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Abstract

Pipelines form an integral component of the distributietwork of oil andgas productswhich
have to be transported from production sites to markets far off where theeedfor them.
Pipelines thushave to traverse long distances and as any other strumteisusceptile to
damageswith use A common cause of damage is thechanical damage pipelinein the form

of dents, which are caused by a hodt factors rangingrom, but not limitedto construction
errors, grounanovementand third-party interactions While some dents ia pipeline might be
dormant features, sonfeve the potential to affect the structural integrity of the pipehnes
resulting in the immediate atelayed failureof the pipeline It becomes necessatlyat some
measureéoe put in placefor accessing theeverity of dents in ordeo prioritize allocationof the
resources inthe implementation of managemestrategies. The codifiegtipulation of the
Canadian pipeline code, CSA Z668, proposeghe depth based criterion as a measure of the
severity of dents in pipelineslistory and research hahewevershown that this approach fails
to accommodate other factors such asldlcalizedstrain and stress distributidrecauseof the
geometry of the dent, asdent might fi belowthe codified deformatiofimits while violating

the localized plastictsain or stress limits. As an alternative to the traditional depth based
approach, the American Society of M@anical Engineers Standard foasgypipelines, ASME
B31.816, presents a set ofonrmandatoryclosed form expressions for evaluating the strains in
pipelines in a bid t@eneratahe strain state of the dented region based ordéreprofile. This
technique hashowever been criticized for inaccuracies in its assumptioNgll avare of the
pitfalls of existing analytical evaluation techniques fbe tstrainsin dentedpipeline, some
pipeline operators subscribe to the numerioabdelingvia Finite Element AnalysisHEA) of

dents as assessment technique, a procedure regardedcomputationallydemanding and



resourcantensive. The work presented herein is a novel technique for evaluating the strains in
dented pipelines based solely on data obtained from inline inspedianes. This study
discusses two idea3hefirst proposes a new technigéer the strain analys of thin walled
structures through a comlaition of B-Spline interpolation andeformation discretization. This
technique allows for the evaluation of all the components of the strain tensor that defines the
strain state of the dented pipeline. The sdcomovel approach is extending the proposed
technique and the existing ASME B3118 equations into @ghreedimensionalcontinuum, thus

allowing for a more elaborate analysis without loss in the generality of the procedure.
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Chapterl- Introduction

1.1Background and Problem Statement

Oil andgas mpelines area demonstrably safe means of transporting hydrocardasdonald

and Coshan2009 and typically are used to transport oil and gas products from production sites
to far off markets where they are requir@ipelines are left exposed buried or laid on the
seabedlepending ornthe geography of the regioenvironmentaktondition safetyconcerns and

as a means to optimizbe finangal implicationsof operating the pipelinéHowever,like any
other infrastructure pipelinesare subje@d to different loading andnvironmental conditions
andas such there amways risks and uncertaintiassociated with tlm. Mechanical damages
(derts, gougesand corrosioh have been identified as a common cause of the failure of the
pipeline (Cosham ad Hopkins 2004). Mechanical damage in the form déns in pipelines
could bebecause ofin imperfection in the pipeline during the forging process, influenced by
human activities in thprocesof the transportation and laying of the pipelimeshatural actions
such as grouneéxcitation. Dent$ave been defined as inward plastic deformations in pipelines

(Cosham and Hopkin2003) and arégypically classified under the followingategories:

1. SmoothDents leading to a smooth change in the cureabf the pipe wall

2. Kinked-Dents resulting in an abrupt change in the curvature of the pipe wall

3. PlainDents without stress concentrations and wall thickness reductions

4. ConstraineeDents prevented from rebound and reroundng due to the constant
surface to stface contact with the indenting bgdynd

5. UnconstraineedDents allowedelastic reboundg and inelastic r@éounding when the

indentingbodyis removed.



The presence of dents in pipelines has the potential to lead to serviceability or integrity concerns
(Rosenfelcet al, 1998, Panetta et.aP001, Dinovitzer et 812002 and Hanif and Kenny2014).
The failure of pipelinestructures can be seveteading to the loss difves, propertyandperturb

the balance in thecosystem.

As not all pipelines can be easihccessedvia visual inspectionas they may be buried
undeground or be laid on a seabedpadine inspection gauges (PIGs)esthuscommonlyused

to inspect pipeline The PIGs are eqped with calipers or sensdtwough the circumference of

the tool. PIGs runthrough pipelines andeportsthe geometry of the pipeline from which
geometric anomal i es al ofiedy Thedeiespeptionptaol@lsocdlegta n ¢ a n
precse data regarding the location atte orientation of these anomalidhe dataobtained

from such inspections igsed toreconstruct theanomalyand makea decision orstructura
integrity state ofthe pipeline In many countries of the worlgipeline regulations not only
demand inspections or monitoring of structural integrity at certdarvals,but a continuous
process of verification of pipelinetegrity and fithesgor-purposgBarbianand Bellg, 2012).1t

thus becomes necessary that pipeline operators are well versed in the concepts of pipeline

mechanical damage.

Various studies have been performed to fulhglerstand the effect of mechanical damage on the
structural integrity of pipelinesOnget al.,(1992) performedull scaleexperimental studies and

FEA in investigating the elastic strain distribution in plain dented pipeliftes.study revealed

that the peak stresses developed in dented sugfackinction of the indenter shape arnd the
casesstudied the burst strength of the pipeline was insensitive to the presence of localized dents

and the thinning of the pipe wall during the deformation posed a greater tFoeder et al,

(1993 investigated the effect of the ratios(where$ is the diameter of the pipeline a@i$ the



thickness of the pipe waln the fatigue behavior oflentedpipelines usingull-scaletests.

Several of the geometric ratios were considered and the dented pipelinetigeieecycled.
This study revealedhat the fatigue life of a dent decreased with increasingtios which

implies that dents in thin walled pipelines are more susceptible to fatigue cycling when compared
to thick walledpipelines. Thework by Rosenfeld et al. (1998) on evaluating the strains in
defected pipelines identifieifhree strain components required to properly define the strain state
of a dentedpipeline These components are the longitudinal bending sttaimgitudinal
membrane strain, andrcumferential bending strairOnce all three strain components were
obtained, it was assumed that the strain components occur pedkeof the dent. With these
strain components evaluated, the peak strain values at the external and the intereabStivéac
pipeline can be easilgvaluatedas an algebraic combination of the obtained directional strain

components

Various attempts have been made by independent bodies to characterize dents in the order of
severity by setting acceptability limit§.hemost common premise for the characterization of the
severity of a dent is the depth of the dent. The dents are deemed to be poteatsliftiine

depth is greater thaa fraction of theouter diameter (OD) or the nominal pipe size (NBG&
particularoperating condition, usually the Specified Minimum Yield Strength (SYM&ble *

1 shows various stipulations regarding the acceptability limit for piieintsset by different

standards



Table 11. Acceptability limits for plain dents (Race, et 2010).

