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ABSTRACT

Recent experience in the Dutch North Sea sector has demonstrated
that given conducive environmental conditions, o0il and gas
pipelines laid directly on the surface of a loose sandy seabed
will bury themselves. The incentives to exploit this natural
phenomenon where possible are considerable, arising from the
large cost savings and potential reductions in installation
damage risks by avoiding expensive mechanical trenching. This has
sensibly attracted great interest from offshore operators
principally in the Dutch sector where a flexible approach by the
authorities has led to the installation of eighteen pipelines
subjected to the natural self-burial since 1977.

. Pipeline self-burial is an extremely complex phenomenon dependent
on many variables associated with local environmental, pipeline
and seabed soil conditions. At the present time this rules out
effective theoretical modelling. Predictions have therefore to
be based on empirical correlations of measured data preferably
from actual installed pipelines. This thesis describes an
experimental programme investigating pipeline self-burial
utilizing a unique reversing flow channel in conjunction with a
non-intrusive scour depth measurement technique using a flat,
fine sand bed. Two-dimensional scour holes were studied under
both uni-directional and reversing flow conditions for varying
sediment transport rates and pipeline diameter. Flow
visualisation techniques were employed to gain further insight
into the flow regimes. The hypothesis that lee scour is intrinsic
to deep pipeline burial was further investigated as was the
suitability of a previously proposed time scale parameter
involving the sediment transport rate and pipeline diameter
squared.

A further experimental programme was carried out to investigate
the three-dimensional aspects of pipeline scour. The growth of
an artificially initiated pipeline free-span was studied which
represents the first of its kind due to the great experimental



difficulties. A computer model was also developed, which, based
on experimental data, simulates the growth of pipeline free-
spans. A discussion is included of the interactive processes of

sagging and scouring and their relevance to deep self-burial.

A number of important conclusions emanate from the findings of
the research. Firstly, and perhaps most crucially, the presence
of either reversing tidal flow or large amplitude wave induced
oscillatory flow across the pipeline appears to represent an
essential condition for self-burial to occur. A new scouring
mechanism, peculiar to reversing flow, has been identified which
provides more rapid, deep scour hole development than in the

corresponding uni-directional flow case.

The scour time scale parameter was found to be relatively
successful in correlating the scour hole data for the different
pipeline diameters and sediment transport rates used in the
tests. Other correlating variables were also identified and

systematically investigated.

The three-dimensional studies revealed a constant span length
development rate. The scour hole end angles were found to be very
steep, in excess of the angle of repose of the sand due to local
frictional and flow effects. A vortex was seen to pass through
the span ends, identified by a ridge formation with a much
increased local sediment carrying capacity. Results from a simple
numerical model developed to predict the rate of increase of the
spanwise length of the scour hole were in good agreement with the
corresponding experimental measurements. An analytical version
of the numerical model has recently been developed for use in
design studies for a major North Sea pipeline project. Calculated
sag rates were found to be very 1large indicating pipeline
touchdown, emphasising the relevance of the interactive processes

of sagging and scouring.
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CHAPTER ONE
INTRODUCTTON

1.1 General Introduction

Following the 1974 energy crisis, the sharp rise in oil prices
made it strategically and economically important, and indeed
economically viable, to reduce world dependency on Middle East
supplies by extensive exploitation of alternative o0il and gas
reserves in the offshore continental shelf regions. These
waters take the offshore engineer into increasingly deep and
hostile environments. Pipelines play an important part in the
exploitation of the offshore resources, in many cases being
the most convenient method of transporting oil and gas to

shore.

The seabed 1is composed of many different materials.
Considering in particular the North Sea, a large part of the
seabed is composed of loose sediment. A pipeline laid on such
a bed, subject to the combined effect of waves, currents and
tidal flows, will experience local scour. Prior to 1977, all
pipelines installed in the Dutch Sector of the North Sea had
to be artificially buried. Since large parts of the North Sea
including the Dutch Continental Shelf are regular fishing
areas, pipelines resting on the seabed are susceptible to
damage caused by dragging anchors or the impact from fishing
trawl boards. Adequate and safe trenching techniques are

available but, as with all offshore work, extremely costly.

Recent experience in the Dutch North Sea Sector has
demonstrated that, given conducive environmental conditions,
0il and gas pipelines laid directly on the surface of a loose
sandy seabed, have a tendency to bury themselves.

In September 1977, a 2.5 mile 10in and 2in gas pipeline bundle
was laid without being artificially buried, in the Dutch North
Sea Block, connecting platform L10A to L10F. The pipeline was
situated in the protected waters between the two platforms
where the seabed was reported to be of fine sand which was
very flat showing no distinct ripple marks. After



installation, extensive surveys were conducted to plot the
changing height of the pipe and the depth of scour hole that
had formed. The main finding of the survey was that the
pipeline had buried itself to a depth in excess of 2 diameters
within about 3 months(1l).

The incentives to exploit this natural phenomenon wherever it
occurs are considerable, arising from the large cost savings
made possible by avoiding expensive mechanical trenching. The
scouring characteristics of fine sediment beds is not a new
phenomenon. One early well Kknown example was the study
carried out by the then Hydraulics Research Station, in the
early 1970'S, in which the scouring effect around sewer
outfall pipes was considered(2).

The Dutch, as yet, have been alone in taking advantage of the
self-burial phenomenon, implementing a relaxation of the
Government burial requirement that stated that all pipelines
in the Dutch Sector of the North Sea had to be artificially
buried. Having given the self-burial phenomenon due
consideration, the Dutch Authorities have introduced flexible
guidelines to allow the exploitation of self-burial whilst
still ensuring the 'safety' of the offshore pipeline. The
guidelines state that;

a) The probability of pipeline failure due to anchor
damage should be less than 10 “%/km/year
b) Self-burial and backfill to a depth of 0.2m must be
achieved within one year
c) Natural variations (with time) in bed level
should be negligible.

Since 1977, 18 pipelines have been installed by the Dutch
without being mechanically buried, representing 25% of the
Dutch Continental Shelf pipeline network. Extensive
post-installation surveys have been carried out on these
pipelines (3),(4), the details of which have been partially
released. This data, at the present time, represents the only

basis for future engineering design prediction.



The development of scour holes and the subsequent self-burial
process is influenced by many independent factors associated
with the 1local environmental, pipeline and seabed soil

conditions. The most important of these are outlined below;

a) Characteristics of the local tidal currents such as the
cyclical variations in the mean velocities and the tidal
current direction.

b) The local wave climate and associated statistical
description of the velocities and directions of the wave
induced seabed currents.

c) Water depth. '

d) Sand grain size distribution.

e) Degree of cohesivity in the seabed sediment.

£) Presence of free span sections over sand or other bed
undulations at pipelaying.

qg) Local sediment transport rates due to wave and tidal
currents.

h) Pipeline diameter.

i) Flexural rigidity properties of the pipeline.

j) Pipeline submerged weight.

k) Residual pipe tension after installation.

The mutual interaction of all the above variables indicates
the degree of complexity of the self-burial process.
Solutions to describe the 1local variations in sediment
transport remain, to date, 1largely unsuccessful and a
quantitatively reliable analytical prediction of the rate of
increase in scour hole depth and, hence, determination of the
scour hole development time, is not yet feasible (3), (4).
Therefore, at this stage in the understanding of the problen,
pipeline self-burial predictions have to be based on empirical
correlations of measured data, preferably from actual
pipelines. Hence the Dutch data mentioned earlier is vital to
the satisfactory engineering design approach.

When a pipeline is laid on the seabed, the flow pattern will
be disturbed due to its presence and the sediment transport
capacity in the pipe's vicinity will be increased, causing



local scouring. In this way free spans can develop beneath
the pipeline. Free spans may also be present from laying due
to existing bed undulations. After breakthrough, high
velocities will be generated in the scour hole, producing what
is termed 'tunnel' erosion, which is initially extremely
rapid(5). The span lengths will rapidly increase at the ends
where the highest rates of erosion exist, causing sagging into
the scour hole and then enhanced scour rates, associated with
the sag reduced bed gap. This interactive sagging and
scouring process is thought to be responsible for the observed
deep self-burial phenomenon. |

A further important observation from the L10A/F pipeline self-
burial was that the scour hole formed was very wide with
shallow side slopes(l). The scouring mechanism responsible
for such a profile was thought to be 'lee' erosion, that is
the erosion caused by the turbulent wake downstream of the
pipeline. Under the reversing action of tidal currents, a wide
symmetrical scour hole would be produced, allowing a longer
scouring time by increasing effective pipeline exposure to the
oncoming current. It is thus postulated that the deep self-

burial arose from 'lee' erosion under reversing tidal flows

(6) .

In order to progress in the understanding of the mechanisms of
self-burial, reliance must be placed on experimental studies,
both at laboratory and full-scale. Difficulties do, however,
exist when employing laboratory models, associated, for
example, with the widely differing flow Reynolds number and
the relative size of the bed sand ripples, between the model
and the prototype. Discrepancies can also occur due to the
relative scale of the boundary layer thickness to the pipeline
diameter. Further problems may be introduced, due to
laboratory limitations, such as blockage effects. However, we
know, by experience, that such studies yield considerable
qualitative and quantitative similarity between the model and
prototype data and, thus, play a valuable part in the greater
understanding of many complex problems.



Whilst the forces applied to circular cylinders under the
combined effects of current and waves has been widely
investigated in order to accurately predict the design loads
on structural members, such as the legs of offshore platforms,
for example, research on the scour around circular cylinders
is much more scarce. There is extensive scope for research
into a multitude of aspects of scour around cylinders,
relating to scouring problems around bridge abutments, oil rig
legs, ocean outfall pipes and, as discussed here, the scour
around offshore pipelines. Whilst the sediment transport in
rivers has been widely studied over the past century, the
derived transport equations cannot be directly applied to the
marine environment where oscillatory wave induced flows are

experienced.

Basic laboratory investigations of pipeline scour have been
carried out by a number of investigators, including
Kjeldsen(7), Bijker(8) and Mao(9). Most investigators have
produced information on the final scour profiles obtained.
However, linked information on the mechanisms which are
causing the sediment transport as the scour hole develops is
more scarce. Mao's treatment of the problem probably
represents the most comprehensive carried out to date. Much
further work needs to be carried out, however, before a
completely sound understanding of the self-burial phenomenon
and a reliable, predictive modelling capability become
available.

The primary aim of this research work is to gain a greater
understanding of the self-burial phenomenon through a
laboratory test programme and, to a 1lesser extent using
theoretical considerations. The process of free span length
development has been studied as have the existence and effects
of wake erosion under uni-directional and reversing, tidal
type flows. This study sets out to make a useful contribution
to the understanding of the problem. The next section outlines
the scope of the present work. This is followed by a summary
of the organisation of the thesis.



1.2 The Scope of the Present Work

A detailed laboratory investigation has been made by the
author into the development of a pipeline scour hole with
time. The areas which have been investigated here are those
to which least research attention has previously been given,
largely due to the great associated experimental difficulties.
A considerable part of the research comprised the development
of non-intrusive experimental techniques and apparatus to gain

accurate measurements with no interference to the flow.

Two-dimensional scour under a fixed pipe in a current was
investigated for varying pipeline diameter and sediment
transport rate. An accurate assessment of the variation of
the maximum scour depth with time was made by the use of a
specially developed non-intrusive scour depth measurement
technique. The validity of a previously derived time scale
parameter was also investigated in the uni-directional flow-
tests(5).

A similar set of two-dimensional scour tests were carried out
in a unique, specially designed reversing flow channel, to
study the scour under reversing flow, simulating tidal
conditions. Direct comparisons were made between the results
for the uni-directional and reversing flow tests to determine
the importance of flow reversal in pipeline deep-burial.
Particular attention has been given to the existence and
effect of wake scour for the two test flow conditions to
further investigate the proposition that deep pipeline self-
burial is a direct consequence of 'lee' erosion.

Flow visualisation techniques were also employed to gain
qualitative information about the flow field at various stages

in the development of the scour hole around a pipeline.

Three-dimensional scour tests for a fixed pipeline in a
current have also been carried out. Due to great experimental
difficulties, no similar data is available for comparison even
though the development of scour holes in the direction along
the pipeline length is intrinsic to the problem of pipeline



self-burial.

The growth of free spans under offshore pipelines was
investigated, using a technique whereby a free span is
artificially introduced and its development is recorded using
photographic and 1lighting techniques, completely non-
intrusively. Further insight into the flow mechanism,
particularly at the free span ends was gained using video

technology and flow visualisation.

A computer model was also developed which simulates the growth
of a pipeline free span, based on experimental data.
The following section gives a brief description of the

organisation of the thesis.

1.3 Oorganisation of the Thesis

Chapter 2 gives a short review of the fluid mechanics
principles which have been directly applied in this study
with a discussion of the sediment transport aspects. This
includes the derivation of the time scale parameter, the
relevant boundary layer equations and a description of the
flow around a circular cylinder with varying Reynolds number.
A relevant dimensional analysis for the scour process is

also presented.

Chapter 3 contains a literature survey confined to the subject
of pipeline self-burial. A qualitative description of the
scour process is given as are the proposed mechanisms of
scour. A survey of the relevant literature based on
experimental work then follows including scour under uni-
directional, reversing, tidal type and wave flows. Next, the
effects of sagging and various flow parameters are
considered. Finally, three of the most important theoretical

treatments are discussed.

Chapter 4 introduces the experimental apparatus and
measurement techniques. The design and construction of the
reversing flow channel is discussed. The preliminary
investigation into the flow characteristics in the new channel



are described as are the details of the three different flows
used. The model pipelines and the photographic, video and
computing facilities are then detailed. Next follows an
introduction to the two-dimensional scour tests' experimental
technique and the equipment used for both the uni-directional
and the reversing flow tests. This chapter includes details
of the measurements taken. Finally, the experimental technique
and apparatus used in the span length development flow tests
is described.

Chapter 5 presents the experimental results for the three test
programmes. Firstly the uni-directional flow tests are
considered and the parameters for each test are given. This is
followed by the results obtained for the two-dimensional
reversing flow tests. A section is included presenting the
uni-directional and reversing flow data together so that a
direct comparison can be made of the effect of flow reversal
alone. Next, the results of the span length development tests
are presented for the three model pipeline sizes. Finally, the
results of some flow visualisation tests, carried out to gain
further insight into the scour mechanism responsible for the

span length development, are presented.

Chapter 6 presents the basis of the span length development
computer model. Simulations of the flow tests are presented.
Lastly a section on pipeline sag based on the results of the
computer model is included.

A discussion of all the flow test results is given in chapter
7, namely the wuni-directional and reversing flow two-
dimensional tests and the span length development flow tests.
Next follows a discussion of the results of the span length
development computer model. Finally, the results are
considered with respect to the self-burial of a pipeline.

The last chapter includes the major conclusions drawn from
this study and some recommendations for further work to be
carried out.



1.4 Summary
This chapter has given a brief introduction to the subject of
pipeline self-burial. Due to the complicated nature of the
experimental equipment and techniques, particularly for the
span length development tests, a detailed description of the
tests have not been given here. The next chapter introduces
the relevant theory directly applied in this study.



CHAPTER TWO
RELEVANT THEORY

2.1 General Introduction

The study of the scour around an offshore pipeline is a very
complex phenomenon which requires a knowledge of wave
mechanics, fluid mechanics and geotechnical engineering, since
all these disciplines interact and must be considered in any

engineering design prediction.

This chapter introduces and briefly discusses the relevant
theories which have been applied in this study. The objective
is not to deliver a rigorous derivation of the relevant
principles available in many standard texts, but to introduce
the subjects and enable the theory which has been applied to
be outlined. Chapter 3 considers literature directly relevant
to the scour around a pipeline. This chapter acts as an
introduction to the phenomena related to pipeline scour and

the work carried out by various investigators.

The oscillatory and random nature of near-bottom velocities
generated by wave action is significant to the problem of
scour around offshore pipelines. Wave mechanics equations
were developed during the last century, long before research
into sediment transport at the ocean floor. A discussion of
the various theories to assess wave parameters, and of
particular interest to this work, the horizontal bottom
velocity, has not been addressed here, primarily because due
to time and laboratory restrictions, no tests including wave
motion were carried out. The fact that no wave tests were
conducted does not imply that wave induced velocities are not
important to the problem of scour around a pipeline. The
influence of oscillatory wave induced flow on the scour
process has been studied previously in some detail by
Bijker(8), Mao(9) and Ibrahim(10). In the present study
attention has been concentrated on the effect of reversing,
tidal type flows on the formation of the scour hole, by
including reversing flow tests detailed in the following

chapters. Some discussion concerning the effect of waves on
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the scour hole development is given in the literature survey
describing relevant earlier work. A general treatment of wave
action with respect to scour around offshore structures, is

given by Herbich et al(11).

Next follows an introduction to the sediment transport aspects

of pipeline scour, including a brief literature review.

2.2 Sediment Transport Aspects

2.2.1 Introduction

Sedimentation processes are responsible for local scour around
structures. The term sedimentation includes the processes of
erosion, entrainment, transportation, deposition and
compaction of sediment. Much of the work which has contributed
to the understanding of sedimentation, has been carried out to
help engineers reach a satisfactory solution to problems in
alluvial hydraulics.

The aspects of sediment transport which are most important to
this work, such as the bed formations, transport mechanisms
and the effect of water temperature are outlined below. A
brief review of relevant developments in sediment transport
research 1is also given. The time scale parameter used
throughout this study is introduced here.

2.2.2 Bed Formations

The interaction between a turbulent flow and a loose sediment
bed and the resulting transport of sediment 1is severely
complicated by an instability process which produces bed forms
such as ripples and dunes. This gross distortion of the
boundary geometry in turn modifies the flow in a strong
coupling effect.

