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CATHODIC PROTECTION
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CRUCIFORM JOINT
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(DAF)

HEAT AFFECTED ZONE (HAZ)

COMMON TERMS
USED
IN FATIGUE AND IN THIS REPORT

: 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 load 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.
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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 (X_.)

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 1loadings 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 larger 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 loads. 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 fatigue 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 life 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

1-1




1.2

imperfections, fabrication 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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1.3

general assessment of fatigue while the latter five sections provide
in-depth discussion. The objectives of the document are:

SCOPE

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.)

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

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

Recommend a guideline on fatigue avoidance strategy based on
numerous variables contributing to the uncertainty of fatigue
1ife, on recent research results and on current practices.

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.

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

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

Review and assess all parameters within the stress model
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 large number of cyclic stresses undergoes
three phases of stable crack growth:

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

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

® 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
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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:

>

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

FATIGUE ANALY

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 Environmen

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 1ife more than 500 million waves are 1ikely to be
applied on the vessel/structure. The fatigue environment is often
defined based on a series of 15 o 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 samples 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.

Fatique Stress Model

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

° Generation of loads
[ ] 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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® 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.

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

° 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 variations 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 long-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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2.2.2

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 loads, 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 lives 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:

Deterministic - Single Wave

Spectral - Regular Waves in Time-Domain
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 1ife and damage to the environment.

Non-catastrophic fatigue failures are also unacceptable due to
difficulty 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 inspections 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.
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2.4

FATIGUE FAILURE 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 compatiblz, 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 life 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
® 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 load paths are provided to accommodate a fatigue
failure. Such redundancies prevent catastrophic failures, and also
provide ample time for repair of local 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 load 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 limits on fabrication flaws.
Since the material with higher toughness can tolerate larger 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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3.1.2

not three but five Charpy specimens from the low-toughness HAZ
region to more accurately predict brittle fracture.

On the other hand, crack-toughness levels 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 ve 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)

® 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 localized 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 life locally both by removing small defects left 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 justify 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 1life.
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 life. 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 loading (i.e., wind, wave and current
characteristics).

Environmental loads 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 life that is
twice as long as the structure’s design life 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 local 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

3-8




frequencies of interest, vrequiring 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).
e Structure size and irregularity of shape.
o 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 Technigues

Analysis techniques, or the approaches used to generate and apply
environmental loads, fall into 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:

e 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 level
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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Reqular 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. However, for tethered structures
such as a TLP, and for structures in areas where large waves
contribute substantially to cumulative fatigue damage, the
effects of lTinearization 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 singlie- or a dual-hulled structure is a continuous system with
large stiffened members/components. Applied loads 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 local stress distributions rapidly change as
a function of several parameters, a finite element analysis is the
generally recommended approach to determine the 7local stress
distributions.




The finite element models of increasing mesh refinement are often
used to obtain accurate stress range data locally in fatigue
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 compatibie with the
applicable load range.

Stress Response Amplitude Operators (RAOs)

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 load
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 =0,/ 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 locations 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.

Fatique Damage Computation Parameters

Many parameters affect the fatigue 1ife computation. Some, such as
stress sequence, maintenance and repairs, lapses in 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, S to allow the use of constant-amplitude S-N
curves.

ri’
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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 1laboratory
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 S-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 lower 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 fatigue 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:

n
D= f -1 <«.0
i=1 Ni

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 linear 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 life) may be important to correct
assessment of fatigue damage. This subject is discussed further in
Section 7.

Fatique Life Evaluation

Fatigue damage and fatigue life 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 calculated 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

Background

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 fatigue 1ife
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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The different methods and their application sequences are discussed
in the following sections..

4.1.2 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 likely 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 joint 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 life test data.

) Structur

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:

1. Computation of wave-induced loads

2. Determination of applied stress levels

3. Determination of allowable stress levels

4. Adjustment of allowable stress levels

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

The wave-induced Toads 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 loading on a tanker due to wave-induced motions. The
loading types and their relevancy are:
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L Vertical bending moment - needed to determine stresses
along the longitudinal axis

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

® 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 life of a ship detail:

° Mean fatigue resistance of local fatigue details (S-N
curve)

® Application of a "reliability" factor to account for S-N
data scatter and slope

o 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 1is 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
loadings. 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 S t

Offshore structures such as a semisubmersible drilling vessel is a
continuous system, typically having orthogonally stiffered 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 is 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 -: 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).

ted Anal nd Des M

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 impiemented 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 lives computed than on the absolute lives
obtained. As a result, fatigue analysis is considered to be a
systematic process to identify details/joints susceptibie to
failure, and to modify those susceptible areas to yield fatigue
1ives 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




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

o The ship structure configuration has unique characteristics.
) 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.

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

The detailed fatigue analysis §equence 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 long term
fatigue stress distribution for each case, accounting for each
seastate and the applicable duration for that seastate.

Although very different from simpiified fatigue analyses described
in Section 4.1.2, when the spectral fatigue analysis approach is
modified to represent the long 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, local
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 linear 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 local 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

4-9




dynamic loads on vessel bottom may be appreciable. In
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 floating 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 loads,
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 analysis 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 1oads 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
Tives 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-Paimgren cumulative damage formulation. An alternative to
this approach is based on weighting and summing the probability
density functions to obtain a long-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 Statjonary 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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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:

° 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 log-normal distribution.

A detailed analysis and design method, based on the use of a finite
element model, to determine environmental loading, vessel response
and load 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 1ife 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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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 well 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
Targely limited to the revisions introduced in the latest (fourth)
edition of Guidance Notes.
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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 APl (Reference 1.5) provide for
simplified fatigue assessment of fixed offshore platforms. The APl
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 less 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 life 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 ﬂg;hggg

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 loads 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 1ives 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 lives.
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- L] iv
Stres ncentration Factors (SCFs

It is desirable that the discontinuities that result in high stress
concentrations be evaluated by laboratory 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 piovide 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:

° 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 lower 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 cisure 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 yield 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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Cumylative Damage

The use of the Paimgren-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) 1ife. While this value is
directly tied to the S-N curve selected, the desirable 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
life. For critical members that may affect structure redundancy and
integrity, APl 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.

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 defects, 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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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 development 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 instrumer*al in
developing better and more effective means of designing i.rir.
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 lower 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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4.3.2

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

A1l 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 1oading 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,
resulting in the use of lower 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 likely to be moored in a specific area for an extended
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period, are also designed to meet the rules and other fatigue design
procedures. However, such vessels also require spectral fatigue
analysis to define the loadings, response and stress distributions.
Often, model basin tests are also carried out to validate the
applied loadings and motions.

Stationary marine structures are generally unique and have
specialized functions. Since the design criteria and functional
requirements dictate the general configuration of such structures,
each structure must be analyzed thoroughly to generate the loads, to
determine the response to these loads, and to determine its
susceptibility to fatigue. Most specialized structures require
spectral fatigue analysis.

SENSITIVITY OF FATIGUE PARAMETERS

Fatigue design and analysis parameters discussed in Sections 3.1 and
3.2 illustrate the general interaction of these parameters. The
specific 1interactions and the actual sensitivities of these
parameters depend largely on the structure’s global configuration,
joint configuration and details, material characteristics,
fabrication quality and the design requirements other than fatigue.
Therefore, fatigue analysis and design efforts often incorporate
flexibility to carry out parallel studies to assess the sensitivity
of major parameters that affect fatigue life.

Although the parameters illustrated on Figure 3-1 are all important,
some of the more important parameters for fatigue 1ife improvement
are:

[ Enhance fabrication quality and minimize defects

® Minimize applied loads and motions to minimize nominal cvclic
stress ranges

L) Optimize the design for uniform load distributions
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4.5.1

o Optimize the design details to minimize SCFs

Another parameter that is not important to the actual fatigue life
but very important to the computed fatigue life is the analysis
method and the assumptions used in the analysis. Although there is
no substitute for experience, comparative studies carried out by
others should be utilized and the analysis method selected and the
assumptions made should be applicable to the marine structure being
designed.

FATIGU IGN AND ANALYSIS CRITERIA

Fatigue design and analysis criteria are generally covered in one
chapter of the structural design basis document. Fatigue criteria
may also be jointly prepared by the engineer and the owner as a
separate design brief to document the fatigue design and analysis
basis.

Basis for the Preparation of Criteria
The design and analysis criteria serve the purpose of clearly
defining the work to be undertaken. Three primary variables that

affect the fatigue design and analysis criteria are:

® The owner’s requirements for work scope and schedule

) The engineer’s assessment of the marine structure’s

sensitivity to fatigue and the required level of analysis

° The role of classification societies

The owner, engineer and classification society all agree that the
design and analysis should lead to quality fabrication and ensure
the structural and operational integrity of the marine structure
throughout its design life. To accompliish these goais, a design
should provide a balance between efficiency and redundancy and also

4-26




incorporates inspection strategy (References 4.21, 4.22 and 4.23).
As a result, the design effort must incorporate consideration of
global response, alternate load paths, local stress distributions,
structural detailing, material selection, fabrication procedures,
etc., to ensure that the structure’s fatigue sensitivity is
minimized. However, the extent of the fatigue analysis is a
function of cost as well as technical considerations. A marine
structure costing $1 million and another costing $50 millfon will
not be analyzed to the same extent. In lieu of extensive analysis,
approximate analysis combined with greater safety factors is
appropriate for less costly structures.

A fatigue criteria document may be very general, stating the design
and analysis objectives and the classification and/or certification
requirements. It can also 1ist every method to be implemented and
every assumption to be made in the execution of fatigue analysis.
Most often the document will specify the scope of work, define
overall methodology, and provide the data necessary for fatigue
analysis.

A typical fatigue design and analysis criteria table of contents
contains the following elements:

1. INTRODUCTION
1.1 Objectives
1.2 Scope
1.3 Third Party Inputs

2. MODELLING

1 Loads Model

2 Mass Model

3 Stiffness Model
E

CEAN ENVIRONMENT
1 Applicable Sea States

2 Recommended Wave Theories

3 MWave Directionality and Distribution

4 Wave Scatter Diagrams and Recorded Data
5 Wave Spectra
E
1
2

RELIMINARY ANALYSIS

Applicable Method
Accuracy of Results

2
2
2
0
3
3
3
3
3
P
4
4

4-27




4.5.2

Structure Motions and Loading

5. DETAILED ANALYSIS
5 Calibration of Loading

.1
.z
.3 Nominal Stresses

.4 Applicable SCF Formulations

.5 S-N Curve and Fatigue Damage Calculation
T
01

ATIGUE SENSITIVITY STUDIES

Study Parameters

6.2 Areas Selected and Extent of Study
7. REFERENCES

8. APPENDIXES

5
5
5
5
F.
6

A cable Softwa

The analysis method chosen has to be compatible with the computer
softwares available. Since a wide range of computer software is
available, the analyses method and the software should be chosen
based on structure configuration, applicable environmental loads,
structural response to applied loading, stress distribution patterns
and susceptibility to fatigue failure.

The software packages necessary to carry out the analysis and design
functions should facilitate determination of:

Ocean environment loads

Structure motions

Structural analyses and stress distributions
Stress history and fatigue damage evaluation

While there are special-purpose software programs such as SEALOAD
(Reference 4.24) to generate wave loads and SHIPMOTION (Reference
4.25) to determine motions, these and other software programs are
often a component of larger generalized systems. A large system
will facilitate execution of all functions from wave load generation
to fatigue damage assessment within the system, eliminating the need
for external data transfers.
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There are numerous finite element programs well-suited for detailed
analyses and design of continuous structures such as ships,
semisubmersibles and TLPs. The best known of these programs in
public-domain are ANSYS, NASTRAN, SAPIV, DAISY and SESAM. Mansour
and Thayamballi (Reference 4.26) provide a survey of computer
software and they discuss programs specifically developed for the
marine industry.

Fatique Versus Other Design _and Scheduling Requirements

Fatigue analysis and design is only one of many aspects of the
overall analysis and design effort. Because the final as-designed
structure must meet many varied pre-service and in-service
requirements, the fatigue design effort reflects the necessary
interactions among various activities. The design criteria
typically include specific assumptions and procedures to coordinate
such activities. As an example, some of these interactions for a
fixed offshore platform design project are as follows:

° A computer model used to generate extreme environment loads is

also used for fatigue analysis, with changes in hydrodynamics
coefficients and foundation matrix as necessary.