PLAIN DENTS
Constrained Unconstrained
ASME B31.8 Up to 6% OD or strain level up to 6%
ASME B31.4 Up to 6% OD in pipe diameters >SA$0

Up to 6mm in pipe diametersP S 4 0

APl 1156 Up to 6% ODbut> 2% OD requires a fatigue assessment
EPRG O7% OD at a hoop stress of 72% SMYS

PDAM Up to 10% OD Up to 7% OD

CSA Z662 Uptoémm f or @m OO dr <684610D for >101.6mmOD

Although the depth of the dent could be indicative of a potential concern with,atde# been

noted that the depth of the dent is not sufficienthiaractere the severityof the dent Baker,

2004, Dawson et a).2006 and Rafet al, 2012).An advisory (Erikson2010) was released by

the National Energy Boardf Canadato pipeline operators under its jurisdiction regarding
incidents where the codified stipulatioms regarding the dent depthiled to dentify the
impending failure of pipelines. This was to serve as an indication of the need to revise the current
pipeline integritymanagement and assessment strategies as the depth alone does not provide

sufficient information for judging the severity of a defect

A strain based criterion tends to be more informative regarding the severitgedbranation
along the pipehe as it tales into consideration tHecalized distortion of the regions around the

dent and the curvature of the profile of tlent rather than the global overlook of the dent



topology The ASME B31.82003provides the nomandatory strain equatiotisatallow for the
evaluation of the strains in a dented pipelmediscretzing the strains into the directional
componentsnd algebraicallgombining these directional components to evaluate the equivalent
strain on thesurface of the dented pipelir@milar tothe work done by Rosenfeldt al. (1999.

Thereis, howeverno codified explicit guideline on thenplementatiorof these equation@s to

how to obtain the variableahd as such its use is often subjected to the expertise of the operator.
The works byNororhaet al.(2010, Baker(2004 andRafi et al.(2012) identified lapses in the
codified strain equations and focus areas for a more elaborate technique for evaluating the strains

on the dented segme@neof whichwere addressed in the ASME B3R2807edition

Well aware of the shortcomisgf the codified techniques, some operators opt for the use of
numericalmodellingfor the integrity assessment of defects in pipelines via HB&. nonlinear
numerical modelling with-EA allows for the simulation dhe indentation of the pipeline and as
such the residual stresses and strains associated with the deformation can be obtaieléd for
defined pipeline geometric and material modglBelanger andNarayanan 2008. These
solutions can be computabnally demanding and expensive as it might require numerous
simulation trials to be run in order to achieve a geometric match with the reported dent profile
The accuracy of the numerical modelling technique is hinged on the representation of the actual
reporteddent with a numerical model as describedWnof et al, 2017)and his increases the
complexityof the procedurand subsequentihe technical expertiseequiredfor the analysis of

the deformationWith the large number of dents reportedy P, Ith& éusericalmodelling
approachwith FEA becomesa relatively expensiveoption Analytical evaluation of the
deformation and associatatresses and strains would be a more efficieahnique for the

severity characterization of dents



The work presented hereiris aimed at improving the utilization of the existing codified
expressions for evaluating strains and introduce a novel approach to the evaluation of the strains

in adented pipeline based on ttiata reported by PIGs.

In this studywe proposetwo improvements to thetrain analysis of dented pipeline$he first
is a modification to theise ofcodified equations for evaluating theashs in dented pipelines.
The codifiedclosed fom expressions are currentijmplemented on the demirofile with the
maximum dentlepth Thismight, howeverbe counterproductive, as the depth of the denbt
the only governing factorDents in pipelines affect th#hreedimensionalcontinuum of the
pipeline and as such there might be a profile haandeformation contour with high strain
concentrationsvhich is not aligned with the dent profileaving the maximundepth A three
dimensional representah of the dent topology woulthus be more descriptive of the strain

state of the pipeline.

The seond focusof this study isdeveloping a technique for evaluating the strains in dented
pipeline fromthe directional displacememif the pipeline While the PIGs report the radial
displacement of the pipeline, one would intuitively expect the radial deplant to be
associated with displacements in the longitudinal and the circumfereméetiehs.However,
thesecomponerg camot be measured easilyhe investigation performed as part of this thesis
evaluates theirectional displacements associated with the radial displacememte@hromin-

line inspections within the confines of continuum mechanics. With the directional displacements
(longitudind, circumferential and radiakpvaluated, the gradients of thesglacemerd can be
calculated and subsequenttite directional strainassociated witlthe said displacemetBy
discretizing the deformation into the respective components, it would be possible to account for

strain components initially ignored in tleirrent implementation of the cdéiéid dent strain



equations. This technique provides a flexibledelfor the strain analysis of dented pipelines
that allows the operators the choice of the strain measurealsedcomes equipped witihe
ability to accounfor thegeometric and materialonlinearities associated with the indentation of
the pipe.This novel approach to the strain analysis of dents is also extendedhteea

dimensionaktontinuum, whictprovides the global strain state of the pipeline.

1.2 Organization of Thesis
The thess is divded into five chapters.Chapterstwo to four are basean peer reviewed
publications that discugble various studies carried oirt achievingthe global objective ofthis

thesisof improving the analytical strain analysis of dented pipelines

Chapter wo is from a scientific paper published in the proceedings the 2017, Pressure
Vessels andPiping Conference. The paper discussesdbecepts of the proposetkformation
discretization techniquer the strain analysis of dented pipelinebeTgoverningequationsof
this novel approaclre discussed and a typical case of a dented pipeline is investigaed.
predictions of this approach are benchmarked ag#iespredictions of a numerical model and

the codified dent strain expressions.

Chapterthreeis a scientific paper preparddr submissiorto the InternationalPressure Vessels
and PipingJournal It discusses the extension of the codified strain evalu&ations to the
three dimensional continuum and benchmarks the strain predictions of the modified closed form

expressions to the predictions of numerical models developed using nonlinear FEA.