An initially plane sediment bed may be distorted to a number
of bed forms, depending on the flow properties and the
temperature. At very low velocities an initially plane bed
will remain plane. On acceleration of the flow, the velocities
experienced at the bed will eventually achieve a value
sufficient to cause spasmodic instability of the sediment

11



particles. An extensive discussion of all bed forms which may
occur 1is given by Allen(12). Figure 2.1 shows the bed

roughness types described below.

The instability process 1leads to the creation of bed
undulations whose dimensions increase with time, eventually
resulting in flow separation from the largest mounds. A ripple
front is formed at the point of separation, at approximately
the angle of repose of the sand. The flow reattaches
downstream of the mound within the eroded scour hole caused by
the increased turbulence, enlarging the effective height of
the ripple formation which in turn increases the strength of
the separation effects.

The slip face advances slowly downstream by the continuous
'tipping' of sand over the ripple slip surface. Sand carried
by the turbulent recirculation area is deposited downstream
where the sediment carrying capacity decreases, and forms a
second deposition mound. This mound grows in size until it is
sufficient to cause a separation. In this way a train of
ripples propagates downstream until eventually the entire
surface of the bed is highly rippled. The flow forming this
ripple pattern is subcritical (Froude number << 1) as shown in
figure 2.1(a).

Raudkivi(14) suggested that ripples formed at places where
particles chanced to pile up, the disturbance caused by such
formations stimulating the propagation of chains of ripples
throughout the bed. Williams and Kemp(l15) went on to
investigate what caused the particles to pile up and suggested
a link with the streamwise streaks identified on fine sand
beds by Kline et al(l16) and Grass(17), whose studies of the
viscous sublayer revealed a complex flow structure consisting
of large three-dimensional high and 1low speed velocity

streaks.
In nature sediment beds are never perfectly flat and the

propagation of ripples may be accelerated by the presence of
bed undulations or the presence of shells, pebbles or

12
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pipelines on the seabed. Williams and Kemp(18) discuss the
development of ripples downstream of artificial disturbances.
Their presence was found to cause the formation of ripples at
flows lower than those at which ripples will form naturally.
This makes the formation of ripples almost inevitable and

explains their common appearance in nature.

on further increase of the flow velocity the ripples will be
seen to increase in dimensions into larger bed forms referred
to as dunes with small ripples superimposed on their backs
(see figure 2.1(b)). Ripples and dunes can be distinguished by
their size relative to the flow. The size of ripples have been
found to be independent of the flow size, whereas a dune size
is highly dependent on it. Ripples do not form in bed
materials coarser than approximately O0.6mm (Chabert and
Chauvin(19)).

At even higher flows the superimposed ripples disappear
leaving only a dune bed. The dunes grow in size until they
interact with the free surface of the flow which inhibits
their growth and the dunes then stabilise. Surface water
waves, out of phase with the dunes (figure 2.1(c)) appear
inhibiting their growth. The flow will consequently be
considered retarded and will reduce the channels flow carrying
capacity.

Both ripples and dunes exhibit upstream scour and downstream
deposition and in this way move downstream, decreasing in
velocity with increasing size. On further increasing the
velocity beyond the dune stage the dunes will 'wash out' and
the bed reverts to a high transport stage flat bed (see figure
2.1(d)). When the Froude number approaches 1, stationary
standing waves form (figure 2.1(e)) causing corresponding sand
waves. As the Froude number becomes greater than 1 bed waves
are caused to progress upstream and antidunes are formed.
Antidunes resemble very symmetrical ripples and dunes and may
move in the flow direction or against it or may even be
stationary. In the case of antidunes, the free surface of the

flow is deformed, in phase with the shape of the bed as
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illustrated in figure 2.1(f).

Modern studies of bed formations under waves were begun by
Bagnold(20), who found that when the velocity exceeded the
threshold value, low ridges formed which he termed rolling
ridges. On increasing the velocity the ridges were seen to
increase in height and shed vortices from their crest. Bagnold
termed these 'vortex ripples'. On further velocity increases
these ridges were seen to decrease in size leading again to
rolling ripples and finally to sheet flow conditions over a
flat bed. Grass(21) discussed the effect of the superposition
of waves on a uni-directional current as significantly
enhancing the bed region turbulence intensities due to the
bursting process and the imposed wave pressure gradients over
smooth beds. Increases in the near bed turbulence raises the
total suspended sediment transport rate as this bed
concentration is distributed vertically throughout the depth

by the main stream turbulence.

2.2.3 Transport Mechanisms

Sediment 1is transported by water as either wash 1load,
suspended load or bed load. The bed load consists of particles
which travel by rolling or sliding along the channel bed. The
bed load particles are representative of the bed sediment
present. The present study concentrates on the bed 1load
carried by the flow.

The wash load consists of very fine material normally finer
than sands to the order of less than 0.06mm. The particles are
so small that they are carried by the flow in large quantities
and kept in suspension by the flow's turbulence. There is a
uniform distribution of particles throughout the depth of the
flow. The wash load material is often different from the local
bed material having been transported from remote areas

upstream.
Suspended load usually consists of sand particles small enough

to be in suspension periodically but moving randomly in and
out of the bed layer. These particles are normally of the size
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0.06 to 0.2mm. Suspended load concentration decreases with

increasing height from the bed.

2.2.4 Major Developments in Sediment Transport Research

Much of the early work on sediment transport concerned the
development of relationships for transport of bed loads by
streams. Du Boys(22) introduced the concept of tractive force
or bed shear stress. Du Boys expressed the transport rate in
terms of shear stress and defined the critical shear stress as
that responsible for initiation of sediment movement.

The best known treatment of initial bed grain instability was
that of Shields(23) who in 1936 determined that the critical
shear stress 71, «could be expressed in terms of a
dimensionless critical shear stress r7,. and the grain size

Reynolds number Re, where,

T, = T/ (ps-p) gd, 2.1
U, dg
Re, = 2.2
v
Ps.Pp = density of sediment and water, d, = average sediment

diameter, U, = bed shear velocity =(7/p)%° and v is equal to
the viscosity of water. Shields diagram is illustrated in
figure 2.2 below. The dimensionless parameters Re, and 7,
introduce the use of dimensional analysis which is important
to any fluid mechanics model tests. Dimensional analysis is
discussed in greater detail in section 2.5 below.

Meyer-Peter and Muller(24) published their formula for bed
load transport in 1948 in which the transport rate is
expressed in terms of the shear stress that would occur on a
flat bed covered with the stream sediment. This formula is
still commonly used today, primarily due to its simple nature.

The first experiments on scour were carried out by Rouse(25)

who observed the scour of sand by jets; it was Rouse who
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discovered the logarithmic relationship between scour depth

and time.

2.2.5 Effect of Temperature

The effect of temperature on sediment discharge was brought to
the attention of engineers by Lane, Carlson and Hanson(26) who
studied the seasonal change of sediment discharge. As research
continued into the effects of temperature on sediment
transport, conflicting findings were reported. The primary
effect of the changes in temperature, is that the fluid
viscosity is altered. This in turn alters the flow regime
resulting in secondary changes in other dominant parameters.
Ayoub(27) stated that the temperature may affect the sediment

transport in three ways:

1. Effect on the thickness of the viscous sublayer.

2. Effect on bed topography.

3. Change in fall velocity of suspended sediment and hence
the distribution of concentration of suspended bed material.

Taylor and Vanoni(28) and (29) indicated that for small
transport rates on flat beds, the effect of temperature
depended on the grain size Reynolds number. When Re, >
approximately 13 the transport rate increases with decreasing
temperature whereas for Re, < 13 decreasing temperature
resulted in decreasing sediment transport rate. At higher
flows carrying suspended 1load, no definite trend was
identified. Colby and Scott (30) identified a change in bed
form from winter to summer and that the friction factor was
strongly dependent on water temperature.

An investigation carried out by Grass and Ayoub(31l) set out to
confirm the sensitivity of the transport rate on flat beds to
changes in both the shear stress and temperature. For
turbulent flow cases, it was proposed that the net rate of
local bed 1load transport generated by the flow could be
estimated by consideration of the probability distribution of
the fluctuating bed shear stresses.

18



Grass and Ayoub(31l) presented an optimised correlation of
measured bed 1load sediment transport rates induced by
turbulent flows giving the following relation;

qst* =2.04 (t*(Re*)0.64)2.67 2.3

Qee* = Qg / U, dg(pg—p) 2.4

Where 7, is the dimensionless shear stress, (eqn 2.1), Re, is
the grain Reynolds number, (eqn 2.2), ¢, is equal to the
turbulent flow sediment transport rate and qﬂ* is its
dimensionless equivalent.

This correlation has been used in the present study to
calculate an average bed 1load sediment transport rate
corresponding to the average shear stress value, calculated
from the logarithmic equation given below as equation 2.38.
The variation of the sediment transport rates with
temperature, is included in the changes in the viscosity
value.

2.2.6 The Time-scale Parameter

2.2.6.1 Scour and its Governing Equation

Considering two-dimensional scour around a pipeline in a
current, the scour is caused by variations in the sediment
transport rate along the stream flow. It is possible to derive
a governing equation for the scour at a point. A definition
sketch is given in figure 2.3. Considering the case where the
bed load is the dominant mode of sediment transport, the
sediment continuity equation (see figure 2.3) is the governing
equation for the scour at a point;

dg/dx + Boh/dt = 0 2.5

where B is the ratio of the sand grain volume to the total
volume, q is equal to the volumetric bed load transport rate
per unit width, h is the bed height, t is equal to the time
and x is the distance measured in the streamwise direction.
Rearranging gives;
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oh/dt = -(0q/dx) /P 2.6

In the case of scour, the bed height is known to be
decreasing, therefore, 0h/0t<0 and from equation 2.6 above we
can conclude that dg/0x>0, that is the exit rate of sediment
transport from the scour hole is greater than the supply rate.
In the equilibrium state, the bed 1level does not change

implying that dq/dx=0 or g = g, is constant through the scour

hole (where g, = the far field sediment transport rate).

2.2.6.2 The Dimensionless Form of the Governing Equation
The sediment transport continuity equation can be changed into
a dimensionless form using the following dimensionless

parameters;

*=x/D 2.7
h* = h/D 2.8
q* = a/q, 2.9

where q is the local sediment transport rate, g, is a suitable
scale for the sediment transport rate (which could for

example, be taken as g, the far field sediment transport rate)

and D is equal to the pipeline diameter. The sediment

continuity equation becomes;

d(x/D) g, T, = o(r/T,) )
The term D?/q, arises in the above equation from the

substitution of the dimensionless form of the parameters
above, where T  is an approximate time scale parameter which

we can define as T,=D?/qg,. Raudkivi(32) discusses the
derivation of similitude parameters. The timescale term D?/q,

can also be derived from consideration of the following
physical reasoning which also draws attention to the

difficulties in deriving a practical and generally appropriate
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form of the parameter.

It is a well established fact, based on extensive experimental
evidence (see for example Raudkivi(32)) that the equilibrium
dimensions of a scour hole formed round an immersed body are
directly proportional to the relevant linear dimension of the
body:; in the present case the pipeline diameter, D. The volume
of the scour hole per unit length of pipeline - and hence the
corresponding volume of scoured bed material is therefore
proportiocnal to D?.

If we consider a pipeline situated close to a flat bed at the
onset of scour as illustrated in figqure 2.4, the enhanced flow
velocity through the gap under the pipeline produces a local

perturbation in the bed sediment transport rate g,. The

sediment transport rate underneath the pipeline, q, is
greater than the undisturbed, far field rate g,. Hence
sediment is being removed from the bed area under the pipeline
at a rate exceeding the supply from upstream and therefore
local bed scour must occur. The initial rate of erosion will
be directly proportional to (@, = % )- This provides an
appropriate scaling quantity, g,, for the local sediment
transport rate, q, appearing in equation 2.9 i.e.

q0=qp—qoo 2.11

Time scale, T,, in equation 2.10 can then be defined in

physically meaningful terms as the volume of sediment removed
from the scour hole divided by the rate of removal as follows

T, = D*/(q,-q.) 2.12

A non-dimensional time for the scour process can then be
defined as

T* = T/T, 2.13

The following physical arguments allow very useful deductions
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to be made from equation 2.11 which can be used in turn to
define simplified and more practical forms for the time scale,
T,, (equation 2.12) applicable in different circumstances.

Experimental measurements (see for example, Grass and
Ayoub(31)) show that if the rate of bed 1load sediment
transport over a flat bed, ¢, is plotted as a function of flow
velocity, U, close to the bed, then in a series of U
intervals, the data can be approximately represented by a

corresponding series of simple power relationships of the form

g = AU" 2.14

where constant, A, and exponent, n, vary for the different, U
ranges. For U magnitudes just in excess of the critical value,
u_,
begins to move, the exponent n values in equation 2.14 are

at which the bed sediment first becomes unstable and

extremely large. Small increases in U above U, thus produce
exceedingly large increases in sediment transport. However,
the corresponding U intervals within which A and n can be held
approximately constant are now relatively narrow.

Considering once again the flow situation depicted in figure
2.4, potential flow theory and continuity arguments indicate
that the velocities in the near flow field surrounding the
upstream half of the pipeline cylinder, where the flow remains
attached, will be scaled by the approach velocity, U,. This
means that the velocity, U, at some fixed height above the bed
will be a function of relative streamwise position, x/D, and

can be approximated by the following equation:

U=U, £f(x/D) 2.15

Assume, initially, that the approach flow velocity, U,, is

significantly in excess of the critical velocity U, producing

a corresponding significant level of sediment transport, g,.

Also assume that whilst the bed gap ratio, e/D, is small,
thus generating a large perturbation in the bed sediment
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transport rate, the two flow velocities U, and U, are still

contained within a velocity range over which the sediment
transport rate can be approximated by a single version of
equation 2.14 (i.e. A and n remain constant). In these
circumstances, substituting from equations 2.14 and 2.15 into
equation 2.11 yields

d, = g, - Q. = AU, - AU,
= AU [(£(x/D))*" -1] = q. [(£(x/D))" - 1] 2.16
i.€. g, = Qo< gy

Therefore, under these conditions, either the undisturbed

sediment transport rate g, or the initial maximum sediment

transport rate 9, below the pipeline can be used as the
sediment transport scale, q,.

Substituting into equation 2.12 gives

T, = D*/q., or T, = D?/q, 2.17

Assume now that the flow velocity, U,, is only very slightly

o/l

greater than the threshold value, U for initial sediment

cr
movement. The undisturbed sediment transport rate is therefore
very small. As in the first example, it is again assumed that
bed gap, e /D, is small producing greatly enhanced velocities
under the pipeline and a correspondingly large local sediment
transport rate, q,- In these circumstances g, and q, can no
longer be satisfactorily defined by a single version of
equation 2.14 because of the form of the (q,U) relationship
close to the threshold condition previously described. The
analysis used to derive equation 2.16 therefore breaks down

with q, effectively independent of q,.

Since under these conditions QQ >d.., 9, = @, from equation

2.11, hence
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T, = Dz/qb

Using an identical line of reasoning the relationship given in
equation 2.18 must also be used in the so called 'clear water'
scour case when U, < U, and the sediment transport rate remote

from the pipeline influence is zero.

Similar arguments can be used to demonstrate that in the case
of a very weak perturbation to the sediment transport,
generated when the bed gap e /D is relatively large, the time

scale relationships given in equation 2.17 again apply.

A summary of the relevant simplified forms for the sediment
transport scale g, suggested by the above arguments and used
to derive appropriate forms of the important time scale
parameter T, = Dz/qo relevant to different circumstances is
given in Table 2.1. Problems clearly arise in attempting to
correlate data in situations where q, = q, since, unlike the
flat bed sediment transport rate q,, it is extremely difficult
to estimate the local initial transport rate, 5 with any
degree of accuracy. In practice also, the demarcation
boundaries between the different dominant sediment transport
scales suggested in Table 2.1 and defined in terms of sediment
transport and perturbation magnitudes, inevitably span a range
of conditions and can only be established from experimen*al

data.

q;vPerturbation
Level
Sediment Transport | Weak (e,/D large) Strong (e /D small)
Rate g
Appropriate forms
for q,
Zero q, (if scouring) d,
Very small d, or q_ d,
Medium/Large q, Or q_ d, or q_

Table 2.1 Appropriate forms for sediment transport scale d, in

relation to

prevailing

sediment

transport

rates and

perturbation levels generated by the pipeline.
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2.2.7 Summary

This section has introduced one of the most important aspects
of scour around pipelines, sediment transport. The next
section then, takes a 1look at the near bed velocities

experienced by the pipe.

2.3 Frictional Flow in Open Channels

2.3.1 General Introduction

At the seabed, the boundary layer will be thick and well
developed, engulfing the pipeiine in its sheared velocity
field. Although the boundary layer properties are obviously
important to the scour around a pipeline, the work of many
investigators gives little emphasis to its significance. The
following section shows the derivation of the 1logarithmic
velocity profile equation used throughout this study.

2.3.2 Equations of Motion for a Turbulent Case

The Navier-Stokes equations describe the motion of a Newtonian
fluid particle in the three co-ordinate directions, based on
Newton's second law of motion. The equations are expressed
below for an incompressible fluid, a full derivation of the
equations is given for example, by Schlichting (33).

Du ou du ou du 1 0P

E=§E +Ua +Va—-y + WE ="F& + X + vWPu 2.19
Dv _ ov ov ov ov _ _1 0P

E_at+uax+vay+ WS, = 5 ay+Y+\)V""’V 2.20
Dw = aw + ui_w + V’_a_.u_., + Wi..w = —i Q + Z + VWW 2.21

dt ~ at ox oy oz p 0z

where u = instantaneous velocity component in the streamwise
direction, x, v = instantaneous velocity component normal to
the wall in the y direction, w = instantaneous velocity
component in the transverse z direction, X,Y and Z are the
body forces per unit mass acting on the fluid particle and

V2 = #/ax? + 3/dy? + P/Iz?
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We also have the equation of continuity:

Jdu ov ow

ox y

= -

The Navier-Stokes equations can be applied to the case of the
motion of a turbulent fluid, where random velocity and
pressure fluctuations occur around some mean value. The
equations above can be applied to such a flow by taking the
ensemble averages cof each term in the equation. Considering
the case of two-dimensional steady open channel flow,
simplified versions of the Navier Stokes equations can be
derived by consideration of the flow being two-dimensional,
that is d/dz terms can be neglected. A steady flow regime
implies that d/dt is also equal to zero, and the flow being
uniform implies d/dx terms can also be neglected. With the
removal of these terms the equations reduce to the Reynolds
equations outlined below;

NI A v B
g1+p ay[”ay pu’vi'] =0 2.23
1 0P _ __ ov?

