce 
spans and increase embedment, reducing fatigue and increasing hy
drodynamic stability (Bransby et al., 2014; Rodriguez et al., 2014; White 
et al., 2015b; Leckie et al., 2016a, 2016b; Hou et al., 2023b). However, 
current practice does not generally rely on these improvements due to 
uncertainty in predicting through-life changes in embedment.

1.4. Embedment in sand wave areas

The aforementioned uncertainties are further exacerbated for pipe
lines and cables laid over bedforms, e.g., ripples, mega-ripples and sand 
waves with different wave lengths and heights (Allen, 1980; Matthieu 
and Raaijmakers, 2013; Roetert et al., 2017; Huang et al., 2020; Adnyani 
et al., 2023). Accurate prediction of as-laid embedment and initial 
spanning is hampered by uncertainty in both the bedform configurations 
(shown schematically in Fig. 1b) and the soil conditions (Bransby et al., 
2010; Van den Abeele and Denis, 2012; Hou et al., 2023a). Furthermore, 
the temporal changes of pipeline and cable embedment in sand wave 
areas, and the resulting impact on integrity, has not been previously 
investigated in detail.

1.5. Current research

Many prior studies have investigated as-laid embedment and sub
sequent temporal changes, via experimental testing in geotechnical 
centrifuges (Cheuk and White, 2011; Westgate et al., 2013), mobile bed 
tests in O-tube flumes (An et al., 2013; Leckie et al., 2018) and field data 
analysis (Westgate et al., 2009; Leckie et al., 2015). The research based 
on field data has generally been limited to single projects and thus is 
hard to generalize (Leckie et al., 2016).

In the present work, extensive data sets from multiple years of ob
servations across different projects have been collated (Hou et al., 
2023b), providing the opportunity for new insight. This paper presents 
data from more than ten years of observations of pipelines ranging from 
4 to 42 inches in diameter and laid across dormant sand waves 
composed of a range of carbonate sediments. The as-laid embedment is 
presented first, with the evolution of embedment and free-spanning with 
time then analysed. The findings provide quantitative data on how the 
burial and spanning condition of surface-laid pipelines and cables in 
sand wave areas varies through their operating life.

2. Field data types

2.1. Pipeline properties

The properties of the three pipelines in this study are summarised in 
Table 1. They cover a tenfold range of diameters and vary in bending 

Fig. 1. (a) Embedment definition and its potential temporal changes (b) 
Schematic drawing of pipeline and cable on sand waves (note: vertical scale 
exaggerated).

Table 1 
Properties of the three selected pipelines.

Description Parameter Pipeline A: 
Trunkline

Pipeline B: 
Flowline

Pipeline C: 
MEG line

Outer diameter D: mm 1159 640 105.6
Steel outer 

diameter
Ds: mm 1069 508 101.6

Steel wall 
thickness

t: mm 29.6 23.1 7.6

Insulation 
coating 
thickness

mm 6 26 2

Concrete coating 
thickness

mm 40 40 –

Bending stiffness EI: MNm2 2720.2 214.6 0.52
As-laid weight W’lay: kN/m 1.2 2.1 0.09
Flooded weight W’flooded: 

kN/m
9.2 3.7 0.149

Operational 
weighta

W’op: kN/m 2.8 2.4 0.154

Specific gravity SG, as-laid 1.1 1.6 2
SG, flooded 1.9 2.2 2.7
SG, 
operating

1.3 1.7 2.8

Lay tension T0: kN 900 284 –

a The assumed gas mixture density is 200 kg/m3 and assumed MEG density is 
1113 kg/m3.
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stiffness by a factor of 5,000. All three pipelines were laid empty and 
subsequently flooded, before being brought to operational conditions. 
The submerged weight changed significantly across these conditions, 
with the greatest difference being a ratio of W’flooded/W’lay ≈ 8 for 
Pipeline A. Fig. 2 shows the alignment of representative 2-km sections of 
each pipeline overlain on the bathymetry. Pipeline A crosses ‘sand wave 
area 1 (Area 1)’ (Fig. 2a) while Pipelines B and C traverse the same ‘sand 
wave area 2 (Area 2)’ (Fig. 2b) but are parallel and ~100 m apart.

2.2. Sand waves

The lengths and heights of the sand waves (as defined in Fig. 1b) are 
summarised in Fig. 3. The orientation of the pipeline axis compared to 
the sand wave ridge lines was also considered for potential correction of 
sand wave length. The sand wave heights in both areas are lower than 
the ranges in a previously-published database (Flemming, 1988), but are 
consistent with another sand wave area (‘Broome type 1’) elsewhere on 
the Northwest Shelf of Australia (Lebrec et al., 2022). Area 1 covers ~15 
km of the Pipeline A route, while Area 2 covers ~5 km of the routes of 
Pipelines B and C. In Area 2 the sand waves are approximately double 
the length and triple the height of those in Area 1, indicating greater 
steepness (H/ L).

