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This report synthesizes the state-of-the-art in fatigue
technology as it relates to the marine field. Over the years
more sophisticated methods have been developed to anticipate the
life cycle loads on structures and more accurately predict the
failure modes. As new design methods have been developed and
more intricate and less robust structures have been built it has
become more critical than ever that the design tools used be the
most effective for the task. This report categorizes fatigue
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COMMON TERMS
USED

IN FATIGUE AND IN THIS REPORT

BTM

CAPEX

CATHODIC PROTECTION

COMPLEX JOINT

CRUCIFORM JOINT

DYNAMIC AMPLIFICATION FACTOR
(DAF)

HEAT AFFECTED ZONE (HAZ)

: Bottom turret mooring system for a tanker. Can

be permanent or disconnectable.

: Capital expenditures incurred prior to

structure commissioning and beginning
operation.

: An approach to reduce material corrosive action

by making it the cathode of an electrolytic
cell. This is done by utilizing sacrificial
anodes (i.e. coupling with more electropositive
metal) or impressed current.

: An intersection of several members, having a

subassemblage of component members. Applicable
to a column-to-pontoon  joint of a
semisubmersible or a large leg Jjoint of a
platform containing stiffened bulkheads,
diaphragms and other tubulars.

: A transverse load carrying joint made up two

plates welded on to either side of a
perpendicular plate utilizing full penetration
welds.

: The maximum dynamic and static Toad ratios,

such as the DAF applicable to base shear or
overturning moment.

: The area of parent plate material susceptible

to material degradation due to welding process.

Xi
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HOT-SPOT STRESS

FATIGUE LIFE

FATIGUE STRENGTH

FPSO

IRREGULARITY FACTOR

KEULEGAN-CARPENTER NUMBER, K. :

MEAN ZERO-CROSSING PERIOD

: The hot-spot stress is the peak stress in the

immediate vicinity of a structural
discontinuity, such as the stiffener edge or a
cutout. On a tubular joint, the hot-spot
stress usually occurs at the weld toe of the
incoming tubular (brace) or the main tubular
(chord).

: The number of stress cycles that occur before

failure, typically corresponding to either
first discernible surface cracking (Nl) or the
first occurrence of through thickness
cracking.(Nz)

: The stress range corresponding to a number of

cycles at which failure occurs.

: Floating production, storage and offloading

tanker.

: The ratio of mean crossings with positive

slopes to the number of peaks or valleys in the
stress history.

A parameter used to define the flow properties
around a cylinder. Equal to the product of the
amplitude of velocity and oscillation period,
divided by the cylinder diameter.

: The mean zero-crossing period is the average

time between successive wave crossings with a
positive slope (up-crossing) of the zero axis
in a time history.
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MODELING ERROR (Xme)

MODELING UNCERTAINTY

NARROW-BAND LOADING

NOMINAL STRESS

OPEX

PLASMA DRESSING

POST WELD HEAT TREATMENT
(PWHT)

: Typically defined as the ratio of actual

behavior of the structure to the one predicted
by the model. It is often used to assess the
accuracy of excitational loads, motions, and
stresses.

: The random component of the modeling error,

Xme’ and defined by its coefficient of
variation, (C.O.V.)X .
me

: The stress cycles are readily identifiable,

making the choice of counting method of stress
cycles immaterial.

: The nominal stress is the stress obtained by

dividing the member generalized forces (forces
and moments) by member section properties
(cross-sectional area and section modulus).

: Operating expenditures due to maintenance,

inspection, repairs as well as cost of fuel,
variables, personnel, etc. during the life of a
structure.

: Application of plasma arc welding technique to

remelt the weld toe (similar to TIG dressing)

: A procedure of heating a welded joint to

relieve residual fabrication stresses.
Typically, the joint is heated to 1076 1150°F
(580-620°C), held at that temperature for about
an hour for each one inch (2.5 min/mm)
thickness, and cooled in air.
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QA/QC

RANDOM WAVES

REGULAR WAVES

S-N CURVE

SEA STATE

SIGNIFICANT WAVE HEIGHT

: Quality Assurance/Quality Control

Quality assurance generally refers to the
procedures and methods put into effect to
ensure quality a priori, while quality control
generally refers to reviews and checks after-
the-fact to implement corrective measures, as
necessary.

: The term random waves is used to characterize

the irregular sea surface and associated water
particle kinematics that occur in the ocean.
Analytically random waves are represented as a
summation of sinusoidal waves of different
heights, periods, phases and directions.

: Regular waves are unidirectional and associated

water particle kinematics and sea surface
elevations are periodic.

: The S-N curves define the fatigue strength of a

detail/joint by representing test data in an
empirical form to establish a relationship
between stress ranges and the number of cycles
of stress range for fatigue failure.

: An oceanographic environment with a wave height

range characterized as a stationary random
process for a specific duration.

: A statistic typically used to characterize the

wave heights in a sea state. It is defined as
the average height of the heighest one-third of
all the individual waves present in a sea
state.
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SIMPLE JOINT

STEADY STATE

STRESS CONCENTRATION FACTOR
(SCF)

STRIP THEORY

TIG DRESSING

TRANSFER FUNCTION

WELD TOE

WIDE-BAND LOADING

: An intersection of two or more structural

members. Also applicable to an intersection of
unstiffened or ring-stiffened cylinders.

: Generally refers to the periodic response of a

dynamic  system after initial starting
transients have decayed to negligible
amplitude.

: The ratio of hot-spot stress to the nominal

stress (in neighborhood of hot-spot) and often
maximized at geometric discontinuities.

: Applied to various strip methods to determine

the hydrodynamic Tloadings on 1long slender
bodies and can account for the effect of
diffracted and radiated waves.

: Tungsten-inert-gas dressing is applied to

remelt the weld toe material to reduce both the
SCF by minimizing discontinuities and to remove
defects such as slag inclusions.

: A transfer function defines the unitized

structural response as a function of frequency
(eg ratio of structural response to the wave
amplitude applicable for each frequency).

: The point of intersection of the weld profile

and parent plate.

: The smaller stress cycles are interspersed

among Tlarger stress cycles, making the
definition of stress cycle more difficult. The
use of different counting methods will result
in different fatigue damage predictions.
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1.1

INTRODUCTION

BACKGROUND

The detailed design of a structure focuses largely on sizing the
structures component members and on developing the details to resist
extreme functional and environmental Toads. The analysis and design
to resist extreme loading conditions is intended primarily to
prevent material yield and buckling failures; the details are also
chosen to help prevent fatigue failures due to cyclic loading.

The use of proven details and selection of steel with material
properties resisting propagation of defects are longstanding design
practices. Analysis and design to ensure that fatiqgue life is
substantially in excess of the design 1ife became generally accepted
in the late 1960s. Initial simplistic analysis methods have
gradually become more sophisticated. Oceanographic data collected
over the last twenty years now allow better definition of wind and
wave data over many parts of the world. Several test programs have
allowed comparison of actual and analytically computed loads on
marine structures. Laboratory test data and data from structures in
service now allow better definition of defect (crack) propogation in
an ocean environment.

Although engineers have progressed beyond simplified deterministic
analyses, occasionally venturing into full probabilistic analysis,
substantial uncertainties still are associated with fatigue analysis
and design. Fatigue 1ife may change dramatically with a small
change in any of many variables, requiring that the fatigue'analysis
and design of a marine structure be conducted as a series of
parametric studies., The results of these studies, used to upgrade
fatigue-sensitive areas/details of the structure, allow development
of a design that will provide a satisfactory level of confidence
against fatigue failure. '

Review of past fatigue failures shows that it is often difficult to
determine whether a failure was due to poor design, material
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imperfections, fabricqtion defects, improper inspection or
maintenance, unpredicted loads or, more likely, a combination of
these interacting variables. As the complexity of marine structures
increases, better understanding of the variables contributing to the
integrity of structure components and the global response of the
structure becomes very important. Although several excellent
documents on fatigue are available, most address fatigue design of
either ship or offshore platform structures (References 1.1 through
1.8). Thus the engineer may have difficulty in assessing the
significance of fatigue within the context of overall design of
marine structures. It is also difficult to evaluate the sensitivity
and interaction of variables affecting fatigue life or the relative
uncertainties that are built in. The UEG Recommendations (Reference
1.8), although applicable to only tubular joints, provides a
detailed discussion of various design requirements and code
recommendations.

Fatigue analysis and design must be carried out while the structure
is being designed and revised to satisfy numerous other pre-service
and in-service loading conditions. Thus, to achieve an effective
design the overall design strategy should incorporate fatigue as an
integral part of design, with primary impact on design details,
redundancy, material and fabrication specifications, operational
performance, inspection program and cost. Because structures’
susceptibility to fatigue and the severity of fatigue environment
varies, the chosen fatigue design and analysis methodology, the
sequence, and the extent of the fatigue design effort should be
compatible with the overall design program and should be carefully
planned and monitored to prevent construction delays or costly
modifications during construction.

OBJECTIVES

This document was prepared to provide the engineer with an up-to-
date assessment of fatigue analysis and design. It may be used
either as a comprehensive guideline or a quick reference source.
The first four sections of the report provide an overview and
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general assessment of fatigue while the latter five sections provide
in-depth discussion. The objectives of the document are:

o Review, assess and document all fatigue parameters that may be
grouped into a set of parameters (i.e., strength models,
stress history models, analysis methods, etc.)

o Review, assess and document strengths and weaknesses of
current fatigue analysis and design procedures in conjunction
with existing codes and standards.

o Document research gaps and recommend additional research based
on numerous analytical and experimental work results published
every year.

o- Recommend a guideline on fatigue avoidance strategy based on
numerous variables contributing to the uncertainty of fatigue
life, on recent research results and on current practices.

o Assess and discuss the accuracy of fatigue life estimation and
the complexity of computation based on the implication of
uncertainties associated with the fatigue parameters and the
time and effort necessary to carry out fatigue analysis and
design to various levels of complexity.

