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ABSTRACT

Many researchers have studi  the buckling behaviour of pipelines under combined
loading in the interest of defining pipeline capacity as the pipe undergoes large
deformation due to extreme ground movement. Past studies have used a number of
physical, analytical, and numerical methods in order to understand pipeli  behaviour
and define the strain limits ne ssary i limit states design. A review of published works
has been presented here as well as two conference papers detailing the calibration of a

numerical model and comments on the buckling behaviour of a pipeline.

The first paper, accepted by OMAE 109, extensively described the calil 1tion of the
numerical model which was used  study the buckling behaviour and capacity of
pipelines. This paper had specific i ‘rest in the effects of radial offset imperfections.
due to girth welding process, on structural capacity. A parametric study also examined
diameter, thickness, internal plied pressure and applied axial force. The resence of a
compressive axial force was shown to decrease critical moment and strain. Strain
capacity was shown to be reduced by as much as 35% depending on the magnitude of
girth weld imperfection. Strain behaviour over various pressure levels was shown to be

non-linear and shown be reflected in the development of strain based equations.

The second paper, submitted to CSCE 2009, conducted further analysis on the results
rrated fro ¢ N focus ¢ il orms 1

pipeline section ovality. Buckled wavelength and amplitude were influenced by pipeline



diameter, diameter to thickness (D/t) ratio and applied internal pressure with limited
influence from misalignment amplitude. Ovality, a measure of pipeline out-of-
roundness, was found to remain constant over diameter, increase with de« :asing D/t,
decrease with internal pressure, and remain unaffected by axial force or amplitude of
imperfection. End effects were discovered to be a problem when considering pressurized
pipes and have been quantified for sel  cases. This has been shown to be a direct result
of the diameter to length ratio of the tested pipeline. As result, it is recommended that the
length to diameter ratios for test sections should be as large as practical, for both

numerical and physical tests, to avoid boundary effects.

The numerical procedure developed in this study has shown to be consistent with a
number of sources, Ghodsi et al. (1994), Dorey (2001) and Torselletti et al. (2005). The
m 1 conclusion and recommendatic given as a result of this study was  at boundary
effects greatly influence the uckling behaviour of the short pipelines studied and that

further investigations warrants the use of longer test sections.
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1. INTRODUCTION, OVEF IEW AND CO-AUTHORSHIP STATEME T

1.1.INTRODUCTION

The ever expanding oil and gas industry is constantly pushing the boundaries of what are
feasible and economical energy development projects. With exploration in deep water
and harsh environmental conditions, especially in the Arctic, new technic. challenges
arise when transporting resources via pipeline. One of these challenges . to design

against pipelir  buckling on both local and global scales.

Many researr rs have studie buckling of pipelines under combined loading, or loading
from axial, bending and p isure, as it arises in many of the challenging ficld
developments. In the Arctic, >r example, pipeline designs have to account for potential
permafrost heave, thaw settlement and/or ice gouging if the pipeline is installed in
offshore regions. In deep water applications, excessive bending from installation and
external pressure impose a substantial risk to the mechanical integrity of the pipeline. In
both these scenarios, any “ven loading combination may r local or “obal buckli:

rendering the pipeline unserviceab  or wor result in catastr _1ic failure and

hydrocarbon release.

1.2. OVERVIEW

The objective of this rese h is to investigate the effects of girth welded pipe on
buckling capacity for moment and strain. By studying published works on the buckling

behaviour of pipelines, a greater understanding of the subject was obtained. The
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literature review presented here describes physical, analytical and numerical 1 thods that
have been used to characterized buckling behaviour. Based on this review, a numerical
procedure using finite element methods was developed to model the buckling and post-

buckling response of pipeline subject to combined stress state.

While the lite .ure review contains a large collection of data based on a wide range of
parameters, few of these stu es present all of the information required to properly
calibrate a numerical model. The research program conducted at the University of
Alberta provides the most ¢ nprehensive public domain dataset available. Selected
studies from this research program were used in the calibration of tI numerical

procedures in this thesis.

After calibrating the numeric model and procedures to physical test data, a parametric
study was developed to investigate moment and strain capacity, pipeline ovality and
buckle wave forms and amplitude based on five design parameters. These included;
pipeline diameter, wall thick ss, app ernal pressure, applicd ax” ~ force and girth

weld misalignment amplitude.

1.3.CO-AUTHORSHIP STATEMENT

This research topic was proposed to the principal author by Dr. Shawn Kenny, Memorial
University of Newfoundland. His contribution to this body of work was to direct the

author in areas of interest pertaining to buckling capacity of pipelines. Dr. Shawn Kenny
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and r. Ryan] illips, C-CORE, I ‘e both played a role in the review of this manuscript

and ublished works, as well as provided comments on the revision of these documents.

The principal author was responsible for composing this thesis, conducting literature

review, data synthesis and analys  conducting the parametric study, interpreting results

and developing conclusions and recommendations from this study.
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2. LITERATURE REVIEW

2.1.EXPERIMENTAL Al ) ANALYTICAL INVESTIGATIONS

Early studies on the behaviour of pipelines generally involved experimental and
analytical methods. Jirsa et al. (1972) performed physical testing on concrete coated steel
pipes ranging in diameter from 10.75 to 20 inches, to investigate the influence of ovaling
on flexural behaviour when tested under four-point bending. Mome -Curvature
relations were determined by inferring the applied moment and curvatures from finite

difference expressions of the appl 1 loads and strain measurements, respectively.

The experimental results of Jirsa et al. (1972) were compared to analytical results derived
from the principle of least w k presented in Wilhoit et al. (1971), established by Ades
(1957), concluding ovalization does not significantly reduce the moment capacity of

pipes and the concrete coating has little effect on the ovaling characteristics.

Bouwkamp « al. (1973) develc d an experimental test program usii  a vertical four-
point bending test, similar to tt  of Jirsa (1972), with the addition of an applied axial
load. The motivation for tI  experiment was to establish deformation criteria for the
Trans-Alaskan pipeline systt 1 nsidering 48 inch diameter, X60, pipe wi  2r combined
loading conditions. Seven pipe segments were tested with respect to various internal
pressures and temperatures while accounting for end effects by way of applying

equivalent axial forces. Buckling occurred in two “stinct patterns; outward bulging in
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the pressurize cases and diamond-shaped inward-outward deformation 1 the low

pressure ¢ascs.

Johns et al. (1975) and Johns et al. (1977) took an experimental and analytical approach
to investigate the buckling of cyli rical columns. The physical experimentation of 1.25
and 2 inch diameter pipelines, D/t ratio of 60, was tested using four-point bending inside
a containment chamber that allowed for external pressure. The analytical procedure was
based on thin shell theory and complex analytical expressions were solved by the
process of e meration, methodical trial and error, to find the lowest possible wave

number of buckling.

Reddy (1979) investigated ¢« all diameter pipelines as well, testing a total of 19 pipe
samples, 10 steel and 9 aluminui  The pipelines were one inch in diameter, 24 inches in
length and had D/t ratios 1 g g from 30 to 80. Reddy (1979) used results from
Bouwkamp et al. (1973), as well as Wilnoit et al. (1973), and the theoretical predictions
of Batterman (1965), to assess critical compressive strains obtained from experimental
tests on both steel and alun 1w alloys pipelines. Reddy (1979) concluded that wave

type ripples trigger collapse rather than small amounts of ovalization.

