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Abstract

The offshore pipeline industry are facing more complex design challenges as the oil
and gas industry moves into deeper water in search for hydrocarbons. One of these
challenges are related to high pressure/high temperature pipelines subjected to
frequent start-up and shut-downs during its’ lifetime. One consequence of this kind
of load cycles is that the pipeline may move cycle wise and axially towards its’ cold
end, which may be detrimental for the end connection design. This phenomenon
is termed pipeline walking.

The SAFEBUCK Joint Industry Project was initiated in 2002 to assess the chal-
lenges connected to pipeline walking, in addition to other related issues. Through
this project several aspects affecting the walking behaviour have been established.
These factors have, in this thesis, been addressed through a sensitivity analysis,
where the seabed conditions – hereby the equivalent friction factor – the seabed
slope, the effect of a global lateral buckle and the effect of a connected SCR have
been included.

The sensitivity study was performed on a pipeline modelled in SIMLA with 900
beam elements, each connected with a spring to a seabed beam element. This
original case have here been labelled the base case. Four cases were analysed, were
one factor were changed throughout each of the cases. The pipeline was subjected
to a transient temperature profile in each case, provided by IKM Ocean Design,
to simulate the heat transfer in a pipeline.

For the seabed conditions case, the walk per load cycle increased with increasing
equivalent friction factor up to a certain point, before the walk per load cycle
decreased as the equivalent friction factor continued to increase. The seabed slope
case showed that the relationship between walk per cycle and increasing angle is
approximately linear. In addition it was established that when the seabed slope is
steep enough, the pipeline will walk towards its’ warm end. In the global lateral
buckle case on could observe that the effective axial friction force was relieved
in the buckle, and that the walk per cycle increased as the length of the buckle
increased. When a steel catenary riser tension was introduced, the axial movement
of the pipeline appeared to fluctuate around the walk per cycle values for the base
case.
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An analytical analysis was performed, however, the accordance between the nu-
merical and analytical results was not as good as predicted. For this reason an
improvement of the analytical model is suggested for further work. An other topic
which is relevant for further work is an extension of the seabed conditions case to
include mobilisation length. Additional sub-cases in the steel catenary riser case, as
well as creating a new case by combining the impact from several walking inducing
factors are other possible topics.
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Sammendrag

Rørledningsindustrien møter stadig komplekse utfordringer etter hvert som olje- og
gassindustrien opererer på stadig dypere vann i søken etter fossilt brennstoff. En av
utfordringene er relatert til høyt trykk/høy temperatur-rørledninger, som er utsatt
for jevnlige oppstarter og nedstengninger i løpet av sin levetid. Én konsekvens av å
bli utsatt for denne typen lastsykluser, er at rørledningen vil bevege seg syklisk og
aksielt mot sin kalde ende. Dette fenomenet kalles pipeline walking, eller kryp av
brønnstrømsrør. Den aksielle bevegelsen, og påfølgende permanente forflytningen,
kan være ødeleggende for endekoblingen til rørledningen.

I 2002 ble industriprosjektet SAFEBUCK initiert for å studere utfordringene knyt-
tet til kryp, i tillegg til andre relaterte problemstillinger. Gjennom dette prosjektet
har flere aspekter, som sammen påvirker kryp av brønnstrømsrør, blitt etablert.
Disse faktorene har i denne masteroppgaven blitt studert gjennom en sensitivitets-
analyse, hvor sjøbunnsegenskapene – her representert ved den ekvivalente aksielle
friksjonsfaktoren – sjøbunnshelningen, effekten av en global, lateral krumning av
røret, og effekten av å koble et stigerør til den kalde enden av røret har blitt
inkludert.

Sensitivitetsstudien ble utført på en rørledning modellert i SIMLA. Modellen be-
står av 900 bjelkeelementer, som hver og en er koblet med fjær til et sjøbunnsele-
ment. Fire tilfeller ble analysert, hvor én faktor ble forandret for hvert av tilfellene.
En tidsvarierende temperaturprofil ble brukt for å modellere varmeoverføringen i
rørledningen. Denne profilen ble gitt som input av IKM Ocean Design, og ble brukt
for at temperaturforandringene skulle være så autentiske som mulig.

For sjøbunnsforholdtilfellet kunne man se at kryp per lastsyklus økte med øken-
de ekvivalent friksjonsfaktor, opp til et gitt punkt. Etter dette minket kryp per
lastsyklus, mens den ekvivalente friksjonsfaktoren fortsatte å øke. Sjøbunnshel-
ningstilfellet viste at forholdet mellom kryp per syklus og sjøbunnsvinkelen er
omtrent lineær. I tillegg kom det fram at når sjøbunnshelningen blir bratt nok, vil
rørledningen krype mot sin varme ende. I tilfellet med en global, lateral krumning
ble det observert at den effektive friksjonskraften ble avlastet i krumningen, og at
kryp per syklus økte i takt med lengden på kurven. Når et stigerør ble introdusert,
viste det seg at aksialbevegelsen fluktuerte rundt den jevne bevegelsen som ble
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observert for den originale casen. Den originale casen ble kun utsatt for varierende
temperatur, og fungerte dermed som sammenlikningsgrunnlag for de andre fire
tilfellene her beskrevet.

De numeriske resultatene fra SIMLA ble sammenliknet med resultater fra en ana-
lytisk modell. Det viste seg at de analytiske og de numeriske resultatene ikke sam-
svarte så godt som forventet. Av denne grunn er en forbedring av den analytiske
modellen et mulig utgangspunkt for videre arbeid. Et annet tema som er relevant
for videre arbeid er en utvidelse av sjøbunnsegenskaptilfellet, slik at dette inklude-
rer mobiliseringslengde. I tillegg kan flere undertilfeller for stigerørtilfellet legges
til, slik at en større forståelse for denne faktoren kan bli oppnådd. Avslutningsvis
kan nye tilfeller skapes ved å kombinere de overnevnte tilfellene, for å se hvilken
innvirkning disse kombinasjonene vil ha på fenomenet kryp av brønnstrømsrør.
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Chapter 1

Introduction

In the oil and gas industry pipeline technology have been in constant development
since its’ humble beginnings in California a century ago [Guo et al., 2005]. Today,
as the offshore pipeline industry moves into more complex conditions, it faces
several challenges. One of these challenges are related to high temperature/high
pressure pipelines, which are situated on the seabed, and subjected to frequent
start-ups and shut-downs during its’ life cycle. One of the phenomena connected
to this situation is that the pipeline moves axially towards its’ cold end, which is
the end of the pipeline furthest from the well. This global, axial displacement of
the pipeline is termed pipeline walking.

The aim of this thesis is to give an introduction to the offshore pipeline industry,
with focus on the topics related to the concept of pipeline walking. Further,
the phenomena of pipeline walking will be presented and described. To be able
to obtain a clear understanding of this phenomena, a walking scenario will be
defined. This case study will include relevant physical quantities, so that walking
will occur. In the aim of gaining a larger insight into the walking phenomenon,
several walking inducing factors will be assessed through the sensitivity analysis,
performed with the software SIMLA. These factors’ effect on pipeline walking will
be documented, and presented. The results from the case study will, in agreement
with the supervisor, be compared to analytical solutions already existing in the
literature [Sævik, 2013].

The main source of information is articles concerning pipeline walking and related
topics. This thesis have been written in cooperation with IKM Ocean Design. The
co-supervisor at IKM OD, as well as provided internal reports, have thus been
sources of information. The SAFEBUCK Joint Industry Project have contributed
to several articles on the subject of pipeline walking, and have been a considerable
source when writing this thesis. All references are listed in the Bibliography.

This thesis starts off by introducing the offshore pipeline industry in Chapter 2,
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before the walking phenomenon is outlined in Chapter 3. A brief review of the
SAFEBUCK JIP will be presented in Chapter 4. The information about the case
study and its’ results can be found in Chapter 5 and Chapter 6, respectively.
Chapter 7 and Chapter 8 concentrate on conclusions and possible further work.
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Chapter 2

Offshore Pipeline Technology

The subjects presented in this chapter will generally concern the topic of offshore
pipeline technology. It has been chosen to focus on the topics most relevant for
pipeline walking, thus the sections may vary when it comes to depth and details
outlined.

As earlier mentioned, pipelines have been used in the offshore industry for approx-
imately a century, and are widely in use today. Offshore pipelines can be classified
as shown below [Bai and Bai, 2005].

• Export (transportation) pipelines

• Flowlines to transfer product from a platform to export lines

• Water injection or chemical injection flowlines

• Flowlines to transfer product between platforms, subsea manifolds and satel-
lite wells

• Pipeline bundles

An illustration of this classification can be seen in Figure 2.1, which is provided
by [Guo et al., 2005].
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2.1. PIPELINE DESIGN

Figure 2.1: The Use of Offshore Pipelines

Figure 2.1 above show the use of pipelines in the offshore industry. This thesis’
main focus is pipelines that are susceptible to walking. To be able to understand
the walking phenomenon properly, an introduction to pipeline design will be given.

2.1 Pipeline Design

When designing a pipeline there are several factors that need to be taken into
account, such as design loads and failure mechanisms. These factors will be briefly
introduced in this section.

A subsea pipeline resting on the seabed is susceptible to internal pressure due to
the transported medium in the pipeline, external hydrostatic pressure, temperature
loads and bending [Jee, 2013]. The internal pressure induce a tensile hoop stress
in the pipe wall, which is given in Equation 2.1 below. Assuming a thin wall
approximation, the hoop stress σh is given by

σh = (pi − pe)
D − t

2t (2.1)
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CHAPTER 2. OFFSHORE PIPELINE TECHNOLOGY

where pi is the internal pressure, pe is the external pressure, D is the outside
diameter of the pipeline and t is the wall thickness. If this stress reaches the
ultimate tensile strength of the material, the pipeline may burst. This is the
failure mechanism connected to internal pressure.