YY =90 2.24
o oy 7 oy

where gi is equal to the body force, i being the channel bed
slope and p the absolute viscosity of water U represents the
mean velocity and u' the fluctuating component. Similarly, v'
represents the fluctuating velocity component in the vy
direction.

The bracketed term in equation 2.23 represents the two

components of shear stress. The -p£ﬂ7 term represents the
effective turbulent shear stress known commonly as the
Reynolds stress. This quantifies the transport of momentum
across internal fluid surfaces due to the mixing action of the
turbulence across the shear layer. The viscous stress,
pdU/dy, represents the stress due to molecular transport of

momentum across planes parallel to the wall. The sum of the
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Reynolds stress and the viscous stress at a particular height,
y, above the bed, represents the total effective shear stress

7, where;

—

T = p-%g'— pu'v’ 2.25

Equation 2.23 can then be expressed as;

gi + g—; =0 2.26

R

Integrating with respect to y over the total flow depth, 4,
gives;

T = pgi(d-y) 2.27

The maximum shear stress occurs at the bed and is denoted as

T hence;

o’

The above relation between the bed shear stress and the
Reynolds stress, applies for any point away from the wall,
where viscous stresses become negligible. The bed shear
stress is a very important parameter in the scaling of a
turbulent flow, and can be expressed as the bed shear velocity
U,, where;

U,

¥

= [ie]l/z 2.29
p

U, is not a physically real velocity, but represents the
characteristic velocity scale for the mean flow.

A direct solution to the mean velocity profile is still, at
this stage, unobtainable without additional information to
relate the turbulent shear stress to the mean velocity. In
1925 Prandtl (34) introduced the concept of the mixing length,
which he envisaged as the average distance 1, perpendicular to
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the flow direction over which a typical fluid particle moves
under turbulence action, whilst maintaining its original
momentum. The same result can be achieved, however, using
dimensional analysis employing less far reaching assumptions.
Considering a steady, fully developed flow past a smooth, flat
plate, the velocity, U, varies with distance from the plate.
The independent variables that affect the value of U are the
fluid properties, density p and viscosity K, the boundary
layer thickness &, the distance from the wall y and the

boundary shear stress t,. Application of the principles of

dimensional analysis suggest the following relation;

U“: =¢1[€—U,,%] 2.30
Considering the flow away from the influence of the boundary
where the effect of viscosity on the flow will be negligible,
the velocity defect U,-U (where U, is equal to the maximum
velocity in the free stream) may be supposed to depend on y/&
alone. That is;

This hypothesis has been supported by experimental evidence

and is valid for -% > A, say. At -% = 1 equation 2.30 reduces

to:

Um
U.

- kel - 3 Y .
-¢1[(V)U,.,1] ¢3[(V)U*] foz:6 1 2.32

Adding equations 2.30 and 2.31 gives

In _ 9. 120 =¢,180,%
U‘_¢3[VU‘]—¢1[VU‘,6]

+ ¢2[%] for A, < %
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If we now consider a very thin layer of fluid close to the
wall, the flow will not be influenced by the boundary layer
thickness, this hypothesis was put forward by Prandtl and is
well supported by experimental evidence. For positions close

to the wall, 0 < _}6: < A,, ¢1[—€-U,,%’-] in equation 2.30 becomes
¢4[U;%], therefore

LT

*

=¢4[U,,%’] foro<% < A, 2.34

Experimental results indicate that there is a region in the
flow where both the velocity defect and the law of the wall

apply, for A, <-§ < A,, equations 2.31 and 2.34 may be added

to give

¢2[%] +¢4[U,%] =" - ¢, [2U,] 2.35

Differentiation with respect to -%LL followed by a further

differentiation with respect to y/d yields an equation

y

involving only the combined variable Uk;, integrating twice

with respect to this combined variable gives

U
U,

=Aln (U,%) + B 2.36

The logarithmic relationship given in equation 2.36 has been
found to give a good description of the velocity profile in
the wall region for a wide range of boundary layer flows. This
was particularly confirmed by Raven(35) who carried out an
earlier set of sediment transport tests in the same laboratory
channel used by the author which supports the use of equation
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2.36 in the present work.

Whilst measurements of U made at various distances, y, from
the flat plate confirm the applicability of equation 2.36,
the velocity does not in practice increase indefinitely as the
equation suggests, but tends towards the free stream value.
The velocities very close to the plate in the viscous
sublayer, where turbulence is suppressed by the presence of
the boundary, also differ from this logarithmic distribution.
Considering the shear stress within the viscous sublayer to be

constant and approximately equal to t_,, integration of the

equation U = to{-:_ gives

Y 2.37
\Y

Equation 2.37 defines a linear velocity profile within the

viscous sublayer and is assumed to breakdown when LL%: is

approximately equal to 5. Considering the case of a
hydraulically smooth boundary (U,d./v < 3.5), where d, is the
diameter of the sand particles, constants A and B (in equation
2.36) have been determined by experiment ( Nikuradse (36)),
for a wide range of Re, equation 2.36 becomes

U

=2.51n [U,%] +5.5

* 2.38

U -5.75 logm[U‘%] +5.5

U,

All three flows used in this study satisfy the criterion

Ud,/v < 3.5, the highest being equal to 2.3, and hence only

the equation for hydraulically smooth boundaries is considered

here.

2.3.3 Summary
The previous section allowed the introduction of the Navier-
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Stokes equations and their application to a turbulent flow.
Equation 2.38 for a hydraulically smooth boundary flow, has
been used in this study to provide an accurate and well
established method of determining bed shear velocity values
from mean velocity measurements. The next section discusses
the flow around a circular cylinder and the effect of the

presence of a solid boundary.

2.4. Flow around a Circular Cylinder

2.4.1 Introduction

When unsupported spans occur at intervals along the length of
the pipeline, the under and overflow currents experienced by
the pipeline can result in separational vortices being shed
alternatively from the top and bottom of the pipeline, into
the downstream wake. Vortices being shed in this way cause
fluctuations in the flow pattern in the pipe's vicinity and
hence fluctuations in the pressure distribution and in the
hydrodynamic loading on such a pipeline. Force fluctuations
in the transverse, cross-current direction, can lead to 1large
amplitude vibrations of the pipe, which, under resonant
conditions, may potentially lead to instability or even
complete failure of the pipeline.

The vortex shedding frequency, expressed in terms of the non-
dimensional Strouhal number, is in general a function of the
Reynolds number, but when considering the scour around a
pipeline, the influence of bed proximity, and its effect on
vortex shedding, must also be included in the analysis.

The following section considers the flow field and the vortex
shedding characteristics of a smooth circular cylinder for
varying Reynolds number. The effect of the bed proximity, on
vortex shedding, is also discussed.

2.4.2 Flow around a Circular Cylinder with varying Reynolds
Number

Prior to discussing the complicatory influence of bed
proximity on the flow field surrounding a typical pipeline
span, it is instructive to first consider the flow behaviour
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in the idealised case of a smooth surfaced, circular sectioned
cylinder immersed in a steady uniform approach flow. In this
situation, dimensional analysis shows that the characteristics
of the near cylinder flow field are completely determined by
the relevant Reynolds number, based on cylinder diameter and
approach flow velocity.

Extensive experimental studies have shown that the flow
behaviour undergoes major and dramatic changes as the Reynolds
number is increased from values of order 1 for slow, creeping
viscous flow to values of order 10° frequently encountered in
the case of subsea pipelines. It has been found that the
changes in flow regime are not of a continuous nature, but
occur relatively suddenly over restricted ranges of Reynolds
number. The approximate Reynolds number ranges and the
associated changes in the flow behaviour are described below
and illustrated in figure 2.5. Re = UD/V

(a) Re <1

The flow around the cylinder is retarded over a wide area due
to the great thickness of the boundary layer. Virtually no
separation occurs. The distribution of pressure and velocity
around the cylinder is similar to that obtained using
potential flow theory.

(b) 1 < Re < 80

The effect of viscosity is insufficient to achieve much
lateral diffusion of vorticity from the cylinder, although
there is now breakaway at separation points on each side of
the cylinder, with two simultaneous eddies, which remain
attached. The flow field can thus be divided into regions of
significant vorticity, the boundary layer and the wake, and of
essentially irrotational flow, beyond.

The separation points have been seen to move upstream with
increasing Re. The separated shear layers enclose the wake
completely, which consists of two stationary, counter rotating

vortices.

34



a)

b)

1 < Re < 80

80 < Re < 2 x 10°

d) _
/‘W‘-

b2 o

Re» 2 x 10°

Figure 2.5 The Flow Around a Circular Cylinder with Varying
Reynolds Number
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The phenomenon of boundary layer separation is intrinsically
connected with the pressure distribution in the boundary
layer. About a circular cylinder in frictionless flow the
fluid particles are accelerated on the upstream half of the
cylinder, and decelerated on the downstream half, hence
experiencing a pressure decrease then increase respectively.
Outside the boundary layer there is an increase from pressure
to kinetic energy on the upstream side of the cylinder and the
reverse on the downstream side. Owing to the large friction
forces in the thin boundary layer, a particle consumes so much
of its kinetic energy on the upstream face of the cylinder
that the remaining energy is insufficient to surmount the
pressure 'hill' on the downstream face. The motion is thus
arrested, forming a stagnation point. Downstream of this point
the external pressure then causes particles to move in the
opposite direction, generating recirculation. Fluid particles
are thus forced away from the wall at a point of separation
which occurs when the velocity gradient normal to the wall is
equal to zero and coincides with the stagnation point.

At Re equal to approximately 35 some unsteadiness becomes
apparent; the flow being no longer stable or symmetrical.

(c) 80 < Re < 2 x 10° (Subcritical)

With increasing Re the detached free shear layers roll-up to
form attached coherent vortices on the downstream face of the
cylinder. These vortices accumulate vorticity and periodically
detach themselves and create additional turbulence in the
stream. Regular shedding of these vortices occurs from
alternate sides of the cylinder. This alternating pattern of
vortices in the downstream wake is commonly referred to as a
Karman vortex street.

The mechanism of vortex shedding is still not completely
understood in every detail. However, the controlling factors
have been identified as the characteristics of the separated
free shear layers and their lateral spacing. A complex process
of cross-wake interaction and instability involving the large

vortex structures themselves also plays a dominant roll (see
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for example (37)). A dimensionless frequency known as the
Strouhal number is used to define the rate of vortex shedding.
For a smooth surfaced cylinder the Strouhal number, S, depends

only on the Reynolds number.i.e.
S = nD/U = fn(Re) 2.39

where n 1is the vortex shedding frequency, U is equal to the
approach flow velocity and D represents the cylinder diameter.
Experimental measurements indicate that the Strouhal number
remains remarkably constant at approximately 0.2 throughout
the subcritical flow range, 10° < Re < 10°, reflecting the
stability in the position of the separation points.

In the subcritical range, the boundary layers formed on the
upstream face of the cylinder and the detached free shear
layers are laminar. However, transition to turbulence occurs
in the wake at a point which progressively approaches the
cylinder with increasing Re. The upper end of the range is at
the critical Re when the free shear layer instability affects
the separation points and eventually the attached boundary

layer becomes turbulent.

All the tests carried out in this study were in the
subcritical range, over which the vortex shedding frequency in
uniform flow is known to be stable and occurs at a well
defined frequency for a particular flow velocity. Hence, for
all the tests carried out it could be anticipated that the
flow field, including the vortex shedding characteristics,
should remain reasonably invariant subject to the additional
influences of turbulence and velocity gradients in the
approach flow boundary layer and also bed proximity.

(d) Re > 2 x 10° (supercritical)

The flow initially enters a highly unstable zone up to Re
approximately equal to 2 x 10° with disruption of regular
vortex shedding. Eventually the attached boundary 1layers
become turbulent before separation. The separation points are

consequently shifted downstream, resulting in a much narrower
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wake and an increase in Strouhal number. There is still
evidence of periodic vortex shedding, although the phenomenon

is much less well organised than in the subcritical range.

2.4.3 The Effect of the Presence of a Solid Boundary
A flat bed introduced parallel to the approach flow near to a

circular cylinder, will have two primary effects.

1. It destroys the symmetry of the flow field and hence
generates cross-flow lift forces.

2. Velocities in the pipe's vicinity will be increased,
particularly the velocities beneath the pipe. The increased
velocities which occur in the flow near the bed will imply an
increase in vortex shedding frequency since the frequency with
which the vortices are shed, is proportional to the flow
velocity. It can thus be anticipated that an increase in
Strouhal number defined in terms of the undisturbed approach
velocity will result from a decrease of gap ratio.

There 1is evidence that at very small gaps, the vortex
formation and shedding is inhibited by the bed's close
proximity. Regular vortex shedding appears to occur at gap
ratios in excess of approximately 0.3 of the cylinder
diameter. The cause of the suppression is thought to be the
decrease in flow velocity in very small gaps below the
pipeline resulting in a significant asymmetry in the rate of
free-shear layer vorticity shedding between the top and bottom
of the cylinder. This inevitably affects the symmetry in
vortex formation leading to a breakdown in the regular
shedding pattern.

A pipeline installed at the seabed also experiences large
velocity gradients over its height, due to the thick seabed
boundary layer. This introduces difficulty in defining the
characteristic approach flow velocity, and hence Reynolds
number for such a pipe. Kiya et al(38), reported increases in
Strouhal number with increasing velocity gradients. Grass et
al(39) investigated the effect of velocity gradient and gap
ratio on vortex shedding frequency, where an increase was
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noted for gap ratios below 2. A maximum increase of between
5 and 10% in Strouhal number was observed with vortex
shedding suppression for gaps less than 0.3 diameters.

2.4.4 sSummary
This section has briefly discussed the flow characteristics
around a circular cylinder and the influence of bed proximity
largely based on experimental observation. The next section
goes on to discuss a dimensional analysis for the pipeline
scour problem.

2.5.Dimensional Analysis

2.5.1 General Introduction

The scour around an offshore pipeline is affected by many
independent parameters. It 1is possible to derive scaling
relationships for various situations, to model the
interactions. The scouring around a pipeline described by the
local scour depth, h, may be expressed as a function of a

number of independent variables such as;
h=f(HL,T7,d,Up,v,d,, 05 9,8, D, %, T) 2.40

where H,L and T' are the wave height, length and period
respectively; d and U describe the main flow being the water
depth or boundary layer thickness and the average velocity; p
and v are the fluid properties, the density and kinematic
viscosity; d, and p, are the sediment properties, the mean
diameter and the density; g 1is the acceleration due to
gravity, e, the gap beneath the pipeline and D is the diameter
of the cylinder; finally, x, is the streamwise position and,
T, is the scouring time. Nalluri and Ibrahim(40) consider the
use of dimensional analysis in assessing the scour around a
pipeline.

Equation 2.40 can be expressed in its dimensionless form as;
m,=£f (7, w3, W, coeTyy) 2.41

where w, represents the dimensionless form of the dependent
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variable of particular interest, h, the scour depth in this
instance and is a function of the dimensionless variables m,,
Mz, W, «...M. INn the present situation equation 2.41 can be

expressed, for example, in the following form.

% = fn (%1 T/HgLr'gl g I_&I Udsl'%
Jod, Ps VY 2.42
UD x Ud UT

4 ’ 4

\Y -5 v D

In order for experimental results to correctly simulate the
behaviour of h/D, the dimensionless variables in equation 2.42
should be identical in both model and prototype.

2.5.2 The Scour beneath a pipeline experiencing uni-
directional flow.

If, as in this thesis, we restrict our attention to scour in
the absence of waves, then the functional relationship for the
local scour depth, equation 2.42 reduces to the following

rearranged form:

=f1’1( u ,Uds ps/ UD, eo

Jad, v “p’" v' D

SIS

Taking the typical approach flow velocity, U, as the velocity
at a fixed height close to the bed, U becomes directly
proportional to the bed shear velocity U,. Therefore,
substituting U, for U in relevant non-dimensional groups,

squaring and introducing relative density s = p,/p into the

first group on the right hand side, equation 2.43 can be

expressed as:

2.44

I

ud UT
D

£=fn( 7 *SI—I /—e_o'l -
D D A

olx

The first 3 groups on the right hand side of equation 2.44 are
respectively the non-dimensional bed shear stress 7,
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introduced by Shields to define critical conditions for onset
of sediment transport (equation 2.1), the grain Reynolds
number of the bed sediment, Re,, and the relative density of
the sediment, s. Within relatively wide overall flow Reynolds
number ranges, Ud/v, these three variables uniquely determine
the sediment transport rate, q,, in the approach flow. These
variables also determine the mean velocity profile and
turbulence characteristics in the wall region of the approach
flow boundary layer in which the bed pipeline is immersed.

New research (see for example Grass et al(41]) for a recent
review) indicates that the wall region flow is not, as
frequently assumed, completely independent of the overall flow
Reynolds number, Ud/v. Changes are particularly discernible
in the turbulence intensity as the Reynolds number increases.
Sediment transport is relatively sensitive to turbulence
levels in the near bed boundary layer (Grass and Ayoub(31l)).
This effect 1is therefore 1likely to produce significant
differences between actual sediment transport rates occurring
in large scale high Reynolds number geophysical flows and
those based on data correlations obtained in small scale
laboratory tests for the same mean bed shear stress. Whilst
these predictions remain to be confirmed by carefully
conducted large scale experiments, they introduce a further
uncertainty in quantitatively relating small scale scour test

results to prototype conditions.

