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Abstract

Sub-sea pipelines are susceptible to premature failure caused by the corrosion of the
inner wall of carbon steel pipes when conveying corrosive oils and gases. One of the
cheapest ways of preventing contact between the inner wall of the carbon steel pipes and
the corrosive oils and gases involves the insertion of corrosion-proof steel liners inside
the host pipes. The pipelines are then expanded hydraulically to the point of yielding of
the inner liners so that after removal of the hydraulic pressure a mechanical bond
between the inner liners and the outer pipes is formed. However, the buckling behaviour
of the inner liners, constrained by the outer pipes, under thermal loading is only partially

understood.

Due to the confinement from the outer pipes, the inner liners can only deflect inward. In
this thesis, an understanding of the one-way buckling phenomena is built-up through
sequential analyses of a simplified rigid-link model, a simplified beam-link model, a
continuum liner-only model, and a continuum liner-pipe model. In the process, the
fundamental differences between the one-way buckling and the classic two-way
buckling are examined, and the extremely important roles of imperfections in the one-
way buckling are identified. Three categories of imperfections are proposed and the
concept of “critical imperfection” is defined. It is concluded that if imperfections are
smaller than the critical imperfections, pipeline liners will never buckle. Detailed results
for a typical pipeline liner are given and verified by finite element analyses with

ABAQUS.

In the finite element analyses, the partial-model simulates a single lobe of the buckled
shape while the full-model treats the full circumference of a pipeline liner over a length
L. The effects of nine cases having different combinations of various geometric
parameters are examined. Modal shape transitions and the effects of material plasticity
in both the partial- and full-models are illustrated by the snapshots of the modal shapes

captured during animations using a special computer programme.
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Nomenclature

Roman (Lower Case)

b width of cross section or subscript representing bending strain energy

c a constant used in the assumption that heat flow is proportional to temperature rise

k a constant used with Fourier’s Law of Conductivity

m  axial wave number or subscript representing membrane strain energy

n circumferential wave number

o subscript representing imperfection or fundamental state

p  pressure

r radial coordinate or subscript representing reference position in heat flow

t thickness of circular cyclindrical shell

u in-plane displacement in x-direction

v in-plane displacement in 6-direction

w  magnitude of incremental radial deflection or (with subscript o) magnitude of
imperfection

X axial coordinate or subscript representing axial direction

Roman (Upper Case)

A area of the cross section of a rigid- or beam- link or (with subscript) coefficient

B (with subscript) coefficient

C  extensional stiffness parameter C = Et/(1- vz) or (with subscript) stiffness of the
moment spring

D  bending stiffness parameters D = Et3/[12(1- v2)]

E  Young’s Modulus

F  subscript representing fundamental state

I second moment of area of cross section

K  (with subscript) stiffness of membrane spring

L  length or subscript representing liner

M  bending moment

N  normal or shearing stress resultant

P end thrust or subscript representing pipe

R  radius

T  temperature rise

U  strain energy



V  potential energy by external force

W incremental radial deflection profile or (with subscript 0) imperfection profile

Greek (Lower Case)

o thermal expansion coefficient

B constant representing temperature gradient at the reference position or (with
subscript) rotation used in strain-displacement relationship

d  axisymmetric deflection in continuum liner-pipe model

€ strain

¢ angle change of the axial rigid-link

Y  rotational deflection

¢  angle representing the length of circumferential link

X (with subscript) curvature

B (with subscript) coefficient

A Poisson’s ratio

©  angle change due to the movement of the end of circumferential link, or
circumferential coordinate in continuum model or subscript representing
circumferential direction

y  angle change of circumferential rigid-link

Greek (Upper Case)

A length change of axial spring

I1  total potential energy

V  differential operator



Mathcad Symbols

In this study, the analytical work was carried out in Mathcad documents and various

equations were copy-and-pasted into the corresponding Word documents. Some

symbols created in this way may look unfamiliar to non-Mathcad users. For this reason,

four of these symbols are specially listed below with corresponding “normal” image

created by Microsoft Equation 3.0.

Symbol created by Mathcad

Symbol created by Microsoft Equation 3.0

d L
dx dx
2
ad , dz
dxdy dxdy
& ¢ d ‘2
—_—
< dy? dxz d ?

sin(6)?
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1 Introduction

1.1 Various Liners or Linings

Liners or linings have been used for a variety of purposes since ancient times. During
the winter our coats need proper linings to protect us from the elements. Liners such as
sleeve linings guard products from wearing and moisture. Appropriate domestic
chimney liners help prevent fire damage to homes or carbon monoxide poisoning.
Liners offer waterproofing and impermeability in the ceilings of houses and garden
ponds. Linings offer good quality decorative finish combined with noise absorption in
theatres. They even add to the beauty of constructions and can be used to give them real

character.

Liners or linings have their obvious advantages over unlined alternatives. Only linings
can provide repeated structural protection (by replacing liners rather than components as
a whole). Liners offer physical properties that the primary materials lack. Lined
products are financially more attractive. With lining materials, which are usually of high
quality and therefore more expensive, placed in the right places only, the amount of the

expensive materials needed is greatly reduced.