If the external pressure become excessive, compressive hoop stress will be induced,
and the pipeline may collapse. This is the failure mechanism connected to external
pressure.

External pressure can also lead to a local buckle, which often is induced by several
combined loadings. These combined loadings may consist of internal or exter-
nal pressure, bending moment and an axial load due to change in temperature.
Local buckling is thus the failure mechanism connected to so-called third party
interference.

There are two approaches to pipeline design; allowable stress design and limit-
state design. The first approach is the traditional kind, where the basis is to
consider the worst case loads together with the minimum possible strength, and in
addition apply a safety factor. On the other hand, limit-state design is based on the
probability of worst failure mode occurring, in correlation with the consequence
of this happening. Both approaches result in an acceptable design in the end
[Jee, 2013].

Other phenomena that needs to be taken into account in the design phase are
global lateral and upheaval buckling, as well as pipeline walking. Lateral buckling
is Euler buckling induced in a pipeline laying on the seabed surface. The lateral
buckling of the pipeline relieves axial loading. Upheaval buckling is also Euler
buckling, and is relevant for buried pipelines, where the axial force increase due to
increasing temperature and pressure. This forces the pipe to displace vertically.
Upheaval buckles tend to be more severe than lateral buckles. The reason for this
is that the deflection in an upheaval buckle is concentrated in one upheaval, while
lateral buckles tend to snake on the seabed [Jee, 2013].

As earlier stated, pipeline walking is the globally axial displacement of a pipeline.
The pipeline walks cycle wise towards the cool end in correspondence with the
start-ups and shut-downs during the design life. These movements are thus detri-
mental for the end connection design.

One of the main drivers behind pipeline walking, is the loads induced by heat
transfer in the pipeline. For this reason the topic of heat transfer will be introduced
next.

2.2 Heat Transfer

When a pipeline is in operating condition, the well medium will heat the pipeline
from the inlet end and axially outwards in the pipeline. At the same time there
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2.3. PIPELINE EXPANSION

will be an external heat loss by convection to the surrounding sea water. The
temperature decay due to the ambient temperature along the pipeline may be
modelled with an exponential profile [Jee, 2013].

Heat transfer may be regarded both as steady state and transient, dependant on
which case one is dealing with. As stated above, the temperature will fall as the
flow travels along the pipeline due to convection. The arrival temperature, i.e. the
temperature at the outlet, of the flow medium may be determined by a steady state
analysis. However, if the steady flow condition is interrupted by e.g. maintenance
work, the pipeline content will cool down. At this point the heat transfer becomes
a transient condition.

The transient heat transfer have properties of thermal conductivity, density and
specific heat capacity, while the steady state heat transfer is a property of thermal
conductivity alone. The temperature conditions in the case study in this thesis is
described by transient heat transfer.

Heat transfer may lead to the pipeline expansion, which is the topic that will be
outlined in the next section.

2.3 Pipeline Expansion

Given an exposed pipeline on a flat seabed with free ends, the pipeline will tend to
expand when internal temperature and pressure rise to operating conditions. As a
result of this pipeline expansion, the frictional resistance of the seabed soil will be
mobilised, and an axial compressive force opposing this expansion will thus arise.
Consequently, an effective axial compressive force will build up in the pipeline.
This effective force increase from the free ends until a force equilibrium is reached.

Whether such a force equilibrium is met, depends on the available friction resis-
tance. If this friction resistance is not sufficient to restrain the pipeline completely
at any point along the pipeline, the pipeline in question is a so-called "short"
pipeline. In this case, a form of force equilibrium will exist, and this is called a vir-
tual anchor point. Given constant friction and pipe properties along the pipeline,
this virtual anchor point will be situated at the middle of the pipeline. See Fig-
ure 2.2a, gathered from [IKM, 20xx].

If there is sufficient frictional resistance present, the strain that is caused by the
frictional resistance will counterbalance the sum of thermal and pressure strains.
In other words further movement is prevented, and this pipeline is a so-called
"long" pipeline. In this case a section of the pipeline will be fully restrained, and
this portion of the pipeline is often referred to as the anchor zone, with one anchor
point in each end of the zone. See Figure 2.2b, gathered from [IKM, 20xx].
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(a) Effective Force Distribution for Short
Pipeline

(b) Effective Force Distribution for Long
Pipeline

Figure 2.2: Effective Force Distribution for Long and Short Pipelines

The theory behind long and short pipelines will be further outlined in Section 3.1
and Section 3.2 in Chapter 3.

2.4 Pipeline/Soil Interaction

As outlined in Section 2.3 above, an expanding pipeline due to increasing temper-
ature and pressure, will induce an axial compressive force in the pipeline. This
behaviour is dependant of the pipeline/soil interaction, which will be further ex-
plained in this section.

According to [Bruton et al., 2008] the pipe/soil response is the greatest uncertainty
in the design of pipelines prone to walking. Most previous research into pipe/soil
interaction has concerned stability under hydrodynamic loading, and not the actual
interaction described in the paragraph above. The subject of pipe/soil interaction
becomes more and more important as subsea pipelines are required to operate at
higher temperatures and pressures. This can lead to uncontrolled lateral buckling,
as well as global axial displacement. To be able to assess these two phenomena,
and especially the latter, a correct modelling of the pipe/soil properties is essential.

The pipe/soil interaction model consists of a seabed stiffness and an equiv-
alent friction definition to represent the soil resisting any movement of the
pipe [Bai and Bai, 2005]. The interaction between pipe and soil is usually
modelled by attaching pipe/soil elements in intervals along the pipeline length
[Bruton et al., 2008]. These elements represent the axial and lateral forces that
influence the pipe/soil interaction.

To be able to model the pipe/soil interaction, a simple friction factor is used,
although this may represent an over-simplification of the behaviour in question
[Bruton et al., 2008]. A non-linear force/displacement response is thus better to
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represent pipe/soil behaviour, and is represented by an equivalent friction factor.
This coefficient is given by dividing the maximum resistance in the pipeline by
the submerged weight of the pipeline. The equivalent friction for sand is mainly
based on coulumb friction, while clay is usually modelled with the use of diagrams
including peak friction [Foss, 2013].

Although a friction factor is used to model the pipe/soil interaction, there are
several factors that influence this behaviour. These include embedment of the
pipeline, the soil conditions in general and the previous history of pipe movement
[Bruton et al., 2008]. For this reason it is advisable to include both upper an
lower bound values for the equivalent friction factor. This may be explained by
Figure 2.3, which is provided by [Bruton et al., 2008].

Figure 2.3: Effective Axial Force for two values of Equivalent Friction Factor µa

In Figure 2.3 two equivalent friction factors are used, an upper value of µa = 0.58
and a lower value of µa = 0.10. With reference to Figure 2.2 in Section 2.3 one
can see that with µa = 0.10 the pipeline behaves like a short pipeline, while with
µa = 0.58 it behaves like a long pipeline. Thus the pipeline will walk for the lower
bound equivalent friction coefficient, and not walk for the upper bound equivalent
friction coefficient.

The fully constrained force, represented by a red line in Figure 2.3 above, is the
maximum axial force that can occur in a pipeline and is the driving force with
respect to axial expansion and structural response [Bruton et al., 2008]. There is
a slight fall in the fully constrained force due to heat loss to the environment. The
effective axial forces of the pipeline are zero at the free ends, since they are free to
expand.

The extent of pipeline walking is highly dependant of the pipe/soil interaction. The
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subjects introduced in this section will be further outlined through the explanation
of the pipeline walking phenomenon in the following chapter.
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Chapter 3

Pipeline Walking

As stated in the introduction and in the previous chapter, pipeline walking is a
global, axial displacement of an entire pipeline due changes in operating conditions,
and especially due to subsequent start-up and shut-down cycles, i.e. cyclic loading.
Over several cycles this can lead to a significant total displacement of the pipeline,
and thus be detrimental to the end connection design.

According to [Carr et al., 2008] walking itself is not a limit state, but without
consideration it can lead to

• over-stressing spoolpieces/jumpers

• loss of tension in steel catenary risers

• increased loading within a lateral buckle

• need for restraint using anchors

• route-curve pullout of restrained system

The earlier introduced short pipelines are most prone to walking, which occur
under cyclic loading. Pipeline walking does not reduce with the number of cycles
[Carr et al., 2008]. The factors in the following bullet list influence the walking
behaviour. These factors are

• thermal gradients along the pipeline

• the seabed conditions

• the seabed slope

• tension created by a steel catenary riser
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In this chapter these factors will be investigated, and the walking phenomenon will
be further described and outlined.

3.1 Long and Short Pipelines

In [Tørnes et al., 2000] it is stated that whether a pipeline behaves like a long
or short pipeline in operating conditions is the most important question when
investigating if a pipeline is prone to walk or not. For this reason the theory of
long and short pipelines will be outlined in this section.

Given a pipeline with free ends resting on a flat seabed, where constant pressure
and temperature is applied; as earlier described, the pipeline will expand, and an
effective axial force will consequently build up in the pipeline due to the mobilised
forces in the seabed. The effective axial force builds up from zero at the free ends,
and increase towards the middle of the pipeline.

3.1.1 Long Pipelines

For a long pipeline the effective axial force will increase to a point where it will
counteract the sum of pressure and thermal strains. At this point the anchor zone,
introduced in Section 2.3, arise. The pipeline is now fully constrained, and no axial
displacement can occur. This development is illustrated in Figure 3.1, provided
by [Tørnes et al., 2000].
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Figure 3.1: Long Pipeline Development

The slope µ in Figure 3.1 b) above is the earlier introduced equivalent axial friction
factor. It is given by

µa = f

W
(3.1)

where f is the effective axial friction force [N/m] and W is the submerged unit
weight [N/m] [Carr et al., 2008]. It should be noted that the constant anchor zone
in Figure 3.1 b) should have had a slope due to heat loss, like shown in Figure 2.3
in Section 2.4. The fully constrained force in Figure 3.1 b) is shown to be constant
for simplicity.
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3.1.2 Short Pipelines

If the earlier introduced pipeline do not reach the point where the effective axial
force counteracts the sum of pressure and thermal strains, the pipeline will be
defined as short. The pipeline is thus fully mobilised, and axial displacement
along the whole length will occur. In this case a sort of balance will still arise, and
this is the virtual anchor point first mentioned in Section 2.3.