Fig. 2. Bathymetry information with anonymous kilometer post (KP): (a) Sand wave area 1 (Pipeline A); (b) Sand wave area 2 (Pipeline B and Pipeline C).

Fig. 3. Summary of sand wave characteristics in both sand wave areas.

Z. Hou et al.                                                                                                                                                                                                                                     Ocean Engineering 343 (2026) 123330 

3 



2.3. Seabed properties

Geotechnical site investigation data from boreholes and cone pene
tration tests (CPTs) in both sand wave fields indicate seabed materials 
ranging from fine carbonate silts to coarse carbonate sands. The cone 
penetration resistance, qc, for the top 1 m of the seabed and the asso
ciated particle size distribution (PSD) curves are shown in Fig. 4a and b, 
respectively. The measured qc in Area 1 is about 10 times lower than 
Area 2. This is consistent with the PSD results where the seabed mate
rials in Area 1 consist of carbonate sandy silt to silty sand conditions (i. 
e., fines content range from 62 % to 95 %), and Area 2 is predominantly 
coarser ‘clean’ carbonate sand (i.e., fines content range from 3 % to 21 
%). Other soil properties are summarised in Table 2, based on the 
geotechnical interpretative reports.

2.4. Metocean conditions

A statistical summary of the current at 1 m above seabed level in the 
middle of Area 1 shows that the dominant current directions are North- 
West (NW) to West-North-West (WNW) and South-East (SE). These 
currents are approximately equal, being tidal-driven, but slightly 
weaker towards the SE. In Area 2, the current at 1 m above seabed is 

predominantly in the NW to W direction with a lower occurrence in the 
opposite direction. The 0.01 % exceedance values of the maximum 
current speed at 1 m above seabed (ASB) are 0.71 m/s and 0.62 m/s for 
Areas 1 and 2 respectively. The orientation of the current to each 
pipeline is illustrated on Fig. 2.

2.5. Pipeline survey data

The pipeline surveys measure the water depth at the pipe crown 
position (see Fig. 1a), as well as the ‘local’ and ‘far’ positions corre
sponding to different lateral offsets from the pipeline’s springline. This 
allows the average local and average far embedments of the pipeline 
(from measurements at both sides of the crown position) to be calculated 
– noting that for pipelines in sand wave areas, free-spanning in the 
troughs may also occur. These data are measured at intervals of 0.5–1.0 
m along the pipeline routes.

3. Results

3.1. As-laid embedment (example pipeline sections)

Fig. 5 shows the typical configuration for 800-m sections of each 
pipeline based on the first survey. For Pipelines A and B, the presented 
configurations represent the ‘as-laid’ condition (i.e., for negligible time 
after pipeline installation), while for Pipeline C the first survey data was 
after six years. For each pipeline there are two sub-figures – the left 
(Fig. 5a, c and 5e) show three-dimensional profiles of the seabed and 
pipeline geometry, while the right (Fig. 5b, d and 5f) show the along- 
pipe profiles of local and far embedment (as well as water depth on 
the secondary axis). Moving averages of pipeline embedment, calculated 
over 25 m lengths, are also shown, with negative values of embedment 
representing regions of free span.

For the large diameter and high stiffness Pipeline A, significant spans 
are observed over the sand wave troughs – with span lengths of up to 
155 m long, and maximum gap heights of 0.6–1.6 m close to the trough 
of each sand wave. The embedded sections (‘span shoulders’) on the 
sand wave peaks are generally short (in the range of 20–40 m) with 
typical maximum local embedment of ~0.2 D. The local embedment is 
slightly greater than the far embedment, indicating some mounding of 
soil adjacent to the pipeline. Note that the somewhat lower local 
embedment at around KP 5.15 and 5.3 (see Fig. 5b) is due to a lateral 
trench created by pre-lay intervention on the associated sand wave 
peaks.

In contrast, the more flexible Pipeline B – which has ten times lower 
EI compared to Pipeline A – shows generally continuous contact with the 
seabed in the sand wave area, where the embedment ratio (i.e. w/D) is 
0.1–0.2. No significant spans are observed, despite the higher average 
steepness of the sand waves in Area 2 (with H/L~0.025) compared to 
those in Area 1 where the trunkline is located (H/L~0.017).

The first survey of the flexible Pipeline C at t = 6 years also shows 

Fig. 4. (a) Cone tip penetration resistance profiles and (b) Particle size distri
bution (PSD) curves for sand wave area 1 (pipeline A) and sand wave area 2 
(pipelines B and C).

Table 2 
Soil and current properties in two sand wave areas.

Description Parameter Sand wave area 
1

Sand wave area 
2

Effective unit weight γ’: kN/m3 5.6–8 10.5–11.7
Carbonate content CO3 (%) 86–98.3 93.6–98.9
Median particle size D50: mm 0.035–0.048 0.21–0.42
Fines content % (<75 

μm)
62–95 3–21

Clay-sized content % (<2 μm) 18.6–58.7 <5
Specific gravity Gs 2.76–2.82 2.80–2.84
Water content wc (%) 46.2–80.6 18.3–26.1
Internal friction angle Φ′ 38–56 39–48
Porosity n 0.56–0.69 0.38
Current velocity (1 m above 

seabed)
Umax (m/s) 0.71 0.62
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Fig. 5. Embedment from first survey (a) Pipeline A: at t = 0 (b) Pipeline A: embedment profile at t = 0 (c) Pipeline B – 3D contour at t = 0.5 year (d) Pipeline B – 
embedment profile at t = 0.5 year (e) Pipeline C – 3D contour at t = 6 years (f) Pipeline C – embedment at t = 6 years.