SCOPE

The following tasks were key elements in preparation of this
document. '

° Review and assess giobal fatigue analysis, including fatigue
as an integral part of design effort, current industry
practices, codes and standards, and the implications of
fatigue damage.

o Review and assess all parameters within the stress modeil
umbrella for their relative accuracy as well as application,
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including environmental conditions, structural response,
generation of loads, development of stress response amplitude
operators (RAOs) and hot-spot stresses.

Review and assess all parameters within the stress history
model umbrella, including scatter diagram, hindcasting, wave
spectra and application ranges.

Review fatigue damage assessment methodologies, including the
effects of numerous analysis and design uncertainties, and
prepare a guideline to both improve fatigue performance of
marine structures and simplify fatigue analysis.

Report the findings in a clear and concise document, including
directly applicable unpublished and published data.
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2.1

OVERVIEW OF FATIGUE

FATIGUE PHENOMENA

Metal structures subjected to variable or repeated loads can fail
without ever reaching their static strength design loads. This type
of failure, which consists of the formation and growth of a crack or
cracks, has come to be known as "fatigue".

Failures observed due to the growth of defects subjected to cyclic
loadings is due to a very complex phenomena, affected by many
parameters. Any .environment or condition that results in cyclic
loading and reversal of component stresses may cause fatigue damage.

Cyclic stresses are typically caused by machinery vibrations,
temperature changes and wind and wave actions. But although
vibrations and temperature changes may be important to fatigue in a
local component, these loadings are not a major concern in the
global behavior of typical marine structures. Thus, the overview
presented in this section addresses wave and wind environments,
excitation forces on mobile and stationary structures and the
response of these structures to excitation forces.

A defect subjected to a Targe number of cyclic stresses undergoes
three phases of stable crack growth:

® Crack initiation, or development of a defect into a
macroscopic crack.

] Crack propagation, or development of a crack into a critical
size.

o Cracked weldment residual strength exceedence.

The relative durations of these three phases depend on many
variables, including material properties, defect geometry, structure
stiffness, stress cycle magnitudes, distribution and sequence,
operating environment and maintenance. The objective is to prevent
fatigue failure by designing to ensure that the time required to

2-1

T —



complete the three-phase stable crack growth is always greater than
the design fatigue life.

The basic characteristics of defects and the fatigue phenomena may
be summarized as:

A

Even the most thorough inspections at the fabrication facility
will not reveal very small defects (less than 0.5 mm).

These defects will grow when subjected to cyclic stresses due
to environmental loads, structure dynamics (vortex shedding,
machinery vibrations, etc.), temperature changes, etc.

Repeated cyclic stresses and defect growth are additive,
making the fatigue damage cumulative.

In most cases, fatigue is insensitive to the presence of
constant loads. Consequently, stress ranges (i.e., peak-to-
peak values) are used to characterize fatigue stresses.

Although a small number of extreme stress ranges may
contribute to fatigue damage, most fatigue damage is due to
the occurance of a large number of small stress ranges.

Poor structural design details will amplify peak stresses.
Distortions and residual stresses introduced during original
fabrication (as well as extensive repair efforts) often

adversely affect material resistance to crack growth.

Corrosion and ocean environment adversely affect material
resistance to crack growth.

simplified summary of fatigue phenomena is presented on Figure 2-
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2.2

2.2.1

FEATIGUE ANALYSIS

Analysis Sequence
The basic fatigue analysis sequence is shown as a block diagram on
Figure 2-2 and further discussed in this overview and in Sections 3

through 7.

Fatique Environment

Wave and wind environments are both site- and time-dependent. A
brief observation.of wind and the waves it generates shows that they
are random phenomena, where wind speed, direction and duration and
wave height, period and breadth continually change.

Although the real sea is random, the wave environment can be
described by two methods. In the deterministic method, the sea is
described as composed of identical, regular, individual waves. In
the spectral method, the sea is described as a function of sea
surface elevation due to regular waves combining to form an
irregular sea.

The service life of a vessel/structure may be 20 to 40 years.
During the service 1life more than 500 million waves are likely to be
applied on the vessel/structure. The fatigue environment is often
defined based on a series of 15 0 20 minues records taken every 3 or
4 hours. The environment is summarizd in a wave scatter diagram.
The wave scatter diagram is a grid of boxes with rows of equal Hs
(significant wave height) and columns for characteristic period,
often Tz (zero up-crossing period) or Ts (significant period).

For example: Wave records taken by a weather buoy can be sampled
every four hours. The sample records are reduced by Fast Fourier
Transform (FFT) and integrated to derive the statistical parameters
of Hs and Tz. The whole of the sample parameters are sorted by Hs
and Tz. The number of samplies of each Hs-Tz combination are placed
in the corresponding box in the scatter diagram. Often the scatter
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diagram boxes are normalized so that the sum of all of the numbers
is 1000. The shapes of the reduced spectra can be compared and a
representative spectrum formula can be fit to the typical shape.
The JONSWAP spectrum is often used to fit sampled spectra shapes,
because of the flexibility offered by the Gamma and Sigma
parameters; see Appendix A, Section 3.3. Similar seastates are then
combined into a scatter diagram.

The wind loading on a structure is composed of mean and cyclic
components. To carry out a fatigue analysis of a structure
subjected to cyclic wind loading the magnitude of loading and
associated frequencies must be quantified. Individual component
members of a structure subjected to continuous mean wind loading may
be susceptible to vortex shedding vibrations. A comprehensive
coverage of wind-induced fatigue phenomena is presented in Appendix
D.

A comprehensive review of ocean environment, covering both waves and
wind, is presented in Appendices A and B.

Fatjque Stress Model

The term fatigue stress model is often used to define a combination
of analysis steps, covering:

e Generation of loads
L Structural analysis to determine nominal stresses
° Estimation of hot spot stresses

These analysis steps are identified as fatigue analysis blocks and
combined into a single stress model block on Figure 2-2.

The analysis steps undertaken to determine the local hot spot
stresses are sequential and an inaccuracy at any step contributes to
compounding of the overall inaccuracy. Although many variables
directly influence the accuracy of estimated hot spot stresses, some
of the more important variables are listed below:
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L Loads generated as affected by the definition of environment,
selection of wave theories, response characteristics of the
vessel/structure subjected to excitational environmental loads
and computer modeling.

o Structural analysis as affected by the computer model,
software package and engineering decision/selection of
locations for determinating of nominal stress.

o- Hot spot stresses as affected by determination of stress
concentration factors (SCFs determined from empirical formulas
based on databases of numerical and experimental work) and the
engineering decision on multiple recomputation of SCFs to
account for wvariations in stress distribution (i.e.,
reclassification of detail/joint for each transfer function).

Another vary important variable, fatigue analysis method, is briefly
discussed in Section 2.2.2.

Fatigue Stress History Model

The stresses computed may be either stress states (defined by wave
height and wave period and representing a single cycle of loading)
or peak values associated with discrete waves. A generalized stress
history model combines this data with Tong-term wind and wave
distributions (scatter diagram, spectra, directionality, etc.) to
develop a long-term distribution of stresses.

Material Resistance to Fatique Failure (Strength Model)

The material resistance to fatigue failure will primarily depend on
the characteristics of detail/joint geometry, material chemical
composition and mechanical properties, and the service environment.

The material resistance is typically determined in a laboratory
environment by the application of constant amplitude stress cycle on
various detail/joint geometries until fatigue failure occurs. By
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carrying out similar tests for different stress amplitudes a
relationship between the stress amplitude (S) and the number of
cycles (N) is established. The S-N curves developed for simple
details (i.e., stiffener, cutout, etc., applicable for most ship
details) account for the peak (hot spot) stresses and can be
directly used with the member nominal stresses.

The tubular joint details (i.e., T, K, Y, etc., joints applicable
for an offshore platform) exhibit a wide variety of joint
configurations and details. The S-N curves for tubular joint
details do not account for hot spot stresses, requiring the
application of stress concentration factors (SCFs) on computed
nominal stresses.

Cumulative Fatique Damage

A relatively simple approach used to obtain fatigue damage requires
dividing of stress range distribution into constant amplitude stress
range blocks, assuming that the damage per load cycle is the same at
a given stress range. The damage for each constant stress block is
defined as a ratio of the number of cycles of the stress block
required to reach failure. The most often used Palmgren-Miner
linear damage rule defines the cumulative damage as the sum of
fatigue damage incurred at every stress block.

Analysis Methods

A suitable fatigue analysis method depends on many parameters,
including structure configuration, fatigue environment, operational
characteristics and the design requirements. A fatigue analysis
method may be deterministic or probabilistic. A fully probabilistic
method accounting for uncertainties in defining stresses due to
random Tloads, scatter in S-N data and randomness of failure is
suited to marine structures. However, less complex deterministic
methods are primarily used to analyze the fatigue Tives of marine
structures.
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A deterministic method is sometimes identified as probabilistic
analysis as the randomness of the ocean environment is accounted for
by incorporating the wave spectra. Thus, depending on how the loads
are generated, the fatigue analyses method may be identified as:

o Deterministic - Single Wave

° Spectral - Regular Waves in Time-Domain

e Spectral - Regular Waves in Frequency-Domain
° Spectral - Irregular Waves in Time-Domain

° Spectral - Wind Gust

Further discussion on fatigue analyses parameters and analysis
sequence is presented in Sections 3 and 4, respectively.

SIGNIFICANCE OF FATIGUE FAILURE

An improper design may lead to an unacceptable catastrophic fatigue
failure, resulting in loss of life and damage to the environment.

Non-catastrophic fatigue failures are also unacceptable due to
difficuity and cost of repairs as well as the need to increase
costly inspection and maintenance intervals.

Numerous marine structures of different configurations are in
operation. As illustrated on Figure 2-3, these structures may be
grouped as "mobile" or "stationary", depending on their functional
requirement. Although mobile vessels/structure can be moved to a
shipyard for repairs, the total cost of the repair includes
downtime. Stationary offshore vessel/structure inspecfions and
repairs are extremely costly due to on-location work and their
operating environment, yet the effectiveness of repairs is often
uncertain. Thus, for both mobile and stationary marine structures,
it is essential to consider avoidance of fatigue failure at every
phase of design and fabrication.