After the industrial revolution, liners have inevitably been extended to engineering
applications. Indeed liners have been put into use virtually everywhere in the civil
engineering. Today's building code requires liners in all new chimneys; and old,
damaged, or worn out chimneys are required to be restored or relined by seamless flues
or metal liners. These liners allow for a smooth flow of exhaust, a more efficient
operation of chimneys, and provide thermal insulation and sealants for environmental
protection. Liners are also used in bridge deck waterproofing and structural protection
and are seen in crane brakes and clutch bands. A new tunnelling technique with liner
plates reduces the amount of soil to be handled, saves expensive pavement repairs,
requires minimum construction site space and reduces the need to detour traffic.
Geosynthetic clay liners (GCL) are products that have been used selectively in some
barrier systems for landfills, surface impoundments, and other liquid/solid waste-

retaining facilities.

Early forms of modern tunnel often made use of cast iron linings. The linings are
installed after the ground movement induced by excavation and other loads has

stabilized. The tunnel linings will then bear any subsequent loads from rock, earth and
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water pressure etc. Although tunnel linings have been in extensive application since
they were first introduced, literature review reveals that the research for the design of

tunnel linings is far from over.

In recent years, liners have been extensively used in the rehabilitation of underground
pipelines used for water distribution, sewer and drainage networks. New pipe lining
technologies such as cure-in-place-pipe (CIPP) expedite the application of liners in
urban utility systems. With CIPP, a polymeric pipe liner is directly cast against the wall
of a deteriorating host pipe. A thermosetting resin is impregnated at ambient
temperature into a flexible (commonly polyester felt) tube with a cross sectional
perimeter equal to the inner circumference of the host pipe. The tube is then pressure-
inverted (opposite to soil/rock/water pressure from the outside) against the wall of the
host pipe from a suitable access point, and heated in-situ (using water, steam or air) to
cure the resin, thus forming a structurally sound lining. Over 13,000km of CIPP linings

have been installed worldwide since the introduction of the process in 1971.

Another example of the application of the liners for pipeline networks is the use of high-
density polyethylene liners (HDPE). The process involves the insertion of a
deformed/reformed (or folded and formed) plastic liner pipe into an existing
underground pipeline. The liner is manufactured as a standard round pipe to specifically
fit the dimension of the pipeline to be rehabilitated. Then, the cross-sectional area of the
liner is reduced in the factory by “deforming or folding” the pipe into a U-shaped
section to facilitate transportation and field installation. The liner pipe is transported to
the construction site on a reel or as a continuous coil, depending on the size of the
rehabilitation project. Then, a special process utilizing heat and pressure is used in the

field to “reform” the liner back to closely fit the interior profile of the host pipe.

Lining technologies such as “no-dig” technology in the rehabilitation of urban pipeline
networks help to install pipelines in-situ, greatly extending the useful life of unlined or
damaged underground pipes without disturbing the infrastructure on top of the pipeline

networks. Furthermore, they actually help make use of the residual life of the damaged

pipelines.

Liners are also used in nuclear power plants (NPP). The number of NPP has been
increasing rapidly as the power demand increases. In NPP, concrete cylinders or
spherical caps are used as containment vessels that are lined by thin steel liners. The

steel liners are attached to the inner surfaces of the concrete shells by stiffeners or studs.
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The steel liners are impermeable and play an important role in the prevention of leakage

of any released products.

In the last few years, lining technologies have started to be adopted in the oil & gas
industry. To provide a welded, pressure-resistant durable system, steel pipes are
invariably used to transport raw well-head fluids over large distances. However, many
well-head fluids are extremely aggressive to normal steels. Due to the difficulties in
identifying a viable and passive alternative pipeline material, the traditional solution to
this problem has been to remove the offending wet acid gases close to the point of
recovery. Recently it has been proposed to use various forms of internal liners to protect
the oil & gas pipelines from the corrosion that would otherwise be caused by the

aggressive components.

1.2 Sub-Sea Pipeline Liners

1.2.1 Anti-Corrosion Plastic Liners

Sub-sea pipelines are widely used to transport fluids from offshore platforms to onshore
facilities. One of the major design concerns of sub-sea pipelines is the internal corrosion
of the carbon steel pipeline walls. One of the proposed anti-corrosion solutions is the
adoption of pipe lining technology. Although plastic lined pipelines have been proposed
as an option for cost-effective North Sea pipelines (Howard and Tough, 2002), their
application is limited for a variety of reasons, for example, permeation-induced
corrosion to the host pipes, creep in the plastic liners, the accumulation of fluids and
pressure within the annulus, etc. Therefore, the long-term strategy is to develop metal-

lined pipes which do not suffer from these problems.