Kim (1992) aimed to simpl / analytical equations, based on J; deformation theory and
energy methods similar to the works of Batterman (1965), used for axisymmetric

bifurcation analysis by inves ting both experimental and theoretical results for

%
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pipelines und: combined loadii Kim (1992) indicated that the primary factors
dominating buckling failure are: i) initial imperfection; ii) diameter to thickness ratio; iii)
pipe end conditions and leng! and iv) internal pressure. Kim (1992) em asizes that
critical strain under combined loading can be considerably greater than critical strain
under pure bending alone. In par ‘ular. internal pressure effects have been shown to be
beneficial, providing a marg « safety for pipelines designed on the basis of zero

internal pressure.

Using cantilever and fixed ended beams, the experimental work of Sherman (1976) on
steel tubes, 270mm in diam« r 1d D/t ratios ranging from 18-102, consisted of two
series of tests which primarily studied the effect of shear through the pipe section.
Sherman (1976) made several ¢ clusions regarding strength, critical strains and post-
buckling behaviour. The strength of the section is greatly affected by the presence of
shear for sec ns with D/t ratios greater than 55 due to the inadequacy of the sections to
redistribute moments. Small moment gradients in the cantilever tests resulted in higher
strains measured at the initial buckle when compare to constant moment tests. Post-

buckling behaviour is related to D/t ratio and a function of yield strength.

2.2.NUMERICAL AND PARAMETRIC INVESTIGATIONS
Numerical buckling analysis of pelines is used predominantly in recent literature which
was initiated by the development and availability of computers. Physical
experimentation is still require however, to obtain confidence in results obtained by

numerical simulation. Nume al procedures are very cost effective in that many
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parameters can be studied at minimal cost in order to extend the range of physical testing

program.

Kyriakides and Ju (1992) conducted a series of physical tests on aluminum tubing to
study the effect of bending on long cylindrical shells, which was then used to develop a
numerical procedure to predict the deformation behaviour, Ju and Kyriakides « 1392). As
referenced in Kyriakides and Ju (1992), the natural limit load of cylindr 1l shells is
characterized by the “Brazier Effect” (Brazier, 1927), whereby circular tubes under
bending will tend to ovalize. The owth of this ovalization results in a natt 1l reduction
in the bending strength on the shell, due to reduced rigidity, until a maximum bending

moment is achieved.

As shown by experimentation, in addition to limit load instabilities as a  sult of both
ovalization a | plastic mater . properties, shell bending is also limited by shell buckling
modes.  As shell structu s are bent, short wavelength ripples were observed
experimentally on the comp ssion side of the shell tubing, which in turn triggered the
localization of ovalization. As the natural limit load is approached, the long wavelength
imperfections become amplified resulting in non-uniform ovalization. As previously
mentioned, the development of ripples and waveform imperfections has been

documented in Reddy (1979) as well.
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The experiments of Kyriakides and Ju (1992) on aluminum tubing studied D/t ratios from
19.5 to 60.5. The authors describe a change in bucklii  behaviour as D/t decreases. For
D/t > 40, the prevalent mode of instability was short wavelength rippling, characteristic
of shell mode type buckling, which occurred in small regions randomly distributed over
the length of = : test section. The shells were found to ovalize relatively un >rmly until
collapse, which were generally diamond-shaped for zero pressure, typical of elastic shell
buckling. Since bending strains at the initiation of rippling were much lower than the
corresponding strain at limit load, it was stated that the two instabilities showed no signs

of interaction.

For intermediate D/t tests, ranging from 26 to 40, short wavelength rippling was evident.
A limiting moment was clearly defined in these tests, unlike tests for D/t > 40. Evidence
from these tests indicate that the natural limit load and rippling instab ty begin to
interact as the curvature at whii  rippling occurs becomes closer to the limit load induced

by ovalization.

For the thick walled pipes, 1 < 26, longer wavelength imperfections go- rn the shells
bending capacity as the pipe . proaches that of a beam bending. Ovalization becomes
much more non-uniform ar localizes significantly following the limit load. With the
limit load instability domir ing the failure mode, the natural load limit calculated by

considering Brazier Effect is representative of the actual value.
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The key result of the Kyriakides and Ju (1992) study concludes that the local buckling
response varies significantly over the range of D/t. For D/t ratios in the 20- ) range, of
practical importance for arctic ice gouge and deepwater applications, the primary mode
of buckling is due to ovalization. For D/t ratiosgreater than 40, typical Hr onshore
pipelines, the buckled mode is triggered by the formation of ripples. The effect of D/t on

buckling wave ngth, presented in Ju and Kyriakides (1992), is shown in Figure 2-1.
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Figure 2-1: Critical Wavelength versus D/t (Ju and Kyriakides, 1992)

Further to the experimental work of Kyriakides and Ju (1977 | Ju and Kyriakides (1992)
developed analytical express ns and numerical procedures to capture the complex nature
of cylindrical shell buckling. Sanders’ shell kinematics and the principal of virtual work
were used as basis for a numerical model capable of: 1) modeling ovalization at the
cross-section of the hollow cylinder, 2) simulating the growth of short wavelength axial
ripples, and 3) allow for the shell to localize and long wavelength amplitu s over a few

diameters.
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The results of the numerical procedures were largely successful in capturing the
behaviour of the cylindrical shells as compared to experiments; however, there was a
discrepancy noted between the critical wavelengths calculated and those recorded during
physical testing. This discrepancy was later attributed to anisotropy (Kyriakides and
Corona, 2007). The critical curvature yielded by the analysis was in good agreement

with the physical tests.

Using a finite element method, Row et al. (1983) studied the influence of material
properties, imperfection type and size, and applied pressure and forces on pipeline
buckling, which, as indicated in both the presented thesis and Row et al. (1983) report,
proved to be significant design factors. These analyses were correlated against the large

scale tests of Bouwkamp et al. (1974).

Imperfections were idealized using both bulge and offset eccentricities, the later showing
a greater significance on c¢r cal buckling strain. It was shown that the compressive
strain limit decreases with increasing amplitude and decreasing wavelength of the
imperfection and the effect ¢ imperfection is more sensitive at low pressu ~ Row et al.
(1983) studied the potential Hr depressurization to trigger wrinkle formation as critical
strain limits decrease with decreasing pressure. However, Row et al. (1983) also shows
numerically that when a pipeline is depressurized at constant axial strain the pipeline

does not wrinkle.
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In addition to analytical methods and physical testing approaches, Zimmerman et al.
(1995) discussed the development of finite element analysis for strain t ed design.
Models were calibrated to large-scale combined loading tests done at C-FER, the Centre
for Frontier Engineering Research. This work then provided the foundation to pursue a
numerical parametric study investigating the D/t ratio, internal pressure, material yield

strength, variations in the material stress-strain curve and degree of applied axial tension.

Several conclusions were drawn from the finite element analysis. It was found that 1)
decreasing the D/t ratio increased peak moment and strain, ii) increasing internal pressure
decreased peak moment but increased peak strain, iii) an increased plastic modulus
results in both increased peak moment and strain, and iv) axial tension delayed yielding,

increased peak moment and : reased peak moment curvature.

The notion of developing a “numerical testing laboratory” using finite element methods
in order to study pipeline buckling behaviour is presented by Bruschi et al. (1995). By
developing numerical proce: res, the overall cost and time required for the test program
is reduced because only a select number of physical tests are needed to calibrate the

numerical model.

Once Bruschi et al. (1995) had a calibrated model against Reddy (1979) & 1 Mohareb et
al. (19¢ 1, e authors used  pon “ e m 0odology to formulate regression

equations based on numeric results. ..x responses were moni  d (moment, ct
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and axial strai measured at both the limit point and onset of buckling) as result of two
input parameters (pressure and applied axial load), whereas element type, mesh density

and material property definitions were held constant.

Vitali et al. (1999), building «  Bruschi et al. (1995), extended the developed numerical
procedures to investigate the influence of pipc diameter to thickness ratio, material

properties and axial load as well as internal pressure for a total of 120 simulations.