Chapterfour is a scientific paper prepared as a submissiothe Journal of Nondestructive
Evaluation, Diagnostics and Prognostics of Engineering Systdiis paper focuses on

extending the deformation discretizatiorttiaique to the third dimension amd@mparing the



predictions of the proposedtireedimensionalanalysis tothe predictions ohumerical moded

generated usingonlinear FEA.

Chapterfive summarizes theesults obtainedn this studyand recommends the direction for

future work.
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Chapter 2- Deformation Analysis of Dented Pipeline via Surface Interpolation
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2.1 Abstract

Advances in the interpolation techniques of discrete gatats and their application to
monitoring the displacement of physical infrastructure have led to improved analytical strain
evaluation procedures. In order to generate a detailed mathematical model of the strain state of a
dented pipeline, it is necesgaio decompose the deformation data obtained from monitoring
devices into the corresponding radial, longitudinal and circumferential components. In this paper
a technique for analytically evaluating the strains in dented pipebased on the coordinatet

the geometric profile of the dens investigatedand the strains predicted from the said method

are benchmarked against the strains predicted from a numerical model generated using nonlinear
finite element analysis (FEA) and the codified equati@nsef/aluating strains in dented pipes.

This novel technique to strain analysis is an application of the principles of shell theory to a
deformed pipeline in order to evaluate the components of the displacements in the cylindrical
coordinate system. The aalinates of the deformed profile are obtained from the FEA model
and interpolated with £5plines curvesequipped with second order continuity. The resulting
strain distribution along the thickness of the pipe wall is evaluated analytically by performing
derivatives on the spline functions. The good agreement obtained in the strains predtbied by
developednodel and FEA indicates a possibility of conductingl@pth strain analysis of thin

walled structures.

Keywordsi ShellTheorySpline, DentsPipelneand FEA
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2.2 Introduction

Cylindrical thin shell structures are used 1in
tanks,doganeispsrcraft, pressure vessel s, and pir
with the mechanichilghdemagt mgeo oweihghwt ngati o a
characteristics owingtt&alli4)s. cUhenastgpwddlEdhrs
structures is governed by a set of partial d
predicts the resulting stresses and displ aceil
Mar daones). The first eubbdstrcashakbonidméGudserc :
1888) established the relationship between t
relationship between the stresses and the str
pl atform fotrudiuenser @m sdmd hnaonlniecrme(Rei shedbR, t he
Naghdi and 9IN@8r, d grPabBe ramn,d OKO)t eLi near el astic
have formed the foundation for our curmsent un
(Bitter aB803hewhahdldwe OKsi ricyhphootfife sibe i omfg < threa
mo s t common phroe mius$\etnitesreill { sand Kr.auTtiasnmiey p o t210
i mposes a few constraints on tbethppuhdabbl me
surface remain straight and nor mal in the def
should also be a | ot smal bedafltdhmer satnryaionsh ear a
to be negligibleheTheoemedorystamai nthe adref or mat i

t hrdeemensi onal def shebl adbibmer soibd eal odase.

Pipelines, which form an integral component o
and gas, | i kér asntyr uoctthuerre are susceptible to
common mechanical defect having t htee goroitteynta fal:

pipelineet(,dVO®an and Hamd ZLhhIet2OdB. | nf or mat i
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regarding the dent severity is of utmost | mpor
of resources for management strategies. The ¢
FEAwhi c h provi des a medi um fsdrr apnedifatoinm gt hteh
properties and shape functions of the mechani
geometry. Thhewegerempduati osal | ywathemandhndgi and
perforsmafl el Inumericlalr enparfl @elgadrmdanaalyg 8 6 B 8

thus the need for a tool for rapi@0dénproeevde
a set-mamdabary equations for the evaluation
there hamnweerbnesenabcoout the underlying assumptio
al201laOnd ,RafRiO@aP). The codified stipulations al
on how to evaluate some of the variThbbkbepapeecd

seeks to devise a technique for theheaerddl yoided

to a deformed pipeline in a bid to provide a
strain state of the pipeline.
2.3 Methods

The deformation field of a dented pipeline is defined by approximating its geometrical shape
using a thin Bell as described iNoronha, et al(2010)and assuming that the thin shell structure
is governed by the kinematic displacement equations established in the linear shell theory. The

key components of the proposed technique are discussed below.

2.3.1 Splire Interpolation
The deformation field of the dented pipe is interpolated from the coordinates of the reported
dented surface using-8pline functions discussed in Roger and Ad4&®90). The generated

curves have the advantage of allowing for the smoatisitions between the position vectors in
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deformation fields as they are nglobal and are applied in a piecewise fashion along the dented
section of the pipeline. This results in a continuous and differentiable contour surface of the dent.
Equation (1) pesents the mathematical representation of a typieairder spline interpolation

function,

A

00 B " .0 (1)
where P(v) is theposition of a vector along the intermairface of the dented pipelin®
represents a set of variabl@gich in this setting are the angular position of the internal surface
of the pipeline [dawand: the longitudinal distance of thépeline with
interval , : , where, is the longitudinal distance from either side of the dent dpex,
represents the position vectors of the vertices of the curvgsare the normalized basis
functions, andE represents the degree of the functionbi€uwspline functionswhich provide
second order continuityare used to interpolate the dent profile investigated in this study, as
unique values for the changes in the slope at each point along the dent profile can be obtained
from such functions. Thealis function can be defined by the Gale-Boor recursion formulas

(Roger and Adam4.990) shown in equations (2) and (3)

p DEE O O

-/ O n/ OEAOx EOA (2)
and

O U i i (3)

The formulation is such that the relationship ( 0 ) is satisfied. The splines follow the
shape of the control polyggrwhich is defined by the coordinates of the demtd does not

oscillate about any straight line. The fiestd secondlerivatives of neighboring spline functions
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are equal at the nodes theeet. With these conditions, a tadanal equation is formed from
which the constants of interpolation are obtained. Depending on the degree of precision of the
inline inspection tool used to extract the dent profile, it is common for such reported data to
contain noiseThus, becomes perting the need for some filtering technique such as the Fast
Fourier Transform to be employed to remove the oscillations and produce smoothened
coordinates of the dent profile. A detailed description of the filtering algorithms is outside the
scope of this sidy. Figure2-1 belowis a typical cubic BSpline spline function fitted over data

points that defines a deformed profile.