° A computer analysis model used for stiffness analysis should

not account for the effect of thickened brace stubs, but the
stress ranges used for fatigue analysis should account for the
increased thickness.

The overall design schedule often dictates that fatigue design and
analysis be carried out immediately after the structure’s general
configuration is finalized. But the fatigue design must incorporate
flexibility, to allow for significant configuration revisions during
the detailed design, which will affect both the applied loads and
the stress ranges. The desired flexibility is often obtained by
carrying out parametric studies to identify the effects of changes,
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and by providing sufficient margin when determining the desirable
fatigue lives.
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LOCATIONS OF FATIGUE CRACKS

Figure 4-1 Typical Fatigue Sensitive Ship Structure Details

Design Procedure

1. Ship Loading Choose a loading shape parameter k,
Distribution of the Weibull distribution.
2. Ship Detail Identify the number designation of
Catalog the critical details. (Figs. A.1l

through A.12 of Appendix A

3. Design (S-N) Find: 1) S-N curve slope, m, of detail
Table 8.1 2) Mean fatigue stress range,
for detail.

(See Table B.1 and Fig. B.1 of Appendix B)

‘. Design () Find random load factor. £, based on
Table 7.5 (Eq. 7.31)  k-value and m-value. (3ex Tadle 7.5)

S. Design (Rg) Find reliability factor, Re, based on

iable 7.3 (€a. 7.17 m-value and Qy-value for desired level
of reliability. (See Table 7.7)

1

6. Design Equation Compute allowable stress range (S;),
{Sq) = S,.€.R for probability of exceedance
Y F of 10-8,

Figure 4-2 Munse's Ship Details Design Procedure
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Figure 4-3 A Typical Deterministic Fatigue Analysis Flow Chart
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Figure 4-4 A Typical Spectral Fatigue Analysis Flow Chart

DEFINITION SEA STATE GENERAL CONFIG.
Wave Height, Period OF STRUCTURE DESIGN CRITERIA
N B
| |
| MOTIONS MODEL |
| ® W/ or W/O Ditfroction Anciysis |
| ® Lood Generection l
! |
| |
! STRUCTURES MODEL : Fm————————
l ® Response to Loods | TESTING
i ® Member/Joint Stresses I L STRAIN GAUGE ]
l 1 —— -
| A, . |
!
EMPIRICAL , ANALYTICAL |
FORMULATIONS STRESS RAO's F.EA. |
] |
_______________ -
HOT SPOT
STRESSES
| i
DEFINE DEFINE DEFINE
WAVE SPECTRUM SCATTER DIAGRAM DIRECTIONAL PROB.




3Teyd motd sysiteuy enbyjesl tevajoeds teotdil v -9 eanbia

SISATYNY 3NOUV4
TVHLI3JSS NNORIId

|

SYOLIVY NOWVHLNIINOD SS3ulS
ONY 3ANN) N-S 3IN30

!

S31LNEveodd TYNOWIMID
ONY MNALI3dS
3AVA ‘NVHOVIO ¥3LIYIS
‘VAYQ IVININNOYANI IN430

!

SISATYNY 3N91LY4 Y04
SY3ENEN WYOURD 19713S ONY
(S.Ov¥) SHOLYY¥3JO 3anLNndnY

ISNOJS3Y SSIULS ALVHINID

1HOI3H 3AYM
‘L4 | ¥Od
SNOIWLYYIN3D
gvo1 AYM ONY
SISATYNY NOUON

SONIQYO1 TV ¥O4
SISATVNY

SSINJS

!

SONIOVOT 3AVM
ONY
SNOUVHII3DIVY 13ISSI

*

JAYA + VILYIM
‘SONIQVOT
JINYRAQ

T300n
OINVNAGOUOAH

XiMrvyn SSvnt
A008 0PN

34300 JINYNAGONUOAH
ANIAN3d30 ADNINOIMS

73001y SSYN

|

T3001 ¥31NdN0D




1000 v
P e— -
~]
\
N
HHFR 4 4

ﬁ I~ T
— X N {
~ —
& 100
[
—
z
— - —
[ ] | ~alb -
) - — ] X

. . ) _ L i
& | I
o —_
@ 7] )
w
w
@«
£
w 10 7]
]
N 10° 10° 1’ 10
Endurance (cycles)
Detalls of basic §-N curves
K, Sundurd Ky Se
Clams K, @™  devianos .
logiy  log, logi0  loge N/an*

B 2.343x10" 15.3697 35.3900 4.0 0.1821 0.4194 1.01x10'° 100

C 1.082x10'* 14.0342 32.3153 3.5 0.2061 0.4700 ¢.23x10 78

D 3.988:10%° 12.6007 29.0144 3.0 0.2095 0.4824 1.52210'* <3

E 3.289210°3 12,5169 28.8216 3.0 0.2509 0.5777 1.04x10% 47

F 1.289x10' 12.2370 28.1770 3.0 0.2183 0.5027 0.63x10¢ %0

F21.231210' 12.0900 27.8387 3.0 0.2279 0.5248 0.432103 35

G 0.566x10° 11.7525 27.0614 3.0 0.1793 0.4129 025210 29

W 0.368x10'2 11,5662 26.6324 3.0 0.1846 0.4251 0.16210" 25

T 4STIx10' 12.6606 29.1520 3.0 0.2484 0.5T20 1.462104 530

¢ ldeatized bot spot stress

Fammercmmhaﬂdbﬁ.n:

Iog1etN) = 12.6606 - 0.24844 - Jiog,e(Sg)

Figure 4-5 The DnV X- and the New T-Curves
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N'2-10'(_.\a_)-m
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where N is the permissibie number of cycies for applied cyclic stress range o, with Aorel and m 88 listed below.

CURVE

daret
STRESS RANGE AT
2 MILLION CYCLES
14.5 ksi (100 MP3)
11.4 ksi (79 MPa)

Figure 4-6 API

m
INVERSE ENDURANCE LIMIT AT
LOG-LOG SLOPE 200 MILLION CYCLES
438 $.07 ksi (35 MPg)
.74 3.33 ksi (23 MPa)

X- and X'—-Curves and DnvV T-Curve
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5.1

5.1.1

FATIGUE STKESS MODELS

REVIEW OF APPLICABLE MODELING STRATEGIES

The structure configuration essentially dictates the modeling
strategies and the analysis methodologies. Various strip methods
are used to determine the wave loadings on long, slender bodies such
as ships. The strip theory can account for the effect of diffracted
and radiated waves. The hydrodynamic loadings on ships, as well as
semisubmersibles, can be obtained from three-dimensional diffraction
analysis.

Discrete systems, such as bottom-supported fixed platforms, are
substantially different from continuous systems, such as ships and
semisubmersibles, in the characteristics of the applied loadings,
their response to these 1loads, and the resulting stress
distribution. Although the components of the strength model are
similar for both systems, the specifics and the related
uncertainties are different. Thus, fatigue stress models for
bottom-supported and floating marine structures are discussed
separately in Sections 5.2 and 5.3, respectively.

Modeling Strategies

Analytical models are developed to determine excitational loads,
motions/response, and deformations/stresses. The level of desirable
model complexity depends on many variables, including:

[ The desired level of accuracy of results.
° The accuracy of variables/assumptions input into the analysis.
) The effect of modeling complexity on modeling errors and on

the interpretation of results.
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5.1.2

® The effect of modeling complexity on analysis schedule and
cost.

The current state-of-knowledge provides us with the tools necessary
to develop and analyze models. The desirable level of modeling
sophistication, different for each structure, is thus determined
based on tradeoffs among some of the variables given above.

The goal of a modeling strategy should always be to achieve
realistically accurate results consistently and without excessive
complexity. The analysis assumptions and the modeling strategy is
very important in minimizing modeling accuracy/error. Most
engineers rely on previous work and engineering judgement to reduce
the level of modeling errors, typically defined as the ratio of
actual-to-predicted results. Such a subjective approach can be
supplemented by statistical methods to define the modeling
uncertainty. The mean value of the modeling error, xme’ is defined
as the "bias." While the modeling uncertainty is referred to as the
random component of the modeling error. The modeling uncertainty,
given by its coefficient of variation, (C.0.V. )X is meaningful
only if sufficient data is available.

Comparison of Structures

A discrete system composed of numerous members and joints (such as
an offshore platform) is modeled as a 3-D space frame. Individual
members of the system are modeled as stick elements, with correct
dimensions (diameter, net Tength) and hydrodynamic coefficients.
The two basic premises affecting the accuracy of wave loadings are:

° The hydrodynamic forces are typically computed based on water
particle kinematics along each member centerline. When the
wave length-to-cylinder diameter ratio is less than about 10,
the wave force computed based on a stick model centerline is
too conservative.
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° The water particie kinematics are assumed to be unaffected by
the presence of such members. When the cylinders are spaced
so that they are at least 3 or 4 diameters apart, the wave
inertia forces on one cylinder are relatively unaffected by
the presence of the other cylinders as the radiation effects
are small.

Since platform member diameters are typically less than 3 feet
(2.0m) for braces and less than 6 feet (2.0 m) for legs, the two
basic premises are valid. Even if a 10 foot (3.0 m) diameter leg is
utilized, for a wave period of 6 seconds the wave length-to-leg
diameter ratio is in excess of 18. Thus, diffraction effects are
small.

However, a 45 foot (14 m) diameter column of a tension leg platform
will have a wave length-to-column diameter ratio of only about 4 for
a wave period of 6 seconds. The columns are likely to be only 3 to
4 diameters apart. The column spacing is even less for a
semisubmersible having three columns on each pontoon. Thus, the two
premises are not applicable for structures made up of large
members. The water particle kinematics at member centerlines are no
longer valid for small wave periods and the presence of such members
in the proximity of others affects the water particle kinematics.

Although the stick model of a platform can be modeled from one joint
node to another, the applied loads could be in error by 2% to 3%
because the loadings on member ends within the chord are computed
more than once due to member overlaps. Most software packages
include an option to define the member ends within the chord,
preventing multiple computation of the applied loads, buoyancy and
weight at each joint.

Accurate definition of a ship’s deck strength is important to define
the box-girder-like response of the entire hull. If a strip method
is not used, the plate elements of the model used in a diffraction
analysis (for loads) and the finite element analysis (for stresses)

5-3
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5.2

shall have sufficiently fine mesh and member properties to ensure
accuracy of the results. On other floating structures, such as the
TLP and a semisubmersible, the diaphragm action of the deck plating
ce . be represented either by shear plates or by equivalent beams.

FLOATING MARINE STRUCTURES

Both mobile and stationary marine structures are discussed in this
section. The overall discussion is applicable to configurations
ranging from ships and barges to semisubmersibles and tension leg
platforms (TLPs).

The floating marine structure configuration and the mode of
operation (mobile versus stationary) are the primary variables
affecting the development of an appropriate "loads" or
"hydrodynamics" model. The problems encountered and the technique
applied to determine the wave loads are different for ships and
other stationary marine structures for several reasons:

L While ships are treated as slender bodies, most offshore

structures other than FPSOs, FOSs and drillships can not be
treated as slender bodies.

® The three-dimensional flow calculation technique can be

applied to typical stationary structures but cannot be applied
to ships that have a constant forward speed.

() Steady-state response of a stationary structure to
excitational wave loads allows determination of relative water
particle velocities and accelerations and assessment of
structure compliancy (net loading). These excitational loads
have less influence on ships in-motion (i.e., near-complete
compliancy).

) Stationary floating marine structures are moored/tethered and

are subjected to Tow-frequency drift forces, which, due to the
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5.2.1

*radiation pressure” of waves, significantly affect the
mooring/tethering system design.