2.4

FATIGUE FATLURE AVOIDANCE

Fatigue failure avoidance is not just a motto, but a goal that can
be achieved with relative ease if the fatigue design is an integral
part of the original design program.

Despite their diversity, most marine structures are designed to meet
established functional requirements, environmental criteria and
rules and regulations. The design process is executed through
several stages to optimize structure configuration and operational
performance. Since the objectives identified to achieve
optimization are not necessarily compatible, various trade-offs
become necessary. To ensure that fatigue failure avoidance strategy
is compatible with the overall design objectives an interactive
design sequence is essential.
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3.1

FATIGUE DESIGN AND ANALYSIS PARAMETERS

One approach to assess the variables, parameters and assumptions on
fatigue is to separate the design from analysis. Fatigue design
parameters do affect the fatigue performance and they can be revised
during the design process to optimize the structure.

Fatigue analysis parameters and assumptions affect the computed
fatigue 1ife of the structure. The analyses approach selected
should be compatible with the structure configuration and its
fatigue sensitivity. Both fatigue design and analyses parameters
are summarized on Figure 3-1 and discussed in the following
sections.

REVIEW OF FATIGUE DESIGN PARAMETERS

A1l of the parameters affecting fatigue performance of a marine
structure and its components can be grouped into three categories
based on both function and chronological order. The three groups

are:
o Design parameters

] Fabrication and post-fabrication parameters
o In-Service parameters

The parameters in these three groups actually dictate crack
initiation, crack propagation to a critical size and exceedance of
cracked weldment residual strength. While these parameters are
assessed and incorporated into a design program to qualitatively
enhance fatigue performance, quantitative analyses are necessary to
verify that the structure’s components have satisfactory fatigue
lives. Fatigue analysis parameters and analysis sequence are
discussed in Sections 3.2 and 3.3, respectively.
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3.1.1

Design Parameters

There are numerous parameters that can be incorporated into a design
to enhance fatigue performance. These parameters are grouped into
four general categories:

Global configuration
Component characteristics and structural details
Material selection

Fabrication procedures and specifications

The effect of these parameters are summarized on Figure 3-2 and
discussed as follows.

Global Configuration

The overall configuration of every marine structure, mobile or
stationary, should be reviewed to ensure that the applied
environmental forces will be minimized. Trade-offs are often
necessary to ensure that the extreme environment and operating
environment loadings are both as Tow as possible (although it may be
that neither is minimized) to ensure overall optimum performance.

Planned redundancy is extremely beneficial to fatigue performance
because alternative Toad paths are provided to accommodate a fatigue
failure. Such redundancies prevent catastrophic failures, and also
provide ample time for repair of Tocal failures.

Component Characteristic and Structural Details

Wherever possible, a component’s arrangement and stiffness should be
similar to that of adjacent components to ensure a relatively
uniform Toad distribution. Nominal stresses at a given detail will
be amplified because of the geometry of the detail. The ratio of
the peak or hot spot stress to the nominal stress, known as the
stress concentration factor (SCF), is affected by many variables,
including component member load paths, interface plate thicknesses
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and in-plane/out-of-plane angles, and stub-to-chord diameter ratios
(for tubular members).

The arrangement of structural details is very important from a
standpoint of their configuration (affecting SCFs) and access
(affecting quality of work). Shiphull stiffeners are often arranged
with these considerations in mind. Similarly, tubular interfaces of
less than 30 degrees are not desirable in order to ensure reasonable
access for assembly and inspection.

Material Selection

Steel material is selected not only for strength but also for its
other characteristics, including weldability and durability. Thus,
the material selected should have both the chemical composition and
the mechanical properties to optimize its performance. The use of
higher strength steel requires specification of higher material
toughness requirements to meet the Timits on fabrication flaws.
Since the material with higher toughness can tolerate Targer loads
for a given flaw without brittle fracture during its service life,
such a material is preferred.

Impurities in steel (including Carbon, Nitrogen, Phosphorus, Sulphur
and Silicon) can cause temper embrittlement, thereby decreasing
notch toughness during the cooling of quenched and tempered steel.
Desirable notch toughness (Charpy) and Crack Tip Opening
Displacement (CTOD) test results are not always achieved at the
fabrication yard. Inspection of the welded joint root, weld
material and the heat-affected zone (HAZ) may show degradation of
root toughness, sometimes extending into the parent material beyond
the HAZ,

Studies carried out by Soyak et al (Reference 3.1) to assess
fracture behavior in a low toughness HAZ indicated that a small Tow-
toughness area in the HAZ can be masked by the higher-toughness area
surrounding it. Thus, Soyak et al recommend requiring testing of
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not three but five Charpy specimens from the Tlow-toughness HAZ
region to more accurately predict brittie fracture.

On the other hand, crack-toughness Tlevels implied in the impact
tests required in design guidelines may be overly conservative.
Pense’s work (Reference 3.2) indicates that the ship hull strain
rates during crack initiation, propagation and arrest are lower than
those estimated, confirming higher levels of crack-toughness.

Fabrication Specifications and Procedures

Degradation of root toughness extending into the parent material
beyond the HAZ can be caused by procedures used in the fabrication
yard. Loosely specified fabrication tolerances often result in
fabrication and assembly distortions and may cause strain aging
embrittlement. Unnecessarily tight tolerances could result in
repair work that might contribute to degradation of material.

Fabrication procedures contribute to the pattern of local weldment
defect distribution, residual stress pattern in the HAZ, and
material properties. Since these factors in turn directly affect
crack growth, fabrication procedures should be carefully developed
for each design.

Fabrication and Post-Fabrication Parameters

Activities in the shipyard or fabrication yard directly impact the
fabricated marine structure. These activities can be categorized as
either fabrication or post-fabrication parameters (Figure 3-3).

Fabrication Parameters

The primary fabrication parameters can be defined by the questions
who, what, when and how. Each of these parameters affects the
fabrication quality, in terms of residual stresses, defects, repairs
and post fabrication processes. These variables, which determine
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the general quality of fabrication, also affect specifics such as
the rate of crack growth and corrosion.

The four primary fabrication parameters are:

. Who is Doing the Work? (i.e. personnel qualification)

[ What are the Work Requirements? (i.e., defining the program)
L When is the Work Done? (i.e., sequence/timing of activity)
® How is_the Work Done? (i.e., following the specifications)

Post-Fabrication Parameters

Both the design parameters and fabrication parameters directly
affect fatigue performance of a fabricated component, thereby
influencing the post-fabrication processes. The post-fabrication
processes discussed here are activities that enhance the fatigue
performance of the structure component.

The toe of the weld and the weld root often contain geometric
imperfections and high Tocalized stresses and therefore they are
often the site of fatigue crack propagation. To enhance fatigue
performance, modification of both the weld geometry and the residual
stress is recommended. The weld geometry can be improved by weld
toe grinding, which is often specified to obtain a smooth transition
from weld to the parent material. This process should improve
fatigue Tife locally both by removing small defects Teft at the toe
during welding and by reducing the stress concentration at the weld
toe due to elimination of any notches. Weld toe remelting (by TIG
or plasma dressing) and the use of special electrodes for the final
pass at the toe can also improve fatigue performance.

Post-weld heat treatment (PWHT) is recommended to relieve residual
stresses introduced in welding thick sections, typically defined as
having a wall thickness in excess of 2.5 in (63 mm) in U.S. (less
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elsewhere). Both thermal stress relief and weld material straining
to set up desirable compressive stresses at the weld toe are used.
Typically, a node subjected to PWHT experiences both stress and
strain relief and should exhibit improved fatigue performance.
However, the efficiency of PWHT needs further verification. Some
experts in the field consider it difficult to Jjustify any
improvement of fatigue performance as a result of stress relief.

Corrosion protection is necessary to ensure as-designed performance
of the structure, including achieving the desired fatigue Tife.
Post fabrication work on corrosion protection systems varies from
installation of anodes for cathodic protection to coating and
painting.

In-Service Parameters

The environment in which fatigue cracks initiate and grow
substantially affects fatigue 1life. The environment affects
corrosion and crack growth due to both the nature of the environment
(i.e., sea water properties, including conductivity, salinity,
dissolved oxygen, pH and temperature) and the magnitude and
frequency of the applied Tloading (i.e., wind, wave and current
characteristics).

Environmental Tloads that cause reversal of stress on a marine
structure component are primarily caused by wave and wind
action. While the loading directionality and distribution is often
carefully accounted for, the sequence of loading usually is not.
The other in-service parameters reflect inspection, maintenance and
repair philosophy and have a major influence on corrosion and the
rate of crack growth. The in-service parameters are summarized on
Figure 3-4.
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3.2

3.2.1

3.2.2

REVIEW OF FATIGUE ANALYSIS PARAMETERS

Fatique Analysis Criteria

Fatigue analysis criteria for marine structures are developed in
conjunction with the overall design criteria. The structure type,
environmental conditions and the scope of the overall design effort
all affect the fatigue analysis criteria. A fatigue Tife that is
twice as long as the structure’s design 1ife is routinely specified
to ensure satisfactory fatigue performance. Larger safety factors
are often used for critical components where inspection and/or
repairs are difficult.

For many marine structures the use of a probabilistic fatigue
analysis, based on a probabilistic simulation of applied forces,
residual stresses, defects and imperfections, crack growth and
failure, appears to be desirable. This true probabilistic method
may be considered an emerging technology and the time and cost
constraints often require alternative methods to develop a design
that meets the fatigue criteria.

Although the following sections refer to both "deterministic" and
"probabilistic" fatigue methods, essentially the discussions cover
deterministic methods. The probabilistic methods defined only refer
to probabilistic treatment of the ocean environment.

Interacting_Parameters

Fatigue design and analysis is carried out in conjunction with other
activities that ensure proper design of the structure to meet all
pre-service and in-service loading conditions. The structure and
its component members must have sufficient strength to resist the
extreme loads for a range of conditions, and these conditions are
often interdependent.

