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ABSTRACT: Predicting changes to subsea pipeline embedment due to sediment mobility is critical to many
aspects of pipeline design, including on-bottom stability, thermal management, fatigue analysis and flow as-
surance. Motivated by this requirement, significant advances have been made over the last few decades in un-
derstanding the mechanisms of pipeline scour and sedimentation. This has led to the development of predic-
tive models and formulas, based predominantly on laboratory experiments. However, despite these
developments uncertainties still remain in predicting scour and sedimentation in actual field conditions. One
reason for this continued uncertainty is that previous laboratory experiments have often focused on idealised
testing conditions, consisting of uniform sandy sediments and steady or stationary near-bed current and wave
velocities. Although these idealised conditions enable systematic studies, they are not representative of the
range in marine sediments and metocean conditions observed in practice; hence extrapolation is necessary. A
second reason for uncertainty is that there has only been limited comparison of laboratory results with field
data, and so quantitative validation is lacking. Noting these areas of uncertainty, in this paper we review a col-
lection of recent studies completed at the University of Western Australia (UWA) which each aim to close the
gap between laboratory experiments and actual field conditions, and therefore reduce uncertainty in predicting
changes in scour and sedimentation in the field. These studies focus on three aspects of work: (i) the effect of
variations in marine sediment properties on the rate of pipeline scour; (ii) the effect of time-varying seabed
velocities on pipeline scour; and (iii) comparisons of laboratory based estimates of scour and sedimentation
with field data. In each study an emphasis is placed on developing reliable predictive models and formulas
that better represent field conditions, or are validated against field observations. It is argued that these models
allow for improved predictions of pipeline scour and sedimentation, and may be used to form a rational de-
sign approach for subsea pipelines.

1 INTRODUCTION

Changes in the embedment of submarine pipelines
due to scour, lowering and/or sedimentation can pre-
sent both a potential benefit for pipeline design as
well as a complication. For example, an increase in
pipeline embedment due to sediment mobility can
improve on-bottom stability, thereby enabling the
development of lighter and potentially cheaper pipe-
lines. Conversely, unexpected changes in pipeline
embedment due to sediment mobility may reduce the
reliability of thermal management plans and flow as-
surance, as well as potentially forming pipeline free
spans that can reduce the fatigue life of the pipeline.
Because of this range in implications, design pre-
dictions of pipeline embedment accounting for sed-
iment mobility must be based on unbiased estimates
of scour and sedimentation; i.e. it is not normally
possible to simply apply conservative estimates
which favor negligible or significant change to em-

bedment. As a result, the estimation of scour and
sedimentation represents a difficult design chal-
lenge. This challenge is compounded by the fact that
existing pipeline design guidelines, such as DNV-
RP-F109 for example, note that seabed mobility
should be considered in pipeline stability design but
do not provide detailed guidance to predict the asso-
ciated changes to pipeline embedment.

To better inform pipeline design a significant
amount of research has been undertaken over the last
3-4 decades to qualitatively and quantitatively study
the mechanisms of scour and sedimentation. Owing
to the complexity of sediment transport phenomena,
the majority of this research has focused on labora-
tory experiments in which pipelines are placed on a
mobile seabed and subjected to currents, waves or
combined waves and current conditions. An exten-
sive review of this work has been presented by Su-
mer and Fredsee (2002) and Whitehouse (1998). In
more recent years numerical models have also been



used to investigate scour (Sumer, 2015), however
experimental modelling still remains arguably the
main mode of investigation because of the computa-
tional expense of numerical models and the reliance
of numerical models on empirical expressions to pa-
rameterize unresolved processes such as sediment
transport.

A common aim of the existing body of experi-
mental research has been to develop models and
empirical formulas to predict the rate and extent of
scour and sedimentation, and a number of important
contributions have been made in this direction. Nev-
ertheless, the majority of these contributions have
been based on experiments performed in idealized
laboratory conditions, incorporating uniform sands
and/or steady or stationary flow conditions. This re-
striction has been necessary to reduce the experi-
mental problems to a tractable number of key pa-
rameters over which a systematic study of the
reduced parameter space may be performed. It has
therefore allowed, for example, the mechanisms of
onset of pipeline scour and 3D scour along a pipe-
line to be investigated in detail (see, respectively,
Sumer et al., 2001 and Cheng et al., 2009, 2014).
Nevertheless, a consequence of this approach is that
the application of the results from these experi-
mental studies to field conditions introduces inevita-
ble uncertainty. This is because the grain size distri-
bution and particle shape and density of marine
sediments in the field can be very different to uni-
form sands, and this can lead to significant (some-
times order of magnitude) differences in erosion
properties and scour/sedimentation rates (as will be
discussed in more detail in Section 4). Furthermore,
in field conditions near bed flows can approach the
pipeline from different directions and are rarely
steady or stationary. Due to the inherent non-linear
nature of scour this can have a significant impact on
scour lowering and sedimentation (as will be de-
scribed in more detail in Section 5).

A second cause for uncertainty in using laborato-
ry derived empirical models is that only limited
comparisons between the empirical models and field
observations have been reported. For example,
whilst recent reviews have highlighted the value of
field data within offshore scour research (see, for
example, Harris and Whitehouse, 2015), in the con-
text of subsea pipelines only a few papers have re-
ported field observations in detail (see, for example,
Bruschi et al., 1997; Pinna et al., 2003; Borges-
Rodreiguez et al., 2013 and Section 6). Without de-
tailed quantitative comparison to field observations,
validation of the empirical models, and the underly-

ing experiments (including their inherent scaling and
modelling assumptions), is not possible.