The fourth group on the right hand side of equations 2.43 and
2.44, namely the pipeline cylinder Reynolds number, UD/v or
UD/v, strongly influences the development and separation
behaviour of the boundary layer forming on the upstream face
and the subsequent vortex shedding as described in section

2.4. Modified Reynolds number U,D/v can be expressed in the
form D/ (v/U,) . This represents the ratio of the pipe diameter

to the smooth wall length scale for the approaching boundary
layer. In conjunction with bed gap ratio e /D, this length
scale ratio is therefore likely to have an important influence

on the distortion to the near cylinder flow and wake

41



characteristics produced by boundary layer velocity gradient
and turbulence previously investigated by Grass et al(39). In
the case where the sediment size produces a rough wall

condition for the approach flow, then D/(v/U,) is replaced by

D/d,
Finally time scale D/U used to non-dimensionalise scour time

T in equations 2.37, 2.38 is replaced by D?/qg, as discussed

previously in section 2.2.6 with g, the sediment transport
scale defined in Table 2.1. The functional relationship
defining the time development of local scour depth under a
pipeline in terms of the relevant influencing parameters

therefore takes the form:

AU Uds e UD e, x ud T
D gd,(s-1) " v " p " v ' "D v ' p2

2.45

Flow reversal, such as occurs in the offshore tidal regime,
will clearly have a dramatic influence on the development of
scour holes. The relevant flow reversal characteristics must
therefore be additionally represented in equation 2.45 to

describe this more complex situation.

2.5.3 Summary

This section has given a brief discussion of a dimensional
analysis of the problem considering in particular the physical
role of the various interacting factors which have an

influence.

2.6 Summary

This chapter has introduced the relevant theoretical aspects
used in this thesis. The next chapter presents a literature
survey describing previous work <completed by other

investigators into the scour around offshore pipelines.
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CHAPTER THREE
PREVIOUS WORK INVESTIGATING THE SCOUR AROUND A PIPELINE

3.1 General Introduction

This chapter discusses the work carried out by previous
investigators into the problem of scouring around a pipeline,
and more specifically, the self-burial of such a pipeline.
Firstly, a qualitative description of the scour process around
a pipeline is given including the onset of scour and the
erosion processes which are responsible. The scour around
pipelines exposed to reversing, tidal type fliow is discussed
and a comparison made between scour holes generated under uni-
directional and reversing flcw. Scour holes generated under
wave action are also considered. The effect of sagging is
discussed as are the various important parameters which affect
the scour. Finally, a selection of theoretical treatments of
the problem is presented. The next section then describes

qualitatively the scour process around a pipeline.

3.2 Qualitative Description of the Scour Process around a
Pipeline.

A pipeline resting on the seabed causes changes in the flow
regime, in order for the flow to be able to pass the pipeline.
Near bed velocities will be enhanced and vortical formations
will occur in the pipe's vicinity, resulting in an increase in
the 1local sediment transport rate and hence the onset of
scour. After onset, the scour will continue until the bed
profile has altered sufficiently for the sediment transport
rate to return to a value comparable to that beyond the

pipe's influence.

The sediment transport rate under the pipe's influence, and
that beyond, can be expressed as qpand d,, respectively. These
two quantities will determine whether there is net erosion,
equilibrium or deposition in the scour hole. In order to
develop any predictive model, one must be able to assess q,
and q, accurately.

The value of g, can be determined from consideration of the
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flow characteristics and soil properties. Iy however, is much
more difficult to evaluate as this is dependent not only on
the variables mentioned above, but also on pipeline
characteristics and the complex flow characteristics in the
scour hole, constantly changing with continued scour and also
pipeline sag. Section 2.4 discusses the relevance of the
parameters q, and g, under different scouring conditions. The
factors influencing pipeline scour are illustrated in figure
3.1. The characteristics of the approach flow, including the
boundary layer turbulence, the flow current and the wind,
waves and tides likely to be experienced are all relevant to
the scouring. The pipeline diameter and the characteristics of
the typical sediment such as the average grain size and

density must also be considered.

The sediment transport rate in the pipe's vicinity, q,, can be
described qualitatively, as the scour hole develops with time.
Initially, the changes in local flow velocities and turbulence
characteristics will cause a change in the local sediment
transport rate. If the pipe is sufficiently close to the bed
and the flow velocities are sufficiently high, the 1local
sediment transport rate %Dwill increase causing the condition
q, > 4, to exist. Eventually qawill reduce until the condition
qQ = %G exists, which defines the equilibrium phase. Finally,
due to continued sagging, the pipe will eventually be
relatively sheltered from the flow causing the
condition q, < q, to exist and hence the filling up of the
scour hole.

3.2.1 The Onset of Scour

Figure 3.2 shows velocity profiles and turbulence intensities
around a pipe near a plane boundary as determined by Kjeldsen
et al(42). From examination of figure 3.2 and, from laboratory
evidence, a series of vortices can be identified.

These vortices are shown in figure 3.3 (after Mao(9)): the
first, upstream of the pipe, A, then a large vortex behind the
pipe B, then a small vortex, at the downstream corner near the
bed, C. These vortices move sand along the bed. The two
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vortices closest to the pipe tend to move sand away from it.
This effect, in addition to the underflow, will eventually
cause a small opening to appear beneath the pipeline. The
pressure difference causing this underflow was measured by
Bearman and Zdravkovich(43). After initial breakthrough, due
to the very small depth of the scour hole, the flow velocities
and hence sediment transport rates will initially be very

high, decreasing as scour continues(5).

3.2.2 Erosion Process

There are three main locations of erosion or sedimentation on
an erodible bed around a pipeline exposed to a current. The
erosion types are illustrated in Figure 3.4 (after Leeuwestein
et al(44).

(1) Initial break-through erosion and sedimentation which
occur as a result of the vortices forming near to the
pipeline. These increase with increasing pipeline exposure and

cause the initiation of tunnel erosion.

(2) Tunnel erosion is the initial scour mechanism which occurs
immediately after the flow has broken through. Tunnel erosion
is caused by the high flow velocities generated in the scour
hole. These velocities are considerably greater than those at
a comparable height away from the pipe's influence. Changes in
the velocity profile in the flow under a pipeline are
'~ discussed by Bijker(8). Bijker states that under uniform flow,
the ratio between the velocity just outside the viscous
sublayer and the velocity of the water layer close to the bed
is different in the approach flow and the flow underneath the
pipe. The flow beneath the pipe will not be of the normal
logarithmic nature due to its lack of adjustment to the higher
velocity within the extent of the scour hole, resulting in an
even higher value of bed shear stress due to the fact that the
boundary layer has not had sufficient time to adjust itself.
Bijker's theoretical treatment of scour due to currents and

waves is discussed in greater detail in section 3.10.3 below.

Local tunnel erosion may result in a self-lowering of the pipe
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into the scour hole, due to its self-weight and flexibility.
This process continues until the pipe has sagged sufficiently
to be relatively sheltered from the flow and no further scour

occurs.

(3) Lee erosion and sedimentation are the result of the
turbulent wake downstream of the pipeline. When a gap
underneath the pipeline has developed, the flow will gradually
increase until it is sufficiently strong for vortex trails to
appear at the top and bottom of the pipe. These vortices cause
periodically high values of bed shear stress and subsequent
bed erosion. The existence of these vortex formations and
periodic high bed shear velocity and associated sediment
transport, have been demonstrated by Mao(9). Grass et al(39)
studied the effect of the bed which was found to cause the
vortex shedding to become more intermittent and less energetic
at gap ratios less than 0.5. The physical presence of the bed
was said to impose spatially cramped and constrained
conditions on the flow which inhibit the growth of vortices in
the lower wake zone and prevent the lateral oscillation of the
overall wake region. The vortex shedding behaviour is

discussed in greater detail in section 2.4 above.

3.3 Scour around Pipelines Exposed to Uni-directional Flow
Whilst pipelines installed in the North Sea experience
reversing flow velocities, many investigators have looked at
the simple case of scour under uni-directional flow.
Kjeldsen(7) carried out experiments with a 0.5m diameter model
pipeline, under a uni-directional current. Kjeldsen's
experiments yielded the relationship below, between maximum
equilibrium scour depth h , approach velocity U and pipeline
diameter, D.

= 2 0.2 0.8
h, = 0.972 (U%/29g) D 3.1
Hulsbergen(45) carried out laboratory model tests with the
specific aim of identifying the cause of the deep self-burial
which had been experienced in the field. An attempt was made
to gain an understanding of the conditions which are essential
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for this deep trench formation. Kjeldsen's equation yields
maximum scour depths of between 40 and 80% of the pipe
diameter at velocities encountered in practice and cannot
explain the deep self-burial of the L10A-L10F pipeline bundle.
In his laboratory model tests, Hulsbergen(45) achieved
results compatible with Kjeldsen's predictive model, giving no
further insight into the deep self-burial. Hulsbergen(45)
carried out full scale tests which also showed no sign of this
deep burial.

An explanation was given by Hulsbergen(45), for the
equilibrium scour depth achieved being less than one diameter.
He proposed that;

"At the start there is no opening underneath the pipeline. An
upstream and downstream eddy are formed which are essential in
the pipe-burial mechanism. In the leeward wake, turbulence
near the reattachment point is seen to cause some excess
sediment movement, but at a rate which is slow compared to the
vigorous action of the small but intense upstream eddy. Soon
the upstream eddy has excavated a small tunnel at one location
underneath the pipe. Then water, carrying sand from underneath
the pipe is swiftly flowing through the local tunnel, thereby
further widening the tunnel. As the last sand support is
eroded the pipe sags to a lower position. This introduces a
situation where the pipe is less exposed to the stream, and
this causes a decrease of the flow underneath the pipe. The
pipe settles in a short time to its final position, so that
20%-50% of its diameter is still exposed. This coincides
reasonably well with the ultimate scour depth according to
Kjeldsen."

Mao(9) also carried out a comprehensive set of uni-directional
scour ﬁests, over a broad range of sediment transport stages
8 Sme avamelker

0.065 to 0.43), using 50 and 100mm diameter pipes; the
upstream,beds were considerably rippled. The equilibrium scour
depths obtained ranged from approximately 0.65 to 1.1
diameters. Mao's tests yielded scour holes with considerably
deeper equilibrium depths than those observed by

Hulsbergen(45).

Mao(9) also compares the data plotted with respect to
dimensionless time (based on the time scale parameter
presented in 2.4). The test times are firstly scaled using the
remote sediment transport rate g,. A 'systematic shift' is

noted on the collapsed data with increasing €,, and an
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increase in final scour depth is also noted. Mao(9) attributes
this to the affect of suspension increasing with 8_,, as more

and more sediment is moved into suspension.

Mao also scales the data with a value estimating e i using 6,
= 2.5 6,. Here the scour curves collapse particularly well in
the early stages, with the exception of the highest sediment
transport stage, © = 0.43. The enhanced scour was again

attributed to the influence of suspended load.

Consideration of the 'equilibrium' scour profiles presented by
Mao, does, however, cast some doubt as to whether these tests
were actually run to equilibrium. The final profile cbtained
for the highest sediment transport rate test, which was based
on the 5cm diameter cylinder, appeared much more fully
developed than the 10cm tests carried out at lower sediment
transport stages.

Due consideration does not appear to have been given to the
dimensionless times to equilibrium. Because of the 1larger
diameter and smaller sediment transport rate, the
dimensionless times of the lower flow tests are very much
smaller than the 5cm test. It would seem likely that if these
tests had been run considerably longer, much larger scour
depths -would have been achieved. The 5cm test may also have
achieved a greater scour depth if the test had been continued.

The figure 3.4 scour profile, is typical of the scour patterns
generated in uni-directional flow, used almost exclusively in
previous laboratory studies. As can be seen, these profiles
exhibit a highly asymmetrical geometry with the point of
maximum scour depth located well downstream of the pipeline.
All these earlier studies show that the maximum equilibrium
depth of scour immediately under the pipeline axis, where the
span will settle onto the bed, is of the order 1 diameter or
less. Simple potential flow modelling of uni-directional,
attached flow on the upstream side of the pipeline also
predicts similarly modest scour depths under the pipe
itself(9). The wake scour is responsible for the maximum scour
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depth positioned downstream of the pipe and has been found to

be in excess of that predicted by Kjeldsen's equation.

Mao(9) describes the flow field as a series of vortices, in
particular introducing the idea of the wake period after

commencement of vortex shedding.

"After onset, the scour process has two different stages: the
jet period and the wake period. At an early stage the gap
between the pipe and the scour hole is small, and the
downstream hill is relatively high. The jet plays an important
role. At first the scour rate was high. The eddy behind the
hill was moving sand particles upstream, some sand particles
were sliding into the scour hole. In the jet period there was
generally no action of vortex shedding behind the pipe. Later
on the scour depth under the pipe was increasing slowly, and
the hill was decreasing and moving away.

When the relative gap was greater than 0.3, and the downstream
hill was sufficiently far from the pipe, a vortex shedding
occurred. The vortices from the top and bottom of the pipe
attack the downstream bed, but the lower eddy from the bottom
of the pipe had a stronger ability to move sand particles in
the same direction as the flow."

B.L. Jensen et al(46) utilised 5 frozen scoured bed profiles
based on experimental bed profiles obtained by Mao(9),
representing the two-dimensional forms of the scour hole at
different stages in its development. The mean flow field and
turbulence characteristics around the pipeline were seen to
undergo considerable changes as the scour hole develops.
Vortex shedding was seen to commence at an early stage,
firstly in a 'premature' form until eventually the shedding
process resembles that of a free cylinder.

Sumer et al(47) carried out an investigation into the effect
of lee scour below pipelines in uni-directional currents, both
experimentally and numerically using a discrete vortex model.
The vortex shedding was again found to be present in the lee-
wake of the pipeline from rather early stages of the scour
process, leading to an organised wake flow. The scour
downstream was found to be governed by the wake flow, with
greatly enhanced erosion occurring when the bed-side vortex
sweeps the bed as it is convected downstream. Measurements
revealed that under these conditions the Shields parameter can
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be momentarily raised to 3 to 4 times the undisturbed value.

Mao(9) also considered the affect of pipeline vibration on the
scouring beneath a pipeline. Mao extended the work carried out
in previous studies of pipe vibration in the vicinity of a
rigid plane bed, (48),(49), by the incorporation of an
erodible bed. Using a pipeline free to vibrate in the
transverse direction, Mao found that the eroded bed has a
strong restrictive force on the pipeline vibration, compared
to that in a free stream. The scour hole developed under uni-
directional flow was found to be much deeper than that
achieved by the fixed pipe case.

Kristiansen and Torum(50) studied the vibration behaviour of
a current exposed pipeline section, free to move in both the
horizontal and vertical directions. Kristiansen and Torum
utilised an initial flat sand bed with the model pipeline
(D=50mm) gradually sagging as the scour hole developed. For
small scour depths, the pipeline was found to vibrate with a
small amplitude in the horizontal direction. When the scour
depth was greater than é6mm, the pipeline started to vibrate in
the vertical direction, with a small amplitude. After a period
of small amplitude vibrations (during which time a sharp-edged
scour hole with a deposition mound had developed), a violent
movement suddenly started, with the pipeline impacting on the
downstream slope of the scour hole. The scour rate was seen to
increase drastically, with much sediment being carried in
suspension. The downstream slope was quickly flattened out,
after only a few oscillations and the downstream mound
gradually dispersed. As the hole developed further, the pipe
no longer hit the bed, but an increase in scouring was
noticed every time the pipe moved down. When this transition
took place the relative scour depth was 0.4. After the violent
vibrations started, they continued with almost constant

maximum amplitude in both directions for the rest of the test.
During the maximum amplitude phase, the locus of the vibration

was found to be a regular figure 8 which is characteristic of
clean vortex-induced movement (Bruschi et al(51)). It was
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deduced that for the equilibrium scour hole, the flow produces
a fully developed vortex shedding pattern which has evolved
until there is insufficient restriction of the flow under the
pipeline which then behaves similar to the pipeline in a free
stream. Kristiansen and Torum(50) found the effects of vortex
shedding becoming more important as scouring continues until
there is regular sinusoidal movement in both directions, very
close to the natural frequency in air, which indicates the
pipeline has 'locked in'. It was also found that the pipeline
behaves similar to a pipe in a free flow where the scour depth
is > 0.5D, with the maximum vibration amplitude reduced
compared to the free flow case (30-40% lower).

Kristiansen and Torum also studied the affect on scour depth
of pipeline vibration achieving an equilibrium scour depth of
up to 1.4D (fixed pipeline case achieved 0.9D), for the same
velocity; a 60% increase. Scour depths achieved for vibrating
pipelines were compared with the depths predicted from
Kjeldsen's equation. An increase in scour depth of 90% was
observed due to vibrations. Kristiansen and Torum(50) found
that the maximum velocity occurs when the pipeline is in the
lowest position. The scour rates were considerably enhanced by
the pipe's vibration and it was suggested that pipeline
vibration may have been responsible for the high scour depths
achieved by the L10/A-F pipeline.

3.4 Scour around Pipelines Exposed to Reversing Flow

Waves, tides and their combinations with current are examples
of reversing flow. The leeside wake plays an important role in
the scour underneath the pipeline exposed to reversing flow.
Although data is available on the scour under pipelines
exposed to a uni-directional current, data for reversing flow

are scarce.

A series of reversing flow tests representing the most
comprehensive carried out to date were presented by Mao(9).
Whilst the majority of Mao's tests were carried out in
oscillatory, wave type flow, limited tests were also carried
out in reversing, tidal type flow. The tests were somewhat
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crude the flow was found to be significantly different in the
two flow directions. The tests do show, however, that the
equilibrium scour depths obtained were considerably deeper

than those achieved under uni-directional flow.