1.2.2 Bi-Metal Mechanically Bonded Pipeline Liners

One of the extreme cases in the oil and gas industry recently is the conveyance of
corrosive fluids at high temperature under high pressure (HTHP) (Walker et al., 2000).
The initial designs of such pipelines, like those designed and manufactured by United
Pipeline Ltd (UPL), are as follows

. Corrosion Resistant Alloy (CRA) pipelines
° Metallurgically Clad Lined Pipe packages
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The conventional design is the CRA pipelines which are made from corrosion resistant
steel such as 13% Chrome. However, a 13% Chrome pipe is up to 10 times the cost of a
carbon steel pipe. Furthermore, it has been pointed out (Walker et al., 2000) that the
application of CRA pipelines is limited to small-diameter pipelines due to high material
and manufacturing cost. Therefore, for many applications, alternative designs have

become necessary.

The first alternative to the conventional design is metallurgically lined pipelines. A
metallurgically lined pipeline is constructed from a carbon steel pipe metallurgically
lined with a thin layer of corrosion resistant material. In this case, liners are bonded to
the host pipes by weld cladding. However, for large-diameter pipelines, metallurgically
clad pipelines are operationally cost-ineffective. Again the manufacturing cost of

metallurgically lined pipelines limits their application.

Bi-metal, mechanically bonded, lined pipes are innovative products introduced as the
cost-saving alternatives to both CRA and metallurgically lined pipelines. They consist
of CRA thin liners tightly fitted to the carbon steel pipes by a mechanical process. In
this way, pipes and liners form composite pipelines. The details of the manufacturing

process are described in Section 1.2.3.

The use of bi-metal mechanically bonded pipelines has made it possible for well-head
fluids, that are extremely aggressive to normal carbon steels, to be transported onshore.
By eliminating the need for initial sub-sea processing to remove the offending
components, bi-metal mechanically bonded pipelines are proven to be cost effective
solution to engineering problems, reducing both capital and operating expenditures. Bi-

metal mechanically bonded pipelines are the subject of this PhD study.

1.2.3 Manufacturing Process

A bi-metal mechanically bonded lined pipe is fabricated from a seamless or welded
carbon steel pipe lined with a corrosion resistant alloy liner shell at the inner surface,
mechanically bonded by a process of hydraulic expansion. The CRA liner is directly
manufactured as a standard round pipe to specifically fit the dimension of the carbon
steel pipe. The cross sectional perimeter of the liner is marginally smaller than the inner
circumference of the host pipe. This allows the CRA liner to be inserted into the inside
of the carbon steel pipe. Finally, hydraulic pressure is applied to the inside of the

pipeline liner. As the hydraulic pressure inside the liner increases, the liner is expanded
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. Especially suited where resistance to localised corrosion, chloride and sulphide
stress corrosion cracking and erosion or corrosion is paramount;
o Ideal for transporting raw aggressive fluids, multiphase fluids and wet gases
directly from remote installations without process treatment;
. Particularly suitable for high temperature high pressure (HTHP) process

conditions.

1.2.5 Potential Structural Problems of Pipeline Liners

Like cure-in-place pipe liners and high density polyethylene liners that have been the
subject of extensive researches with regard to their buckling, bi-metal mechanically

bonded liners could also have potential problems associated with local buckling.

The liner wall thickness of a bi-metal pipeline is usually very thin. It is well known that
thin circular cylindrical shells are prone to buckle under compressive loadings. The
inner liner of a bi-metal, mechanically bonded, pipeline could be under compressive
loadings under various scenarios. One of the most imminent threats is the buckling of

the in-situ lining under thermally-induced loading.

The fluid inside a sub-sea pipeline can, not only be extremely aggressive to the
conveyance vehicle, but also transfer heat to it through convection. Under the
operational condition, a mechanically bonded liner is sometimes heated to more than
160°C. As the pipeline liner is heated, it tends to expand. The host pipe and the liner are
made from different metals, therefore, they have different thermal expansion
coefficients. Because of the difference in the thermal expansion coefficients in the inner
liner metal and the outer pipe metal, the inner liner could be under compression in the
circumferential direction. The inner liner could also have axial compression induced as
a result of the restraint in the axial direction. The thermal buckling of bi-metal

mechanically bonded pipelines is the main topic of this PhD research.

1.3 Definition of the Problem

1.3.1 Structural System of Lined Pipeline

A sub-sea pipeline conveying fluids from oilfield is usually lying on seabed as shown in

the sketch in Figure 1.2.
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Figure 1.2 Sketch showing a pipeline on seabed

Since offshore platforms are far away from onshore facilities, say tens of kilometres
away, a pipeline may be considered as infinitely long when building an analytical
model. In the current analyses, a section of pipeline will be studied, as shown in Figure

1.3.

AN
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/] \Liner [\

L
"Pipe
(@) (b)
Figure 1.3 A section of pipe-liner system cut from an infinitely long lined

pipeline (a) a 3D presentation (b) a longitudinal cross section

In Figure 1.3, sketch (a) shows a three dimensional presentation of a section of pipeline
cut from an infinitely long lined pipeline. The section is composed of an outer pipe and
an inner liner, as labelled in sketch (b). It is assumed that the bond between the inner
liner and the outer pipe is perfect, in the sense that there is neither gap nor contact
pressure in the unloaded state (in this condition the initial diameter of the liner would be
perfectly designed). The inner surface of the outer pipe and the outer surface of the
inner liner are assumed to be smooth so that the friction between them can be neglected.