The development for a short pipeline is shown in Figure 3.2, also provided by
[Tørnes et al., 2000], in the same manner as for the long pipeline.
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Figure 3.2: Short Pipeline Development
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3.2. WALKING MECHANISMS AND DEFINITIONS

The virtual anchor point is where the effective compressive force has its’ peak,
and where the stationary point is located [Tørnes et al., 2000]. This becomes clear
when studying Figure 3.2 b). Due to symmetry, the virtual anchor point is located
at the middle of the pipeline. Examples of cases where the virtual anchor point
is not located at the middle, will be given in Section 3.3. But first, the walking
mechanisms and relevant definitions will be presented.

3.2 Walking Mechanisms and Definitions

Figure 3.2 in the previous section also show the cool-down of the pipeline. As
the temperature and pressure decrease, the pipeline will tend to contract. In
this process frictional resistance will develop, and thus oppose the movement.
However, the pipeline and seabed must travel a small distance relative to each
other before the full frictional resistance has been build up in the opposite direction
[Tørnes et al., 2000]. This distance is equal to twice the mobilisation length γ,
which can be seen in Figure 3.2 and Figure 3.1 above. The mobilisation length
is defined as the amount of axial elastic displacement that occur before the full
effective friction force is generated [Carr et al., 2008].

In short this means that the pipeline does not walk back towards its’ initial position
as soon as the cool-down process start, this is dependant of the mobilisation length.
As a consequence, the pipeline will not contract all the way back to this original
position. This forth, but not all the way back, process – which leads to a global
displacement of the whole pipeline – is the walk in pipeline walking.

This displacement is illustrated in Figure 3.3 below.

Figure 3.3: Axial Displacement of a Pipeline for the Base Case in the Case Study

Figure 3.3 show the displacement of the (from left to right) first, middle and last
node of the pipeline in the base case analysed in this thesis. Details around this case
study will be presented in Chapter 5. The blue, vertical lines represent the starting
point for each load cycle, that is one heat-up and one cool-down. From the figure,
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and particularly by studying the plot of the middle node’s movement, one can see
the movement described in the paragraph above, and the mechanisms becomes
more evident. Figure 3.4 is a more detailed version of the plot of the displacement
of the middle node in Figure 3.3, and introduce a couple of important definitions,
initially introduced in [Carr et al., 2008].

Figure 3.4: Detail of the Axial Displacement of the Middle Node of a Pipeline,
with Definitions

The peak displacement illustrated in Figure 3.4 above is the maximum displace-
ment the pipeline will undergo in the course of one cycle, before it contracts at
cool-down. This contraction, which occur when the pressure and temperature de-
crease, is defined as the elastic recovery. When the cycle is at its’ end, there has
been a permanent walk. This permanent walk, occurring over one cycle, is referred
to as the walk per cycle.

The earlier described long and short pipelines may also be categorized by a formula
given in [Carr et al., 2008], with associated intervals for each. A third and inter-
mediate case is also included in this categorisation, which is given in Equation 3.2
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below.

f

f∗
< 1 for the short pipeline

1 < f

f∗
< 2 for the intermediate case

f

f∗
> 2 for the long pipeline

(3.2)

where f is the effective axial friction force and f∗ = |∆P |
L is the friction force at

which cyclic constraint occurs. ∆P is the fully constrained force, and L is the
pipeline length.

One can see from Equation 3.2 that if the effective friction force is less than f∗,
the pipeline is fully mobilised (i.e. short). For a pipeline to reach full constraint
on first heat-up, the effective friction force must be larger than 2f∗ (i.e. long).
The intermediate case is described in [Carr et al., 2008] as the case where the fully
constrained force is large enough to overcome the friction on first heat-up, but not
on cool-down. This may lead to a cyclically constrained pipeline, which will vary
its’ behaviour dependant on where in the f

f∗ interval it is located. If it is close to
1, it will mostly resemble the behaviour of a short pipeline, while it will behave
like a long pipeline if it is closer to 2.

The subjects outlined in this section have been based on the fact that the pipeline
in question have been resting on a flat seabed, and have been subjected to constant
temperature and pressure. In the following section several factors that may alter
the rate of walking will be introduced.

3.3 Factors Influencing the Rate of Walking

In this section the factors influencing pipeline walking, which were introduced
earlier in this chapter, will be outlined.

3.3.1 Thermal Gradients along the Pipeline

It has been mentioned earlier that when a pipeline walks, the movement is directed
towards the cold end. In this subsection, this expression will be clarified, and the
background for thermal loading will be introduced.

The direction of flow, and the resulting transients, decide the direction the pipeline
walks. For this reason, it is important to take these into consideration when it
comes to pipeline walking [Carr et al., 2008]. Figure 3.5 show the temperature
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transients that the pipeline analysed in this thesis is subjected to. Details around
this case study will be presented in Chapter 5.

Figure 3.5: Distribution of the Temperatures over the Pipeline Length

The temperature transients are illustrated by the red lines shown in Figure 3.5.
Each red line represent the collection of temperatures the pipeline is subjected
to for each time step. The x-axis show the distance from the well, while the y-
axis show the temperature. At the x-axis, x = 0 is closest to the wellhead, while
x = 3000 is the point at the pipeline furthest from the wellhead. From the figure,
it becomes clear that the hot end is closest to the wellhead, and the cold end is
at the facility, or possibly the riser. The direction of walking is generally towards
the cold end, i.e. towards the facility/riser.

The steepness of the thermal gradients is the key driver behind walking behaviour,
especially the early stages of heat-up. In the early stages the cold end has not yet
exceeded the ambient temperature. Another important factor is the shape of the
thermal profile, which is developed over time as the pipeline heats up. The steeper
the profile is, i.e. the higher the gradient, the more prone to walking the pipeline
will be. If the thermal transient is extremely high, even a fully constraint section
is not enough to keep the pipeline from walking [Carr et al., 2008].

3.3.2 The Seabed Conditions

The seabed conditions – which here translates to the pipe/soil interaction, and in
particular the equivalent friction factor and the mobilisation length – have a great
impact on the rate of walk per cycle. In [Tørnes et al., 2000] a sensitivity analysis

19



3.3. FACTORS INFLUENCING THE RATE OF WALKING

was performed, where both of these factors were assessed. It was found that the
walk per cycle decreased as the mobilisation length increased. This corresponds
with the description of the walking phenomena in Section 3.2, as well as the results
found in [Carr et al., 2008].

Figure 3.6: Effect of Mobilisation Length on Walking

Figure 3.6, provided by [Carr et al., 2008], show that the midline displacement
increase with each cycle, as the mobilisation length decrease. In addition, the
figure also show that the elastic recovery increase with increasing mobilisation
length.

When it comes to the equivalent friction factor, [Tørnes et al., 2000] found that
the walk per cycle increase as the equivalent friction factor increase, up to a certain
point. After this point, the walk per cycle will decrease as the friction factor con-
tinue to increase. This can be seen in Figure 3.7, provided by [Tørnes et al., 2000].
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Figure 3.7: Walk per Cycle as a Function of the Friction Force

Here, the x axis show the pipe/clay friction force instead of for the friction factor,
but the principle is still the same. The figure show several properties concerning
the pipe/soil relationship. For very high friction factors, the pipeline will behave
like a long pipeline, and be fully constrained. For low friction factors, the pipeline
will become fully mobilised before the transients have had the time to pass along
the pipeline. Thus, the pipeline stops walking before the whole pipeline is heated.
The highest walk per cycle in this case is found to occur for Fr ≈ 840 [N/m]
[Tørnes et al., 2000]. The highest walk per cycle occur when the pipeline reaches
full mobilisation close to when the transient reaches the cold end of the pipeline
[Carr et al., 2008].

The effect of change in the equivalent friction factor will be assessed in the case
study in Chapter 5.

3.3.3 The Seabed Slope

A seabed slope, defined by an angle α along the pipeline’s route can cause walking
for each load cycle. The reason for this is that the pipeline weight acts in the
direction of expansion. This will thus contribute to the walking – or counteract it
– dependant on whether α is larger or smaller than zero. Figure 3.8, provided by
[Carr et al., 2008], show the seabed slope sign convention.
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Figure 3.8: Seabed Slope Sign Convention

In the figure above, the angle is denoted φ, while the seabed angle will be denoted
with α throughout the rest of this thesis. The inlet is the hot end of the pipeline,
while the outlet is the cold end.

Figure 3.8 show a case where the weight of the pipeline will contribute to the
walking. As a consequence, the global displacement of the pipeline will increase
with an increasing angle.

The effect of a changing seabed slope will be assessed in the Case Study in
Chapter 5.

3.3.4 Pipeline with Global Lateral Buckle

In this subsection a pipeline resting on a flat seabed with an initial global lateral
buckle – a so called snake lay configuration – will be introduced, together with the
theory describing this case.

When there is a buckle in the pipeline, the effective axial force decrease signif-
icantly. The reason for this is that the pipeline feeds axially into the buckle
[Bruton et al., 2008]. This means that when the pipeline in question is subjected
to increasing pressure and temperature, the direction of the expansion changes, i.e.
the pipeline expands both towards the ends of the pipeline and into the buckle. In
other words; the pipeline will still walk, but the global displacement will in total
be smaller.

The effect of subjecting thermal transients to a pipeline with different initial buck-
les will be assessed in the case study in Chapter 5.