With these uncertainties in mind, the primary aim
of this paper is to present a series of laboratory stud-
ies and field data analyses that have been undertaken
recently at the University of Western Australia
(UWA) to try and close the gap between traditional
laboratory results and field conditions. These include
(1) an experimental study to relate the erosion prop-
erties of different marine sediment to the rate of
pipeline scour; (ii) an experimental study to investi-
gate the effect of non-stationary seabed velocities on
pipeline scour; and (iii) detailed comparisons be-
tween laboratory data and field observations of scour
and sedimentation. The first two of these studies are
focused on refining laboratory experiments to better
represent field conditions. The last study is focused
on validation of laboratory predictions with field ob-
servations.

Each of the three studies presented in this paper
lead to predictive models and formulae that may be
used predict scour and sedimentation induced
changes to pipeline embedment in the field. Conse-
quently a secondary aim of this paper is to describe
how these results may be used in pipeline design to
form unbiased estimates of sediment mobility in-
duced changes to pipeline embedment. This discus-
sion draws on a larger body of research that has been
undertaken within the STABLEpipe Joint Industry
Project (JIP), which has been sponsored by Wood-
side and Chevron, with JIP participation by UWA,
Wood Group Kenny and a number of other promi-
nent industry organisations and technical authorities.
The main goal of the STABLEpipe JIP is to develop
new engineering guidelines to quantify the effects of
sediment mobility on pipeline design. Griffiths et al.
(2010) and Fogliani et al. (2013) present a more de-
tailed description of the JIP.

The remainder of this paper is laid out as follows.
In Section 2 the mechanisms of scour and sedimen-
tation are briefly reviewed. Following this, the UWA
O-Tube facilities are introduced in Section 3. These
facilities were specifically designed to enable more
detailed laboratory studies of pipe-fluid-seabed in-
teraction and have been used exclusively for the
studies discussed in this paper and the work under-
pinning the STABLEpipe JIP. The three different
studies are then presented in turn through Sections 4,
5 and 6, and the outcomes of these studies are dis-
cussed collectively in Section 7 with a particular fo-
cus on how the results may be used to provide unbi-
ased estimates of scour and sedimentation within a
rational design approach. Concluding remarks are
presented in Section 8.
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2 MECHANISMS OF PIPELINE SCOUR AND
SEDIMENTATION

Figure 1 summarises the main mechanisms of pipe-
line scour and sedimentation that lead to changes in
pipeline embedment. This figure has been split into
two main subfigures; the first describing scour and
lowering (Figure la) and the second sedimentation
(Figure 1b). Field observations (see Section 6) sug-
gest that either scour and/or sedimentation may re-
sult when a pipeline is first placed on a seabed, and
both may lead to changes in pipeline embedment.
For this reason we choose to distinguish between
scour and sedimentation in this section, and describe
both in turn.

Whether scour or sedimentation is more dominant
for a pipeline immediately following lay appears to
depend primarily on the initial as-laid embedment of
the pipeline (i.e. the embedment of the pipeline fol-
lowing lay from a pipe lay barge) and the flow con-
ditions near the seabed (Griffiths et al., 2016). For
shallowly embedded pipelines, or frequently span-
ning pipelines, scour is expected to be more com-
mon. This is because (i) scour can commence when
current and/or wave velocities near the seabed are
sufficiently large to mobilize sediment due to
streaming of the flow into pre-existing spans under
the pipeline, and (ii) shallowly embedded pipelines
require significantly lower velocities to initiate scour
due to ‘piping’ failure of the sediment downstream
of the pipeline (see Chiew, 1990 and Sumer et al.,
2001) both with and without variations in sediment
supply (Zhang et al., 2013). In contrast, the veloci-
ties required to initiate piping become excessive as
embedment increases, such that piping is unlikely
when embedment is >20% of the pipeline diameter.
Hence in these cases local reworking of the sediment
(i.e. sedimentation) may predominate.

2.1 Scour and pipeline lowering

The processes of scour and lowering have been doc-
umented in detail by Fredsee et al. (1988) and Su-
mer and Fredsee (1994, 2002). Following the initia-
tion of scour (due to piping or flow streaming in a
pre-existing gap), a process known as tunnel erosion
prevails, in which a scour hole expands vertically
beneath the pipe at a rate that is dependent on the
near seabed velocity, the pipeline geometry, the
pipeline initial embedment and the erosion proper-
ties of the seabed (see Leeuwenstein et al., 1985,
Sumer and Fredsee, 2002). The scour hole will also
begin to extend along the pipeline at a rate that is
dependent on these same parameters in addition to
the three dimensional geometry of the scour hole
and the span shoulders (see, for example, Hansen et
al., 1991; Cheng et al., 2009, 2014; Wu and Chiew,
2013). Eventually this scour hole can become suffi-
ciently long that lowering of the pipeline will occur.

In principle this lowering can occur in two ways as
depicted in Figure la. Firstly, if scour holes initiate
at locations which are widely spaced along the pipe-
line, the pipeline can ‘sag’ into the hole (Fredsee,
1988). Alternatively, if the scour holes are closely
spaced, then the pipeline can ‘sink’ into the support-
ing soil between spans when they become short
(Sumer and Fredsee, 1994). For both pipelines that
sag and sink into the seabed, locations where the
pipeline has lowered may experience backfill. This
final process of backfill leads to self-burial of the
pipeline.

2.2 Sedimentation

Sedimentation without scour is depicted in Figure 1b
and results from the accumulation of sediment near
the pipeline due to the local reworking of sediment
around the pipeline. The rate and extent of sedimen-
tation are related to the local disturbance to the flow
caused by the pipeline, as well as the sediment ero-
sion properties. The build-up of sediment is only lo-
cal to the pipeline, and may occur without any initial
scour (as shown in Figure 1a) or following scour and
lowering of the pipeline (i.e. backfill). In the former
scenario, sedimentation can be distinct from the
scour processes in figure 1a because the pipeline be-
comes partially buried by sand without lowering into
the seabed at any location.