The design 1is an iterative process in which the general
configuration gradually evolves. Thus, the fatigue design and
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analysis process is often initiated after the initial structure
configuration has been defined, but while its components are still
being designed and modified.

Stress Model Parameters

A generalized stress model represents all of the steps necessary to
define the Tocal stress ranges throughout the structure due to the
structure’s global response to excitation loads. These parameters
are as follows:

Motions (Hydrodynamics) Model

A motions (hydrodynamics) model includes various models necessary to
determine the applied excitation forces, response of the structure
to these forces, and the resultant loads on the system. The choice
of a model primarily depends on the structure configuration. While
a continuous finite element model may be used for ship-shaped
structures or semisubmersibles with orthotropically stiffened plate
system (i.e. continuous systems), a discrete space frame consisting
of strut members are typically used for the analyses of an offshore
platform.

Floating structures, whether ship-shaped, twin-hulled or of another
configuration, may require the use of diffraction analyses to define
the hydrodynamic coefficients. Diffraction pressures generated are
transformed into member wave loads while the radiation pressures are
transformed into added mass and damping coefficients. This approach
is valid to obtain hydrodynamic coefficients for non-conventional
geometries, the motion analysis utilizing hydrodynamic coefficients
does account for the effects of member interaction and radiation
damping components.

Bottom-supported structures are generally made up of small-diameter
tubulars, and their drag and inertia coefficients can be defined
based on previous analytical and model basin work on tubulars.
However, some components are frequency-dependent for a range of wave
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frequencies of interest, requiring definition of frequency
dependency.

Thus, some of the more important parameters to be considered in the
development of a hydrodynamics model are:

® Structure configuration (continuous versus discrete systems).
] Structure size and irregularity of shape.
L Structure component member dimensions (with respect to both

the structure and the wave length).

° Component member arrangement (distance from each other).
° Component member shape, affecting its hydrodynamic
coefficients.

Analysis Techniques

Analysis techniques, or the approaches used to generate and apply
environmental Jloads, fall dinto two categories: deterministic
analysis and spectral analysis. Deterministic analysis is based on
the use of wave exceedance curves to define the wave occurrences.
Spectral analysis (also referred to as probabilistic analysis of the
ocean environment only) is based on the use of wave spectra to
properly account for the actual distribution of energy over the
entire frequency range.

The five approaches can be defined in these two categories:

° Selected Wave(s) - Deterministic

A closed-form deterministic analysis procedure recommended by
Williams and Rinne (Reference 3.3) is often used as a
screening process. This approach may be considered a
marginally acceptable first step in carrying out a fatigue
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analysis of a fixed platform. As discussed in Section 3.2.4
under Stress History Parameters, wave scatter diagrams are
used to develop wave height exceedance curves in each wave
direction and used to obtain the stress exceedance curves.
Considering both the effort needed and the questionable Tevel
of accuracy of selecting wave heights to represent a wide
range of wave heights and periods, it may be better to
initiate a spectral fatigue analysis directly.

Reqular Waves in Time Domain - Spectral

Because a spectral fatigue analysis is carried out to properly
account for the actual distribution of wave energy over the
entire frequency range, a sufficient number of time domain
solutions 1is required to define the stress ranges for
sufficient pairs of wave heights and frequencies. A result of
this procedure is development of another characteristic
element of spectral fatigue analysis, namely, the stress
transfer functions, or response amplitude operators (RAOs).

For each wave period in the transfer function, a sinusoidal
wave is propagated past the structure and a wave load time
history is generated. The equations of motion (structure
response) are solved to obtain a steady state response. A
point on the transfer function at the wave period is the ratio
of the response amplitude to the wave amplitude. A sufficient
number of frequencies 1is required to incorporate the
characteristic peaks and valleys.

Random Waves in Time Domain - Spectral

The use of random waves avoids the necessity of selecting wave
heights and frequencies associated with the regular wave
analysis.
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Regular Waves in Frequency Domain - Spectral

This method, based on the use of regular waves in the
frequency domain, requires linearization of wave loading.
Approximating the wave loading by sinusoidally varying forces,
and assuming a constant sea surface elevation does contribute
to some inaccuracies. However, these approximations also
allow equations of motion to be solved without having to carry
out direct time integration, thereby greatly facilitating
fatigue analysis work.

The approach chosen should depend on the structure type and
the environment. For most "rigid body" inertially driven
floating structures, frequency-domain spectral fatigue
analysis is recommended. Hoﬁever, for tethered structures
such as a TLP, and for structures in areas where large waves
contribute substantially to cumulative fatigue damage, the
effects of Tinearization and inundation are substantial. In
these cases the preferred approach may be time-domain spectral
fatigue analysis. Even time-domain solutions at several
frequencies may be sufficient to compare the RAOs obtained
from a frequency-domain solution and to calibrate them as
necessary.

Wind Gust - Spectral

Most marine structures are designed to resist extreme wind
loadings, but they are rarely susceptible to cyclic wind gusts
that cause fatigue damage. Some structures, such as flare
towers or radio towers, support negligible equipment and
weights; as a result, they are often made up of light and
slender members, making them susceptible to wind-caused
fatigue damage.

As with analysis of the wave environment, structures subjected
to wind turbulence can be analyzed by quantifying cyclic wind
forces and their associated frequencies. The total applied
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wind loading on a structure is due to mean and cyclic
components. The loads are computed and statically applied on
the structure and then converted to harmonic loads for dynamic
analysis.

The stresses obtained at each frequency are unitized by
dividing them by the corresponding cyclic wind speeds.
Application of wind spectra to define the occurrence of wind
speeds and gust spectra to define the energy content of the
gust on unitized stress ranges yields the stress spectrum.
Further discussion wind loading is provided in Sections 6 and
Appendix D.

Structural Analysis Model

A floating structure is by definition in equilibrium. The applied
loads and inertial response from the motions analysis provide a
balance of forces and moments for the six degree of freedom system.
To obtain a stiffness solution, the structure model may be provided
with hypothetical supports. A typical solution should yield close
to zero loads at those hypothetical supports. The deformations
obtained from stiffness analysis at member joints are transformed
into stresses.

A single- or a dual-hulled structure is a continuous system with
large stiffened members/components. Applied Toads on the structure
necessitate determination of hull girder bending moments in vertical
and horizontal axes and local internal and external pressure
effects. The use of beam elements may be appropriate when local
pressure effects are small and stress distribution patterns are well
understood. Since the local pressure effects are substantial for
ship structures and the Tocal stress distributions rapidly change as
a function of several parameters, a finite element analysis is the
generally recommended approach to determine the local stress
distributions,
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The finite element models of increasing mesh refinement are often
used to obtain accurate stress range data locally in fatique
sensitive areas. Thus, an overall coarse mesh model of the
structure used in the first stage of analyses is modified by
increasing mesh refinement in various fatigue sensitive areas. The
finite element models are typically built from membrane plate
elements, bending plate elements, bar elements and beam elements and
further discussed in Section 5.

Because the individual joints and members define the global
structure, the boundary conditions should also reflect the true
response of the structure when subjected to the excitation
loads. For a bottom-supported structure, individual piles can be
simulated by individual springs. Whatever the support
characteristics, a foundation matrix can be developed to represent
the foundation-structure interface at the seafloor. It should be
noted that the foundation matrix developed for an extreme
environment would be too flexible for a milder fatigue environment.
Thus, the foundation matrix developed should be compatible with the
applicable load range.

Stress Response Amplitude Operators (RAQOs)

The stress RAOs or stress transfer functions are obtained by
unitizing the stress ranges. If the wave height specified is other
than the unit wave height (double amplitude of 2 feet or 2 meters),
stress ranges at each frequency are divided by the wave heights
input to generate the loads. Similarly, wind loads computed based
on cyclic wind velocities at each frequency are divided by the
respective velocities to obtain the unitized stress ranges.

Stress Concentration Factors (SCF) and Hot Spot Stresses

The stresses obtained from a stiffness analysis, and the RAOs
generated, represent nominal or average stresses. However, the 1oad
path and the detailing of orthotropically stiffened plate or an
intersection of tubular members will exhibit hot-spot or peak
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stresses several times greater than the nominal stresses. The
fatigue test results for a wide variety of shiphull stiffener
geometries can be used directly with the nominal stresses.

At an intersection of a tubular brace and chord, depending on the
interface geometry, the maximum hot-spot stresses often occur either
on the weld toe of the incoming brace member or on the main chord.
The ratio of the hot-spot stress to the nominal stress is defined as
the stress concentration factor (SCF).

SCF = o, / O,

The SCF value is probably the most important single variable that
affects the fatigue life of a detail/joint, necessitating accurate
determination of SCFs.

There are several practical approaches for determining SCF values.
The first approach is to develop an analytical model of the
detail/joint and carry out a finite element analysis (FEA). When
modeled correctly, determination of SCFs by FEA is a very reliable
approach. The second approach is to test a physical model and
obtain the hot-spot stresses from measurements. Whether a strain-
gauged acrylic model or other alternatives are used, the accuracy of
hot-spot stresses largely depends on the ability to predict hot-spot
stress Tocations and obtain measurements in those areas.

Although reliable and recommended for obtaining SCFs, these two
methods are time consuming and expensive. Thus, a third approach,
based on applying empirical formulations to determine SCFs, has
been extensively accepted for fatigue analysis of marine
structures. A set of empirical formulae developed by Kuang
(Reference 3.4) were derived by evaluating extensive thin-shell
finite element analyses results. The formulae proposed by Smedley
(Reference 3.5) and Wordsworth (Reference 3.6) of Lloyds Register
were derived from evaluating the results of strain-gauged acrylic
models.
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3.2.4

3.2.5

The stress model parameters discussed above are summarized on Figure
3-5. A summary of empirical equations, parametric study results
obtained by using applicable empirical equations for T, K and X
joints, and an illustrative finite element analyses results for a
complex joint are presented in Appendix C.

Stress History Model Parameters

The wave scatter diagram and wave directionality data are necessary
whether a deterministic or a spectral analysis technique is used.
In a deterministic analysis wave exceedance curves are generated in
each wave direction and used with the hot-spot stresses to obtain
the stress exceedance curves.

