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Abstract

One of the most prominent factors affecting the performance and longevity of risers is
vortex induced vibration (VIV), which can cause severe fatigue damage, especially in
risers used in deep waters. Thaitable approaches for analyzing VIV induced fatigue in

risers mainly focus on the VIV aspect of the problem; indeed less attention has been paid
on the effect of VIV on a riseroés fatigue

models.

This dissertation first demonstrates how one can characterize fatigue of pipes and risers
using an equivalent plate specimen as opposed to using a pipe specimen, thereby
simplifying the task, yet obtaining good accuracy. Actual variable amplitude loadings
(VAL)ar e used to study the fatigue crack gro
various influencing parameters. Extensive experimental investigations are performed,
followed by analytical and computational nonlinear finite element analyses. It is shown
that the higher harmonics do cause significant fatigue damage, thus their influence should
not be ignored. The influence of load interaction effects is also investigated, focusing on
the fatigue crack growth retardation effects due to tension overloadselags the
acceleration effects due to compression underloads. The crack closure concept is then
used to explore into both the fatigue retardation and acceleration effects within a VAL
scenario. An effective method for calculation of the stress intefesitgr is proposed,

which considers only the tensile portion of the stress range, while proposing another

effective approach for accounting for the influence of compressive stress cycles.

Moreover, a tweparameter approach is used in this dissertatioatimgl the fatigue crack

growth rate (FCGR) to the crack tip opening displacement (CTOD). It is shown that the
CTOD provides adequate information for calculating the FCGR under VAL, and it can be
effectively used to account for the influence of the compresstress cycles. The
experimental investigation also considers the retardation effect resulting from the applied
peak tensile overload cycles (TOLC) and the influence of variosad | ed Acl i pp
levels, demonstrating the significant influence of T@LC on crack growth retardation

in VAL.

XX
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Chapter 1

Introduction

1.1.Offshore Oil and Gas Risers and Pipelines

Vortex Induced Vibration (VIV) canausesignificant fatigue damage in risers used
offshore oil and gas platformsin deep waters, where oil and gas exploration and
productionhave been taking place in recent yeafB/-induced fatigue becomes even
more critical Extensive researclorks have been done to investigate VIV response of
risers, and several methods have bespgsed for the fatigue life estimation of these

structures.

This research program first brieffgviewsthe available methador VIV analyses of
risers, followed by investigatinipe integrity ofsome widely used methods fassessing
their fatigue life. Extensive experimental fatigue tests have been performed during the
course of the research using various VIV data from different sources, and the results are
compared with analytical and computational methods. Different aspects of fatigue life
estimationand fracture mechanics are studied in detail, which helped the author gain an
in-depth and fundamental insight into VIV analysis, fatigue and fracture mechahés.
results presented in this dissertation are theame of about 430 hours of fatigue tés
data in the form of varioustresstime histories, followed by many analytical and
computational nonlinear finite element calculationdlany recommendations are
provided formore accuratdatigue life assessmendf materials ander various loading

scenars, focusing oVariable Amplitude LoadingAL ) stresstime histories.



1.2. Thesis Objectives

Many researchers have worked on theoretical and experimental aspeétisasfalyses

and the resulting fatigue damages in subsea pipelines and riserss ket explained in
Chapter Two,the major focuses have been on either developing new methods or
advancing the existing methods for predicting the VIV response of such structural
components. Once thélV -induced stresses are calculated, a general pufptigee

model is usually used to estimate the fatigue life.

This research program focuses on the fatigue life estimation of pipelines and risers,
rather than focusing on the VIV response of such components. Both field and lab VIV
data has been used to merh the experimental and analytical investigatsdaading to a
more effectivefatigue life estimation under VAL loading scenarios. Such data are used to
investigate the influence of various parametexsch as the second VIV harmonic,

compressive stregycles tensile overloads and clipping level.
In summary, the objectives tfis research prograare:

1. To focus on the fatigue life estimation of risers and pipelines using various

parameters.
2. To study the influence ahe second VIV harmonic on fatiguefdi of pipelines
and risers due tactualcurrent profiles.

3. To dudy the detrimental influence ofompressive Stress Cycle€S0 on

FCGR with focus on their magnitude and number of cycles in the load spectrum
4. Toexamirethe stress distribution in thecinity of the crack tip

5. To investigate the influence of various scales of CSC on the crack tip opening
displacement (CTOD).

6. To study the retardation effect dhe Tensile Overload CyclesTQLC) on
matei al 6 s f ati gue deteaninke thegaprumw tlipping level.e | and



7. To evaluatethe effectiveness olsome of thewidely-used fatigue moded for
calculating the fatigue crack growth rate of the material unerVIV-induced

VAL obtained from various sources

1.3. ThesisLayout

This dissertationessetially consists of six journaland one conference paper, either
published conditionally acceptedr under review for publication at preseltis noted

that some parts of the published papers Hater been slightly revisedor usein this
dissertatiorbased on the suggestions provided to the author by the supervising committee
and the external examiner during the thesis defpr@eeedingsAll suchrevisionsare of
explanatory naturggrovidingmore clarificatiors by the author, and have no influenme

theoutcomes andonclusionof any of the papensy any means.

The present chapter gives an overview of the overall dissertatitmoducing the
main topics included ithesubsequent chapgiChapter Two is the literature suryeynd
includesthe man portion of the conference paper whidtused on the significant issues
that constituted thereliminary step®f this research progranChapters Three to Eight
each presenta journal paper and each is a standlone document consisting of
introduction literaturereview, main body, summary and conclusioiibe main body of
each paper explains the experimental test, analytical methods and computational
approachesised to conduct the resear€@hapter Nine includes the overall summary of

this dissertatin, the conclusionsandrecommendation®r future works.

In Chapter Two,some of the availablanethodsfor VIV -induced fatigue life
estimation of risergre briefly studiedfocusing on their main underlying assumptions.
The main focus is on the influeno&direct action of curreston rises. It is observed that
fatigue life of risersis greatly dependent dhe different parameterasedin calculaing
the VIV-induced stresime history of rises. It will be shown thaany minor change in
these paramete would significantly influence the predicted fatigue life. Italso
illustrated that the available approaches for analyzing-ivtdced fatigue of risers

mainly havefocused on the VIV portion of the task, artthve paid éss attention to the



actual fatgue life analysis using variouatigue models.These observations motivated

the present researcAs it will be explained later in detail, to avoid any uncertaintres

fatigue life estimationthe authorusk6r eal 6 f i el d anThegadifeor at or
VIV data was obtained through experts in the field.

Chapter Threestudies the concept of using a simple rectangular plate subject to
tension as an equivalent substitute for a pipe subject to bending. In other words, whether
a simple fractured plat could be used to mimic the response of a fractured riser (pipe)
under bending is examined in detdihis approach &s been tried by a few researchers to
avoid the complexity associatedexpense and need for sophisticated monitoring
instrumentsusually nvolved with experimental crack growth investigations of pipes
hostinginitial surface flaws. Thighapterstudies the validity of this approaadling both
the finite element and experimentadethods and alscevaluates the ranges of the crack
depth ratioand elliptical crack diameter raticfor which this approach would be
admissible. A series of finite element anabyarecarried out toverify both the values of
the stress intensity factors reported in the literatase,well asthe results of the
interpolation function used in the computational simulation in this researderies of
experimental investigatienwas performed to verify the validity of the proposed
computational simulation. The results show the rationality and admissibility eof th

proposé approach.

In Chapter Fourthe field data on multimodal vibration of a long flexible riser is used
to conduct a series of experimental tests for fatigue life estimation of ridess/IV
field tests (the input required for the fatigue tests performetidoputhorwerecollected
by the Massachusetts Institute of Technology (M@39earchers the Gulf of Mexico
the author also participated in these field te$ts shown that VIV imposes a Variable

AmplitudeLoading (VAL) on rises, thus adding conlpxity to fatigue lifeestimation

Long risers in deep waters undergo multimodal vibration with two different
harmonics clearly illustrated by the Power Spectral Density (PSD) of the field data. The
prototype riser tested in the field was instrumentedtiairsgauges at its four quadrants
around the circumference. The measured strains are directly transformed to stress and

then applied to a number of specimens to investijaeratigue Crack Growth Rate



(FCGR) Moreover, the influence of load interactieffects is also investigated through
experimental testdy studying the combined effect of tensile overloads and compressive
underloads present in a VAL scenafltne study on the load interaction effect has been
continued throughout the subsequent chrapté this dissertation by revising the load
spectrum as discussed in detail in each chapter.changes in the base load spectrum
were accomplished by alterinige tensile or compressiegclic portiors of thebaseVAL
stresstime history, with focus othe magnitude of the stresses and the number of applied
cycles.Theinfluence of different frequency harmoniokthe VIV-induced timehistory

is studied. The experimental results from this study indicate that the higher harmonics

cause significant fatigugamage andhouldnot be ignored.

According to design standards (e@\V-OSF201 2001) the riser material anis
girth welds shall have adequate safety due to unstable fracture for a representative part or
throughwall crack during the service life diie riser. In order to avoid brittle fracture, a
material with sufficient ductility should be usedpngwith nondestructive testingNDT)
evaluationduring its fabrication. This is to ensure that only acceptable defectsd be
present in the riser sigsn afterits fabrication. Moreover, due to limited accessibility for
in-service inspection, &arger designsafety factor againdiatigue should be used for
welds (DNW-RP-C203 2001). Forone sidegirth welds,thelack of potentialpenetration
defectwould be difficult to defect, even for crack depth of about 1 to 2 mm (BDI%
F201 2001). Therefore, it would be unrealistic to assume a flaw free weld and an
initiation fatigue life for the weld. It is recognized that a defect size of up to 5.0 mm may
be pesent without being detectedven with a careful examination of the root of a
tubular joint (DNVRP-C203 2001). Therefore, wdlin risers and similar structural
componentannot be assumed as defiree, evenin cases where no defect has been
detectedduring the inspection. This makes the fatigue life estimation olsrs&n more
challenging, as the defects may be overlooked during inspections. In other words, defects
are assumed to exist in both the riser parent materiaiteneklds, thus requiringthe
designer to perform a fatigue crack growth calculation based on the concepts of fracture
mechanics (DNWOSF201, 2001). Therefore, the focus of this dissertation has been on
the parent material, and the weld matehasnot been considered withihis research

project.



Chapter Four alsdescribeghereasons fothe choice 06061-T651 aluminum alloy
asthe testsnaterialin this research project. It iecognizedhat risers are typically made
of steel (mostly stainless ste€lhe corrosive environmnt of seavater, the VAL nature
of the VIV-induced stresime history and the nedinresholdfatigue crack growth in
riser structuregmpactthe endurance limit of steel. Therefodeie to limitations imposed
by the availability of the test facility fahe required time, as a mean to mimic such effect
on the actual riser materiatbie author decided to u$€©61-T651 aluminum alloy This
is becaus¢his alloy does not have any endurance limit and the influence of every single
stress cycle in the VAhduced VAL stresgime history could be taken into account
therebyresponding similar to the way tlsteel material used in risers is impactgdthe

noted parargters.

Chapter Five first briefly studiefi¢ available methods widely used by the offshore
industry for fatigue life estimation of pipelines and riseBsich models haveasically
been developed for constant amplitude loading scenarios. However, thdtséd
stresstime history has a variable amplitude nature, which may create significant
under/werestimation of the fatigue life of such components.

In this chapter 6 r eVdM-idduced variable amplitude loadirigst dataare used to
perform a series of fatigue tesiBhe VIV laboratory tests (the input required for the
fatigue tests performed bydhauthor) werecollectedby the Memorial University of
Newfoundland (MUN). The VIMnduced accelerations were then transformed to
stresses, and wetieendirectly used in this research program to conduct the experiments
on FCG of materialThe fatigue testesults wee then compared with analytical fatigue
models commonly used by the offshore industry. It is observed that the fatigue models
currently used by the industry produce significant underestimation of the fatigue damage.
In addition, the influence fothe Compressive Stress Cycles (CS&f)the stresgime
history on the fatigue life is studied experimelytalt is shown that the compressive
stress has a significant influence on the fatigue crack growth of risers, and should not be
ignored.Thesefindings promoted further understandingtbé underlying mechanism of

the damaging influence of compressive stresses in the next stages of this research project.



In Chapter Sixa VAL stresgime history is used to study the fatigue response of
6061T651 aluninum alloy, with a focus on thiafluence of thecompressive portion of
the stresdime history. An experimental investigation is conducted to assess the influence
of VAL, in particular, the influence of the CSC on FCG of the material. In the tests, the
tensile portion of the streggne historyis kept unchanged, while the compressive portion
of the stressime historyis multiplied by various scaling factors. The experimental
results demonstrate that the compressive stress portion of the applied load has
significant influence on the overall fatigue life of the matetrals should nabe ignored
It is observed that even introducing a few number of small CSC into the-tatness
history can significantly decrease the fatigue life of the matehmladdition, the
influence of the CSC is also examined by means of a microscopic evaluation of crack
sur f aces 0The eesuly ¢f the experimentalnvestigationsexplained in this
chapter provides a fundamental insight into the application of stressitgtéactor for
calculating the damaging effect of compressive portion of VAL stigss history. Asit
is later explained irChapterSix, the use of a newapproachfor establishing the stress
intensity factor range should be explored, so that the mékieof the compressive

stresses could be more effectivalycounted for.

Chapter Seven studies tREGR of 6061T651 aluninum alloy subject to the VAL,
using a coupled analytical/computational approddtis chapter uses the experimental
results presentedn Chapter Six.The analytical approach uset h e Wil lenbor
retardation model in conjunction with the Walke€CG model, with several of the
parameters used in the models obtained through nonlinear finite element analyses. A
two-parameter approach is wksén this chapterto relae the FCGR of the material
resulting from a VAL stresime history to the Crack Tip Opening Displacement
(CTOD). In addition,the nonlinear finite elemeninethodis used to further assess the
FCGR of the material, particularly der the influence of the compressivederloads and
tensile overloadsMore specifically, the crack closure concept is used to explore the
retardation effect of the tensile overloads, as well as the detrimental influence of the
compressive underloads. THeite element analysis results are compared to the
experimental results discussedGhapter SixlIt is observed that the CTOD provides us

with adequate information for calculating the FCGR under the VAL stiegshistory



applied to a materialThe resits further demonstrate both the influence of FCG
retardation effects due to the tensile overloads, and the acceleration effect due to the

applied compressive underloads of a VAL stise history.

Chapter Eight discusses the structural life assessmdrdaanagédolerant analyis of
structual componentss{uch as aarafts risers and offsherpipelineswhich ae in direct
contact witha fluid. It is noted that water is not a compressible fluid, while air is a
compressible fluid. However, both water aaot create vortices around the moving
object, which in turn causes ViMduced fatigue in the component.

In previous chapterghe focus was on the FCG accelerating effdoe to CSC.
Therefore,Chapter Eightonly focuses on the crack growth retardatidfec from the
tensile overloads by revising the tensile portion of the VAL stiiess history applied to
the test specimen# this chaptera VAL stresgime history is used to study the fatigue
life of 6061:T651 aluminum alloy, with focus on the retation effect resulting from the
applied peaKTensile Overload Cycles (TOLC).It is understood that airspace industry
uses aluminum alloy grades 2000 and 7000, and not grade 6000. The reason for using
grade 6000 for the tests performed in Chapfgght is to use the same material
throughout the entire research project so that the results from diffdrapterscan be

compared with each other.

In ChapterEight, various sec al | ed f#fcl i ppingd | evels are
compared with those obtaingtrough an analyticabpproach using the Willenborg
retardationmethod in conjunction with the Walker fatigue crack growth model. The
results demonstradghe significant influence of the TOLC present witMAL scenarios
on retarding th=CGR of the magrial. This chapteralso investigates the influence of
various clipping levels on the fatigue response of the material, highlighting the
limitations of the analytical approach in estimating the resuB@&R It is observed
that the analytical method piiets a higher fatigue life for the material subjected to VAL,
which is nonconservative for design purposes. Some suggestions are providezttéor

fatigue life estimation of the material when subjected to VAL scenarios

Chapter Nine presents a brief suary of this research program, as well as the

conclusions and recommendation for future work.



Chapter 2

Literature Review, Stateof-the-Art on Ri sersdé Fatigue
Compressive Stres€ycles

2.1.Introduction

As a safey limit state, a riser sytem is required t@xhibit adequate safety against
repeatd loading cycleswithin its design service life against all imposed cyclic loadings.
Fatigue assessment is usually performed at the latter stages of the design process. There
exist several differdnsources that could impose major influence on the riser fatigue
response, one of the most prominent some the phenomenon of Vortex Induced
Vibration (VIV).