Ship Structures

Determination of Loads

Seakeeping and wave loads on ship structures are determined largely
based on two-dimensional solutions of flow problems for plane
sections. Combinations of various plane section solutions provide
an approximate loading for the entire hull. Approaches based on
utilizing the plane sections of slender hulls are identified as
"strip methods." Typically, a strip method utilizes a linear
relationship between wave amplitude and response in a frequency-
domain solution. However, non-linear responses in a time domain can
be also solved.

A two-dimensional flow problem ic often analyzed for a range of
variables. Typically, solutions are obtained for one wave direction
and a number of frequencies. Then other wave directions, defining
an angle of encounter between the wave and the ship, are chosen and
solutions obtained. The study results are interpolated to determine
the ship response amplitudes. Although eight wave directions should
be considered for stress analysis (head and following seas, beam
seas, bow quartering and stern quartering), several directions can
be disregarded (global effects of port and starboard quartering seas
are similar) for motions analysis.

Typically, strip methods disregard the longitudinal forces due to
surge motions of the ship. Longitudinal forces are small and the
use of Froude-Krilof forces and hydrostatic head appears to be
satisfactory to determine the hull Tongitudinal stresses. However,
work carried out by Fukusawa et al (Reference 5.1) indicates that
the deck longitudinal stresses of a fully loaded tanker may be
increased appreciably due to longitudinal wave forces.
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The ship motion and wave action result in truly complicated
interaction of variables affecting the 1loading on the hull
structure. The loads due to incident, diffracted and radiated waves
and due to ship forward motions may be approximated for various
sections of the hull by the use of strip theory. Loads due to
diffraction and radiation can be also directly obtained from a
three-dimensional flow solution. Work carried out by Liapis and
Beck (Reference 5.2) provides a very good comparison of various 3-D
flow solutions, strip theory solution and experimental results. The
added mass and damping coefficients plotted against frequency on
Figure 5-1 indicate that the coefficients obtained by Liapis and
Beck are quite close to those obtained based on both strip theory
and experimental work. Actually, over the range of applicable
frequencies, the three sets of coefficients based on 3-D solutions
show larger scatter.

Considering the difficulties of applying 3-D solutions and the
proven reliability of good strip methods, a strip method is likely
to remain the preferred approach to determine the applied loads in
most ships. Ships with special characteristics, including
supertankers, navy vessels, drillships, etc., are the 1likely
candidates for application of 3-D flow solutions. It should be
emphasized that whichever solution method is chosen, substantially
greater inaccuracies are introduced into the hull loading due to:

o Uncertainties on wave height and period (wave statistics)

o Uncertainties regarding ship routing and the correlation with
wave environment

° The variable nature of ship cargo and ballasting
® Inaccuracies in hull response to applied loads

The preceding discussion covers wave loading on ships susceptible to
cumulative fatigue damage. A Tlinear theory is applicable to
determine the applied loading for fatigue analyses and design. In
an extremely harsh environment, wave nonlinearities have substantial
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influence on the applied loading. However, a linear theory can
still be used in a harsh environment to produce approximate loadings
as harsh environment generally contributes very Tittle to the
cumulative fatigue damage.

If an appreciable portion of fatigue damage is due to harsh
environment loading, some of the important variables not accounted
for in linear theory should be evaluated:

Wave steepness

Wave slamming

Viscous effects

Hydrostatic effects (due to flaring ship sections)
Hydrodynamic effects (due to flaring ship sections)

These primary and other secondary nonlinearity effects on ship
loading can be accounted for by perturbation and simulation
methods. Second-order perturbation methods are relatively simple
and they are used to solve the wave action/ship motion problem in
the frequency domain. A detailed discussion of second order
perturbation methods is presented in References 5.3 and 5.4.

Another approach to determine the non-linear effects is the
integration over time of the applied forces on the structure. A
detailed discussion of such simulation methods, including principles
of effective computer simulations, is presented by Hooft (Reference
5.5).

Motions Model and Analysis Techniques

Since the linear ship motion theory is considered appropriate for
large majority of spectral fatigue analyses, the modeling and
analysis technique is further discussed.

Typically, a standard ship or a tanker has two distinct drafts, one
for laden and another for ballast condition. The pre-analyses
effort usually covers the following:
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® Preparation of a table of offsets for the vessel, defining the
geometry with stations (20 or more) along the longitudinal
axis and points (15 or more) at each station (i.e. describing
the transverse section).

® Preparation of weight distribution to define structure (steel)
and variables (ballast, cargo, fuel, etc.).

° Utilization of table of offsets and weight distribution to
compute bending moments and shear forces at each station.

The shear force and bending moment diagrams developed along the
length of the vessel facilitate equilibrium checks.

The vessel motion analysis requires definition of vessel
hydrodynamic properties. For a linear strip theory based ship
motion computer program, the hydrodynamic properties defining vessel
added mass and damping coefficients may be input based on available
data on similar vessels. Conformal mapping approach is also used to
define the added mass and damping coefficients. However, if the
vessel configuration is unique, a 2D or 3D diffraction analysis is
recommended to define the hydrodynamic properties.

The linear strip theory based ship motion program, utilizing the
hydrodynamic coefficients, is used to generate equilibrium solutions
for vessel motions in six degrees of freedom. Then, the transfer
functions can be defined for vertical and lateral bending, torsional
moments, vessel accelerations and hydrodynamic pressures at each
station along the vessel longitudinal axis.

Finite Element Stiffness Model

The 1load transfer function, both in-phase and out-of-phase
components, are used in the stress analyses to obtain corresponding
stress range transfer functions. The computer model and the
structural analysis used is very important to define local stress
ranges. Fatigue is a local phenomena and it is important to define
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the amplitude of stress cycle accurately at all 1localized
jJoints/details susceptible to fatigue failure.

A static finite element model is often used to accurately define the
local stress distribution due to each load transfer function. The
beam theory can be used to determine the nominal stresses due to
hull girder bending moments at a cross-section. It is also
necessary to determine local stresses due to external dynamic loads
and internal transverse bulkhead inertial loads. Thus, to address
complexity of structural details and presence of stress gradients,
a finite element model is recommended.

A finite element model is usually developed for one-half of the
vessel by taking advantage of vessel symmetry. While a single model
with both coarse and fine mesh can be developed, a more typical
approach is to develop several models. An overall coarse mesh model
is first used to define the general stress distribution. A model
with refined mesh to represent the areas of interest is then
developed to define the local stress distribution.

The finite element models will require the use of various element
types. Typically, the vessel shell and bulkhead plates are modelled
with either triangular or quadrilateral plate elements. Depending
on the nature of the applied load, these elements are:

] Membrane Plate Elements - for in-plane stiffness
° Bending Plate Elements - for in-plane and out-of-plane
stiffness

Most stiffeners are modelled with either a bar or a beam element.
While the bar element is used for only axial stiffness, the beam
element is used to provide axial and bending stiffness.

The finite element model developed (i.e. mesh size, choice of
elements) should represent the actual structure behavior
accurately. In addition to selecting the elements appropriate for
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5.2.2

their function, selecting appropriate element aspect ratios (less
than 1:2) will contribute both to better accuracy and a better
model.

Stationary Marine Structures

Determination of Loads

Stationary marine structures have various configurations and exhibit
a wide range of compliancy. A substantial effort is desirable to
minimize the fatigue loadings on stationary structures. For a
moored tanker FPSO the smallest functional size exhibiting a minimum
silhouette is desirable. For structures composed of columns and
pontoons, the column spacing, column water plane area, displacement
of pontoons affecting overall center of buoyancy and the total
displacement are some of the interacting parameters that affect not
only the magnitude and character of the applied loading but also the
response of the structure to applied loading (see Reference 5.6 for
structure configuration optimization).

While the hydrodynamic forces on a slender stationary body can be
determined based on strip method or diffraction theory, a structure
made up of columns and pontoons can be determined either by
Morison’s equation or by diffraction theory. As discussed in
Section 5.1, 1large diameters disturb the flow, Tleading to
diffraction which is highly frequency dependent. There are two
benefits of using diffraction theory:

° Diffraction usually causes a reduction in the wave loads.

] Viscosity can be ignored and thus, treating the flow as
irrotational, potential flow theory may be used.

The hydrodynamic 1oads acting on a structure are typically generated
using a combination of three-dimensional diffraction theory, i.e.,
a source-sink distributed potential theory (Reference 5.7) and a
conventional Morison’s equation. Although a two-dimensional
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analysis program can be wused, a three-dimensional program
facilitates overall analysis effectiveness.

To analyze, the structure surface is divided into panels, much like
a finite element model and the potential flow problem is solved over
each panel and yields diffraction and radiation pressures on these
panels. While the diffraction pressures are transformed into member
wave loads, the radiation pressures are transformed into added mass
coefficients. Hydrodynamic drag forces on these members and both
the drag and potential forces on smaller members (simulated by stick
elements) are generated using Morison’s equation. Diffraction
effects are strongly dependent on frequency, so a range of
frequencies must be addressed.

Mass Model

Typically the deck structural members are modeled by using
equivalent members to represent the deck structure mass and
stiffness. A1l other members subjected to hydrodynamic ioading are
modeled, with appropriate mass distribution. The accuracy of
structure mass and its distribution directly affect the accuracy of
structure motions.

Motions Model and Analysis Techniques

The mass model discussed above allows determination of a structure’s
inertial response to the applied excitational environmental loads by
obtaining solutions to the six-degree-of-freedom equilibrium
equations. Considering the rigid-body motions, the dynamic force
equilibrium on a structure can be expressed using the following
system of six simultaneous equations:

[ IM1+IM. ] 3 (X)L [CRI+IC,T T (X)+[Ky] (X} = (Fp)+(F)+(Fpe} 5-1

This equation differs from that in Section 5.3.3 in that (1) primary
damping 1is due to wave radiation and viscous effects, (2)
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hydrostatic stiffness is introduced and (3) the make-up of applied
forces differs.

The terms given represent:

[M] = 6x6 structure mass matrix

[Ma] = 6x6 added mass matrix

[Ck] = 6x6 wave radiation damping matrix
[c,] = 6x6 linearized viscous damping matrix
K, = 6x6 hydrostatic stiffness matrix

(Fp) = 6x1 linearized wave drag force vector
(F) = 6x1 wave inertia force vector

(Fpe) 6x1 diffracted wave inertia force vector
{x}, (X}, (X} = 6x1 structure displacement, velocity and

acceleration

If a structure such as a TLP is tethered to the seafloor, the
stiffness matrix is modified from:

[Kal {x} to [[K4] + [Kyl 1 {x}
where, the [K;] represents 6x6 tether stiffness matrix.

As discussed in previous sections, the structure configurations and
the motion characteristics (i.e., steady state harmonic motion)
facilitate the 6 x 6 motions equations solution over the frequency
domain.

It is recommended that the significant wave height in the wave
scatter diagram that is likely to contribute most to the fatigue
damage be chosen to linearize the drag forces for all wave
frequencies.

The basic approach discussed here has been utilized frequently in
recent years, and is discussed herein as it was implemented on the
design and analysis of a TLP by Sircar et al (Reference 5.8). The
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approach, also called "consistent method" differs from the
conventional analyses method only in the generation of hydrodynamic
loads. The hydrodynamic loads for a conventional analysis are
typically generated based on a method by Hooft (Reference 5.5) with
a modified form of Morison’s equation. Although the conventional
method also yields reliable results in most cases, it should be
noted that the hydrodynamic interaction among component members of
the structure is neglected. Figure 5-2 shows that the applied heave
and pitch loadings based on both consistent and conventional methods
are very similar for wave periods (4 to 8 sec.) that contribute
largely to fatigue damage. For larger wave periods (9 to 15 sec.)
representing less frequent larger waves, the consistent method
provides more reliable results.

Stiffness Model

Typically the hydrodynamic model, mass model and stiffness model are
all developed from the same structural model. The stiffness model
incorporates correct member cross-sectional areas and stiffness
properties, joint releases and boundary conditions to allow correct
distribution of structural member loadings and stresses.

The stiffness analysis is performed for each wave period and
direction to obtain in-phase and out-of-phase member stresses. It
is necessary that nominal stresses computed are realistic. Thus, if
stick members are used to represent Targe members with internal
chords and bulkheads, additional finite element study of such areas
may be necessary. By using the loads from stick model analyses as
the applied loads on a detailed finite element model of a joint,
accurate stress distribution can be obtained to define the nominal
stresses in each sub-component of such complex joints.