Mao also studied the vibration effect under reversing, tidal
type flow and deduced that due to the sheltering action of the
upstream mound and the sagging forced by the flow, the scour
rate is smaller and the final scour depth was found to be
shallower than the fixed pipe case.

3.5 Scour around Pipelines Exposed to Wave Action

Pipelines may also be exposed to orbital velocities at the
seabed generated by surface waves. Due to the fundamental
nature of the velocities generated by wave action, that is the
periodic changes in direction of the orbital velocities, the
erosion process for pipelines under wave action requires a
different approach.

Various aspects of the erosion process depend on the
periodicity of the orbital velocities generated by surface
waves. Bijker and Leeuwestein(52) suggested that there are
three main aspects of the wave induced erosion process which
are dependent on the periodicity of the waves; the friction
along the pipe, velocities in the scour hole and the rate and
length of sediment transport.

(a) Friction is introduced into the flow by the pipe's
presence and that of the bed, and by the turbulent exchange
of momentum; its influence is transported through the boundary
layers into the main flow. In the case of wave generated
velocities, the boundary layers can never fully develop and
the friction's intrusion into the flow is limited by the

period of the flow's reversal.
(b) The velocities in the main flow are less influenced by the

intrusion of friction when the period of the oscillatory flow
is small.
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(c) Ignoring secondary effects such as bed ripples and non
sinusoidal waves, the net sediment transport rates g, and q,
will be zero. Model laboratory tests have shown that eddy
formation in the pipe's vicinity and neighbouring ripples can
contribute to the local transport of sediment around a pipe in
an oscillating flow as found by Klein Breteler(53) and
discussed by Bijker and Leeuwestein(52). When bed 1load
transport dominates, the pipe influenced sediment transport
rate, q, is dependent on the value of orbital velocity in the
pipe's vicinity and the wave period, which together determine
the sediment transport distance. Bijker and Leeuwestein
identify these two parameters as the most important to the

scouring under waves.

Leeuwestein(54) also discusses the scour around pipelines
subjected to wave action. He considered the fundamental
differences between the scour mechanism produced by a pipeline
resting on the seabed in uni-directional flow with that of a
pipeline subjected to wave action. Leeuwestein stated that
when a pipe is subjected to wave generated orbital motion at
the seabed there is no continuous uninterrupted sediment
transport along the bottom and underneath the pipe. The
oscillating water and sediment movement are described by the
amplitude of the orbital velocity at the bottom, the wave
period, and the related orbital excursion . A definition
sketch is shown in figure 3.5, where U and X are equal to
the critical velocity for sediment motion and the distance
from the pipe centreline to the point at which the velocity is
equal to the critical velocity.

Bijker and Leeuwestein(52) discuss the changes in the maximum
orbital velocity and the orbital excursion, under the pipe's
influence. It was proposed that the maximum orbital velocity
and the orbital excursion were amplified immediately below the
pipeline. Values for the amplification of the velocities were
between 1 and 3, dependent on the pipeline diameter and the
wave characteristics. Sediment is hence moving backwards and
forwards in the scour hole, the amplitude of the velocity
decreasing with increasing distance x, from the centreline of
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the pipeline. Beyond a certain distance x the amplitude of

cr’
the velocity is no longer high enough to achieve sediment
movement. As long as the orbital motion is large enough to
then

sediment will continue to be lost from the scour hole as

ensure that the orbital excursion is greater than x_,
illustrated in figure 3.5(a). On continued scouring, this
condition will no longer be achieved and the sediment will be
transported back towards the pipe instead of being removed
from the scour hole, and hence there is no increase in the
scour depth. This is illustrated in figure 3.5(b).

Mao(9) attempted to obtain experimental data over a reasonably
broad range of sediment transport stages, in order to gain a
better insight into wave flow induced scour and the process of
self-burial.

Mao(9) carried out tests in an oscillating water tunnel
(f=0.103Hz) and he found that, under clear water, the scour
depth was much less than one diameter. The clear water
sediment transport stage yielded a symmetrical scour hole with
two mounds around the pipe. The mounds are indicative of low
flow rates and inhibit the scouring process as the pipe
becomes sheltered from the flow. Mao also carried out tests in
sediment transport stages in excess of initial sediment
movement, in the presence of bed ripples. The sand waves were
of the same order as the pipeline diameter. No qualitative
conclusions could be drawn. Tests were also carried out at
very high sediment transport rates, again with a plane bed,
here the scour depths were found to be in excess of one
diameter with the streamwise scour hole width large compared
to the diameter.

Leeuwestein(54) stated that his tests indicated that the scour
depths for a pipeline exposed to wave action alone were
smaller than those due to a current, being considerably less
than one diameter. Bijker(55) also found that the scour depths
were less than those measured under comparable current action.
The discrepancy between the small scour depths achieved by
Leeuwestein(54) and Bijker(55) and the considerably greater
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depths achieved by Mao(9) can be largely attributed to the
very large KC values in Mao's tests compared to the other

authors' lower KC ranges.

H.R. Jensen et al(56) considered the flow around a pipeline on
an erodible bed in waves, experimentally using a frozen scour
bed model and theoretically using a discrete vortex model. The
flow pattern around the pipeline was seen to differ
considerably from that of a wall-free cylinder. The vortex
shedding was seen to be maintained even for very small bed

gaps.

Leeuwestein(54) also investigated the scour pattern produced
under combined wave and current action. The results indicated
an increase in scour depth when combining waves with a weak
current which turns into a decrease when combining waves with
a stronger current. Van Ast and de Boer(57) found a decrease
in scour depth when waves were superimposed on a given
constant current. The decrease was attributed to the fact that
the wave action causes an increase in ¢q,, the sediment
transport rate far away from the pipe's influence, some of
which will settle into the scour hole. Also, since the
development of the scour hole is dependent on the change in
sediment transport along stream, an increase in the prevailing
value will affect the rate of change along stream.

The results of van Ast and de Boer(57) showed that the
equilibrium scour depth under such a flow combination will be
between the upper limit for the current and the lower limit
for the wave only (approximately 30% of the upper limit.)
Ibrahim(10) and Ibrahim and Nalluri(58), however, found that
the interaction between pipeline, seabed and flow dynamic
forces due to current and wave action combined was observed to
produce deeper scour holes than those of uni-directional
current alone. Ibrahim and Nalluri(58) found substantially
increased scour depths (20-35%) for the lowest wave heights in
combined flow.
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3.6 Comparison of Equilibrium Scour Depth under Reversing Flow
with that Generated under Uni-directional Flows.
Observations of the L10A/F pipeline scour hole revealed that
it appeared to be more than 15 metres wide having gentle side
slopes of the order 1:15. The alternating tidal current would
probably have been able to follow the downward slope
reasonably well, without separation occurring even after the
pipeline sank lower than the average seabed level. Wide, open
scour trenches of this form, leave the pipeline much more
exposed to the oncoming flow in both directions. With an
unseparated flow through the scour hole, the scouring process
would have been able to continue, and it appears likely that
maximum scour depths will increase in these circumstances
leading in turn to an increase in self-burial depths. Scour
holes formed by tunnel erosion, have been observed to be
typically of 1:2 gradient on the upstream face and 1:5
gradient on the downstream face, as illustrated in figure
3.6(a). Scour holes formed under lee erosion, that is the wake
erosion, have been observed to be of much shallower gradients
than those formed under tunnel erosion, with gradients of the
order of 1:15, this is shown in figure 3.6(b). Mao(9) has
observed the wake induced erosion causing scour at the
sediment bed to eight diameters downstream of the pipeline.
These findings tend to indicate that 1lee erosion was
responsible for the deep burial of the L10A/F bundle.

A pipeline experiencing reversing, tidal flow at the ocean
floor will be subjected to leeside erosion on both sides. A
double scour pit will develop with the pipeline in a central
elevated position, resulting in the pipeline being more
exposed to the flow. It is believed that the self-burial of
the L10A/F pipeline 1is the result of the process of
alternating leeside erosion and local pipe sagging. Erosion
formed by reversing flow is illustrated in figure 3.6(c).

Furthermore, the conflicting findings of the field
observations in the Dutch sector of the North Sea, and the
scour holes achieved under uni-directional flow being to the
order of 1 diameter beneath the pipeline, indicates that there
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is some other factor operating in the offshore environment
which produces larger scour depths. Laboratory scour tests
have been carried out using oscillatory wave induced currents
(8),(9),(10). Waves in isolation, tend to produce symmetrical
scour holes with a maximum depth somewhat less than the
corresponding uni-directional flow case, but now located
directly under the pipeline. There is some evidence, however,
that very large amplitude, high velocity wave induced motion
can produce wide symmetrical scour holes with significantly
increased depths(9).

In wave flows the depth of the scour hole will be affected by
changing Keulegan-Carpenter number, KC, where,

KC = QWTI 3.2

= —= .
where D = pipe diameter,U, = The maximum value of U, in the
two-directional flow and T' = The period of the wave as

discussed by Mao(9).

As the KC number becomes greater, ie as the amplitude of the
water particle motion past the pipeline increases, the vortex
train downstream of the pipe become more fully developed and
extended. An increased number of vortices are shed and hence
the scour zone downstream of the pipe, becomes wider and
deeper scour holes are allowed to form. Mao(9) experimentally
confirmed that for all tests apart from the clear water case,
the scour depth under a fixed pipe exposed to a reversing flow
field is deeper than that in the uni-directional flow case.
These findings confirmed the 'lee erosion' theory for deep
self-burial. This was also confirmed by Littlejohns(2) who
carried out some prototype field measurements utilising
pipelines installed on a flat sand bed in the intertidal zone.
Littlejohns stated that:

"The general upstream slope of the bed was fairly steep at the

commencement of the tests but gradually developed into a wide
gently sloping profile after a few days".

63



These observations of the potentially increased scour depths
have great relevance to the present discussion since reversing
tidal flow can be viewed as a wave induced oscillatory flow of
extremely large amplitude. Potential flow can be used more
formally to support these arguments. It can be shown, for
example(59), that when a uniform, inviscid flow, with velocity
U, passes over a solid surface and encounters a seﬁi-circular
shaped trench in the boundary, the velocity at the bottom of
the trench is reduced to 2U/9. If we generalise the trench
shape to a semi-ellipse and increase the major to minor axis
length ratio thus increasing the trench width, then once again
potential flow theory indicates that the reduced velocity at
the bottom of the trench progressively increases until it,
sensibly, reaches the undisturbed magnitude, U, for infinite
trench width.

The presence of the scour hole on the seabed thus reduces the
local sediment transport capacity of the current whilst the
cylinder enhances the bed gap velocities and hence increases
the transport capacity. It is the balance between these two
effects which eventually produces an equilibrium condition and
hence a finite limit on the maximum depth of scour. The
preceding arguments suggest that the wider the trench, the
greater will be the equilibrium scour depth. Elaborate
potential flow modelling of the combined situation of a
pipeline positioned at various heights above a scour trench of
variable width and depth <confirm these (qualitative
predictions(9). Lee or wake scour provides a natural mechanism
in reversing flow for generating very wide scour holes. The
preceding arguments are thus potentially of central relevance
and importance in explaining the deep self-burial of certain
operational pipelines offshore. There clearly exists a lack of
experimental results concerning the effect of reversing flows
on a developing scour hole. Whilst Mao's tests were very
important, the bulk of his tests were restricted to rapidly
reversing, wave type motion. Mao also states that the height
of the sand waves was of the same order as the pipe diameter;
this makes any quantitative assessments very difficult. There
is obviously much scope for further investigations into the
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effect of tidal type reversing flows.

3.7 The Effect of Sagging

The sagging of a pipeline in uni-directional flow, can have
two different effects on the formation of a scour hole. A
scour hole, still in its early stages of development, will
sustain an increase in scour rate under pipe sagging action.
This enhanced erosion process has been confirmed in the
simulated sagging tests carried out in a preceding study(5)
and subsequently by other investigators(92). This is because as
the pipe sags the gap between the pipe and the scour hole is
decreased, causing a velocity enhancement and an enhancement
of the sediment transport rate qpand thus an increase in rate
of scour. This is illustrated in figure 3.7(a) and (b). At a
later stage, however, the pipe will have sagged sufficiently
into its own scour hole to become less of an obstruction to
the flow, reducing the velocity. d, will then decrease until
eventually the condition 9 < % exists, and the scour hole
will fill as shown in figure 3.7(c) and (d). The equilibrium
scour depth will be increased by the sagging effect of the
pipe in a uni-directional flow test, as the scour rate is

enhanced by the decrease in gap ratio as discussed above.

Mao(9) also investigated the reversing flow case under
simulated tidal type flow, and the effect of sagging. He found
that sagging in this case decreased the scour depth, the
opposite to that for the uni-directional flow case.

He postulated that this is due to the fact that in reversing
flow there is always a deposition mound upstream of the pipe
and this plays a key role in the sagging procedure of the
pipeline exposed to reversing flow. Because the degree of
protrusion of the pipe into the flow is less in the sagged
case than the fixed case, more flow passes above the pipe.
Therefore the scour depth is shallower. These mounds are very
important in the self-burial process under reversing flows. If
these mounds are removed by higher sediment transport rates,
the sagging process will enhance the sediment transport rates
in the pipe's vicinity and allow the two-stage process of
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sagging and scour rate enhancement to occur and hence deep
self-burial.

The rate of sagging of a pipeline is dependent on the length
of free span of the pipe, the weight of the pipe and also the
pipe's structural properties. Whilst the sag rate of the pipe
is vitally important to the self-burial of a pipeline, little
information is available as to the rates which may be
experienced in the field or indeed the mechanism of scour at
the span ends. Section 3.8 below discusses the effect of
different controlling parameters.

3.8 The Effect of Different Controlling Parameters

The following section introduces various parameters which
influence the scour beneath a pipeline and discusses their
effect. Firstly the flow velocity is considered, followed by
the ©pipeline diameter, average dgrain diameter, wave
characteristics and finally the gap ratio beneath the
pipeline.

3.8.1 Flow Velocity

In Littlejohns(2) full scale tests it was concluded that the
maximum rate of scour occurred when the velocity adjacent to
the bed was at a maximum. This is as expected since the
maximum sediment transport rates coincide with the maximum bed
shear stress and hence free stream velocity. The equilibrium
scour depth is thought to increase with increasing flow
velocity; this has been shown experimentally by Mao(9) and
Bijker and Leeuwestein(52) among others.

From Kjeldsen's equation stated earlier, the scour depth is
dependent on flow velocity, and increases with increasing
velocity. Using the results of scour tests carried out by van
Ast and de Boer(57) an empirical function similar to

Kjeldsen's is deduced:
= 2 0.26 0.78 5 0.04
h, = 0.929 (U?/2q) D%7 g 3.3

e

where d, = grain diameter. The exponent for velocity does not
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differ significantly from that in Kjeldsen's original

equation.

There still exists some uncertainty as to whether the final
maximum equilibrium scour depth is dependent on the flow
velocity. When model tests are being carried out the scour
rate progressively decreases as the scouring proceeds. Finally
rates will become so small that it would be very easy to
prematurely curtail an experiment. For higher velocity tests,
the time to equilibrium will be much shorter than the lower
velocity tests since it 1is proportional to 1/q, when
considering the time scale parameter detailed in section 2.2.6
above. Hence lower velocity tests will take significantly
longer and must be left to run for a very considerable length
of time to ensure that equilibrium has been reached. Lower
velocity tests not run to equilibrium will produce
premature curtailment of the test leading the investigator to
suppose that the equilibrium depth is greater for higher
velocity flows. Indeed as discussed in section 3.3, Mao's uni-
directional tests do appear to have been curtailed
prematurely, increasingly with decreasing velocity. It is also
important to note that the small scour depths obtained at full
scale(45) would require especially high test times to achieve
comparable dimensionless times. Test curtailment is likely to
have been at least partly responsible for the small scour
depths achieved. This may have occurred in the tests carried
out by many investigators and indeed reveals an area which
requires further investigation. Bed armouring phenomenon may
also come into play for 1low velocity values reducing ¢

p
prematurely and hence curtailing scour.

Whilst commonly neglected, the approach flow boundary layer
velocity profile is also very important to the scouring action
as it is the near bed velocities which are experienced by the
pipeline. Indeed, most investigators do not include details of
the flow boundary layer, making comparison of the bed shear
stress experienced very difficult. The velocity can also be
considered in terms of bed shear velocity or the dimensionless
critical shear stress of the flow. Whilst the problem of scour
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beneath a pipeline is essentially one of sediment transport,
very little consideration of these parameters has been given
by previous investigators (with the exception of Bijker's
early work), making comparisons impossible.

3.8.2 Pipe Diameter

The equations derived by Kjeldsen and van Ast show a
dependency of scour depth on pipe diameter. Both functions
suggest a scour depth increasing more sharply with pipe
diameter than average velocity.

The depth of scour hole will obviously increase with
increasing pipeline diameter since the scouring is initiated
by the disturbance caused by the pipeline's presence and the
scale of disturbance will be directly proportional to the
pipeline diameter. Both equations 3.1 and 3.3 show the
exponent for the pipeline diameter to be 1less than 1.0,
indicating a diameter effect on the scour hole depths. This
would partly explain the lower relative scour depths obtained
in Hulsbergen's full scale tests(45). The diameter effect on
the test times to equilibrium must again be considered here.
The diameter effect may have been partly due to the relatively
lower dimensionless times to which the larger diameter tests
were run resulting in an apparent decrease in relative scour
depth with increasing diameter.

Bijker and Leeuwestein(52) observed that, in contrast to the
scour depth under current action, the scour depth under wave

action was scarcely influenced by pipe diameter.