In this chapter, some of the methods available in literature for predicting the fatigue
life of i ser sd subject to VIV are briefly revi
There are other methods that practicing engineers use for fatigue life prediction of risers;
and the review of the pertineriterature could not lead to argne unified method. In
fact, the industry teis to keep their adopted methodologies msprietary. Several
parametric studies are also reviewed order tobetter understandhe influence of
different parameters on the fatigrtesponse of material$heabove reviewevealed that
the available methodssedfor riser VIV fatigue life assessmenprovide significant
overestimation of the fatigue damage, which is not desirable for design purposes.
Moreover, due to the complex natureflofd-structureinteraction, theiser VIV -induced
fatigue life becomes greatly dependentseneral contributinggarameters and any small
variationin these parameters could significantly influence the predicted fatigue life. It

will also be discussed that most of the researches on the irdloéndV on fatigue of



risers have indeed focused on the VIV analysis as oppisednsideringthe actual

fatigueissueitself (Iranpour and Taheri, 2006a)

In this chaptersomeof theavailablefatigue life estimatioomethodsare studiedThe
parametes that could result into under/over estimation of fatigue life are briefly
investigated mainly focusing on the more prominentnes that are later used ihe
experimental segments dhis dissertation. Thenfluences oftension overload and
compression wterload are briefly discussed, followed by an introductorthe two
parametes, which arethe driving forces that affect the fatigue response. As explained
earlier, each chapter of this dissertation is a paper that has been published or is currently
unde review for publication. Therefore, each chapter is a sthmge document,
outlining the overalbbjectives followed by a detailed problem definition and literature

review, technical investigation and discussion of the results

2.2. Main Sourcesof Rise s Fati gue

Literature surveyindicatesthat four major phenomeneontribute and promotesetd s
fatigue damage due to dynamic cyclic Ieatihese are the wave forces and the resulting
platform motions, vortex induced vibration due to currents, thermapassuranduced
stress cycles, and finally collisiongth other risers or external objed®NV-OS-F201
2001; Bai 2001)Among these, the flownduced forces (describealbw), are known to
have the greatest effects on ris@ai 2001) The above souss are briefly described

the following section

2.2.1.First Order Floating Platform M otions

Fatigue damage from all sstates could be taken into account using the linearization of
ariserd sesponse by assuming a statistical distribut®ai 2001) This type of analysis

must consider wave height, period and offset representative of the window so that the

! Certain sentencesientioned and/or used this chapter are taken verbatimom auttorés own paper,
published byASME, titled "The Stateof-the-Art Review of Risers' VIV Fatigue,” by Mohammad Iranpour
and Farid Taheri, Pap&lo. OMAE200692636
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importance of the first order motions on the toddwn point (TDP) and the fatigue
damage distribution can be considefddnsen 1999)To accountfor nonlinearities, a
random time domain analysis is performed &amigue damagdérom each seatate is
determined using the total stress transfer function. Assuming a Rayleigh distribution for
stress peaks, Min@rsule is widely used to obtain the curative damagéJensen 1999;

Bai 2001)

2.2.2.Second Order Floating Platform Motions

To consider the second order floating platform motions, a Rayleigh distribution (for low
frequency stresses) is applied to each scatter diagram window for eastiateed his
considers a conservative representativet mean squareRMS) drift offset and drift
motion mean crossing period for each wind@=i 2001).Having each sesatate fatigue
damage, the total fatigue damage could then be calculated. This second aidar mo
analysis is usually based am static analysis of floating platform motion, without

considering the effesbf waves or currentdai 2001)

2.2.3.Vortex-induced Vibration

Vortex-induced vibration has been known as the most important design isstsefor
structures, especially for environments with high current profile. Riser high frequency
vibrations generate severe cyclic stresses, which in turn would create significant fatigue
damage rates. In deeper waters, the riser natural frequency deondaskdpwers the
magnitude othecurrent required to induce vibratigBai 2001).

When fluid flows around a solid object, vortex shedding creates bdtheirand
crossflow vibrations. Any structure witla sufficiently bluff trailing edge sheds vortices
in the flow. As the flow velocity is increased or decreased, the shedding frequency
approaches the natur al frequency of the st
frequency. The locketh resonant oscillations of the near wake input energyhéo t

structure and large amplitude vibrations can be produced. The broad response peaks of

11



the vibration amplitude versus fluid velocity diagrams are indicative of letkedrtex

shedding resonances.

The literature surveindicatesthat most of the availdd approaches for VIV induced
fatigue prediction only consider the legkvibration in uniform flovs, which may lead to
an overestimation of fatigue damage. In a more realistic approach, the methods should
consider a multimodal vibration in sheared fldvactoring each sestate based on their
frequency of occurrence, the total VIV fatigue damage is calculated as the sum of
damage from each sesate(Bai 2001) The analysis is usually conducted for both in
plane and normal currents to risers; however,ntlost severe form of VIV response is

known to be due to the creflew vibration.

Many research works have been conducted in consideration of fatigue of risers
(Vandiveret al.2006,Maher and Finn 2000; Ser¢h al. 200Q Larsenet al.2000. Most
of the studies are concerned with the Vinduced fatigue, which is considered to be the
most severe source of damage. It will be shown that most of the reported methods focus
on the VIV analysis aspect, rather than focusing on the performantee efrious
avaiablefatigue life prediction models (Iranpour and Taheri 2006hjs encouraged the
author to focus on the fatigue life estimation of risers and pipelines using various fatigue

parameterandrea VIV -induced stresiime historyfield and lab data

2.3.VIV -induced Fatigue Analysis

As stated earlier, risers are very sensitive to both platform motions and direct effects of
currents. Most of the available fatigue models only consider one source of damage; that
is, either fatigue due to waves or currentserghexist onlya few analytical procedures

that account for both waves and currents. The following sections present a brief review of

the methods available for VAhduced fatigue life prediction of risers.
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2.3.1. The Det Norske Veritas (DNV)

DNV consides the contribution of fatigue from three different sources: the wave
induced, the lowirequency, and VIMnduced stress cycles. If the fatigue damage is
calculated to be within the tolerable limit, a simplified VIV analysis is assumed to be
sufficient (DNV-OS-F201 2001). The dominant mode shapes and natural frequencies are
determined and the vibration amplitude and the corresponding stress range are calculated
for each current velocit{Sarpkaya 1979)The fatigue damage is then assessed based on
the SN curve approach (DNMOS-F201 2001), by:

D, =o't g" (2.1)
a

where f_ is the frequency of the relevant mode, is the design life of the rises is the

stress range (including both axial and bending stresses)rarathd a are empirical
constants that define theNscurve. In cases witkerious VIVtinduced fatigue damage, a
multimodal response analysis should be performed based on empirical enspmcal
values of hydrodynamic coefficients. DNV recommends solving the full N&tmkes
equation for a series of two dimensional crosstisns along the riser length, which
makes the method time consumirapstly and relatively difficult for everyday design
purposes (DNVOS-F201 2001).

The SN curve approach fatigue damage criterion is introduced as:

D, 2 DFF ¢10 (2.2)

fat

where D._, is the accumulated fatigue damage abHF is the design fatigue factor,

fat
varying between 3.0 to 10.0 for lotw high safety classes, respectively. Thil Surve
expresses the number of cycles required for the failure of the material and is expressed by
(DNV-OSF201 2001):

N=as" (2.3)

where the empirical constan& and m are found from experimeait data The fatigue

damage stress range is calculated using the stress concentratidhiakdess correction
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factor (DNV-OSF201 2001). In some cases, a bilinead 8urve, like the one illustrated

in Figure2.1, may be used fanodelingthe experimental fatigue response.

1000 1

100 =

|l§2: |‘|‘|2:|

Stress Range, S

10 4 2

Msw -
1.E+03  1.E+04  1E+05  1E+06  1E+07  1E+08  1E+00  1E+I0
Mo of cycles, N

Figure 2.1. Basic definitions for tweslope SN curve (DNVVOS-F2012001)

To estimate fatigue crack growth life and establish an effective inspection criteria,
DNV recommends another approach, which is based on fatigue crack propagation and is
expressed by (DNARP-C203 2001):

%3 DFF ¢1.0 (2.4)

cg

where N, is the total number of applied stress cyclg, is the number of stress cycles

tot
related to a critical crack size an® FF is the design fatigue factor explained above.

This above approach does not include the crack initiation portion of fatigue, and therefore
shorter fatigue life is anticipated. In this approach, only the stress components normal to
the propagation plane are considered and the effect of compressive stresses are ignored.
As in most other guidelines, DNV uses Pasggquation to predict the crack propagation
(DNV-RP-C203 2001), where the rate of crack growth is predicted by:
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da _ m
9N C(DK) (2.5)

whereDK =K., - K., iS the range of stress intensity factor corresponding to the stress
intensity factors resultingrom the maximum and minimum applied stress within the
cycles,a is the crack depth, an@ and m are material parameters obtained from fatigue

test data. The stress intensity fackocan be approximated by:
K= sg\/p_a (2.6)

where s is the nominal stress normal to the cracld g is a factor depending on the

geometry of the member and the crack.

2.3.2. The American Petroleum Institute (API)

The gener al approach of API i s, in its f
fatigue life is required to be dtast three times the service life. The fatigue damage
should satisfy the following relation (API RRRD 1998):

q SkD, ¢1.0 (2.7)

where D, is the fatigue damage ratio for each loading phaseS#hds the safety factor.

To consider the effect of the mean stress on fatigue damage, the Goodman mean stress
correction method can hesed, which incgorates the effect of stressncentration. The
fatigue crack growth assessment in this st
which is applicable to constant amplitude loading (APl -RERD 1998). To consider

variable amplitude loading scenaridbe Miner cumulative damage summation may be

used. The total damage is assumed to not be affected by the sequence of the applied load
and any minor changes in the stress range or the stress amplification factor would result

in large changes in the pretid fatigue life. These can be considered as one of the main
disadvantages of the-$ curve approach, which could explain the reason for the

imposition of large safety factors used for the estimation of the fatigue life of risers.
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2.3.3. TheVandiver Approach

The VIV studies done by Vandiver goes backthe 1970s, when a series of field
experimentswas conducted to investigate the flemduced vibration of long slender
cylinders (Vandiver, 1993). A theoretical model was developed by Vandiver and Chung
(1988) to predict the vorteduced vibration of a cylinder in sheared flow. Those
studies resulted in developing a computer program at MIT, named SHEAR, for predicting
the vortexinduced vibration response of beams and cables irundarm flow with
linealy varying tension(Vandiver and Li 200p Recent versions of this program are
entirely new and are based on mode superposition, identifying which modes are likely to
be excited. This program estimates the ctoss VIV response in steady, uniform or
sheaed flows(Vandiver and Li 200p

SHEAR calculates the natural frequencies, mode shapes, and response of cables and
beams with linearly varying tension using a variety of boundary conditimrsa period

of one year,He fatigue damage is calculated’dandiver and Li 2006

°.n(S)
D, = s 28
TN’ o
where N(S) is the number of cycles to failure at stress amplit8dd’he parameteng
is thenumber of cycles at stress amplitude betw&eand S+dS in one yearand is

calculated agvandiver and Li 200p

_Tp(S) _wT
“2plw,  2p

Ng p(S) (2.9

whereT is the number of seconds in one yetr«365* 242 3600), w, is the frequency
for the mode numbeng and p(S) is the probability density function for the stress
amplitude process. The frequenmy can be viewed as an expected frequency of narrow

banded process.
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2.34. The Marintek Approach

After calculatingeah el ement 6s vortex induced forces

distribution for all frequencies, the accumulative fatigue damage is calculated as follow
(Larsenet al.2000):

NFREQ 1K
AFD = 8 i
k=1 i

(2.10

wheren® = f ®'3 3653 243 603 60 is the number of cycles per year for each element

N :cc'ﬂzc"a;i"‘))m is number of cycles to failure for element s is the applied stress,
and NFREQ is the total number of frequencies in the response analysis (Leirsen

2000). Constant€ and m are the S\ curve constants.

2.35. The Torres-Siqueira Method

More accurate approaedother than the deterministic oreretwo random VIV fatigue
analysis approaches proposed by Torres and Siqueira: the frequency domain and the time
domain {orres et al. 200% Torres et al, 1997). Fluid lod nonlinearities and the
interaction with risers are considered using a tsmeulationmethod In the frequency
approach, the dynamic response is calculated through a direct integration €fates
1997) and the fatigue damage is thesiculated for each sestate using the-8l curve
approach and Mi n e 1ddmain apprdach, thel member hfarcestareme
increased based on the stress concentration factors and thpohdime histories are
generated including the axial force amehding moment effects. The Rainflow algorithm

is then used to identify and count each stress cycle to calculaterttageldrom each
seastate usingduation2.9 (Torreset al.2001; Torreset al,1997).

In a study on a Steel Catenary Riser (SCR) conddotesemisubmersible platform
in a water depth of 770 meters, the fatigue life predicted by thedim&in approach
was calculated to be-3 times greater than that calculated by the frequéooyain
approach. The observed differences were reported todstly due to linearization of

hydrodynamic loading.
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As observed, the method used for the calculation of the VIV response of the riser has
a significant influence on the estimated fatigue life. This is one of the main reasons that
the author decided to egeal field and latproducedVIV data to perform the fatigue
tests, rather than focusing on calculating the Nfiffuced stresime history using

numerical and analytical approaches.

2.36. The Baarholm Model

This model predicts the riser fatigue damagteut the need for performing a dynamic
analysis, buproducesconservative result$n this method,an effective current velocity

and excitation lengtlare introducedo identify the cros$low response frequencies and
displacements. The effects of atbssflow eigenfrequencies within a certain frequency
bandwidth around the primary creisw response frequency are taken into accoBmt.
assuming that the Hine response frequency is twice the crfiews frequency, the
relevant response RMS couldeth be calculated based on the citesy RMS value.

Using the SN curve approach, fatigue damage could then be estimated from the stress

RMS values found from mode shape curvatures (Baarholm et al. 2004).

2.37. The Maher-Finn Model

The combined timdrequency domain approach dhe MaherFinn model has been
developed to estimate the fatigue life of risssubject toheaveinduced vortex induced
vibration, where a regular sinusoidal displacement is imposed at the top of the riser that
induces noxrepeatingut-of-plane displacement (Maher and Finn 2000).

In this approach, the combination of platform and environment type induces a
significant influence on the fatigue life of the riser. Heaauced VIV phenomenon
becomes morsignificantunder the action darger eventsthisrare conditiorshould be
accounted foin the fatigue analysis. One of the advantages of this model is that it can
account for the varying nature of displacement amplitude, thus resulting in a more

realistic prediction of the riser fgue life (Maher and Finn 2000)
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2.38. The Ferrari-Bearman Model

As a rational approach towards the fatigue life prediction of riser structures, the VIV
induced fatigue damage should be combined with damagsed byall other sources.
However, thamethod for combining the fatigue damageaused by variousources are

not clearly specified in design standards. From a practical point of view, two approaches
are being used for calculating the VIV and wawducedfatigue damagéen risers (Serta

et al.2000)

In the first approach, fatigue damage from each source is calculated separately and
then superimposedo establish the total fatigue damage. In this approach, all loads are
assumed to be totally uncoupled, which does not seem to be a realistic assumtien
second approach, fatigue damage is calculated directly from the resultant stresses of all

cyclic loads.

In the conventional riser fatigue analysis, the VIV analysis is a different step in the
design process. Direct action of waves is then takenaocount and its related fatigue
damage is calculated using a commonly used method. This simplified approach may
overestimate the VIV fatigue damage. In such an approach, neither of the- above
mentionedstrategies is used (Seeaal. 2000). In the appraxh proposed by Ferrari and
Bearman, the #line and crosdlow forces are simultaneously taken into account for the
calculation of the applied forcds/ usingthemo di f i ed Mori soetédls equa
2000). Using such approach, VIV analysiecomes @ integral part of the fatigue
analysisas opposed to being a separstEp in the design process. The results from this
model have been reported to be in gagdeement with those frothe SHEAR program
explained earlier, and has shown a gquuiential fo fatigue calculation of riser

structures.

2.39. Fracture Mechanics Approach

The fracture mechanics approach is based on modeling the crack propagation of a surface
flaw as it gradually progresses through the thickness. F@2rshows three modes of
fracture, from which, modewould bethe mostsignificant and probable mode iiser
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structureslin this approach hie stress at the crack tip caneateed over a certain value
which correspond to the plastic deformation of the material. The craskassimed to

start extenohg through the material when stresses and strains at the crack tip reach a

threshold valueK,, . Brittle fracture is expected whef, reaches the fracture toughness

of the material (Lyonst al.1994):
K, =5 Jpa (2.11)

where a is the crack half length and the fracture stresss the farfield stress.

(a) Mode I-opening (b) Mode II-Forward Shear (c) Mode III-Parellel Shear Mode
or Tensile Mode or Edge Sliding or Tearing

Figure 2.2 The three modes of fracture (Lyoeisal. 1994)

For cases withconstant amplitude loading scenarios, both the fatigue and crack

growth rate are dependent on the range of the stress intensity BXCtorK,_, - K,

(Lyons et al. 1994). In such loading scenarios, the centi@tion of the gaph of the
fatigue crack growth rate versidK would be significant, thus describable I tParis

equationaspresentecarlier.

For a fracture mechanicsnalysis, an equivalent surface flaw may be used as the basic
assumption for the crackds geomet-thrpugh Thi s
circumferential crack originating from tlwterdiameter of the riser. The stress intensity

factor calcuation should consider botkthe tensile and bending stresses. However, for

cases where the type of stress in not specified, this factor neatdudated byLandeset

al. 2001):

K =s JmF,(alcalt) (2.12

20



where s is the combined tension and bending stress Bpds a geometry factorThis

tension solution formulation has beproposed assuming thatcrack propagates due

an initial defect at theouter diameter of the riser. This approach has been fzed
calculaing the fatigue of a typical risegssuming an initial defect depth varying from
0.05 to 0.1 inches and applying one cycle at a timeesatlatingthe expeted crack
growth. This growth has been calculated at the deepest point of the crack and at the
surface extremes for the surface flaws. Adding the growth to the existing crack size
would result in new crack depth and surface length. Based on the newticalilfmators

and the stress cycl®K would then be recalculated and crack length and shape would be
modified accordingly. This is an iterative procedure conducted for all cycles to come up
with the riser 6s faatheicgnditon whenfthe riservidlaks (Landes s t a
et al. 2001). A study was conducted to investigate a total of four crack growth rates, the
calculation of the associated failure time, weld geometry mismatchharsgtquence of

the application of load$eading tothe following conclusions (Landes al. 2001):

1. The initial defect size greatly affects the fatigue life. This influence can be more

than an order of magnitude when the defect sirecirgasedy a factor of two.

2. In many casesthe actual data arextrapolated, whichmay result in incorrect

fatigue life prediction. UsingDK,, has been shown to be more beneficial for

small initial defect sizes than that for large defect sizes.

3. Unlike the loading history, the sequence of the loadiyae does not make much
difference on the fatigue life when the growth is accumul&iowing a linear
trend. More research is required to study the influence of loading sequence for

cases where the delay in crack growth from an overload is considered.

Due to the existence afwide range of parameters influencing crack growth, taed
associated difficulties in accounting for such parameters, the fracture mechanics approach
is not widely usedy designengineerdor fatigue life prediction of riser sictures. The
use ofthe finite element method has been suggested for predicting the fatigue life of
those welded joints that do not follow existingNScurves (such as the cases with weld

discontinuity or parent material component containing a flaw).
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Due D the changes in environmental conditions and the uncertainties in VIV
phenomenon, variable amplitude loading scenarios seem to be a more realistic
assumption for fatigue life prediction of risers. In a study conducted by Tehati
(2002), various metids for fatigue crack growth under both constant and variable
amplitude loadings were studi@ndthe results wereerified against experimental test
results. It was concluded that the rainflow counting method could effectively represent

thecrack growth Bhavior.