5.2.3 Overview and Recommendations

ATthough allowable stress methods may be used to size the component
members of marine structures and to develop better details, a
detailed fatigue analysis is recommended for each structure. Each
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structure is unique and an allowable stress method based on typical
structures and a typical environment will only provide information
on relative susceptibility of various joints/details to fatigue
failure. In addition, newer vessels are often constructed from high
strength steel, allowing the use of thinner plates. Ship structure
scantling sizes are based on strength requirements and any reduction
in scantling sizes without due consideration for fatigue phenomena
is likely to make the allowable stress method unconservative.
Therefore, allowable stress methods can be used as a "screening
process" and a detailed fatigue analysis is recommended to ensure
integrity of the design.

Ship Structures

The use of a linear ship motion theory is appropriate for fatigue
analysis of most vessels. For most vessels structural dynamic
amplifications, wave nonlinearities, and effects such as springing
due to high forward speeds have negligible effect on overall fatigue
Tives. However, some vessels operating in harsh environments may be
subjected to appreciable fatigue damage due to harsh environment
loading. 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 a linear ship motion
theory.

Fatigue is a local stress phenomena and it necessitates accurate
definition of stresses for very complex geometries. In addition to
primary hull girder bending in horizontal and vertical axis,
substantial secondary girder bending moments will occur due to
external dynamic loads on vessel bottom and internal inertial loads
due to vessel contents. Thus, a beam theory based nominal stresses
due to primary hull bending are inaccurate both due to complexity of
geometry and the local load effects. A finite element model should
be developed to represent the behavior of the vessel and to
determine the local stress distributions accurately.
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For each 1load component (in-phase and out-of-phase) at each
frequency of a given wave direction the finite element model is used
to generate local stress distributions. The stress range transfer
functions are then generated for each wave direction. Although
current computers are well suited to compute large problems, the
number of frequencies necessary to define the transfer function may
be small. Using the predominant load transfer function as guide a
limited number of frequencies (say 4 to 6) may be adequate to define
the other transfer functions. The use of a stress range
distribution parameter allows carrying out of a fatigue analysis
with relatively few structural analyses cases. The accuracy of
fatigue lives obtained largely depends on the validity of the
Weibull shape factor used.

The shape factors obtained by calibrating the characteristic stress
range against spectral fatigue approach indicate that the single
most important variable affecting the shape factor is the
environment. While the shape factor may vary from 0.8 to 1.2,
depending on the route characteristics and on structure geometry, a
factor of 1.0 may be used when such information is not available.

tationary Marine Structures

The accuracy of stress transfer function for a joint/detail of a
stationary marine structure depends on many variables, including the
accuracy of applied loads, motion response characteristics and the
stress distribution. Hydrodynamic forces may be determined by
either Morison’s equation or by diffraction theory. Since the wave
length-to-member sizes are small for most floating (i.e.
semisubmersibles, TLPs) structures, diffraction effects should be
accounted for.

A 20 or 3D diffraction analysis can be used to generate the
hydrodynamic coefficients. Then, utilizing these coefficients,
Morison’s equation can be used to generate the applied loads. As an
alternative, diffraction analysis can be used to generate the wave
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loads directly. Since the diffraction effects are strongly
dependent on frequency, a wide range of frequencies must be used.

The response of the floating structure to applied wave loadings
depends on its own geometry, stiffness and mass properties. Water
plane area and its distribution (i.e., hydrostatic-stiffness) and
mass properties directly affect the natural periods and the heave,
pitch and roll response amplitudes. For a tethered structure, such
as a TLP, tether stiffness will predominate hydrostatic stiffness.
Tether pretensions will control surge and sway natural periods and
response amplitudes. The primary damping is due to wave radiation
and viscous effects.

It is recommended that the “"consistent approach” discussed in
Section 5.2.2 is used to accurately generate hydrodynamic loads. A
finite element model of the structure can be used to obtain the
solution to the motions analysis and determine the stress
distributions. As an alternate, a stick model may be used to obtain
solutions to the equations of motion and to define global
deformations and forces. Then, additional finite element models of
various interfaces will be necessary to determine local stress
distributions accurately. The boundary conditions for the finite
element models will be the stick model deformations.

5.3 BOTTOM-SUPPORTED MARINE STRUCTURES

This section discusses bottom-supported marine structures that are
represented by three-dimensional space frames and composed of
cylindrical shells. The dynamics of a large gravity-type bottom
supported structure dynamics are somewhat similar to those of a
fixed platform. However, the characteristics of excitational loads
on gravity structures have more in common with floating structures.

5.3.1 Load or Hydrodynamics Model

A wave force acting on a single stationary element is due to both
the acceleration of water particles (inertial force) and the kinetic
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energy of the water particle (drag force). These forces are given
by Morison’s equation as:

= 2P CaD, +2p CyD uylu,l 5-2
where:
F = hydrodynamic force vector per unit length acting normal
to the axis of the member
F& Fp = inertia and drag components of F
p = density of water
Ch = inertia force coefficient
Cqy = drag force coefficient
D = diameter of a tubular
u, = component of the velocity vector of the water normal to
the axis of the member
q, = 1%&? = component of the acceleration vector of the water

normal to the axis of the member

|| = denotes absolute value
An appropriate approach to estimate the wave forces with reasonable
accuracy is to assess the load model in its entirety, and for its

component elements.

The element diameter should reflect any geometric variations,
including marine growth. The C, and C, values applied may range
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typically from 0.6 to 0.8 and 1.5 to 2.0, respectively. Very
comprehensive experimental data obtained from full-scale
measurements of the second Christchurch Bay Tower (References 5.9,
5.10 and 5.11) validate the coefficients in use today. As
illustrated on Figure 5-3, the C, and the C, values applicable for
most cylindrical members near the water surface (Level 3) are 0.66
and 1.8, respectively. Although these values are applicable for
Keulegan-Carpenter (Ke) number in excess of 30, even when Ke is
reduced to 5, the inertia coefficient, C , value reaches 2.0, while
the drag coefficient, C,, gradually increases to unity at Ke equal
to 10.

These coefficients also decrease with the distance from the water
surface. However, because the uncertainties in marine growth (which
directly affects the surface roughness and therefore the drag
coefficient) and the additional effort necessary to input, check and
Jjustify different coefficients, it is advisable to use one set of C,

and C, values.

The use of conventional Morison’s equation and the wave kinematics
for regular two-dimensional waves has proven to be valid for jacket
structures in moderate water depths. Assessment of measured wave
force data (Reference 5.12) for extreme wave loading associated with
directionally spread seas in a hurricane environment in the Gulf of
Mexico compares quite well with those analytically computed.

Morison’s equation is also valid to compute forces on non-
cylindrical members by applying appropriate C, and C_, values and
equivalent diameters. Suitable values of C, and C, for different
cross-sections may be obtained from a Det norske Veritas (DnV)
document (Reference 4.16.)

If the extreme loadings are to be computed, an applicable wave
theory, compatible with the wave steepness, water depth, etc., must
be used. The applied total load on a structure composed of many
members is then the cumulative sum of loads computed on each member
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for a pre-defined wave height, wave period and crestline position.
This conventional regular wave method produces applied hydrodynamic
loads that has been validated by an extensive performance record of
structures in shallow-to-moderate water depths. However, such a
method is not advisable for structures in deeper water and
exhibiting dynamic response. More rigorous approach to represent
the true response characteristics is necessary (References 5.13 and
5.14).

5.3.2 Mass Model

For a bottom-supported structure in relatively shalliow water, a mass
model may or may not be necessary. Such a rigid structure has
natural periods that are less than about 3 seconds and exhibits
little dynamic response when subjected to long-period waves
associated with a harsh environment. For such an environment the
static forces obtained due to water particle kinematics can be
increased slightly to account for the dynamic response predicted
(i.e., computation based on estimated natural periods). However,
most of the fatigue damage is likely to occur due to short-period
waves, necessitating determination of platform dynamic response to
a wide range of wave periods.

Whether platform dynamic response is to be determined or not, the
dynamic amplification factors (DAF) used in a deterministic fatigue
analysis require an accurate estimate of natural periods and the use
of a mass model is recommended to obtain an eigenvalue solution.
For a spectral fatigue analysis, only the use of a mass model allows
determination of platform dynamic response and direct generatiui of
structure inertia loads that are compatible with the excitation
loads due to waves.

A mass model of a three-dimensional space frame should incorporate
all structural members. The mass will be accurately defined if the
weight of all structural and non-structural members, deck equipment,
ballast, hydrodynamic mass, etc., are accounted for correctly and in
their respective locations. Ideally, all member weights should
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therefore be defined uniformly along the member lengths. However,
considering the cost of modal analysis, mest structural member
weights are input as lumped masses at member ends that attach to
applicable joints.

5.3.3 Motions Model and Analyses Techniques

The mass model discussed above allows determination of a structure’s
initial response to applied excitational environmental loads by the
use of equilibrium equation solutions. The dynamic force
equilibrium on a structure can be expressed using the following
system of six simultaneous equations:

[ M + M0 ) (X) + [C] (X} + [K] (X} = {Fp} + (F) 5-3
where:

[M] = 6 x 6 structure mass matrix

[Ma] - 6 x 6 added mass matrix

[Cl = 6 x 6 structure damping matrix

[K] - 6 x 6 structure stiffness matrix

(Fp) = 6x1 wave drag force vector

(F) = 6x1 wave inertia force vector

(X}, {X),{X) = 6xl1 structure displacement, velocity and

acceleration

The terms on the right hand side of the dynamic equilibrium
equations represent external forces applied to the structure.
Following solution of the equilibrium equations, the structure
dynamic response can be moved to the right hand side of the equation
to define the resultant loading.

Thus, the net loading using Morison’s equation given in Section
Eqn. 5-2 can be rewritten as:

F net = -:- pD?[C, u,- (C,-1) 0,] + % p Cq D u |uj
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where:

u = defined as the net velocity vector component =
u,-u,

u, = the component of the velocity vector of the water

u, = the structure velocity

u, = the component of the acceleration vector of the
water

s = the structure acceleration

= added mass coefficient is often taken to be a

variable ranging from 1.5 to 2.0. It is
recommended that C, be taken as 2.0, which is
consistent with the potential flow solution for
added mass.

It is necessary to choose an appropriate method or analysis
technique that is compatible with fatigue design parameters such as
the structure configuration and its susceptibility to fatigue and
the environment. If the structure dynamics are negligible, and a
deterministic analysis, based on the use of wave exceedence curves,
may be appropriate for initial sizing of platform components.
However, for most structures, the dynamic response should be
incorporated into the fatigue analyses as illustrated in the above
given equilibrium equations.

A rigorous analysis using a time integration method to determine
platform global and local dynamic responses at each wave height and
period is time consuming and costly. Therefore, it is desirable to
have an alternative analysis procedure. One such alternative
proposed by Serrahn (Reference 5.15) consists of a hybrid time and
frequency domain analysis method. The analysis flow chart on Figure
5-4 summarizes this analysis methodology.

Global spectral static and dynamic responses (e.g. base shear and
overturning moment) are determined at selected discrete wave heights
and periods. The static response is determined based on an applied
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load analysis of a detailed three-dimensional model of the platform.
An eigenvalue (modal) analysis is also performed on the same model
to determine platform natural periods and mode shapes. The platform
global dynamic responses are determined by separating each applied
static wave loading into its Fourier series components and solving
directly for the dynamic response (This method of solution is
detailed in Appendix E of Ref. 5.15). Spectral analyses for both
the static and dynamic responses are then performed and the spectral
inertial load calculated. Inertial load sets are then developed
from the modal results of the previous eigenvalue analysis which
produce the calculated global spectral inertial response (This
method of inertial load development is detailed in Appendix F of
Ref. 5.15).

Such analyses can be repeated for various wave spectra, structural
damping, platform period, etc. at a relatively nominal increase in
analysis time and computer cost. Therefore, this method facilitate
parametric studies to assess fatigue sensitivity of the platform.