3.8.3 Average Grain Diameter

Kjeldsen's equation did not include a dependency on sediment
size. The equation derived by van Ast, however, does include
a very moderate influence of grain diameter on scour depth.
This tentatively indicates that the scour depth increases with
decreasing sediment size. As the criterion for the start of
sediment transport plays a role, the grain diameter would seem
sensibly to have to be included.
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The 1local scour beneath the pipeline, will also, to some
extent depend on the type of sediment in which the system is
placed. The sediment transport rate is a function of the
Shields parameter, the dimensionless form of the bed shear

stress.

For a certain flow velocity and corresponding bed shear
stress, the sediment transport rate and hence scour rate will
increase with decreasing sediment size. Mao(9) showed that the
equilibrium scour depth is a weak function of the Shields
parameter. The final equilibrium scour depths found by Mao(9),
do however appear low and some doubt exists as to whether

these are true ‘equilibrium' depths.

In his experiments, Jawad(60) found using two different sizes
of sediment that the coarser sand gave a comparatively higher
scour rate for the same pipe and the same ratio of approach
velocity to critical velocity. He thus concluded that the
coarser the sand the higher the influence on the scour rate
and the equilibrium scour depth for the same U/U, value. It
must be noted that these tests were carried out in clear

water.

3.8.4 Wave Characteristics

Tests carried out by Leeuwestein et al(44) indicated an
increase in scour depth with increasing orbital velocity. The
orbital velocity is dependent on the wave height and the wave
period, an increasing wave height giving an increasing orbital
velocity. This was confirmed by Bijker and Leeuwestein(52) and
Nalluri and Ibrahim(40).

An early investigation was carried out by the Hydraulics
Research Station(61) into the effect of changing wave height.
The first series of tests were performed with a flexible
pipeline, free to sag into the developing scour hole. It was
found that the burial depth increased with increasing wave
height (up to 1 diameter for non-breaking waves and 0.4 of a
diameter for breaking waves, measured to the bottom of the
pipeline). The 1level to which the pipeline had to be
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artificially buried for no scour to occur was also determined
for changing wave height, with the results indicating that the
pipe should be buried to 0.75 diameters for non-breaking waves

and 1.75 diameters for breaking waves.

3.8.5 Gap Ratio

Bijker and Leeuwestein(52) stated that in general pipeline
exposure will decrease significantly when the relative height,
e,/D of the pipe above the sea bed becomes negative as in the
case of a partially buried pipeline. Scour beneath a pipeline
was seen to decrease and finally stop when the gap ratio
reaches a value of between -0.5 to -0.7. This was confirmed
experimentally by Mao(9). He found the scour underneath the
pipeline to be at a maximum with a gap ratio of zero
decreasing as the pipeline is moved away from the bed.
Leeuwestein(54), however, found a maximum scour depth for
negative e, values down to -0.7 diameters. Generalised scour
profiles according to Gravesen(62) for different initial

burial depths are shown in figure 3.8

Mao(9) investigated the effect of gap ratio for oscillatory
flow. He found that as with uni-directional flow a maximum
scour value was obtained for an initial gap ratio of zero. He
also found with an initial gap ratio of -1, no scour occurred
and that an increase in gap ratio from zero gave a decrease in
scour as with uni-directional flow.

Mao(9) also carried out some sagging tests under reversing
tidal type flow. The sagging was commenced at h/D = 0.3. The
scour rate was found to be enhanced initially until h/D=0.45
after which the gap beneath the pipeline was seen to decrease
until the pipeline came into contact with the bed. Mao found
that the sagged pipe achieved a shallower scour hole than the
fixed pipe case.

One can assume that the amount by which the pipeline protrudes
above the average bed height will determine how much of the
flow passes beneath the pipeline and the scour depths finally
achieved. The next section discusses the most commonly
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neglected aspect of pipeline scour, the three-dimensional

nature of scour holes.

3.9 Three-dimensional Scouring

Two-dimensional scour under pipelines 1is a simplified
consideration of the scour process in the field, where scour
actually results in a three-dimensional scour hole. That is,
along the length of the pipeline, the scour hole geometry
varies. Whilst two-dimensional scour beneath pipelines has
been studied by various investigators, the three dimensional
scouring aspects have rarely been considered, with the
exception of Mao(9), who proposed a method to assess the

maximum span length for a pipeline.

Free spans appear when scouring has occurred at some point
along the length of the pipeline and, the stiffness of the
pipeline allowing, the midspan is suspended above the sand
bed. Figure 3.9 shows such a free span beneath a pipeline and
little is known at present about the three-dimensional form of

such a scour hole.

The erosion process can be described simply, commencing with
an initial breakthrough at one point along the pipeline
length. The small scour hole beneath the pipeline will allow
the flow to pass beneath it which, due to the "funnelling"
effect in plan (that is the flow will be drawn in from a wider
flow section, through the confined scour hole length) and the
small scour depth, the scour hole will experience high flow
velocities and high sediment transport rates. Hence the scour
hole will develop in depth, width and length. Figure 3.9
defines the three dimensions of the scour hole.

When the pipeline free span has reached a certain length,
significant sagging takes place, altering the scour process.
The sag properties of such a pipeline can easily be determined
by consideration of the pipeline's structural properties. The
sag, however, will be dependent upon the span length of the
pipeline and its variation with time. This is more difficult

to quantify as very little information has been gained from
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field measurements or model experiments.

The development of the span ends is likely to alter with the
total free span length, due to the changing pressure exerted
upon the sand at the free span ends, altering the frictional
forces between the sand particles. As the free span develops,
the pipeline will progressively lower into the sand supports
at the free span ends, this will also act as an inhibitor to

the scouring.

Determination of the growth of a typical pipeline span with
time would allow computation of the sag rate of the midspan of
the pipeline. As scouring continues, and the pipeline begins
to sag, the rate of sag may be large enough for pipeline
"touchdown" to occur. Touchdown will interrupt the scour
process, and with the pipeline now in a lowered position, in
the relative shelter of the scour hole, scouring may cease.
The importance of the exposure of such a pipeline is discussed
by Leeuwestein et al(44). The rate of pipeline sag is vitally
important in the understanding of the self-burial phenomenon.
It is the rate of pipeline sag, compared to the rate of
pipeline scour at the centre of the free span, which
determines the way in which the combined processes of sagging

and scouring allow the deep burial which is known to occur.

It is important to the self-burial process to determine the
stage which the scouring of the pipeline is at when
significant sagging commences. The interaction of the sagging
and scouring has been investigated by Mao(9), who carried out
model tests with sagging commencing at different stages of the
scour process. Mao utilised a sagging pipe and two different
boundary stages, the first representing the early scouring
stage, with a considerable deposition mound still present and
the second with the mound removed by continued scouring. He
found that the sagged pipe produced a scour hole slightly
deeper than the fixed case (to the order of 1 diameter).
Sagging was found to decrease the width of the scour hole and
lead to backfill downstream. The equilibrium scour depths were
found to vary moderately with sagging velocity. The initial
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boundary condition was found to affect the final scour depth,
only in the case of small sediment transport rates and high

sag velocities.

Bernetti et al(63) developed a theoretical model to simulate
the three-dimensional behaviour of a pipeline span,
incorporating pipeline sagging. Based on a potential flow
model, as detailed in Chao and Hennessey(64) and including the
same 1limiting assumptions, the bed 1load transport is
calculated, to evaluate the tunnel erosion directly beneath
the pipeline. The approach velocity is gradually changed with
continued scouring, according to the increase in flow depth.

The scour hole development along the pipeline is assumed to be
at the natural angle of repose and is computed in a similar
fashion to the two-dimensional scour. The value of bed load
under the pipe is averaged along the slope. The computed span
length development rates are purely an estimation as no
consideration is given of three-dimensional effects or the
changing pressure due to the pipeline weight at the scour hole
ends. The simulation was terminated if pipeline 'touchdown'
occurs. The two-dimensional scouring properties were found to
be in good agreement with the experimental results of Mao(9).

The three-dimensional scouring was studied by Bernetti for 3
pipeline diameters and the maximum span lengths were found to
be from 27 to 85 metres. The span length development rates
were independent of D, and of the order 0.25m/h ( for 6 = 0.1
conditions).

Bruschi et al(65) presented a similar three-dimensional
scouring model which allowed the simulation of environmental
conditions, analysis of scouring process, identification of
structural behaviour, definition of hydrodynamic loads and the
calculation of the safe life vs free span length.

Leeuwestein et al (44) reported that the spread of the free

span length was of the order 102 to 10' m/h, (much smaller
than that estimated by Bernetti), which represents the sum
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total of field data available to date and reveals the need to
significantly extend the presently limited data base. The next
section discusses three of the most important theoretical

treatments of the scour around a pipeline.

3.10 Theoretical Treatment

Various attempts have been made to compute the flow field
around a pipeline close to a plane boundary in order to
generate a solution for the scour around the pipeline. More
recent treatments include that of Ibrahim(66) who described a
simplified mathematical scour model using a mass-spring-damper
analogy to scale laboratory data to prototype scale. The time
scales of the scouring process were also included one of the
most crucial requirements in the practical engineering
context. The scour model was found to be in close agreement
with actual prototype conditions and larger scale laboratory
studies. The different approaches adopted are discussed below
in three theoretical treatments of the problemn.

3.10.1 Chao and Hennessey(64); Local scour under ocean outfall
pipelines (1972)

The scour around a cylinder is discussed here with respect to
scour problems which may exist around ocean outfall pipes.
Chao and Hennessey utilise a potential flow theory solution

where the potential and stream functions are given by;

UR%X UR%*X
(b = UNX + 3 +
X% + (y-H) X% + (y+H)? 3.4
UR2%y UR3y '
v=Uy - — 2 32 2
X% + (y-H) X% + (y+H)
where U, = freestream velocity, R = radius of cylinder, y =
direction perpendicular to streamwise direction, X =

streamwise direction and H = scour depth from pipe centreline.

The velocity and hence the discharge through the scour hole
can thus be computed. It is assumed that the velocity profile
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under the pipeline is uniform and hence an average velocity
value can be calculated for corresponding values of scour
depth.

The equilibrium scour depth was assumed to be the depth of
scour at which the bed shear stress was equal to the critical
tractive stress, the stress at which sediment movement is
initiated. This analysis is thus only relevant to clear water
conditions where g, is equal to =zero, since in scouring

conditions, equilibrium is achieved when q, = -

The final solution now consists of computing the bed shear
stress for a given flow condition. At this point the
assumption was made that a steady state flow situation
occurred. The relation between friction factor and Reynolds
number was used and hence the bed shear stress was calculated
from the friction factor. Any shortcomings which may exist in
this method will be due to the assumed uniform velocity
profile but perhaps more importantly, any turbulence existing
in the flow will not be taken into consideration. The exact
significance of this discrepancy would be very difficult to
quantify due to the lack of field measurement available, but
calculations made on this basis must be treated with care.

3.10.2 Ye Mao(9):; The interaction between a pipeline and an
erodible bed (1986)

Mao developed a mathematical model to determine equilibrium
scour profiles under pipelines. This theoretical treatment is
reproduced by Hansen, Fredsoe and Mao(67), dealing with the
scour below pipelines near an erodible bed and exposed to a
current. Two-dimensional potential flow theory is utilised to
describe the flow upstream of the pipe. The method as
originally described by Von Muller(68), was modified by
superposing a vortex body so that the velocities at the top
and bottom of the pipe were equal. This was imposed so that
the real flow situation, where the wake pressure is nearly
constant (Bearman and Zdravkovich(43)), is better represented.
Because flow separation takes place close to the top and
bottom, these two velocities become nearly the same, since the
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Bernoulli equation is applicable in the upstream part of the

pipe.

The developing scour hole was computed using an iterative
process based on potential flow theory as described above,
along with an infinite series of pairs of dipoles implemented
to fulfil the requirement that the prescribed scour hole
becomes a streamline; the flow field around the cylinder can
be computed. The bed shear stress was determined using the

Darcy-Weisbach friction factor.

The Meyer-Peter formula(24) was then modified to include the
action of gravity and employed to determine the sediment
transport rate along the bed. The sediment transport
continuity equation was then used to determine changes in the
bed height over the specified time increment. This process was
repeated until the bed velocity in the pipe's vicinity was
equal to the free stream value. The shape of the scour profile
can also be calculated by similar consideration of the
velocity through the scour hole. The assumed scour hole shapes
were of sinusoidal form with the width of the scour hole being

varied.

The theoretical predictions were in accordance with data given
by Kjeldsen et al(42) with the scour depths varying between
0.3 and 0.8 diameters dependent on the imposed scour hole
width. A realistic relationship between equilibrium scour
depth and initial gap ratio was shown, an increase in e
causes a decrease in scour depth. A less realistic trend was
the decrease in scour depth with increasing prevailing
Shields parameter. Mao's experimental results show the
opposite trend although the significance of the variation in
dimensionless time needed to obtain equilibrium may not have
been paid attention to ensure equilibrium. Whether the final
scour depth is actually dependent on the Shields parameter

remains open to question.

The results yielded from the mathematical model reflect an
increase in scour with decreasing Shields parameter due to the
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fact that equilibrium is assumed when the local velocity is
equal to the free stream value, hence resulting in an earlier
curtailment of the process compared to the lower prevailing

flows.

3.10.3 Bijker(8); Wave - Seabed - Structure Interaction(1976)
Bijker considered the scour under pipelines experiencing waves
and currents, based on sediment transport theory. The water
approaching the pipe is assumed to divide into quantities
flowing above and below it, with the line of division laying
midway up the part of the pipe protruding above the bed. The
velocity distribution around a pipe subjected to waves was
given by,

U, = U,(1 + R%/a? ) 3.5

where U, = orbital velocity at bed, R = radius of pipe and a
= distance from pipe centre.

Equilibrium scour was said to occur when the bed shear stress
beneath the pipe was equal to that away from the pipe's
influence. The same boundary layer was assumed in front of and
beneath the pipe, a small adjustment being made for the
changing bed roughness beneath the pipe. Expressions were then
derived for the maximum scour depth. Reasonable agreement was

shown between computation and experiment.

Scour underneath a pipe experiencing uniform flow was also
considered and again the same assumptions remain for the flow
passing above and below the pipeline. The equilibrium scour
hole was assumed to be reached when the bed velocity in the
scour hole was equal to that away from the pipes influence.

V, represents the velocity Jjust outside - the viscous

sublayer. In the uniform flow case, however, the ratio between

V, and the velocity of the water layer close to the bed is
Some rahie Ry The

different from the, normal undisturbed uniform flow. If the

mean velocity over the height of the pipe above the

undisturbed sea bed is called V,, the relationship between v,
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and V. in the undisturbed state is given by;

V, = gV 3.6

where q is initially stated to be of the order of 0.2. Due to
the presence of the pipeline, Bijker states that the velocity
profile will not be of normal logarithmic form since the
boundary layer does not adjust itself to the higher velocity
within the extent of the scour hole. Bijker shows the
developing thickness of the ©boundary 1layer and the
readjustment to a logarithmic form. The ratio between V_, and

the velocity just outside the boundary layer, V; is given as;

V, = sV, 3.7
where s was calculated to be of the order 0.3 to 0.4,
significantly higher than the undisturbed situation where q is
approximately equal to 0.2. Again the velocity beneath the
pipe is equated with that away from its influence. The

velocity beneath the pipeline was described as;
V, = V, [1 + R?/a?] - g/sV, 3.8

The results yielded are in reasonable agreement with the
measured results. It does, however, appear that further work
is required since some confusion seems to exist over the
respective values of q and s.

3.10.4 Conclusions

It must be stated that whilst the scour models described above
are relevant to the problem of scour around pipelines, at this
stage theoretical treatments are not capable of replacing the
need for experimental data.

Models make assumptions which may impair the accuracy of the
results given. The self-burial phenomenon is also dependent on
the influence of such things as sagging of the pipeline and
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the effect of reversing flow, neither of which have been

catered for.

Another shortcoming is that in the models no allowance has
been made for the effect of lee erosion which will cause the
scouring downstream of the pipe to be considerably deeper than

that under the pipe's centreline.

3.11 Summary
Whilst many investigators have looked into the problem of
scour around a pipeline and less frequently, the self-burial
of such pipelines, there still remains uncertainty as to the
exact cause of such burials. Further field work is required to
explain the results of model tests. Also, the effect of
reversing velocities on the scouring requires much further
investigation. Data appropriate to the three-dimensional
aspects of pipeline scour, particularly free-span 1length
development, is very scarce although vitally important to the
self-burial process. The next chapter then, describes the
experimental apparatus and techniques used during this
investigation, which attempts to improve understanding of the
self-burial phenomenon.
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CHAPTER FOUR
EXPERIMENTAL APPARATUS AND MEASUREMENT TECHNIQUE

4.1 General Introduction

This chapter describes the experimental apparatus and
techniques used in this project. The first section describes
the flow channel in which all tests were carried out. In the
early part of this study, a considerable amount of time was
spent in the design and major reconstruction of a reversing
flow facility from an existing uni-directional flow channel.
After a full literature survey had been carried out, it was
decided that a reversing flow facility was needed to
investigate the development of scour holes generated under
reversing, tidal type flows to further understand the self-
burial process.

The following sections describe the sediment bed, channel flow
properties, model pipelines, photographic and video equipment
and computing facilities. The final sections describe the
experimental techniques used in the two-dimensional tests and
the span length development tests, respectively. The following
section then, describes the reconstructed flow channel.

4.2 The Flow Channel

All experiments were carried out in a straight open channel.
The channel was originally built as a uni-directional flow
facility and has been described in detail by Grass(69). The
channel was of rectangular section 400mm high by 254mm wide
and 9.75 metres in length. The side walls of the channel were
made of toughened glass and the base consisted of varnished
marine plywood, fixed to a rigid machined steel base girder.
The flow system was of the recirculating type with an axial
pump lifting water from an under-floor sump to a constant head
tank which fed the channel. An adjustable weir was used to
vary the depth of flow in the channel. Flow was controlled by
a gate valve between the pump and header tank and a spear
valve was used to alter the input to the channel. Excess water
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flowing over the header tank weir was returned to the sump.