Compared with pipeline scour and pipeline low-
ering, dedicated laboratory studies of sedimentation
have been more limited. Chiew (1990) described la-
boratory experiments where scour did not initiate in
a unidirectional current due to deposition of sedi-
ment behind the pipe by the lee-wake vortex, whilst
more recently Zhao et al. (2015) presented results
from CFD analysis which provide insight into loca-
tions for local deposition of sediment. Sumer et al.
(2001) have presented some experimental results on
the time-scale of pipeline sinking into a scoured
trench, and Fredsee et al. (1992) presented experi-
mental results for time-scale of wave induced back-
fill following initial scour. More recently, Fuhrman
et al. (2014) presented numerical simulation of both
scour and backfilling, in which backfill rates were
found to agree reasonably well with the experiment
results of Fredsege et al. (1992). However, despite
these works the types of local seabed profile caused
by sedimentation and the rate (or time-scale) of sed-
imentation are still not well known.

3 EXPERIMENTAL FACILITIES USED

A variety of physical modelling facilities have been
developed to study offshore structures, including
open channel flumes, closed U-tube flumes and os-
cillating water tunnels driven by a piston. However,
as pointed out by An et al. (2013), each of these fa-



cilities have limitations when considering experi-
ments involving scour and sedimentation over a
large range of combined wave and current flow con-
ditions. Open channel flumes, for example, are lim-
ited to wave velocities below which wave breaking
occurs. Additionally using a driven trolley in an
open channel allows higher velocities to be achieved
but is impractical for large regions of mobile bed. U-
tubes allow higher velocities to be achieved, but
with limited flexibility (due to the requirement to
operate at or near resonance). Finally, piston driven
water tunnels offer more flexible control but are lim-
ited by the stroke of the piston.

To overcome these limitations, an alternative
flume configuration, known as an O-tube, has been
developed at UWA. This flume comprises a horizon-
tal fully enclosed recirculating water tunnel, with a
rectangular test section and an impeller-type pump
driven by a motor. This arrangement has the relative
advantages that (i) currents can be introduced easily,
and (i1) wave velocities are limited only by the pump
characteristics and not by wave breaking, resonance
of the water mass or the stroke of a piston. These
features allow for reproduction of storm conditions,
and allow experimental flow conditions that are
more representative of field conditions (as discussed
further in Section 5 of this paper).

Three O-tubes have been constructed at UWA:
the Large O-Tube (LOT); Small O-Tube (SOT) and
the Mini O-Tube (MOT). The key dimensions and
performance characteristics of the flumes are given
in Table 1. The different scales of O-tube are suited
to different purposes. The LOT is capable of model-
ling small pipelines at full scale, with negligible
blockage effects and potentially 1:1 scale flow con-
ditions. The MOT and SOT require less sediment to
fill and nourish the working section compared with
the LOT. This allows small scale tests and sediment-
specific erosion testing to be undertaken using proto-
type sediments gathered from the field.

Figure 2 provides an overview of the smallest O-
tube, termed the MOT. In this figure a model pipe-
line is included to give an indication of the typical
test setup used in the pipeline experiments explained
throughout the remainder of this paper. More details
on the operation of the O-Tube flumes are presented
in An et al. (2014), Luo et al. (2012), Cheng et al.
(2014) and Mohr et al. (2016a).

Table 1. O-tube dimensions

Properties of working sec- LOT SOT MOT
Length, L (m) 17 3.0 2.0
Width, W (m) 1.0 0.3 0.2
Height, H (m) 1.4 045 0.3
Maximum steady current 3 4.5 1.5
Maximum wave velocity 1- 1-3 0.5
Period, T (s) 5-13  4-10 6

4 STUDY I: PIPELINE SCOUR IN MARINE
SEDIMENTS

In practice, pipelines cross a range of different geo-
logical regions and encounter a variety of different
marine sediments. Generally, these sediments will
have a wide range in grain size distribution, particle
shape and density. Consequently they can have very
different erosion characteristics to the uniform sands
often used in laboratory testing, including differ-
ences in:

(1) Threshold shear stress (i.e. the seabed shear
stress required for erosion; Mohr et al., 2013),

(1) Volumetric transport rate (e.g. Roberts et al.,
1998 and Whitehouse et al., 2000) and

(ii1) The mode(s) of sediment movement (i.e. they
may transport along the bed or via entrainment
into suspension; Roberts et al., 2003).

Because of these differences, direct extrapolation
of empirical scour formulas that have been devel-
oped primarily based on experiments in uniform
sand are unlikely to be valid for all marine sedi-
ments. In the context of pipelines, this has been
shown to be the case via the experimental findings
of Pluim-van der Velden and Bijker (1992) who
conducted a series of sediment erosion tests and a
series of model pipeline scour experiments on artifi-
cial sand-kaolin mixtures and natural sand-silt sedi-
ment. Their experiments indicated that with an in-
crease in the percentage of fine material (i.e. kaolin
or silt) the threshold shear stress of the sediment in-
creased. They also reported that scour occurred
much more slowly for the artificial mixtures as the
percentage of kaolin increased.

In this section the recent experimental and theo-
retical study reported by Mohr et al. (2016bd) is
summarized. This work involved a series of erosion
tests and pipeline model scale experiments on artifi-
cial and marine sediments. The aim of the work was
to systematically explore how the rate of scour relat-
ed to the erosion properties (and erosion rate) of the
sediment. The work focused on tunnel scour in cur-
rent only conditions.

4.1 Sediments studied

Mohr et al. (2016b) focused on a set of five artificial
sediments (SS1, SS2, CS1, CS2, CS3), which pro-
vided a range in median grain size spanning from 15
to 540 pum, as well as two marine sediments
(NWSI1, NWS2) recovered from the North West
Shelf of Australia. Particle Size Distribution (PSD)
curves, and close range photographs for a selection
of the sediments are given in Figure 3. It can be seen
here that the artificial sediments are relatively uni-
form in grain size (especially, SS1, SS1 and CS1),
whilst the marine sediments have much wider grad-



ing and a significant fraction of ‘fine’ sediment (de-
fined here to be grains with diameter less than 75
um). The shape of the marine sediment grains also
vary significantly compared with the artificial sedi-
ment.