_10'_..

I |
N -
<. L

Dependent Variable
N
1))

—2-00 -100 0 100 200
Independent Variable

Figure2-1: B-Spline interpolation curves fitted on a deformed profile

2.3.2 Deformation Analysis
The axisymmetric nature of pipelines makes the cylindrical coordinate system a more suitable
base for defining the displacements rather than the Cartesian coordinate 3ysteobtained

coordinates of the deformed profile in the Cartesian coordinatensyste transformed into the
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cylindrical coordinate systersuch that a vector position in the Cartesian coordinate system
characterized by the coordinates ¥x,z) is transformed to the cylindrical coordinate system

(R,—2) usingthe sebf expressionsh®wn in equation (4)

Y W W
— b OE- (4)
@ o
The basis vector in the cylindrical coordinate system can be obtained usingnfermation

matrix shown in equation (5).

Q  §¢i e w Q
Q  vyoiétiw Q (5)

where 'Q,'Q and’Q are the unit vectors in the cylindrical coordinate system@n@ andQ

are the unit vectors in the Cartesian coordinate systamunit vectorsQ and'Q vary with the
angular positior—while ‘Q remains constant. It is such that #gualities shown in equation (6)

hold;

— Qh— Qh— — T (6)

The inline inspection yields the internal radius of the defdrnpepeline,Y, and the
corresponding angular positior; , at each monitored point. These obtained coordinates define
the geometry of the dented region. The radius of the-smithce of the pipe wally , is
evaluated as a summation of the internal radius of the pipeline and the directional component of
the thickness of the pipeline assuming there is no reduction in thevpipéhickness during

deformation. This radius is evaluated using equation (dwbel

17



Y=Y -6€i01 0Yet— (7)

The circumferential displacement is obtained by assuming the pipeline is inextensibé& in
circumferential axis.This assumption implies the governing mode of deformation in the
circumferential direction is the bending rather than the extension of its circumference and as such
the total length of the deformed section of the pgreainsg* 'Y hwhere'Y is the initial radius

of the undeformed pipeline. However, as the exact radiuscobsssection of the pipe is not
known, a radiusy is estimated such that the equality described in equation (8) below holds

at the midsurface othe pipe wall.
YT— Y 1T— ¢ 8)

wheYe s the radguwrsf oade tdhfe tmhial de & pdmedpmpe peht n
t he angul ar positions i n t he undef or med an.
respectiv-bbhgd FThdel eft equation (8) can be ev:
geometry of the denY acnadnetbhau siHasereddhss imighhlasee f or
its validity for deep dents as the change in length in the circumferential direction tends to be
significant for such dentd he orientation of the pipe is such that the negative interval

— Tt represents the tom half of the pipeline which remains fairly unstrained throughout

the indentation process and the positive interval — represents the top half of the

pipe which is strained during indentatidn.the numerical procedurproposed t he akent 6s

was approximately at— — radians and for every angular position in the deformed

configuration— , the corresponding angles in the undeformed configuratien, can be

evaluated analytically as in equation (9).

18



—  ——  Y1— for* Q-* (9)

The difference between the circumferential angles of a vector position in the deformed and the
original configuration « as a result of the deformation is used to form a trigonometric
relationship that defines the circumferential and the radial displacehtrd midsurface of the

pipeline. Figure-2 is a representation of a section of the undeformed and the deformed pipeline
intheRd pl ane. The associated circumferenti al d

mid-surface are evaluated with regp to the original configuration as shown in equations (10)

and (11).
0 Y Y Q%o (10)
0 Y 0 € %o -Y (11)

The obtained displacements of the raudface of the pipeline are made into a function of the

pipe wallés thickness by including the displ
thickness of the pipe wadl ofrange - 0 - , with 0being the thickness of the pipeline;

the negative component of the interval refers to the region of the pipe wall between the mid
surface of the pipe wall and the internal surface of the pipeline, and the positive component of
the interval refers to the rey between the midurface of the pipe wall and the external surface

of the pipeline.
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Undeformed pipeline

Deformed pipeline

Figure2-2: Schematic representation of ttheformed pipelinenthe Rd p |l ane

The distribution of the circumferential displacement along the thickness of the pipe wall is a
function of both the angular distortid®and the slope of the pipe wall in teegcumferental
axis,—. The slope in the circumferential axis is developed as a result of the localized distortion

of the pipe wall and is evaluated as shawequation (12).

— 51 QYeE— (12)

The variable circumferential displacement along the thickness of the pipe wall is evaluated as per

equation (13).

6 6 0% — (13)
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The variable radial displacement along the thickness of the pipe wall is evaluated as per in

equation (14).
0 O O 00¢€¢ Po — (14)

The slope of the midurface of the deformed pipeline in the longitudinal directienis

evaluated using equation (15).

— 01 Q"YéE (15)

The longitudinal displacement along the thickness of the pipe wiith is a function of the

obtained longitudinal slopés evaluated using equation (16).
0 0 "YQ& (16)

It has also been assumed that the deformations and resulting slopes iicarsigind as such
the trigonometric approximations of the EwB#rnoulli beam theory as discussedAdeeb

(2011 donot hold.

It is worth noting that at the misurface of the pipeline, the longitudinal displacement is
zero and owing to the liae distribution of the longitudinal displacement as enforced by the shell
theory, the maximum longitudinal displacement is experienced at the surfaces of the pipeline.

Figure2-3 is arepresentation of a deformed pipeline in th& Blane.
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Undeformedpipeline

Figure 23: Schematic representation of ttheformed pipeline ithe RZ plane.
The total displacement field of the dented pipeliivés defined as shown in equation (17);
6 60Q 6Q 060Q (17)

The Jacobian determinant,éwhich is the gradient of the displacement vedtg second order
tensor that relates the undeformed and the deformedyaaations of the pipeline is defined by

performing the derivatives shown in equations-203.

— —0 —0 —0 (18)
— —0 -0 —Q —0 —0Q (19)
— —Q —Q —0 (20)

The term’Y represents the variable radius of the pipeline which is the sum of the estimated mid

surface radius of the pipeline and the variable thickness.
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The resulting matrix which maps vector position af thaterial component of the pipeline from

the original to the deformed configuration is shown in equation (21).
6 — - — — (22)

2.3.3 Strain Analysis

The methodology being proposed in this study allows some flexibility in the choice of the strain
measure employed. The Linear and the Lagian strain formulations which are based on the
additive and the multiplicative decomposition of the Jacobian determinant respectively as
discussed in Adeef2011) are employed to evaluate the strains in the deformed pipeline with the
deformations measuderelative to the original configuration of the pipeline. The generalized
form of the strain state of a thrd@anensional body is a 3 by 3 strain tensor with the normal
strains aligned along the diagonal of the tensor and the shear strainsliagofialcomponents.