Of the three spectral analysis options available to define the wave
loading, the frequency-domain solution, providing member and joint
in-and out-of-phase wave loads is most frequently used due to its
simplicity. For an iterative design process, an analysis approach
utilizing random waves or regular waves in time domain is
appropriate but not frequently used due to both time and cost
constraints. Thus, a hybrid time and frequency domain method is
well suited for spectral fatigue analysis of a bottom-supported
structure. Figure 5-5 illustrates the scatter of fatigue lives as
a function of the analysis method chosen.

Another appropriate procedure to define hydrodynamics and wave-force
model, proposed by Kint and Morrison (Reference 5.16), is based on
a short extract from a random simulation substituted for a design
wave. The proposed procedure offers a valid and a relatively simple
alternative to the conventional regular wave analysis. Inertial
loads due to structure response can be obtained and dynamic
amplification factors (DAFs) determined by performing a number of
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simulations of random waves. The basic DAF approach, allowing
combination of inertial loads compatible with static loads, is
further discussed by Digre et al (Reference 5.17). Typically,
simulation of the response is performed, the ratio of dynamic-to-
static loads determined (i.e. DAF), and the process is repeated
until the DAF stabilizes. Larrabee (Reference 5.18) also provides
further discussion on the logic behind DAF approach.

5.3.4 Stiffness Model

The load and the stiffness models are essentially the same.
Typically, a three-dimensional space frame model of the structure is
made up of individual joints and members, each defining the joint
and member incidences, coordinates, hydrodynamic coefficients,
etc. that are necessary for generation of environmental loads. The
loads model, provided with member cross-section areas and stiffness
properties, joint releases, and boundary conditions, transforms into
a stiffness model. The structure mass model incorporates the
correct member sizes, joint coordinates and boundary conditions, and
can be considered a stiffness model. Static stiffness analysis
solution follows standard structural analysis technique. Dynamic
analysis is typically based on a modal (eigenvalue) analysis
solution; two modal analysis solution techniques may be used:

) The subspace iteration technique is a Ritz-type iteration
model used on a lumped mass system that produces eigenvectors
and eigenvalues for a reduced set of equations. This is the
method of choice for most fixed offshore structures since only
a relatively small number of modes are required to adequately
model the total structure response.

° The  Householder  tridiagonalization  technique  first
tridiagonalized the dynamic matrix, then computes all
eigenvectors and eigenvalues by inverse iteration. This
technique is most appropriate for structures with a small
number of degrees of freedom, for structures where all modal
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5.3.5

responses are required , or where consistent mass modeling has
been used.

Once eigenvectors and eigenvalues have been determined, specific
dynamic analyses under load (such as wave loading) may be performed.
As previously mentioned, rigorous time integration analyses may be
undertaken, evaluating the dynamic response of the platform over
many cycles of wave loading until steady state response is achieved.
However, the previously recommended approach of expressing the
applied loading as a Fourier series and solving and superimposing
the response of each platform mode to each Fourier sinusoidal
component allows direct determination of platform dynamic response
without time consuming and costly time integration analyses.

The global analysis carried out is often intended to analyze the
three-dimensional space frame lateral deformations and ensure that
all components of the structure meet fatigue requirements. An
emphasis should also be placed on plan-level components near the
water surface and subjected to vertical (out-of-plane) deformations.

Overview and Recommendations

Small structures in shallow-to-moderate water depths and in
relatively mild environments are typically not analyzed for
fatigue. Often, stress levels are evaluated and API’s simplified
allowable stress method is used to verify the integrity of design.

Other structures are designed for a wide range of pre-service and
in-service design conditions, including fatigue. Since a fatigue
analysis is carried out to ensure that the design has adequate
safety against damage due to fatigue during the planned 1ife of the
structure, it should address the variables affecting fatigue
appropriately. Modeling and analysis variables (stiffness and mass
models, loading coefficients, stress RAOs, SCFs, etc.), affecting
the strength model, and the wave climate (scatter diagram,
directional probability, wave spectrum), affecting the time history
model, incorporate substantial uncertainties.
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The analysis effort must be kept comparatively flexible and
manageable and the level of effort should be compatible with design
objectives and available information.

It is recommended that a simplified allowable stress approach or a
deterministic fatigue analyses be limited to initial sizing of
members, if considered desirable. A thorough spectral fatigue
analysis is recommended to identify fatigue sensitive
components/details of a structure and to take corrective measures.

Considering its relative ease of application a spectral frequency-
domain method is well suited for design. A time-domain method is
better suited to determine the response of a bottom-supported
structure. Since it is time consuming and costly to determine
global and local dynamic response of the platform for each wave
height and period, an alternate less time consuming method is
desirable. Several methods (References 5.15 and 5.16) are
appropriate. A hybrid time- and frequency-domain analysis method
(Reference 5.9), also facilitates carrying out of extensive
parametric studies to assess fatigue sensitivity of structure
components for a wide range of variables and is recommended for
fatigue analyses and design.

5.4 DEVELOPMENT OF HOT-SPOT STRESSES

5.4.1 Nominal Stresses and Stress RAQs

The stresses obtained from a stiffness analysis, and the response
amplitude operators (RAOs) generated, represent nominal or average
stresses. In general, correct input of member cross-sectional areas
and section properties allow determination of nominal stresses quite
accurately.

More complex Jjoints, incorporating bulkhead and diaphragm sub

assemblies, require careful evaluation to determine the realistic
load paths. To determine the nominal stresses at complex joints,
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either multiple stick elements (for each Toad path) or a finite
element model should be utilized.

5.4.2 Stress Concentration Factors and Hot-Spot Stresses

Background

The locations at which maximum stresses occur are called hot spots.
Hot spots usually occur at discontinuities such as the stiffener
edge or a cutout. On tubular member intersections, they usually
occur on either the weld toe of the incoming tubular (brace) or of
the main tubular (chord), depending on the geometry of the joint.
The stress concentration factor (SCF) is evaluated by taking the
ratio of the hot-spot principal stress to the nominal principal
stress. The hot-spot stress used in fatigue life assessment is
raised to a power of the inverse of the slope of the S-N curve
used. Since the inverse of the slope of S-N curve is usually
between 2.5 and 4.0, the choice of SCF can have approximately a
cubic effect on damage. Thus the SCF value is probably the most
important variable affecting the applicable stress ranges through
the life of a structure and thus the fatigue Tife of joints.

There are several practical approaches for determining SCF values:

o Develop an analytical model of the detail/joint and carry out
a finite element analysis (FEA).

° Test a physical model and obtain hot-spot stresses from
measurements.
° Use empirical formulations.

The use of FEA is the most reliable and reasonably cost-effective
approach for complex joints. When modeled correctly, the SCFs
obtained by FEA are very reliable and depend largely on the mesh
sizes used in the analysis. Whether the physical model used to
determine the hot-spot stresses is an acrylic model or another
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alternative, the accuracy of hot-spot stresses depends largely on
the ability to predict hot-spot stress locations in advance and
obtain measurements in those areas.

Since the use of both FEA and the physical model requires
substantial investment of time and cost, they can be used only on a
selective basis. Thus, most structure hot-spot stresses must be
defined based on the application of empirical formulations.

Joint Geometry

The primary variables affecting the magnitude of stress
concentration are weld profile and joint geometry. The weld profile
is accounted for in the S-N curve. The Jjoint geometric
characteristics determine the magnitude of stress concentration.
For most simple structural details. typically a wide range of plate
and stiffener joints, the nominal stresses can be used directly to
compute fatigue lives as the effect of SCFs are incorporated in the
S-N curves.

The joint geometries of tubular members are quite complex and the S-
N curves are used with the hot spot stresses, requiring definition
of SCFs for each joint geometry and loading. The SCFs are
determined for axial load, in-plane moment and out-of-plane moment.
Typically, a peak SCF is determined and conservatively applied to
eight points around the intersection. For the crown and saddie
points shown on Figure 5-7 separate SCFs can be determined. At
other locations, the SCFs are then interpolated between the crown
and saddle positions.

Joint Definition
When tubular members frame into one another, they form a tubular

Joint, with the largest diameter or thickest member being the
through member or chord and all other members being braces.
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Braces may have stubs or cones, which are the part of the brace
member welded to the chord. Typically, both the stubs and the cones
are thicker than the brace members.

To facilitate the development and use of empirical equations several
parameters are used in defining the characteristics of a joint. The
chord diameter and thickness are referred to as D and T
respectively. The brace or stub diameter and thickness are referred
to as d and t. The angle from the chord to the brace is defined as
theta 8. The ratio of the brace diameter to chord diameter is
defined as beta, B. The ratio of chord radius to chord thickness is
defined as gamma, y. The ratio of brace thickness to chord
thickness is defined as tau, t. The empirical equations used to
determine SCFs utilize the parameters . The O, B, v, . The
terminology used in defining a simple joint is shown in Figure 5-7.

Joint Type and Classification

Joints are classified into types based on geometry and loading. The
joint type usually looks like the letter formed from the brace and
chord intersection. Four basic joint types exist in offshore
structures:

1) TorY joint

2) K joint
3) KT joint
4) X joint

Figure 5-8 shows the four common joint types.

Although the joint type usually looks like the letter formed from
the brace and chord intersection, the joint is actually classified
according to load distribution. If the axial load is transferred
between the brace and chord by shear, then the joint is classified
as aTorY joint. If the load is transferred between the braces at
a joint, without traveling through the joint, then the joint is
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5.4.3

classified as a K joint. If the load is transferred by some
combination of shear through the joint and brace-to-brace, then the
joint is classified as a KT joint.

If the 1oad is transferred through one side of the chord to another,
then the joint is classified as an X joint. Figure 5-9 shows joint

classification by load distribution.

Empirical Equations

Prior to the discussion of empirical equations it is beneficial to
briefly discuss the available data on SCFs. Review of various
published data (References 1.8, 5.19, 5.20, 5.21 and 5.22) indicate
that substantial scatter of SCFs is observed. Variations in SCFs
occur in both nominally identical joints and in symmetrical
locations of joints where one would expect little variations in
SCFs. Material and fabrication imperfections contribute to the SCF
variations. Lalani et al (Reference 5.23) point out that the
parameters contributing to these variations can be grouped into two:

® Experimental error, including modeling, gauge position and
measurements and the loading.

° Expected variations due to material and fabrication
imperfections, including variations in weld profile, size and
imperfections.

The use of empirical formulations has been extensively accepted for
fatigue analysis of marine structures. A set of empirical formulae
developed by Kuang (Reference 3.2) were derived by evaluating
extensive thin-shell FEA results. The formulae proposed by Smedley
(Reference 3.3) and Wordsworth (Reference 3.4) of Lloyd’s Registry
were derived from evaluating the results of strain-gauged acrylic
models. Other empirical equations published include those by
Gibstein (References 5.21, 5.24), Efthymiou (5.19) and Wordsworth
(5.25).
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Whatever the basis for an empirical formula, the formula has an
applicable range of parameters and the level of conservatism varies
not only with the formulation but also within the applicable range
of parameters. The use of SCFs also requires judgement not only on
the applicability of an empirical formula but also on assessment of
implications of in-plane and out-of-plane loadings/stresses.

The parametric equations developed by Kuang, Smedley-Wordsworth, and
Smedley consist of different relationships defined by the joint
variables D, T, d, t, L, g, and O.

Different equations are applicable for different joint types.
Presently, the joint types and the applicable equations most often
used are listed below:

Joint Type Applicable Equations
TorY Kuang, Smedley-Wordsworth, & Efthymiou
K Kuang, & Smedley-Wordsworth
KT Smedley-Wordsworth
X Smedley-Wordsworth, & Smedley

The empirical equations given by UEG (Reference 1.8) are based on an
extensive database and relate to Woodworth equations. Modification
of Woodworth equations and the extension of the validity ranges
allow the application of UEG equations to Jjoints with extreme
geometries. Comparison of various empirical equations show that UEG
equations yield generally conservative values of SCFs and are
considered to be most reliable. On the otherhand none of the
equations appear to allow accurate determination of K-joint SCFs
subjected to axial loading.