As briefly studied earlier, th€aris model, which is widely used for fatigue life
prediction of riser structures, is only valid for the middiege portionof the fatigue
crack growth diagram, and does not consider the effect of stressimatither words, a
family of straight lines parallel to each other should be produced for various stress ratios
(Taheriet al. 2002. In some of the commonly used fatigue modbét account for the
stress ratio(e.g. the Foreman model), the influence of rniable amplitude load
interactions is not accounted fdBuch modek are however, used to determine the
average fatigue crack growth rate by introducing an equivalent constant amplitude
loading resulting fronthe variable amplitude one, resulting an regonablyaccurate

predictions for a large number of closely spaced random cycles (Ealakr2002).

Moreover, Rubkton and Taheri (2003) also investigated the effects of tension
overload or compression undead, under which a considerable influencetloa fatigue
crack growth rate was observed. In their investigation, the-loaes were applied at a
specified crack length. Figuz3 shows the difference between the fatigue rate curves
for constant and variable amplitude loading scenarios, compareédsiagiae typical
distribution of experimental test results (Ruston and Taheri, 2003). It was observed that
the variable amplitude fatigue crack growth rate showed a sudden increase due to the
application of the oveloads, and then the rate would decréagan amount dependent
on the magnitude of the ovkrad. The figure also illustratessignificantphenomenoimn
the crack growth rate due to application of the eloads. Tle observedetardation is of
particular interest, especially with regard to Waeying nature of loading conditions that
are imposed on riser structures from the environment. ddresiderableresultant
magnitudeof tension ovetoad and/or compression unedead significantly affects the

fatigue life of the system.
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Figure 2.3. Influence of OLR on the-gersusN Curve at stress
ratio R = 0.1 (Rushton and Taheri, 2003)

It was alsoshown that the use of a constant amplitude model could not adequately
predict the crack growth ratven due to application @& shgle tensile oveload. The
errormarginincreass as the number anmthagnitude othe overload increase (Taheet
al. 2002).

While crack growth retardation increases exponentially with increasinglaaabr
ratio, the application of compressive unttead accelerates the crack growth ratgth a
trend that is usually less than the retardationtdwn equivalent tensile overload. Since
the overloadinduced retardation dominates crack growth behavior, the underload
induced acceleration is usually neglecteushton and Taheri (2008pserved that when
the tensile oveload is followed by a compressive undead, the retardation rate would
increase, but would not eliminatiee crack growth Moreover, the retardation would be
almost negligible when the teite overload is followed by an immediate unedead.

The ratio between the ovyad and undeload could be used to quantify this retardation,
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with greater retardation for higher ratiRushton and Taheri 20Q3)More recently,
Yuen and Taheri (2005y@posed a number of modifications to the Wheeler fatigue crack
retardation model. The modifications allow the model to account for the delay
retardation due to applied overloadse initial crack growth acceleration immediately
following an overload,the overload interaction and the net section yielding effect

observed in the fatigue crack growth retardation behavior of many materials.

Since the riser structure is under the action of different environmental forces, the
varying nature of the load beoes more pronounced. In other words, any sudden change
in the VIV characteristics due to surrounding current profile may cause significant
changes in the loading history, which in turn creates significant errors in the predicted
fatigue life. This shows #thimportance of the need for andepth study on the fatigue
response of riser structures under more realistic loading conditions, thereby focusing on
the examination of the performance of the available various fatigue models applicable to
random loadingA more rational approach fassessing fatigue life afser structures
should alsoconsider random fatigue analysis models; however, the computational time
and effort that is required for such analysis may prevent its apphictdieeveryday

design purpses.

2.4. The Influence of Compressive Stresses

The fatigue crack growth rate of a material depends on many factors such as the stress
amplitude, the stress ratio and the nature of the applied load. Most models have been
developed for a specific applicati and incorporate certain main parameters. One of the
major influencing parameters is the load history. The early tests on fatigue of materials
have been done for Constant Amplitude Loading (CAL) scenarios, and there exist many
fatigue models for predictg the fatigue life of a structural component under such
loading conditions. In a CAL, the loading is applied as a sinusoidal $imesdistory

pattern of constant amplitude and fixed frequency. In recent decades, however, more tests

have been done ontigue life of materials under VAL scenarios.
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One of the frequent approaches for conducting fatigue tests on materials under VAL
is to add a few tensile overload or compressive underload stress spikes to the CAL. This
approach has helped the researchers @gandamental understanding of how stress
fluctuation in a VAL affect the fatigue life of materials. It has been demonstrated that any
sudden change in the stress intensity factor range could result in substantial changes in
the FCGR of materials. The eanlesearch in this area goes backthie 1970s, when
tensile overloads were observed to result in significant retardation in crack growth rate
(Jones and Wei 1971). It is now welhderstood that the application of a tensile overload
creates residual congssive stressan a regionjust beyond the crack tip, which retards
the crack growth (Tahegt al. 2002; Yuen and Taheri 2005). The compressive stresses,
on the other hand, accelerate the fatigue crack growth by limiting the influence of
residual compresive stressecreated by the tensile overload (Taketral. 2002; Rushton
and Taheri, 2003 and Yuen and Taheri, 2005).

In the classical theory of fracture mechanics and fatigue, the influendbeof
compressive portion of the stretasie history is compkely ignored. In other words, the
compressivestresscycles (CSC) are assumed to have no influence offiatigue crack
growth rate (FCGR) of materials. This theory is based on the fact that under a
compressive loading cycle, the crack is fully closed mmdtress concentration occurs at
the crack tip. Therefore, the crack is believed not to grow when it is subjected to a
compressive stress. As also explaimedlier, the crack growth retardatiamposed due
to a tension overload is usually larger than #loeeleratiorproduced bya compression
underload. Since the tension overloads usually dominates the crack growth behavior, the

presence of compression underloads is usually ignored.

Ignoring the compressive portion of the strés®e history is widely acgpted in both
academia and industry. Once the compressive portion of the-titnessistory is
ignored, one may use any appropriate fatigue model to calculate the fatigue life of the
component. Based on such an approach, the stress intensity factoisraogsidered to
only cover the tensile portion of the strégse history. In other words, the stress
intensity factor range is assumed to be equal to the maximum stress intensity factor for

each cycle (applicable fordmR).
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Ignoring the presence of theSC is even recommended by many design guidelines
and standards. For example, ASTM E@ba suggests that the compression portion of
the stress cycles could be ignored. The presence of such recommendations in design
guidelines has motivated the designers ctumpletely ignore the presence of the
compressive portion of streime histories when evaluating the FCG of engineering

components.

Although the influence of CSC on FCGR of materials have been demonstrated since a
few decades ago (e.g. Suresh 1985¢ckkt al. 1985), the research in this area has not
received much attention. It should be noted that only a few recent works address this
issue and present the data that clearly demonstrate the substantial influence of CSC on the
crack growth rate (Silva 2®; Shabanov 2005 and Silva 2004).

Figure2.4 shows a schematic load history with a tension overload and compression
underload. Figure.5 shows the typical influence of different combination of tension
overloads and compression underload on the fatigaekcgrowth of materials. Five

different cases are presented in this figure:

1. Reference Casa CAL is applied to the specimen (without any tension overload

or compressive underload,
2. Case aatension overloads applied within CAL.

3. Case bacompression uratloadis appliedfollowed by a tension overloaalithin
CAL,

4. Case ca tension overloads appliedfollowed by a compression underloatthin
CAL,

5. Case dacompression underloasl applied within CAL.
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Figure 2.5. A typical crackgrowth behavior for (aensionoverload,(b)
compressionunderloadfollowed bytensionoverload, (ctensionoverload
followed bycompressiorunderload, and (djompressiorunderload
(Hudson 1981)
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As observed in this figure, the application of a tension overload significantly
increases the fatigue |ife of the materi a
while a compression underload decreases its fatiguef e ( compar e Case
Reference Case). It was also demonstrated that the compressive underloads immediately
following a tensile overload has a significant influence on reducing the amount or crack
growth retardation due to the tensile overloadactBvariation in the crack growth rate is
due to crack tip plasticity, residual stresses, and inverse yielding at the crack tip (Broek,
1988). The tensile overload increases the extent of residual stress and the size of the
plastic zone ahead of the crati. This is usually quantified using the Overload Ratio
(OLR), which is the ratio of the peak overload stress to peak stress as measured from the

mean stress under 6nor mal 6 conditions.

Figure 2.6 shows the formation of the overlcatuced plastic zone ehd of the
cracktip. The dashed lines show the limits of bedwaped Irwin plastic zone and then

Mises plastic stress.

Figure 2.6. Formation of theracktip plasticzone (Rushton and Taheri 2003)
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Experimental data has demonstrated that dheck growth retardation increases
exponentially with increasing overload ratio (Rushton and Taheri 2003). If the
compression underload is followed by a tension overload, the increase in the fatigue life
is slightly lower than the case where only a temsawverload is applied. It is also
observed that the relative O6positiond of
which one is applied first) has a significant influence on the crack growth rate of the

material. Ths is shown by Cases b and drigure2.6.

The crack growtlacceleratioomechanism due to compression underload is illustrated
in Figure2.7, which shows the crack tip under cyclic compressive loading. The solid line
in this figure shows the crack at the end of the application of casigeestresses of the
cycle, when a plastic zone is formed at the crack tip. The dashed line shows the crack at
the end of the unloading stage, when the compressive stresses are removed. At the end of
this unloading stage, the size of the plastic zonedsiaged, and the material inside this
zone is in tension. In the next loading cycle, the plastic zone is shifted (in the direction of
crack propagation) and restores to its original size at the end of the loading stage of the
previous loading cycle. The detl line shows the crack at the end of the loading stage of

the next cycle, when the crack tip reaches point 2 (Shabanov 2005).

Figure 2.7. Thecrack tp undercyclic compressiveéoading(Shabanov 2005)
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The scarcity of experimental data in redatito the influence of compressive stresses
on the crack growth rate of materials has prompted the researchers to pay more attention
to the presence of compressive stress in a given cyclic loading scenario. Several
researchers have studied the influence sofgle tensile overload or compressive
underload stress spikes on the FCG of materials (Sadaearadlal999; Taheriet al.
2002). Different materials have been tested by different researchers, and it is
demonstrated that the influence of thempressiveloadings is different from one
material to the other (Silva 2005). Moreover, it has been demonstrated that even under
fully compressive alternating external loading conditions, a fatigue crack could be
initiated and grow nearly to failure (Newmah al. 2005; Kasabat al. 1998; Hermann
1994; Vasudevan and Sadananda 2001). This is believed to be due to the tensile residual
stress field that could be produced by the application of excessive compresdoadpre
In such cases, the crack would grow undérdompressive load, with a decreasing trend

in the growth rate, until crack arrest occurs.

It has also been observed that under a VAL scenario, the crack growth is a function of
the stress amplitude, the stress ratio and the nature of thetstresgsory (Iranpouret
al. 2008). This complexity has resulted in the development of numerous models over the
past decades; however, there exists no universal model that could predict the FCG under
such realistic loading scenarios. Indeed, most of the avaitabtiels have been mainly
developed for a specific case or application, incorporating some of the main influencing
parameters (see for example Tateral. 2002). Furthermore, a majority of the available
studies have focused on understanding the fundarsesftéhe crack growth retardation
or acceleration mechanism resulting from the application of a single (or a few) tensile
overload(s) and compressive underload(s). A real life VAL usually contains a large
number of tensile or compressive stress peaks Ifaapouret al. 2008). Even a ball
bearing, which is generally considered as the best example of a component under a
constant amplitude loading scenario, would be essentially subject to a variable amplitude
stresstime history during its service life. Thedore, it would be more realistic to study
the influence of compressive underloads by conducting experiments on specimens under

a VAL stresstime history.
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The major reasons that the focus of the previous studies has been basically on CAL

with inclusion d a few single tensile overloads or compressive underloads are:

1. In general, a CAL scenario with only a few stress spikes provides the researcher
with a very convincing set of data by which the influence of a stress spike can be
easily highlighted. This ab facilitates the understanding of the underlying
physics of the crack growth and the associated retardation/acceleration

mechanisms.

2. Furthermore, in comparison to VAL scenarios, conducting an experiment with a
CAL scenario is much easier, and the tesstutts can be easily analyzed and
interpreted. Moreover, subjecting a specimen to tersinsion loading cycles
require no antbuckling device, which in turn makes the test setup simpler. In
addition, there would be less chance of slippage or misalignmem test with
tensiontension CAL. The other factor that has basically confined researchers to
CAL tests is the requirement for specialized software for controlling the test

machines, in order to impose VAL loading scenarios (often an expensive option).

The influence of a single overload or an underload stress spike is well documented for
a wide range of materials. However, some researchers have demonstrated that the
retardation effect experienced after a number of consecutive tensile overloads would b
larger than that observed after only a single overload. This has been explained to be due
to the adaptation of materéalgield surface to the tensile overloads (Prommier, 2003). In
general, however, the combined effect of the overload and underlode sulisequent
stress spikes generates a complex influence on the crack growth rate, mainly depending
on their sequence and other dominant mechanisms. It should also be noted that almost all
the available studies investigating such an influence have maongidered CAL
scenarios with positive stress ratios (Silva 2005; Tateaal. 2002); in other words, there
is a clear lack of data in consideration of the influence of overload/underloads and the
CSC in loading scenarios with negative stress ratiosa #sult, more works on this area
have been pursued in recent years (see for example, Silva 2005; Shabanov 2005; Iranpour
and Taheri 2007.)
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In this research program, several VAL stréste histories are used to study the
influence of compressive stressasfatigue crack growth. The scenario is typical of the
loading scenario that is experienced by a structural component that is subjected to flow of
air or fluid (such as pipelines under ocean current profiles or wings of an aircraft). Some
recommendationgare offered for improving the accuracy of fatigue life prediction of

components under VAL scenarios, by focusing on the CSC.

24.1. Two Parameter Driving Force

It has been shown by many researchers that the fatigue damage of materidle
calculated ging a two parameterdriving force (Noroozi et al. 2005; Vasudevan and
Sadananda 2001). Téedriving forces are the stress intensity factor rarig¢, and

maximum stress intensity factoK explained earlierFor a fatigue crack to grow

_—
through the material, these two driving forces need to act simultanedssshown in
Figure 2.8, there exist two threshold values, namkly,, and DK, , which represerthe

upper and lowerimits, respectively.In this figure, the plateaus show the critical
threshold values for botK_ and DK, . Therefore, the total cradip driving force for

both DK and K, must exceed the threshold values of the two parameters in order for a

crack to advancdhe load ratio,R, is calculatd as R=K_,, / K
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Figure 2.8. Schematicliustration ofthreshold ariations withload ratio
(Vasudevan and Sadananda 2001)
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Figure 2.9shows the typical variation ofla/dN versusK, .. and DK, for decreasing

and increasing load ratios, respectivélg. observed, the crack growth rate merge$at t
lower and upper end of load rati®, which shows the limiting condition of the two
driving forces. Such trends are a result of the internal strasskhie to their additional

contribution to the driving forgeK __ , whicheither retard or acceleratethe crack.
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Figure 2.9. Schematiallustration of(a) variation ofda/dN versusK,,

with decreasindoad atio R, and (b) variation of da/dN versusDK

with increasindoadratio R (Vasudevan and Sadananda 2001)

Noroozi et al. (2005) studied the influence of the mean stress andiedppl
compressivestress on FCG using an elagtiastic crack tip stresstrain history. Their
study demonstrated that the FCG was controlled by a two parameter driving force, which
was a function of the total maximum stress intensity factor and totab stressity
range. In their investigation, the difference in the stsssn concentration at the crack
tip associated with the compressive part of the loading cycle was taken into account. This
was done using two different approaches; one accountirigegdensile part and the other
accounting for the compressive part of the load history. This was done based on the
assumption that the stress response at the crack tip to a tensile loading cycle (with no
contact between the crack surfaces) would be réiftefrom th& experienced under
compression(Noroozi et al. 2005). In a recent study on aluminum alloy 708

Norooziet al. (2008) demonstrated that the detrimental effect of the compressive part of
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a loading cycle can be taken into account using aparameter driving force, combining

the effecs of the maximum stress intensity factor and the stress intensity range.

Mikheevskiy and Glinka (2009) studied the leiateraction effect under variable
amplitude loading scenarios, focusing on the residuapcessive stresses produced by
the reverse plastic deformation in the crack tip region. It was observed that the FCG rate
depended on both the residual stresses produced by the previous loading cycle and all the
stress fields generated by the previous iloguhistory. Their study suggested a procedure
for combining the residual stress fields generated yhafpreceding loading cycles into
a single resultant minimum stress field, which would affect the current fatigue crack
growth rate. Their experimentaksults supported their proposed fatigue model for

simulating the loadnteraction effect for a variety of variable amplitude loading spectr

In a study byKujawski and Stoychev (2010), it was shown thatdbeapressive loads
decreased the fatigue lifé their test specimens by about 300%, and that the influence of
the compressive loads was just as important as that of the tensile overloads. Their study
demonstrated that the influence of the compressive loads in a load spectrum on the
fatigue life was egivalent to a 34% increase in the applied load. Their study concluded
that the role of compressive stress cycles are very impartaen consideringpectrum
loading, andthat the resulting effectannot beaccounted for usinghe ASTM
recommendation fotreating constant amplitude loading, by which the stress intensity
factor range is assumed to equal the maximum stress intensity faetoo the positive

load ratios

The twoeparameter approach stated above has also been applied and verified by
severalresearchers. For instance, in a study conducted by Toribio and Kharin (2009), it
was demonstrated that the influence of loading on FCG (including crack closure), can be
related solely to the stresgrain field ahead of the crack tip, with no contributioonr
that present behind the crackhe stresstime historyapplied to a materiahffects the
internal stress under either tension or compression loadihig concept is later used in
this research program to calibrate the finite element analyses resthitshase from

experiment to further investigate the stress field around the crack tip.
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24.2. Fatigue Crack Closure

Since Elber (1970) explained the importance of crack closure on the crack growth rate,
many investigators have conducted research in thes avith the aim of better
understanding the crack closyseenomenorand its influence on fatigue of materials.
Elber noted that the fatigue crack surfaces interfere an#harother through a closure
mechanism. This closure mechanism nieey altered bydifferent factors such as the
roughness of the crack surface or the presence of residual plastic deformation left behind
the crack tip. In general, four major crack closure mechanisms have been introduced
(Barsom and Rolfe 1999):

1. Plasticallyinduced crack losure (PICC)resulting from the presence of residual

plastic deformation left in the wake of the crack

2. Roughnessnducedcrack dosure (RICC)resulting from deviations of the crack
trajectory associated with miesdructural characteristics of the matesach as

grain size and intdamellar spacing

3. Mode llinduced crack closure (MIHCC), caused by the displacement of the
crack tip alongthe shear planes, which prevents a perfect match of the fatigue

crack surfacefeatures left behind the propagatinmgak, and

4. Environmentallyinduced cracklosure (EICC)resulting from corrosion products

within the cracksurfaceghat wedge the surfaces

Figure2.10 shows a shematic illustration ofthefour crackclosure mechanisms.
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Figure 2.10. Schematicillustration offour aack-closuremechanisms
(Barsom and Rolfe 1999)

The crack closure concept studies the fatigue process based on what happens behind
the crack tip. In recent years, researchers teudied the relationship between the
influenceof CSC and the crack growth rates, with focus on the closure effects (Pommier
2003; Silva 2004 and 2005). Among all the mechanisms resuhomg crack closure
studied earlier, the PICC and RICC are known to be most important in explaining the
influence & CSC on the crack growth rate of materials (Silva 2005). The influence of
RICC was first noted by Walker and Beevers (1979). The influence of the load
interaction effects and plasticduced compressive stresses was first studied by Schijve
(1962) and lar by Jacoby (1966).Their work demonstrated that FCG retardation (or

acceleration) was governed by the compressive stress gradient ahead of the crack tip.