3.3.5 Tension Created by a Steel Catenary Riser

As mentioned earlier in this thesis, the cold end of the pipeline is the end in con-
nection with the facility or riser. In deep water field developments a steel catenary
riser (SCR) is usually the connection between the pipeline and the reception facil-
ity. The design of the SCR is so that it pulls the pipeline into tension at the SCR
touch-down zone [Carr et al., 2008]. Figure 3.9, provided by [Brunner et al., 2006]
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and amended to fit the case, show a floating production system (FPS) with a steel
catenary riser connected to a pipeline at the SCR touch down point (TDP).

Figure 3.9: SCR and Pipeline

The introduction of this tension may cause the pipeline to walk under subsequent
cycles. The tension applied by the SCR will vary, depending on the sea state
conditions the FPS is subjected to. The tension from the SCR to the cold end of
the pipeline will thus fluctuate with the period of the motion of the FPS.

The effect of linking a SCR to the cold end of a pipeline will be assessed in the
case study in Chapter 5.
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3.4 Walking Mitigation

It has been established earlier in this thesis that pipeline walking can lead to
failures at tie-ins and risers. For this reason it is desirable to limit the extent of
the large axial displacements walking can lead to. In [Perinet and Simon, 2011] it
is stated that it is safer to provide mitigation measures to prevent pipeline walking
than attempting to design the system so that the loads and displacements that
would occur can be accommodated.

Hold-back anchors are commonly employed in the industry to control pipeline
walking [Bruton et al., 2005]. This may however result in drawbacks for the over-
all design. When the pipeline goes through its’ subsequent cycles, it also shuts
down between the cycles. This induce additional tension due to the restraining
anchors. For certain field layouts and routes, this may lead to lateral displacement
[Bruton et al., 2005], and must thus be assessed in an early design stage.

Figure 3.10, provided by [Perinet and Simon, 2011], show an example of a mid-line
anchor.

Figure 3.10: Anchor and Chain Restraint for a Pipeline

There are several ways to restrain the pipeline by anchors, and the above figure
show one of them. It is also common to anchor the pipeline in its’ ends. The anchor
at the first end is quite practical to include in the system, since it is easily incorpo-
rated in the pipe laying process. However, anchoring the second end of the pipeline,
in the process of terminating the pipe laying process, requires a more complex solu-
tion [Perinet and Simon, 2011]. According to [Bruton and Carr, 2011] the walking
can be controlled by using anchors at the end from which the pipeline is walking.
This solve the impracticalities related to the pipe laying process, although the
pipeline would still be subjected to high levels of tension at shut-down.
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Chapter 4

The SAFEBUCK JIP

As subsea pipelines are increasingly being required to operate at higher tempera-
tures and pressures, the uncertainty around phenomena like pipeline walking and
lateral buckling increase [Bruton and Carr, 2011]. The SAFEBUCK Joint Indus-
try Project (SAFEBUCK JIP) was initiated to address these challenges.

Prior to this initiative the offshore industry witnessed a number of failures due to
both lateral buckling and pipeline walking [Bruton and Carr, 2011], and there was
a general agreement in the international pipeline industry to investigate these phe-
nomena. The SAFEBUCK JIP was thus initiated in 2002 by Boreas Consultants,
with contributions from Cambridge University and OTM Consulting. Boreas Con-
sulting was acquired by Atkins in 2007, and Atkins has today the role as the JIP
Lead [Atkins et al., 2013]. Several companies have joined the project throughout
the years, and 18 companies are currently participants. Several of the methods
and theories established through the JIP have been implemented in today’s oil and
gas projects [Atkins et al., 2013].

In this chapter the four stages in the JIP will be briefly introduced, and the parts
relevant for the subjects in this thesis will be emphasised.

4.1 Phase I and II

The first two phases of the SAFEBUCK JIP resulted in the first design guideline for
on-bottom lateral buckling, covering both single pipe and pipe-in-pipe pipelines.
Analytical methods for assessing both lateral buckling and pipeline walking were
established. In addition, several force-displacement response models for pipe/soil
interaction were developed during Phase I of the JIP. These models are now used
by the participants in the JIP to quantify the susceptibility to pipeline walking
and lateral buckling [Bruton et al., 2008].
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The knowledge from Phase I and II is captured in the SAFEBUCK Design Guide-
line [Atkins et al., 2013]. See also Figure 4.1 below, provided by [Bruton and Carr, 2011],
which illustrate the scope of work performed to obtain the design guideline after
Phase I.

Figure 4.1: Scope of Work for the SAFEBUCK JIP Phase I

4.2 Phase III and Phase GEO

Phase III and Phase GEO of the SAFEBUCK JIP was run in parallel from the
beginning of 2010.

The scope of work for Phase III contained a verification process of the reliability of
the design methodology in the industry. The aim was to reduce over-conservatism
in the design process. In addition, the formalisation of the SAFEBUCK Design
Guideline into an Industry Recommended Practice was included in the scope of
work [Atkins et al., 2013].

Phase GEO’s scope of work contained a review of axial friction response, based on
tests performed in the course of the JIP. By conducting this part, the aim was to
improve the understanding of pipeline walking. As a continuation from Phase I, a
new ’force-resultant plasticity model’ was to be developed, with an aim to include
this model in existing software packages that are used in the offshore pipeline
industry today [Atkins et al., 2013].
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4.3 Results from the SAFEBUCK JIP

The SAFEBUCK JIP have up to this day resulted in a design guideline for lateral
buckling and pipeline walking, called the SAFEBUCK Design Guideline. This
guideline is consistent with both of the current design codes DnV OS-F101 and
API RP 1111, which are wideliy used in the industry today. In addition, several
articles that enters into the core of the phenomena of both pipeline walking and
lateral buckling have been produced. Many of these articles have been read in
the course of working with this thesis, and some of these can be found in the
Bibliography.

The aim of the JIP is to obtain a greater level of sharing of information from
operating pipelines on recent projects in the industry, and to obtain a greater
understanding of the challenges addressed. As long as this is done without sharing
potentially sensitive project specific data, this is a mindset that all involved parties
will benefit from.

When cooperating in exploring a phenomena like pipeline walking, and finding
ways to address the challenges that follows this behaviour, the whole offshore
pipeline industry will benefit from projects like the SAFEBUCK JIP.
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Chapter 5

Case Study

The previous chapters in this thesis have been devoted to the theory of offshore
pipeline technology, pipeline walking and a review of the SAFEBUCK JIP. This
chapter will deal with the case study performed in the course of working with this
master thesis. The aim of this case study have been to obtain a better understand-
ing of the walking phenomenon with use of the MARINTEK software SIMLA.

The case study have consisted of a sensitivity analysis performed on a pipeline
susceptible to walking. This pipeline scenario was defined in cooperation with the
co-advisor from IKM Ocean Design (IKM OD). An earlier project, carried out by
IKM OD, was used as a starting point. The final design data for the pipeline that
was analysed can be found in Table 5.1 in Section 5.2. The thermal transients
used in the case study was provided by the same project, and a presentation of
these can be found in Section 5.2.2.

Oceanographic data, such as waves and current, have been neglected throughout
this case study, with one exception. In the simulation of the SCR the period of
the FPS have been included. This will be further described in Section 5.2.7.

5.1 Software and Programming Languages

Several computer programs and programming languages have been used in the
course of working with this thesis, and these will be presented in this section.

5.1.1 SIMLA

SIMLA is a special purpose computer tool for engineering analysis of offshore
pipelines during design, installation and operation. Bot a 2D and 3D FEM solu-

29



5.1. SOFTWARE AND PROGRAMMING LANGUAGES

tion, each with its own associated degrees of freedom for each element in a linear
and elastoplastic material model, is available [MARINTEK, 2013].

In this thesis SIMLA have been used to analyse each of the pipeline cases in the
sensitivity analysis, which will be presented in the next section. This have been
done by making use of implicit time integration on each equilibrium equation,
which have been incrementally and dynamically solved in time and space.

Two input files, autostart.sif and restart.sif, have been used as a basis for each
case in the case study. The input files have been amended to fit each case in the
sensitivity analysis, and this will thus be described under the relevant sections in
Section 5.2 in this chapter. The input files can be found under \SIMLA in the
electronic appendix, which is separately enclosed. The SIMLA model used in the
sensitivity analysis will be presented in Section 5.2.1.

5.1.2 FlexEdit and Xpost

FlexEdit and Xpost are two MARINTEK programs that are included in the utility
package that follows the SIMLA software. FlexEdit is an editor, while Xpost is a
visualisation program.

FlexEdit was in this thesis used to edit all the input files, as well as running
SIMLA. Xpost was used to visualise the different cases, and extract relevant dy-
namic results.

5.1.3 MATLAB

MATLAB is a high-level language and interactive environment for numerical com-
putation, visualisation and programming [MATLAB, 2013].

The results extracted from Xpost have been processed and plotted using MATLAB.
These plots can mainly be seen in Chapter 6. MATLAB have also been used
to plot the thermal transients. The walk per cycle in each case have also been
calculated using MATLAB, and the results from these calculations can also be
seen in Chapter 6, as well as in Appendix B. In addition, the analytical results
have been calculated, plotted and compared to the results from SIMLA with the
use of MATLAB. All MATLAB scripts can be found in the electronic appendix,
which is separately enclosed.

5.1.4 Python and SciTE

Python is a dynamic programming language with an open source license, which is
administered by the Python Software Foundation.
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In this thesis Python 2.7 have been used, together with a couple of packages
developed by IKM OD and the Python(x,y) package. SciTE is an editor that
Python(x,y), and have been used to edit the python scripts. One script have
been used to be able to run several SIMLA simulations within the same case
consecutively, and another script have been used to plot the effective axial friction
force diagrams. The scripts used can be found in the electronic appendix.