4.2 Erosion properties

For sediments with significant fines content, empiri-
cal methods to predict erosion properties (i.e.
threshold shear stress, erosion rate and mode of ero-
sion) are still very limited, showing significant scat-
ter amongst different soil types (Briaud et al., 1999;
Whitehouse et al., 2000). Consequently, in practice
an approach that is often used to estimate erosion
properties for marine sediments is to perform ero-
sion tests either ex situ or in situ. The approach tak-
en in Mohr et al. (2016b) was to perform ex situ test-

(c) Calcareous sandy silt (NWS2)

ing in a laboratory flume following the methodology
outlined in Mohr et al. (2013). Example erosion re-
sults from this testing are given in Figure 4, which
plots the measured erosion rate (1) as a function of
applied shear stress (7) for the marine sediments. It
can be seen that the sediments show no measurable
erosion until the shear stress exceeds some threshold
value, beyond which the erosion rate increases with
shear stress. In general, the erosion testing results for
each of the sediments tested could be explained well
via the relationship

n=A-1,)" (1)

where A and B may be fitted empirically, and 7., is
the critical or threshold shear stress.

Percentage passing (%)

10° 10° 10' 10 10
d (mm)

(d) Particle size distribution curves

Figure 3. Photographs of sediments, and PSD curves. Figure adapted from Mohr et al. (20165).
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Figure 4: Example erosion rate measurement of marine sedi-
ments. Figure from Mohr et al. (20160).
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Figure 5. Measured threshold shear stress. The solid line repre-
sents a modified Shields curve fitted by Soulsby and
Whitehouse (1997). Figure adapted from Mohr et al. (2016b).

Figure 5 plots the non-dimensional threshold
shear (6,.,) interpreted from the erosion testing ex-
periments as a function of non-dimensional grain
size (D, ). The artificial sediments SS1, SS2 and CS1
can be seen to agree well with the Shields curve. In
contrast CS1, CS2 and the marine sediments tend to
plot above the Shields curve. This increased erosion
resistance is typical of ‘cohesive’ sediments. De-
tailed observations, reported in more detail in Mohr
et al. (2016b), also showed that sediments CS2, CS3
and NWS2 tended to erode via entrainment into sus-
pension. SS1, SS2 and CS1 eroded via bedload
transport.

4.3 Pipeline scour experiments

To correlate the erosion test results with pipeline
scour rate and extent, a series of 25 model pipeline
experiments were performed by Mohr et al. (2016b)
across the 5 artificial and two marine sediments, us-

ing a 40 mm model pipeline. These experiments
used the test setup shown in Figure 2 and explored a
range of fixed current conditions chosen to give a
range of shear stress conditions for the different sed-
iments. Care was taken in each experiment to ensure
the sediments were prepared in the same way as the
erosion tests.

The pipeline was placed approximately 3 mm
above the initial seabed level in all experiments so as
to ensure scour would initiate. To provide an indica-
tion of the scour process, Figure 6 provides example
scour profiles at several times for three different sed-
iments. These figures show how the scour hole ex-
pands beneath the pipeline. It is common to summa-
rise the growth in terms of the scour depth (S5)
directly below the pipeline, as shown in Figure 7.
This time variation in scour depth may be parameter-
ized, respectively, via one of the following simple
expressions due to Fredsge et al. (1992) and Briaud
et al. (1999):

I T, S T R B S T R S
x/D (<)
(a) Silica sand (SS1)
/-\I i
S
IR T R B | R T B B R S
x/D (-)
(b) Calcareous very silty sand (NWS1)
I T S R | R T B SR S S

x/D (-)
(c) Calcareous sandy silt (NWS2)
Figure 6. Scour profiles at various times during the scour pro-

cess. Flow is from left to right. Figure adapted from Mohr et al.
(2016b).

S@) =S, (1 — exp (—%)) )
and
S() =S, (#) 3)

where in both expressions t is time, S, is the equilib-
rium scour depth and T defines the time-scale of the



scour process. The equilibrium scour depth is gener-
ally in the order of 0.6-0.8 times the pipeline diame-
ter and is mostly dependent on flow velocity (Sumer
and Fredsge, 2002). The time scale of the scour pro-
cess, in contrast, is expected to be highly dependent
on the flow velocity and the erosion properties of the
sediment.

&gA
Ky

Figure 7: Time development of scour directly under the pipe-
line.
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Figure 8. Time scales calculated from experimental results.
Solid line is prediction due to Fredsge et al. (1992). Figure
adapted from Mohr et al. (20165).

Figure 8 plots the measured time-scale for each of
the model scale pipeline experiments performed. Al-
so shown in this figure is a predictive formula given
by Fredsge et al. (1992) based on experiments in
mostly sandy sediments. It can be seen in this figure
that the uniform artificial sediments tend to agree
well with the empirical formula, but for the finer
sediments NWS2, CS2 and CS3, which appear to be
‘cohesive’ (see Figure 5) the time-scale of scour is
up to an order of magnitude larger than the empirical
formula. This result is not unexpected, since these

fine sediments have relatively higher erosion re-
sistance compared with sandy sediments.