To eliminate fluctuations in head on the delivery side of the
pump, a constant head device was employed. The constant head
tank contained an adjustable weir linked to a float, which
responded to any change in water level by raising or lowering
the weir accordingly, thereby compensating for any water level
fluctuations. The constant head tank was described in detail
by Grass(69)

4.2.1 Channel Modifications

It was decided that for a valid contribution to be made to the
understanding of the self-burial of pipelines, a reversing
flow capability was necessary. Reversing, tidal type flow is
intrinsic to the self-burial phenomenon as discussed in the
literature review of Chapter 3. Major reconstruction of the
existing channel was carried out to change the uni-directional
flow channel into a unique reversing flow system, to simulate
tidal action.

The reconstructed channel is illustrated in figures 4.1(a)-
(c). An axial flow pump lifted water from the sump to the
constant head tank and water was then fed from the header tank
to a tee-piece positioned under the steel base girder at the
exact centre point along the length of the channel. Depending
on the flow direction required the fluid was then piped to
either tank X1 or X2 by setting the on-off positions of the
two identical diaphragm valves C and D.

The tee-piece was positioned at the exact centre point of the
channel length so that the flow in the channel was identical
for the two flow directions. This was vitally important to the
development of a symmetrical scour hole for reversing flows.

The water was then directed into one of the two identical end
tanks. To avoid development of unnecessary turbulence in the
inlet tank, the water was distributed through a perforated tee
shaped pipe system. The water then passed through a 100mm
honeycomb section flow straightener followed by a wire mesh
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settling screen and finally a 45mm thick sheet of rubberised
horse hair matting, which damped out the larger turbulent
motions. The water then entered the moulded fibre-glass inlet
fairing, specially designed to produce very 1low inlet
turbulence levels, and was directed along the flow channel and
over a fixed height weir into the outlet tank before being
returned to the sump. End tank 2 is shown in figure 4.1(a).

The flow velocity was controlled using the spear valve. The
two diaphragm valves were used only fully open or fully closed
as the diaphragms in the valves have been known to creep,
causing a change in flow with time. Flow depths were
controlled using fixed height weir plates.

The three flows used in the test programme were identified by
three distinct values of bed shear stress, set using a mini-
propeller meter at a fixed height above the bed, the
characteristic velocity being that calculated assuming a
standard logarithmic velocity profile. The three flows were
achieved using different height weir plates in conjunction
with the known spear valve setting, ensuring correct flow
reproduction.

4.2.2 The Channel Bed

A perspex false bed was installed 100mm above the original
marine plywood base. During reconstruction the marine plywood
had to be re-levelled. The channel was now supported at its
third and two-third points and was levelled using a surveying
level instrument. The perspex false bed was then installed and
modified until level to within #0.1mm. The sand scour pit was
2m long and 100mm deep, being contained between the faired
ends of the false bed end plates. The model pipelines used
were positioned at the centre of the sand pit which also
coincided with the exact centre point of the channel. The
channel was symmetrical about the pipeline position in every
way, ensuring the highest possible degree of symmetry of the
channel flow and hence scour hole produced.
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4.2.3 Depth Measurement

Depth measurements were obtained using a micrometer depth
gauge which ran along the guide rails positioned above the
channel side walls. The rails had previously been levelled to
within +0.1lmm.

The guide rails were extensively used throughout the project
for depth measurements and for mounting photographic or
optical equipment.

4.3 The Sediment Bed

The sand bed was positioned in the centre of the channel and
was 2 metres long and 100mm deep. These dimensions were
determined from the maximum scour depths and widths expected
for the largest cylinder diameter to be used. There was
sufficient distance between the end tanks and the sand bed for
a sand trap to be unnecessary. The end tanks were constantly
checked during testing to avoid any build-up of sand which
would reduce flow velocity; this was found not to be a
problem, since only very small quantities of sand were carried
into the end tanks.

4.3.1 The Sediment Properties

A fine quartz sand from the Mersey Estuary with a mean sieve
diameter of 150 microns was used throughout the experimental
programme. Its properties are shown in Table 4.1 below. This
particular sand was also used in an earlier study(31) in which
relationships between the flat bed sediment transport rates,
bed shear stress and water velocity (detailed in section
2.2.5) were derived. The resulting formulae were applied
directly in the present investigation to determine the
relevant flat bed sediment transport rates for use in the time
scale relationships discussed in section 2.2.6. This was of
significant advantage to the present study since standard
sediment transport formulae relate to rippled bed conditions
for the sand grain size and range of bed shear stresses used.
The relative density of the sand was found to be equal to 2.6.
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Sieve interval,
in microns

75/105

105/125

125/150

150/180

180/210

75/210

Original sand
in sieve interval
as a percentage

9.5

20

36

23

Mean sieve
diameter, in mm

0.090

(0.115

(0.138

0.165

0.195

0.143

Table 4.1 Physical Properties of Fine Mersey Sand
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4.3.2 Sand Bed Levelling

A device was needed to produce a very flat sand bed onto which
the pipeline was to be placed. The bed levelling procedure
had to be carried out with the channel in a flooded condition
and was extremely time consuming. This was especially
important in the span 1length development tests where any
slight imperfection present may initiate scour breakthrough.
Various ideas were considered, culminating in the construction
of the two sand scrapers described below.

Two manual sand bed scrapers were used; the first system shown
in figure 4.2(a) ran along the guide rails with the scraper
initially set level to the perspex bed. This system was very
simple to use but its shortcomings included the fact that
control of the movement of the scraper was difficult as the
scraper was held at the guide rail level, some distance away
from the bed. Some scratching of the glass was caused by sand
being carried along the side walls. These scratches were
unacceptable as the tests were recorded photographically
through the glass walls and the scratches were very noticeable
in the photographs.

A second sand scraper is shown in figure 4.2(b) and was
developed for higher sensitivity. This ran along guide rails
supported from the radial false bed ends. The false bed ends
were carefully levelled and two beams, one on either side of
the channel, spanned across the sand bed. A scraper ran along
the beamé, operated manually. This system allowed the operator
more control over the levelling process and also lessened
possible damage to the glass side walls. The guide rails
consisted of two deep rectangular sections (8mmx100mm).The
deflection at midspan when in use was found to be negligible.

The second sand bed scraper was used throughout the span
length development test programme where the bed was levelled
only once prior to installation of the pipeline. This scraper
produced a very flat sand bed surface essential to the three-
dimensional tests. The two-dimensional tests were initially
levelled with the second sand scraper. These tests, however,
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required periodic re-levelling to eliminate the ripple
formation. The first sand bed scraper was subsequently used
for re-levelling purposes, producing an acceptably flat bed.

4.4 Flow Description

4.4.1 Introduction

Prior to commencement of the test programme, an investigation
into the properties of the flow in the newly reconstructed
channel was carried out. This was to ensure that the pipeline
was not adversely affected by seccondary flows or a difference
in the flows in the two directions. This section describes the
propeller meter used for velocity measurement and the velocity
profile computer program used to generate the velocity
profiles from these measurements. Finally, the controlled

method of valve opening is described.

4.4.2 Velocity Propeller Meter

A mini-propeller current meter (Mimosa type), connected to a
decatron counter, was used with an electronic clock to measure
the mean flow velocities at a fixed point in the channel. The
propeller meter was periodically recalibrated using a laser
doppler anemometer installed on another flow channel; no laser
measurement equipment was available on the reversing flow
channel. The calibration was found to be a linear relationship
and a least squares curve fit was used to obtain the function
given below;

Y = -5.445 + 0.1556X

where X = velocity in mm/s and Y = reading in Hertz. Slight
alterations were made to the above equation on recalibration.

4.4.3 Velocity Profile Program

On completion of the reconstruction of the flow channel the
first task was to investigate the effect of current variations
and secondary flows. The flow in the channel was assessed with
the use of velocity profiles using an existing program,
VELPROF, written in FORTRAN77 on Euclid. This program utilised
GINO-GRAF and GINO-SURF 1library routines. Velocity data
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obtained, along with the co-ordinates of each of the points

are set up in a data file and run in conjunction with VELPROF.

A grid of points was set up throughout the cross section of
the channel. The points were evenly spaced in the centre of
the channel, the spacings decreasing towards the periphery so
that the flow velocities in the boundary layers where the
velocity gradients were highest, were fully investigated.
Using the propeller meter velocity probe the velocity at each
of the points was found using the average of six, 10 second
readings. The velocities recorded, along with their X,Y co-
ordinates were read into VELPROF and graphical printouts of
velocity contours were obtained. Figure 4.3 below shows the
grid of velocity points and the convention adopted for the
flow direction.

Difficulties with VELPROF were experienced. The plots obtained
were not representative of the velocities input. When a grid
drawn at the same scale as the velocity profile plot was
overlaid, the velocity contour values did not coincide with
the point velocity values. The program yielded plots in which
the velocities around the periphery were decreased causing an
apparent increased boundary layer thickness.

One possible explanation was that the program reads data in an
irregular grid and converts it onto a regular grid. The final
number of points required on the regular grid being input.
Initially values of about 10 points in each direction were
used. With only 10 points in each direction on a regular grid
this caused the first point to be much further from the side
walls than in the irregular grid and thus the higher velocity
gradients were not picked up and a thickening of the boundary
layer resulted.

It was decided that the program would have to be revised. An
interpolation routine was included so that the original
measured data was read in, from this data a very fine grid was
set up using a linear interpolation routine. The grid now
consisted of 10 points between each adjacent pair of data
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points. This improved the plots considerably and when a grid
of the velocity points was laid over the plots obtained the

contours were now found to be correct.

When a velocity contour near the channel walls was being
derived, all adjacent points were considered. That is points
further away from the channel walls were included in the
calculation. The GINO routines could not allow for the fact
that a very high velocity gradient ran along the periphery.
Inclusion of points further away from the wall gave lower
velocity values in the high velocity gradient areas and,
hence, thicker boundary layers. This effect was minimised by
use of the interpolation routine.

4.4.4 Velocity Profiles

The velocity profiles obtained are shown in figures 4.4 to
4.9. The distributions were taken at a number of points along
the channel; at the inlet, outlet, and at centre point, for
both flow directions.

It can be seen that the inlet design was very successful in
eliminating secondary flow cells with only small secondary
cells existing in the corners of the cross section. As the
flow progresses along the channel there is considerable
thickening of the boundary layers as would be expected.

4.4.5 The Three Flow Velocities ‘
Three distinct flow velocities were used throughout the study.
The velocity was recorded using the propeller meter fixed at
25mm above the bed immediately upstream of the model pipeline.
The velocity was then used to estimate the bed shear stress
from the standard logarithmic velocity profile relationship in
equation 2.38 given earlier. This gave the flat bed shear
stress, from which the flat bed sediment transport rate could
be calculated using the relationships derived by Grass and
Ayoub (31).

4.4.6 Valve Opening and Closing
A standard rate of valve opening was used throughout the
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study. The on-off valves were manually opened at a rate of 1/4
of a revolution per second. The total valve opening time was
55 seconds. The valve opening was carried out at this slow
rate to ensure that there was no flow surge along the channel
resulting in a velocity higher than the final steady velocity
achieved. The velocity build-up during valve opening is shown
- below in figure 4.10. The valve closing is shown in figure
4.11.

4.5 The Model Pipelines

The model pipelines or cylinders, were designed so that the
light strips, used extensively in this project for non-
intrusive scour depth measurement, were able to pass through
the cylinder and form a narrow sharp light strip on the bed
directly beneath the cylinder. The light strip techniques are
described in sections 4.8 and 4.9 below.

The first set of cylinders used in the two-dimensional flow
tests were constructed of thin walled perspex. One end of the
cylinder consisted of a plane plug with an O-ring partially
set into the end, whilst the other end consisted of a screw
adjustment.

As the cylinder was fixed into position, the depth gauge was
used to measure its height relative to the bed. In addition a
spirit level was employed to check that the cylinder was
horizontal. The exact centre point of the sand bed was
permanently marked by a plumb bob and this was used to set the
lateral position of the cylinder. The cylinders were installed
with the channel flooded to avoid any disturbance to the bed.

The cylinder was then fixed into position by altering the
screw adjustment using 1lmm diameter rods fitted into the
cylinder end piece. The cylinder had to be installed firmly
because large fluid forces were exerted on it during testing.
It also had to be taken into account that, on commencement of
flow, the water depth considerably increased, causing a
greater lateral force on the side walls, and hence slightly
increasing the channel width. The length adjustment needed was
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determined by trial and error.

The thin walled perspex cylinders were filled with water prior
to installation and the quality of the light strip produced on
the sand bed beneath the pipe was found to be more than
adequate. The perspex cylinders used in the two-dimensional
tests were of 12.5, 25, 50 and 75mm diameter.

For the span development tests, however, trial films showed
that the 1light strip produced on the sand bad was not
sufficiently sharp. The span development measurement programme
required great enlargement of the light strip on the bed and
even the slightest refractive distortion affected the optical
definition and hence measurement accuracy required for a
reliable assessment of the span length development.

It was decided that it would be advantageous to develop a
thin-walled glass cylinder since the refractive index of glass
was closer to that of water and a clearer image of the light
strip could be produced on the sand bed.

A technique was eventually perfected to construct a thin-
walled glass cylinder, after several failures due to tension
cracks. Brass end pieces were constructed which fitted very
loosely into the ends of the glass tubing and were glued
firmly in place. The cylinders were treated with great care
during removal and installation. Due to the difficulty of
obtaining very high quality thin walled glass tubing, the
exact dimensions of the glass pipelines were 24.6, 45 and 75mm
respectively. Both sets of cylinders are shown in Figure 4.12.

4.6 Photographic and video Equipment

4.6.1 Introduction

Photographic and video techniques were used in this project to
gain both qualitative and quantitative information. Whilst
video techniques are very useful in gaining test information
which can be analysed and rerun until all information has been
extracted, the quality of photographic prints is still
unequalled. The majority of the information was gained using
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colour photography with a video study being made of the scour
mechanism at the ends of a free span as detailed below in
section 4.9. Next, then, follows a description of the

photographic and video equipment used.

4.6.2 Photographic Equipment )

The camera used for this study was a Nikon F3 offering
automatic operation or manual control of shutter speeds from
1/2000 of a second to 8 seconds with aperture settings of F1.4
to Fl16. The camera was used in conjunction with an MD-4 Motor
Drive, which advanced the film to a maximum of 6 frames per
second with single or continuous mode selection.

A Zoom-Nikkor ED 50-300mm F14.5 Zoom lens was used to alter
the field of view. A Vivitar Macrofocusing Teleconverter was
also used in conjunction with the 50mm lens thus allowing a
50mm lens to act as a 100mm macro lens. Another accessory used
was a Nikon Modulite Remote control set. Kodak Kodacolor Gold
400ASA colour print film was used for the two-dimensional
tests and Kodak ektachrome 400ASA colour slide film was used
for the span length development tests.

4.6.3 Video Equipment

The video camera-recorder used for the flow visualisation
investigation into the span length development end scour
mechanism was a Minolta 8-8100E. The camera was used at 50
frames per second offering 525 lines of picture information.

4.7 Computing Facilities

4.7.1 Computing Hardware

A Dell System 200 IBM compatible microcomputer, with a 40
megabyte hard disk drive, was used for the majority of the
computing carried out within this study. The operating system
used was MS-DOS version 3.30. Programming on the microcomputer
was in GWBasic. A central computing system was also available,
the University College system called EUCLID (Extensible
University College London Interactive Distributed) which
consists of GEC 4000 series microcomputers linked together.
EUCLID was used for the development of the velocity contour
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program using graphics software libraries which were called
from FORTRAN. The basic set of subroutines is called GINO-F
(Graphical Input and Output in FORTRAN). A terminal was
situated in the laboratory, connected to the central computer.
Programming on the mainframe was carried out in FORTRAN77.

The span length development plots were generated using a HI-80
Epson Plotter. The plotting routines were written in GWBasic
and produced HPGL information either directly to the plotter
or via ASCII data files.

4.7.2 Digitising Tablet

Quantitative results were yielded from the span development
tests by use of the Benson 6452 Digitising Tablet. The tablet
had an active area of 381x381mm, a resolution of up to 393
lines per centimetre and an accuracy of up to *250um. The
tablet was capable of processing up to 200 points per second.
The operating modes available were point, switch strean,
presence stream, increment and remote sampling. Data format
could be either BCD, BCDII or Binary.

Operation of the tablet is based on the principle of
electromagnetic induction. A coil within the cursor generates
an alternating field. The sensing lines in the tablet induce
signals in this field, with the line nearest the centre of the
field generating the highest amplitude signal. The
microprocessor determines the output point's co-ordinates by
scanning the sensing lines and locating the signal of the
highest amplitude in each of the X and Y directions. This
sensing techniques ensures high accuracy, resolution and
stability in data generation.

An interface cable connected the digitiser to the RS-232-C
port of the Microcomputer. However, no software was supplied
with the digitising tablet and a communication program was
written interfacing between the computer and digitiser. Most
RS-232 settings were controlled by the digitiser dip switches
which were set as required. The communication program did,
however, issue control codes, represented by a single ASCII
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character. A control code was issued by the host to instruct
the digitiser to commence sampling. The program, on receiving
the control codes, would send the output co-ordinates to the
previously opened data file. The digitiser was set on point
mode in which the co-ordinates of a single point were returned
each time the transducer is turned on, in this case each time
one of the buttons on the four button cursor is depressed. BCD
output format was selected using the function switches and
the co-ordinates were output separated by commas in the
sequence X-~direction, Y-direction, button, where button has
the valued 1-4, indicating which transducer switch had been
depressed. The co-ordinates were output in lines of resolution
and the resolution was set at 20 divisions per millimetre. The
following sections outline experimental technique and
apparatus used in the two-dimensional scour tests.