5.2 Sensitivity Analysis

The sensitivity analysis was performed on a 3000 [m] long pipeline with charac-
teristics as shown in Table 5.1. The numerical values were provided by IKM OD,
and thus given in [IKM, 20xx].

Characteristics Information/Value Dimension
(if applicable)

Transported medium Well stream (N/A)

Pipe Material Carbon steel with (N/A)corrosion allowance
Internal Diameter (ID) 266.7 [mm]
Wall thickness 19.1 [mm]
Mean radius 142.9 [mm]
Outer Diameter (OD) 422.9 [mm]
Steel OD 304.9 [mm]
Corrosion Allowance 3.0 [mm]
Steel Grade DNV SMLS 450 FPDU (N/A)
Steel Density 7 850 [kg/m3]
Young’s Modulus @ 20 ◦C 207 [GPa]
Specified Minimum Yield
Stress (SMYS) @ 20 ◦C 450 [MPa]

Specified Minimum Tensile
Strength (SMTS) @ 20 ◦C 535 [MPa]

Material de-rating
@ design temp 20 [MPa]

Poisson’s Ratio 0.3
Thermal Coefficient 1.17x10−5 [1/◦C]
Design Pressure,
seabed level 307 [bar]

Design Temperature 78 [◦C]

Table 5.1: Design data for the Given Pipeline
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5.2.1 The SIMLA Model

To be able to perform the sensitivity analysis, the pipeline with characteristics as
shown in Table 5.1 above, together with the seabed and sea surface, had to be
modelled in SIMLA.

The pipeline model consists of beam elements, and the element type is defined as
pipe33, which is a 3D element with constant axial strain and torsion. The material
of the pipeline elements is defined as elastoplastic. The stress/strain relationship
can be seen in Figure 5.1 below.

Figure 5.1: The Stress/strain Relationship for the Pipe Elements

The number of elements in the pipeline model was decided through an element
sensitivity study, which is presented in Section 5.2.3 below.

The seabed model consists of elements of the type cont126, which is a 3D seabed
contact element. A text file, containing information about water depth in, and
xyz coordinates of, each point in the seabed, describes the nature of the seabed.
The material of the seabed elements are defined by several sub-materials with
both elastoplastic and hyperelastic behaviour. The connection between the pipe33
elements and the cont126 elements are modelled with springs.

The sea surface model consists of sea150 elements, which are defined with a density
of ρ = 1026 [kg/m3].

Figure 5.2 below show the SIMLA model as it can be seen in Xpost. This is the
so-called base case, which is the starting point for the sensitivity analysis.
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Figure 5.2: The SIMLA Model for the Base Case Shown in Xpost

5.2.2 Temperature Transients

The temperature transients were adopted from one of IKM’s previous projects, so
that the transients would be as authentic as possible. This was done by importing
363 text files into the SIMLA model, each containing a [322,2] matrix with time
steps and the corresponding numerical value for the temperature.

The temperature files were evenly distributed over the elements, and these files
can be seen the electronic appendix. Each file contain different numerical values
for the temperatures, so that the heat transfer along the pipeline is represented.
The temperature transients are illustrated in Figure 5.3 below.
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Figure 5.3: Distribution of the Temperatures over the Pipeline Length

Each line in Figure 5.3 above is the collection of the temperatures at one specific
time step from each text file. 322 time steps with associated temperatures, of 8051
time steps in total, had been chosen to represent the temperature varying over
the pipeline. The MATLAB script used to plot the temperature transients can be
seen in the separately attached electronic appendix.

5.2.3 Element Length

To be able to assess the element length’s impact on the simulations’ running time,
several element lengths were tested in SIMLA. The running time of one particu-
lar simulation will increase minimum fourfold when doubling the element length
[Sævik, 2013]. Thus, it was considered important to find the optimum element
length. The element lengths that was tested can be seen in Table 5.2 below.
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Number of Elements Element Length [m]
1 300 2.31
1 200 2.50
1 100 2.72
1 000 3.00
900 3.33
800 3.75
750 4.00

Table 5.2: Element Lengths

The model with 900 elements was considered to be the best choice for further
simulations. The results and discussions that was the basis for this decision can
be seen in Section 6.1.

5.2.4 The Seabed Conditions

As stated in Section 2.4, the pipe/soil interaction is of great importance when
it comes to pipeline walking. To assess the effect of different seabed conditions,
several simulations were run with different equivalent axial friction factors. These
factors were based on Coulomb friction, and were included in the seabed elements’
material definition. The Coulomb friction for the base case can be seen in Fig-
ure 5.4 below.

Figure 5.4: The Coulomb Friction for the Base Case
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The numerical values for the equivalent friction factors included in the sensitivity
analysis can be seen in Table 5.3, while the plots for µa = 0.1, µa = 1.1 and
µa = 2.1 can be seen in Figure 5.5.

Equivalent 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Friction Factors 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 3.1 2.2

Table 5.3: The Equivalent Friction Factors Included in the Sensitivity Analysis

(a) Coulomb Friction Diagram
for µa = 0.1

(b) Coulomb Friction Diagram
for µa = 1.1

(c) Coulomb Friction Diagram
for µa = 2.1

Figure 5.5: The Coulomb Friction for Three of the Cases in the Sensitivity
Analysis

The results from the seabed conditions analysis can be found in Section 6.3.

5.2.5 The Seabed Slope

To assess the influence of a changing seabed slope on pipeline walking, several
seabed angles were included in the SIMLA simulations. This was done by import-
ing different route files into the seabed configuration.
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The route files were modified by changing the depth along the pipeline length,
and thus increasing or decreasing the seabed slope. The seabed angles that were
included in this part of the sensitivity analysis, as well as the associated start and
end depths, can be seen in Table 5.4. The relevant route files can be seen in the
separately attached electronic appendix under \SIMLA\Route Files.

Seabed Angle α [ ◦] Depth at
Node 1 [m]

Depth at
Node 901 [m]

-2.5 300.29 130.00
-2.0 266.25 130.00
-1.5 232.19 130.00
-1.0 198.13 130.00
-0.5 164.07 130.00
0.0 130.00 130.00
0.5 130.00 164.07
1.0 130.00 198.13
1.5 130.00 232.19
2.0 130.00 266.25
2.5 130.00 300.29

Table 5.4: Seabed Slope Values

The new depths were found by the use of the principles shown in Figure 5.6, and
the formula shown in Equation 5.1.

Figure 5.6: Principles for Calculating the New Depths of the Sea Floor

Hnew = H + Lseafloor sinα (5.1)

Here ∆H is the change in depth, and Hnew is the new depth either at Node 1 or
Node 901, to obtain the seabed angle α. H is the original depth of 130 [m], and
Lseafloor = 3 903.94 [m] is the length of the sea floor included in the seabed
model.
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Figure 5.6 above is equivalent to Figure 3.8, previously shown in Section 3.3.3.
The hot end/inlet is to the left, while the cold end/outlet is to the right in both
figures, which is valid for α > 0. For α < 0, the hot and cold end switch places,
i.e. the inlet is at the bottom of the slope.

After running simulations with the angles in Table 5.4, it was decided to run
simulations for the angles in the following table as well.

Seabed Angle α [ ◦]
-0.40
-0.45
-0.50
-0.55
-0.60

Table 5.5: Seabed Slope Values for the Detailed Case

The reason for including the angles in Table 5.5 in the case study as well will
be presented in Section 6.4, together with all the results from the seabed slope
sensitivity analysis.

Analytical Solution

In agreement with the supervisor it was decided to use an analytical model from
the literature [Sævik, 2013], and in [Carr et al., 2008] an analytical model for the
seabed slope case is presented. The starting point for this model is presented in
Figure 5.7 below.

38



CHAPTER 5. CASE STUDY

Figure 5.7: Force Profile for Sloping Seabed

The walk per cycle can then be calculated by Equation 5.2, 5.3, 5.4, 5.5 and 5.6
introduced below.

The length between the virtual anchors can be calculated by

Xab = L tanα
µa

(5.2)

where Xab is the length between the virtual anchor points, L [m] is the pipeline
length, α [deg] is the angle of the seabed and µa [-] is the equivalent axial friction
factor. The change in axial force in the pipeline ∆Ss [N] over the length Xab [m]
is given by

∆Ss = −WL(µa cosα− | sinα|) (5.3)

where W is the submerged unit weight [N/m] of the pipeline. The change in fully
constrained axial force is given by

∆P = −(pi,2 − pi,1)Ai(1− 2ν)− EAsκ(θ2 − θ1) (5.4)
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where ∆P is the change in fully constrained axial force, pi is the internal pressure
[Pa], Ai is the cross sectional area of pipe inside diameter [m2], ν is the Poisson’s
Ratio, E is the Young’s Modulus [N/m2], κ is the coefficient of thermal expansion
[1/◦C] and θ is the operating temperature [1/◦C]. The change in axial strain is
given by

∆ε = ∆Ss −∆P
EA

(5.5)

where ∆ε is the change in axial strain. Based on the equations above, the walk
per cycle caused by a seabed slope is given by

∆α = [|∆P |+WL| sinα| −WLµa cosα]L tanα
µaEA

(5.6)

where ∆α is the walk per cycle.

The analytical solution for the seabed slope case will be compared to the corre-
sponding results from SIMLA in Section 6.4.

5.2.6 Pipeline with Global Lateral Buckle

To assess the effect a global lateral buckle in the pipeline may have on pipeline
walking, eight cases were analysed. In these cases both radius and length of the
curve was varied. In Figure 5.8 below two of the cases, shown in Xpost, is pre-
sented.

(a) The Pipeline with 250 [m] Radius
and 200 [m] Curve Length

(b) The Pipeline with 400 [m] Radius
and 200 [m] Curve Length

Figure 5.8: Two of the Pipelines Tested in the Global Lateral Buckle Analysis
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Table 5.6 below show the properties of the eight cases that were analysed in this
part of the sensitivity analysis.