However, there may be inward imperfections in the radial direction.

Since the section shown in Figure 1.3 is cut from an infinitely long lined pipeline, fixed-
type boundary condition will be applied to both ends of the system, as shown in the
sketch (b) of Figure 1.3.

When conveying fluids at high temperature in a lined pipe, both the inner liner and the
outer pipe will expand. However, mainly due to the difference of the material properties
between the inner liner and the outer pipe, the inner liner is under compressive loading
while the outer pipe is under tensional loading. As a result of the relatively high
stiffness of the outer pipe, under thermally-induced compressive loading, the inner liner
tends to buckle inward. The outwardly restrained inward buckling of the pipeline liners

under thermally-induced loading is the main objective of this PhD study.
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1.3.2 Loading

Under the operational condition, a lined pipe may transport fluids at high temperature.
The pipeline could be under combined thermal and mechanical loadings. In the current

first-generation research, only the thermally-induced loading will be considered, that is,

° A lined pipe is assumed to have been perfectly designed and manufactured so
that at the ambient temperature there is neither gap nor contact pressure between

the inner liner and the outer pipe;

° The hot medium that the pipeline conveys results in a temperature rise in the
lined pipe;

] No mechanical loading such as inner pressure, axial force or bending moment is
considered.

1.3.3 One-way Buckling of Pipeline Liners

A general definition for one-way buckling of any structural system has been given by
Burgess (Burgess, 1969). For the current specific one-way buckling of a pipeline liner,
one-way buckling is defined as the buckling where the liner can only deform radially
towards the centre line of the pipe. Radial displacements away from the centre line of
the pipe are not a consideration owing to the confinement offered by the host pipe
which is considered not to displace. With or without imperfection, the liner’s radial
coordinates cannot increase above their original values at the unloaded state i.e. the
incremental radial deflections must be inward. For convenience, in the current research,
both the incremental normal displacements and imperfection are taken as positive when

radially inward. In this case buckling displacements can take positive values only.

1.4 Definition of Three Strain Terms

1.4.1 Thermally-induced Strain

Thermally-induced strain is defined as the strain caused by temperature change. For
example, for a cantilever under uniform temperature rise T, as shown in Figure 1.4, its
thermally-induced strain is defined as

€ thermal = & T

1.1



22

where o is the thermal expansion coefficient.

T
/ 1 Z -3
/ Zthermal = T
Figure 1.4 A cantilever under temperature rise T

Thermally-induced strain will not result in stress or strain energy in the system unless

the strain or part of it is constrained.

1.4.2 Displacement-induced Strain

Displacement-induced strain is defined as the strain caused by prescribed displacement.
For example, for a cantilever under a prescribed axial displacement  at the free end, as

shown in Figure 1.5, the displacement-induced strain is defined as

)
€disp = L
1.2)
where L is the length of the cantilever.
i
L - —
/) 1= -3
/
L 3
K * d
Figure 1.5 A cantilever beam under a prescribed axial displacement 3

Displacement-induced strain will normally result in stress and therefore strain energy in
the system. However, if the displacement is due to free thermal expansion, it will not

result in stress or strain energy in the system.

1.4.3 Stress-inducing Strain

Stress-inducing strain is defined as the strain that entirely relates itself to the stress by
generalised Hooke’s Law. For example, for a truss with uniform axial stress G, the

stress-inducing strain is defined as

mla

€ g_related =

(1.3)
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where E is Young’s Modulus. Stress-inducing strain excludes any non-stress-inducing,

usually thermally-induced, component.

1.4.4 An Example

Taking a beam fully fixed at both ends as an example, as shown in Figure 1.6, if the

temperature in the beam rises uniformly by T, three strain terms are

€ thermal = & T

(1.4
€disp =0
(1.5)
€6 related = € disp — € thermal = —0 T
(1.6)
and the strain energy in the system is given by
U= '; Ee cr_relamed2
1.7
Bdisp =0
/] 2 N
/] N\
/| cthemal=aT  Egplated=—2T N
Figure 1.6 A beam fully fixed at both ends under temperature rise T

This seemingly simple example demonstrates the fundamental concepts encountered

throughout this PhD study.

1.5 Basic Buckling Theory

1.5.1 What is Buckling

It is not known how the pioneers of buckling phenomenon first raised the question of
the lateral buckling of compressed members. When one of the world’s greatest
mathematicians, Leonhard Euler, historically published his classic Euler Load in 1757,
it was at the time when the principal construction materials were stone and wood so that
the buckling theory had little practical application to the behaviour of structures of the

day.
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Today, every civil engineer knows that for a column under end thrusts, the governing

equation is normally

gAL_P
L A
a2
El —2W +PW=g
dx

where
E is the Young’s Modulus,
AL is the length change i.e. the membrane deflection,
L is the original length,
P is the end thrust,
A is the cross section area,

I is the second moment of area of the cross section,

(1.8)

1.9)

W is the lateral displacement (its double differential is the curvature change),

x is the longitudinal coordinate.