In this research, the influence of RICC on FCGR of aluminum alloy-g®&1 was
studied, awill be explained in subsequent chapters. The roughness measurements were

done according to standard DIN 4768, using laser profilometry and 3D microscopy
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techniques. The Arithmetic Mean Deviation of the roughness proRle,is usually

calcdated to quantify the roughness of the fracture surface by the following equation:

dx (2.13)

=

R =

0

where z is the value of surface profile arlg is the reference length.

Silva (2005) studied different materials to show their FCGR sensitivities to surface
roughness. The matersastudied were low carbon steel Ck&byminum alloy Al7175
and ttanium alloy Ti6A14V. Figure2.11 shows the roughness values for tests with

(R=-1) and without compressionR=0) for the sameK_ . In general, FCG in

aluminum alloys and titanium alloys are conseétkto be sensitive to RICC, while that of

steel alloys is more dependent on the PICC (Silva 2005). It has been demonstrated by
Silva (2005) that the closure concept is not adequate to properly describe the FCGR at
negative stress ratiosR(<0). The influence of the closure concept is studied in this
research in subsequent chapters, and the findings from experimental results on an

aluminum alloy are discussed in detail.

6 -
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R

Figure 2.11. Theroughnesyalues fortests with R =- 1) and without

compression R=0) for the sameK_, (Silva 2005)

37



As it is explained in the subsequent chapters of this research, the increase in the crack
growth rate due to introducing the compressive ség¢for Aluminum alloy ©1-T651)
is not because of the decreases in the surface toughness and RICC. This verifies with the
results reported by other researchers, demonstrating that in-tgtreshistories that
include CSC, roughness effect is not thendwmnt mechanism resulting from the crack
closure (Chen and Lawrence 1997; Silva 2005).

2.5. Summary and Conclusion

This chapter provided a brief insight into the overall direction of this dissertatiora
review of the literatureSome of the methodsvailable in literature for predicting the
fatigue life of risers subject to VIWere briefly reviewed, and their capabilitiegere
compared. Asexplained in detail, most of the researches done on the fatigue
characterization of pipelines and risers havau$ed on the VIV analyses of the task, and
less attention has been paid to the fatigue life estimasorg various modelsnce the

VIV -induced stresime history isknown

During the initial stages on this research project, it was observed that mibst of
differences in the fatigue life estimation of pipelines and risers were a result of using
different approaches for calculating the VilWduced stresime history. Therefore, the
author decided to use real \W¥duced stresiime histories for all thdatigue studies
performed during this research project. As it is explained later in Chapters Two and
Three, the input VIV data were obtained from external sources (MIT and MUN). This
approach eliminattany uncertainties in the outcome of this researcfeprahat could
otherwise havdeenraisedfrom using numerical or computational methods to calculate

the VIV-induced stresses.

As explained earlier, each chapter of this dissertation is a paper that has been
published or is currently under review for pehtion. Therefore, each chapter is a stand
alone document, which explains its overall objectives followed by a detailed problem
definition and literature reviewlhe reader is encouraged to refer to each chapter for an
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in-depth review of the literaturassociated withthe specific topic covered bgach

chapter.
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Chapter 3

A Study on Crack Front Shape and the Correlation between the Stress
Intensity Factors of a Pipe Subject to Bending and a Plate Subject to

Tension

Mohammad Iranpour and Farid Taheri

Department of Civil and Resource Engineeririgalhousie University, 1360 Barrington Street,
Halifax, Nova Scotia B3J 171, Canada

Published in the Journal of Marine Structures, 2006, vol. 19, pp2183

3.1. Abstract

The use of a pipe subject to bending momeith an equivalent plate subject to tension
has been tried by a few researchers to avoid the complexity usually involved with
experimental crack growth investigations of pipes with initial surface flaws. This
approach also minimizes the use of more somaitgd monitoring instruments, thereby
offering significant cost savings. This equivalency has been done for both experimental
and finite element investigations. This paper studies the validity of this approach and
evaluates the ranges of the crack deptio @nd elliptical crack diameter ratio for which

this approach would be admissible. A series of finite element analysis was carried out to
both verify the values of the stress intensity factors reported in the literature, and verify
the results of the ietpolation function used in the computational simulation in this
research. Based on the computational simulations and demonstrating that the crack front
follows a semucircular shape during its growth, a dimensionless relationship between the
stress intenty factor of a pipe under bending moment and that of a plate under pure
tension has been introduced. A series of experimental investigation was performed to

verify the validity of the proposed computational simulation. The results show the
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rationality andadmissibility of this approach when considering the fatigue crack growth

of pipes under bending.

Keywords equivalent stress intensity factor, sesmcular crack, simplified method,

finite element analysis.

3.2. Introduction

As a part of widely used expmental test setup for fatigue crack growth studies of a
plate under axial load, most researchers use a traveling microscope to measure the
incremental fatigue crack growth. Using this technique, the crack tip propagation can be
monitored during the tesHowever, monitoring the fatigue crack propagation of pipes
under any type of loading conditions requires more advanced techniques and
sophisticated and expensive instruments. The complications arise from the three
dimensional nature of the pahroughsuface cracks (Cai and Shin 2005he dectro-
magnetic monitoring technique has shown to be accurate witQ8r 0.17mm (Sakaet

al.,, 1997). More sophisticated methods, such as the Confocal Scanning Laser

Microscopy, are able to measure craekssmall aslO- 100nm (VarvaniFarahani and

Topper, 1997). Methods based on Potential Drop (PD) use the direct and reversing
currents to give real time measurements. However, different crack shapes and crack
depths may produce the same pt&mrops. Therefore, multiple probe sites are required

to monitor the crack front propagation, which makes it even more expensive and
susceptible to electromagnetic and other interferences (Cai and Shin, 2005). Moreover, it
is often difficult to place tl instrumentation in the small region surrounding the initial
flaw. In recent years, many researchers have used Crack Microgauges to monitor the
growth of the fatigue crack during the experimental tests (Lugg, 1992; Bian and Taheri,
2006). However, the cosf such an instrument is high. Therefore, the researchers have
been encouraged to seek simplified, yet accurate alternative test procedures. One such
approach has been testing a plate under axial load in place of a pipe under bending
moment (Chen and Lawert, 2005)
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In this research, the admissibility of testing a plate under the action of pure axial force
in place of a pipe under the action of pure bending moment is investigated.
Consideration has been given to the fact that the bending moment cauisateat] but
varying axial stresses in the pipebs wal/l
intensity factor concept, by which the crack tip condition can be characterized in linear
elastic materials. A comparison between the stress ingefeitor of a pipe under
bending moment and a plate under tension would reveal the validity of the approach. In
this study, the focus is on the surface cracks with a crack plane normal to the internal
stresses resulting from the externally applied loadssépported by the finite element
analysis results, the fatigue crack in a pipe under pure bending and a plate under tension
will only grow under mode |. That is because the mode Il and 1l stress intensity factors
would be zero. The following relation tweeen stressS, and stress intensity factoK ,
shows that a cyclic variation in stress would result in a variation in the stress intensity

factor:
K = SfJm (3.1)

where S is the nominal stress normal to the cragkjs a dimensionless geometric

parameter, (i.e. function crack length to specimen widtio); anda is the crack depth.

Based on the similarity rule, different combinations of the applied stress and crack
lengths could result in the same amount of crack propagation if the magnitude of the
stress intensity factor is egl for the different combinations of loading and geometry
(Liu 1998). In other words, having the same magnitude of stress intensity would
guarantee that a specimen with a short crack subjected to high stress levels would show
the same crack growth as aespnen with a long crack under low stress levels. This
would indicate that the stress intensity factor at crack tip is the controlling parameter for

the rate of fatigue crack growth.

These facts were the motivation for conducting a comprehensive expaliraadt
computational investigation for comparing the stress intensity factors of pipes subject to
pure bending moment and plates subject to pure tension, in which various crack depth
and width were studied. In this paper, the main focus would be on fheesaracks with

an elliptical shape, which have been shown to be a common crack type in pipes that are
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subjected to bending moments. This comparison has been based on either an analytical
approach and/or finite element results that are available intliteraTo verify the
accuracy of the computational simulation that has been used to monitor the crack front
shape during its propagation, a series of experimental investigations were conducted and
the results were compared with those from the computatsdmailation. The outcomes

show the validity of replacing a pipe subject to bending moment and a plate subject to

tensile loads, and the conditions under which this approach would be admissible.

3.3. Plate under Pure Tension

Analytical expressions for stresstensity factors of plates with patirough elliptical
cracks, as a function of the plate geometry and applied axial and/or bending stresses, are
available in literature (Anderson, 1991). Several experiments have been conducted to
establish the integgitof such analytical expressions. The expressions have also been
verified by the finite elements method (Raju and Newman, 1979). In a study done by Lei
(2004), a cracked plate was modeled and-itgehral was evaluated by buift counter
integration function of ABAQUS on 15 contours around the crack tip. The average of the
Jintegral values obtained on th&%20 15" contours was used to obtain the crack tip
stress intensity factor. The results from this study verified the stress intensity factor
soluions given by other researchers (Lei, 2008he dimensionless expressions for
calculating stress intensity factor for mode one elliptical surface flaw in a plate under

tension is given by (Anderson, 1991):

* IT aaab

,Iae
I ,Plat ST thW

where K| . = K| ; is the dimensionless stress intensity factor of a plate under the

K (3.2)

I OOI

action of pure tensionK, ; is the stress intensity factor for mode omejs the crack

depth length at the deepest location of the surface flawsands the far field tensile
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aab
stress. The term@a%o and Fa W’ / o are introduced as a function of crack shape
Gt

characteristics. Téangle/ represents the orientation of the point along the crack front

where the dimensionless stress intensity factor is being calculated. Other parameters are
schematically shown in Figure 3.1. In this papafp and a/t are referred to as the

ellipse diameter ratio and the crack depth ratio, respectively.

[ % |

Figure 3.1.Stress intensity parameters for an elliptical surface flaw in a plate

subject to tensile stresses

Using this brmulation, the stress intensity factors were calculated for a wide range of
ellipse diameter ratios and crack depth ratios. The results were furthgrposssed by
a computer program and compared with those of an elliptical surface flaw of a pipe under

the action of bending moment.
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3.4. Pipe under Pure Bending Moment

Experimental studies have validated that an actualtpantigh crack in a wall thickness

of a pipe may be replaced by an equivalent elliptical arc crack front. Although a great
number of tudies have been conducted in consideration of plates and solid bars having
elliptical cracks, hollow circular cross sections require more attention. Several
investigations have obtained numerical solutions for certain geometries of the cracked
cylinders ing either the finite element methods or boundary integral solutions (Tan and
Shim, 1986). Such solutions require relatively large effort for the generation of the finite
element mesh, as well as the solution. In later investigations, axisymmetricajhthrou
thickness stress distribution and global bending stresses with respect to two perpendicular
axes in the prospective crack plane were also studied (Bergman, 1995; Caepiateri
2000). In a study performed by Carpintetial. in 1998, a series of the dimensional

finite element analyses were carried out. They also proposed a two parameter theoretical
model for calculating the stress intensity factor of hollow pipes under the action of

bending moment.

Using the above theoretical model and the Pardgogan law, it will be shown that
different flaws in pipes with different geometries and initial crack configurations tend to
follow a certain trend when considering the ratio of crack depth and pipe wall thickness.
The finite element method will be usdd validate the approach. Twentpde
isoparametric solid elements will be used for modeling the system, with thetigrack
stress squarmot singularity modeled by shifting the midside nodes to quarter point of
the element side and near to the cracktir&igure 3.2 shows the two parameter model
for the crack front. The values for dimensionless stress intensity factor have been
calculated and presented for two different ratios of 1.0 and 10.0 for pipe inner radius and

wall thickness, based on the exmiess developed by Carpintet al. (1998):

(3.3)

where Kfypipe = Kf,M Is the dimensionless stress intensity factor for a piperynde

bending momentK, ,, =s,,+20r is the stress intensity factor for bending, whstg,
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is the opening normal stress at the distancevaluated perpendicular to the crack front.
When the distance approaches zero, the maximum bending stress at the outer layer of
the pipe can be calculated by (Carpingtral,, 1998):

IM (R+1)

= 3.4
YR RY 24

whereR andt are inner radius and thickness of the pipe, respectively.

Figure 3.2.Two parameter model of the crack front (Carpinteri et al. 1998)

3.5. Finite Element Analysis

The dmensionless stress intensity factor for a pipe subject to bending moment has been
reported in literature based on finite element analysis results (e.g. Carpirdgked998).

These values are reported for specificb and a/t ratios, and one needs to use an
interpolation technique to calculate the magnitudes of the dimensionless stress intensity
factor for other desired combination @ff b and a/t ratios. In this research, aite
element analysis was therefore carried out to both verify the values of the stress intensity
factors reported in the literature, and verify the integrity of those evaluated by
interpolating the results reported by Carpinégral. 1998.
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The finite dement analysis was performed by the commercial ABAQUS code.
Several contour integral evaluations are possible at each location along a crack front,
each thought of as the virtual motion of a block of material surrounding the crack tip.
This code automatatly finds the elements that form each ring from the regions
designated as the crack front. In cases where the crack is considered as a sharp one, the
large strain zone at the crack tip is much localized and a-stnaith assumption at the

cracked compom# is applicable, thus reducing the computation time.

To model the crackip strain singularity, one may use linear elasticity, perfect
plasticity, and powelaw hardening models. Note that the results for pure ptaver
nonlinear elastic materials in adounder traction loading are proportional to the lbgd
some multiplier. Therefore, the fracture parameters in one geometry under a particular
load can be scaled for other lsads long as the resulting loading distribution is the
same. To simulate thgingulaity field, 20-node brick elements with a collapsed face
were used. To obtain the maximum accuracy when meshing the model, the planes of the
threedimensional elements perpendicular to the crack line were kept planar. This action
prevents the elemet 6 s Jfraro ledonng negative at some integration points when
the midside nodes are moved to the 1/4 points (ABAQUS, 2005). The midside nodes
where moved to the 1/4 points and the nodes on the collapsed face of the element were

allowed to move indemmdently.

To maximize the accuracy of the contour integrals, the size of the-tipaglements
were kept small (see Table 3.1), especially in the radial dimension of the elements from
the crack tip. To reduce the number of elements while maintainingearfesh in the
vicinity of the crack front, a quarter of the pipe was modeled with a large portion of the
pipe modeled by shell elements (see Figure 3.3). The cracked region of the pipe was
modeled by 2hode quadratic brick elements. The midside nodeshef glement
surrounding the crack tip where moved to the 1/4 points to impose singularity. A surface
based shelto-solid coupling was introduced in the model to allow for a transition from
shell element modeling to solid element modeling. This modelinturieadoes not
require any alignment between the elements in solid and shell meshes and automatically
selects the coupling nodes located on a solid surface lying within the coupled regions. A

set of multipoint coupling constraints was used to couple thesnalbng the edge of the
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shell elements interacting with the solid surface (ABAQUS, 2006). Shell edge nodes
should be centrally located with respect to the wall thickness direction of the solid and at
least two solid elements should be included throughthtiekness at a shetb-solid
interface. This smoothens the curvature and stress gradient along th&o-sbéd
coupling region. The coupling interface should be placed at least a distance more than the
shell thickness away from the region of interesthe solid mesh where the stress and
strain fields are calculated (ABAQUS, 2006). This has been further verified by a set of
trial and error runs, so that the introduced coupling interaction does not affect the

calculated stress intensity factors.

Table 3.1.Typical characteristics of coarse, moderate and fine meshes used in the solid
region of the finite element model

Element dimension at crac| Total number of elements Number of
Mesh . . . ,
tip (percent of crack depth in the solid region contours
Coarse 0.5 2050 4
Moderate 0.10 4120 6
Fine 0.05 6500 9

Figure 3.3 shows the isometric view of the quarter symmetry model of the pipe. The
guarter model of the pipe consists of 6500 quadratic elements in the solid region and 300
elements in the shell region. Ugithe shell elements for modeling a large portion of the
pipe significantly decreased the computational time, making it convenient to use a very
fine mesh athe crack tip region in the solid part, thus improving the accuracy of the

results.
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Figure 3.3.The Finite Element Model

Due to the stress concentration at the crack tip, the stress gradient is relatively large at
the region near the crack front. Although a path deperHemé¢gral is an indication of a
coarse mesh, it cannot be com#d that the mesh is fine enough if thentegral is
observed to be path independent. Therefore, a mesh convergence study was performed.
Figure 3.4 shows the variation of stress in the radial direction (in 4tiiee¥tion shown
in Figures 3.2 and 3.3),asting from the outer surface of the pipe towards the inner
surface. As illustrated in this figure, the crack tip singularity can be traced using a fine
mesh. Moreover, the calculated values of the stress intensity factor does not differ
significanttyinmodel s with a fAimoderated or Afineo nm
of Amoderateo and Afined mesh in this stu
costs of the finite element analysis, t he
were appked to all cases for which stress intensity factors were calculated. In other
words, the solid region was meshed such that its elements surrounding the crack tip
vicinity had a dimension of about 0.1 percent of the crack depth at that region. Table 3.1

shaws the characteristics of different mesh levels used in this research.
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Figure 3.4.Stress singularity at the crack tip for coarse, moderate and fine meshes at the

crack front region

The results of the finite element analysis were compared tidke reported by
Carpinteriet al. (1998). As stated, the reported values for the stress intensity factors
available in the literature are reported for specific combinatiores/bf and a/t ratios.