Radius [m] Curve Length [m]

250

50
100
150
200

400

50
100
150
200

Table 5.6: Seabed Slope Values for the Detailed Case

The buckles in the pipelines were included by changing the route file in every case,
and thus implementing the buckles in the SIMLA model. The route files were
generated by using Python, and the relevant script can be found in the separately
attached electronic appendix. The route files can be seen in the electronic appendix
under \SIMLA\Route Files. See also Figure 5.9 and Figure 5.10, which show the
plotted route files for the same cases that were shown in Figure 5.8 above.

Figure 5.9: The Plotted Route of The Pipeline with 250 [m] Radius
and 200 [m] Curve Length
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Figure 5.10: The Plotted Route of The Pipeline with 400 [m] Radius
and 200 [m] Curve Length

To be able to isolate the walking behaviour, the pipeline model was only allowed to
move in the local axial direction. Still, the pipeline was free to move both laterally
and axially in the buckle.

The results from the global buckle analysis can be found in Section 6.5 in Chapter 6.

5.2.7 Tension Created by a Steel Catenary Riser

To be able to assess the effect a SCR could have on pipeline walking, two simula-
tions were run in SIMLA; one case with a SCR, and one case without a SCR. The
last case corresponds to the base case.

After conversations with [Sævik, 2013] it was decided to apply an oscillating load
at the cold end of the pipeline, i.e. node 901 in the pipeline model. The load factor
is defined in Equation 5.7, given by [Sævik et al., 2012].

F = sin(ωt+ φ) (5.7)

Here, ω is the frequency of the assumed FPS, and φ is the phase displacement.
The tension load from the SCR was decided to have an amplitude corresponding
to 10% of the lay tension, i.e. 5 [kN], and a period of 10 [s]. This give

ω = 2π
T

= 2π
10 = 1.97[rad/s]
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The phase displacement φ was set to zero. To be able to isolate the walking
behaviour, the pipeline model was only allowed to move in the local axial direction.

The results from the SCR analysis will be discussed in Section 6.6 in Chapter 6.

Analytical Solution

In agreement with the supervisor it was decided to use an analytical model from
the literature [Sævik, 2013], and in [Carr et al., 2008] an analytical model for the
SCR case is presented. As for the seabed slope case, the starting point for this
model is presented in Figure 5.11 below.

Figure 5.11: Force Profile for SCR at the Cold End

The walk per cycle can then be calculated by Equation 5.8, 5.9, 5.10, 5.11 and 5.12
introduced below.

The length between the virtual anchors can be calculated by

Xab = SR
f

(5.8)
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where Xab is the length between the virtual anchor points, SR is the tension due
to the SCR and f is the effective axial friction force. The change in axial force in
the pipeline ∆Sf over the distance Xab is given by

∆Sf = SR − Lf (5.9)

where L is the pipeline length. The change in fully constrained axial force is given
by

∆P = −(pi,2 − pi,1)Ai(1− 2ν)− EAsκ(θ2 − θ1) (5.10)

where ∆P is the change in fully constrained axial force, pi is the internal pressure
[Pa], Ai is the cross sectional area of pipe inside diameter [m2], ν is the Poisson’s
Ratio, E is the Young’s Modulus [N/m2], κ is the coefficient of thermal expansion
[1/◦C] and θ is the operating temperature [1/◦C]. The change in axial strain is
given by

∆ε = ∆Ss −∆P
EA

(5.11)

where ∆ε is the change in axial strain. Based on the equations above, the walk
per cycle caused by a SCR is given by

∆R = (|∆P |+ SR − fL)SR
EAf

(5.12)

where ∆α is the walk per cycle.

The analytical solution for the SCR case will be compared to the corresponding
results from SIMLA in Section 6.6.
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Chapter 6

Results and Discussion

In this chapter the results from the case study, which was described in the previous
chapter, will be presented and discussed.

6.1 The Element Length

Several analyses were run to assess the impact element length would have on
the walking results, and thus determine a base case for further analyses. The
computational time for each element length is listed in Table 6.1 below.

Number of
Elements

Element
Length [m] Time [s] Time [min] Time [h]

1 300 2.31 20 237 337.28 5.62
1 200 2.50 18 291 304.85 5.08
1 100 2.72 16 943 282.38 4.71
1 000 3.00 21 543 359.05 5.98
900 3.33 14 526 242.1 4.04
800 3.75 2 336 38.93 0.65
750 4.00 1 621 27.02 0.45

Table 6.1: Element Length versus Simulation Time

The results concerning the simulation time used may be affected by external fac-
tors, such as other users of the computer also running analyses. Still, the time
used give an impression of how time consuming each simulation is. There is an
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evident jump in time used from 900 to 800, and down to 750 elements. In contrast,
the computational time steadily increase, and even slightly decrease for one case,
from the model with 900 elements and upwards.

Figure 6.1 below show the displacement of the middle node over 12 cycles for each
of the analysis models. The blue, vertical lines represent the starting point for
each cycle.

Figure 6.1: Axial Displacement of the Middle Node with Varying Element Length

By studying the figure above the results from Table 6.1 become more compre-
hensible. The models with 900 elements and above have the same progress over
the twelve cycles, and they thus converge. In contrast, the solutions for 750 and
800 elements do not follow the same pattern, which means that they do not con-
verge towards the same result. Table 6.2 below show the same tendencies, when
presenting the walk per cycle in each case.
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Number of Elements Walk per Cycle [m]
1 300 0.024630
1 200 0.024636
1 100 0.024610
1 000 0.024730
900 0.024704
800 0.024118
750 0.021105

Table 6.2: Element Length and Walk per Cycle

Additional three SIMLA models, with up to 1 600 elements, were tested. These
results were showed the same tendencies, and are therefore not included here.

According to [Sævik, 2013] the element length should have a value between 2.5
and 5 times the diameter of the pipeline. In this case this would result in an
element length between 1.06 [m] and 2.11 [m], which would call for minimum 1422
elements. However, since the walk per cycle in each case seem to converge towards
the same value for 900 elements and upwards, the 900 element model was chosen
for further analyses due to lower computational time. This choice was taken after
consulting with [Sævik, 2013], and in the search for gaining a larger insight into
the walking phenomenon, this model was regarded as acceptable.

6.2 Development of the Effective Axial Friction
Force

Figure 6.2 below show the development of the effective axial friction force through
the second heat-up cycle.
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Figure 6.2: Effective Axial Friction Force Development in the
First Heat Up for the Base Case

The top blue line, labelled 451, is the effective axial friction force at the cool-down
step from the previous cycle. The green line, just below the blue one, is the first
effective axial friction force at the first warm-up down step in the second cycle.
The subsequent lines show the further development of the effective axial friction
force. The figure can be seen in context with the temperature transients, which
can be seen in Figure 5.3, in the previous chapter. The temperature transients are
regarded as the driving factor behind this case.

6.3 The Seabed Conditions

To assess the effect of a changing equivalent friction factor in the axial direction, 22
cases were simulated in SIMLA. Figure 6.1 and Figure 6.4 below show the results
from the seabed conditions sensitivity study.
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Figure 6.3: Axial Displacement of the Middle Node with Varying Equivalent
Friction Factor

Figure 6.4: Equivalent Friction Factor Plotted against Walk per Cycle

Both Figure 6.3 and Figure 6.4 show the tendencies previously presented in Sec-
tion 3.3.2; the walk per cycle increase as the equivalent friction factor increase, up
to µa = 1.1, before the walk per cycle decrease as the equivalent friction factor
continue to increase.
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To be able to study this behaviour qualitatively, the effective axial friction forces
diagrams for three of the seabed condition cases will be presented. These are
µa = 0.1, µa = 1.1 and µa = 2.1, and the diagrams can be seen in Figure 6.5,
Figure 6.6 and Figure 6.7, respectively. The figures show the effective axial friction
force for all twelve cycles, on heat-up an cool-down. The compressive forces occur
on heat-up, while the tensile forces occur on cool-down. All effective axial friction
force diagrams for this case can be found in Appendix A.1.

Figure 6.5: Effective Axial Friction Force for µa = 0.1

The diagram in Figure 6.5 above agrees quite well with corresponding diagrams
in the literature. This case appear to coincide with the theory presented in Sec-
tion 3.3.2; for a small µa the pipeline will be fully mobilised before it is properly
heated, and the walking comes to an halt.

The mid value in Figure 6.5 is not as peaked as for analytical diagrams, which is
due to the material configuration in the seabed model in SIMLA. As earlier stated,
the contact between the pipeline and seabed is modelled with springs. This give
this rounded peak of the maximum effective axial friction force.

50



CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.6: Effective Axial Friction Force for µa = 1.1

Figure 6.7: Effective Axial Friction Force for µa = 2.1

The three figures above show the development of the effective friction force for
increasing effective friction factor. The diagram for the µ = 2.1 case resemble the
diagrams for cyclically constrained pipelines, which were introduced in Section 3.2.
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For an increasing equivalent friction factor two virtual anchors develop, and move
towards the pipeline ends. In other words, for an increasing equivalent friction
factor, the anchor length decrease.

Between the two virtual anchor points, the pipeline does not reach full mobilisation.
This means that the pipeline/soil behaviour only act in the elastic area of the axial
friction curve (with reference to Figure 5.5c in the previous chapter) for this part
of the pipeline. Consequently, the effective friction force does not move from
maximum compression to maximum tensile as soon as the cool-down start. Thus,
there is a large friction force available, and the middle section of the pipeline only
operate in the elastic section of the soil material curve.

6.4 The Seabed Slope

Five positive, and five negative angle values were chosen, and the related SIMLA
models created. The simulations were run, and the results from the seabed slope
case is thus presented in this section.

The displacement of the middle node of the pipeline for each of the positive seabed
angle values can be seen in Figure 6.8, while displacement of the middle node of
the pipeline for each of the negative seabed angle values can be seen in Figure 6.9.