The findings of the parametric study in Vitali et al. (1999) confirmed that:

e Pressurized pipelines typically buckle in an outward bulging ma ier whereas
unpressurized pipelines develop inward diamond or inward/outv -d diamond
shaped buckling modes depending on the diameter to thickness ratio.

¢ Peak bending moment capacity decreases as the hardening of the ipe material
decreases, axial force ratio decreases (increasing compression), and diameter to
thickness ratio increases.

e Mini um compressive strains, i.e. strains measure at maximum moment, increase
with increased internal pressure as well as increased hardening of the pipe

material.

Furthering { : numerical research, Torselletti et al. (2005) focused on the effects of girth

or ci " rent ds on um bending mor s 1 correspondi compressive

strain limits.  Using the finite nent lel developed =~ ..ali et al. (1999), a
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parametric stu / was done w 1t the intent of comparing bending capacity and critical
strain limits predicted using finite element methods with the DNV OS-F101 (2000)
design equations. Offset misalignment and ovality were introduced as girth weld
imperfections in the model. Ovality imperfection was shown to have less of 1 effect, as
compared to translational offset, on reducing moment capacity and critical strain limit.

The sensitivity to misalignment becomes less prevalent for lower D/t ratios.

Dorey et al. (2006) emphasized the importance of modeling initial imperfe: on in order
to achieve good correspondence to physical experimentation. Prior to the physical
experiment referenced in Dorey et al. (2006), a series of dimensional measurements were
taken to more accurately capture the initial geometry of the test section. In mapping the
imperfection grid to the mesh of the finite element analysis, the authors have shown very

good correspondence to the physical experiment for both welded and plain| es.

Since measuring each pipe segment is impractical and expensive, Dorey et al. (2006)
idealizes imperfections for plain and girth-welded pipe by using half sine wave and offset
imperfections, respectively. Using these single imperfections at the mid-section of the
numerical analyses, the authors were able to characterize the buckling be viour of the

test sections ieasured in detail.



Consistent with Dorey et al. (2006), Fatemi et al. (2006) conducted a fi e element
parametric stu _ using parameters D/t ratio, internal pressure, axial load, a  geometric
imperfections to study the effects of local buckling of a pipeline under combined loading.
The study investigated perfect or ideal pipeline geometry as well as imperfect pipeline
geometry with single blister-type imperfections. For a D/t ratio of 70, three different
buckling modes were shown over varying pressure stress ratios (), for B <0.15 an
inward buckle, for 0.15 < < 0.35 a single outward buckle and for > 0.35 an outward
double buckle characteristic of a higher mode buckled shape. Axial load effects were
also investigated over a range of D/t values at a constant internal pressure to stress ratio

of 0.8.

2.3.PIPELINE [ ~3IGN CODES AND GUIDELINES

Design codes and guidelines e written to protect the general public and given minimum
requirements for pipeline design using simplistic equations. The Canadian Standards
Association design code for oil and gas pipelines is dictated by CSA Z662 (2003).
Contained within Annex C of the code for limits states design, a s 1n equation
developed by Gresnigt (198¢ for the loi  "tudinal compressive strain limit for buckling is

given as follows:

| p. DY
£, = 0.5-- ~0.0025 + 3000 (b -p.p 2-1)
D 2E

where, E; is the elastic modulus for steel (207 GPa) and p; and p, are internal and external

pressures, respectively.
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As one can see from the equation, no allowance is given for the effects of girth welding
or other imperfections which is believed to be a significant omission t ed on the
literature review conducted, although the code limits the girth weld offset tc¢  maximum

of 1.6 mm.

Design code DNV OS-F101, Submarine Pipeline Systems, incorporates limit-state design
with calibrate safety factors to stipulate recommended strain limits for pipelines under
combined loading while including some allowance for girth weld imperfection. The
strain equation is intended for use in an offshore installation setting. The characteristic
strain equation is given as (D / OS-F101, 2000):
t o)
£, :0.78(——0.01] PS5 oo, (2-2)
D f, £
where oy, and fy are hoop stress (AP(D-t)/2t) and yield stress, respectively. sign factors

o, and @y, are included to account for material hardening and girth weld effects.

The girth we | factor is simplistically defined as a bilinear curve, shown in Figure 2-4.
“The reduction is expected to negligible at D/t = 20. A linear interpolation is then

roposed up » D/t = 60" (DNV OS-F101, 2000) where a reduction in compressive strain
capacity was found to be on e order of 40% based on the works of Ghodsi et al. (1994)

to yield a girth weld factor of 0.6.

[\
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It should be noted that the DNV critical strain equation was developed for fshore use
where pipeline are generally thicker than onshore pipelines. Thus the equ on is only
valid for D/t ratios less than i. Regardless, a large difference between t  CSA and
DNV strain capacity equations is shown between design equations within the D/t range of

20 to 45.

2.4.SUMMARY

A review of pipeline buckl g experiments, both analytical and numerical analysis
1 thods, and pipeline design codes has been presented. Many physical experiments have
been documented characterizing pipeline buckling by studying many pipeline design
parameters. The scatter of critical strain data, seen in Figure 2-2 and Figure 2-3, can be
attributed to variations in pipeline geometry, material properties and loadn  conditions.
Various buckling mode shapes and responses have been shown to vary from thick-walled
to thin-walled pipeline and they also show strong dependencies on applied ressure. As
the focus of e present research is on girth welding effects in steel pipelines, studies of

geomeltric imperfection in we  led pipelines are of greater interest.
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3.1.SYNOPSIS
2 most detailed account of physical experiments involving girth welded pipelines were
produced at the University of Alberta through the works of Ghodsi et al. (1994) and
Dorey (2001) and are used as the foundation of the research presented in this thesis. In
the following OMAE 2009 paper, a numerical finite element modelling procedure was
developed to assess the bending moment and strain capacity of girth wel d pipelines
over typical design parameters. A finite element method of analysis was adopted for this
research due to lack of direct access to physical testing facilities. Figure 3-1 illustrates
e finite element model used in the analysis as well as a schematic of the U of A testing

apparatus.
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is only applicable for D/t ratios less than 45. The results of the parametric analysis
presented graphically in the OMAE 2009 paper are reproduced in tabu - form in
Appendix A. The results for p e bending are shown to be consistent with tk presented
in Torselletti et al. (2005). However, including an applied axial load and pressure effects
in combination has shown to greatly reduce the strain and moment capacity of the

p cline.

The OMAE 2009 paper concludes that an increased axial force decreases cri :al moment
as well as critical strain by as much as 40% and 50% for both moment and strain,
respectively. The maximum  gree of imperfection, 15% of wall thickness, is shown to
reduce the moment and strain capacities by about 10% and 35% for mome¢  and strain,

respectively.

The strain behaviour, with respect to pressure, is shown to be non-linear. This is due to
¢ different buckling modes triggered; outward bulge for pressurized cases (Figure 3-3)
id inward diamond buckles r low pressure cases (Figure 3-4). It is recommended that

the design strain criteria be d° endant on the buckling mode of the pipe s the failure

mode changes from pressurized to unpressurized pipes.






for example DNV OS-F101 and CSA Z662, as to how to account for girth weld effects
on the local buckling response. This paper investigates girth weld effects across a range

of practical design parameters.

Calibration of the numerical a lysis was performed using available data, from full-scale
tests and finite element analysis, for girth welded pipes in order to obtain confidence in
the numerical procedure. The significance of girth weld effects was to reduce the peak
bending moment capacity by 10% whereas strain capacity was reduced by as much as
35% based on the degree of girth weld imperfection. Girth weld effects have becn
acknowledged in industry; however, further research and physical testing is required to

fully understand the problem.  shown in this paper.