For a spectral fatigue analysis, a scatter diagram and the
directional probability is used with wave or wind spectra to obtain
the stress spectrum from hot-spot stresses. These parameters are
summarized on Figure 3-6. Stress History Models are discussed
further in Section 6.

Fatigue Damage Computation Parameters

Many parameters affect the fatigue Tife computation. Some, such as
stress sequence, maintenance and repairs, lapses 1in corrosion
protection, etc., are not accounted for in fatigue damage
computation. Fatigue damage is characterized by an accumulation of
damage due to cyclic loading, with fatigue failure occurring when
the accumulated damage reaches the critical level. To evaluate the
damage, the stress-time history is broken into cycles from which a
distribution of stress ranges is obtained. The variable-amplitude
stress range distribution is divided into constant-amplitude stress
range blocks, Sri’ to allow the use of constant-amplitude S-N
curves,
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Selection of S-N Curve

The S-N curve defines the relationship between a constant-stress
amplitude block and the number of cycles necessary to cause the
failure of a given detail/joint. Such S-N curves are largely
derived by testing models of simplified detail/joint components with
subjecting constant amplitude stress reversals in a laboratory
environment. The laboratory environment is substantially different
from the typical marine environment. Similarly, the Taboratory
models are idealized while actual marine structure details/joints
incorporate fabrication residual stresses and substantial welding
defects.

The S-N curve defining a particular type of detail/joint and
material properties is derived by obtaining the mean of the test
data and then defining the mean minus two standard deviations. S-N
curves were first developed for fillet-welded plate details and some
small scale-tests on tubular joints. Later tests provided data on
more complex details and thicker plate sections. The $-N curves for
continuous system details (i.e., ship hull stiffening) are
typically reduced by the ratio of hot spot-to-nominal stresses and
can be used directly with shiphull nominal stresses to determine
fatigue damage. The S-N curves for discrete system joints represent
the failure stresses and necessitate multiplication of nominal
stresses by SCFs to obtain hot spot stresses.

The choice of an applicable S-N curve depends not only on the
material, configuration of the detail/joint and the fabrication
effects (residual stresses, weld profile, defects, etc.) but also on
the service condition of the structure. The original
U.K. Department of Energy (DEn) recommended Q-curve, based on simple
thin plate details, has been replaced by a T-curve (Reference 1.6).
The American Petroleum Institute (API) recommended X-curve
(Reference 1.5) is applicable to a welded profile that merges with
the adjoining base material smoothly. If the weld profile is not
smooth, then a Tower X’-curve is applicable.
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While API S-N curves are applicable to stationary marine structures,
other S-N curves by DEn and Det norske Veritas (DnV - Ref. 1.7) may
be equally applicable to stationary and mobile vessels with tubular
and orthogonally stiffened plate construction. The preferred S-N
curve should be defined in the design criteria. Typical S-N curves
applicable for marine structures are illustrated on Figure 3-7. S-N
curves are discussed further in Section 5.

Cumulative Damage

The calculation of cumulative damage is typically performed using
the Palmgren-Miner damage rule. In this approach fatique damage is
calculated by dividing stress range distribution into constant
amplitude stress range blocks, assuming that the damage per load
cycle is constant at a given stress range and equal to:

D, =1/N
where,

D. is the damage, and

N is the constant-amplitude number of cycles to failure at a
given stress range.

Another key assumption of the Palmgren-Miner damage rule is that
damage is independent of order in which loads are applied.
Accordingly, for the case of a stress history with multiple stress
blocks, S;, each block having n cycles, the cumulative damage is
defined by:

D=£—I—15.'-<1.0
N

i=1

This is the Miner-Palmgren formula, where:
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D is the cumulative damage,

k is the number of stress blocks,

n is the number of stress cycles in stress block i with
constant stress range, and

N is the number of cycles to failure at constant stress range.

Although the 1inear Palmgren-Miner damage rule is extensively used,
the significance of constant-amplitude loading and the sequence of
loading (i.e., large stress blocks during the beginning rather than
toward the end of design 1life) may be important to correct
assessment of fatigue damage. This subject is discussed further in
Section 7.

Fatique Life Evaluation

Fatigue damage and fatigue 1ife should be determined at all critical
hot-spot stress areas. While one or two areas may be targeted on a
plate and stiffener interface, at least eight points are recommended
on a tubular member. If eight points, spaced at 45 degree intervals
around the circumference, are chosen, relatively accurate hot-spot
stresses and fatigue damage data will be obtained. Typically,
fatigue damage (D) is calcultated on an annual basis. The fatigue
life (L) is then determined by taking the inverse of the accumulated
damage ratio (D).
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4.1

4.1.1

GLOBAL REVIEW OF FATIGUE

APPLICABLE ANALYSIS METHODS

Backqround

Analysis and design of marine structures in the past often did not
include explicit treatment of fatigue. With the installation of
offshore platforms in deeper water increased emphasis was placed in
fatigue design. An experience-based allowable stress methods
developed were soon complemented with detailed analyses methods.

Ship structure design often did not incorporate explicit treatment
of fatigue through analysis. However, with the increasing use of
higher strength steels, the cyclic stress ranges also increased,
necessitating fatigue analysis of more structures. Although the
allowable stress methods developed are used in the design of
majority of ship structures, more and more of the new designs
incorporate detailed analysis methods.

Several methods may be applicable and acceptable for the fatigue
analysis and design of a marine structure. The most suitable method
depends on many parameters, including structure configuration
(shape, redundancy, details/joints, etc.), fatigue environment,
operational characteristics/constraints, and the design
requirements. The complexity and cost of this analysis and design
effort should be compatible with available design information and
the desired degree of accuracy of the analysis and design.

The design and analysis parameters discussed in Sections 3.1 and 3.2
are summarized on Figure 3-1. The four dotted-1ine boxes around the
analysis parameters illustrate a typical analysis sequence.
Although the methods used in obtaining the hot-spot stress (stress
model), stress spectrum (stress history model), and the fatique life
may differ, the general sequence shown is usually followed. A
different sequence is applicable for a simplified analysis and
design method. An allowable stress approach is one such example.
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4.1.2

The different methods and their application sequences are discussed
in the following sections.

Simplified Analysis_and Design Methods

The simplified analysis and design methods applicable to ship
structures and offshore structures are based largely on both
theoretical knowledge and past experience and account for the
environment 1ikely to be encountered. Typically, ship hull girders
are designed to resist maximum bending moments due to still water
plus a wave-induced condition derived from harsh North Atlantic wave
data (Reference 4.1). The basic hull girder, designed for the
extreme environment loading, is intended to have ample cross-
sectional area and moment of inertia to keep the magnitude of stress
reversals Tow and exhibit 1ow susceptibility to fatigue damage. The
minimum plate and scantling sizes specified and the detailing
developed are intended to keep the nominal and peak stress ranges
low to prevent fatigue failures in the secondary members. In
addition, steel is specified to ensure that its chemical composition
and mechanical properties will make it less susceptible to fatigue
failure.

Similarly, offshore platform joints are designed to resist maximum
punching shear and crushing stresses. The Jjoint details are
developed to minimize the SCFs and cyclic stress ranges to make them
less susceptible to fatigue failure. Such an indirect approach to
fatigue design should be supplemented by an empirical approach based
on constant stress range cycle fatigue 1ife test data.

Ship Structures

An allowable stress method for ship structure design should be used
to assess applied stresses against allowable stresses. The
objective of applying the method is to identify those conditions
that require no further fatigue assessment and those conditions that
require more comprehensive fatigue analyses.
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An allowable stress method, also considered a screening process,
relies on both theory and experience. The procedure developed
should be calibrated against available fatigue failure data and
typically incorporates the following steps:

Computation of wave-induced loads

. Determination of applied stress levels

Determination of allowable stress levels

Adjustment of allowable stress Tevels

Assessment of various components/details for susceptibility to
fatigue failure.

o W N -
| I . -

The wave-induced loads are computed using simplified formulae, where
the long-storm distribution of fatigue loading is represented by a
single characteristic value. The vertical bending moment is
computed as a function of the vessel length, breadth and block
coefficient along the longitudinal axis. The applied (nominal)
cyclic stress amplitude is determined by using beam theory and
dividing the vertical bending moment at any point along the
longitudinal axis with hull girder section modulus.

The allowable stresses depend on many variables. For a simplified
method an allowable stress may be defined as a function of location
(deck, side shell, etc.) and detail geometry (local stress factor).
Typically, such a method is based on a 20-year service life,
standard corrosion effects and a nominal geographic area. Thus if
specific service life or routing information is available, the
allowable stress levels are adjusted. Two of the of the simplified
analysis methods are: |

1. ABS’ Allowable Stress Method

This allowable stress method by Thayamballi (Reference 4.2) is
primarily intended for use in fatigue screening of tankers.
The simplified formulae presented allow calculation of several
types of Toading on a tanker due to wave-induced motions. The
Toading types and their relevancy are:
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° Vertical bending moment - needed to determine stresses
along the longitudinal axis

® Internal tank load - needed to determine stresses at
tank boundaries

L External pressure load - needed to determine stresses at
outer hull

Each of these component loads are applied to the structure
independent of one another. The method implements beam theory
to obtain nominal stresses, except for special cases where ABS
Steel Vessel Rules require special consideration. ABS Rules
requiring structural analysis also provide substantial
flexibility for engineering judgement. The fatigue sensitive
areas of the deck, tanks and the hull shell, where the
stresses are to be determined, are illustrated on Figure 4-1.

Although the method is intended to provide allowable stress
levels for normal operating routes, the allowable stress
levels can be adjusted. Thus, a vessel operating in harsh
geographic regions can still be screened for fatigue by
reducing the allowable stress levels as function of the
severity of the environment. The structural components of a
vessel having stress levels meeting the reduced allowable
stress levels may not require a detailed fatigue analysis.

Munse’s Method

This allowable stress method for determining ship hull
performance by Munse et al (Reference 4.3) is a practical
method of designing ship hull structural details for fatigue
loading.