Fig. 6. Temporal changes of embedment (a) Pipeline A at t = 6 years (b) Pipeline A – embedment at t = 4 and 6 years (c) Pipeline B – 3D contour at t = 13 years (d) 
Pipeline B – embedment at t = 13 years (e) Pipeline C – 3D contour at t = 13 years (f) Pipeline C – embedment at t = 13 years.
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that the pipeline was in continuous contact with the seabed. The broadly 
higher local w/D compared to the far w/D indicates partial burial from 
sediment mounding around the pipeline perimeter in the six years after 
lay, which is discussed later.

3.2. Time evolution of local and far embedment

The temporal changes of local and far embedment for each pipeline 
are introduced in Fig. 6 by showing the data over the same 800 m-long 
sections from the most recent and reliable point-listing data for each 
pipeline. For Pipeline A this survey was six years after installation and 
shows sagging into the sand wave troughs (Fig. 6a compared to Fig. 5a). 
This is influenced by the hydrotesting and operational weight increase of 
Pipeline A since the as-laid survey, as well as temporal effects. Signifi
cant burial from sediment accumulation alongside Pipeline A is also 
observed in both the sandwave peak and trough areas (similar to ob
servations by Leckie et al. 2016), which leads to the increase of local w/D 
(Fig. 6b). Due to these two factors, the associated span lengths shorten 
significantly to ~30–50 m.

Fig. 6c and d shows that the embedment of Pipeline B also increases 
over the same period, particularly local to the pipe, which is also 
consistent with sediment being trapped around the pipeline.

Pipeline C also shows an increase in local embedment over the 7 
years between the earliest and most recent survey (Fig. 6e). However, 
there is a reduction in embedment and a new ~24 m long span evident 
in the most recent survey at the sand wave peak at KP ~0.8, which can 
likely be attributed to local scour processes (i.e., removal of sediment 
around the pipeline by hydrodynamic forces).

3.3. Embedment evolution in the whole sand wave area

The observations highlighted in the selected 800 m sections of each 
pipeline that were presented in Figs. 5 and 6 have also been quantified 
for the whole sand wave area through statistical analysis of the full 
embedment dataset. Firstly, trends for the full length of each pipeline in 
the sand wave area are set out (Figs. 7 and 8), followed by examination 
of the pipeline burial conditions in the contact zones close to the sand 
wave peaks (Fig. 9).

Fig. 7 presents the frequency and cumulative distributions of both 
local and far embedment (w/D) of the three pipelines. The evolution 
with time of the embedment quantiles is shown in Fig. 8, which includes 
an additional data set at t = 4 years for Pipeline A. This data is discussed 
in the following sections.

3.3.1. Sand wave area 1
In Area 1, over 60 % of Pipeline A is in free span (i.e. local w/D < 0) 

in the as-laid condition, with ~10 % having a span depth above 1D (in 
this case ~1.2 m). Six years later, significant increase of local 

embedment and corresponding reduction of span length was observed, 
linked to both the increase in weight since laying (due to hydrotesting 
and operation) and sediment accumulation. The data shows that 2–3 % 
of the pipeline becomes fully buried (i.e., local w/D ≥ 1), which occurs 
near the sand wave peaks, while the total span length halves, leaving 
only 30 % in span (Fig. 8a).

The change in pipe weight and axial load between pipelay (lighter, in 
tension) and operation (heavier, and with significant effective 
compression) is partly responsible for these changes, although the 
evident variations in pipeline span and embedment between 4 and 6 
years after pipelay (see Fig. 8a) show that sediment mobility also plays a 
role.

3.3.2. Sand wave area 2
Pipelines B and C show a similar trend of increasing local embedment 

over time but have minimal spanning (<10 % of the length) throughout 
the survey period. The initial survey of Pipeline B shows higher far w/D 
compared to local w/D (by ~10 %) indicating a modest trench created 
during installation, or limited local scour in the 6 months between 
installation and the first survey (see Fig. 7b). By the 13-year survey, the 
median local w/D has increased by 0.2 but the median far w/D has 
decreased by 0.06. Other quantiles of local embedment also show a 
general increase with time, while the spanning ratio remained low and 
approximately constant (Fig. 8b).

For Pipeline C the median values of local and far embedment in
crease by 0.36 D and 0.1 D, respectively, between the 6th and 13th years 
(Fig. 7c), with other quantiles showing a similar trend (Fig. 8c). The 
slight increase in far embedment indicates potential pipeline lowering 
while the span proportion remained constant at ~10 %.