3.3.INTRODUCTION

The demand for oil compels developers to venture into new and more challenging
environments where design »ads on pipelines may be uncertain. Some of the most
difficult design conditions are found in the Arctic where many forms of extreme loading
conditions influence the design of pipelines; for example ground movement induced
permafrost heave / settlement, as well as subgouge deformations due to the interaction of
ice features with the seabed. Iceberg loading events are also of concern for pipelines and

offshore installations on Canada’s east coast.

Physical testing of full scale pipelines is often difficult, time consuming and generally

expensive.  may be difficult to capture all loading conditions in a single test program.
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Numerical finite element analysis is therefore a beneficial tool in design of pipeline
systems that can readily supp aent physical test programs. Once properly developed,
the numerical tools can rapidly and efficiently simulate many various loading conditions
that cannot be done economically in a physical laboratory setting. This paper discusses
the development and calibration of a numerical model for girth welded pipelines under
combined loading conditions, demonstrates its applicability over a range of pipeline
design parameters, then exp res the significance of the girth welded imperfection

parametrically.

3.4.CALIBRATION OF NUMERICAL MODEL

The commercial finite element package ABAQUS v6.7 was used to develop a buckling
analysis based on the works of Ghodsi et al. (1994) and Dorey (2001). Ghodsi et al.
(794) undertook a physical st program and considered 12 test cases at three different
pressure levels for two different diameters. The selected 304.8mm (12 inch) and 508mm
(20 inch) outer diameter pipes were fabricated using the UOE process, a common
fabrication process in pipeline construction where steel plates are bent into a U-shape,
then into an O-shape and tI = .«panded to form a circular section. The 304.8mm (12
inch) and 508mm were of pipe grades of X52 and X56, respectively. The authors’
nomenclature for the experimental program, XYZnn(W), is summarized as follows:

X = U, D, or H representing Upstream (unpressurized), Downstream (fully

pressurized to 72% or 80%) and Halfway (pressurized to 36% or 40%)
Y = Gor " representing Greatest and Least thermal effect

Z A or R representing Active or Reactive axial force end co litions.



nn = Nominal diameter (in inches)

w = Indicating that the pipe is Welded at mid-span
Dorey (2001) conducted a series of physical experiments as well as numerical analyses
and compared the results to a large catalogue of data including the works of Ghodsi et al.
(1994) and Mohareb et al. (1994). Dorey’s physical tests consisted of NPS 30 pipe
sections with 1 outside diameter of 762 mm with a thickness of 8.3 mm v h specified
yield strength of grade X70. Dorey’s tests conducte under initial compression are of
i erest to this calibration study. These tests were denoted as CP##W, where ##
represents 0, 20, 40 and 80% of the pressure to cause yield in the circumferential
direction of the pipe section, or pressure-stress ratio 3, which is given in equation (3-1).

B=o,/0,=(PD_ /2t)) /0, (3-1)

The physical test procedure for both experiments stipulated that the pipe was first
pressurized to the required level. An axial force was also applied to ¢« 1pensate for
thermal loads, inferred from field conditions, axial Poisson effect deflections and end cap
effects, which are not present in continuous pipelines in the field. The total applied axial
force is resolved by summing the followit forces for thermal, Poisson, and end cap

effects, equations (3-2) through (3-4), respectively.

F =oA EAT (3-2)
F,=-VA_ (PD,/2t,) (3-3)
Fp =(n/4 D, 5P (3-4)
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A multi-point constraint (MPC) was used to model the end boundary condi s for the
pipe test segment. This allow: for the circumferential nodes at the end of the pipe to be
tied to one single reference node, located at a specified pivot point. This constraint
a Hws for control of the end section as a whole permitting only bending rotation and
axial translation at the ‘free er * where the applied axial load is applied. The MPC used
in this analysis does not, however, allow for the end section to ovalize. This is not
believed to be a substantial error since the experimental pipe test section w  connected
to the test fra e via an end plate where the circumferential support collars were used to
reduce stress concentrations near the endplate. An illustration of the developed finite

:ment mod: is given in Figure 3-5.

Rigid Pi t End Axial

}nt Y — Collars ~—_ Load
End End

Moment Moment

Figure 3-5: Finite Element Schematic

Using the Modified Riks me od. for nonlinear solution, concentrated end moments were
applied to the end reference pivot points. The ABAQUS load participatic factor (LPF)
was used to calculate the aj lied end moments. Second order effects arising from the
applied axial force were also accounted for, modified slightly from Mohereb et al. (2001),

using the following equation,

M., M,p+Fhy;.Sin(0) (3-5)

End T LPF
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where hoge 1S the distance  >m the end cap to the rigid reference point and 0 is
measured from the reference point of the applied axial load. Global curvatures were
calculated based on the differential rotation measured at the reference points over the

p e sections total length, as indicated by equation (3-6).
K= A8, /L (3-6)

A 4-noded shell element, with reduced integration and hourglass control (ABAQUS
element S4R). was used as its formulation allows for large displacement and finite
membrane strain. The circumferential to longitudinal mesh densities used in the
calibration analysis of 324mm and 508mm pipes were 60 to 161, consistent with density
used in Al-Showaiter et al. (2008). The mesh density used for the 762mm pipe was 40 to
75, as used in Dorey (2001). Two end collars that were used in the physical experiment
to connect the pipe text section to the {rame were also modelled numerically. All collars
were 150mm in length and | | the same thickness as the pipe section being analyzed. A
summary table of the calibration analyses parameters for Ghodsi et al. (1994) is given in
Table 3-1. The calibration analyses parameters for Dorey (2001) is given in Table 3-2.

Table 3-3 contains the true stress-strain material data used for the calibratic

UGAI2W | HGAI?W | DGAI2W | UGA20W | HGA20W | DGA20W
D (mm) 324 324 324 508 508 508
t, (mm) 6.35 6.35 6.35 7.9 7.9 7.9
D/, 51 51 51 64 64 64
L (m) 1.69 1.69 1.69 1.69 1.69 1.69
. B 0.00 0.36 0.72 0.00 0.40 0.80
P (MPa) 0.00 5.26 10.52 0.00 4.96 9.91
Grade X52 X52 X52 X56 X56 X56
h()ﬁj\c( (mm) 162 [ 162 254 254 254
F (kN) 667 822 . 12122 ] |70 2069
Table 3-1: Ghodsi et al. (1994) Input Paran ers for Calib: dy
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P80OW

CPOOW CP20W CP40W C
D (mm) 762 762 762
t,(mm) 8.3 8.3 83
D/, 92 92 92
L (m) 2.7 2.7 2.7
B 0.00 0.20 0.40
P (MPa) 0.00 2.15 4.30
Grade X70 X70 X70
h()ff(mm) 3t 381 381
F (kN) 2069 2437 220

762
83
92
2.7

0.80

8.61

X70
381

3548

Table 3-2: Dorey (2001) Input Parameters for Calibration Study

X52

Stress (Pa) Strain (-)
0.00E+00 0.00000
2.00E+08 0.00100
3.29E+08 0.00194
3.75E+08 0.00241

3.92E+08 0.00476
4.05E+08 0.01041

4.16E+08 0.02029
4.35E+08 0.03959
4.49E+08 0.05794
4.64E+08 0.07677
5.21E+08 0.18218

X56
ss (Pa) Strain (-)

U.UUE+00 0.00000
2.00E+08 0.00100
3.31E+08 0.00192
3.75E+08 0.00238
3.87E+08 0.00376
3.94E+08 0.00468
4.05E+08 0.01020
4.18E+08 0.02031
4.34E+08 0.03962
4.49E+08 0.05847
4.62E+08 0.07732
5.19E+08 0.187+!