For the above two equations, Equation (1.8) arises from the force equilibrium in the

axial direction while Equation (1.9) is the moment equilibrium about the out-of-plane

axis. The solution to Equations (1.8) and (1.9) as a function of load P is

_PL
EA
W=o0
However, there exists another solution
2
W = wsin| == when Per= T El
L L2

where
w is the magnitude of the lateral deformation,

P.; is the famous Euler load for the column buckling.

(1.10)

(1.11)

(1.12)

This famous Euler load was published by the mathematician Euler. It can be seen that if

interpreting it in a mathematical way, buckling is the co-existence of multi-solutions to

a differential equation, in other words, a structure under compressive load could deflect

either along the loading line or deflect laterally.
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1.5.2 Buckling, Bifurcation and Modal Transition

Buckling is a general term for the behaviour of structures undergoing transverse
deflection when under compression. Buckling events may be classified into two
categories — buckling where the developing deflection pattern is basically orthogonal to
the pre-buckling deflection pattern and snap-through where the instability is connected
with relatively large displacement amplitudes without a significant change of the
displacement pattern (Wullschleger and Meyer-Piening, 2002). In the current research,
however, the first category of buckling will happen only at ideal and special conditions
(when the amplitude of imperfection is exactly the critical value, see Chapters 3-9).
With a normal imperfection (other than critical imperfection), the pipeline liner will
have transverse deflection on top of the pre-buckling geometric shapes without apparent
displacement pattern change. For convenience, in the current research, whenever any of
the pipeline liner shell deviates significantly from its original position in the radial
direction, it is considered to have buckled, even when there is no significant deflection

pattern change.

Bifurcation however occurs only at certain stages of buckling. Consider, as an example,
a column buckling under the action of axial end loads. When the magnitude of the end
thrusts reaches P, (critical load), the column could be in an equilibrium state by either
remaining straight and with zero lateral displacement, or taking on a sinusoidal shape
with non-zero lateral displacement. Such points on an equilibrium path, at which the
equilibrium path branches with different mode shapes, are termed bifurcation points.

The associated phenomena are termed bifurcations.

In the current study it is found that during the post-buckling stage an equilibrium path
characterizes itself with discontinuity. The discontinuous points are not bifurcation
points because they are not the starting points of the branching. Rather, they are the
starting point of different modal shapes. The change of modal shapes during the post-

buckling is termed as modal transition.

1.5.3 Critical and Lower Bound Load

In the current research, the loads corresponding to the peaks in an equilibrium path, no
matter if the peaks are the bifurcation points or modal transition points or the results of

material yielding etc, are termed “peak loads” or “critical loads”.
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Similarly, the loads corresponding to the troughs in an equilibrium path, no matter what
the cause of the troughs, are termed “lower bound loads”. In the current study, peak
loads, or critical loads or lower bound loads will be used in the comparison of results

from different methods in different chapters.

1.5.4 Rotation and Geometric Non-linearity

In Section 1.5.1, the governing equations for the column buckling have two solutions.
Equation (1.8) gives displacement in the direction of the applied load and involves no

rotation. The corresponding strain-displacement equation is

€= —u
dx

(1.13)
where axial strain € is linear and equal to the first differential of the axial displacement u
with respect to the axial coordinate, x. Since both displacement u and coordinate x are
axial, there is no rotation involved so that the strain-displacement equation is

geometrically linear.

However, in Equation (1.9), apart from the usual axial displacement u in the x direction,
there is the lateral displacement w that is perpendicular to the loading line. Non-uniform
lateral displacement results in rotation in the column. The corresponding strain-

displacement equation takes the following form

(1.19)
The differential of lateral displacement w with respect to x represents the rotation
between the element of the column and the undeformed axial direction. This rotation
will affect both the element length and its curvature change and consequently membrane
and bending strain energies in the system. It is a general characteristic that buckling
always involves such out of plane rotations and should therefore be considered as a

geometrically non-linear process.

1.5.5 Length Change, Membrane and Bending Strain Energies

Equation (1.8) in Section 1.5.1 involves the axial deflection only, resulting in a decrease

of the column length and an accumulation of the membrane strain energy in the system.
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There is no bending strain energy involved. In Equation (1.9), however, the axial
displacement u in the loading direction remains but will change to ensure that the
increase of the length due to the lateral displacement w will initially cause no change in
the membrane energy. The bending of the column will inevitably generate bending

strain energy.

1.5.6 Degree of Freedom

The column buckling in Section 1.5.1 involves the axial and lateral displacement
variables u and w. However, as long as the derivation of critical eigenvalue load is the
main objective, the relatively small axial displacement u may be eliminated. Then the

strain-displacement equation becomes

(1.15)

For the column buckling in Section 1.5.1, it still leads to the same critical load.

In the analytical work of the current study, both the in-plane displacements u and v are
neglected. Ignoring u and v dramatically reduces the amount of the mathematical work.
It is believed that the results from the formulation still retain adequate degrees of

accuracy and this simplification is appropriate for the current stage of the research.

1.5.7 Stationary Total Potential Energy Principle

When a structure buckles, it must remain in equilibrium in its buckled position. In
Section 1.5.1, Equation (1.8) relates to force equilibrium in the x direction while
Equation (1.9) is based on moment equilibrium. From an energy formulation, a structure

is in equilibrium when its total potential energy is stationary.