To find the value®f the tress intensity factor for any desired combinatiom b and

al/t ratios not in the report, one may use an interpolation function. To verify the
outcomes of such an interpolation, the results of the fingkeneht analysis of this
research was compared with those calculated based on interpolating the values reported
by Carpinteriet al. (1998). Figure 3.5 shows a comparison between the dimensionless
stress intensity factor calculated for a pipe wiit =10.0, having an elliptical crack

front witha/t =0.1 and a/b=0.1. As seen, interpolating the values of stress intensity
factor reported by Carpintegt al. (1998) betweena/b=0.0 and a/b=0.2, agrees

well to those calculated in this research by the finite element analysis.
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Figure 3.5. Comparison between the dimensionless stress intensity factors obtained from
the finite element analysis and those reported by Carpettali(1998)

3.6. Dimensionless Stress Intensity Factor Ratio

After establishing the dimensionless stress intensity factors, the ratio of dimensionless
stress intensity factors were compared for the two structural components under different
loading configuations. Figures 3.6 and 3.7 show the variation of the dimensionless stress
intensity factor ratios as a function of crack depth (the deepest point along the crack
front) and crack length (the two ends of the crack front). In this paper, the deepest
location al ong the crack front (point A in Fic
and the location growing on the outside surface of the pipe (point B in Figure 3.2) is
referred to as Theteegraghs are preaented far thia ankl thiak w
pipes, havingR/tvalues of 10.0 and 1.0, respectively, wh&seis the internal radius of

the pipe and is the wall thickness. The flaw aspect ratio is introduced as the ratio of the
smalland large diameter of the ellipsa/b, and has been varied from 0.2 to 1.2. The
crack depth ratioa/t, that is the ratio of the crack depth to the wall thickness of the

pipe, has been varied from 0.2 to 0.8. Agsiirated in these figures, the dimensionless

*

stress intensity factor ratioKl*,Plate/ K shows considerable variations for deep

|,Pipe?

cracks with the diameter ratios smaller than 0.4. For diameter ratios higher than 0.4, the
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dimensionless stress @mtsity factor ratio seems to maintain a constant value as the crack

propagates through the thickness of the material. This trend seems to be the same for

both thin and thick wall pipes witRR/t values of 10.0 and 1.0, respectively.

Dimensionless Stress
Intensity Factor Ratio

alb 20T gt

Dimensionless Stress
Intensty Factor Ratio

(b)

Figure 3.6 (a and b):Variation of Kflp,ate/ Kflpipe as a function of the crack depth ratio,

al/t, and ellipse diameter ratiog,/ b, for R/t =10.0, a) depth cracky) surface crack
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Figure 3.7 (a and b):Variation of Kl*yplate/ K, pipe @s a function of the crack depth ratio,

a/t, and ellipse diameter ratiog,/ b, for R/t =1.0, a) depth crack, b) surface crack

To further examine the variation of the dimensionless stress intensity factor ratio,

*

Kf‘P,ate/ K, pipe. @ series of graphs are presented in Figures 3.8 and 3.9. In these graphs,
the magnitudes of dimensionlessest intensity factors is presented as a function of the
normalized coordinate along the crack front for different diameter ratios and crack depth
ratios.

Figure 3.8 shows the ratio between the dimensionless stress intensity factor of pipe

*

and pIate,Kf‘P,ate/ K, pipe. for a R/t value of pipe equal to 1.0. Such a low value of

R/t mostly applies to pressure vessels rather than pipelines, where high levels of
stresses are to be tolerated by the material. As \odbérom the figure, the ratio varies

from 0.85 up to 1.60 for different crack depth ratio; the higher the crack depth ratio, the
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higherthe dimensionless stress intensity factors ré€iQuae/ K| pipe. Moreover, as the

diameter ratio,a/b, increases, the dimensionless stress intensity factor ratio decreases.
For crack fronts with a diameter ratia/b, of 0.8 to 1.2, where elliptical crack front has
changed its shape closer to a semrgular form, the cracklepth ratio does not seem to

play a significant role on the dimensionless stress intensity factors ratio. For such range
of diameter ratio,a/b , the deviation between the dimensionless stress intensity factor
along the crack front gbipe and plate is lower. The difference between dimensionless
stress intensity factor of a plate subject to pure tension and a pipe subject to pure bending
moment becomes negligible at the middle portion of the elliptical crack front, which is

the deepegtegion of the crack through the wall thickness of a pipe or a plate. The values
of dimensionless stress intensity factors raﬁzp,ate/ Kfypipe, changes between 0.90 up

to 1.60 for wide ellipses; however, this limit reduces to 0.85 to 1.25 wieerrdlck front
shape changes from a wide ellipse to a sa@maular shape. In other words, the closer the

crack front shape to a circular form, the lower and more constant the values of

dimensionless stress intensity factors rad€it,, ./ Kl’,;ipe along the crack front.

As it is illustrated in Figures 3.8b and 3.8c, the stress intensity factors ratio,
Kflplate/ Kf’pipe, becomes constant for the middle region of the crack front, that is the

region with a normalized coordinate greater than 040ng this region of the crack
front and for high ellipse diameter ratios, the dimensionless stress intensity factors ratio,

Kflplate/ Kf’pipe, has a constant value depending on the relative depth of the crack front

to the pipe wall thicknessa/t . For cases with an ellipse diameter ratio greater than 0.6,
where the crack front shape is circular rather than elliptical, the dimensionless stress

intensity factors ratio is illustrated to show no dependency on the ellipse diameter rati
Figure 3.9 shows the ratio between the dimensionless stress intensity factor of pipe

and pIate,Kf,PIate/ Kf’pipe, for a R/t value of pipe equal to 10.0. This case is applicable

to pipelines, where the wall thickness is snealinpared tdahe pipe diameter. Figure 3.9

illustrates that the ratio between the dimensionless stress intensity ﬁqQ{e/ Kfypipe,

varies from 0.85 to 1.55, along the crack front. The limits of this variation become lower
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for points closer tdahe center of the crack front, which have a deeper crack tip through
the wall thickness of the pipe or plate. As in pipes with lowft ratio, the
dimensionless stress intensity factor ratio decreases as the ellipse diametea/fatio,
increases. Moreover, in cases with lowft ratio and a serrtircular crack front shape,

the ratio of crack depth to pipe wall thickness does not seem to play a significant role on
the ratio of the dimensionlessess intensity factoKf’PIate/ Kf’pipe. The only cases that

do not follow this trend are those with very high ellipse diameter ratios and low crack
depth ratios. At the middle region of the crack, the dimensionless stress intensity factor
ratio shavs less dependency on the ellipse diameter ratidy, for semicircular cracks.

The length of this region increases as the ellipse diameter &b, increases. The

*

deviation in the magnitude of the stress intgnfsictors ratio,Kf,Plate/ K is as low

| ,Pipe?
as five percent for sertircular cracks along a long region of the crack front. Compared

to the thicker pipes, the region of the crack front with a constant stress intensity factors

ratio, K| pae/ K| pipe i longer for pipes with higheR/t ratio.

As illustrated in these figures, the dimensionlstssss intensity factor ratio varies
considerably for different crack depth ratio and ellipse diameter ratios. However, for
certan values of these ratios, the changes in the dimensionless stress intensity factor
become smaller and seem to follow a similar trend. This interesting characteristic is
usually observed in cases where the diameter ratio changes between the value20.7 to 1
In other words, the shape of the crack front is observed to have a strong influence on
magnitude of the dimensionless stress intensity factor ratio of a pipe under bending
moment and a plate under tension. Therefore, the assessment of the influencioh
of both the shape and size of a surface crack during its propagation on the dimensionless
stress intensity factor ratio is an essential concept in structural integrity prediction. The
next section explains the procedure used for tracing the shapge of a surface flaw as
it propagates through the thickness of the material. The findings were further supported
by a computational parametric study using a numerical procedure written in MATLAB
code.
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Figure 3.8 (a, b and c)Comparison between the stress intensity factor ratio,
Kfip,ate/ Kf,pipe, between a plate and a pipe with an elliptical crack with different

penetration ratio trough wall thickness (pipe radius/wall thickness = 1.0)
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Figure 3.9 (a, b and c)Comparison between the stress intensity factor ratio,
Kfip,ate/ Kf,pipe, between a plate and a pipe with an elliptical crack with different

penetration ratio trough wall thicknegsde radius/wall thickness = 10.0)
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3.7. Shape of the Crack Front

Various classical solutions have been presented for evaluating the stress intensity factors
of elliptical surface flaws in a pipe under the action of pure bending moment and for
plates undethe action of pure tension. Unlike the cases with a thraoogthickness

crack with a straight crack front, pdahrough cracks do not have a constant geometry
factor, and therefore, do not present a constant stress intensity factor along the crack
front. In the cases with low ellipse diameter rati/,b, the maximum value of the stress
intensity factor is at the center of the crack front, which is the deepest point of the crack
through the wall thickness of a pipe or plate with ampdlal crack front. When the value

of the stress intensity factor becomes equal or greater than the fracture toughness
anywhere along the crack front, fracture would occur at that point. Considering the fact
that a througtthethickness crack is constrah by the thickness of the material, the

plane strain fracture toughness criterion would be admissible.

Moreover, when the crack tip has a circular shape, the stress intensity factor is the
same everywhere along the crack front, and the fracture occurasigously along the
crack tip. However, in cases with low ellipse diameter ragibb, the stress intensity at
the end of the crack tip is considerably lower than that at the center of the crack front.
This could lead to the conclusidhat the fracture may be postponed, and this conclusion
has been supported by some experimental data. Therefore, as long as the stress intensity
factor attains it largest value at the center on the crack front, more growth would occur in
a certain cyclat the deepest location along the crack front (point A in Figure 3.2) rather
than elsewhere along the crack front (e.g. points B and C). This would gradually force the
crack front to change its shape closer to a circular form; that is, an ellipse wétmete
ratio, a/b, equal to unity (Liu, 1998). Many researchers have reported a value of 0.85
for diameter ratio, where stress intensity factor values at different points along the crack

front are nearly the same (Ravichandran, 1997).

In brittle homogenous materials under the action of uniform stresses, surface cracks
follow this semucircular pattern during their growth. In ductile materials, plastic
deformation occurs mostly #te crack tip and the crack is under lower constraing aA
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result, the growth at the surface tip experiences retardation and the crack front shape
becomes closer to a circular shape with a diameter rat@a/&f=1.0 (Ravichandran,

1997). Therefore, as long as the material microstructure rerhamsgeneous and the
stress distribution remains uniform, the crack shape can be assumed to follow a semi

circular pattern.

When the crack front shape is circular or seigular, the stress intensity will have
the same magnitude along the crack froeading toa constant propagation rate along
the crack tip. Having the same propagation rate along the crack front is a guarantee for
the crack tip to keep its circular form through the rest of the fatigue life of the component
(Broek, 1989). In cases whetiee outof-plane bending takes place, stress gradient may
cause a decrease in the stress intensity factor at the center point of the crack front (point
A in Figure 3.2). In such cases, ellipse to circular shape translation may not be reached
during the féigue crack propagation through the material.

In many cases, pattirough cracks are assumed to have a circular shape, leading to a
constant magnitude for the stress intensity factor along the crack front and therefore, a
constant fatigue crack growth rai®ith such an assumption for the initial flaw, the crack
is assumed to have started its growth from a circular shape, thus keeping its shape
constant till the end of its growth. On the other hand, real flaws, which initiate in the
structural components dog their service life, are very small and gradually advance
through the material. It can further be argued that these small flaws would change their
shape into a circular form at the very first stages of their propagation process. In other
words,altdhhef liaws t hat initiate and further
pure bending moment, or a plate under the action of pure tension, can be assumed to have
a circular shape from the initiation phase of the flaw till the end of the service ttie of
component. In general, crack growth retardation or acceleration is mostly governed by
the ratio of the stress intensities in successive cycles. The above concept is still
admissible when retardation or acceleration is assumed to take place dueltad\ar

underload peaks of the stress time history applied to the structural component.

To validate this concept, experimental investigations were conducted and the crack

propagation rates were measured along the small and large diameter of elliptikal cr
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fronts in a plate. In a study done by Sat@l. (2002), the Sih energy approach was used

to investigate the growth of a semilliptical surface crack and the results were compared

against those obtained based on the Paris law and experimentdlheststial flaw had

a crack depth ratio od/t =0.25 and a diameter rat@a/b = 0.95. Both the Paris law

and

Si hos

energy

approach

ed

t o

a good

directions along the small and largeameter of the elliptical crack front. The relation

between the crack diameter ratio and depth ratio was introduced ase(@or202):

a/b = - 0.48a/t)? +0.048a/t) +0.99

(3.5)

Figure 3.10 shows theneasured and predicted shape variations using the above
equation, extracted from Somg al. (2002). It is illustrated that for a crack depth ratio

lower than 0.7, the ellipse aspect ratio is higher than 0.78, which represents a crack front

with a semicircular shape. Moreover, this diagram shows different crack growthfoate

surface and depth directions, as the shape of the crack front does not exactly follow a

circular form during its growthhtough the material.

Aspect ratio (a/b)
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Figure 3.10.The relation btween diameter aspect ratio and crack depth ratio for a plate

Based on the experimental test data, the Paris equation coefficients have been

with circular initial flaw under the action of pure tension (Sehgl.2002)

reported by some researchers foowgth along the depth and surface direction of
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elliptical surface flaws. Corn (1971) and Yen and Penndleberry (1962) have suggested
the following relation for crack growth rate in depth and surface direction of an elliptical

crack in plates:

CSurface: (09) mCDepth (36)

where Cg,, 1o, and Cp,,y, are the coefficients used in the Paris equation for crack

growth rate along the depth dsurface directions, respectively, andl is the material
constant. This relation has been used by many researchers to study the crack propagation
rate in both crack depth and surface directions (Newman and Raju 1981). Based on the
suface crack tension and bending test results for a wide range of aspect ratio, Kim and
Hwang (1997) suggested a value of 0.904 rather than 0.9 for the above equation (Kim

and Hwang, 1997). The difference between @, .. and Cp,,, values is believed to

be due to the difference between the stress intensity factors and changes in the state of the
stress from plane stress on the front surface to the plane strain at the deepest point on the
crack front (Burande and Sethuramal999). Experimental research (Wu, 1985)
indicates that the crack front propagates toward having a@earalar shape in a plate

under tension, almost regardless of the initial configuration of the surface flaw. The
smaller the initial surface flaw, theooner the crack front changes its shape to a-semi
circular one and follows the same trend towards the end of the fatigue life of the
structural component. As the crack depth approaches the plate back surface or the inside
surface of pipe, the crack attlleepest point may become shallow. This phenomenon is
due to the bending component, which even in a plate under pure nominal tension, occurs
at small net section sizes. This bending moment is introduced due to the specimen

rotation with respect to loadiraxis as crack advances (Ravichandran, 1997).

The analytical solution of the shape change equation for a plate under tension loading
has been presented by Wu (1985). The solution has also been verified against a
considerable number of experimental datailable in literature. It was shown that a
small semicircular surface crack tends to remain semgular at the initial stages of

their growth. The shape change equation has been introduced as (Wu, 1985):

db/ da={(a/b)'*[1+0.3184a/t)]" (3.7)
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The accurate solution for this equation has been presentéd o2, 3 and 4, and

a linear interpolation has been suggested for values betwaed.2t has been shown
that the shape of the crack front during its propagation depends on the initial crack front
shape(Wu, 1985). Moreover, as the crack propagates through the material, the crack

front shape changes to an almost seimiular one witha diameter ratio oa/b =0.8.

Regarding the shape change of any initial surface flaws to acsemlar form, one

would expect the ellipse diameter ratio to have a value greater than 0.8, where the

*

dimensionless stress intensity factoroath‘Plate/ K/ pipe:

shows negligible variations

as the crack grows through the material (see Figures 3.8 and 3.9). Details of a
computational simulation approach to study the shape change of a surface flaw during its
propagation are discussed irethext section. Once the surface flaw is shown to have a
semtcircular shape during its growth, one may compare the crack growth rate in a pipe
under bending moment with that of an equivalent plate under pure tension. As will be
seen, this would provide more costeffective means of characterizing fatigue crack

growth in pipes.

3.8. Computational Simulation of Crack Front Shape

A computer code ithe MATLAB language was developed to further verify the results of

the above studies. The program enable® u®mpare the crack growth in a plate under
tension and a pipe under bending. The stress intensity factors for a plate under tension
and a pipe under bending moment with tidt ratios of10.0 and 1.0 were calculated

by the computational method. The simple analytical expressions for the stress intensity
factors for a pipe under bending moment are not available in the literature. Therefore, a
cubic form interpolation function was used to interpothtevalues for desirea/b and

a/t. An initial crack shape was assumed and the loading was changed accordingly so
that the stress intensity factor would be greater than the threshold value along the crack
front. Thefollowing general crack laws were used for depth and surface crack growths,
respectively (Broek, 1989):
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da _ (DK| ,Depth)m

—— = 8.1
dN pepth (1' R)KLCDep,h' DKI,Depth (3 ® )
db DK surfacd

U C:Surface ( — ) (3.8.2)
dN (1' R)KI,CSu”ace- DKI,Surface

where da/dN and db/dN are the crack growth rates for both into the depth and

surface directions, respectivelidK, , is the threshold stress intensity factor range for
fatigue crack growth in modé , K, . is the fracture toughnesfK, is the stress
intensity factor range, an®R is the stress ratio. Th€l- R) term accommoates the
termination point, wheréK, ., exceeds the fracture toughnes§, . . It should be noted
that this term does not govern the relation betwaéalN for different R ratios.