An excellent overview and reliability assessment of SCF empirical
equations are provided by Ma et al (Reference 5.20), Tolloczko et al
(Reference 5.22) and Lalani et al (Reference 5.23). Further
discussion on SCFs and the predicted chord SCF for the different
equations for T and K joints are presented in Appendix C.
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5.4.4

5.4.5

Details of Equations

The details of some of the equations are given in Appendix C. The
equations are given in simple terms of joint geometry: D, T, d, t,
L, g, and r. The Kuang brace SCFs have been modified for the
Marshall reduction. The Smedley-Wordsworth chord SCFs have been
modified for the recommended d/D limitation.

The parametric equations should not be used outside of their
assigned limits without justification. Near the assigned limits,
the SCFs rapid decrease should be noted to determine if the
calculated SCF is unconservative. The Smedley-Wordsworth effects
revised for d/D limitation can dramatically increase SCFs for d/D
ratios near 1.0.

Minimum_Stress Concentration Factor

The minimum stress concentration factor for all modes of loading
should be 2.0. This is generally accepted as an industry lower
bound. However, acrylic model tests from the Tern project in United

Kingdom showed a SCF of 1.6 could be used as a lower bound.

IT1lustration of a T-Joint SCFs

A typical T-joint with an assumed applied axial load is used to
illustrate the application of empirical equations.

The joint shown on Figure 5-10 is classified by load path and the
joint variables are specified in order to determine an SCF according
to Kuang and Smedley-Wordsworth criteria. The Kuang brace SCF
includes a Marshall reduction factor, Qr. The Smedley-Wordsworth
chord SCF calculation uses the d/D limitation.

Overview and Recommendations

Uncertainties
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The SCF equations currently in use for simple tubular joint design
are based on results of acrylic model tests and finite element (FE)
analysis. Lloyd’s Register has recently studied these empirical
questions and assessed their reliability when compared against steel
specimen test data. Although the empirical equations are considered
reasonably reliable, substantial uncertainties exist as the SCF

equations:

o Sometimes do not properly account for relative braceloads

° Sometimes do not properly represent the stress at the brace
and chord connection of interest

o Axial SCF value for crown and saddle is not constant

The FE analysis of SCFs yield substantially different values
depending on both the modeling techniques and the computer program
used. The use of a thin or a thick element, modeling of the weld
and the definition of chord length substantially influence the
computed SCFs.

SCF equations for a T or a Y joint typically contain a term for
chord length. Since the appropriate length for a chord is not
defined, most designers use the chord can length. While this is
conservative, the use of the half of the bay length to represent the
chord could be very unconservative.

Substantial work carried out in Europe need further assessment and
analyses. An API Task Group will be formed in 1991 to review the
SCF equations in detail, to identify their validity and Timitations
and to recommend preferred SCF equations for specific joint types
and Toad components.

An APl initiated joint industry project (JIP) is proposed to
summarize the computer programs used and modeling strategies
implemented to investigate variables affecting the SCF (including
chord length) and to develop guidelines on obtaining SCFs by the use
of FE analysis.
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Screening Process

For a preliminary design of a structure it is common practice to use
a blanket SCF of 5.0 or 6.0 for all joints, depending upon dynamic
effects. If the structure is susceptible to dynamic amplification
the higher blanket SCF should be used. Once the fatigue sensitive
joints are identified during this screening process, the SCFs for
these joints should be determined.

In the determination of SCFs a parametric study of variables d/D and
t/T should be considered. The joint fatigue life is a function of
nominal brace stress and SCF. To increase joint fatigue life, the
nominal brace stress or the SCF should be reduced. An increase in
brace diameter can dramatically reduce nominal brace stress without
a significant increase in SCF. This is particularly true for brace
members intersecting large diameter legs. However, where members
are more similar in size, an increase in brace diameter also
requires an increase in chord diameter.

By increasing the brace diameter rather than increasing the brace
thickness, a more effective section can be used and prohibitively
low diameter to thickness ratios can be avoided. Increasing the
brace diameter may be the easiest way to increase joint fatigue life
during preliminary design. The chord diameter may also have to be
increased to offset the SCF increases if the brace area and section
modulus are increased.

Comprehensive Design

Once the member diameters are finalized a comprehensive fatigue
analysis and design may be carried out. The parameter most easily
modified during this stage is the membe, thickness. An increase in
brace thickness increases brace axial and bending section
properties, which will reduce brace nominal stress. However, as
stated above, the chord thickness should be increased accordingly.
Otherwise the brace nominal stress reduction will be offset by the
joint SCF increase, resulting in marginal difference in fatigue
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life. During the comprehensive design the best parameter to
increase is brace thickness while keeping t/T constant.

Further improvements in fatigue lives may be obtained by determining
the SCF through the use of finite elements analysis or models
tests. Another alternative to lower the SCF is to stiffen the
Joints with rings and thus reduce the SCFs to the lower bound
values. However, considering the increased fabrication costs of
stiffened joints, the use of rings should be considered the least
desirable option to lower the SCFs and improve the fatigue lives.

The validity of SCF equations and their sensitivities to various
geometric parameters are illustrated in Appendix C. It s
recommended that the tables and figures provided are studied to
determine an acceptable approach compatible with the specific
problem on hand. A finite element study results are also included
in Appendix C to illustrate the range of SCFs for a typical complex
joint. Since empirical equations are applicable for only simple
Joints, a FEA is recommended for determination of complex joint
SCFs.
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6.1

6.1.1

FATIGUE STRESS HISTORY MODELS

Creation of the fatigue stress history model requires determination
of the fatigue environment and application of the environment to the
structure to produce stresses. The environment can be applied to
the structure by either a spectral analysis or by a time-domain
analysis. The spectral analysis derives the stress range and an
average N number of cycles from the statistical properties of the
stress response spectrum. A true time-domain analysis sorts the
stress ranges and accumulates the stress range counts as the stress
time history is being generated. For practical reasons a hybrid
time-domain method is often used to generate stress history.

DETERMINATION OF FATIGUE ENVIRONMENTS

To evaluate the fatigue life of a fixed structure or a floating
vessel a representative fatigue environment must be modeled. For a
fixed structure the fatigue environment will be the typical wave and
wind conditions for the surrounding area. For a ship the fatigue
environment will be the typical environmental conditions alorg
various routes.

Data Sources

The types of environmental data range from actual wave and/or wind
records to recreated (hindcast) data. The wave and wind records may
be raw recordings (not generally available) or condensed summary
reports produced by government agencies or environmental
consultants. Hindcast data are generated by various computer models
using environmental information available for the area or nearby
areas.
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Wave Records

Older wave and wind information has come from voluntary observations
by ship personnel and from measurements by weather ships and coastal
weather stations. The most likely source of current wave records
are from government agencies such as the National Oceanographic and
Atmospheric Administration (NOAA), obtained through various means,
including weather platforms and weather buoys. Newer techniques
using measurements from satellites provide more comprehensive wave
records. Hoffman and Walden (Reference 6.1) discuss environmental
wave data gathering in detail.

While majority of the published wave data is from the North
Atlantic, much of the data applicable to the Pacific were published
in Japanese and Chinese. Several recent publications (References
6.2, 6.3 and 6.4) in English provide additional description of wave
environment in Asia - Pacific.

The older wave and wind data has the advantage that it covers many
years (decades), but the disadvantages are that the wave heights
were visually estimated, the wave periods were crudely timed, and
the wind measurements were likely biased by the vessel speed.
Various data analysts have devised formulas to correct the
"observed" data. For example, Hogben and Lumb (Reference 6.5)
developed the equations to correlate the significint wave height
(HS) and the mean zero upcrossing period (TZ) with the observed
data:

HS = ( 1.23 + 0.44*H (meters)

ows )

T,= (4.7 +0.32*T (seconds)

OwsS )

Hows is the wave height and Tows is the period reported by observers

on weather ships.




Actual recorded wave elevation data is the most accurate information
available. However, wave records are only available for a few
locations, and typically the time spans of available recorded wave
data are less than 10 years. Even recorded data may not be
complete. The most serious fault in recorded data is that
measurement techniques cannot detect the higher frequency waves.
Wave rider buoys measure wave slope and wave heights are derived
from the slope records. The resolution of these slope measurements
are limited by the dimensions and motion properties of the buoy.
The recorded data does not readily allow detection of the very long
period waves and subsequent data analyses "filter" out the long
period information. Filtering is used to separate "sea" and "swell"
wave spectra. The sea/swell filtering technique is often a simple
truncation of the measured spectrum above and below a selected
frequency. Thus, the higher frequency "sea" part of the spectrum
loses its longer period wave information.

Wind Data

The sources of wind data are the same as for wave data. Older data
tends to be voluntary observations from ships and newer data comes
from measurements on platforms or from weather buoys. Satellites
may provide information on high altitude winds by tracking clouds or
from lower level winds by tracking weather balloons.

The older observations are logged anemometer readings and are
typically only the mean wind speed. The height above water at which
the wind speed was measured may be unknown. Various analysts have
devised methods to correlate observed wind data to actual measured
data.

Existing oil platforms allowed gathering of extensive wind records,
including gust readings which can be analyzed to derive wind
spectrum information. The presence of the platform has some effect
upon the measured wind velocity, and the location of the anemometer
is very important to the accuracy of the measurements.
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In many cases wind information may be available from transmitting
ships or nearby coastal weather stations for areas where wave data
is either skimpy or questionable. For these cases various equations
have been developed to estimate or verify the wave information.
Example equations to relate wind speed to wave height can be as
simple as the "25% Rule",

H = 0.25* U

where Hs is the significant wave height in feet and U is the
observed wind speed in feet/sec. More involved equations include
the wind "fetch" and the wind duration. The wind fetch is the
distance over water that the wind acts. Appendix B presents the
equations developed by Bretschneider to calculate wave height and
period based on wind speed, duration and fetch.

Hindcast Data

Elaborate computer models have been developed to "hindcast” or
recreate weather (wind and wave) records. The hindcast models may
be for a region (such as the North Sea), or the models may be
oceanic or even global. One important consideration in the
development of hindcast models is the sensitivity of these modeis to
interaction of various parameters. Using available wind and wave
data to correlate the hindcast results can improve the accuracy of
hindcast models.

The hindcast models derive wind information from pressure and
temperature information. Pressure measurements are fairly accurate,
and the techniques of combining the pressure readings from many
measurement stations to produce isobar plots allows determination of
the pressures over a large region without making measurements at
each grid point. The temperatures measured at coastal weather
stations surrounding the area of interest along with whatever
temperature measurements available from the area can be used to
identify temperature gradients, fronts, etc.
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6.1.2

Wave information is calculated from wind, accounting for direction,
duration and fetch. By integrating the weather conditions over
small time steps, a wind and wave history can be built. The
resuiting records can be analyzed in a manner similar to that used
with actual wind and wave records to produce wave scatter diagrams
and wave exceedence curves.

Wave and Wind Spectra

Wave and wind spectra define the energy that is being applied to a
structure or vessel. There are many wave spectra formulations and
some of these are discussed in Appendix A. The most general and
therefore most useful wave spectrum formulation is the General
JONSWAP. The General JONSWAP spectra include the Bretschneider
spectra which in turn include the Pierson-Moskowitz spectra.
Reference 6.6 presents a summary of the various wind spectra. The
spectrum recommended in Reference 6.6 is defined as follows:

JONSWAP Wave Spectrum

The JONSWAP (Joint North Sea Wave Project) spectrum was derived from
wave measurements in the southern North Sea and is based on older
spectra formulations, Pierson-Moskowitz/Bretschneider/ISSC Modified
P-M. The Mean JONSWAP spectrum has fixed parameters and represents
the waves measured during the project. The General JONSWAP
parameters can be varied so that the spectrum can represent either
fully developed seas or developing seas.

The formula for the JONSWAP spectrum is as follows:
S(f) = a (g%/f%) EXP[-1.25(f/f,)*] q°
where a = EXP[-.5 (f-f_)¥/(s f.)%]

The Mean JONSWAP is defined with the following parameters.