For a one degree of freedom system, the stationary total potential energy principle may

be written as follows

(1.16)
where IT is the total potential energy, w is the one degree of freedom displacement

variable.
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1.5.8 Stationary First and Second Variation of Total Potential Energy
Principles

The change of total potential energy mentioned in Section 1.5.7 may be rewritten as
An=5n+—l—52n+l53n+ls4n+o(n)
2 3 4

(1.17)
where the terms on the right side of the equation are linear, quadratic, etc, respectively
and O(IT) is the sum of the remaining terms. With infinitesimally small displacements,
each non-zero term in the above expansion is much larger than the sum of the
succeeding terms. Usually, most of the terms vanish. For normal buckling analysis, the
first term i.e. the first variation of total potential energy is among those that vanish.
However the current study is an exception. When the first variation does not vanish, the
following condition must first be satisfied.

g-(51'[) =0
dw

(1.18)
The author terms this condition as the stationary first variation of total potential energy
principle. When the first variation vanishes, then the second variation of the total
potential energy must be stationary. For a two degrees of freedom system, the condition

for this stationarity is
(12 d d (12
dw, 2\ 2! dwjdw,\ 2!

2
d_d_(i gn) d_z(i gn)
dwydwy\ 2! dw, \ 2!

=0

(1.19)
where w; and w-, are two displacement variables. The current study simplifies a pipeline
liner as a one degree of freedom system. For a one degree of freedom system, Equation
(1.19) becomes

2
L5 8n)=0
2!

dw

(1.20)
where w is the one degree of freedom displacement variable. The author terms this
condition as stationary second variation of the total potential energy principle (the
second variation is proportional to w” therefore when the second differential is zero so is
the first differential). The stationary first and second variation of the total potential
energy principles, together with Rayleigh-Ritz method, will be employed throughout the
analytical analysis in this PhD study.
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1.5.9 Rayleigh-Ritz Method and Galerkin Method

Rayleigh-Ritz method will be employed in the analytical development of the critical
imperfection and buckling temperature formulations in later chapters. Chapter 2 will

review the published work by Ding et al., 1996, where Galerkin method was used.

Basically, when Rayleigh-Ritz method is employed, the displacement functions are
replaced by assumed deformed shapes with a few degrees of freedom (one degree of
freedom for the current study). In the current research, the deformed shape is usually
assumed to be squared sine or cosine waves. Then stationary potential energy principle

is used to derive the temperature-displacement relationship.

When Galerkin method is employed, similar deformed shapes are also assumed, but the
governing equations rather than the total potential energies will be used in the formation
of homogeneous equations for displacement variables. The homogeneous equations are
derived by the minimization of the errors of the products of the left of the governing

equations and every admissible displacement function.

1.5.10 Reduced Stiffness Method

It is well known that there exists a discrepancy between the analytical solutions and the
experimental results for buckling loads. This problem may be largely answered by the
Reduced Stiffness Method.

The Reduced Stiffness Method provides lower bound of the buckling load for any
buckling structure. Basically the buckling process is the process losing membrane strain
energy while gaining bending strain energy. The residual membrane strain energy
(when a structure has buckled, the remaining membrane strain energy is relatively small
so that the author term it as residual membrane strain energy; this terminology will be
used again later) and the bending strain energy together with other terms of strain
energies will determine the buckling load. Due to the uncertainties of loading
conditions, the geometric and material defects, etc, the amount of residual membrane
strain energy is varying. The lower bound of the buckling load is the buckling load
derived when the stabilizing residual membrane strain energy in a system is eliminated.
The Reduced stiffness method will be further reviewed in Chapter 2 and will be

employed in the current analytical work.
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1.5.11 Finite Element Analysis

Normal finite element buckling analysis refers to eigenvalue and eigenvector extraction.
When imperfection is involved, in finite element analysis, the combination of the
eigenvectors extracted from an eigenvalue analysis is usually used as the form of the
imperfection and then the corresponding geometrically non-linear analysis is carried
out. The current research deals with unconventional finite element buckling analysis in
the sense that the current buckling is the one-way buckling so that no eigenvalue and
eigenvector extraction is possible. The details of the finite element analysis will be

discussed in Chapters 7 and 8.

1.6 Summary of the Current Work

1.6.1 One-way Buckling of Pipeline Liners

The thermal buckling of bi-metal mechanically bonded pipeline liners is relatively new.
Almost all the available references regarding the buckling of cylindrical-type liner, of
whatever materials and under whatever loadings, treated the buckling as a normal two-
way (inward and outward) buckling by methodologies that do not address the
underlying one-way buckling characteristics (except Burgess’ one-way buckling of
contained ring, Burgess, 1969 and Fan’s nuclear power plant liner, Fan et al. from
Qinghua University, 1996, to the best of the author’s knowledge). Since a bi-metal
mechanically bonded pipeline liner is perfectly bonded to the host pipe, the no-outward-
deflection rule has to be strictly followed. The current research is One-way Buckling

Analysis of Pipeline Liners.