3.4. Embedment in peak and trough area of sand waves

To examine the contrasting behaviour at the peak and troughs of the 
sand waves, where the pipelines rest and span respectively, the 
embedment data was filtered to extract only the data over 10 % of the 
average sand wavelength, centred on the top of each peak and at the 
base of each trough (i.e., a length of ~17 m for Area 1 and Pipeline A, 
and ~28 m for Area 2 and Pipelines B and C). Fig. 9 indicates the change 
with time of the frequency and cumulative distribution of local 
embedment for each pipeline in the peak and trough regions.

Due to the aforementioned pipeline sagging and sediment burial 
process, the local embedment of Pipeline A increased over time in both 
the peaks and troughs (Fig. 9a). The median embedment ratio in the 
trough region evolved from − 1 (i.e. spanning with a gap of 1 D below the 
pipeline) to 0.15 (i.e. embedded to 0.15 D). In the peak region, ~10 % of 
the pipeline was fully buried (local w/D ≥ 1).

For the more flexible Pipelines B and C the peak region showed 
higher average embedment (by ~0.1 D) compared to the trough regions, 

Fig. 7. Frequency and proportion curves for temporal changes of local and far embedments (a) Pipeline A (b) Pipeline B (c) Pipeline C.
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both in the 0.5 year and 6 year surveys – and with both sets of embed
ment data increasing with time.

3.5. Summary

All three pipelines experienced temporal changes in embedment 
after installation. This is a response to different mechanisms, linked to (i) 
changes in pipe weight after laying, (ii) sediment mobility leading to 
scour (erosion) and deposition, and (iii) soil-structure interaction, with 
varying levels of sagging into the sand wave troughs linked to the 
different bending stiffness of the different pipelines and the increase in 
axial compression, particularly in Pipeline A, during operation. As a 
result, the more flexible Pipelines B and C conform more with the sand 
waves compared to Pipeline A.

Approximately 30 % of Pipeline A remained in span over the sand 
wave troughs. The most flexible pipeline (Pipeline C) is more than half 
buried, but with a few short areas of span that appear to result from local 
scouring events. Pipeline B shows intermediate trends of embedment 
and spanning. All three pipelines show a net increase in embedment, 
which in turn translates to increased seabed resistance and improved 
lateral stability. Although the survey times vary between pipelines, the 
observed trends of embedment changes are consistent with a broader 
database of pipelines in the same region.

The observed as-laid embedment and the subsequent temporal 
changes in embedment are further investigated in the following section, 

through comparisons with theory and design practice.

4. Interpretation and discussion

4.1. Selection of ‘laydown’ soil stiffness

4.1.1. Method of analysis
The as-laid embedment of pipelines and cables is predicted in design 

by (i) using a typical bearing failure equation (either a drained or un
drained method e.g. DNV AS, 2021a) that links vertical seabed reaction 
force to embedment, and (ii) estimating the maximum vertical seabed 
reaction force during laying, Vlay, which is greater than the weight W’lay 
due to the catenary configuration adopted. This enhancement factor is 
defined as flay = Vlay/W’lay and is calculated as follows (Randolph and 
White, 2008b): 

flay =0.6 + 0.4
(
λ2k

/
T0

)0.25 (Eq. 1) 

where T0 is bottom lay tension, λ = √(EI/T0) is a characteristic length, 
and k is the linearised seabed stiffness, defined as the vertical seabed 
reaction force divided by embedment w: 

k=Vlay

/
w=

(
flayWʹ

lay

)/
w (Eq. 2) 

For carbonate soil conditions (which are not covered by DNV AS, 
2021a), the bearing capacity expression for drained conditions was 

Fig. 8. Typical proportion plots of local embedment changes for (a) Pipeline A (b) Pipeline B (c) Pipeline C in sand wave areas.

Fig. 9. Frequency and proportion curves of pipeline local embedments on peaks and troughs of sand wave area (a) Pipeline A (b) Pipeline B (c) Pipeline C.
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proposed in Zhang et al. (2002) to take the form of a bearing modulus 
Kvp defined as: 

Kvp =Vlay
/
(D ⋅ w) (Eq. 3) 

where the value of Kvp depends on the properties of the surficial sedi
ment (Bransby et al., 2020).

While equations (1)–(3) provide the necessary elements to define 
embedment from a static lay perspective, the dynamic aspects of the 
laying process may further increase embedment. For drained soil con
ditions, this occurs through the scraping of soil aside as the pipeline 
oscillates close to the touchdown point during laying (e.g. Westgate 
et al., 2012). In comparison, the mechanism changes to soil softening 
predominantly for undrained conditions, and both mechanisms need 
consideration for intermediate drainage conditions. The approach 
adopted in the present study is to incorporate any dynamic lay effects 
into a back-analysed equivalent bearing modulus, Kvd (based on Equa
tion (3) but using the embedment w after pipe-lay). Equations (1)–(3) 
have been used to calculate Kvd from the observed distributions of 
as-laid embedment values with results presented in the following 
sections.