4.4 Predicting the rate of scour in marine sediments

Using simple control volume arguments Mohr et al.
(2016b) were able to write the time-scale as a func-
tion of the maximum erosion rate at the start of the
scour process for sediments that erode either via
transport along the bed or via entrainment into sus-
pension. This led to two expressions to predict the
time-scale in terms of the maximum erosion rate;
one for sediment eroding in bedload and one for sed-
iment eroding in suspended load. These expressions
are given, respectively, by

T—zsseD 4)
. nmax L'

and
Se

T = , 5
nmax ( )

where 1,4, 1S the maximum erosion rate (i.e. the
erosion rate experienced at the start of the scour pro-
cess under the pipeline; equal to the erosion rate
evaluated at the amplified shear stress under the
pipeline at the initiation of scour), L is the length of
the erosion sample used in the erosion testing, and
(as described above) D is pipeline diameter and S, is
the equilibrium scour depth. Figure 9 illustrates the
agreement between Equations (4) and (5) with the
experimental measurements.

The results in Figure (9) suggest that Equation (4)
and (5) may be used to estimate scour rate in marine
sediments. Importantly the expressions given in (4)
and (5) are a function of the measured erosion prop-
erties, and so they naturally account for the poten-
tially ‘cohesive’ nature of marine sediments. To use
either Equation (4) or (5) in practice only requires
that the erosion rate curve 7(7) may be achieved via
erosion testing leading to the empirical expression in

(1).

5 STUDY 2: PIPELINE SCOUR IN TIME-
VARYING FLOW CONDITIONS

Scour and pipeline lowering are cumulative process-
es, occurring in time at a rate that can be slower than
the rate at which near-bed velocities are changing.
Incorporating predictions of scour and pipeline low-
ering into stability design, therefore, requires that the
cumulative effects of scour can be estimated for all
velocity conditions contributing to sediment mobility
prior to the time at which stability is to be analysed.
In a storm for example, this requires that scour asso-



ciated with the storm velocities leading up to peak
conditions are included in the analysis.

In this section we present a summary of recent re-
sults presented in Draper et al. (2015) which focus
on the scour process during time-varying flow condi-
tions. Two different scenarios are investigated in
Draper et al. (2015): (i) sagging pipelines, and (ii)
sinking pipelines (see Figure 1a). Here we will focus
on sagging pipelines for brevity and focus on how
the scour profile varies with changes in velocity and
pipeline sagging; since both of these variations are
possible in the field.
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(b) Sediment mobilized through entrainment.

Figure 9. Comparison of predictive formulas with measure-
ments. Figure adapted from Mohr et al. (2016b).

5.1 Scour beneath a sagging pipeline

For widely spaced scour holes (see Figure la) a
pipeline can sag into the center of the scour hole as it
grows along the pipeline. At any time the amount of
sagging is related to the length of the scour hole, the
flexural rigidity of the pipeline and the submerged
weight of the pipeline. Assuming that at both ends of

the scour hole the constraint on the pipeline is
somewhere between a fixed and pinned connection,
Fredsoe et al. (1988) suggested that the vertical de-
flection of the pipeline can be given by:

3wl
“p =384 EI’

(6)

where w' is the submerged weight of the pipeline, I,
is the length of the scour hole and ET is the flexural
rigidity of the pipeline.

In turn the length of the scour hole will vary in
time according to:

dlg .
dt Uh, ( )
where vy, is the rate of scour along the pipeline and ¢
is time. The rate v, has been investigated in detail
by Cheng et al. (2009, 2014) and has been shown to
vary with velocity, sediment properties and pipeline
embedment.

Combining (6) and (7) allows one to calculate the
vertical deflection (or sag) of a pipeline into the
scour hole as a function of time. These equations
were used in Draper et al. (2015) to determine the
rate at which three different pipelines lowered into a
scour hole during a Velocitg time-series with a con-
stant acceleration of 2x10™ m?/s. This acceleration
was found to be an upper bound estimate of the rate
at which current velocities increase in storms (and,
although not noted in Draper et al. (2015), it is also
similar to the upper end of what would be expected
in a soliton current).

The calculated deflections were used as an input
into experiments in the Large O-Tube facility in
which a short section of 200 mm diameter pipeline
was modelled to represent the central section of a
spanning pipeline. A scour hole was allowed to de-
velop under the short section of pipe, and the pipe
was moved vertically downwards to mimic sagging
of the pipeline (see Figure 10). Three different ex-
periments were conducted, with input deflections
computed assuming EI /w’ =10, 10* and 10° m?, and
a horizontal scour rate calculated using the formulas
outlined in Cheng et al. (2014).

It should be noted that this experimental setup is
similar to that used by Fredsee et al. (1988) to ex-
plore sagging under constant currents, for a pipeline
that was lowered at a fixed rate (rather than that due
to the relationship implied by equation (6) and (7),
which varies in time).
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Figure 10: Section of pipeline modelled in the O-Tube indicat-
ed by the square rectangle in the top figure. Bottom figures in-
dicate test setup within the O-tube.

Figure 11 presents the vertical deflection of the
pipeline for each of the three experiments, together
with the velocity time-series and the measured scour
depth beneath the pipeline. Also shown is a predict-
ed scour depth, which is described in more detail in
the following subsection. The point in time when the
vertical deflection matches the scour hole depth in
Figure 11 indicates when the pipeline has ‘touched
down’ into the scour hole. At this point no further
vertical movement of the pipeline was simulated and
the experiment was terminated soon afterwards.

Comparing across the experiments in Figure 11 it
is clear that the final touch down depth differs signif-
icantly. For example, the most flexible pipeline
drops fastest into the scour hole, but only reaches a
depth of 0.58D. In contrast the stiff pipeline drops
later and over a longer period of time, leading to a
final depth of 1.28D. The reason for this difference
in final lowered depth is due to the fact that the ver-
tical position of the pipeline has an effect on scour
locally beneath the pipeline. This interaction is clear
in Figure 12 which presents the scour profile around
the pipeline as it moves vertically into the scour
hole; as the pipeline drops (but has not yet touched
the bottom of the hole) the scour hole increases in
depth and the side slopes become steeper and more
symmetric. This increase in scour hole depth does,
however, take a finite time to occur. Consequently
the stiffer pipeline, which drops more slowly into the

hole (allowing sufficient time for additional scour),
can lower to a greater depth.