X70
Stress (Pa) Strain (-)
0.00E+00 0.00000
5.68E+08 0.00279
5.77E+08 0.01065
5.88E+08 0.02073
6.01E+08 0.03339
6.12E+408 0.04772
6.23E408 0.06473
6.32E+08 0.08125
6.37E+08 0.10290

Table 3-3: Calibration True Stress-Strain Definition

The interests of Ghodsi et :

initiation of the pipe wrinkling and buckling. Dorey (2001) established critical strain

equations based on the num

study the effects of girth welded pipelines more specifically. The results of OMAE 2009

calibration study, indicated

' the solid data points, for Ghodsi et al. (16

(2001) are given in Figure 3-6 and Figure 3-7, respectively.

(1994) physical tests were in the strain measured at the

cal and physical results. These reports prov ed a basis to

+) and Dorey







I st of the numerical results produced in OMAE 2009 study are consistent with the
physical data with some exceptions. Ghodsi’s reported some difficulties with the 20"
diameter cases. During the i1 ial test of UGA20W, control was lost for the loading jack
an the data was abandoned because the pipe was plastically bent at the be; ning of the
test. Thus data from UGA20W-2 was reported. The shape of the moment curvature
diagram produced by the calibration analysis for UGA20W-2 is consistent with that
reported in Ghodsi et al. (1994), although the curvature is offset. This is likely due to
similar difficulties reported in the physical experiment of UGA20W-2 as seen In

UGA20W-1.

At high pressure, the pipeline system becomes inherently stiffer, thus requiring higher
forces to bend and buckle the pipe. A potential explanation for the discrepancy between
numerical and physical results seen in DGA20W (F° ire 3-6) and CP80OW (Figure 3-7)
may be that part of the load is being carried by the testing frame and not the pipe section
or, in the case of CP8OW, “it is possible that the incorrect material properties were used
as input into the FEA model for specimen CP8OW™ as stated in Dorey (20C 1. In spite of

1ese discrepancies, the numerical model presented here is consistent with both physical

:st programs and finite element models presented by Dorey (2001) as shown in CPOOW,

CP20W and CP40W of Figure 3-7.

3.5.A PARAMETRIC \NALYSIS
Ti )09 paran 5 T ' to identity © the bu ling capacity

by varying five input parameters. ...ese are: diameter (D), diameter to thickness ratio



(D/t), pressure-stress ratio (B), axial load ratio (N) and initial imperfection amplitude.
The axial load ratio refers to the load required to yield the pipe in the longitudinal
direction, given in the equation (3-7).

N=o,/6, F/AgQ, (3-7)

Three values of the five par:  zters were considered resulting in a total of 13 analyses.

Table 3-4 shows the range of parameters used in the parametric study.

Low Medium High
Diameter (mm) 406.4 609.6 914.4
Dft, 30 60 90
Pressure Ratio, 3 0.00 0.40 0.80
Axial Load Ratio, N -0.30 -0.15 0.00
Imperfection AmplitudeI 5% ty 10% t, 1806 t,

! Anplitude limite to 3mm, maximum allowable trom Table D-3 DNV (2000)

Table 3-4: Analysis Matrix for Parametric Study
1e finite element mesh generation included end caps and collars, as in the calibration
analysis, to avoid inconsistent end buckling modes, such as “elephant foot” buckles, as
described by Dorey (2001). Pipe section length was kept constant at 3.5 diameters,
where circumferential to axial mesh densities used were 60x143, 92x215. and 120x281
for 406.4mm, 609.6mm, and 914.4mm diameter pipes, respectively. As shell structures
ave closely spaced eigenvalues, the mesh density was selected to maintain consistent
aspect ratio with element axial length of about 10mm. Generalized engi ering stress-
strain relationships used the Ramberg-Osgood formulation, as defined in Walker and

Williams (1995), having specified yield strength of 483 MPa (X70).

3-14



3.6. RESULTS

Torselletti et al. (2005) made use of design cquations in DNV (2000), for pipelines under
internal overpressure, to normalize the data obtained from finite element results. The
same approach is adopted here whereby most safety factors are assumed to be unity with
the exception of:

e material resistance factor, Y, set to 1.15

e maximum allowed yir | to tensile strength ratio, o, set to 0.92

o girth weld factor. . set to 0.9,0.6, and 0.6 for D/t ratios 30, 60 and 90

respectively.

Thus, solving for Mpny in equation (3-8) yields the normalization factor for critical

moment obtained from the m erical analysis.

2 2 p 2
l.lS[i) +1.12 l—[il +( ] =1
Fy M Plastic Py Py
2 MD[\"' 2 2
LIS(N)" +1.15—=" [ 1-(B) +(B)" =1 (3-8)
o,D, "tn

The numerical critical global strain. €,, calculated in equation (3-9). w  normalized
against the characteristic compressive strain, €pny. equation (3-10), where oy, and o, are
listed above.

e =xD (3-9)

£

t -
€pny =O.78(15 —0.0lj(l 5B )or, "Sotgw (3-10)
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The results of the parametric study are illustrated in Figure 3-8, Figure 3-9, and Figure
3-10 for D/t ratios of 30, 60 and 90, respectively. Each curve shown i the figures
connects the variable of imperfection for each of the other test parameters. _urprisingly,
there is little variation in the arves over the various diameters of pipe. Thus the three
diameters are plotted togeth with the same line type and symbol. This convergence
may be related to the classic buckling equation, €. = 1.2 t/D, or as an indication of
stubby column buckling in the presence of an applied axial load since L/D is only 3.5. A
general overall trend encomp  sing all D/t ratios is given in Figure 3-11 using a diameter

of 609.6mm and an axial load ratio of 0.15.

Critical Moment-Strain for DAt = 30

13
5% Imp.
15% Imp [
12 I . » =
PUPTRE L -
.- ""_’j" I
i v 10% Imp.
1 ' °
= .
£ 09 ve *0u
@
5 e
- v"¥
08t vY
5] .*
07 oo = B=0% N=0.00
* B=0% N=015
» B=0% N=030
06 = B=40% N=0.00
» B=40% N=0.15
» v B=40% N=0.30
ost o « B=80% N=0.00
v » B=80% N=0.15
* B=80% N=0.30
06 L t H 1 1 1 1
2 0.4 06 08 1 12 14 16 18

Global Critical Straln / Stralnl:|Nv

Figure 3-8: Parametric Results — D/t = 30
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Critical Moment-Strain for D=609.6mm N=0.15
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Figure 3-11: Trend for D = 609.6mm, N = 0.15
For the pure bending case and D/t ratios equal to 60, the findings in this paper are
consistent with that of , urselletti et al. (2005). Itis: n that the DNV (2000) equation
for bending 1 »ment, axial force and internal overpressure for load control events appears
to be slightly non-conservative for unpressurized pipes (Mcyiica / Mpny >1). Since the
normalization did not account for other partial safety factors, the results are deemed to be
within reasonable limits for engineering practice. The results for critical strain for these
cases are consistent with Torselletti et al. (2005) as well and are generally conservative

with the inclusion of a strain resistance factor of 2.6 on design strain, as stated in DNV.

However, including  applied  al load and pressure effects in combin ion has been

shown to greatly re¢ e the strain and moment capacity of the pipeline. As shown in
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Figure 3-8 for D/t = 60, the effect of applied pressure was to reduce the normalized
moment by 0.5-0.6 and reduce normalized strain by 50%-55%. The degree of reduction
for the normalized moment and strain due to applied axial force is dependant on the level
of applied pressure. In the fully pressurized case, f=0.80, the moment ratio typically

reduces by 0.5 while the strain ratio reduces by approximately 30%.