4.1.2. Back-calculated bearing modulus values, Kvd
Fig. 10 introduces the interpreted Kvd values for the seabed along 

Pipeline B in both sand wave area 2 and an adjacent area of flat seabed 
(with similar soil conditions to allow direct comparison and the soil is 
assumed to be drained during lay). Results are shown based on both the 
far embedment (as the benchmark value) and the local embedment (to 
quantify potential trench or heave effect locally during pipelaying). The 
wider range of Kvd based on local embedment indicates the uncertainty 
to be considered in pipelaying. The median (P50) value of Kvd in the flat 
seabed region and the sand wave field are similar at around 55 kPa/m. 
The P5 to P95 range (i.e., 95 %–5 % exceedance value) of Kvd in the sand 
wave field and flat seabed show broadly comparable results between 35 
and 100 kPa/m.

The back-calculated median Kvd value is around 7 times smaller than 
the stated bearing modulus of 350 kPa/m reported by Zhang et al. 
(2001) for carbonate sand, based on penetration resistances measured 

during monotonic ‘static’ plastic penetration of a pipe segment in a 
geotechnical centrifuge. However this recommendation was given for 
one particular carbonate sand sample and the bearing modulus is ex
pected to vary for different soil types and states (e.g. Bransby et al., 
2020). Also, following the design practice for drained as-laid embed
ment (DNV AS, 2021a), with the inputs in Tables 1 and 2, would yield a 
design value of stiffness more than 10 times higher than that estimated 
from the observed data (see also Hou et al., 2023a).

4.1.3. Correlation between bearing modulus values and cone gradient
Fig. 11 presents a correlation between best fit cone gradient values 

Kqc (in kPa/m) in the top 0.5 m of the seabed (see Fig. 4 for the raw data 
and an example fit) and the back-calculated equivalent dynamic bearing 
modulus Kvd for Pipeline B – based on far embedment for the 50-m-long 
pipeline section closest to each CPT location. The data extends to the flat 
seabed zones beyond the sand wave fields.

A broadly linear correlation between Kvd and Kqc is observed, 
matching similar trends for the vertical stiffness of foundations on car
bonate sediments (Finnie and Randolph, 1994; Zhang et al., 2001) and 
pipelines in silica sand (Bransby et al., 2021). Further investigation into 
the use of CPT data to predict pipeline embedment in carbonate soils is 
reported by Taner et al. (2024) using a larger database.

4.2. Bending moment and seabed reaction

4.2.1. Method of analysis
The pipe crown elevation data allows the distribution of both 

bending moment (M) and the seabed reaction force (qsoil) to be deter
mined along the pipeline. The bending moment (M) is calculated from 
the second differential of crown depth (i.e., the curvature of the 
pipeline): 

M=EI⋅κ = EI⋅zw
ʹ́ = EI⋅

δ2zw

δx2 (Eq. 4) 

where EI is the flexural rigidity of the pipeline, κ is the bending curva
ture, zw is the water depth of the pipeline top and x is the position along 
the pipeline axis. This approach is valid as the bending loads remain well 
within the limit of proportionality.

The seabed reaction force distribution (qsoil(x), in kN/m) can be 
obtained by further differentiation of the pipeline profile assuming that 
the pipeline behaves as an elastic beam: 

qsoil = − EI⋅
δ4zw

δx4 + Ta⋅
δ2zw

δx2 + Wʹ (Eq. 5) 

where Ta is the axial force in the pipeline (which may change from 
positive tension after lay to negative compression in operation), and W′ 
is the pipeline submerged weight.

The measured crown depth data is influenced by survey noise, 

Fig. 10. Back-calculated soil bearing modulus values for pipeline B in (a) flat 
seabed section (b) sand waves.

Fig. 11. Correlation between cone gradient values (Kqc) and back-calculated 
dynamic soil bearing modulus (Kvd).
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whereas the true configuration of the pipeline is smooth and continuous. 
These survey errors were screened out using a Savitzky-Golay filter 
(Schafer, 2011), with a window size of 80 m (approximately half the 
mean wavelength of the sand waves).

4.2.2. Pipeline on flat seabed
Using this methodology, the evolution of pipeline moment and 

seabed resistance of a 1 km-long section of Pipeline A on a flat seabed 
outside the sand wave area (but with similar geotechnical and metocean 
conditions) is shown on Fig. 12.

The deduced bending moment fluctuates around an average of zero, 
with a larger range in the 4th and 6th year. The corresponding distri
bution of deduced vertical seabed reaction shows broadly steady values 
that are consistent with the associated submerged weight, confirming 
the reasonableness of this structural analysis approach. By comparing 
the seabed reaction for the cases with zero tension with either the lay 
tension (To) or an operational compression of 2 MN applied, the inter
preted seabed response is shown to be relatively insensitive to axial force 
for the flat seabed. The maximum moment is ~1 MN m which represents 
only 10 % of the moment limit of the pipeline (DNV AS, 2021d).