A second observation on Figure 11 is that it can
be seen that before the pipelines begin to deflect the
scour depth grows almost linearly with time. This is
different to that observed in Section 4 (see Equation
(2) and (3) and Figure 7) for a pipeline subjected to a
current with constant velocity. This trend is a result
of the linearly increasing velocity and provides a
clear example of how non-stationary (or time-
varying flow conditions) can alter the scour devel-
opment in time. A similar conclusion has also been
observed by Zhang et al. (2016) for a larger variety
of flow conditions. Accounting for these differences
in scour development due to time-varying flow con-
ditions is essential for accurate predictions of scour
in the field.

5.2 Predicting scour for a sagging pipeline

The different touchdown depths in Figure 11 im-
ply that the amount of lowering (and ultimately the
pipeline stability) are dependent on the weight and
flexural properties of the pipeline. From a design
perspective it is, therefore, valuable to be able to
predict the scour depth in time as the current velocity
varies and the pipeline sags. Draper et al. (2015)
showed that a reasonable prediction could be devel-
oped by noting, from equation (2), that

dS  Se(zp,u(t))—S
at - T(zpu®) (®)

where it has been acknowledged that, in general, the
equilibrium scour depth and time-scale are depend-
ent on the velocity (denoted here as u) and the posi-
tion of the pipeline.

Based on supplementary experiments in steady
current conditions Draper et al. (2015) found that, in
reasonable agreement with Hansen et al. (1986), the
equilibrium scour depth in live bed conditions was
given by

Se 0.6 (0.6Zp) 9
— = \u X

over the range in pipeline deflections modelled. In
contrast the time-scale was almost independent of
the pipe position, but depended on velocity such that

D20_5/3

T(6) = 0.65 x
50(9(5 - 1)d503)

172’ (10)

where 6 is the dimensionless shear stress due to the
current, s is the relative density of the sediment, g is
acceleration due to gravity and dsq is the median
grain size of the sediment.



@0 100 110 120

I} Il I 1 1 1 1
02
04 A

(@)

2 05
N o8

il
=
LN
[==]

sS/D

12 4
14 A

a0 100 110 120

02 4
=04
= 06 -
0.3 1

i
-ﬁ“

/

S0

(b)

12 4 1.06
14 -

S, 7
i B s e
=
— . 3
Lol S

@0 100 110 120

02

=04 - %%%Q

= 0.6 <0
Ty

0.8 1 =2

7/

sS/D

124 128

(©

14 1

(S

Welogity [m/s]

et b R
L= O - B T o I
1

(d)

o 10 20 30 40 50 60 70 80
Time [min]

a0 100 110 120

Figure 11: Scour depth and pipeline lowering in time for three different pipelines; from top to bottom, first three figures represent
200 mm diameter pipelines with EI/w’ =10, 10* and 10° m’, respectively. Bottom figure is the velocity time history. Figure

adapted from Draper et al. (2015).

Adopting (9) and (10), the scour depth under the
pipeline was then recovered following the time step-
ping approach introduced by Whitehouse (1998).
More specifically, the scour was computed accord-
ing to

Z.

r) _
S&)thii%g—f dt. (11)

Predictions based on (11) are shown in Figure 11 as
red dashed lines. It is apparent that the model gives
reasonable predictions of the scour depth observed in
the experiments both prior to any pipeline vertical
displacement and during vertical displacement of the
pipeline. More importantly, the final lowered depth
agrees to within 10-20% of the touchdown depth.
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Figure 12: Sections indicating the scour development as the
pipeline sags into a scour hole. (a), (b) and (c) correspond to
the same subfigures in Figure 11. Figure adapted from Draper
et al. (2015).

6 STUDY 3: LEARNINGS FROM FIELD DATA

As mentioned in the Introduction there is only a lim-
ited amount of published comparisons between ob-
servations of scour, pipeline lowering and sedimen-
tation in the field and predictions based on
laboratory experiments. Of the literature that is
available, Bruschi et al. (1997) reviewed the theory
relating to scour, sediment transport and stability de-
sign, and noted based on field observations that
“natural lowering occurs for pipelines characterised
by a high submerged weight which lay on an erodi-
ble seabed affected by strong environmental condi-
tions”.

More recently Pinna et al. (2003) reported obser-
vations of scour induced pipeline self-burial and
spanning over a period of 9 years for the Goodwyn
Interfield Pipeline, located on the North West Shelf.
This analysis provided some insight into span geom-
etry and evolution over time, but did not give specif-
ic profiles of scour along the pipeline. Following on
from Pinna et al. (2003), Borges-Rodriguez et al.
(2013) examined changes in pipeline embedment
due to scour for a range of pipelines on the North

West Shelf. They focused on the consequences of
scour for both pipeline stability and thermal expan-
sion management. For the pipelines they analysed it
was noted that scour, spanning and lowering were
evident until the pipeline had lowered to 70 to 90 %
of the pipeline diameter.

In the following two subsections we describe re-
sults from two comparative studies of laboratory da-
ta and field data that have previously been undertak-
en. The former (Leckie et al., 2015) focuses on scour
and lowering, whilst the latter (Leckie et al., 2016b)
focuses on sedimentation. An emphasis is placed on
comparing expectations of scour and sedimentation
from the laboratory experiments with field observa-
tions.

6.1 Field observations: Scour and lowering

The first comparative study focused on seven years
of annual field survey measurements of a subsea
pipeline on the North West Shelf of Australia. As
reported by Leckie et al. (2015) the pipeline has a
diameter of 12 inches and measures 22.9 km in
length. It is orientated approximately perpendicular
to the predominant tidal and soliton currents. Figure
13 presents raw video and sonar data for this pipe-
line. Together with metocean data, soil samples and
span reports the data in Figure 13 was analysed at all
locations along the pipeline. For convenience, an
image analysis routine was written to convert the so-
nar image in the bottom left of Figure 13 into (x,y,z)
data (see Leckie et al., 20165 for more details on the
analysis routine).