The Linear strain measure assumes small deformations while the nonlinear Lagrangian strain
measure creates a distinction between deformed and undeformed configurations of the pipeline
and contains quadratic extensions to account for largeéommseand deformations. A combination

of the different strain measures is used to define the strain state of the pipeline. In the
longitudinal direction, the Lagrangian strain measure is used to evaluate the strains since there is
a considerable extensiorf the middle surface of the pipe in this axis when the pipeline is
subjected to a denting force. The mathematical representation of the nonlinear Lagrangian

longitudinal strain is shown in equation (22).

S — (22)
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The circumferential strains are evaluated using the linearized strain massheassumption of
in-extensionality imposes a small rotation and deformation condition guighen this axis and

the mathematical expression for this is shown in equation (23)

.- (23)

The shear strain components are not covered in this study but can also be evaluated by a

combination of derivatives as the strain components discussed.

The codified equations for the circumferential and the longitudinal strains are shown in equation

(24) and (25) respectively.

= = (24)

- - - - (25)

where'Y , Y and’Y arethe radius of the undeformegapeline, the radius of curvature in the
circumferential direction and the radius of curvature in the longitudinal directions respectively.

Qis the depth of the dent addhe length of the dent.

In this study, the radius of curvature of the denffileréas obtained as a mathematical function
along the longitudinal and the circumferential directions of the deformed pipeline. This allows
for evaluating the unique strain values at any point along the dent profile. A provision which will
be useful whenhie maximum strains in the circumferential and the longitudinal directions do not
coincide or the maximum strain developed during the indentation does not occur at the apex of
the dent. The radii of curvature are evaluated mathematically using the expessuovn in

equations (26) and (27).
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Y (26)

Y — (27)

2.4 Numerical Example

A deformed shell simulation is conducted by simulating a shell structure subjected to indenting
force. The modeled shell in form of a pipeline is developed in the commercially available
numerical solver, ABAQUS 6.14. The numerical model has nonlinear iiipabso as to

account for the anticipated large displacements and rotations associated with the indentation. The
meshing algorithm employed discretizes the entire structure into a serieaadeBlinear brick

elements with reduced integration and eged with hour glass control. A quarter symmetry of

the pipe is developed and the meshing scheme is such that dense meshes are used in the dented
region and this is softened further away from the dented region so as to reduce computation time.
The pipelinemodel is 2000mm long with an external radius of 203mm andndtenter is a

spherical rigid surface with a diameter of ®0n and the material model for the pipeline is an

i sotopic elastoplastic materi al wi t lsoft2z00e el as
GPa, Poi ssonds ratio of 0.3 andtuegttaimeutveafa r egi n
typical X-52 pipeline as predicted using the Ramb®sgood model. The stresiain

relationship used in modehinhfigareg-4t he pi pelineds
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Figure2-4: True-stressstrain relationship for the material model

The modelled pipeline is 2000hm longto ensure that in comparison to the length of the
pipeline, the dent formed can be considered to be a localized deformitghd$en length of the
pipeline which is approximately 10 times the radius of the pipeline also prevents the interaction
between the boundary conditions at the ends of the pipe and the dent. The pipeline is restricted
from translations and rotations at teeds and a boundary condition that prevents the vertical
displacement at the base of the pipeline is created to idealize the support provided by the
underlying soil as present in buried pipelines. The simulation is displacement controlled and as
such thendenter is displaced towards the pipelines surface to create the demhof &ich is

about 12% of the pipelines outer diametégure 2-5 shows a longitudinal cross section of the

pipe structure with the corresponding displacement contours obtaimedhfeonumerical model.
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Geometric Properties
Length=2000mm
External radius=203mm

t=8mm

Dent depth=50mm

Figure2-5: Longitudinal cross section of the numerical model of the dented pipeline

The coordinates dhe deformed profile are extracted and used as the input for the mathematical
model created for our procedure. By fitting the coordinate of the deformed profile v&ihirize
functions, a continuous and differentiable dent surface is generated on whiahatlygcal
calculations are performed. The cross section corresponding to the maximumeptntisd
analyzed in this study. Figu26 is a sectional view of the misurface of the pipeline before

and after the indentation.

200

100

-100

-200
-200 -100 0 100 200

Radius (mm)

Figure2-6: Crosssectonal view of the pipeline
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2.4.1Longitudinal Displacement Distribution
The displacement in the longitudinal direction at the internal surface of the pipeline is evaluated
as per equation (16) and its distribution obtained along the longitudinal leihttépipeline is

shown in figure 27.
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Figure 27: Longitudinal displacement distribution at the internal surface of the pipe wall

From figure 27, it can be observed that there are no longitudinal displacements at the apex of the
dent whichcorresponds to the zero mark on the horizontal axis. The maximum value of the slope
occurs approximately 20 mm away from the apex of the dent on both directions owing to the
symmetry of the dent profile. The longitudinal strains associated with the abtisptacement

are therevaluated using equation (22he strain contour predicted tiye proposedormulation

is benchmarked against the integrated strain contours from the nonlinear FEA model and the

codified equations in ASME B31-3016.