4.2.3. Pipeline traversing a sand wave section
The same methodology is used to investigate bending moment and 

seabed reaction force changes for a 1-km section of Pipeline A in sand 
wave area 1 from the as-laid condition to 6 years after lay (Fig. 13).

4.2.4. Distribution of bending moments and seabed reaction
In the as-laid condition (Fig. 13a), there is significant hogging 

bending moment over the sand wave peaks, with sagging between the 
peaks. The deduced seabed reaction forces show small non-zero values 
when in span, which reflects errors from the quadruple differentiation of 
the smoothed displacement profile. However, the reaction forces on the 
sand wave peaks are significantly larger than the pipeline self-weight, as 
expected. There is a small influence (up to 20 %) in the seabed reactions 
based on the assumed axial force, and of either zero or full lay tension.

By the 4-year and 6-year surveys (Fig. 13b and c) the bending 
moment and seabed reactions increase significantly in the sand wave 
peak region. The increased pipeline self-weight (from empty as-laid, to 
flooded and operational weights) and change in axial force (between the 
lay condition and the operational 4-year survey) cause the pipeline to 
sag and conform better with the sand wave geometry, reducing the free- 
span lengths.

Fig. 12. Pipeline geometry, embedment conditions and bending moment on a flat seabed region (a) as-laid (b) after 4 years (c) after 6 years.
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Fig. 14a shows that the maximum and minimum bending moment on 
each of the five sand wave peaks and troughs in the 1-km section in
creases by 2–2.5 times from the as-laid condition to the 4th year survey, 
then stabilises. The difference in moment between adjacent hogging and 
sagging points correlates well with the associated pipeline elevation 
differences over the sand wave, regardless of the time (Fig. 14b).

The distribution of bending moment across the whole of sand wave 
area 1 is summarised in Fig. 15 for the as-laid condition and after six 
years. As shown, there is a wider range of bending moment after six 
years due to the pipeline sagging into the sand wave troughs.

The mean strain level resulting from the P95 curvature remains 
within the safe design region of less than ~±0.2 % typically adopted for 
concrete coating failure (DNV AS, 2021d) with a safety factor of ~4. 
This indicates the curvatures and resulting moment remain safe after 
pipeline installation.

4.3. Evolution of free spans

Changes in the number (Nspan) and length (Lspan) of the free spans for 
Pipeline A in sand wave area 1 are further summarised in Fig. 16. The 

maximum Lspan halves from 160 m in the as-laid condition to ~80 m in 
the 6th year, with a corresponding reduction in the P50 value from ~62 
m (at t = 0) to ~35 m (at t = 4 years) and then ~30 m (at t = 6 years). 
Meanwhile, Nspan only reduces slightly, by around 14 % over 6 years.

The reduction in Lspan is due to pipeline sagging caused by the 
increased weight and effective axial compression in operation, as well as 
sinking of the pipe into the sand wave crests and deposition of sand 
around the pipeline. In a few cases a long span touches down at the 
midspan point, splitting into two shorter spans. In more cases, the entire 
span touches down and sediment mobility leads to deposition around 
the pipeline, with the span subsequently eliminated.

Tidal currents may introduce vortex-induced-vibrations on long 
spans, which leads to potential fatigue damage accumulation. The 
reduced length and number of spans can either (i) reduce the possible 
occurrence of vortex-induced-vibrations, or (ii) change the hotspot of 
the fatigue accumulation zone. These effects reduce the requirement for 
intervention work and may also improve hydrodynamic stability as 
investigated below.

Fig. 13. Pipeline geometry, embedment conditions and bending moment on a sand wave area (a) as-laid (b) after 4 years (c) after 6 years.
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4.4. Stability of pipelines under hydrodynamic forces

4.4.1. Method of analysis
To quantify the influence of the changing span ratio S (i.e. proportion 

of pipeline section in span over the total pipeline length) and embed
ment w/D (defined in Fig. 8) on the hydrodynamic stability of the 
pipeline, equilibrium models for vertical and lateral stability are used. 
Firstly, the average lift force (FL) is compared to the unit weight of the 
pipeline (Wʹ

as− laid or Wʹ
operational) as a length-averaged check of vertical 

equilibrium. Secondly, the length-averaged lateral equilibrium is 
checked by comparing the averaged drag force (FD) to the available 
lateral soil resistance (FS). These length-averaged analyses cannot be 

used to assure the local stability of a particular length of pipeline 
without calibration to establish an allowable utilisation, as for the 
generalised method of stability analysis (DNV AS, 2021b; 2021c). 
However, they do allow temporal trends in stability to be determined 
(Leckie et al., 2018).

The lift and drag force components are calculated as: 

FL =0.5φLρwCLDU2
c (Eq. 6) 

FD =0.5φDρwCDDU2
c (Eq. 7) 

φL =

1

1 − 1.3⋅
(w

D
− 0.1

)

0

if w/D < 0.1 and all e/D

if 0.1 ≤ w/D ≤ 0.869

ifw/D > 0.869

(Eq. 8) 

φD =

1

0.9 +
0.5

1 + 5⋅e/D

max (1 − 1.4⋅w/D,0.3 )

if 0.8 ≤ e/D

if 0 < e/D < 0.8

if0 ≤ w/D ≤ 1

(Eq. 9) 

where ρw is the sea water density, CL and CD are lift and drag coefficients 
and were taken as 0.5 and 1.5, φL and φD are force reduction factors that 
vary with pipeline embedment (w) or span height (e) following DNV-AS 
(2021b, c) as below.