The effect of the girth weld misalignment amplitude was to reduce the peak bending
moment capacity by 10% whereas strain capacity was reduced by as much as 35% bascd

on the degree of girth weld in erfection.

On assessment of results for /t ratios equal to 90, it readily becomes apparent that the
DNV design equations, developed for D/t ratios less than 45, dramatically under predict
global critical strains. This vach is not appropriate for design of pipe 1es with D/t

ratios equal to 90, but is presented here for completeness.

Finally, strain behaviour over various pressure levels is shown to be non-linear. It may
be difficult to capture this behaviour in a single design equation since the mode of

buckling changes drastically ven the pressure level.

3.7.CONCLUSIONS

The calibrated finite elem¢ model presented in this paper has been shown to be

consistent with seve | physical experiments o©  a range of design parameters. This
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modeling procedure was then applied parametrically over five design parameters and has

yielded very interesting results.

The analysis of the parametric study has shown that:
e Anincreased axial force decreases critical moment as well as critical strain by as
much as 40% and 50% for both moment and strain, respectively.
e The degree of imperfection has been shown to reduce the moment and strain
capacities by about 10% and 35% for moment and strain, respectively.
e Strain behaviour over various pressure levels is non-linear. It may be more

suitable do develop a failure su 1ce dependant on the buckling mode of the pipe.
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NOMENCLATURE
A, Cross Sectional Area of Steel
D Outside Diameter

Dn Mean Diameter

E Elastic Modulus

F Applied Axial Force

F, Force to Yield Pipe Section Axially

hoisee  Measured Distance From ™ d Cap to Reference Point

L Pipe Length
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LPF Load Participation Factor

Mpnvy DNV (2000) Design Moment

MPC  Multi-Point Constraint

NPS Nominal Pipe Size

p Applied Pressure

P, Pressure to Yield Pipe Section Circumferentially
tn Nominal Wall Thickness

AT Change in Temperature

o Coefficient of Thermal Expansion

O,w  Girth Weld Factor

Oty Maximum Allowed Y Id to Tensile Strength Ratio
B Pressure Stress Ratio

eonvy DNV (2000) Characteristic Strain

K Global Curvature

v Poisson Ratio

6 Rotation Measured at Reference Point
o} Axial Stress

Oh Circumferential (Hoop) Stress
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4.1.SYNOPSIS

Further reduction of the data roduced from the parametric study described in Chapter 3
focused on the assessment of buckled wave form patterns, ovality and the influence of the
total length of the pipe section on the global buckling response of the girth welded

section.

It was shown in the follow g CSCE 2009 paper that the buckled profile of the test
section is primarily affecte by diameter, diameter to thickness ratio and pressure.
Increasing D/t ratio, results in a decrease in the critical wavelength and amplitude
required to trigger buckling. This is consistent with the works of Ju and Kyrikides (1992)
in their study of cylinders under axial and bending loads. Conversely, increasing
pressure tended to increase wavelength and amplitude of the buckle showing
correspondence to Kyriakides and Corona ~)07) where they note an increase in the
bifurcation wavelength due to increasing internal pressure. The other design parameters

studied, applied compressive axial load and misal _ ment amplitudes, were found to
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nply shift e value of critical buckling strain and have little effect on the buckled

ape.

Ovality was shown to be influenced by diameter to thickness ratio and pressure and to a
lesser degree, by applied axial load and imperfection. Ovality remained constant over the

range of dian ers studied.

The following CSCE 2009 paper has shown that end effects are enhanced by pressurizing
pipes, which was shown to ' a direct result of the length of the pipeline. While the
length of the pipeline in this study was set to 3.5 diameters to simulate experimental
conditions, the buckled wavelengths show a great degree of interference between the
central buckle and buckles developed at the ends of the pipe. This paper recommends
that in further study, either hysical or numerical, should consider pipe sections at a

minimum of 5 to 6 diameters 1 length.

4.2. ABSTRACT
1e ultimate goal in pipeline design is to minin = : material costs without jeopardizing
the integrity of the pipeline system. A greater level of understanding of pipeline
deformation behaviour and more sophisticated analysis tools are r uired when

considering extreme loads and large deformation.

The Finite Element Method (FEM) has been used to assess the bending moment and

strain capacity of pipeline der ty; :al design condition and parameters. After the



analysis was calibrated to physical data, this study investigated buckled profiles and
ovality with respect to critical bending response of girth welded pipelines over a range of
typical desig parameters. These [ amecters included diameter, thickness. internal

pressure, applied axial load and degree of misalignment.

The results « this study have indicated that the buckled wave form observed in the
profile of the pipelines is primarily affected by diameter, diameter to thickness ratio and
pressure with applied compressive axial load and misalignment having lesser effects.
Ovality has been shown to be influenced by diameter to thickness ratio and pressure.
Ovality is affected to a lesser de_ e by applied axial load and imperfectic . However,

ovality has been shown to remain constant over the range of diameters studied.

End effects were discovered ) be a problem when considering pressuriz¢ pipes. This
has been shown to be a direct result of the length of the pipeline. While the length of the
pipeline in this study was s to 3.5 diameters to simulate experimental conditions, the
buckled wavelengths show a eat degree of interference between the central buckle and
buckles developed at the ends of the pipe. It has been recommended that in further study,

at a minimum, the length of the pipeline be increased to five to six diameters.

4.3.INTRODUCTION

This paper details the investigation of buckling behaviour of the pipeline ction subject
to combined loading. The purpose of this study is to provide a better understanding of

buckling mechanisms and failure 1 der non-linear and large deform on common
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extreme loading events. Since a Finite Element Method (FEM) of analysis was adopted
for this assessment, the numerical model was calibrated to physical data. The model was
then used over a range of pipeline diameters, thickness, internal pressure, aj lied axial
load and misalignment amplitudes to identify trends in the data. Of particular interest
were buckled wavelength prc les and distributions of ovality of girth wel: d pipelines.
Since the effects of material strength and material anisotropy were not part of this study,

isotropic standard X70 steel was used for all analysis.

4.4.CALIBRTION OF NUMERICAL MODEL

Ghodsi et al. (1994) and Dorey (20 1 investigated the effects of girth welds on the
buckling bel ‘iour of pipelines. Ghodsi et al. (1994) developed a physical test program
considering 324mm and 50: m pipelines of grade X52 and X56, respe vely, at the
pipeline testing facility at the University of Alberta. The pipelines were tested at three
different pressure levels (pressurized, unpressurized and at a 50% pressurized level)
where the pipeline segment was girth welded at midspan. Dorey (2001) conducted a
series of physical experiments for girth welded pipe as well for 762mm pipe, having
specified yield strength of grade 2..J, over four different pressures (P). These tests were
denoted as CP##W, where : represented 0, 20, 40 and 80% pressure to cause yield in
the circumferential direction of the pipe section, defined by the pressure-stress ratio f3,
which is given in equation (4-1). Dy, and t, represent mean diameter and nominal wall

thickness, respectively.

B = GHoup /Gyicld (PDm /2tn ) /Gyield (4"])
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In addition, Dorey developed numerical procedure to capture his own physical tests as

well as the experiments conducted by C odsi et al. (1994) and Mohareb et al. (1994).

The calibration analysis conducted for the OMAE 2009 and CSCE 2009 studies made use
of both Ghodsi et al. (1994) and Dorey (2001) results using ABAQUS v6.7. A Multi-
Point Constraint (MPC) was used to tie the circumferential nodes at the end of the pipe to
a single reference node. The reference node than becomes the pivot point for the applied
bending moment and axial force. The MPC used in this analysis does not, however,
allow for the end section to ovalize. An illustration of the developed finite element

model is given in Figure 4-1.