The method is considered reliable, as it is based on a study
of measured fatigue failure (S-N curves) data for 69
structural details. The design method also incorporates the
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results of work covering assessment of 634 structural
configurations (from References 4.4 and 4.5). It establishes
the basis for selecting and evaluating ship details and
developing a ship details design procedure. This method
accounts for three of the most important parameters that
affect fatigue 1ife of a ship detail:

e Mean fatigue resistance of local fatigue details (S-N
curve)
L Applicatioh of a "reliability" factor to account for S-N

data scatter and slope

° Application of a "random load" factor to account for the
projected stress history

Munse’s design method can also be used to estimate fatigue
life based on actual or assumed stress history and a
reliability factor. A study carried out at the American
Bureau of Shipping (ABS) (Reference 4.6) to evaluate fatigue
life predictions utilized several methods, including Munse’s.
The study, based on stress histories derived from strain
measurements of containership hatch-corners, provided good
comparative results. Although Munse’s method neglects the
effect of mean stress, the fatigue lives computed compared
well with lives that are computed using other methods.

Munse’s design method is an acceptable fatigue design
procedure for all vessels. This design method allows proper
selection of design details and provides for design of a cost-
effective vessel appropriate for the long term environmental
Toadings. Vessels that are considered non-standard due to
their configuration and/or function (such as a tanker with
internal turret mooring or a drillship) should be further
analyzed, including a thorough spectral fatigue analysis.
Munse’s design procedure is summarized in the block diagram on
Figure 4-2.
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‘Offshore Structures

Offshore structures such as a semisubmersible drilling vessel is a
continuous system, typically having orthogonally stiffened members.
While a simplified method, such as Munse’s, may be an applicable
screening method, such structures have very specialized
configurations, response characteristics and structural details.
Thus, each structure should be considered unique, requiring a
detailed fatigue analyses.

An offshore platform is made up discrete members and joints. Since
each structure 1is unique, a detailed fatigue analysis is
recommended. However, a simplified method may be applicable if such
a method can be developed based on a large number of similar
structures in a given geographic region. Such a method was
developed for the Gulf of Mexico by American Petroleum Institute
(Reference 1.5) and discussed further.

The simplified API method (Section 5.1.1 of Reference 1.5) is based
on defining the allowable peak stresses as a function of water
depth, design fatigue 1ife, member location and the applicable S-N
curve, Although the approach can be modified to apply to other
geographic areas, it was developed by calibrating previously
completed fatigue analyses of fixed offshore platforms. The
maximum allowable stress method is applicable to typical Gulf of
Mexico platforms with structural redundancy, natural periods less
than three seconds, and the water depths of 400 feet or less.

This API allowable stress method is intended for use as a simplified
fatigue assessment procedure for Gulf of Mexico platforms subjected
to long-term cyclic stresses considered small relative to the
extreme environment stresses. The method attempts to predict
fatigue behavior as a function of the design wave event for a
generalized platform. It should be noted that the applied force
levels can vary substantially with platform geometry. The relative
importance of extreme design waves and operating environment fatigue
waves changes with both the water depth and the actual member/joint
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4.1.3

location. Thus, the method should be used with caution. Detailed
discussion on this method and the calibration effort is presented by
Luyties and Geyer (Reference 4.7).

Detailed Analyses and Design Methods

The detailed analyses and design methods applicable to ship
structures and offshore marine structures generally follow the same
analyses sequence and incorporate the variables associated with
strength model, time history model and damage computation. The
differences among the various types of detailed analyses are largely
in the methodology implemented to obtain hot-spot stresses, to
develop the stress spectrum and to compute the fatigue life.

A detailed fatigue analysis is recommended for all marine structures
susceptible to fatigue failure. While simplified design methods are
valid in determining the viability of structural details/joints of
typical ships/tankers built from mild steel or offshore platforms in
shallow waters of Gulf of Mexico, a detailed fatigue analysis is
often necessary for other structures. Projected fatigue lives of
a marine structure subjected to cyclic stresses should then be
determined at all critical areas. The uncertainties in fatigue
design and analysis parameters require that more emphasis be placed
on the relative fatigue T1ives computed than on the absolute lives
obtained. As a result, fatigue analysis is considered to be a
systematic process to identify details/joints susceptible to
failure, and to modify those susceptible areas to yield fatigue
lives substantially in excess of the design 1ife. The following are
some detailed analyses options that apply to ship structures and to
fixed and mobile marine structures.

Ship Structures
A ship that fails to meet simplified fatigue analysis requirements

will not necessarily have fatigue failures. It only implies that a
more detailed fatigue analysis is required. Typically, detailed

4-7

5~

~a



analysis is likely to be required when one or more of the following
are applicable:

° The ship structure configuration has unique characteristics.
o The structure is built from high strength steel.
° The use of high strength steel allowed reduction of scantling

sizes based on strength requirements and due consideration for
fatigue phenomena was not given.

® The operational routes for the vessel are more severe than
typical, making the structural components more susceptible to
fatigue failure.

The detailed fatigue analysis sequence for ship structures is
similar to fatigue analyses of other marine structures and includes
all of the analyses parameters shown on Figure 3-1. However, the
ship geometry, appreciable forward speed and the varying operational
routes require a special effort to determine the ship motions,
applied loads, stress distribution of loads and the long term
distribution of fatigue stresses. Typically, a detailed fatigue
analysis is a spectral fatigue, requiring determination of Tong term
fatigue stress distribution for each case, accounting for each
seastate and the applicable duration for that seastate.

Although very different from simplified fatigue analyses described
in Section 4.1.2, when the spectral fatigue analysis approach is
modified to represent the Tong term fatigue stress distribution with
a shape factor (i.e. Weibull approach), it is sometimes identified
as a simplified fatigue analyses.

Some of the characteristics of a spectral fatigue analysis and an
alternate Weibull approach are as follows:
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Spectral Fatique Analysis

Although spectral fatigue analyses for ship structures and
other often stationary offshore structures are similar, the
methods used to determine loads and stresses are different.
A ship structure requires determination of hull girder bending
moments in vertical and horizontal axes along the entire
longitudinal axis (i.e., hull length). In addition, Tocal
internal and external pressure effects need to be determined.

Most often the applied wave loads are computed with the use of
linear ship motion theory for wave crestline positions at 90
degree phase angle separation (i.e. in-phase and out-of-phase
components of wave). Since the fatigue damage occurs largely
due to normal operating sea states the use of linear ship
motion theory is considered appropriate for large majority of
spectral fatigue analyses. However, some vessels may have
unique configurations, move at high speeds or be susceptible
to extreme loading fatigue damage. For such vessels the
ability to predict wave nonlinearities and vessel hogging,
sagging and racking effects accurately may become important.
In such instances a non-linear ship motion theory may be
preferred over 1inear ship motion theory. Further discussion
on the specifics of global and local load determination is
presented in Section 5.

The structural analyses needed to convert the in-phase and
out-of-phase components of the load transfer function varies
largely with the characteristics of the structure
configuration. The beam elements used in the structural
stiffness analyses of a discrete system, such as an offshore
platform, may be appropriate for standard ship structures
where other detailed analyses and experience allow reasonably
accurate estimation of 7local stress distribution. This
approach may be appropriate if loading is largely due to hull
girder bending moments in vertical and horizontal axis.
However, secondary girder bending moments due to external
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dynamic loads on vessel bottom may be appreciable. 1In
addition, vessels containing cargo such as oil, iron ore etc.,
will have inertial loads on internal tank walls/transverse
bulkheads.

The secondary bending, when appreciable, does affect the
magnitude of local stress distribution. The geometric
complexities also contribute to the difficulty in estimating
local stress distribution. Since the fatigue 1ife estimate is
function of stress range cubed, the accuracy of fatigue life
estimate is very much a function of the accuracy of local
stress distribution. Thus, a finite element analysis is the
generally recommended approach to determine the local stress
distributions for continuous system such as ships and tankers.

The stress range transfer functions are obtained to define
response of the ship structure for all sea states covering a
range of frequencies. Thus, in-phase and out-of-phase loads
at each frequency and for each wave direction must be
determined to define the stress range transfer function. In
practice, the effort can be curtailed. A careful review of
load transfer functions should allow selection of several
important frequencies and determination of stresses for those
frequencies.

The number of constant amplitude stress range cycles to reach
failure is empirically defined as an S-N curve that may or may
not include the effect of localized stress peaking. Thus, in
addition to selecting an S-N curve appropriate for the
structural detail and operating environment, the S-N curve and
the structural analyses should be consistent. The stress
range histogram developed and the S-N curve selected for the
location allows determination of fatigue damage per year and
fatigue 1ife by using Miner’s linear cumulative damage rule.
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2. Weibull Approach

The Weibull shape factor is a stress range distribution
parameter. The Weibull shape factor wused with the
characteristic stress range allows carrying out of a fatigue
analyses with a relatively few structural analysis cases.
Since the Weibull approach differs from detailed spectral
fatigue analysis only in how the stress range is obtained, the
accuracy of fatigue lives obtained with this approach largely
depends on the validity of Weibull shape factor.

The Weibull shape factor may vary between 0.8 and 1.2. If
information on structure and route characteristics are not
available, a shape factor of 1.0 may be used. Shape factors
obtained by calibrating the characteristic stress range
against a spectral fatigue approach indicate that single most
important variable affecting the shape factor is the
environment. In severe North Atlantic and Pacific wave
loadings, the shape factor is higher; the shape factor is also
generally lower for those ship structures with longer hulls.

Although the shape factor may be somewhat different for
different parts of the structure (i.e. bulkheads, bottom) and
it may also depend on the number of cycles to failure, further
work is necessary to document those effects.