4.8 Two-dimensional Scour Tests

4.8.1 General Introduction

This section describes the experimental apparatus and
technique used in the simplified case of two-dimensional
scour. The two-dimensional tests included both uni-directional
and reversing flow experiments. Many investigators have
carried out uni-directional flow scour tests around model
pipelines. Whilst it is considered that reversing, tidal type
flow may be the direct cause of deep pipeline self-burial,
much can be learned from the scouring around a model pipeline
in uni-directional flow. The present tests were carried out
using fixed smooth cylinders and a continual assessment of the
maximum scour depth was made using a non-intrusive method of
scour depth measurement. A direct comparison can, therefore,
be made between uni-directional and reversing flow scour
tests. The next section, then, describes the test philosophy.

4.8.2 Test Philosophy

The aim of these two-dimensional tests was to study the
developing scour hole around a model pipeline with varying
pipeline diameter and prevailing sediment transport rate. The
tests carried out allowed an investigation into the time scale
parameter D?/q,, by reducing the test times to their
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dimensionless equivalents and studying the degree to which the
plots collapsed. The same tests were carried out under uni-
directional and reversing flow, thereby allowing a direct
comparison between the two and hence an assessment of the
affect of flow reversal alone. Comparisons of the scour depth
with time were made and the growth of the scour hole in the
flow direction was studied as it has been postulated that the
width of the scour hole is also important to the self-burial

of pipelines as discussed in chapter 3.

In this series of tests the model pipelines used were 12.5,
25, 50 and 75mm in diameter. These relatively small diameter
model pipelines were selected after consideration of the test
times required to achieve equilibrium (proportional to D?) and
alsc labeocratory channel limitations. Since it was initially
intended that these tests would be run to equilibrium, which
involved many hours of test time, large cylinders would have
made the length of the tests unmanageable.

Such small cylinders did, however, introduce obvious modelling
difficulties. Sand ripples tended to form slowly on the flat
bed surface outside the active scour zone. Such ripples, being
grossly out of scale, inevitably lead to distortion in the
development of the local scour hole. Where the sand bed no
longer remains plane the flow regime near the bed is
intrinsically changed and the hydraulically smooth logarithmic
boundary layer equation no longer applies. To allow the tests
to yield results uninhibited by the formation of large scale
ripples, it was decided that the bed had to remain plane at
all times and the ripples were removed using the scraper
devices to maintain close control on the approach flow
conditions, a unique feature of the present investigations.

The tests were periodically re-levelled according to the
rapidity of the ripple formation. The frequency of re-
levelling was every 2.5, 5 and 15 minutes for the three flow
velocities respectively. The tests were run for many hourss$ it
was 1initially intended to run all tests to equilibrium.
However, early tests with the 25mm diameter pipeline under
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flow 1 conditions indicated that the scour hole was still
growing slowly after some 13 hours of scour time. Actual run
time was much 1longer than this because of the need to
periodically stop the flow and remove any ripples from the
upstream bed. A corresponding time for the 50mm cylinder,
using D? scaling, gives a time of 52 hours. Running tests for
this length of time was not a practical proposition and tests
had to be curtailed at an advanced stage but prior to the
equilibrium stage of the scour hole development. These long
test times also made it impossible to carry out large numbers
of tests over many different sediment transport stages and
pipeline diameters. This meant it was impractical for large
numbers of tests to be included in the test programme.

A non-intrusive method of scour depth measurement was vitally
important to the success of the tests to ensure that
measurements could be taken continually, without disturbance
to the flow regime.

The importance of lee erosion has been discussed in the
preceding chapters and its existence was studied by the use of
flow visualisation techniques and also from analysis of the
continual assessment of the maximum scour depth achieved and
its position alongstream.

4.8.3 Scour Depth Measurement Technique

A non-intrusive method of scour depth measurement was devised
so that an accurate assessment of the maximum scour depth with
time could be made without interfering with the flow regime.

A slide projector was mounted above the water channel,
supported by the channel guide rails. The projector beam was
directed along the length of the channel. A front faced mirror
was mounted onto the projector, at 45 degrees to the axis of
the beam. On leaving the projector the beam of light was
reflected vertically downward by the mirror. The light beam
was reduced to a thin strip of light, using a slide masked by
two closely spaced razor blades; the strip thickness was of
the order 0.5mm. The light strip was then aligned vertically

114



and so that it coincided with centreline of the channel width.
The pipe was installed at the centre point of the channel
length with the light strip positioned at the exact centre of
its span. This arrangement is illustrated in figure 4.13(a).
The light strip shone through the water filled perspex
cylinder and formed a sharp image on the flat sand bed.

A surveying level instrument was then installed approximately
3 metres away from the channel, viewing the cylinder end. The
level was supported by the compound slide of a lathe and its
height could be adjusted and then monitored by a 50mm dial
gauge attached to its base.

The slight downward inclination of the line of sight proved
necessary to avoid periodic obscuration of the centreline
target by lack of perfect two-dimensionality in the cross-

channel scour profile.

The 1level instrument was tilted so that its height was
slightly in excess of that of the original bed level, the line
of sight 1looking down into the scour pit. As the test
progressed the level was lowered to keep the lower cross-hair
coincident with the 1lowest point of the 1light strip,
corresponding to the maximum scour depth at the centre of the
pipeline length. The set up is shown in figure 4.13(b) and
allowed continuous non-intrusive monitoring of the maximum
scour depth.

The readings given by the dial gauge were periodically
calibrated using the pointer depth gauge. The accuracy of the
system was also checked to ensure no refraction or other
optical effects were significant. The scour depths given were
in agreement with the depth gauge readings, the accuracy of
which was approximately *0.1mm. This system was highly
successful in monitoring the scour depth accurately without
affecting the flow field or subsequent scour depth.

4.8.4 setting up the Tests
The setting up of the tests was quite a lengthy process and
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had to be carried out with great care. Firstly, the flow in
the channel had to be set to the required velocity. The
channel end plates were selected corresponding to the required
test case and the spear valve was set to the known position.
The sand bed was refilled, if necessary, and set level. The
velocity propeller meter was then positioned and the velocity
checked and any slight adjustment made if required.

Once the flow velocity was set, the sand bed was carefully re-
levelled and the pipeline was carefully positioned at the
centre of the sand bed, fixed by the plumb bob position. The
cylinder had previously been filled with water and was
installed tightly by adjustment of the screw thread. The
pipeline was set level using a spirit level and its height
was set so that the radius was just touching the sand bed.
This was achieved by measuring the difference in height
between the sand bed and the top of the pipeline, using the
pointer depth gauge. The cylinder was positioned so that on
commencement of the flow, scour would begin immediately at all
places along the pipeline length. Positioning the pipeline was
an extremely delicate operation which had to be carried out
with the model pipeline cylinders submerged and without
disturbing the carefully prepared flat surface of the sand
bed. Next, the light strip was positioned so that it coincided
with the centre of the length of the pipeline, its verticality
checked using a plumb bob. Finally, the level instrument was
adjusted until its lower cross-hair coincided with the strip
of light and the dial gauge monitoring its height was zeroed.

On commencement of the test the on-off valve corresponding to
the end at which the weir plate was installed was fully
opened, the other valve remaining fully closed. The valve was
opened at the standard rate, as described earlier, so that the
flow reached its maximum value in the same way on each valve
opening.

As the scour commenced the level instrument was lowered so

that the lower cross-hair still coincided with the lowest part
of the light strip, that is, the maximum scour depth. In this
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way a continual assessment was made of the scour depth with
time throughout the test. The next section describes the
features relevant only to the reversing flow tests.

4.8.5 Reversing Flow Tests

The reversing flow tests were carried out to model the effect
of tidal flows on developing scour holes. A 6 hour tidal flow
was modelled in the tests. The reversal times required were
calculated from the D"’/q,n time scale parameter, assuming a
250mm diameter pipeline was being mcdelled, where the q,
values in the field were identical to those used in the tests.
Hence, the reversal times used for the different size

cylinders were approximately those given below;

50mm diameter pipeline 15 minutes
2 5 " 1] " 5 n | 1]
12.5 L] " 2 o 5 " "

The above values do not rigorously represent the tidal flows
but do allow a better comparison to be made than if not
included. Preliminary tests indicated an apparent
insensitivity of the early scour hole development, to varying
reversal times. However, this is an area which perhaps demands
more detailed investigation in the future.

Oon flow reversal the on-off valve was closed in the standard
controlled way discussed above. The weir plate was then
removed and replaced in the other end tank, without the pump
being switched off. The other control valve was then fully
opened.

The non-intrusive scour depth measurement technique was
employed in the initial, rapidly scouring phase of the
reversing flow tests. Manual readings were subsequently taken,
partly due to the difficulties encountered as the point of
maximum scour depth moved downstream of the pipeline. Also, as
the flow was periodically stopped to allow flow reversal, a
scour depth reading could conveniently be taken using the
pointer depth gauge without greatly increasing the actual run
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time of the test.

The reversing flow tests were, however, extremely time
consuming due to the essential flow reversal procedure between
simulated tidal cycles. The extremely large time scale and
resulting tedium inherent in this type of testing imposes
severe practical constraints on what can be reasonably
achieved in an individual test programme. For example, test
RF/25/1 ran for a total of 540 minutes and involved well over
100 manual flow reversals.

With these considerations in mind, reversing flow tests were
carried out for flow 1,2 and 3 for the 25mm diameter pipeline
only, to assess the influence of varying sediment transport
rate on the scour process time scale. The effect of diameter
on the time scale was investigated with tests using the 12.5,
25 and 50mm diameter model pipelines under constant flow 2
conditions. In the reversing flow tests, ripples inevitably
formed within the wide, symmetrical scour zone during the long
test periods. This had to be accepted as a complicating

influence as discussed in Chapter 7.

4.8.6 Measurements Taken

4.8.6.1 Scour Depth Measurement

The maximum scour depth was monitored using the measurement
technique described above for both the uni-directional and
reversing flow tests. Initially, when the scouring rate was
high, readings were taken at specific scour depths and the
corresponding times noted. As the scouring continued, readings
were taken at fixed times and the corresponding scour depths
were noted.

4.8.6.2. 8S8cour Hole Width

An assessment of the width of the scour hole was needed. For
the uni-directional tests the streamwise position of the point
of maximum scour depth was measured, as the maximum scour was
known to occur downstream of the pipeline. This point was
monitored as it was felt that the commencement and effect of
the wake or lee erosion would be reflected in the variation in
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the streamwise position of the point of maximum scour. For the
reversing flow tests, a measurement was made of the total
scour hole width, that is the distance between the two points
where the bed level passes through the original bed height.
This dimension was measured as importance has been attached to
the scour width development in reversing flow and its
significance to self-burial.

4.8.6.3 Water Temperature

The water temperature was recorded periodically so that slight
adjustments could be made to the value of the viscosity. Tests
carried out in the winter months, compared to those carried
out in the summer, experienced considerable changes in the
water temperature and hence the characteristic value of the
bed shear stress and the corresponding value of sediment
transport rate had to be adjusted. Typical maximum and minimum
seasonal variation was from 13 to 21°C.

4.8.6.4 Final Bed Profiles

The shape of the scour hole can give much information as to
the scour processes which have created it. Unfortunately, a
sand bed follower was not available and hence the profiles
were measured by hand, using the pointer depth gauge. This
reduced the number of profiles taken to those at the end of
each test. Three profiles were taken for each test, at the
1/4, 1/2 and 3/4 points of the channel width. This enabled the
variation along the length of the pipeline to be noted.

4.8.6.5 Flow Visualisation

Flow visualisation photographs were also taken to yield
qualitative information concerning the flow regimes in the
scour holes. Small illuminated polystyrene spheres were used
as tracers. Calculations of the streak line lengths for
different exposure times allowed the approximate camera
settings to be preselected. Flow entrained sand also acted as
a flow tracer and was especially useful as an indicator of
what was happening in the scour hole as the test progressed.
The onset of vortex shedding and the role of vortices in
promoting wake scour was also investigated using these
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visualisation techniques.

4.8.6.6 Summary
This section has described the procedure for the two-
dimensional scour tests, the next section outlines the

procedures for the span length development tests.

4.9 Span Length Development Tests

4.9.1 Introduction

This section describes the experimental technique and
apparatus used in the span length development tests, that is
the three-dimensional characteristics of pipeline scour as
discussed earlier in section 3.9. No previous experimental
tests have been carried out to assess the properties of free
spans under pipelines. This was largely due to the fact that
any such tests involve great experimental difficulties and the
design of a non-intrusive method of scour depth measurement.
The next section then, discusses the philosophy behind the
span length development tests.

4.9.2 Test Philosophy

The aim of these span development tests was to study the
development of a free span beneath a model pipeline with
varying pipeline diameter using one characteristic sediment
transport stage.

The object of these tests was to monitor the scour hole
profiles along the length of the pipeline, below the pipeline
axis. The profile of the scour hole was recorded at regular
intervals, the characteristic shape of the profile and in
particular its length and depth were investigated.

The pipeline was pushed into the sand bed so that on
commencement of the flow, no breakthrough occurred. A tiny
imperfection in the sand bed was artificially created, at a
known time, beneath the pipeline at the centre of the pipeline
length. The imperfection was introduced after the flow had
stabilised by deflating a bubble device buried beneath the
cylinder in the sand bed. This tiny imperfection was
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sufficient to initiate flow breakthrough. Once a breakthrough
had occurred, the velocities through the scour hole being
initially large, the scour hole quickly enlarged, developing
in depth and also along the pipeline length.

The centreline profile of the scour hole was recorded with the
use of the slide projector and the razor blade slit slide as
described in the preceding section. For the span 1length
development tests, the light strip ran along the pipeline
length, coinciding with the centreline of the pipeline. This
line was recorded photographically with the camera mounted
above the pipeline from the channel guide rails. The profile
of the light strip was then corrected to full scale using a
predetermined calibratibn. In this way the profiles were
recorded and studied.

The description above gives a brief outline of the
experimental set-up. The individual parts of the equipment
used are discussed below. Prior to commencement of the test,
the sand bed was very carefully levelled. Since the test time
was of the order of a couple of minutes, the development of
the ripples was not significant and did not interfere with the
test. Special attention was paid to the scour hole ends to
investigate the end scour mechanism. The next section
describes the different pieces of apparatus which were used
during the test programme.

4.9.3 Test Apparatus

4.9.3.1 The Bubble Device

Figure 4.14 shows the bubble device used in the span length
development tests. The bubble device was used to introduce a
small undulation in ihe sand bed énd hence initiate scour. It
consisted of a main body which was screwed down to the bed of
the channel, at the exact centrepoint of the sand bed,
corresponding to the centre of the channel length and also the
position of the pipeline when installed. A water reservoir was
fixed to the side of the header tank and the outlet tube was
directed to a series of taps fixed to the channel guide rails.
The water pressure could be applied to the main body fixed to
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the channel bed. On the opening of the tap, the pressure was
applied and inflated a rubber membrane secured to the top of
the main body. This caused an increase in its height. When
the second tap was opened the pressure was released causing
the height to be reduced once more.

When the device was inflated, the sand bed was reinstated and
levelled. On release of the pressure a small undulation was
made on the sand bed allowing breakthrough of the flow exactly
when and where required. At all other points along the
cylinder length no breakthrough occurred. The depth to which
the bubble had to be buried below the sand 1level was
determined by trial and error and was set at 15mm. The head of
water was also determined by trial and error as was the
thickness of the rubber membrane (0.2mm was found to be the
optimum). Prior to commencement of the test the cylinder was
initially pushed into the surface by 1lmm, the minimum value
found to suppress flow breakthrough along the pipeline length
other than in the bubble's vicinity.

4.9.3.2 Model Pipelines

The scour hole produced had to be enlarged greatly in order
for the profile to be accurately defined. Any refractive
distortion of the light strip produced on the sand bed was,
therefore, magnified many times. Initial tests using the
perspex cylinders yielded light strips with unacceptably large
bands of colour change between light and dark, created by the
optical properties of the thin-walled perspex of the cylinder.

Since the photography of the 1light strip line was taken
through the cylinder any refraction had to be kept to a
minimum. Water filled glass tubes were found to produce much
clearer light lines on the sand bed, and were used here with
great care.

4.9.3.3. Viewing Window

Whilst the quality of the 1light strip's appearance was
considerably improved by the use of the thin-walled glass
cylinders, further improvements were still required. The
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inclusion of a viewing window further improved the light strip
quality. The camera was mounted above the pipeline from the
channel guide rails and viewed the model pipeline and scour
hole at an angle of 20 degrees to the normal as illustrated in
figure 4.15. The developing scour hole was to be recorded by
the camera, viewed through the glass walled cylinder. Since a
larger angle results in a greater resolved scour hole depth,
it was desirable that the camera angle was as large as
practically possible. The angle had to be chosen, however, so
that the entire scour hole could be viewed by the camera
through the pipeline. If the deepest part of the scour hole
was not viewed through the pipeline a discontinuity of the
light strip line would be seen making the scour profile
undefinable. Giving due consideration to these requirements,
the maximum camera angle was found to be 20 degrees.

The image of the light strip still appeared distorted with a
spectrum of different colours being produced where the bed's
appearance changed from light to dark at the position of the
light strip. This spectrum made the exact position of the
light strip very difficult to define. It appeared that as the
light passed through the air/water interface at an acute angle
further distortion was introduced. This effect was not
apparent when the camera viewed the light line perpendicular
to the water surface. This problem was minimised by the
construction of an observation window which 1is also
illustrated in figure 4.15. The viewing window of triangular
cross-section was glass walled and when filled with water
served to raise the water surface so that the light passed
through the air/water interface at 90 degrees. The refraction
effects were further minimised.

4.9.3.4. Light strip

The 1light strip was produced as before, for the two-
dimensional scour tests, but as stated above the light strip
was set so that it ran along the pipeline 1length as
illustrated in figure 4.16. A flat piece of perspex was
supported on the water surface, as shown in figure 4.15. This
steadied the water surface eliminating surface waves which
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