The Lagrangia strain distribution along the thickness of the pipe wall predictsundorm

bending as the neutral axis does not pass through the centroid of the pipe wall and the strain
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distributions at the compressive and tensile zones are dissimilar as shinversirain contour

in figure 28.
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From f-Bguirte i2s observed that the maxi mum str a
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orientation from tensile in the internal sur
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shown i figure 2
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-1.477=-02
-2, 954 =-02

Figure 29: Integrated logarithmic strain distribution
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The contour plots presented above show strain concentrations at the peak of the dent with a
maximum tensile strain value 465%. The strains predicted by the codified equations are also

similar in terms of magnitude, orientation dndation as seen in figure 1.
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Figure 210: Longitudinal strains as per ASME B31.8 equations

The codified equation predicts a nonlinestribution of the strains along the thickness of the

pipe wall and like the previous strain measures; it predicts strain concentration around the apex
of the dent. An overlay plot of the <critical
internal surface predicted using the investigated strain measures is presergecki@Xil. The

strains predicted by all the strain measures investigated are symmetric on both sides of the dent.
However, owing to the limited degrees of freedom of theyaical strain models, conservative

strain magnitudes are predicted when compared to the results from FEA. The procedure
proposedhowever performs better than the codified stipulations for this case investigated as the
longitudinal strains predicted by the proposed method are more comparable to the strains

predicted by FEA.
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Figure 211 Longitudinal strains at theternal surfae of the pipeline

2.4.2Circumferential Displacement and Strain Distribution

To evaluate the circumferential displacement of the-snidace of the pipeline, an interpolation
function relating the angular position of vector positions in the deformedhandnideformed
profiles is developed such that for every angular position of the deformed pipeline obtained from
inline inspections, a corresponding angular position in the undeformed profile is evaluated.
Figure 2-12 showsa plot ofthe function that relas the angular positions in the deformed and

the undeformedonfigurations of the pipeline.
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Figure2-12: Interpolating function relating the angular positions in the deforimétuket
undeformed configurations

The circumferential displacemeat the midsurface of the pipe wall islsso obtained as per

eqguation (13and the obtairgeresponse shown in figurel3.
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Figure2-13: Circumferential displacement distribution
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From the figure2-13, it can be observed that at the apex of the dent which corresponds-to the

radians mark, the circumferential displacement is constrained to zero as it is assumed that the
deformation experienced at the peak of the dent is purely radial and the crentrafe
displacement at both ends of the pipe corresponding to the angular po tionsa d iisa n s
similar. The rate of change of the circumferential displacement with respect to the angular
position can be evaluated and the corresponding strains ilm¢benterential direction evaluated

as per equation (23). The obtained strain contour using the linearizedrsti@sare is presented

in figure 214.
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Figure2-14: Linear circumferential strains

The strain contour in figurg-14 shows that the maximumircumferential strain occurs at the

peak of the dent. The deformations and slopes used in this formulation of the circumferential
strains are evaluated assuming large deformations and as such the linear strain measure also
predicts noruniform bending wit the distribution of strains similar as in the longitudinal
direction. From the circumferential straoontoursit can be observed that while the magnitudes

of the tensile and the compressive strain zones are similar, the neutral plane does not pass
through the centroid of the pipe wall. Figu2€el5 presents the strain contours predicted using the

ASME B31.8 equations. It can be observed that this measure predicts a state of pure bending in
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the pipeline as the neutral plane which neither extends nolasthtran be identified at the mid
surface of the pipe wall and the strains increase linearly away from this neutral surface. The
magnitudes of the compressive and tensile strains are same which implies that the interaction

between possible torsional, shead axial deformations are ignored.
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Figure 215: Circumferential strains as per ASME B31.8 equations

The nonlinear FEA predicts similar strain magnitudes with our formulation and the ASME B31.8
equations. The contour plots of the integrated circumferential strains predicted by FEA are

presented in figurg-16 below
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Figure2-16: Integrated circumfereial strain distribution

It can be observed that all strain measures predict a maximum tensile strain value of 15% at the

internal surface of the dent.
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The strain distribution predicted by the investigated strain measures at the critical section of the

pipeline is presented in figu217 below.
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Figure2-17. Circumferential strains at the internal surface of the pipeline

From figure 217 above it can be observed that the maximum strain value is similar for all the
models with the proposed technicheving some asymmetrical distribution of strains which is as
a result of the errors associated with the estimated radius to enforce the inextensibility of the

pipelinebs circumference.

2.5 Conclusions

The technique proposed predicts a similar strain distribution to nonlinear FEA, provides
flexibility in the strain measure to be employed and allows for the concise strain analysis of thin
walled structures. The angular distortion makes it difficult t@ateelvector positions in the
deformed and the original pipeline and as no simplified model has been proposed for accounting

for this respase. Therefore neglecting the extensional strains on the -sudace in the
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circumferential direction allows for thimmapping to be done between the deformed and the
undeformed configurations. With the method proposed, the total strain state of the dented region
of the pipeline which will include thehearstrain components that are currently ignored in
codified existingstrain based equations can be developed. A sensitivity analysis will be required

to assert the validity of this procedure.

In this paper, the shell theory was also applied within the confines of finite continuum mechanics
to establish the deformatidield and associated strain field of a cylindrical shell based on the
consistent kinematic assumption of straight normal in order to develop a technique for evaluating
the strains in deformed shell structures. The introduced method can be easily exienteed

dimensional continuum and the entire strain state of deformed pipeline evaluated.
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Chapter 3- Improvements to the ASME B31.8 Dent Strain Equations
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3.1 Abstract

Pipelines used to transport oil and gas products are oftgactto external interferences
forces These external interferences can result in the formation of dents in a pipeline which has
the potential to reduce the burst strength of the pipeline, lead to the ovalization of the pipeline
and increase the susceptibility fatigue fracture. The repair of defected pipeline can be cost
intensive and asuchit becomes good practice to have a screening measure to properly allocate
resources for the implementation of repairs. Various pipeline codes have stipulations on how
these threats should be assessed in order to prioritize repairs. The most prominent being the
depth based criterion which determines the severity of a dent in the pipeline by the depth of the
dent. The depth of theentis limited in its scope as it fait® consider the fact that the geometry

of thedentcan lead to strain concentration and eventually the failure of the pipeline at the dented
section. A norFmandatory set of equations in the ASME B32(B6 standardss used to
evaluate the strains at therded region of the pipeline. This tool serves its purpose as a good
indication of strain concentrations along the profile ofdeat however, the peak strains are not
always developed at the apex of the desgecially when the dent is asymmetridie current
implementation of the ASME B31.8 equations might fail to capture the strains that are not
aligned with the most severe profile of the dent and as such a global view of the strain
distribution of the dented profile would be a good indication of ldmations of the strain
concentrations. The study presented herein is a detailed implementation of ASME B31.8
formulations together with the suggested modifications to evaluatdredimensionalstrain

state of the dented pipeline. The strain distrdms obtained are compared against the strains
predicted by a nonlinear finite element analysis (FEA) model. The correlation in the prediction

of the strains byhis modelindicate the possibility of evaluating the strains of the dented region
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of a pipelne and would go a long way in advancing the rapid characterization of dented pipelines