Figure 6.8: Axial Displacement of the Middle Node for Positive Angles
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Figure 6.9: Axial Displacement of the Middle Node for Negative Angles

The two figures above show the development of the walking displacement, over the
12 cycles, as the angle increase in value. One can note that when the negative angle
increase to a certain point in absolute value, the pipeline appear to walk towards
the hot end. This indicate that for a steeper seabed slope, the seabed slope will
have a greater impact on the walking phenomenon than the temperature transients.

The walk per cycle plotted against the angles for each of the positive seabed angles
can be seen in Figure 6.10, while the walk per cycle plotted against the angles for
each of the negative seabed angles can be seen in Figure 6.11.
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Figure 6.10: Walk per Cycle Plotted Against Positive Angles

Figure 6.11: Walk per Cycle Plotted Against Negative Angles

Figure 6.10 and Figure 6.11 show that the relationship between the increasing angle
and increasing walk per cycle is almost linear. The deviation seem to originate
from the α = 0.0 case, which corresponds to the base case.

Based on the above four figures, the α = -0.5 case will be further studied. This is
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the case where the walk per cycle is closest to zero, and this boundary area is thus
eligible to further assessment. A more detailed case was created, and the results
for this case can be seen in Figure 6.12 and Figure 6.13 below.

Figure 6.12: Axial Displacement of the Middle Node for the Detailed Case

Figure 6.13: Walk per Cycle Plotted Against Negative Angles
in the Detailed Case
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The two figures above show that the α = -0.50 and α = -0.55 cases have the
smallest walk per cycle. The exact numerical values are given in Table 6.3 below.
The walk per cycle values for all the cases can be found in Appendix B.1.

Angle [deg] Walk per Cycle [m] Walk per Cycle [mm]
α = -0.50 0.0021 2.1
α = -0.55 -0.0012 1.2

Table 6.3: Walk per Cycle for α = -0.50 and α = -0.55

The table above show that the walk per cycle is smallest for the α = -0.55 case.
This may also be regarded as the turning point for the seabed slope case. In
this area the effect from the increasing seabed slope have a greater impact on the
walking behaviour than the temperature transients. In other words the walking
movement shifts, and the pipeline will walk towards its’ hot end.

The effective axial friction force for α = -0.50 and α = -0.55 are shown in Fig-
ure 6.14 and Figure 6.15 below. The rest of the effective axial friction force dia-
grams can be found in Appendix A.2.

Figure 6.14: Effective Axial Friction Force for α = -0.50
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Figure 6.15: Effective Axial Friction Force for α = -0.55

The two diagrams in the figures above are almost identical, although the pipe walk
towards the cold end in the first case and towards the hot end in the second case.
The shape of the diagram, with the top point towards the left and the bottom point
towards the right, show that the seabed slope angle is negative. This imply that on
a sloping seabed it is not possible to tell if the pipeline is walking towards the hot
or cold end simply based on the effective axial friction force diagrams. However, if
the pipeline had not been subjected to temperature transients in addition to the
seabed slope, this could have been possible. This is shown in the next section.

Analytical Results

The results from the seabed slope case were compared to analytical results, by
using equations presented in the literature. These can be found in Section 5.2.5 in
the previous chapter.

The walk per cycle for each angle, for both positive and negative angles, for the
numerical and analytical solutions are presented in Figure 6.16 and Figure 6.17
below.
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6.4. THE SEABED SLOPE

Figure 6.16: Walk per Cycle Plotted Against Positive Angles for both the
Analytical and Numerical Solutions

Figure 6.17: Walk per Cycle Plotted Against Negative Angles for both the
Analytical and Numerical Solutions

The figures show that there is a difference between the numerical and analytical
results, and the deviation increase for an increasing seabed slope. The numerical
values, and the deviation presented per cent wise, can be found in Table 6.4 below.
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Angle
[deg]

Walk per Cycle [m]
Analytical Solution

Walk per Cycle [m]
Numerical Solution

Devia-
tion [m]

Devia-
tion [%]

α = 0.0 0.0000 0.0247 0.0247 100
α = 0.5 0.1055 0.0472 0.0583 55.26
α = 1.0 0.2111 0.0813 0.1298 61.49
α = 1.5 0.3169 0.1168 0.2001 63.14
α = 2.0 0.4229 0.1513 0.2716 64.22
α = 2.5 0.5292 0.1865 0.3427 64.76
α = -0.5 -0.1055 0.0021 0.1076 51.24
α = -1.0 -0.2111 -0.0320 0.1791 84.84
α = -1.5 -0.3169 -0.0676 0.2493 78.67
α = -2.0 -0.4229 -0.1025 0.3204 75.76
α = -2.5 -0.5292 -0.1382 0.3910 73.89

Table 6.4: Analytical and Numerical Solutions

As the table and figures above show, the difference between the numerical and
analytical solutions are quite large. This may have several reasons, and these will
be presented in the following paragraph.

The analytical model presented in [Carr et al., 2008] are only subjected to the
increasing/decreasing slope, while the SIMLA model is subjected to both a seabed
slope and thermal transients. This may explain why there is walking for α = 0.0 for
the SIMLA model, but not for the analytical model. The α = 0.0 case corresponds
to the base case. If the only reason for the differences between the two result
were the thermal transients, the graphs in Figure 6.16 and Figure 6.17 should
have been approximately parallel. However, the difference increase as the angle
increase. This may be so because the analytical model is more conservative than
the SIMLA model, and as a result the analytical model has a much steeper walk
per cycle curve than the numerical model.

6.5 Pipeline with Global Lateral Buckle

Eight SIMLA models were created for assessing the effect of a global lateral buckle
on pipeline walking. The displacements for each of the cases can be seen in Fig-
ure 6.18 below.
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6.5. PIPELINE WITH GLOBAL LATERAL BUCKLE

Figure 6.18: Axial Displacement of the Middle Node for the Global Lateral
Buckle Case

The figure above show that the axial movement for each case is quite large, but
that the total displacement is not. This means that the peak displacement and
elastic recovery is large in each cycle, but that the permanent walk is relatively
small. The large peak displacement may seem to confirm the theory presented in
Section 3.3.4, which stated that the displacement will feed into the buckle, and
thus not walk as much as for the base case.

The walk per cycle is plotted against the curve length in Figure 6.19 below, with
one graph for each radius.

60



CHAPTER 6. RESULTS AND DISCUSSION

Figure 6.19: Axial Displacement of the Middle Node for the Global Lateral
Buckle Case

Figure 6.19 above show that the global buckle case is quite complex, there is no
evident trend in the two cases. Table 6.5 below show the walk per cycle for each
of the cases.

Radius [m] Curve Length [m] Walk per Cycle [m]

250

50 0.0279
100 0.0587
150 0.0693
200 0.1419

400

50 0.0255
100 0.0416
150 0.0985
200 0.2291

Table 6.5: Seabed Slope Values for the Detailed Case

The table above show that the walk per cycle for each lateral buckle case is larger
than the walk per cycle for the base case. This imply that this case do not confirm
the theory presented in Section 3.3.4 regarding buckle feed-in, and that the walk
per cycle in fact increase when a lateral buckle occur. For a given radius, the walk
per cycle generally increase for increasing curve lengths. How much the walk per
cycle increase, seem to depend on the radius of the curve.
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6.5. PIPELINE WITH GLOBAL LATERAL BUCKLE

Figure 6.20 and Figure 6.21 below show the effective axial friction force for the
r =250 [m], c = 200 [m] case and the r =400 [m], c = 200 [m] case.

Figure 6.20: Effective Axial Friction Force for r =250 [m] and c = 200 [m]

Figure 6.21: Effective Axial Friction Force for r =400 [m] and c = 200 [m]

Although the walk per cycle for the r =400 [m], c = 200 [m] case is much larger than
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the walk per cycle for the r =250 [m], c = 200 [m] case, their effective axial friction
force diagrams have the same shape and almost the same maximum compression
and tensile forces. The diagrams above do resemble the diagram of a cyclically
constrained pipeline. However, this do not match the pipeline’s behaviour when
observing it in Xpost, nor when considering the relatively large walk per cycle the
pipelines in the two cases experience.

The pipelines are allowed to move laterally in the buckle. This means that the
pipelines are able to release the axial friction force by laterally buckle, and this
behaviour is observed in Xpost. This imply that at the middle of the pipelines,
the effective axial friction force is close to zero due to the possibility for further
laterally buckle. The diagrams above show that this happens both at warm-up
and cool-down.

6.6 Tension Created by a Steel Catenary Riser

In the last part of the sensitivity study the effect of a steel catenary riser attached
to the cold end of the pipeline was assessed. The results from this case can be seen
in Figure 6.22 and Table 6.6 below.

(a) Displacement for all
Twelve Cycles

(b) Detailed View of the Displacement
for two of the Cycles

Figure 6.22: Axial Displacement of the Middle Node with or without SCR
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SCR Tension [N] Walk per Cycle [m] Walk per Cycle [mm]
5 000 0.0245 24.5
0 0.0246 24.6

Table 6.6: Walk per Cycle for the SCR Case

The figure and table above show that the permanent walk per cycle do not change
much when applying a SCR load of 5 000 [N]. However, the nature of the axial
movement change, as can be seen in Figure 6.22b. Here it is also apparent that
the walk per cycle in the second heat-up cycle is a pinch higher for the "with SCR"
case than for the "without SCR" case, but this stabilises in the subsequent cycles.

Figure 6.23 below show the effective axial friction force for this case.

Figure 6.23: Effective Axial Friction Force for the SCR Case

The effective axial friction force diagram above is quite similar to the diagram
of the base case, although there are some disturbances in the diagram. These
disturbances can probably be traced back to the disturbances in Figure 6.22b
above.