Uc is the current speed considering the boundary layer effect and is 
derived as below: 

UC(z)=
u*

0.4
ln

(
z
z0

)

(Eq. 10) 

where Uc(z) is the current velocity at the height z above the seabed (see 
Fig. 1a), u* is the friction velocity and z0 is the seabed roughness length. 
z0 is adopted as 0.4 mm (Soulsby and Whitehouse, 1997) and u* is fitted 
for each pipeline to match the input current speed at 1 m above the 
seabed.

The lateral soil resistance, FS, is assumed to be drained and approx
imated by the following equation: 

Fig. 14. (a) Distribution of bending moment in sand wave region (b) Correla
tion of moment difference and sand wave elevation difference.

Fig. 15. Evolution of frequency and cumulative distribution of bending 
moment (M = EI⋅κ) for pipeline A.

Fig. 16. Evolution of span length for pipeline A in sand wave area 1.
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FS = μ(Wʹ − FL) + 0.5KPγʹw2 (Eq. 11) 

where μ is the interface friction coefficient and assumed to be 0.8, and Kp 
is an empirical coefficient considering passive soil resistance and is 
assumed as 5.8 (representing the value using the Rankine equation (Kp 
= tan2(45 + Φ’/2)) for a friction angle of 45◦ which is typical for car
bonate sediments).

4.4.2. Calculated hydrodynamic stability
Fig. 17a to c shows load paths (as dashed lines) of equivalent length- 

averaged drag force (FD) versus vertical force (Wʹ − FL) for a range of 
different perpendicular current speeds (at 1 m above seabed) based on 
Equations (6)–(11), accounting for the embedment and spanning of the 
three pipelines at the time of their first and last surveys (see Fig. 8). Also 
shown is the available soil resistance envelope at the same time (as solid 
lines) – which allows the critical steady current to destabilise each 

pipeline at the time of each survey to be estimated. For example, Pipe
line A in the as-laid condition would require a velocity, Ustab = 1.1 m/s 
(Fig. 17a), whereas a velocity of 3.7 m/s (1 m above seabed) is required 
to destabilise the pipeline six years later. This increase is due to higher 
embedment and reduced span length in the operational state, as well as 
the increase in pipeline self-weight. There are less dramatic, but still 
significant, increases in stability for pipelines B and C with time, with 
Ustab increasing.

4.4.3. Summary
The calculation method adopted here does not fully reflect real 

pipeline behaviour, because (i) by using a length-averaged approach it is 
assumed that the spans can transmit the loading to the grounded pipe
line, and (ii) the stability factors are based on an assumption that the 
pipeline embedment remains unchanged during any storm or flow ve
locity build-up. However, these qualifying assumptions do not invali
date the observed stability trends in different conditions and so this 
approach, that allows quick assessment of the pipelines for a range of 
time intervals, is used.

The pipelines become increasingly stable due to temporal changes in 
embedment. If the pipeline embedment remains unchanged during any 
storm or flow velocity build-up, the design approach could allow the 
temporary less-stable as-laid condition to be compensated by the sig
nificant stability benefits from increases in embedment soon after lay (e. 
g. within the typical period before operation begins, which is around 6 
months, and very brief compared to the design life of the pipeline or 
cable). This approach could reduce the requirements for primary or 
secondary stabilisation of a pipeline or cable.

The prediction accuracy of these changes may be low in the front-end 
engineering design stage, but can be improved with detailed metocean, 
geotechnical and sediment mobility analysis, and can be supported by 
systematic back-analysis of field data of the form shown in this paper.

4.5. Stability of seabed and onset of scour

4.5.1. Method of analysis
An onset criterion is often used to evaluate the potential for local 

scour processes to occur, as given by (Sumer and Fredsøe, 2002): 

U2
cr

gD(1 − n)(s − 1)
=0.025 exp

[

9
(w

D

)0.5
]

(Eq. 12) 

where Ucr is the critical undisturbed flow velocity at the level of the top 
of the pipeline for the onset of scour, g is gravitational acceleration, D is 
the external pipeline diameter, n is the soil porosity, s is the specific 
gravity of the soil, and w is the pipeline local embedment. This rela
tionship may not be directly applicable to the carbonate sediments that 
show different erosion resistance, particularly when there are significant 
fines content (e.g. Mohr et al., 2016; Watson et al., 2019), but is used 
here as an approximation of the behaviour and to demonstrate the 
assessment approach.