Rigid Pivot End Axial
><‘yo'nt .— Collars ———_, Load

End End
Moment Moment

Figure 4-1: Finite Element Schematic

The nonlinear solver used for the buckling analysis was the Modified Riks Method. The
Load Participation Factor (I F) from the solution te. nique was used to calculate the
applied end moments (Mg,g). Second order effects arising from the applied axial force
(Faxia) were also accounted for, modified slightly from Mohereb et al. (2001), using the
following equation (4-2),

M ’v[l.l’l- + F/\xialh()ffsclSin(el ) (4'2)

End



where hoyree 18 the distance from the end cap to the rigid reference point d 0, is the
measure of rotation at the pivot point. Global curvatures (k) were calculated based on the
differential rotation (ABg,g,) 1 :asured at the reference points over the pipe sections total
length (L) as  dicated by equation (4-3).

K=A /L (4-3)

s
A 4-noded shell element, with reduced integration and hourglass control (element S4R),
was used as its formulation allows for large displacement and finite mer iane strain.
The circumferential to longitudinal mesh densities used in the calibration analysis of
324mm and 508mm pipe were 60 to 161, consistent with the density used in Al-
Showaiter et al. (2008). The mesh density used for the 762mm pipe was 40 to 75, as used
in Dorey (2001). Two end collars that were used in the physical experimc 1, as well as
the end caps, were modelled numerically. Both collars were 150mm in length and had

the same thickness as the pipe section being analyzed. Some of the results of the

calibration analysis are show in . .gure 4-2 for Ghodsi et al. (1994) and Dorey (2001).

4-6



Global Moment Curvature for Ghodsi Series '12W'

250
225

200

-

~

(5]
T

-

(5]

o
T

125+

"y
(=]
(=]

Global End Moment (kN m)
~
(8]

o
[=3
T

N
o
T

—e—FEA UGA12W (3.5% Off)
—e—Ghodsi 94 UGA12W
——FEA HGA12W (3.5% Off)
= Ghodsi 94 HGA12W
—=—FEA DGA12W (2.5% Off)
—&—Ghodsi 94 DGA12W

Global Momen

2000
1800 I
~ 1600}
1400
1200
1000

800+

Global End Moment (kN m

400
200+

500+ §

t Curvature for Dy Series 'CP40W'

—o— CRA0W 3% Offset
—6— CP40W Darey Exp
—B— CR40W Dorey FEA

10 20 30 40 50 60 70 80 80 100 110 120
Global Curvature (10 " 1/mm)

0 25 5 75 1012515 17520 22525 275 30
Global Curvature (108 1/mm)

Figure 4-2: Calibration to Ghodsi et al. (1994) and Dorey (20 )

A summary table of the calibration analyses is given in Table 4-1 whereas Table 4-2

indicates the true stress-strain material data used.

¥ Dorey

Ghodsi (1994) (2001)

UGAI12W| HGAI2W |DGAI12W [UGA20W |HGA20W | DGA20W I  CP40W
D (mm) 324 324 324 508 508 508 762
t,(mm) 6.35 6 6.35 79 7.9 7.9 8.3
D/ t, 51 : S1 64 64 64 92
L (m) 1.69 1.69 69 1.69 1.69 1.69 2.7
B 0.00 0o 0. 0.00 0.40 0.80 0.40
P (MPa) 0.00 5.26 10.52 0.00 4,96 9.91 4.30
Grade > X52 X X56 X56 X56 X70
hogier (MM) 162 162 162 254 254 254 381
“(kN) ART 827 Q78 1333 170 2069 2806

Table 4-1: Input Parameters for Calibration Study

4-7




X52
Stress (Pa) Strain (-)
0.00E+00 0.00000
2.00E+08 0.00100
3.29E+08 0.00194
3.75E+08 0.00241
3.92E+08 0.00476
4.05E+08 0.01041
4.16E+08 0.02029
4.35E+08 0.03959
4,49E+08 0.05794
4.64E+08 0.076717
5.21E+08 0.18218

X56
Stress (Pa) Strain (-)
0.00E+00 0.00000
2.00E+08 0.00100
3.31E+08 0.00192
3.75E+08 0.00238
3.87E+08 0.00376
3.94E+08 0.00468
4.05E+08 0.01020
4.18E+08 0.02031
4.34E+08 0.03962
4.49E+08 0.05847
4.62E+08 0.07732
5.19E+08 0.18261

X70

Stress (Pa) Strain (-)
0.00E+00 0.00000
5.68E+08 0.00279
5.77E+08 0.01065
5.88E+08 0.02073
6.01E+08 0.03339
6.12E+08 0.04772
6.23E+08 0.06473
6.32E+08 0.08125
6.37E+08 0.10290

Table 4-2: Calibration True Stress-Strain Definition

4.5.THE PARAMETRIC ANALYSIS

A parametric study was done, Barrett et al. (2009), to identify trends in the buckling
capacity by varying five inpt parameters. These are diameter (D), diameter to thickness

ratio (D/t), pressure-stress ratio (f3), axial load ratio (N) and misalignment imperfection

amplitude. The axial load ratio refers to the load required to yicld the ipe in the
longitudinal direction, given in the equation (4-4).
N = G;uinl /Gyicld = F/\.' /A.\Gyichl (4‘4)

Three levels of the five parameters were considered resulting in a total of 243 analyses.

Table 4-3 shows the range of parameters used in the parametric study.

Low Medium igh

Diameter (mm) 406.4 609.6 914 .4
D/tn 30 60 90
Pressure Ratio, 3 0.00 0.40 0.80
*-*al Load Ratio, N -0.30 -0.15 0.00

'er" -tl (é 5% t 1NCL tn 1804 tn

™ h naximi  allowabl 00)
Table 4-3: Analysis Matrix for] 1 etric Study
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The pipe section length was kept at a constant at 3.5 diameters, where circumferential to
axial mesh densities used were 60x143, 92x215, and 120x281 for 406.4mm, 609.6mm,
and 914.4mm diameter pipes, respectively. The mesh density was selected to maintain a
consistent aspect ratio with an element axial length of about 10mm. Generalized
engineeril  stress-strain relationships used the Ramberg-Osgood formulatic , as defined

in Walker and Williams (1995), having specified yield strength of 483 MPa (X70).

4.6.BUC LED WAVE FORM AMPLITUDE AND LENGTH

Buckled profiles were assessed to identify the effects of the five parameters on the mode
and shape of buckling. Key results of interest were critical bucklii  amplitude,
wavelength and number of waves across the test section. By estimating the global
curvature radius, based on equation (4-3), and drawit  an arc passing through the ends of
the pipeline, 1e dominant global single sinusoidal waveform can be removed from the
buckled shape revealing local superimposed waveforms. This concept is illustrated in
Figure 4-3 v ere OR illustrates the variation from global curvature and the vertical line

on the moment strain diagram indicates the strain level of the buckled profile.
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Figure 4-3: Measuring Variation from Global Curvature

Using this concept, the buckled shape from the parametric study was analyzed at the
critical point of buckling and it was found that:
e Decreasing diameter decreases both wavelength and amplitude.
e Increasing D/t results in a decrease in the wavelength and amplitude required to
trigger buckling. This is consistent with the works of Ju and Kyril les (1992) in

their study of cylinders under axial and bending loads.
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e Increasing the presst @ results in an increase in both the wavelength and
amplitude of the buckle. This is shown in Kyriakides and Corona (2007) where
they have noted that an increase in the bifurcation wavelength with increasing
design factor (i.e. internal pressure) for problems involving plastic buckling
response for axial con ression.

e The effect of compressive applied axial load for the parameter rar 2 examined
had little effect on the wavelength and amplitude of the buckle.

e Amplitude of misalignment does not affect amplitude or wavelength of buckle.