By dividing Equations 3.8.1 and 3.8.2, one may use the following to calculate the

relation between the crack growth rate in depth and surface direction.

| ,Surface

d_a — C:Dep'(h E_épDKI ,Depth 8m (1_ R)K| rCSurface- DK
db CSurface(i;q)Kl ,Surfaceg (1_ R) KI Coepth DKI ,Depth

(3.9)

Using Equation 3.6 and assumingmaadl increase inda, the increase irdb can be

calculated accordingly. The new crack shape diametes,=a+da and

b,., =P+ db are further used to fealculated the stress intensity factdéthe new crack

front. These values are used subsequently to calculate the crack growth within the next
loading cycle. This procedure is continued until the stress intensity factor at the crack
depth or that of the crack surface is greater than theufeatoughness of the material,

which is assumed to cause an unstable fracture. Such a computational approach has been
used by other researchers to trace the shape change of surface cracks in plates or pipes
under either axial or bending cyclic forces (@ateri, 1993; Burande and Sethuraman,

1999 and Kim and Hwang 1997). Using this approach, the specifics of a series of initial
surface flaws were implemented into the computer code. The associated fatigue crack

growth and changes in the associated cramht fshape were monitored up to the end of
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the fatigue life of the component. Figure 3.11 shows a typical surface flaw, monitored

during its propagation trough the wall thickness of a pipe.

Crack front during
its propagation

Pipe thickne
Center of the Initial surface
crack front flaw

Figure 3.11.Computational monitoring of a typical sade flaw during its propagation

trough the wall thickness of a pipe

For the computational simulations of the various initial surface flaws, the properties
listed in Table 3.2 were used. Figure 3.12 shows the ellipse diameter ratio as a function of
crack deth ratio for a rectangular plate under pure tension with various initial crack front
shapes. As illustrated in the figure, the crack front tends to change its shape te a semi
circular form. The crack fronts with ellipse diameter ratio of 0.2 to 0.4 sheloveer
trend in reaching a sergircular shape. However, even for these initial surface flaws, the
crack shape changes its form to a seimgular form at a crack depth ratio of less than 0.1
to 0.2. As the crack propagates through the wall thickneskeofriaterial, the ellipse
diameter ratio remains between a value of 0.8 to 1.0, hence, representingcacdari
shape for the crack front. This interesting concept is also observed in Figures 3.12b and
3.12c, for pipes with the radius to thickness raf/t, of 1.0 and 10.0, respectively.
These results are consistent with those produced by other researchers, both numerically
and experimentally (Newman and Raju, 1981; Carpinteri, 1993, Kim and Hwang, 1997).
Furthermore, showing thate crack front follows a seraircular shape during its
propagation for these two structural components with different loading conditions, one
may refer to Figures 8and 39 to see the variation of their dimensionless stress intensity

factor as the cragaropagates trough the material.
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Table 3.2.Material property used in the computational simulation of crack growth

S min 10.0 MPa
S max 50.0 MPa
| Courcs K, Coepn 50.0 MPa
DK, tn 6.6 MPa

da 0.001

Coeptn 6.9E12
Csurtac 5.0301E12

m 3.0
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Figure 3.12 (a, b and c)Variation of ellipse diameter ratia/ b, as a function of crack

depth ratio (a) for a rectangular plate subject to tensile load, (b) for a pip&With=

1.0 under pure bending and (c) for a pipe WRIAt = 10.0 under pure bending
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3.9. Experimental Investgation

An experimental investigation was carried out to verify the results obtained from the
computational. Figure 3.13 shows the test apparatus and set up-pbiet Hending
setup subjects the pipe under pure bending moment in theagident of the pg The

tests were performed using a computer controlled Instron $gt@ulic Universal
Testing Machine modeB500° . The machine has a load cell capacity’dfOCkN under

dynamic or 20KN under static dading conditions. The top and bottom fixtures, on

which the plate specimen was mounted, were connected to the load cells.

Figure 3.13. Test apparatus

The tests were done at room temperature in air, under constant amplitude loading.
The surface of thepecimen was polished with a wide range of sand papers, starting from
coarse ones (No. 120) to fine ones (No. 600). This helped the crack tip and its
propagation to be clearly visible on the outer surface of the pipe. To monitor the crack
growth, fractograhy t echni que was used. I n this
is correlated to the cause of the failure. The fracture surface usually contains lines
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referred to as fdAbeach markso. The cause
attributed togradual failure (sudden crack propagation) over a length of time, or due to
the application of different blocks stress cycles with differB (Hertzberg, 1996).

The beach marking bands represent different periods of crack growthemgrowth due

to each individual load excursions. The center of the beach marks are at the crack origin,
which makes it practical to understand the point where the crack initially started. The
dark and light bands on the fracture surface represenifteeedce in the magnitude of

the prevailingDK associated with that loading block.

In this paper, the aboweoted marking bands were used to characterize size and shape
of the crack during its propagation. It should be noted thak@eowth delays may occur
in cases where low levdDK blocks follow a highDK block. The influence of such
overload and under load peaks has been investigated in various studies (Rushton and
Taheri, 2005 and Taheet al. 2002). To avoid the interaction effects, different loading
blocks were selected to maintain a constint,, during the test (Ragazai al. 1995).
Experimental results have shown that the contrast changes in the crack ssirface i

dependent orDK and does not show any dependencykKn,,.. When the magnitude

of K. is held constant during the test, no load interaction effects take place between

different blocks of appliedoads (Hertzberg, 1996). Figure 3.14 shows the normalized
load applied to the specimen. Block A includes 100,000 cycles, while block B only

covers 10,000 cycles.

As discussed previously, accurate measurement of the crack front profile is often
difficult and expensive. As a more c@dfective solution, periodic beach marking is used
by researchers to reveal the crack front and trace its propagation trough the material (Shin
and Cai, 2004).
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Figure 3.14.Typical normalized applied load

Figure 3.15 shows the photos of the fracture surface after the specimen was failed
under the applied cyclic load blocks. As it is illustrated in this figure, there are two bands
(the second band is more clear than the first one), representing block B of tieel appl
loading cycle. This band clearly shows size and shape of the crack front during its
progress through the wall thickness of the pipe. This figure illustrates a straight initial
flaw, which gradually changed its shape to an elliptical form during itsagation. The
test results are well verified against the computational simulation of a crack front with the

same initial flaw.

Figure 3.16 is a Scanning Electron Microscope (SEM) image, showing the marker
band associated with block B of the applied IcHte distinct markings illustrated in this
figure represent the cyclic stresses applied to the fracture surface. Although beach marks
are sometimes more clearly visualized by SEM as opposed to those visible in surface
photos, it is not practical to tracéband from one end of the crack front all the way to the
other end under the microscope. Therefore, a high resolution digital camera was used in

this research to study the fracture surface (Figure 3.15).
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Figure 3.15. Fracture surface shomg two beachmarked bands on the cross section of

the pipe

5.00um

Figure 3.16.Beachmarks under Scanning Electron Microscope (SEM)
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3.10. Summary and Discussion

Based on this study and the fact that crack propagation starts from very small initial
flaws, one would expect the crack front to grow towards having acemiar shape at

the very initial stages of its growth, regardless of its initial shape. Moreover, in an
experimental investigation, where initial surface flaws of any shape could beoma#ae

test specimen, this consistency between the response of pipes and plates can be of
interest. One can therefore test a plate under tension rather than a pipe under bending
moment. This equivalency would considerably simplify the test setups ftk grawth
propagation studies. In such a case, a relatively low cost conventional microscope can be
used to monitor the crack growth instead of the more sophisticated and costly instruments

required for monitoring the crack growth of a surface flaw iepip

To further support the admissibility of the suggested simplified test methodology, the
following explanations are offered. It was observed that for such acsemiar shape
crack front, where ellipse diameter ratio has a value of 0.8 to 1.1, thelwed stress

*

intensity factor ratio,KfYP,ate/Kl‘Pipe, would follow the trend illustrated in Figures 3.8

and 3.9.

As illustrated in those figures, the normalized stress intensity factor ratio,

K:,Plate/ K

*

| pipe» attains almost constant vala®ng the crack front, further rationalizing

the proposed simplified equivalent testing approach. Figure 3.17 shows the dimensionless
stress intensity factor ratid,(f’plate/ Kf’pipe, for circular crack fronts in both thick and

thin wall pipes withdifferent penetration ratiosa/t, along the middle region of the
crack front. It is clearly observed that the dimensionless stress intensity factor ratios
exhibit almost a constant value along this region of the crack front, with anuorax
deviation of not more than five percent. This deviation increases as the crack depth ratio,

al/t, increases; however, this increase seems to be negligible.
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Figure 3.17.Comparison of the dimensionless stress intgriadtor ratio of plates and

pipes with an elliptical crack with different penetration ratio trough the wall thickness

Figure 3.18 shows the variation of the normalized stress intensity factor ratio,

Kflplate/ Kf’pipe, at the center of the crack fitofpoint A in Figure 3.2), as a function of

different crack depth ratiosa/t, for circular and serriircular crack shapes with a
diameter ratios of 1.0 and 0.8, respectively. As the crack propagates through the wall
thickness of the pie, the stress intensity factor ratio decreases at a crack depth ratio of
0.25 and 0.40, for the thick and thin wall pipes, respectively. Beyond these points, the
stress intensity factor ratio increases as the crack depth ratio increases and the crack
propagates through the wall thickness. It is observed in the figure that for cases with
higher R/t ratios, where the pipe wall thickness is small compared to the pipe diameter,
the dimensionless stress intensity factor ratio shows lesaigarin its magnitude as the

crack propagates. In other words, B¢t ratios increase, the crack growth propagation
response in a pipe subject to bending moment becomes even more consistent with a plate

subject to tension.
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Figure 3.18.Variation of stress intensity factor ratinyplate/ Kf’pipe, at the center of a

circular crack front as a function of crack depth ratitt for various R/t anda/b

ratios

As seen, the dimensionless stress intensity factor ratio shows negligible difference for
cases with a crack front diameter ratio of 1.0 and 0.8. It may be seen that for-a semi
circular crack growing thorough the wall thickness, the changes in the dimessionl
stress intensity factor ratio follows a certain trend for a penny shape crack in a pipe under
pure bending moment and a plate under pure tension. Using this concept, expressions are
introduced for evaluating the dimensionless stress intensity fatiorasaa function of

only the crack depth ratia/t , for two different ratios ofR/t :

KI* Plate é.a 64 é.aﬁg éaf)z éaé
———=6.2¢-0 - 13620 +113%-0 - 3.62e-0+1.2 for R/t =1.0 (3.10.1)
K, o 1= t = t =+ t =+

| ,Pipe 9 (; Q Q
K* ate Oa~4 oa~3 oa~2 °a~
—Lhae - 0BG - 1.7560 +3.08-0 - L78-0+11 for R/t =100 (3.10.3
Kippe — ¢t+ ¢t+= ct=  c¢t=

It should be noted that these relations are valid for cases where the diameter ratio,
al/b, varies between 0.8 to 1.1. This range of ratio can be easily assured by making a

semicircular initial surface flaw when conducting experiménteestigations. In real
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cases, where the crack propagates from very small initial flaws, it has been observed that
the semicircular shape was attained at the initial stages of the crack growth, regardless of
the shape of the initial flaw. This concepakes the use of Equations 3.10 practical and
convenient for relating the fatigue crack growth rate of pipes with initial surface flaws
under bending moment with plates under tension, either for those tested in a laboratory or

in the field, such as pipeliseand risers.

3.11. Conclusions

This paper studied the admissibility of replacing a pipe subject to bending moment with
an equivalent plate subject to tension. This equivalency provides a means for avoiding the
complexity and significant costs that are aljuassociated with conducting experimental

investigation on pipes with an advancing initial surface flaw.

A series of finite element analyses was performed to verify the values of the stress
intensity factor of a pipe with elliptical crack front reportaditerature, as well as those
interpolated during the computational simulation in this study. This simulation was done
by a MATLAB code, which could monitor the shape of an advancing crack front during
its propagation through the wall thickness of theterial. In addition, the results from the
computational simulations were compared to those from experimental investigation,
either done in this research, or those found in literature. The simulation illustrated that the
crack front follows a sengircular shape during its propagation for these two structural

components subjected to different but equivalent loading conditions.

Furthermore, a dimensionless relationship between the stress intensity factor of a pipe
under bending moment and that of a plateemnplure tension was introduced. It was
further illustrated that the dimensionless stress intensity factor ratios would exhibit
almost a constant value along a large portion of the crack front. Thecseuntar crack
was observed to grotiroughthe wall tickness of the material. The resulting changes
in the dimensionless stress intensity factor ratio followed a specific trend. This was
observed for both the penny shape crack in a pipe under pure bending moment and in the

case of the plate under pure tems Based on this observation, expressions were
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introduced for evaluating the dimensionless stress intensity factor ratio as a function of
only the crack depth ratica/t, for two different ratios of pipe inside radius to its wall
thickness. As one would expect, this approach becomes even more rational as the ratio of
pipe inside diameter to its thickness increases. The validity of the proposed relations is
based on the fact that crack propagation starts from very small initial flalhati@mns a
semicircular shape at very initial stages of its growth. For experimental studies, where
initial surface flaws of almost any shape can be made on the material tests in the
laboratory, a circular shape is recommended for the initial flaw.
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4.1. Abstract

Estimating the fatigue damage due tordx Induced Vibration (VIV) is an important
issue when considering oil and gas risers used in the offshore industry. In severe current
profiles, especially in very deep waters, the Miiuced fatigue damage could result in a
relatively short life for sers. As water depth increases, the riser requires thicker wall to
keep the stresses within the allowable limit of the material. Moreover, risers may
interfere with each other in deep waters, which is not acceptable to the current design
guidelines. Therefre, the current design philosophy prevents the riser clashing, which
results in very expensive systems. As an alternative approach, such as the one
recommended by the new provisions of DNV, interference and collision of risers are
allowed. However, suchnaapproach is only recommended for a riser that has been
designed based on full consideration of VIV and a si&tee-art fatigue analysis.

In this research, the field data on multimodal vibration of a long flexible riser is used
to conduct a series okperimental tests for fatigue life estimation of risers. The resulting
VIV imposes a variable amplitude loading (VAL) on the riser, which makes the
evaluation of its fatigue life difficult. Moreover, the influence of load interaction effects
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is also invesgated through experimental tests. Lastly, influence of different frequency
harmonics in the VIMnduced timehistory is also studied. The experimental results from
this study indicate that the higher harmonics cause significant fatigue damage and cannot
be ignored.

Keywords:Risers, Fatigue, Vorteiduced vibration (VIV), Variable amplitude loading,

Paris model, Walker model, Barsom modélidson modelRainflow

4.2. Introduction

With the increasing demand for oil and gas products in the world and theffsiore
discoveries, the offshore industry has moved into deep and ultra deep waters. This has
resulted in many challenges in analysis and design of the offshore platforms and risers.
One such problem is the fatigue characterization of the risers ie thaters due to
vortexinduced vibration (VIV). With the increasing speed of the current profile, the
complex nature of VIV causes great uncertainties in predicting theindifced stresses,
making the accumulated fatigue damage in the riser of signiftcendern. Many studies
have been conducted to predict the risersbo
of the results of such VIV phenomenon is still a topic requiring moedepth attention.

In deep waters, understanding the dynamics of risesbeared current profiles and their
vibration in higher modes becomes even more challenging. When a riser is excited in its
higher mode of vibration, the estimation of fatigue damage becomes even more difficult
due to the complexity of the vibration artetresultant variable amplitude stréisse

history.

A review of the available methods for riser VIV fatigue life estimation (Iranpour and
Taheri 2006a) has revealed that the calculated fatiguediiebegrosslyoverestimated,
which is not desirable. Airs e r dirducdtifatigue life is greatly dependent on various
parameters, and any small change in these parameters could significantly influence the
predicted fatigue life. Moreover, long flexible risers have the ability to respond
simultaneously to seval modes of vibrations, causing even more complexity in the VIV

induced stresime history. The assessment of the fatigue response of such risers under
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such a variable amplitude loading (VAL) becomes accordingly more complex when
compared to those subjed to constant amplitude loading (CAL). Many models have
been proposed to date that suggest an equivalent constant amplitude loading that could
replace a variable amplitude loading scenario and create the same fatigue response. This
is done so because tperformance of several of CAL models (such as those of Paris,
Walker and Forman) are fully investigated and their limitations have been established
through many experimental investigations. However, the applicability of such models is
highly dependent orthe nature of the stress tirhestory that is imposed on the
component due to the VAL scenario. In a VAL scenario, the resulting crack growth in the
structure is a function of the stress amplitude, the stress ratio (i.e., ratio of minimum to
maximum applid stresses), and the frequency and the nature of the-tsneskistory.

This complexity has resulted in the development of numerous VAL models over the last
few decades; however, no universal model exists to date. Most of these models are
developed for @&pecific case or application, incorporating some of the main influencing
parameters (Tahest al. 2002). In general, the riser designers incorporate the fatigue
models that are based on the constant amplitude loading assumption. It has been shown
that tre overload and underload stress spikes and their sequence could significantly
influence the fatigue response of a component (Tadteal. 2002; Rushton and Taheri,
2003). The resultant crack tip plasticity caused by an overload could significantly
influence the material response at the crack tip region, hence influencing crack
propagation within the subsequent load cycles (Yuen and Taheri, 2004). Tension
overloads are observed to cause considerable decrease in the fatigue crack growth rate,
while compressin underloads are shown to accelerate the growth rate of the crack
(Taheriet al. 2002; Yuen and Taheri, 2004). Such irregularities in the loading scenario
make it very difficult to estimate the VAhduced fatigue damage of the riser and to

understand thanderlying physics of the phenomenon.

The main focus of the most recent studies has been to examine the underlying
complexity of VAL scenarios and the resultant crack growth rate retardation or
acceleration (Rushton and Taheri 2003; Yuen and Taheri, 208d)crack tip blunting,
strain hardening of the material, crack deflection, residual stresses, time history of the

applied loads and the crack closure are the other significant factors known to affect crack
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growth under VAL (Sadananda al. 1999). Althaugh much effort has been expended in
extending the constant amplitude loading fatigue models to assess VAL scenarios, the
accurate characterization of fatigue crack growth under VAL remains a challenge. This
becomes even more critical in deep waters duehé& complexity of the structural
vibration at the higher modes. More specifically, most of the abovementioned
experiments have used hypothetical loadings (especially when considering the influence
of semirandom or variable loading). It is therefore ghgnt to investigate the influence

of actual variable loadings, obtained from actual field data, on the fatigue response of

structures like risers.