To link the measured current speed at each site, field soil conditions 
(given in Tables 1 and 2) and observed pipeline embedment, the com
ponents of Equation (12) are evaluated and compared with the onset 
criterion. The steady current speed at the top of each pipeline is scaled 
from the measured current speed at 1 m above seabed in each site (using 
a 0.01 % exceedance value denoted as Umax in Table 2). The resulting 
embedment, w, below which there will be the onset of scour, are 
compared with the P15 or P50 embedment values (from Fig. 9) for the 
sand wave peaks and troughs, respectively, to identify the flow condi
tions at which scour may begin.

4.5.2. Capability to prevent scour onset
Fig. 18a shows that all three pipelines evolve away from the unstable 

zone of scour occurrence as the P50 embedment values in the sand wave 
peaks increases. The majority of each pipeline length is in a condition of 

Fig. 17. Temporal changes of loading path (drag force FD) and failure limit 
(soil resistance FS) versus vertical contact weight (Wʹ − FL) for (a) pipeline A (b) 
pipeline B and (c) pipeline C.
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no scour onset. Around 15 % of Pipeline A (representative of the P15 
embedment value) is within the scour onset zone in the as-laid condition 
when subject to the 0.01 % exceedance velocity, but the sediment burial 
process dominates in the post-installation stage and moves the pipeline 
into a less scourable condition. In contrast, the P15 embedment of 
Pipeline C reduces with time and raises the proportion of the pipeline in 
a scourable condition.

For the sand wave troughs of Pipeline A in Fig. 18b, the free span 
gives a negative P50 value for the as-laid condition (thus not shown here 
due to the log scale), and the increased pipeline P50 embedment 
generally leads to stable conditions by the 6th year. The greater increase 
of trough embedment of Pipeline B leads to a less scourable condition 
versus that in the peak regions. The P15 embedment of Pipeline C in the 
sand wave troughs moves out of the unstable condition from the 6th 
year, which gives an opposite trend to that in the sand wave peaks. This 
indicates that the sand wave trough region may provide more shielding 
effects to prevent scour onset, which are important for smaller diameter 
pipelines and power cables with similar diameter ranges (Cheng et al., 
2016).

In both sand wave peaks and troughs, the current velocity leading to 
scour onset is significantly less than will cause drag force-induced 
pipeline instability (see Fig. 17). For example, the least hydrodynami
cally stable pipeline (Pipeline A at t = 0) requires a velocity Ustab of 1.1 
m/s to cause gross movement compared to a 0.01 % non-exceedance 
velocity on site of Umax of 0.71 m/s (both velocities at 1 m above 
seabed). This indicates that instability of the seabed (through scour 

onset) is a more probable than instability of the pipeline (under hy
drodynamic lift and drag force) in this case study, which aligns with 
results reported by Palmer (1996), and Griffiths et al. (2018).

5. Conclusions

This paper provides systematic interpretation of field embedment 
data for three different pipelines (with nominal diameters of 4 inches, 20 
inches and 42 inches) installed in two different sand wave areas and 
tracks temporal changes in embedment from installation to a maximum 
duration of 13 years later. The associated embedment, seabed reaction 
forces and pipeline structural responses are interpreted from this 
collection of field survey data, leading to the following conclusions: 

• In order to ‘predict’ as-laid embedment values, lay-down soil stiff
ness values need to be more than 10 times less stiff than the rec
ommended values for a drained soil response (e.g. DNV AS, 2021a). 
This is linked to the dynamic lay process, the effects of which are not 
directly captured in code-recommended design approaches for 
drained soil conditions. In addition, the back-calculated soil bearing 
modulus shows a linear correlation with gradient of cone tip resis
tance – which indicates the potential for estimation of drained as-laid 
embedment through site-specific soil data rather than based on 
generic empirical factors.

• All three pipelines experience changes in embedment and spanning 
from the as-laid condition, due to the changing pipe weight during 
pre-commissioning and operation, and also due to sediment mobility 
and soil-structure interaction. The associated increase of pipeline 
curvature and axial strains over the sand waves area remained well 
below design limits for these pipelines.

• The pipeline sagging, sediment deposition and soil-structure inter
action process around the most rigid pipeline led to (i) a two-fold 
reduction of length of free-spans and (ii) a ~15 % reduction of the 
number of spans compared to the as-laid condition. Consequently, 
fewer free-span interventions and therefore less expenditure may be 
required if the fatigue life of the initial spans can be shown to exceed 
the time required for these spans to shorten sufficiently to prevent 
any further fatigue accumulation.

• An efficient method is developed to track pipeline bending moments 
and seabed reactions based on the pipeline crown depth information 
provided in standard inspection surveys. The method is well-suited 
to free-spanning pipelines on sand waves.

• Using length-averaged approaches to assess hydrodynamic stability, 
it is shown that the changes to pipeline embedment and spanning in 
the sand wave areas lead to an increase in hydrodynamic stability by 
up to 10 times. Furthermore, these changes protect the pipeline from 
the onset of scour.

The general field-observation analysis approach used in the paper 
adds to the understanding of pipeline stability in sand wave areas, 
supporting the development of prediction methods that unlock more 
efficient design and maintenance strategies by allowing for seabed 
mobility effects.
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