Fixed and Mobile Marine Structures

The structures referred to in this section are both f1oéting and
bottom-supported steel structures. Most organizations that issue
recommendations, rules, regulations and codes distinguish between
floating and fixed structures because of the differences in their
configurations and the resulting differences in applied Tloads,
structure response, redundancy and accessibility for inspection and
repairs. The requirements vary substantially in scope and detail
from one document to another, but efforts to provide consistent yet
flexible fatigue analysis requirements have been successful.
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In general, the minimum requirement for fatigue amalysis is defined
as the need to ensure the integrity of the structure against cyclic
loading for a period greater than the design life. Some documents,
such as the ABS MODU rules (Reference 4.8) state that the type and
extent of the fatigue analysis should depend on the intended mode of
operation and the operating environments. Thus, the designer, with
the Owner’s input and concurrence is responsible for developing the
design criteria, methodology and analysis documentation for
certification of a design that meets the fatigue requirements.
Further discussion on fatigue rules and standards is presented in
Section 4.2

Fixed Structures

As illustrated on Figure 3-5, there are several alternative
approaches to determining the hot-spot stress, stress history and
fatigue life. A flowchart shown on Figure 4-3 illustrates a
deterministic analysis applicable for a fixed platform in a moderate
water depth site subjected to relatively mild fatigue environment.
The method relies on obtaining hot-spot stresses for one or two
selected regular waves and generation of wave exceedance curves from
the scatter diagram to obtain the stress history. Although this
method requires substantial computer use and is considered to be a
detailed analysis, it is also considered to be a screening method
and useful in initial sizing of the structure components.

A more desirable alternative approach to a deterministic analysis is
to carry out a spectral fatigue analysis. The applied wave loads on
a structure can be generated in the time domain and in the Frequency
domain. A structure, such as a flare boom, may be subjected to wind
loading only. For such structures wind gust loads can be similarly
generated to evaluate wind-induced fatigue loading. The stress
spectrum is then generated from hot spot stresses, scatter diagram
and specific wave or wind spectra.

One variable in defining the stress spectrum is whether or not to
account for wave spreading. The purpose for distributing the wave
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energy about the central direction by using a "spreading function"
is to represent the nature more realistically. Considering the
uncertainties and complexity of implementation, wave spreading is
not generally incorporated into design. While it is a valid
parameter that can be used to more accurately determine the fatigue
lives of an as-designed or as-built structure (see Section 6.1.4 for
definition of spreading function), it is often unconservative to
neglect it when dynamics are significant.

It is also necessary to assess the significance of short-term
density functions developed from statistical parameters. The joint
probability of significant wave height and characteristic period
(i.e., each sea state) is used to develop short-term probability
density function of the stress range. This function is often
idealized by a Rayleigh distribution and can be further improved.
This improvement, incorporation of a rainflow correction factor, is
discussed by Wirsching (Reference 4.9). Fatigue damage is then
typically computed for each sea state by using the S-N curve and the
Miner-Palmgren cumulative damage formulation. An alternative to
this approach is based on weighting and summing the probability
density functions to obtain a 1long-term probability density
function. Total damage can then be computed based on either
numerical integration or the use of Weibull shape parameter and a
closed form solution. Chen (Reference 4.10) offers a short-term
closed form method that facilitates spectral fatigue analysis.
Spectral fatigue analysis is discussed further in Sections 5, 6 and
7.

Mobile and Stationary Vessels

Both conventional single-hull and twin-hull mobile and stationary
vessels differ from fixed structures in the characteristics of
applied environmental forces and the response of the structure to
these forces. Thus, fatigue analysis of these vessels differs from
that of fixed structures primarily in generation of applied forces
and determination of stresses. Those vessels going from port-to-
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4.1.4

“port are also subjected to different environments, necessitating the

use of scatter diagrams applicable for each route.

While a diffraction analysis method may be used to develop the
excitational forces directly, it is often used to compute equivalent
hydrodynamic coefficients. These coefficients are then used in
Morison’s formulation to generate wave forces. A typical spectral
fatigue analysis sequence, including generation of dynamic inertial
response loads compatible with excitational forces, is illustrated
on Figure 4-4.

In the past conventional single-hull vessels were generally designed
conservatively to meet both strength and fatigue requirements.
Following initiation of monitoring programs to obtain wave loading
and- stress histories of selected cargo ships and tankers, fatigue
design criteria were further improved. One reason for the
preference of this design approach over the analysis approach is
that most vessels are mobile and subjected to multitude of site and
time specific environment over their design lives, necessitating
certain conservatism in their design. The use of vessels for
specialized functions, such as bow-moored storage tanker or a drill-
ship with a large opening (moonpool) to facilitate drilling,
necessitated detailed fatigue analyses to evaluate the other fatigue
sensitive areas throughout the structure.

The detailed fatigue analysis, carried out on increasing number of
floating structures, follow the basic steps shown on Figure 4-4,
While both space frame models with beam elements and finite element
models are used to analyze twin-hull structures, finite element
models are almost exclusively used for single-hull vessels.

Other Methods

Complete Probabilistic Methods

A reliability-based fatigue analysis is ideally suited to account
for various uncertainties associated with fatigue parameters.
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Although considered to be an emerging technology and necessitate
time consuming effort, probabilistic methods have been effectively
utilized in some fatigue analyses. Typically, such a method
accounts for:

L Inaccuracies in defining stresses due to random loadings
® Uncertainties and observed scatter in S-N data
® Randomness of failure in the use of simplified models

A probabilistic method recommended by Wirsching (Reference 4.11)
utilizes a full distributional procedure and the variables discussed
above are assumed to have a l1og-normal distribution.

A detailed analysis and design method, based on the use of a finite
element model, to determine environmental loading, vessel response
and Toad and stress distribution does not need to be a complete
probabilistic method. Daidola and Basar (Reference 4.12) discussing
lack of statistical data on ship strengths and stresses recommend
development of a semiprobabilistic analysis method which does not
require a distribution shape.

Fracture Mechanics Methods

A fracture mechanics method addresses the relationship between
defect geometry, material, and the stress history. The defect
geometry can be accurately modeled with finite elements. Stress
intensity factors characterizing the defect behavior and the fatigue
crack growth laws allow determination of defect growth
characteristics. Thus, a hypothetical or an actual defect is used
as the basis for determining the fatigue life and identifying the
necessary corrective measure.

The initial defect size and location and the stress intensity are
very important parameters in determining crack growth period to
failure. The fracture mechanics approach is a useful tool to assess
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4.2

the sensitivity of fabrication defects in determining the fitness-
for-purpose of the component. This concept, first described by
Wells (Reference 4.13), allows engineering assessment of weld
defects to determine those defects that require repair as weli as
those that are considered fit-for-purpose without a repair.

FATIGUE RULES AND REGULATIONS

The primary objective of the various recommendations, rules,
regulations and codes applicable to marine structures is to ensure
that the design and analysis process results in construction of
marine structures that can resist both extreme loads and cyclic
operating loads and have adequate fatigue lives.

Rules and recommendations issued by classification societies and
certifying agencies may represent the minimum requirements based on
research and development. The hull girder design criteria given by
each of the four leading classification societies (American Bureau
of Shipping, Lloyd’s Register of Shipping, Bureau Veritas and Det
Norske Veritas) is very similar and differs only in some of the
details. While the design basis primarily addresses stillwater and
wave-induced bending moments, some discussion on dynamic stress
increments and fatigue file assessment is often provided. Recent
research and development efforts have produced several recommended
fatigue design guidelines. Rules and recommendations on offshore
structures are very specific on fatigue design. Guidelines are
provided to carry out both simplified and detailed analyses.
Commentary to such guidelines also provide background for the
development of fatigue design methods. '

Fatigue design methods chosen vary depending on several factors,
including the owner’s design philosophy. Most fatigue design
methods are variations of a method based on application of S-N
curves representing the fatigue strength of similar details/joints.
A basic S-N curve applicable for a given detail/joint also requires
adjustments to incorporate the influence of variables. Although
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many design rules implement this approach, the recommended S$-N
curves are often different from each other.

Assessment of defects detected during fabrication, or cracks
discovered while the structure is in service, is best accomplished
using fracture mechanics and crack growth laws. Fitness-for-purpose
considerations will then directly affect repair programs and
inspection schedule. |

The recommendations, rules, regulations and codes that apply to
fatigue design have evolved over the past 20 years, and several have
been revised or reissued in the last five years. These documents
are discussed briefly below as they apply to vessels and other
marine structures.

The American Welding Society (AWS) and American Institute for Steel
Construction (AISC) fatigue design specifications (Reference 4.15)
provide the basis for approximate fatigue design based on S-N
curves. However, unless the method developed accounts for the most
likely loads and other uncertainties, various critical and non-
critical fatigue cracks are likely to occur.

Most documents on fatigue provide substantial flexibility in
carrying out comprehensive fatigue design and analysis, while also
incorporating extensive guidelines. Various DnV documents on
specific types of structures such as Steel Ships (Reference 4.16),
Tension Leg Platforms (Reference 4.17, Part 3, Chapter 6) and Fixed
Steel Platforms (Reference 4.17, Part 3, Chapter 4) provide general
guidelines and refer to a comprehensive document on fatigue analysis
(Reference 1.7). The UEG Recommendations (Reference 1.8) are
similar to U.K. DEn Guidance Notes (Reference 1.6), differences
largely limited to the revisions introduced in the latest (fourth)
edition of Guidance Notes.
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4.2.1

Applicable Methods

Simplified Analysis Methods:

ABS provides a simplified allowable stress method, suitable for
fatigue screening of tankers. As discussed in Section 4.1.2, the
method allows substantial flexibility for engineering judgement.

Both DnV (Reference 1.7) and API (Reference 1.5) provide for
simplified fatigue assessment of fixed offshore platforms. The API
approach requires that the peak hot-spot stresses for the fatigue
design wave do not exceed the allowable peak hot-spot stresses.
This simplified approach is based on detailed fatigue evaluation of
typical Gulf of Mexico jackets in less than 400 feet water depth,
with natural periods Tess than 3 seconds. Variations in structure
geometry, and in the approximations introduced, make the simplified
analysis best suited for screening of similar structures for
sensitivity to fatigue loadings.