In this study, the data obtained from a series of field tests on multimodal VIV of a
long flexible model rier have been used to conduct an experimental crack propagation
investigation. The straitime histories recorded during the field tests were used to
calculate stresses, which were subsequently applied to the fatigue test specimens. In the
first stage of te study, the exact VIWhduced stresime histories were applied to a
number of specimens and the crack growth was monitored accordingly. The results are
compared with those obtained through analytical approaches used in the offshore industry
for fatiguelife estimation of risers under VHAduced vibrations. It is observed that the
available methods may significantly underestimate the fatigue damage of risers, which is
not acceptable for design proposes. This may justify the high safety factors thagdre
in the offshore industry for estimating the fatigue life of risers.

In the next stage of the study, the ViMluced stresime history was filtered for a
certain portion of the frequency range, so that the influence of different VIV harmonics
on theoverall fatigue damage of the riser could be investigated. Currently, the fatigue
design of risers is generally based on the assumption that theindi¢ed strestime
history is a narrowanded random process, centered on the vortex shedding frequency.
The presence of higher harmonics is overlooked. In 1988, Vandiver and Chung (1988)
reported the existence of higher harmonic components in low mode number VIV
response of flexible cylinders at three and five times the fundamental vortex shedding
frequency. In 2006 new high mode number experiments revealed that the third harmonic

(at three times the frequency of the first) may cause fatigue damage at a rate exceeding
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that of the first harmonic, and should not be ignored when estimating the fatigue life of
the structure under high mode VIV (Vandiral 2006).

In the present study, in the analytical simulation of the fatigue crack growth, first the
VIV -induced VAL was transformed to equivalent constant amplitude loading using the
Hudson and the Barsom rheds. At the next stage, the Paris and Walker fatigue models
were used to calculate the fatigue crack growth due to the equivalent constant amplitude
loading. It is demonstrated that these models may significantly underestimate the fatigue
damage of risershence the use of more sophisticated approaches is recommended. The
results from the experimental tests are explained in detail in this study, and direction for

future research in this area is proposed accordingly.

4.3. Long Flexile Tensioned Risers in B3 Waters

As stated, due to the recent explorations in deeper waters by the oil and gas industry, the
risers have become very long and flexible. Therefore, the risers now have the potential to
vibrate in high modes. This has prompted the investigatorsotmuct extensive
investigations in order to understand the high mode VIV response of long flexible risers
in deep waters (see for example:dtial. 2005; Vandiveret al. 2006). In the following
paragraph, the recent work by Vandiver et al. (2006), wiuains the foundation of the

loading scenario used in the present study, is summarized.

In a recent series of studies by Vandigeal. (2006), a densely instrumented carbon
glass fibesreinforced composite pipe with a length of 147.9m and an outside teiaofe
35.5mm was tested in the Gulf Stream in offshore of Miami, Florida (see Figure 4.1). The
research was aimed at understanding the VIV response of a long riser at high mode
numbers and to determine the relative contribution of damage rate arisingnfiom®
and crosdlow VIV. The length and diameter of this pedpinned model riser were
chosen such that the riser would be excited at high mode numbers4Taslenmarizes
the specifics of the model riser, which had a length to diameter ratio 0f Zhé current
profiles encountered by the towed model riser were recorded using an acoustic doppler

current profiler (ADCP). Sending an acoustic ping and recording the returned sounds, the
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ADCP measured the current speed and direction from the surfaceeqoth greater than

500 feet (152.4m). Mechanical current meters suspended beneath the surface vessel and 2
m below the weight at the bottom of the towed riser, provided independent current speed
measurements at the top and bottom of the riser. Riseénation angle at the top, top
tension and the signals from two conventional current meters were recorded using a
laptop controlled SigLab data acquisition system. Both static and dynamic components of

tension were measured using a load cell.

Load cell & tilt meter

Fin
Weight

Fig. 4.1.Schematics of the VIV test (from Vandivetral. 2005).

To monitor the vibration of the riser and calculate the strains over its length due to VIV,
the riser was instrumented with fiber optic strain gauges. More details on this
investigation can b&und in Vandiveret al.2006.

The measured strains in the pipe were a result of both tension force acting along the
longitudinal direction of the riser at any point, and the bending moment due teflomess
and/or inline VIV. To calculate the net bendirsgrain, the strain due to the tensile force
must be decoupled from that created in the pipe by the bending action. This approach
could not be wused for the whole riserodos |

coworkers, becaupainedoeatraumbgaugésfiused

81



their experiment encountered mechanical failures (Vandaeteral. 2006). As an
alternative approach, the bare data could be filtered to eliminate the low frequency

tension vamtion caused by vessel mat®

Table 4.1. Material and physical properties of the cargbass fiber

reinforced composite riser (Vandiver al. 2006)

Outer diameter 35.5mm
Optical fiber diameter 33.0 mm
E 15858 MPa
EA 3780988 N
Weight in seawater 0.179 kg/m
Weight in air 1.237 kg/m
Density 1.47 (g/cc)

It is noted that the VIMnduceal VAL straintime history from the tests ae carbon
glass fiberreinforced composite riseexplained abovecan be used to calculate the
stresses in a risenade ofa different materialso long as the risers exhikimilar natural
frequency and VIV responseThe fundamentalsused in this approach and the
requirements tensure thedimilarityd are explained later in detail in this chaptgr.
should be noted that in this stutihe fatgue tests are done analuminumalloy, and not
on thecarbonglass fibefreinforced compositthat was used to form the risesed to
measure the straitime history The reasons for choosirte alloyfor performing the
fatigue tests in this studgreexplained later in detail.

Once the data was appropriately high pass filtered to remove the high frequency
components arising from instrument noises and prevent aliasing, the dynamic stress at
any point along the model riser could be determined by mulhigltfhe strain values by
the Youngds modul us of the material. Fi
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recorded due to the creflew vibration near a region with the maximum RMS response
along the model riser. The sampling frequency was 51.1658ndzthis particular sensor

was almost perfectly aligned with the crdksv direction.

Crossflow Strain
(Micro-strain)

0 20 40 60 80 100 120 140
Time (S)

Figure 4.2.Crossflow straintime history for the 485.3 foot long model riser

Figure 4.3 shows the power spectral density (PSD) of the-ftogsstrain time
history obtained from a single fiber optic strain gauge. As shown in this figure, the
dominant frequency for the crefiew vibration is approximately 4.5 Hz., which is
known as the Strouhal response frequency. This figure also illustrates that a edesider
amount of energy is imposed on the structure at a higher frequency range, herein referred
to as the third harmonic (being actually the second harmonic resulting from the cross
flow vibration). Such a high frequency shows that the fatigue of a riseaiisly due to
low stress amplitude, high frequency stress cycles; rather tharammglitude stresses.
Vibrating with such a high frequency, the riser may face severe fatigue problems during
its service life, even at low stress amplitudes. Assuming arage@eibration frequency
of 5.0 Hz., this model riser would undergo more than two billion stress cycles during a
service life of 10 years. At points where the riser experiences higher stress levels, such as

touch down point or upper parts of the structtine, fatigue damage becomes even more
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likely and severe. Due to both the broadband range and the high frequency content of the
third harmonic, it is expected that load cycles related to this frequency range would
significantly affect the fatigue life of & riser. This third vibration harmonic is
approximately three times the Strouhal frequency. At such a high frequency, this
harmonic could cause up to more than 6 billion additional stress cycles on the riser in a
10-year period, resulting in even more fate damage than that induced by the first
harmonic. Investigation of the fatigue response of risers due to this third harmonic is the
primary objective of our study, since the available riser design software packages do not

directly consider this third haronic.
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Figure 4.3.Power spectral density of the creff®sw strain time history of a 485.3 foot

long model riser

4.4. Experimental Set up

The fatigue life assessment of the riser was conducted based on fatigue tests performed in
the laboratory, usg equivalent specimens and load sequences that would basically
represent the actual-service performance of risers in deep waters. A representative load
sequence was selected from the field data. It should be noted that a load spectrum does
not necesarily contain information on the variation of the applied load that contributes to

the overall fatigue damage of the component (Re&. 2004). Therefore, in the present
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work, the authors used the actual stt@me history data measured during thedigtsts,
and transformed it to a stresmse history to be applied to the test specimens. Although it
was somewhat difficult and time consuming to apply such a detailed-sineshistory
to the specimen, this strategy was vital for understanding the plagsics of the VIV

induced fatigue response of riser, and for future direction of our research.

The nature of riser VIMnduced stresime history is very close to the stress history
associated with the wings of an aircraft. For such components, thegdais usually
calculated by a cyclby-cycle or flightby-flight crack growth approach (Pantelakisal.
1997). To simplify the complex VIV load history, some codes allow the application of
the linear elastic fracture mechanics (LEFM). The LEFM conaapides on the fatigue
crack growth and does not consider the fatigue crack initiation life of the component.
This concept can be justified for structural analysis by studying the influence of load
interaction effects on the overall fatigue life of a comgunPantelakis et al. 1997, Yuen
and Taheri, 2004 and Iranpour and Taheri, 2006b), or where defects are assumed to exist
in material (DNMVOSF201 2001). Moreover, the results from a crack growth analysis
can be used to correlate the influence of histernsitive residual stresses to the

nonlinearity resulting from cumulative fatigue damage under VAL (Sunder, 2003).

The concept of linear elastic fracture mechanics has been recommended by DNV for
evaluating the fatigue crack growth life of risers, and distahg effective inspection
criteria (DNV-OSF201 2001). Since this approach does not include the number of cycles
consumed for the crack initiation, shorter fatigue life is expected when using this
approach. As recommended by DNV, only the stress comp®neormal to the
propagation plane need to be considered and the effect of compressive stresses are
ignored. However, recent studies have illustrated the significant influence of compression
underload on the crack growth rate of metallic components ¢(seastance Yuen and
Taheri 2004). In this study, the initial representative sttiess history has been further
filtered for a specific frequency range, so that the influence of different VIV related
harmonics on the overall fatigue damage of the comgawild be investigated.

For the experimental program, the streésge history was applied to test specimens

via a computer program. Due to some limitations of the computer software package, the
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entire VIV stresdime history could not be applied to thpesimen in one block.
Selecting a representative VIV time history block seemed to be a reasonable approach for
reducing the number of data points down to the level that could be handled by the
software. Based on the frequency content of different seleetgdns of the recorded

field data, a period of 151.23 seconds was selected, which was considered to be a very
good representation of the data set. The Rainflow algorithm, based on the ASTM
standard (ASTM E 10485, 1999) was used to count the loading egclithin this

period, which resulted in 1,824 cycles in each block. This block of loading was then
repeatedly applied to the test specimen and the relevant crack growth rate was measured.
Therefore, instead of plotting crack length versus number of £\d&dN), as done
conventionally, here the results are presented in the format of crack length versus number
of blocks (each block being 151.23 sec.)

The following paragraphs will provide details for the stis® history, and other

pertinent informatn regarding the material and testing scheme followed in this study.

4.4.1. Loading (stresgime) History

As stated earlier, the carbgfass fibeireinforced composite riser was densely
instrumented with fiber optic strain gauges. The measured straissmdtiplied by the

modul us of elasticity of the -induscestrésses. mat er
As will be explained later, the fatigue tests in this study are performed on aluminum
plates with a different modulus of elasticity than thee@s<arborglass fibesreinforced

composite model riser. Therefore, it was necessary to relate the magnitude of the strains
measured for the model riser to the aluminum plate specimens tested in this study. This
equivalency was based on the actual dynaméponse of the model riser tested in the

field.

Equation 4.1 shows the natural frequency of a tensioned riser witdpboundary

condition (Vandiver and Peoples 2003; Harrison and Nettleton 1997):

2
~ o ~ o

f = 1a@pg T anpg Elg (4.1)
2p%L+m ¢l = m 9
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where f_ is the natural frequency of th& mode (Hz), n is the mode numbel, is
the length of the risem), m is the mass per unit lengtkdg/m), T is the tension in the

riser (N), E is the modulus of elasticity of the materia\(n?) and | is the area

moment of inertia of'). The érstteimse thedright amdsides s e c
of Equation4.1 is related to the tension in the beam, while the second term accounts for

the bending rigidity of the structure. In cases where the temslated term is much

larger than the bending term (such as in the case in hand), the riser can be considered as a
tensiondominated structure. In such a case, the natural frequency wouldrizilyr a

function of the tension force, the length of the riser, and its mass per unit length. In other
words, as long as two tensiolominated long risers with two different materials have

identical dimensions and mass per unit length, their naturaldreies will be the same.

In summary, this equivalency makes it possible to multiply the measured strain field
data by the modulus of elasticity of another material (e.g., aluminum), and apply the
resultant stresses to that material (i.e., aluminum ples¢ specimens), using an
appropriate test machine. It should be noted that this equivalency procedure is admissible
so long as the tension term is significantly larger than the bending term. Vandiver and
Peoples (2003) estimated the tension term to peoapnately 13 times larger than the

bending term in the riser tested.

It should be noted that once a crack initiates and grows further through the wall
thickness of the pipe, the natural frequency of the system remains unchanged. This is due
to the factthat none of the parameters that govern the natural frequency of a tensioned
structure would significantly change after the crack grows through the material. This is
also supported by a series of experimental researches performed by Odahara and his co
workers in 2005, where a small pipe was tested under the action of very high frequency
in-line VIV. Even in their bendinglominated response case, it was observed that neither
the vibration amplitude and the resultant strain history, nor the natural freqoketiey
pipe changed as the crack grew through the material. In fact, all these parameters
remained constant almost up to the failure stage of the specimen. This implies that a
cracked riser would undergo the same VIV and stiiaie history as that of aon

cracked one. This supports the equivalency idea stated earlier, indicating that the
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available field data could be directly used to perform fatigue tests on aluminum or steel

plates.

4.4.2. Material Selection

4.4.2.1. Preamble

In risers, fatigue occurst dow stresses, in the order of giggcles, with most of the
cycles being near the endurance stress limit of the material. Therefore, the resulting
fatigue response would be different from that commonly experienced by most structures
that become subjected relatively high stress cycles.

The low stress, high cycle fatigue in risers result in 4tie@shold fatigue crack
growth, which is a function of many parameters such as the material properties, the
environmental conditions, stress ratio, crack clesaricrostructure and the nature of the
stress time history (Antolovich, 1997). Due to the lack of crack closure in small surface
cracks, the threshold value decreases with decreases in the crack length. This results in a
crack growth at a stress intensfgctor below the threshold value of the material for
macroscopic cracks (McEvily, 1997). The length of such a short surface crack is usually
in the order of 0.005 mm. This process is referred to as anomalous fatigue crack growth
behavior (McEvily, 1997)The values reported for the endurance limit are based on
constant amplitude tests, wheatt cycles of the stresime history are required to be
lower than the endurance limit (Dowling, 1988). In a VAL scenario, no damage is
assigned to stress cycles wdh amplitude lower than the endurance limit. However,
studies have shown that stress cycles below the endurance limit become damaging in

VAL scenarios, where the endurance limit is often exceeded (Veers, 1997).

A literature r evi eoumulaton ategleaamade mudetis bdvhign e r 6
widely used for fatigue life estimation of risers under MiMuced stress time history
(Iranpour and Taheri, 2006a). Many researchers have investigated the applicability of
Mi ner 6s rul e for f ecomporentse underi VIAle scenarivsi Thase i o n
experi ments have shown that the Minerods s
scenarios (Wirshing and Wu, 1985). Under such a loading scenario, they demonstrated
Mi nerd6s sum to be wit hinga GOV raage of €.16d0f0.98. . 7 9 2
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For crossflow variable amplitude VIVinduced stress time history, a value between 0.2

to 0.8 has been report etdl (Z0@b)y. HoMever,ethre @adne s u m |
authors stated that as the time history apggresa constant amplitude loading scenario

under very high frequency-ime VIV (e.g. in the case of fast breeder reactors in nuclear
power plants), the Minerds sum becomes <cl o
sum for VAL causes significant errois fatigue life calculation of the component. One

of the reasons for such a high scatter is explained to be the complexity of the material
response and its behavior at the endurance limit under VAL scenarios (Veers, 1997).

It should be noted that the &wshold value decreases due to the decrease in the crack
length, increase in the stress ratio, and the presence of the corrosive seawater
environment. Note that changing the environment from air to salt water usually tends to
reduce the crack growth thresthowhile accelerating the fatigue crack growth rate in any
stress intensity factor range (Radon, 1979). The influence of such a corrosive
environment has shown to become even more pronounced at relatively low values of
stress intensity factors (Radon, 99.7/Moreover, due to its effects on the crack closure,
debris in salt water has shown to exert significant influence onthesshold growth
(Soboyejo and Knott, 1990).

Moreover, compressive underloads and periodic tensile overloads in a variable
amplitude stresdime history decrease the threshold stress intensity factor. It was also
illustrated that microscopic short surface fatigue cracks may grow at a stress intensity
factor below the threshold value of the material. This becomes even more pronounced
under the action of a corrosive environment such as seawater. This fact has encouraged
the authors to conduct the tests on a material, other than steel, which shows a lower
endurance limit. By using such an approach (which includes the influence ofeal str
cycles and also masks the influence of some of the parameters, such as sea water), one
can better investigate the influence of Vilduced stresime history on fatigue

response.
4.4.2.2. Material selected for this investigation

For materials that doot show a specific endurance limit (i.e. aluminum), the stifess

response of the structure can be more correctly described by the fatigue strength at a
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given number of cycles (Camereah al. 1997). The endurance limit does not exist for
high strength teel or nonferrous metals such as aluminum alloys (Mitchell, 1997). The
ratings for the fatigue endurance that is reported for aluminum alloys are for a certain
number of cycles and are based on rotatiegm tests (Bucat al. 1997). Such a test
setup ceates constant amplitude loading, not accounting for the effect of periodic
overload cycles on the fatigue limit. Study shows that a single large overload that is
usually applied to the component during its service life causes the endurance limit to
decrese, if not become totally eliminated at all (Mitchell, 1997; Breseal. 1974).
Moreover, no weldefined quantitative relationship is observed between the fatigue limit

and the static strength of aluminum alloys.

Fatigue behavior of aluminum alloys hasown significant directionality effects,
especially in the threshold region (Antolovich, 1997). In th€ trientation, the crack
can propagate intergranularly, resulting in a more flat fracture surface with no closure
effect. In such cases, the whole sr@ange of a cycle is considered responsible in the
growth of the crack and the threshold value would not be affected. For a crack growing in
the ST direction, the crack surface is rougher and the resultant crack closure leads to
lower threshold valuesompared to the 4T direction (Antolovich, 1997). However, such
ranking for the aluminum alloys is not presented when the alloy is under the action of
VALs or components are under the action of constant amplitude loads combined with
periodic overloads (Antovich, 1997). This is due to the overloads and their influence on
debonding large particles and the subsequent reduced constraint during lower stress
cycles (Antolovich, 1997).