based on the reported coordinates of identified anomalies

KeywordsASME B31.8, Strains, FEA

3.2 Introduction

Dents as a form of mechanical damage in pipelaresharacterized by the inward deformation

of the pipe wall.The presence of such damage is welbwn to have adverse effects on the
pressure integrity of the pipe and to serve as initiators of cracks which may fail immediately or
delayed with pressure cycl@axey, 1986).Pipeline dents are usually caused by external forces
acting on the surface of the pipeline ranging human errors like poor construction practices to
natural events in the form tdndslides Dents areclassified by the response to interneg¢gsure

cycles and the change of the curvature of the pipeline as discussed in (Cosham and Hopkins
2003). The dents with a smooth change in the curvature of the pipe wall and not interacting with
other features are referred to as plain dents and theuadies with sharp curvatures are termed
kinked dents. For the internal pressure classification, dents prevented from fatigue cycling by the
indenter having contact with the surface of the pipeline are referred to as constrained dents and
dents which arallowed to rebound anatroundunder the effect of internal pressure cycles are
referred to as unconstrained dents. Some work has been done on investigating the effects on
dents on the pipeline o6 $00L)nnvestigated the ultemmeQoad fpra K a n ©
ductile fracture for defects in pipelinesdaalso developed amalytical model of the plaststate

of a deformed pipelinelflefel et al. (2005) performednumericalinvestigation using FEA to
investigate the capacity of dented pipeline ithstand different loading scenariosidtevident

from these various studies that these geometric anomalies couldabaeese effects the
performance of a pipeline. The potential of a dent feature to lead to failureiptline is
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intuitively governedoy the severity of the dent. It is thus pertinent that deatsanked in order

of severity 0 identfy potentially severe featureShe depth of the dent which is a precedent for
many pipeline codes including ti@anadian CSA662-2016stipulates a threshold of 6% of the

outer diameter (OD) for pipes with diameters of 10h® and greatera 6 mm threshold for

pipes with OD less than 101@&m. However, the depth of the dent is not usually the most
effective technique for evaluating tlseverity of a dent as some dented pipelines could still
sustain normal operation conditions even after violating the dent depth criterion while some
pipelines have failed with relatively shallow dent depths which would have been flagged as safe
by the dept based criterion. Therefore, the use of the depth as the sole governing factor can lead
to both unnecessary excavations and can miss moderated dents that are severe owing to the

sharpness and overall size, (Gao, et28i08).

As an alternative to theegth based criterion, the strain basggbroach to thassessment of a
dent can be more informative as regards the severity of the dent fi@iweitzeret.al, 2002,
Dawsonet.al, 2006,and Rafi et al, 2012). The strain baseapproach involvegvaluding the
localized strain distributions around the dentegion which takes into account the deformation
contour of the dented pipelineand as such the localized strain concentrations that can lead to

potential failures can be identified.

The ASME B 318-2016,which is a safety code governing the design, construabiperation,
and maintenance of gas transmission and distribution piping systekm®wledges this concept
and provides a set of nanandatory closed form expressions for evaluating tlanstrThese set
of equations can be used to evaluate the maxirsurains at the peak of the dew.close

investigation of the ASME B31.8 dent strain equations shinat the implemented procedure
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recognizes the multiaxialitgf the strains in dented pipeline and discretizes the strains into the

three components as shown in figGra.
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Figure3-1: Strain components of a dented pipelibakasiewiczet al, 2006)

From figure3-1, it can be seen that the membrane strains are a result of the extension of the
pipeline in the longitudinal direction amdeuniformly distributed along the thickness of the pipe
wall. The bendingstrainsvary linearly along thehickness of the pipe waflvith tensile strains
developedat the internal surface of the pipe wall and compressive strains at the external surface
of the dented pipeline The ASME B31.8016 expressions for evaluating the circumferential
bending strain; , the longitudinal bendingtrain - and the longitudinal membrane strain

are shownn equations (B) respectively.
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whereod is the pipe wall thicknes$y is theinternalradius of the usdeformed pipelinelY and
'Y are theradius of curvature of the dent in the circumferential and longitudinal directions

respectivelyQis the depth of the dent afids length of the dent.

The ASME B31.8 equations ignore the effect of the circumferential membrane strains. A direct
implication of this premise is that the pipeline remains inextensible in the circumferential axis
during the deformation. This assumptieanbe taken to be valid as the pipeline is flexible in the
circumferential direction and intuitively the deformation mode in this axis should be as result of

the bending of the pipeline rather than the extension of the raeebiThe circumferential
extension may occur when deep dents are considdmgever,this quantity cannot easily be

obtained from the dent profile and its contribution to the entire strain state of the pipeline is
assumed not to be significant owingteth ease of ovali zation of the
the longitudinal direction, the deflections are relatively large angliels,it is accompanied by

the stretching of the membrane of the pipeline, hence the inclusion of equation (3) to the strain

equations.

The evaluated directional strain components are then combined accordingly assuming a state of
plane strain to evaluate an equivalent strain in the dented section as shown in equations (4) and

(5) respectively.
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where- and- are the strains in the inner and outer surfaces of the pipe wall respectively.

As seen in the equations above, the bending strains in a dented pgpaligely dependent on

the magnitude of the radius of curvature of tlemtprofile. This parametecanbe difficult to
calculate from the dent profiles and the ASME B31.8 does not provide a definition on how this is
to be estimated. A host of interpolatitathniques can be employed in fitting the coordinates of
thedentreported ly inline inspection, Rosenfelet al, (1998) proposs the use of the hahbint
osculatingcircle methodHowever,the workby Noronhaet al, (2010) states that the osculating
circle method is not suitable for dent features having strain components that are notialigned
the principal axis and a-Bpline interpolation of theentprofile would be able to handle such
scenarios. The-Bpline intepolations introduced in their study were equipped with second order
continuity and allowed for the analytical evaluation of the strains. Various mathematical
techniques like the forward difference, backwdifferenceand centered difference methods can
also be used to evaluate the radius of curvature of the dented pipeline numericalpomt by

point basis. Theodified dent strainexpressions have been criticized in recent times, some of
the concerns in (Bake2004) include the fact that the longiinal membrane strain equatien

an empirical estimate benchmarked against a limited number of finite elemerdndrasstate of
plane strain is assumed in the pipeline. Tdteer implies that the radial strain component is

ignored, a condition thatogs not comply with deformation plasticity.