1.6.2 Objectives of the Work

The essential objectives of the work described in this thesis are:

. To review and collate available information on the elastic and elastic-plastic
buckling of cylindrical shells, especially the buckling analyses of different liners
in various engineering applications;

° To identify the fundamental one-way buckling mechanism of confined
cylindrical liners by simplified analysis using rigid-link modelling and beam-

link modelling. This enables answers to two basic questions: (i) does a confined
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perfectly circular cylindrical liner without imperfection buckle and (ii) at what
conditions does it buckle;

] To identify the fundamental differences between one-way buckling and normal
two-way buckling and to derive generic equilibrium paths for different
categories of imperfection profiles;

o To carry out analytical analysis with liner-only continuum model and liner-pipe
continuum model to derive more accurate critical imperfection and the
corresponding critical temperature;

] To carry out a series of finite element numerical elastic and elastic-plastic
buckling analyses in order to verify the analytical results, perform parametric
studies on the effects of various pipeline geometrical parameters, examine the
modal shape at the on-set of the buckling and modal shape transition at the post-
buckling stage and investigate the effect of the material plasticity on both the
buckling temperature and the modal shape transition;

U To compare the results from the analytical and numerical analyses with those
from published experimental results;

. To prepare conclusions from the assessment of the analysis results, to make

recommendations for application of the results from this research.

1.6.3 Description of the Methodology

In the current one-way buckling analysis, the imperfection is included from the very
beginning to the end. The involvement of imperfection means inclusion of the coupling
terms of the imperfection and the displacements. Therefore, the detailed analysis for the
current one-way buckling analysis contains tedious mathematical work. Therefore, the
current study will be carried out step by step starting from simple approaches and

increasing in complexity:

. Firstly commencing analytical analysis and followed by finite element numerical
analysis with ABAQUS;
. Firstly analytical analysis with simplified models and then analytical analysis

with continuum models;

. Firstly analytical simplified analysis with rigid-link models and then analytical
simplified analysis with flexural beam-link models;

. Firstly analytical analysis with liner-only continuum model and then analytical

analysis with liner-pipe continuum model;
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. Firstly to examine basic one-way buckling mechanism and then to derive
detailed buckling temperature and its variation against various parameters;
. Firstly finite element analysis with partial-models and then finite element
analysis with full-models;
. Firstly finite element elastic buckling analysis and then finite element elastic-

plastic buckling analysis.

Lining techniques in pipelines are relatively new technologies and there is little
published work about the buckling of shell liners available. Among the published work
about the buckling of liners, most researches employed modified free shell buckling
methodology. However, liner buckling is fundamentally different from free shell
buckling in that it is a one-way buckling. Therefore, it will be necessary to clearly
define the one-way buckling mechanism before the detailed analysis is carried out. It

will be appropriate that the first step is carried out by a simplified model.

The simplified models are not intended to describe precisely the response of the
structure but to establish the general behaviour or phenomena. In the current study, the
methodology in the book Elements of Structural Stability (Croll and Walker, 1972) will
be adopted for the buckling analysis of pipeline liners, and, link models similar to those
in the book will be developed. The objective is to give an insight to the physics of
thermal one-way buckling of pipeline liners so that the mechanism of the thermal one-

way buckling of pipeline liners can be understood.

In this simplified analysis phase, two simplified analyses with two different simplified
models are carried out. Firstly, the pipeline liner is simplified as rigid-links, as in the
book Elements of Structural Stability. The second simplified model uses beam links to

address the effect of the changes of the wave lengths.

After the simplified analyses have answered the fundamental questions i.e. the one-way
buckling mechanism, continuum models are aimed to produce more accurate results.
The deformation functions in the continuum model are two-dimensional, and the
loading and boundary conditions are also more precisely simulated. In the analytical
analysis with liner-pipe model, even the temperature distribution based on the thermal

convection is considered.

Throughout the analytical analyses, after the corresponding models are constructed, the

deformed shapes are assumed. Then the stationary total potential energy principle
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and/or the stationary first/second variation of total potential energy principles are
employed so that the formulas for the critical imperfection and the corresponding

critical temperature are derived.

However, in the analytical work, some aspects of the analysis are still simplified in
order to reduce the complexity of mathematical work. Even in the continuum liner-pipe
model, deformed shapes are inevitably assumed in advance. After the basic buckling
behaviour of pipelines has been gradually understood, finite element analysis with less-

simplified models becomes necessary.

In the finite element elastic and elastic-plastic buckling analysis, while the modelling of
the inner liner as shell elements is straightforward, the modelling of the outer pipe is
quite difficult. In the final methodology, basically, the outer pipe is replaced by springs
so that the complicated coupling of non-linear contact and non-linear buckling is
avoided, largely solving the convergence problem. Finally, non-linear buckling analysis

is carried out with ABAQUS arc-length RIKs method.

1.7 Layout of the Thesis

The current thesis consists of nine chapters. Chapter 2 is a review of the past work in the
similar areas such as the buckling analysis of nuclear power plat liners or high-density

polyethylene lined pipes.