The above facts were the motivations for the authors to use aluminum alldie fo
experimental program in this research. Using an alloy with lower threshold value (if any
at all), allows one to account for the influence of all stress cycles in thandlxted
stresstime history. Therefore, there would be more similarity betwéenekperimental
tests in this study and the actual conditions experienced by risers, where the threshold

value of material decreases due to the corrosive effects of seawater.
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The test specimens were cut from a 60651 aluminum alloy commonly used to
fabricate many structural components. Dimensions and other physical properties of the

specimens are given later.

4.4.3. EquivalencyT esting Preamble

To study the fatigue crack growth rate of a riser structure under multimodal VIV in a
uniform current profilea series of experimental tests were performed at the Materials
Testing Laboratory of Dalhousie University, in Canada. Although the model riser tested
in the Gulf Stream offshore of Miami was a pipe under the action of bending moments
arising from crosdlow and inline vibrations, the authors decided to perform the tests on
plate specimens rather than a pipe. The use of an equivalent plate subject to tension
instead of a pipe subject to bending has also been tried by other researchers (Chen and
Lambert, 208). The reason for this simplification is to avoid the complexities that are
usually involved with the experimental crack growth monitoring in pipes. This approach
minimizes the use of more sophisticated and expensive monitoring instruments. The
details ad justification of the equivalency is reported by the authors in a different
publication (Iranpour and Taheri, 20Q&®eChapter 3 of this dissertatiprin that study,

a dimensionless relationship between the stress intensity factor of a pipe undegbendi

moment and that of an equivalent plate under pure tension was proposed.

To observe the mode of the crack growth and its shape during its propagation through
the wall thickness of the pipe, a series of preliminary tests were conducted on pipe
specimensln this series of tests, apbint bending test setup subjected the pipe to pure
bending moment as induced by VIV. It was observed that the crack grew under mode |
fracture, where stress intensity factors for the modes Il and Il are zero. Figure 4.4 shows
a typical crack surface of a pipe specimen under-Miluced bending moment. As
illustrated in this figure, the crack grows in mode one before it reaches the inside surface
of the pipe. This is shown as Region A in Figure 4.4. After the crack reachesithe
surface, stable crack growth region is terminated and the crack grows in an unstable
mode with a much faster speed (Region B in Figure 4.4). This represents the growth in

region three of a typicatla/dN versus DK graph (whereda being the crack length
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increment,dN being the increment of cycles amdK being the range of stress intensity

factor). The focus of this study is on the crack growth accruing in a stable mode (i.e.

Region A), beforeat reaches the inside surface of the pipe and causes leakage.

Region B

Region A

Figure 4.4.A typical crack surface of a pipe under Viduced stresime history

4.4.4. TestingApparatus

Figure 4.5 illustrates the test set up. A digitalbntrolled Instron Servbydraulic
Universal Testing Machine model was used to apply the VIV load time history to the test
specimen. The VIV load was applied to the plate specimen through a special purpose
software package. The machine was equipped with a load cell with a gapécit
°100KN under dynamic or200KN under static loading conditions. To monitor the
growth of the crack tip after applying a certain number of blocks of VIV load history, a
Mitutoyo traveling microscope with a magnificati@f 50X controlled by two traveling
micrometers with a resolution of 0.0lmm were used to record the crack growth

increment. A fiber optic light was used to illuminate the crack tip region.
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Figure 4.5.Test setup

Figure 4.6 shows the rectarigr test specimen with the center crack and its
dimensions. The tests were performed per ASTM E 8M, Standard Test Methods for
Tensile Testing of Metallic Materials (ASTM E 8M, 2001). This standard requires that
acceptable geometric correction factors ailable for the specimen configuration.
Moreover, as a means to ensure that LEFM holds, this standard suggests that the
specimen be large enough to promote predominately linear elastic conditions during
testing. The plates were cut so that the lengtthefspecimen had the same direction as
the rolling direction of the original plate. This caused the fatigue crack to grow transverse
to the rolling direction, which is similar to the case for a surface crack growing through
the wall thickness of a riser. €tsurface of the specimen was polished with a wide range
of sand paper grits, starting from coarse (No. 120) to very fine (No. 1200). This enabled

the crack tip to be clearly visible on the outer surface of the plate.
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Figure 4.6.Specimen layout and dimension

The top and bottom fixtures, by which the plate specimen wagegtipwere
connected to the load cell and the actuator, respectively. The fixtures were designed with
the capability of aligning the specimen in order to eliminateumwanted bending due to

misalignment. Since the loading sequence consists of tension and compression stress
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cycles, small slips of the plate were observed during the first set of tests on plates. This
resulted in unequal crack growth rate on the left aght hand side of the center crack.

This problem was modified to some extent byaligning the specimen during the test
procedure and after applying a certain number of load cycles. However, the results were
not yet satisfactory, because the crack ghonates were found to be quite sensitive to re
aligning the specimen during the test. Therefore, the grips were modified for the next set
of tests to both decrease the slippage and to increase grip capability for better alignment
accuracy. Sheet bucklingshich occurs at the top and bottom of the crack surface, causes
lateral compressive stresses at the crack tip. Moreover, some additional normal stresses
may be induced at the crack tip to maintain the balance of the state of the stress of the
system (Showet al. 1983). Although the applied compression load to the specimen was
lower than its elastic buckling load, abtickling devices were created on the grips to

prevent any probable buckling in order to eliminate any additional normal stress.

An electricdischarge machine (EDM) machine was used to create a 20 mm notch in
each plate using. The notch was thenfptiggued so that sharp crack tips could be
obtained. The resulting crack length in each specimen, before the actualdvéd
loading was apjed, was therefore 2a=24 mm. This was done to remove the effects of a
blunt starter notch and to provide a sharper fatigue crack of adequate straightness and
size. The tests were done at room temperature .ifT fagr magnitude of the applied pre
cracking atigue load was selected to be low enough to prevent any load sequencing
effect on the crack growth rate due to the subsequentindlMced stresime history.

After the precracking, a specified number of blocks of the Mihduced strestime

history wereapplied to the specimen and the crack growth was measured. This procedure
was followed until the plates failed (fractured across the width). The crack length was
measured by the traveling microscope at specific numbers of elapsed cycles, trying to
have acrack growth increment of less than 5.0 mm between each measurement. To
compensate for any probable misalignment in the test setup, the crack length was
calculated by averaging the measurements of the left and right cracks.
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4.5. Experimental Results and Bcussion

The experiments involved testing three specimens for eachindded stresime

history data set. As stated earlier, during the first stage of the investigation, the stress
time history obtained from the field data was applied to a numbereafrspns and the

crack growth rates were measured. In the subsequent stages, the VINirsedsistory

was filtered for a certain portion of the frequency range. This was done to investigate the
influence of different vibration harmonics on the fatiguackrgrowth under VIV load.
Eachblock of the VIV-induced stresiime history contained 4,000 data points (2,000
cycles), representing 151.23 seconds of the measured field data. Using the Rainflow
counting method, a total of 1,824 cycles were counted fon &ock. The Rainflow
algorithm was based on the ASTM standard (ASTM E 188,91999). Considering that

the data was sampled at a frequency of 51.1658 Hz, one would expect more data points
for the selected time period of 151.23 Sec. However, only thé ne@amum values of

each cycle were used for conducting the fatigue tests. This resulted in a decrease in the
number of data points required for the tests. It should be noted that none of the stress
spikes in the stregime history were eliminated. The ofane frequency was set between

4.0 to 5.0 Hz, so that it could exactly trace the input load history.

As explained earlier, the crack length was measured at both sides of the center crack
after a certain number of VAhduced loading blocks were appliedtte test specimen.
Figure 4.7 shows a typical crack length versus the number of applied stress blocks. As
illustrated in this figure, the crack growth rates on both sides of the started notch are
almost equal, demonstrating that the far field stresses uwveform along the width of the
plate. This was also used as a technique to check the results from each test for any

probable misadjustments or misalignments.
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Figure 4.7.Typical crack growth versus the number of Vihduced stress blocks

4.51. Actual VIV -Induced StressTime History

In this series of tests, the real \AWduced stresime history was applied to the
specimens and the crack growth rate was measured accordingly. As explained earlier, the
measured strains were multiplied by thedulus of elasticity of the tested specimens to
calculate the stresses. The resultant stigss history was then transformed to a load

time history and applied to the specimens. This transformation was based on the cross
sectional area of the uncrackedrtion of the plate specimen along the crack plane.
Figure 4.8 shows the crack length versus the number of the appliedflovosélV -

induced stress blocks.
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Figure 4.8.Crack length versus the number of applied Widuced stress blocksdte:

each block consists of 2,000 cycles)

4.5.2. Influence of the Third Harmonic

Due to the low frequency and small magnitude of the applied stress, it took a very long
time (i.e. weeks) to conduct each test when the exact magnitude of thmddided

stress was applied to the specimen. For cases where a certain portion of the vibration
frequency was filtered out from the strésse history, the magnitude of stresses would
become even smaller, resulting in even longer times for each test (i.e. over g month
Therefore, the load was increased by a certain multiplier to accelerate the crack growth
and shorten the testing time to a reasonable level. For that, in the next testing stage, the
VIV -induced stresime history was multiplied by 2.25. Figure 4.9 sisow typical
response in the form of crack length versus the number of appliedndl¢ed stress
blocks. As illustrated in this figure, the specimens failed after approximately 73.85 to
83.75 stress blocks, representing 147,700 to 167,500 stress cyspestikely. It should

be noted that this approach was only used for studying the influence of different vibration
harmonics on the overall fatigue damage of the material.
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Figure 4.9.Crack length versus the number of applied Whduced stresblocks

(stresses multiplied by 2.25)

In the subsequent set of tests, the cflusg stresstime history was filtered for the
frequency range corresponding to the third harmonic of the -oygsVIV (those
corresponding to ~13 Hz as shown in Figure 4.3) Tiltered stresiime history was
then applied to a number of specimens with the same geometry and init@hgke
After filtering the stresg¢ime history, the number of cycles in edalock decreased to
1,912, compared to 2,000 cycles in ebtdck of the unfiltered data. Figure 4.10 shows
the filtered strains. A comparison between Figures 4.2 and 4.10 illustrates a reduction in

the magnitude of the strains, hence decreasing the resulting fatigue damage.
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Figure 4.10.Crossflow strain ime history of the filtered data

The power spectral density (PSD) of the filtered data is plotted in Figure 4.11, clearly
illustrating the elimination of the frequency range from 12.0 to 16.0 Hz. As explained
earlier, this harmonic is referred to as thedtarmonic in this paper. This vibration
harmonic is believed to contain a great amount of energy, which is expected to have a

significant contribution to the overall fatigue damage of the riser.
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Figure 4.11.Power spectral density of the cragksw filtered strain time history
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The filtered strairtime history was multiplied by the modulus of elasticity of the
material and then by the 2.25 multiplier before being applied to the test specimens. These
specimens failed after approximately 284.2%d.1 stress blocks (i.e. 544,346 to 556,600
stress cycles), a range which is approximately three to four times greater than the number
of stress cycles required to fail the specimens under the unfilteredflonwsglV stress
time history. This indicateshe significant contribution of the third harmonic on the
overall fatigue damage of risers. Figure 4.12 shows the average crack length versus the
number of applied blocks for both filtered and unfiltered sttese histories for a

number of test specimemseach case.
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Figure 4.12.Crack length versus the number of applied \itiduced stress blocks for
both filtered and unfiltered data (stresses multiplied by 2.25)

As stated, in both the filtered and-filkered data, the magnitude of stresses was
multiplied by a factor of 2.25 to accelerate the crack growth. As illustrated in this figure,
the crack growth rate of the filtered data is almost 30% of the unfiltered one. This shows
the significant damaging effect of the third harmonic in the efloss VIV, a fact that is
usually overlooked in the design of such structures. The third vibration harmonic has a

frequency range of about 10.5 to 16 Hz., which is three times the Strouhal frequency.
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4.6. Analytical Simulation of Crack Growth

A computer codewas developed in the MATLAB environment to validate the
applicability of the most commonly used VAL analytical crack growth models for
estimating the fatigue life of risers under VViMduced stresses. The analytical fatigue life
estimation involves the gwth of the crack from its initial length after pceacking to the
intermediate length or the final stage of fracture, where the specimen fails under the
applied load. The fatigue crack growth calculation for a VAL should at least consider the
stress intasity factor, the stress ratio and the history of the applied load. The nature of
the applied loads; that is, whether overloads or underloads exist in the load spectrum, can
significantly affect the crack growth in subsequent cycles. In the next paragthph
shortfalls of the blocly-block and cycle counting approaches will be discussed,
followed by outline of the stress intensity fact@sed methodology used by us to

evaluate the crack propagation in our specimens.

In the blockby-block approach (basl on the Rainflow methodology), the applied
load history is divided into a certain number of different blocks and fatigue crack growth
from each block is calculated accordingly. With this approach , the total fatigue damage
of the component would then ke cumulative sum of the damage from all loading
blocks. In the second approach (the cycle counting approach), the crack growth due to
each load cycle is calculated and added sequentially to those obtained from the other
cycles. These approaches have kedr satisfactorily for cases where the applied load is
highly irregular, so long as the frequency of the applied overloads in both tension and

compression are similar (Stephexisal, 2001).

The cycle counting in the blodky-block approach is based oretRainflow method,
which is widely used in the offshore industry and provides better fatigue life prediction
than other methods such as the lesrelssing or the pealendvalleys methods
(Johannesson, 2002). This method is used to reduce a huge set f dahanageable
set of arrays (Nagodet al. 2001). Extensive efforts have been made to modify the
Rainflow algorithm so that load sequencing effects can be taken into account (Anthes,
1997). However, any improvement to this method should be based enmaptal tests

that implement the specific tird@story for which the method needs to be improved. In
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the blockby-block approach and the Rainflow algorithm, the fatigue crack propagation
rate, da/dN, is assumed to be constant. Thereftoeobtain the best results, one should
divide the stress timbistory into a large number of small blocks. On the other hand, the
sequence effect can be better traced if each block contains a large portion of the stress
time history. This conflict can beonsidered as one of the main disadvantages of the
block-by-block approach and the Rainflow algorithm. This highlights the importance of
conducting experimental tests, in which a large stiiess history is applied to the

specimen and the results are gared with those from such analytical approaches.

To estimate the crack growth in the specimens, the approach based on the stress
intensity factor is used, which basically predicts the state of the stress at the crack tip
caused by remote loading. The apgwh, which is applicable under the condition of
linear elastic fracture mechanics (LEFM), amplifies the magnitude of the applied stresses
near the crack tip and accounts for geometry related parameters of the component. The

stress intensity can be calatéd by:
K = SfJpa (4.2)

where S is the nominal far field stress normal to the cratkjs a dimensionless

geometric parameter (i.e. function of crack length to specimen width ratiod andhe

crack length. Although empirical equations are available for calculating the stress
intensity factor of a rectangular pgatvith throughthe-thickness center crack, one may
use the following formulation, which is based on finite element analysis and offers a

more accurate relation (Anderson, 1991):

N 12 A 2 4
€ apa®@ € aad aag 9

K =S/msed & a- o.ozﬁwo +o.oeS‘Wou (4.3)
éé QZ\N% é cW = cW=+

where W is the width of the plate. Once the stress intensity factor is calculated, the
fatigue life of the component could be estimated using an appropriate fatigue model, such
as the Paris or Walker models as examples. When the appdi@dhas a repeating load
history pattern, or in cases with block load spectra, one may use an equivalent stress
intensity factor for fatigue life estimation of the component (Stepkeas, 2001). This

approach simplifies the analysis and is considéoeble admissible for cases where the
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crack growth rate is relatively low (such as the case under the study). This is the approach
that is used in this study and coded into the Matlab program. In other words, the
variation of the crack tip stressrain field is described in terms of the reoeansquare

value of stress intensity factor rand® ., written as:

rms?

DK s = DS,,s F/pRa 3 Fipa (4.4)

where DS, is the nominal rootmeansquare stress range of the variable amplitude

load history,DS is the nominal stress range in iffecycle, andN is the total number of

cycles. The roemeansquare stress intensity factor is known to be the ctearsiic of

the load distribution curve and is independent of the order of the cyclic load fluctuation
(Barsom and Rolfe, 1999). The same crack growth rate has been reported for descending,
ascending and randesequence loadings (Barsom and Rolfe, 1999)ceOthe root
meansquare stress intensity factor for a loading block is calculated, one may use it to

calculate the fatigue crack growth rate of that loading block.

The above approach was coded into the MATLAB. The stiess history of the
loading blockand the geometrical properties of the tested plate specimen (e.g. plate width
and thickness, modulus of elasticity, initial crack length, etc.) were input to the
MATLAB code and the crack growth rates were calculated accordingly. Both the Paris
and Walkerequations were used for calculating the fatigue crack growth. The Paris

eqguation is expressed (Stephenal.2001):

8= A (45)

where da/dN is the crack growth rate, andl and n are material constants that are
determined from experimental tests for each material. For aluminumTaaHll, these

constants are reported literature asA=1.743210"" and n=2.82 (Sheu and Song,
1995). As a more advanced fatigue model, in which the effect of stress ratio is taken into

account, one may use tethae200al ker 6s model (S
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da_ ADK)

dN ~ (1- R"®7 (4.6)

where R is the stress ratio equal R=K ;. /K, ., = S,/ S.ax - It is well known that

the influence of the stress ratao fatigue crack growth is material dependent. Therefore,
it iIs necessary to determine the material congtarffor components under VAL, in
which a wide variety of stress ratios exist, one may use a typical value of 0/5 for
(Stephenset al. 2001). For cases with block loading, the rowansquare values for

stress intensity factor and stress ratio were used to calculate the related crack growth rate.

The fatigue crack growth versus the number of applied ditesks were illustrated
in Figures 4.8 and 4.12, for both real and factored -WMiluced strestime histories,
respectively. The experimental results in this research were compared with those from the
analytical monitoring of crack growth. Figures 4.13 @nt4 show this comparison for

both the real and factored ViMduced stresime histories, respectively.

Crack length (mm)

Number of blocks

Figure 4.13.Crack length versus the number of applied Vinduced stress blocks (for

actual VIV-induced strestime history with urfactored stresses)
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