6-5




FllllIllIlIllIIlIIIllIIIlllIIlllIIIIIIIIIIIIlllIllIIlIIlllllIllllllllllllIll------rAf

q = 3.3
s = 0.07, for f < fm
S = 0.09, for f > fm

The Bretschneider spectrum is a subset of the General JONSWAP;
setting the gamma parameter to 1.0 converts the JONSWAP spectrum
into the Bretschneider or ISSC Modified P-M spectrum. Also setting
the alpha parameter to 0.0081 converts the JONSWAP spectrum into the
Pierson-Moskowitz spectrum.

As a guideline, the JONSWAP spectrum with gamma = 2 would be an
applicable spectrum for confined regional areas. The Bretschneider
spectrum (JONSWAP with gamma = 1) would be applicable for open ocean
(Pacific or Atlantic) areas.

Ochi-Shin Wind Spectra

Ochi and Shin reviewed six wind spectra formulations currently in
use and have created an average wind spectrum to represent the
variation (gusts) of the wind about the mean value. The wind
spectrum represents the average of measured spectra and was
deliberately devised to accurately represent the low frequency
portion of the wind spectrum. The equation has three forms
depending upon the frequency range.

583 f*
S(f*) - 420 f*O.?O/(1+f*O.36)H.5
838 f*/(l+f*0.;1)11.5

with f* = f 2/U,

where f = frequency in Hz,
z = height above sea level in meters, and
U, = mean wind speed at height z in meters/sec,
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6.1.3

Scatter Diagqram

Wave scatter diagrams show the occurrences of combinations of
significant wave height and average zero-upcrossing period over many
years.

Significant Height vs Zero-crossing Period

Irregular waves do not have any consistent pattern of height or
period, but exhibit complete randomness. Irregular wave heights and
periods are usually defined by the statistical properties of the
wave record or by the properties of the energy spectrum which
represents the random sea. The significant wave height is taken to
be four times the standard deviation of the recorded water surface
elevations, or if the sea is represented by a half-amplitude energy
spectrum, the significant wave height is four times the square-root
of the area under the spectrum. The average zero-upcrossing period
is the average of the time intervals between negative to positive
sign changes in the recorded water surface elevations, or is the
square-root of the area under the spectrum divided by the square-
root of second moment of the spectrum (frequency in Hz).

The wave height and period distribution over time can be obtained by
actual wave measurements. The heights and periods of all waves in
a given direction are observed for short periods of time at regular
intervals. A short time interval of several hours may be considered
constant. For this sea state, defined as "stationary”, the mean
zero- upcrossing period, Tz, and the significant wave height, HS,
are calculated. The Hs and TZ pairs are ordered, and their
probabilities of occurrence written in a matrix form, called a wave
scatter diagram. A typical wave scatter diagram, presenting
statistical data on the occurrence of significant wave height and
zero-upcrossing period for one direction is shown on Figure 6-1 and
further discussed in Appendix B.
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6.1.4

Seasonal Variation

The annual wave scatter diagram is often separated out into monthly
or seasonal (spring, summer, fall and winter) scatter diagrams.
Because a fatigue environment covers many years, the seasonal or
monthly scatter diagram cell values may be added to produce the
annual diagram.

Directional Variation

Sometimes the wave scatter diagram is separated out by direction.
This may be important for fixed structures, because waves from one
direction may cause a different stress distribution than waves from
another direction.

Sea and Swell

Sometimes the wave scatter diagrams are separated into "sea” and
"swell". The sea scatter diagram shows the significant wave heights
and zero-upcrossing periods defining sea spectra. The swell scatter
diagram usually shows the heights and periods of long period regular
waves. This separated information can be helpful in analyzing the
structure, because the swell may be present a large percentage of
the time, and the swell is likely to be from a different direction
than the higher frequency waves producing unique stress
distributions.

Directionality and Spreading

The directions that have been referred to up to now have been the
“central” direction of the sea. Irregular waves are often idealized
as two-dimensional with wave crests parallel in the third dimension
and all waves moving forward. Such an irregular sea is called long
crested. In reality, storms occur over a finite area and the wave
heights diminish due to lateral spreading. If such waves meet other
waves from different directions, a more typical "confused" sea is
observed. A confused sea is referred to as a short-crested sea. The
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waves in a short crested sea approach from a range of directions
centered about the central direction.

Directionality

For a fixed structure the direction of the sea will affect the
stress distribution within the structure. Most fatigue analyses are
performed for four or eight wave directions. When directional wave
scatter diagrams are available the sea direction can be matched to
the analysis direction, and the fatigue damage accumulated. If the
data available do not include wave directionality, directions can be
estimated on the basis of wind roses or hindcasting.

Spreading

In order to model a short crested sea a "spreading function" is used
to distribute the wave energy about the central direction. In
typical analyses the short crested sea is represented by a set of
long crested spectra coming from directions spread over -90 deg to
+90 deg from the central direction and having a total energy equal
to the specified short-crested sea spectrum.

The directional spreading function as defined by Kinra and Marshall
(Reference 6.7) is often used in the following form.

D (@) = C, cos" (6)

where n is a positive integer and is measured from the central
direction. The coefficient C, should satisfy the following:

n/2
fD(6) do =1
-r/2

A typical n value for wind-driven seas would be 2, while an
appropriate value for a limited fetch (restricted spreading) may be
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6.2

6.2.1

4. Sarpkaya (Reference 6.8) provides further discussion on
spreading.

A significant effect of short crested seas is that they can cause
response in a direction orthogonal to the central direction, i.e. a
ship may develop considerable roll motion even though the vessel is
headed into the waves.

In the design and analysis of typical offshore platforms (i.e.,
conventional structures in shallow or moderate waterdepths)
spreading is generally neglected. However, for both typical and
nonconventional structures such as the tripod or an extended base
platform (see Figure 6-2) spreading may be significant. A platform
with very different response characteristics in two orthogonal axes,
such as the extended-base platform, may be susceptible to larger
dynamic response in one axis. Even a typical platform, with a
natural period coinciding with the wave force cancellation
frequency, will be subjected to higher wave 1loading at the
cancellation frequency and neglecting of spreading may not be
conservative.

STRESS SPECTRUM

A stress spectrum is the stress energy distribution resulting from
loading the structure with a particular sea spectrum.

Stress RAOs

In order to derive the stress statistics a stress response spectrum
is developed. The stress response spectrum is the product of the
wave spectrum ordinates times the stress response amplitude
operators squared. The stress response amplitude operators (RAOs)
are the stresses representing a "unit amplitude” regular wave,
obtained by normalizing the input wave heights.

The stress responses to a set of regular waves covering the complete
frequency (or period) range and the complete direction range are
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6.2.2

evaluated as explained in Section 5. For a vessel global effects
of port and starboard quartering seas are identical, allowing
reduction of applied loading cases. Similarly, for a platform with
two planes of symmetry several of the eight loading cases (45
deg. intervals) may be combined.

Response Analysis

The response analysis squares the stress RAOs; multiplies them by
the spectrum ordinate; multiplies that product by the spreading
function; and sums/integrates over directions the results to produce
the stress spectrum.

The stress range spectra is integrated to allow determination of
various statistical parameters, including the zero-upcrossing
frequency, the mean squared value, etc., from which the short-term
probability statistics are constructed. The "Rayleigh" distribution
can be used to idealize the stress range associated with a
particular cell (Hs and T) in the scatter diagram. Then, the
fatigue damage associated with each block can be computed, the
cumulative damage thus incorporating the weighting effect of the
joint probability of wave scatter diagram. Since the damage for
each cell 1is computed numerically, this approach is generally
defined as the "short-term numerical method."

The typical 1loading response exhibits smalier stress cycles
interspersed among larger stress cycles, making it difficult to
identify the number of cycles contributing to fatigue damage.
Rainflow counting is the name of a large class of stress cycle
counting methods often applied to upgrade the short-term
statistics. The rainflow parameter, introduced by Wirsching
(Reference 6.9) is frequently used in upgrading stress spectra
statistics.

The stress range associated with a particular block of the wave
scatter diagram is random in nature and governed by a probability
density function. Such a density function, covering the fatigue
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life of a structure, cannot be defined by a closed-form mathematical
function. Most often a numerical long-term density function of the
stress range is used to determine the fatigue damage and the method
is identified as the "long-term numerical method”. If the long-term
stress range density function is idealized, an approximate density
function can be used. "Weibull"™ distribution is one commonly
accepted shape parameter used to describe the long-term stress
density function. The fatigue damage computed is closed
form. Incorporating the Weibull shape parameter is generally
referred to as the "Long-Term Closed-Form Method".

6.2.3 Uncertainties and Gaps in Stress Spectrum Development

There are several important variables contributing to the
uncertainties in the development of the spectrum.

Analysis assumptions substantially influence the calculated
results. The most important of these is the selection of scatter
diagram blocks. While a typical scatter diagram has 40 to 60 blocks
(each representing the joint probability of Hs and T), these blocks
are often arbitrarily grouped into 10 to 15 super blocks to
facilitate analyses. In addition to the uncertainties introduced
due to lumping of these blocks, validity of Rayleigh distribution is
also jeopardized due to 1imited number of blocks defining the entire
environment.

Other analyses uncertainties result from the use or omission of
various parameters (rainflow counting, Weibull distribution) and
their validity for the problem at hand.

Work carried out by various investigators have helped enhance the
reliability of spectral fatigue analysis. Chen and Maurakis
(Reference 6.10) offer a close form spectral fatigue analyses method
that eliminates some of the uncertainties due to analyses
assumptions and computational procedures. The computer program
developed, incorporating the self-contained algorithm, appears to
minimize the uncertainties due to analytical assumptions (i.e.,
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6.2.4

judgement errors) and facilities carrying out of a cost-effective
spectral fatigue analysis.

Some studies show that full-scale service stress data match the
predicted design stresses reasonably well. However, it should also
be noted that full-scale service stress data may substantially
differ from those predicted during design. This may be especially
true for ships and both the short-term and the long-term service
stress data require a careful scrutiny. Evaluation of full-scale
service stress data on three different ship types (a high-speed
containership, a bulk carrier and a VLCC) by Dalzell et al
(Reference 6.11) shows that short-term wave-induced bending moment
do not reasonably fit the Rayleigh distribution. The combined
dynamic stress distributions for two of the three ship types did not
fit the Rayleigh or the exponential distributions. Dalzell et al
recommend that additional response calculations are carried out for
different ship types utilizing Rayleigh and broad-band
distributions. Comparison of response calculations with
experimental and/or full-scale results should indicate the magnitude
of error and advisability of corrective measures.

Decompose_into Stress Record

To obtain a stress histogram from the response statistics, the
stress response spectrum for each wave spectrum in the scatter
diagram can be decomposed into a finite Fourier series. In order to
produce a realistic stress record, the number of frequencies
required will be on the order of 100. Each component will have an
amplitude defined by the differential stress energy in the
neighborhood of the frequency. Each component will be given a
random phase. By summing the components at each time step, a stress
value is obtained. The stress value is then accumulated into the
stress histogram, according to the probability of occurrence of the
particular wave spectrum. The stress histogram can then be used to
evaluate the fatigue life at the hot spot.
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6.3 TIME-DOMAIN ANALYSES

Nonlinear effects, such as submersion/ immersion, velocity squared
drag, mean drift offset, etc., may have a noticeable influence upon
the stresses of a structure. When the nonlinear effects are
substantial, the stresses may be directly calculated from a time-
domain analysis. For a time-domain analysis a discrete set of
regular waves are selected to represent the typical sea spectrum.
The structure response and the stress responses are evaluated by
stepping the waves past the structure in small time increments. At
each time step the Newtonian laws are satisfied.

The regular waves may be selected at equal frequency increments.
Each wave will be the same frequency difference away from its
neighbors, but each wave will have a different height corresponding
to the energy within its frequency increment. Typically, wave
period increments should not be greater than 2 seconds to correctly
define the effects of wave period variability. Wave heights in 3 ft
(Im) increments are considered acceptable.