Analysis of the field data revealed significant scour
and lowering within 2 years following lay of the
pipeline. The majority of the scour (based on a com-
parison of near-bed velocity measurements to the
erosion properties of the seabed sediment) appeared
to have resulted from sustained ambient currents as
opposed to larger storms. The lowering of the pipe-
line was found to result in an increase in (far-field)
pipeline embedment of up to 0.7 times the pipe di-
ameter (where far-field is referenced at a distance +8
diameters from the pipeline). At many locations
along the pipeline this increase in far-field embed-
ment was uniform and follows after the formation of
many, closely spaced scour holes. This suggests the
pipeline lowered mainly through sinking into the
seabed at span shoulders at these locations (see Fig-
ure la; sinking). At other locations there is evidence
of pipeline sagging and a beam bending analysis in-
dicated that this sagging can be up to 0.5 pipeline di-
ameters at the time of surveying.
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Figure 13: Still image of the raw video and sonar data analysed (Leckie et al. 2015)
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Figure 14: Example seabed profiles for a 200 m long section of
pipeline. (Top) profile in 2002, (Bottom) profile in 2006.
(Adapted from Leckie et al. 2015).

Figure 14 indicates the local seabed profile
around the pipeline for an example 200 m long sec-
tion of pipe in 2002 (just after lay) and later in 2006.
For this example section, lowering of the pipeline
through sinking is very apparent; providing arguably
the first clear evidence of this mechanism of lower-
ing in practice.

To explore the profile along the pipeline further,
Figure 15 presents a section through the same length
of pipeline as that shown in Figure 14. This figure
helps to illustrate the scour holes and their evolution
along the pipeline over time. Importantly, the dimen-
sions of these holes (i.e. their maximum length and
depth) were shown by Leckie et al. (2015) to be in
good agreement with predictions based on existing
literature, especially in 2002. The rate of growth
along the pipeline of the scour holes was found to be
slower than that predicted by the formula derived by
Cheng et al. (2009) based on laboratory experiments
on clean sands. This was attributed to the increased
erosion resistance of the sandy SILT and silty SAND
along the pipeline route and is consistent with trends
outlined in Section 4 for vertical scour beneath a
pipeline.
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Flgure 15: Variation in embedment the plpelme section shown
in Figure 14. (a) profile in 2002, (b) profile in 2006. (Adapted
from Leckie et al. 2015).

Aside from providing direct measurements to
compare with existing predictions of scour, the pipe-
line observations also present new insight. In partic-
ular, it was observed that in contrast to the tradition-
al conception of pipeline scour which conceives of
pipeline burial as an endpoint, the observed lowering
approaches a mature state that consists of a pseudo-
static profile along the pipeline of alternating span-
ning and embedded sections, which occur at regular
intervals. This pseudo-static profile is believed to
have resulted in the field for this pipeline because
the scour processes appear to have been almost en-
tirely in the clear water regime; hence sediment has
not been supplied to the pipeline to backfill the scour
holes following lowering of the pipeline.

In summary the results from this first study there-
fore provide some reassurance that the expectations
of scour and lowering (as depicted for sinking pipe-
lines in Figure 1a) do occur in the field. Furthermore
the occurrence of scour and the scour hole dimen-
sions also agree reasonably well with expectations at
the start of the scour process (i.e. in 2002 especial-
ly). Later in the project life the observed scour did
not agree with the classical expectation of self-
burial, but this difference is enlightening and appears
to be explainable in terms of arguments concerning
sediment supply.

6.2 Field observations: Sedimentation

The second comparative study focuses on three
26 km long sections of subsea pipeline reported in
Leckie et al. (2016b). The pipelines all run parallel
to each other in close proximity, and traverse a range
of metocean conditions, water depths and soil condi-
tions (varying from sand through to fine silt). Two of
the pipes have diameters of 0.64 m and one has a di-
ameter 0.1 m.
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Figure 16: Embedment local to the pipeline observed in survey
footage. Blue line corresponds to 2009 within 7-9 months of
lay) and red line is 2013 data. Figure adapted from Leckie et al.
(20165).

The most significant observation from this second
study was that the two larger pipelines did not ap-
pear to have experienced significant scour or scour
induced lowering. Instead it was apparent that the
seabed had built up local to the pipeline, leading to
an increase in local embedment without lowering of
the pipeline. To illustrate these changes in embed-
ment Figure 16 presents cross-sections of the local
embedment at various locations. The increase in em-
bedment was found to mainly occur through the
middle section of the pipelines (i.e. KP 4.5 to KP
20). This section of pipeline was not in the shallow-
est water conditions, but did coincide with locations
where perpendicular near-bed soliton currents were
largest (see Leckie et al. 2016b).

To better understand the observed changes in em-
bedment, a series of model scale experiments were
undertaken in the Small and Large O-Tube flumes.
In each of the experiments the initial pipeline em-
bedment, soil conditions and the near-bed time vary-
ing flow conditions were selected to try and mimic
the observations in the field. The key dimensionless
parameters that were explored in the experiments in-
cluded the relative shear stress (given by the ratio of
maximum to critical Shields parameter) and the rela-
tive duration of the flow conditions (chosen to repli-
cate short duration soliton current events, which at-
tacked the pipe from both perpendicular directions).
This duration was captured through a KC number
given by
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(12)
where U,,,, represented the peak soliton current, D
is the pipeline diameter and T}, is the duration of the
near-bed current event.

Figure 17 presents example results from one of
these experiments. It can be seen that for the initial
embedment modelled in the experiment, onset of
scour was not observed. Instead sediment began to
pile up either side of the pipeline in a similar way to

the sedimentation mechanism described in Figure
1b.
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Figure 17: Example experiment conducted in the O-tube with

sedimentation. (a) Profiles at various times; (b) time evolution

at one location close to pipe. Figure adapted from Leckie et al.
(20160).