Another concern idie ASME B31.8 equations are employed assuming that the maximum strains
are developed at the apex of the dent, (Noraetha.,2 0 0 5 ) . This might be
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behavedo dealigheslwith theagrincigar axis and are symmetiit its geometric
orientation. er real life cases, there might be some deviation from this assumptiom nixane
completeanalysis of the strain state of the pipeline, the effect of the radial stnaipoo@nts
should be considered. The work by Lukasiewicz, et(2D06) presents an equation for the

equivalent strains shown in equation (6) for the equivalent strain definition.

T =1 1T I (6)

n

whereT andf are thelongitudinal anccircumferential strainsespectivelyThese expressions
are based on the premise that no volumetric strains are developed in the denteddupeline
the deformations and asuch the radial strains can be evaluated as a funofiaghe other

directional strain components.

In this study, the predicting capabilities of the analytical expressions of strains are benchmarked
against ahreedimensionahumerical model.A threedimensionaliew of the dented region of

the pipeline mght be more informative and will give a general view of the pipéist&ain state.

This study focuses on plain dentghich areimmuredfrom fatigue cycling. While plain dents
might not have such a detrimental effect on the structural integrity of the pipeline when
considering the burst strength of the pipeline (Cosham and Hopkins, 2001), these adafects
lead to thelong-term degradatioras seen in cases of reckntact fatigue (in liquid pipelines

only), punching shear and stress corrosion cracking, (Rosenfeld et al.,1998).

The presentation herein serves as a tool regardless of the equations employed for the rapid

characterization ofe&ht severity from a strain based standpoint.
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3.3Methodology

The procedure follows from theoncept introduced in Noronhat al, (2005) on spline
interpolation of dented pipelines in the evaluation of the strain state of the pipeline. In this study,
piecewise spline functions are used to interpolate the dent topology. EBpiinB functions
generate a continuous and differentiable surface from the coordinates of the vector positions of
the deformed pipeline on which mathemdtioperations can bperformed. The radius of the
curvature of the deformed pipeline can be evaluated analytically by performing derivatives on
the interpolating functions. The corresponding strains can then be evaluated using the codified

closed form expressions.

The deformation coordinates of the analyzed dents are generated from numerical models and the
directional strains predicted by the numerical models are benchmarked against the directional

strains predicted using the ASME B31.8 equations.

The dent surfee is generated by extracting the radial displacements and the angular positions
directly from the nodes of the numerical model. Tesolution of the data points used to
interpolate thelentsurface was designed to correspond to that obtained frontirinspection

tool having 64 sensors in the circumferential direction and obtains data atl@wenyinterval.

The number of sensors along the circumference of the pipelsearied to account for the
different accuracies obtainable in inline inspectioslgoThe sensor numbers investigated were

32, 16 and 8 sensors along the circumference of the pipeline. With the interpolated profile, the
radius of curvature in both the axial and the circumferential direciiere evaluated. The
associated normal stracomponentsvere thenevaluated using the closed form expressions in

the ASME codes and benchmarked against the strains predicted by the numerical model. The

equivalent plastic straingere evaluatedising the equations proposed linkasiewicz et al.,
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2009. The strains compared are the circumferential strains (LEI@®itudinal strains (LE33)

and the equivalent plastic strains (PEEQ).

3.3.1The Spline Interpolation

The interpolation of thelentedsurface is done using-&line functions equipped witkecond

order continuity. The Bpline curves used are polynomials between a pair of data points with
components da&dnil nedl Byoghnl pyrider to obtain son
particular derivative. Bspline interpolation can be used tepresent complex deformations
(Deng and Denney002). The generated curves have the advantage of allowing for the smooth
transitions between the position vectors in deformation fields as they amglab@h and are
applied in a piecewise fashion alonige dented section of the pipeline. This results in a
continuous and differentiable contour surface of the dent. The develepplih® functions are
dependent orthe angular position ofhe pipelined with interval “ — “ and ® the
longitudinal distance of theipeline withinterval 0 & 0, where0 is the longitudinal

distance from either side of the dent apex.

The radius of curvature is evaluated in the circumferential and the longitudinal direction using
the classical exgssions for the radius of curvature (Weisst2005 shown in equation§& and

8) respectively.

Y (7)

where'Y is the inner radius of the pipeline as reported by the inline inspection devig¢he

angular position associated with each repoirteztnalradius.

In the longitudinal direction, the radius of cunwead is evaluated using equation (8)
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Y — (8)

whered is the radial displacement aqdepresents the axial direction.

With the radius of curvatures obtained, the associated strains can then be easily evaluated using
the closed form expressions defined in equatiofts) (The computation of the strains doyed
in this study acknowledges the fact that the tensile strains are developed at the internal surface of

the pipeline and the compressive strains at the exturface of the pipeline.

3.3.2 Numerical Modelling

The finite element models for thisusly were developed using the commercially available
numerical solver, ABAQUS 6.14. The pipe®delledhad a diameter of 14®m, wall thickness

of 8 mm and a lengt of 1100mm. The pipeline wasnodeled as a deformable elastoplastic
material having itselastc r egi me governed byGPaantad@ssgr®&s Mo d
ratio of 0.3. The plastic regime of tmeaterialmodel wasdefined using the post yield stress
straincurve of a typical X60 pipelne. The dents analysedere restrained dents and as such the
loading scenario was monotoni€he numerical simulation was such that an indenter was
displaced into the pif@e surface a distance corresponding to a certain percentage of thedOD
remained in placeThe indenteraised were modeled as rigid bodies and as such the pipelines
deform relative to the indenters on contact. The contact surfaces in the models were defined with
the master slave algorithm. The models were also allowed to account for large strains and
rotatiors and the othemonlinearitiesassociated with the deformatioThe indentehada length

of 80mm in contact with the pipe surface and filletd 6imm radius at the edges. The numerical

modelswere meshedwith threedimensional8-node brick elements. Theomputation time for
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the simulation is reduced by introducing some bias in the meshing scheme such that the dented
region of the pipelinevasmeshedvith 5 mm element while the other regiowsremeshedvith

15mm elements. In total five numerical modelsre generated by varying the depth of the dent.

The dent depths considered for the stugye2%, 4%, 6% 10% and 12% OBigure3-2 shows

the assembly of the numericabdel developed for this study.

Coarse Mes
Indenter

\

Fixed end

ine Mesh Scheme

\

Fixed end

Figure3-2: Finite elementmodel of the deformed pipeline
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