6.6.1 Analytical Results

The results from the seabed slope case were compared to analytical results, by
using equations presented in the literature. These can be found in Section 5.2.7 in
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the previous chapter.

The walk per cycle for both the numerical and analytical solution is presented in
Figure 6.24 below.

Figure 6.24: Axial Displacement of the Middle Node for the Numerical and
Analytical Solutions

The difference between the results from the numerical and analytical analyses are
quite large. As for the seabed slope case, the analytical result is zero walk per cycle
for the base case, while the SIMLA model also includes temperature transients
and thus add a walking inducing factor. When the SCR tension is added, the
difference between the analytical and the numerical result is very large. There
is no evident reason as to why there is such a large difference between the two
solutions. The deviation seem to be too large to be explained by the theory of a
conservative analytical model. There may be some assumptions and input values
that are wrongly included in the analytical model in this case study. A further
examination may be done in further work.
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Chapter 7

Conclusion

In this thesis an introduction to offshore pipeline technology have been given, with
a focus on topics relevant for pipeline walking. The behaviour of pipeline walking
have been described, and its’ mechanisms have been outlined together with a
definition of the phenomenon. Several factors may have an impact on the walking
behaviour. These have been presented, and later assessed through a sensitivity
analysis.

When studying the seabed condition case it was found that the walk per cycle
increase for increasing equivalent friction factor up to a value of µa = 1.1, before
the walk per cycle decrease as the equivalent friction factor continue to increase.
For µa < 1.1 the pipeline was found to be fully mobilised, with an increasing
rate of walk per cycle. For very small µa the pipeline is fully mobilised before the
transients have had the time to pass along the pipeline, and the walking thus stops
at an early stage. For µa > 1.1 the pipeline was found to be cyclically constrained,
and increasing towards fully constrained behaviour as µa increased.

For the sloping seabed case is was found that the relationship between the seabed
slope angle α and walk per cycle is approximately linear. For a seabed slope
steeper than α = -0.55, the effect of a seabed slope will be larger than the effect of
thermal transients along the pipeline. Consequently, the pipeline will move axially
towards its’ hot end. This is considered as the turning point for a pipeline resting
on a sloping seabed. The lowest rate of walk per cycle was found for this turning
point case, and it was found to be 1.2 [mm].

When introducing a global lateral buckle in the pipeline model, the walking be-
haviour changes. It was found that the peak displacement and elastic recovery
distance increase, while the permanent walk per cycle is relatively quite small in
comparison. However, the walk per cycle for the lateral buckle case is found to be
much larger than the walk per cycle for the base case. The largest walk per cycle
was found for the case with a curve radius of 400 [m] and curve length of 200 [m],
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i.e. the case with the largest radius and curve length assessed in this part of the
sensitivity study.

There was only time to test one case with a SCR attached to the cold end of
the pipeline. The walk per cycle increased with 0.1 [mm] when introducing a
SCR tension of 5 000 [N]. In addition the SCR tension gave fluctuations in the
walking movement, which resulted in disturbances in the effective axial friction
force diagram.

The comparison of the numerical results from SIMLA and the analytical results
showed larger differences than expected. It is not immediately clear why the
differences are so large, but the analytical model may be more conservative than
the numerical one. In addition, the temperature transients are included inn all
cases for the numerical model, which is not the case for the analytical one. This
explains the deviation between the numerical base case and the analytical base
case.
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Chapter 8

Further Work

In this chapter further work, based on the findings in this thesis, is suggested.
These recommendations are linked to the results from the sensitivity analysis, and
the aim of these proposals are thus to better this sensitivity analysis for further
studies.

To obtain a better understanding of the seabed conditions, the mobilisation length
could be included as a separate sub-case. This way the results presented in
[Tørnes et al., 2000] could be assessed. Another way of expanding the understand-
ing of the pipe/soil interaction is to include a peak friction model for the equivalent
axial friction factor. As a result, the understanding of a clay bottom’s interaction
with the pipeline could have been increased.

Only one SCR case have been presented due to time restrictions. For this reason
it is natural to propose to conduct several SCR cases, with an increasing SCR
tension for each sub-case.

As stated in Chapter 7, the accordance between the numerical and analytical
results was not as good as envisioned. For further work with this sensitivity study,
an analytical model more suited for comparison with the SIMLA model could be
developed.

Lastly, one could expand the sensitivity study by combining the different walking
inducing factors. This way it would be possible to see how the factors affect each
other, and if some of them possibly counteract one another.
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Appendix A

The Effective Axial Friction
Force for All Cases

This appendix includes all plots showing the effective axial friction forces for all
cases in the sensitivity study.

A.1 The Seabed Conditions

Figure A.1: The Effective Axial Friction Force for µ = 0.10
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A.1. THE SEABED CONDITIONS

Figure A.2: The Effective Axial Friction Force for µ = 0.20

Figure A.3: The Effective Axial Friction Force for µ = 0.30
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CASES

Figure A.4: The Effective Axial Friction Force for µ = 0.40

Figure A.5: The Effective Axial Friction Force for µ = 0.50
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A.1. THE SEABED CONDITIONS

Figure A.6: The Effective Axial Friction Force for µ = 0.60

Figure A.7: The Effective Axial Friction Force for µ = 0.70
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Figure A.8: The Effective Axial Friction Force for µ = 0.80

Figure A.9: The Effective Axial Friction Force for µ = 0.90
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A.1. THE SEABED CONDITIONS

Figure A.10: The Effective Axial Friction Force for µ = 1.00

Figure A.11: The Effective Axial Friction Force for µ = 1.10
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Figure A.12: The Effective Axial Friction Force for µ = 1.20

Figure A.13: The Effective Axial Friction Force for µ = 1.30
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A.1. THE SEABED CONDITIONS

Figure A.14: The Effective Axial Friction Force for µ = 1.40

Figure A.15: The Effective Axial Friction Force for µ = 1.50
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CASES

Figure A.16: The Effective Axial Friction Force for µ = 1.60

Figure A.17: The Effective Axial Friction Force for µ = 1.70
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A.1. THE SEABED CONDITIONS

Figure A.18: The Effective Axial Friction Force for µ = 1.80

Figure A.19: The Effective Axial Friction Force for µ = 1.90
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Figure A.20: The Effective Axial Friction Force for µ = 2.00

Figure A.21: The Effective Axial Friction Force for µ = 2.10
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A.2. THE SEABED SLOPE

Figure A.22: The Effective Axial Friction Force for µ = 2.20

A.2 The Seabed Slope

Figure A.23: The Effective Axial Friction Force for α = 0.5
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Figure A.24: The Effective Axial Friction Force for α = 1.0

Figure A.25: The Effective Axial Friction Force for α = 1.5
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Figure A.26: The Effective Axial Friction Force for α = 2.0

Figure A.27: The Effective Axial Friction Force for α = 2.5
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APPENDIX A. THE EFFECTIVE AXIAL FRICTION FORCE FOR ALL
CASES

Figure A.28: The Effective Axial Friction Force for α = -0.5

Figure A.29: The Effective Axial Friction Force for α = -1.0
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Figure A.30: The Effective Axial Friction Force for α = -1.5

Figure A.31: The Effective Axial Friction Force for α = -2.0
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APPENDIX A. THE EFFECTIVE AXIAL FRICTION FORCE FOR ALL
CASES

Figure A.32: The Effective Axial Friction Force for α = -2.5

Figure A.33: The Effective Axial Friction Force for α = -0.40
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Figure A.34: The Effective Axial Friction Force for α = -0.45

Figure A.35: The Effective Axial Friction Force for α = -0.55

XVIII



APPENDIX A. THE EFFECTIVE AXIAL FRICTION FORCE FOR ALL
CASES

Figure A.36: The Effective Axial Friction Force for α = -0.60

A.3 Pipeline with Global Lateral Buckle

Figure A.37: The Effective Axial Friction Force for Radius of 250 [m] and a
Curve Length of 50 [m]
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A.3. PIPELINE WITH GLOBAL LATERAL BUCKLE

Figure A.38: The Effective Axial Friction Force for Radius of 250 [m] and a
Curve Length of 100 [m]

Figure A.39: The Effective Axial Friction Force for Radius of 250 [m] and a
Curve Length of 150 [m]
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CASES

Figure A.40: The Effective Axial Friction Force for Radius of 250 [m] and a
Curve Length of 200 [m]

Figure A.41: The Effective Axial Friction Force for Radius of 400 [m] and a
Curve Length of 50 [m]
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Figure A.42: The Effective Axial Friction Force for Radius of 400 [m] and a
Curve Length of 100 [m]

Figure A.43: The Effective Axial Friction Force for Radius of 400 [m] and a
Curve Length of 150 [m]
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Figure A.44: The Effective Axial Friction Force for Radius of 400 [m] and a
Curve Length of 200 [m]

A.4 Tension Created by a Steel Catenary Riser

Figure A.45: The Effective Axial Friction Force for the SCR Case
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Appendix B

Results from MATLAB

This appendix includes all results printed to screen by MATLAB for all cases in
the sensitivity study.

B.1 The Seabed Conditions

Figure B.1: The Walk per Cycle for the Seabed Conditions Cases
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B.1. THE SEABED CONDITIONS

Figure B.2: The Overall Walk for the Seabed Conditions Cases
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APPENDIX B. RESULTS FROM MATLAB

B.2 The Seabed Slope

Figure B.3: The Walk per Cycle for the Seabed Slope Cases

Figure B.4: The Walk per Cycle for the Detailed Seabed Slope Cases

XXVII



B.3. PIPELINE WITH GLOBAL LATERAL BUCKLE

B.3 Pipeline with Global Lateral Buckle

Figure B.5: The Walk per Cycle for the Global Lateral Buckle Case

B.4 Tension Created by a Steel Catenary Riser

Figure B.6: The Overall Walk and Walk per Cycle for the SCR Case
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