Further, the wavelength of tI buckled shape remained relatively constant and the wave
increased in amplitude only with further end rotation. Unfortunately, it was observed for
some of the fully pressurized cases, as shown in Figure 4-3, additional wave forms
develop near the collars having significant wavelengths and amplitudes compared with
the central buckling mode. There are approximately eight half-wave forms shown for

this case.

Though the majority results displayed a central buckle, fully pressurized cases having
imperfection misalignment of 5% t, resulted in either a single or double end buckle, the
later being characteristic of perfect pipe buckling. This is an indication that the central
girth weld imperfection is not eat enough to overcome the end effects. 1 pressurized

cases, end effects are preser to some di e up to t ical bucklir~ point. Once the






Ovality increases with decreasing D/t ratio (Figure 4-6).

Ovality decreases with increasing pressure (Figure 4-7).

As a result of decreasing critical strain, applied axial load changes the location of
the onset of the nonlinear portion of ovality. Linear portions remain constant
(Figure 4-8).

The amplitude of misalignment alters the onset of buckling, not the 1 asure of

ovality (Figure 4-9), having a similar effect as the applied axial load.
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4.8.L/D DISCUSSION

In experiments conducted by hodsi et al. (1994) and Dorey (2001), the p pose of the

d collars was not only to restrain the pipe, but also to mitigate bou lary effects
interfering with the experim« .. It was discovered in the study of buckle wavelength
and shape, that some of the analysis developed significant deformation an litudes near
the collars of the pipe section. As shown in Figure 4-10, high pressure pipes are

rticularly s ceptible to end buckles. It is not surprising end buckles arise in a physical
test since the slightest imperfection or stress concentration at the ends will trigger a

buckle away from the girth weld.

Moment - Strain: L/D 3.5 Con essive Buckled Profile: L/D 3.5
0.2 1 - = R
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;go e Tos
. p =
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<= . c
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o
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© / E
L2 =
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(0] =z
0 0 [ ——Global Strain = 1.06%
0 0.005 0.01 0.01% u.u2 -2 0 2 4 6

Global Strain (-) Variation from Curvature (mm)

Figure 4-10: Buckled Profile for L/D 3.5

At a length to diameter ratio (L/D) of 3.5, the preferred wavelengths locat  at the centre
and ends of the fully pressurized pipes are of sufficient length to interfere with each
other. This interference results in an over-prediction of peak moment and strain capacity
as the buckled mode shape tends towards bucklit of a geometrically perfect pipe.

Additional analyses were carried out using L/D ratios of 5.5 (similar to UGAI2W in
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calibration analysis) and 10 for cases in the parametric analysis where end effect wave
forms were significant in comparison to the central buckle. It was fi nd that by
increasing the length to diam: r ratio, the influence of end effects decrease proportional
to L/D. The relative magnitude of end effect wave amplitude to girth weld wave
amplitude was found to be 0.75, 0.5 and 0.3 for L/D of 3.5, 5.5 and 10, respectively.
Critical deformation profiles 1d variation from global curvature diagrams are given for
these cases in Figure 4-10 to Figure 4-12 where variation in curvature is plotted against

normalized length (Total Length / Number of Diameters).
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4.9.CONCLUSIONS

Through calibration with full-scale data, a finite element model has been used to assess
practical pipeline design parameters through parametric numerical study. By analysing
buckled profiles, it was dete 1ined that the main factors affecting buckle wavelength
and amplitude were pipeline diameter, diameter to thickness ratio and applied internal
pressure, whereas applied compressive axial load and imperfection amplitude tended to
shift the buckling point not the wave form of deformation. Similar observations were
made about ovality measured at the peak moment. Ovality was found to r¢  ain constant
over diameter, increase with decreasing D/t, decrease with internal pressure, and remain

unaffected by axial force or amplitude of imperfection.

End effects were illustrated for fully pressurized pipes havii a length equal to 3.5
diameters. This has given iight into the problems seen in the physical testing of these
pipes. In these cases, the buckled wavelengths show a great degree of interference. Due

» this interference, peak m¢ 1ent and strain capacities are over predicted as the buckled
wave form approaches the geometrically perfect pipe buckling mode. It is recommended
that further study in this area involve pipe lengths, at minimum, 5 to 6 diameters in

length.
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5. THESIS CONCLUSIONS AND F._COMMENDATIONS

5.1.CONCLUSIONS

The literature review has shov  that the buckling behaviour of pipelines and cylindrical
shells have been analyzed using a variety of tools. Analytical tools and physical
experimentation were the only means of pipeline buckling research before computers and
numerical techniques made possible to study buckling with greater degree of
complexity. While research currently favours numerical testing to development of
analytical equations, physical testing is still required to calibrate numerical models and

validate results.

The CSA Z662 strain based design equation does not make any allowance for girth weld
imperfection whereas DNV OS-F101 accounts for the girth weld effect by using a design
factor based on D/t ratio. ' 1th limited guidance on how to account for this form of

imperfection, more research is needed to quantify the girth weld effect.

A finite ele ent model has been developed and calibrated against physical data to
westigate t  buckling behaviour of girth welded pipes. The modeling procedure has
emonstrated that the bucklii  characteristics and capacity of pipelines is highly

dependant on diameter, thickness, internal pressure, applied axial load and misalignment

imperfection as i istrated i the parametric study of these five parameters. The degree
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of 1 salignment, in particular, was shown to reduce the moment and strain ¢ Hacities by

al ut 10% and 35% for moment and strain, respectively.

Further analysis of the parametric study results provided insight into the deformed shape
of the buckled shape with respect to the design parameters as well as ovality
characteristics of the pipelines. Diameter, thickness and internal pressure were found to
be the dominant factors with respect to buckled wave forms and ovality. D reasing D/t
and increasing internal pressure were shown to increase in the wavelength a | amplitude
required to trigger buckling. In terms of ovality, it’s measure typically increased with

decreasing D/t ratio and press e.

The total length of the pipe test section proved to be a critical factor in the buckling
behaviour. was found that end effects were predominant for pipe lengths of 3.5
ameters an  highly influence the results as shown through the study of ¢ 2 sections

having lengths of 5.5 and 10 ameters.

5.2. RECOMENDATIONS

nowledge obtain from this research s provided insight into the buckling behaviour of
ipelines. The primary recommendation for further study of pipeline buckling based on
this body of works is that length to diameter ratios for test sections should be as large as
practical, for both numerical and physical tests. It was found that for some design cases
studied, end effects assuredly influenced final results. This can be avoided with longer

test sections. By studying longer pipe sections, the local moment-curvature may be



required as the global moment-curvature tends to be quite different compared to the local

buckling moment.

Though the m ierical model presented in this thesis have been calibrated t a series of
test from the University of Al' -ta, Ghodsi et al. (1994) and Dorey (2001), it is uncertain
v cther or not the model ¢  reliably predict full-scale behaviour of other pipeline
system outside the scope of this study. A further validation study is require to enhance

the confidence in the numerical results.

Given the nature of numerical analysis, the parametric study can readily be extended to
include the effects of using other gra ' materials given the appropriate | ysical data.
Material yield point, ultimate strength, anisotropy and the shape of the stress-strain curve

are just some of the properties that could be invest ited.

Even though the DNV OS-F101 strain equation is not intended for pipelines having a
diameter to thickness ratio greater than 45, it was used in this study as a basis for
comparison and shown to be very conservative when applied to pipelines with D/t equal
to 90. Though thin walled pipelines are not usually used in offshore . plications, a
similar design equation may be tailored for onshore pipelines in buried configurations
where large -ound movements require strain based design. It is recomr ended that a

strain based design equation 2 pursued in the future for thin walled pipelines.
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