It can also be seen that the sedimentation leads to an
equilibrium profile over a time-scale.

Further testing at different shear stress and KC
number revealed that the equilibrium scour profile is
not very sensitive to these underlying parameters. In
contrast the time-scale of the sedimentation process
is sensitive to these parameters, as shown Figure 18.
Importantly, it can be observed in Figure 18 that the
time-scale of the sedimentation process is much
slower than that associated with tunnel scour (indi-
cated as the grey line in Figure 18). At a KC = 500,
for example, the time-scale is almost one order of

magnitude larger than that associated with tunnel
scour at the same shear stress.

As reported in more detail by Leckie et al.
(2016b), comparisons of the sedimentation equilibri-
um profiles were in very good agreement with the
field observations (see Figure 19). This is a very im-
portant result because it implies that the processes
that occurred in the field were similar to those ob-
served in laboratory. Furthermore, Leckie et al.
(2016b) found that the time-scale of the sedimenta-
tion process was also consistent with the observa-
tions. This results suggests that the time-scales indi-
cated in Figure 18 may be useful in predicting
sedimentation rates for other pipelines which are not
expected to experience scour and lowering initially
(i.e. for pipelines without gaps following lay, or for
pipelines with sufficiently larger as-laid embedment

to suppress piping).
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Figure 18: Time scale of the sedimentation process. Figure
adapted from Leckie et al. (2016).

7 DISCUSSION

Each of the example studies presented in this paper
have led to outcomes that enable improved predic-
tions of different aspects of scour and sedimentation.
In Section 4, for example, new predictive formulas
were developed to predict the vertical rate of scour
in marine sediments, whilst in Section 5 a time step-
ping model to simulate scour development beneath a
sagging pipeline in time-varying flow conditions
was verified. Lastly, in Section 6 the concept of
pipeline sinking due to scour was verified, together
with the new empirical results concerning the equi-
librium profile resulting from sedimentation and the
rate of sedimentation.
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Figure 19: Overlay of local embedment profiles observed in the field with experimental results. At location (Top) KP=10 and (Bot-
tom) KP=15. ‘LOT-1" refer to the experimental profiles. Figure adapted from Leckie et al. (2015).

Individually, each of these results can be used to
assess different mechanisms illustrated in Figure 1.
However, to realize the full potential of these empir-
ical results requires that they are eventually embed-
ded in an overarching general model that can simu-
late all of the mechanisms in Figure 1 and can,
therefore, predict changes to pipeline embedment
due to sediment mobility. This type of model should
ideally include four distinct steps:

1. Assessment of whether or not scour will occur
along a pipeline (due to streaming at gaps identi-
fied in a bottom lay analysis or due to piping)
and the locations of scour initiation points.

2. Simulation of the rate of scour development ver-
tically beneath the pipeline and along the pipe-
line (in the case of scour) or sedimentation.

3. Simulation of the lowering of the pipeline into
scour holes via sagging, sinking or a combina-
tion of both (accounting for the effects of pipe-
line lowering on scour development).

4. Simulation of backfill of sediment into scour
holes following lowering of the pipeline

Research being undertaken within the STABLE-
pipe JIP is working towards developing guidelines to
enable the effects of sediment mobility to be ac-
counted for in pipeline design. In this sense it is aim-
ing to facilitate the development of overarching
models that are capable of undertaking the four steps

listed above. The results presented in Sections 4, 5
and 6 of this paper feed into aspects of steps 1, 2 and
3, and are, therefore, part of the building blocks of a
more overarching model. However, further work is
required to extend the results in this paper to realize
an overarching model to perform each of the four
steps listed above.

As a final remark it is useful to acknowledge that
the development of an overarching model capable of
undertaking the four steps listed above is not ex-
pected to be able to provide deterministic predictions
of scour, sedimentation and embedment. This is be-
cause (i) the underlying predictive formulas/models
in each step will contain some inevitable uncertainty
(even if, as is the aim of this paper, the main empiri-
cal results have been validated through comparison
with field observations and/or are derived from ex-
periments aimed to best match field conditions to
minimise uncertainty), and (ii) the input parameters
(such as soil properties, metocean conditions, etc.)
which feed into the predictions at each step will also
have uncertainty. The expectation is, therefore, that
an overarching model will be able to treat uncertain-
ty consistently and in an unbiased way using a prob-
abilistic approach. The treatment of uncertainty in
this way using probabilistic models is becoming in-
creasingly common in scour and erosion design. For
example, Tom et al. (2016) have recently presented a
probabilistic approach to quantify uncertainty in the
assessment of scour around subsea structures.



8 CONCLUSIONS

In this paper a series of recent studies have been
summarized, which have the common theme of try-
ing to close the gap between laboratory conditions
and the field, so as to remove uncertainty in sedi-
ment mobility induced changes to pipeline embed-
ment. In each case new predictive models/formulas
have been derived which enable realistic characteris-
tics, such as sediment erosion properties and chang-
ing flow conditions, to be accounted for directly in
design. In this way the studies extend on earlier re-
search which has tended to focus on idealised testing
conditions (i.e. uniform sediments and stationary
flow conditions).

Nevertheless, whilst these studies each provide
new outcomes, further work is required to improve
predictions of scour and sedimentation in design so
as to provide a more complete set of predictive re-
sults for the range of mechanisms expected in field
conditions and listed in Figure 1. Collectively the
aim of this additional work should be to provide un-
biased (or best estimate) predictions of scour, lower-
ing and sedimentation. In this way the work may be
used to feed into an overarching model of pipeline
scour and sedimentation that may be used in differ-
ent aspects of pipeline design, including on-bottom
stability design, thermal management, fatigue analy-
sis and flow assurance.
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