Chapter 3 will describe the work in the very first phase of the study — the simplified
analysis with rigid-link model. In this chapter, the basic one-way buckling concept will

be proposed.

In Chapter 4, the simplified analysis in Chapter 3 will be further extended to the

simplified analysis with flexural beam-link simplified model.

After the basic buckling mechanism of one-way buckling is identified in the previous
Chapters 3 and 4, Chapter 5 will start to look at the analytical analysis with continuum
model. In Chapter 5, the outer pipe will be treated as rigid, the liner-only continuum

model will be described and the corresponding results will be given.

Chapter 6 will conclude the analytical work by the liner-pipe combined continuum

model. The work described here is the most detailed among the analytical work with an
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aim to provide more accurate buckling temperatures for the typical pipeline liners.

Finite element analyses will be described in Chapters 7 and 8. Chapter 7 will deal with

the finite element elastic buckling analysis.
Chapter 8 will address the finite element elastic-plastic buckling analysis.
Finally, in Chapter 9, the work will be summarised and the detailed conclusions and

recommendations will be given. At the end of Chapter 9, the possible further work will
be identified.
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2 Literature Review

2.1 Introduction

It has been pointed out in Chapter 1 that there are a large number of engineering
applications of liners or linings virtually in every industrial area. The current literature
review reveals that many kinds of liners, except the sub-sea pipeline liners which are
relatively new, have been under intensive investigations (for example, steel tunnel
liners, Berti et al., 1998; non-metal underground pipeline liners, El-Sawy et al., 1998;

steel liners in nuclear power plant pressure vessels, Fan et al., 1996).

These liners in other industrial applications have some sort of similarities with the sub-
sea pipeline liners in that they all are contained circular cylindrical shells so that the
author believes it is worthwhile to know how their buckling analysis is carried out.
Space does not allow a thorough review of all these references. Although most of the
references available to the author will be listed in the References and Bibliography
sections of this thesis, only a relatively small selection of them, with important direct

relevance to the current study, will be selected for discussion in the following sections.

In this chapter, Section 2.2 reviews buckling theory. In Sections 2.3-7, various aspects
of the buckling of circular cylindrical liners will be reviewed. Finally, conclusions will

be drawn in Section 2.8.

2.2 Buckling Theory

2.2.1 Two-way Buckling of Shells

Like all the scientific activities, the buckling theories were also developed step by step.
While Leonhard Euler historically published his classic Euler Load in 1757, stability
equations for cylindrical shells were developed more than a century later. According to
Brush (Brush, 1975), Lorenz published solutions for cylinders subjected to axial
compression in 1911. Solutions for buckling under uniform lateral pressure were given
by Southwell in 1913 and by von Mises in 1914. Results for cylinders subjected to
torsional loading were given by Schwerin in 1925 and Donnell in 1933. In 1932, Flugge
presented a comprehensive treatment of cylindrical shell stability, including cylinders

under combined loading and subject to bending.
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By summation of forces or by the stationary potential energy criterion, the non-linear

equilibrium equations for cylindrical shells are (most of the formulas in this section are

based on Brush’s book, 1975)
R (iNx) + ( Nxe)

R&NmH Ne)=o

DV'W + - Ne—|:N (d w) + 2 Nxe(d—d—wj L Ng (d—zwﬂ =p
R ae R dxde R? de
2.1
where:
R is the radius,
Ny, Nxg and Ny are in-plane normal and shearing stress resultants,
W is the outward radial displacement,
x and O are axial and circumferential coordinates (or subscripts in Ny, Nyg and Np),
p is the outward radial pressure,
D is the bending stiffness parameter,

EX

12(1 - v2)

D=

E is Young’s Modulus,
t is the thickness of the circular cylindrical shell,
v is Poisson’s ratio and

V*is a differential operator

V4W= d_4w 2 d_z_di.w L d_4w
axt r% \ dé do® rR* \ de*

The kinematic relations for perfect cylindrical shells are

= d - = .(l. =d—
&= (de) + Bx Bx {dxw) Kx dex
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2.2)

where
€ is strain,

U and V are in-plane displacements,
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B is rotation.

These strain-displacement equations are subjected to change from projects to projects.
Usually, the expression for the rotation in the circumferential direction may be
simplified as

dw

de
Be= R

By neglecting the V term in the rotation in the circumferential direction, the number of

strain energy terms is greatly reduced.

By using the adjacent equilibrium criterion or the stationary potential energy criterion,
and neglecting the initial rotations of the pre-buckling state, the corresponding linear

stability equations are

(2.3)
In Equation (2.3), the variables with subscript o are the variables in the fundamental
state while those with subscript 1 are the variables contributed by incremental
displacements. Equation (2.3) may be rewritten as follows by the introduction of a

portion of the constitutive and kinematic relations

3 2
DV4u1= vid wy |+ 1 |d d w1
R\ dx R? | dxde?

(2.4)
where C is the extensional stiffness parameter and Ve again is a differential operator
Et

2
1-V

v w=v* (viw)
In Equation (2.4), u; and v, are the in-plane incremental displacements. Equation (2.4)

is partially uncoupled and rewritten from the Donnell stability equations in coupled















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