The simplified DnV fatigue analysis is useful if the long-term
stress distribution for a given area is not known. This simplified
method provides an empirical relationship to determine the maximum
allowable stress range during a 20-year 1ife as a function of S-N
curve parameters, long-term stress distribution as function of a
Weibull parameter and the complete gamma function. This method is
quite useful as a design parametric tool because it allows
assessment of joint configuratibns for weld type and plate
thicknesses and facilitates selection of details least susceptible
to fatigue failure. However, since it is difficult to define
accurately and/or conservatively the long-term stress distribution
as a function of a Weibull parameter, the computed fatigue lives
should be used cautiously.
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Detailed Analysis Methods

The detailed fatigue analysis sequence for ship structures is
similar to fatigue analyses of other marine structures. While
appreciable forward speed and ship motions complicate determination
of cyclic stress distributions, finite element based spectral
fatigue analyses approaches recommended by classification societies
are similar to those recommendations applicable to offshore
structures.

The recommendations and rules applicable to fixed offshore platforms
are generally quite flexible in the use of applicable analysis
methods. To ensure structural integrity, all cyclic Toads that will
cause appreciable fatigue damage must be considered, including those
due to transportation and all in-service loading for stationary
structures. Several methods of determining the applied loads are
acceptable to DnV (Reference 1.7), API (Reference 1.5) and the DEn
(Reference 1.6). For fixed platforms, both deterministic and
spectral methods can be used to generate the applied loads and
determine the hot-spot stresses. However, a spectral analysis
approach is often recommended to properly account for the wave
energy distribution over the entire frequency range.

Comparative studies carried out on a benchmark API platform,
utilizing four separate approaches (one deterministic and three
spectral), yielded large scatter of fatigue lives due to inherent
differences from one analysis approach to another. Such results
Justify the philosophy conveyed in most recommendations and rules,
including API (Reference 1.5) and DEn Guidance Notes (Reference
1.6), that the fatigue analysis be treated as a systematic
parametric analysis, requiring determination of the sensitivity of
various parameters that affect fatigue 1ives.
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4.2.2

SCFs, S-N Curves and Cumu]ative Damage

Stress Concentration_Factors (SCFs)

It is desirable that the discontinuities that result in high stress
concentrations be evaluated by Taboratory testing or finite element
analysis. But because these methods of obtaining stress
concentration factors (SCFs) are often not practical, empirical
formulations are widely used to determine the SCFs. Most
recommendations and rules provide general guidelines on the use of
SCFs and refer other reference documents. Lloyd’s Register was
responsible for carrying out extensive strain-gaged acrylic model
tests and developing SCF formulas. These empirical formulas are
incorporated into Lloyd’s Register Rules (Reference 4.18).
Assessment of various SCF formulas is discussed further in Section
5.4 and Appendix C.

S-N Curves

For the purposes of defining fatigue strength as a function of
constant amplitude stress and the number of cycles to reach failure,
welded joints are divided into several classes. DnV (Reference 1.7)
provides an S-N curve identified as "T-curve” for all tubular joints
and eight other classes to define other joints, depending upon:

o The geometrical arrangement of the detail
[ The direction of the fluctuating stress relative to the detail
® . The method of fabrication and inspection of the detail

API provides two S-N curves to define the tubular joints. The X-
curve presumes welds that merge with the adjoining base metal
smoothly (i.e., profile control), while the X’-curve is applicable
for welds that do not exhibit a profile control. The API X-curve
was originally based on the 1972 AWS test data and has been upgraded
based on later editions of AWS D1.1 (Reference 4.14).
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‘The DnV X-curve and the DEn Guidance Note Q-curve of 1977 were also
based on the original AWS test data and the recommended S-N curve.
Recent experimental work carried out in Europe has provided
additional data on fatigue strength of tubular joints. Statistical
evaluation of these test results provided the basis for revision of
both the DnV (Reference 4.17) X-curve and the DEn Guidance Notes
(Reference 1.6) Q-curve. As illustrated on Figure 4-5, the slope of
the new T-curve is steeper and typically results in Tower lives,
often necessitating an increase in wall thickness. The DEn Guidance
Notes recommended T-curve is identical to the DnV T-curve up to 10
million cycles for cathodically protected areas.

The basis for the revision of the S-N curves by both DnV and DEn is
primarily due to evaluation and assessment of test data. While the
AWS data are based on some plate and some small-diameter thin-wall
sections, the European data are obtained mostly from larger diameter
tubulars with 5/8 inch and 1-1/4 inch (16 mm and 32 mm) wall
thicknesses. It appears that an inverse log-log slope of 3.0
(versus 4.38 for the API X-curve) was chosen for the T-curve because
of the scatter of data and to ensure consistency with the British
Standards BS 5400. Based on statistical evaluation of test data and
Gurney’s (Reference 4.19) analytical studies on plate thickness, the
T-curve is adjusted due to changes in plate thickness.

Although the DnV (Reference 4.17) document states that all tubular
joints are assumed to be of Class T, an X-curve is also considered
acceptable, provided weld profiling is carried out. The comparison
of the API X-curve and the T-curve (Figure 4-5) shows that the two
curves intersect at about 500,000 cycles and would yie]d similar
lives for a plate thickness of 1-1/4 inch (32 mm). However, for
plate thicknesses greater than 1-1/4 inches the use of a T-curve in
the computation of fatigue lives will result in shorter lives.
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4.2.3

Cumulative Damage

The use of the Palmgren-Miner linear damage rule is considered
appropriate by all of the recommendations, regulations and rules.
A cumulative sum of the number of cycles at each constant stress
divided by the number of cycles to failure should always be less
than 1.0 for the desired service (design) life. While this value is
directly tied to the S-N curve selected, the desirablie ratio (i.e.,
safety factor) of fatigue to service life is not always specified.
The API recommended fatigue life is at least twice the service
l1ife. For critical members that may affect structure redundancy and
integrity, API recommends the use of higher fatigue to design life
ratios.

The DEn Guidance Notes recommend additional safety factors to
account for structural redundancy and the implications of fatigue
failure on the structure. However, no specific safety factor is
recommended.

Fatigue Analysis Based on Fracture Mechanics

The fatigue crack propagation analysis is typically used to assess
crack growth and fitness-for-purpose of defects discovered at the
fabrication yard. Test data on crack growth can also be used to
determine fatigue lives. The DnV CN 30.2 document (Reference 1.7)
provides a crack growth rate data and fracture mechanics-based
procedure for fatigue analysis and design,

Whether the welded joint details have surface or root defécts, the
growth of such defects into fatigue cracks depends on several
factors, including joint connection geometry, cyclic stress range
history, weld profile and defect size. The equations provided to
solve for the number of cycles to reach fatigue failure contain many
parameters and allow evaluation of various joint and defect
geometries. As an example, butt weld toe defects in a connecting
plate whether in air or seawater, can be assessed with and without
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4.3

bending restrictions. Cruciform and tubular joint defects can be
similarly assessed. The DnV CN 30.2 document provides standard
crack growth parameters to facilitate a fatigue analysis based on
fracture mechanics. Lotsberg and Andersson (Reference 4.20) further
discuss fracture mechanics-based fatigue analysis and illustrate the
approach with several examples of crack growth calculation.

CURRENT INDUSTRY PRACTICES

Current industry design practices for marine structures are
significantly more advanced than the design practices of only 20
years ago. The extensive use of ever more powerful computers and
the deve]opment of a wide range of software packages has facilitated
the design and analysis of marine structures. Research work on
long-term ocean environment, model basin studies on structure
motions, structure component member testing for stress distribution,
buckling, yielding and fatigue failure all have been instrumental in
developing better and more effective means of designing marine
structures. Structural reliability research has also provided the
means to incorporate the large number of uncertainties into the
analysis and design effort.

Fatigue analysis and design is perhaps the part of the overall
analysis and design effort that benefits the most from these
developments. Since the hot spot stress is a primary variable
influencing fatigue 1ife, analytical and experimental programs have
been carried out to help develop details/joints with Tower hot spot
stresses. Good design detailing without fabrication quality is not
adequate. Thus, parameters affecting fabrication quality are
incorporated into current design practices and fabrication
specifications. It is feasible to analyze each joint of a discrete
system such as a fixed platform. However, a continuous system, such
as a ship, has thousands of details/joints and lends itself to a
selective analysis. Current industry practice is to select number
of cross-sections along the hull and analyze a dozen or more
details/joints at each cross-section.
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4.3.1

4.3.2

‘Although additional research is needed to expand the available data,

the industry has the ability to incorporate most sophisticated
analysis procedures into fatigue design. The degree of
sophistication needed to design a marine structure that has fatigue
life in excess of its design life depends both on the structure and
its operating environment. Thus, the effort necessary may be
grouped into ordinary and special designs.

Ordinary Designs

A11 marine structures can be designed effectively by ordinary means
if those structures are not going to be subjected to any appreciable
fatigue environment. For example, offshore platforms in relatively
shallow waters may be susceptible to typhoon/hurricane loading but
less susceptible to cyclic loadings that cause fatigue, eliminating
the need for comprehensive fatigue analyses. Such structures can be
designed for other Toading conditions and checked against fatigue by
approximate allowable stress procedures.

The design of ships still is largely based on design rules (such as
ABS, Reference 4.1) developed by combining theoretical knowledge and
design experience. Most ships in-service are designed to meet these
rules and other fatigue design procedures (References 1.2 and 4.3)
to ensure that the component details meet fatigue requirements.
This approach has been quite satisfactory for most ships. Recently
built vessels, especially large tankers built in the last several
years have exhibited substantial fatigue problems. These problems
may be largely attributed to the use of high strength steel,
resuliting in the use of Tower plate thicknesses and yielding higher
stress levels. As a result, detailed fatigue analysis and design
procedures are implemented on more and more vessels,

Specialized Designs

Those vessels with specialized functions and/or configurations, or
which are 1ikely to be moored in a specific area for an extended
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4.4

period, are also designed to meet the rules and other fatigue design
procedures. However, such vessels also require spectral fatigue
analysis to define the Toadings, response and stress distributions.
Often, model basin tests are also carried out to validate the
applied loadings and motions.

Stationary marine structures are 