Alternatively, the regular waves may be selected so that they each
have the same energy (height). The area under the sea spectrum is
decided into bands of equal area. Either the centroid frequency
(first frequency moment divided by area) or the zero-upcrossing
frequency (square-root of the second frequency moment divided by
area) of the frequency band is used as the regular wave frequency.
Regardless of the selection technique, each regular wave is assigned
a phase using some randomizing method. A number of waves, on the
order of 100, should be selected to insure that the random wave
record does not repeat itself during the "sampling" time.

Since any "bin" in the scatter diagram is characterized by a
characteristic wave height and a characteristic period, another
alternative technique may be used to facilitate the work. "Bins" of
unequal period (frequency) may also be used to help prevent
repetition of the random wave record.
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6.3.1

6.3.2

6.4

Stress Statistics

The resulting stress records are then processed to find the stress
statistics. The significant stress can be determined as four times
the standard deviation of the stress values. Stress histograms can
also be derived from the records.

70 Percentile Spectra

Time-domain analyses tend to be computation intensive, and they
often require costly computer runs. Therefore, the number and
extent of time-domain analyses must be kept within reason by
selecting one or a few representative sea spectra for evaluation.
Selecting the representative sea spectrum and the regular waves to
model it will have an effect upon the resulting fatigue life.

Because the fatigue damage is an accumulation over many years of
exposure to mostly mundane sea conditions, the selected
(representative) sea state must be an average or mean condition,
with a slight hedge toward conservatism. A recommended selection is
a spectrum along 70 percentile wave height line, i.e. from a cell in
the scatter diagram below which lie 70% of the scatter diagram
probabilities. The zero-upcrossing period would be near the median
on the 70 percentile line with a slight offset to the side that is
expected to produce the greater stresses.

OVERVIEW AND RECOMMENDATIONS

The long term wave environment, as defined by a wave scatter
diagram, 1is usually based on measurements and hindcasting.
Measurements should be reviewed as to the extent of area covered,
the time length of coverage, and the measurement system. Typically,
measurements are made for limited time spans. Accelerometers of a
measurement system may have limitations, preventing accurate
description of wave energy content in all frequency ranges and in
all directions.
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The wave environment definitions based on hindcast models are quite
reliable. However, modeling parameters should be carefully reviewed
to ensure accuracy of the data. The environment is defined by
multiple "bins” in the scatter diagram, each "bin" representing a
significant wave height and a zero upcrossing period. Each "bin" is
used to generate a specific wave spectra, defining that seastate.
Since wind fetch and geographic parameters differ from one area to
another, mathematical formulations developed to define wave spectra
in one area may not be applicable to another area. Thus, as
discussed in Section 6.1 and in Appendix B, P-M, Bretschneider,
ISSC, JONSWAP, etc. wave spectra should be carefully reviewed as to
their applicability to a given geographic area.
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7.1

FATIGUE DAMAGE ASSESSMENT
A PRINCIP E_FA A S

Fatigue damage of marine structures is typically determined using S-
N curves and the linear cumulative damage rule known as Miner’s
rule. The S-N curves are usually provided in design standards,
where each curve is applicable to specific joint configurations.
The S-N curves applicable to details with complex stress patterns,
such as tubular joint interfaces, require amplification of the
nominal stresses by stress concentration factors (SCFs). The S-N
curves applicable to details with simple stress patterns, such as
hull scantlings, often include geometric effects and therefore can
be used directly with nominal stresses.

Application of Miner’s rule typically implies that the long-term
distribution of stress range is replaced by a stress histogram
consisting of a number of constant amplitude stress range blocks.
Thus, for a stress history covering many stress ranges, each with a
number of cycles (N), damage for each stress block is added to
produce cumulative fatigue damage. An alternative to this approach
is based on weighting and summing the probability density functions
to obtain a long-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. Further discussion on this
subject is presented in Section 6.2.

As discussed in Section 4.1, various recommendations, rules and
standards differ in defining desirable fatigue lives and the
specifics and applications of S-N curves. However, these
recommendations, rules and standards (References 1.5, 1.6, 1.7 and
4.14) generally adhere to the following basic principles of fatigue
damage determination:




7.2

° Fatigue test data should be carefully evaluated and S-N curves
should be generated by statistical means to allow estimation
of failure probability and incorporation of conservatism into
the design. Separate S-N curves should be applicable to
different weld details and in some applications to different
profiles.

° S-N curves include a level of fabrication effects that should
not be exceeded.

° The cumulative fatigue damage computation should be based on
Miner’s rule, and should consider the damaging effects of all
loadings (both global and local).

Fatigue damage assessment technology has benefitted from the
application of fatigue crack growth data and fracture mechanics
analysis of defects. In addition to predicting fatigue 1life,
fracture mechanics analysis allows better understanding of various
parameters that affect the behavior of welded joirnts. In turn,
experimental data and fracture mechanics analysis have allowed
upgrading of rercrmended S-N curves (References 1.5, 1.7) including
Gurney’s work on the influence of plate thickness (Reference 7.1).

S-N CURVES

The S-N curves recommended by various rules, recommendations and
codes are based on the application of constant amplitude stress
cycle on various detail/joint geometries in the laboratory until
fatigue failure. Most S-N curves for simple details (stiffener,
cutout, etc.) account for the local notch stress and can be used
with the member nominal stresses. Tubular joints of offshore
structures exhibit a wide variety of joint configurations and
details. Therefore, while the S-N curves account for several
parameters (plate thickness, weld profile), they do not account for
peak stresses, requiring the application of SCF’s on computed
nominal stresses to obtain peak (hot-spot) stresses.
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The S-N curves that can be used directly with the nominal stresses
most often apply to ship structure details. Munse’s SSC-318 report
(Reference 1.3) documents the S-N curves for 69 ship structure
details and refers to earlier work by Jordan and Cochran (Reference
7.2) on in-service performance of ship structure details.

Tubular offshore components have more complex geometries and are
subjected to corrosive ocean environment, requiring careful
assessment of all parameters contributing to fatigue failure and
selection of appropriate S-N curves.

Many design, fabrication and in-service factors affect the fatigue
lives of details/joints. Fatigue cracks in welded joints often
initiate at weld discontinuities introduced during fabrication.
Weld quality problems that contribute to the degradation of fatigue
strength include:

Planar defects in the body of the weld

Incomplete penetration

Imperfect weld root quality

Imperfect weld toe profile

Development of an embrittled heat affected zone (HAZ)

Fatigue assessment requires definition of the number of applied
stress cycles (N). Welded details/joints subjected to repeated
cyclic stresses will go through several stages of crack growth. For
each hot-spot stress range (s), failure is assumed to go through
three stages:

° First discernable surface cracking (Nl)
L First through-wall cracking (Nz)
° Extensive cracking and end of testing (N3)

Ideally, cracks should be large enough to detect, yet not large
enough to cause failure and alteration of load path. To ensure that
cracks are repairable, the number of cycles to failure in fatigue
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assessment is typically identified as the number required to produce
through-wall cracking (Nz), which can often be visually detected in
a laboratory environment. To ensure accuracy of results tubular
joints being tested in a laboratory are sometimes pressurized and
the number of cycles to Nz is tied to the first drop in pressure.

Tests are carried out for numerous stress range blocks to determine
the number of stress cycles needed to reach failure, allowing
development of an S-N curve. An S-N curve is also based on
idealized Taboratory conditions that may not fully represent the
actual fatigue life in a marine environment. As discussed in
Section 4.2.2, the S-N data for offshore components are based on
testing of fillet-welded plates and small-scale tubular joints. The
test data on Figure 7-1 indicate substantial scatter and allow
development of S-N curves for a 99% confidence level or a 95%
confidence level (representing the characteristic strength at two
standard deviations).

The use of an S-N curve based on strictly small specimen data is not
advisable. Small test specimens usually do not depict welded
offshore component details accurately as full-scale component
fabrication residual stresses are substantially different from test
specimen residual stresses. Further discussion on size effect of
welded joints is presented by Marshall (Reference 7.3).

It is also necessary to consider definition of hot spot stress
levels. APl recommended X and X’-curves (with and without smooth
transition of weld profile at weld toe) are derived from hot spot
stresses obtained from strain gages placed within 0.25 inch (6 wm)
to 0.1Rt of the weld toe. The hot spot stresses as obtained are
less severe than the local stress concentrations at the weld toe,
but the S-N curve developed accounts for this difference. Otn
Guidance Notes (Reference 1.6) defines the hot spot stress as "that
which is as near the weld as possible without being influenced by
the weld profile”. '




7.2.1

The primary factors that influence the fatigue 1ife assessment are
discussed as follows:

Design Parameters

The design is optimized to ensure effective resistance of marine
structures to both extreme and operating fatigue loads. Typically
the structure and joint/detail configurations should be developed to
minimize stress concentrations and stress levels, and arranged to
provide easy access to help maintain welding quality. The material
should be selected to have an acceptable chemical composition to
ensure weldability and satisfactory mechanical properties to ensure
notch toughness.

Fabrication specifications should permit only minimized mismatch
tolerances, thereby reducing SCF’s and residual stresses. They
should also control the quantity and quality of repair work, thereby
ensuring allowable defects in weldments comply with specifications.
These design parameters are discussed in Section 3. and described in
more detail below.

Material Strength

Fatigue strengths of marine structure components are sometimes
assumed to be affected by material strength. Cast steel node or
forged components of a structure have significant fatigue crack
initiation periods and material strength may have an effect on
fatigue lives. However, material strength does not affect the
fatigue 1ife of welded components of marine structures. As-welded
Joints of marine structures contain inherent flaws and Maddox
(Reference 7.4) has shown that the fatigue life of such joints is
largely expended in crack propagation. While increased material
strength retards crack initiation, the rate of crack growth has been
shown to be insensitive to material strength. Experimental work
carried out by Hartt et al (Reference 7.5) on high strength steel
(HSS) specimens in a corrosive ocean environment indicated fatigue
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damage accumulation similar to that of structural steel. Gurney
(Reference 7.6) indicates that increased material tensile strength
does not increase fatigue resistance and implies that a fatigue
design approach incorporating material tensile strength is not valid
for welded marine structures.

The effect of initial flaw size on fatigue life and the parameters
affecting crack propagation should be understood. An initial flow
size estimating procedure by Grover (Reference 7.7) is quite helpful
in assessing fatigue crack growth.

Plate Thickness

Current S-N curves recommended by ODnV (Reference 1.7), DEn
(Reference 1.6) and AWS (Reference 4.13) incorporate a thickness
correction factor. DnV and DEn recommendations largely reflect
early work by Gurney (Reference 7.1) and many test programs
corroborating plate thickness effect corrections proposed by
Gurney. Class B, C, D, E, F, F2, G and N curves are applicable to
non-tubular (including tube-to-plate) Jjoints based on detail
geometry, stressing pattern and method of fabrication/inspection.
While these eight classes are applicable without correction to plate
thickness up to 7/8 inch (22 mm), class T curve (for tubular joints)
is applicable to 1-1/4 inch (32 mm) plate.

The UK DEn Guidance Notes recommend specific size effect (i.e.,
plate thickness) correction factors in the following form:

s =5, (32/t)/4 7-1
where
S = fatigue strength of a Jjoint under consideration
(N/mm’)




Sb - fatigue strength of a joint applicable to T curve
for 32 wm wall thickness (N/lﬂz)

t = wall thickness of a joint under consideration (mm)

Although the tubular joint test data available may be insufficient
to document the size effect throughout the range of plate
thicknesses in use, the data available has been grouped, analyzed
and relative fatigue strength data documented. Tolloczko and Lalani
(Reference 7.8) report that size effect is adequately represented in
the Guidance Notes (Reference 1.6) and that none of the more than
300 datapoints fall below the applicable S-N curves.

Test results show that plate thickness or scale increases can
adversely affect fatigue strength, perhaps due to increase in weld
toe stresses with an increase in plate thickness. S-N curves
modified to account for thickness-effect of thick plates often
substantially affect the fatigue lives computed. Some experts
consider the applicable plate thickness correction to be mild for
typical nodes. However, additional work by Maddox (Reference 7.9)
indicates that thickness correction may be too severe if only the
primary plate thickness is increased. His work on cruciform-type
Joints (Figure 7-2) indicates that the joint proportions ratio (L/B)
has greater effect on fatigue strength than does the primary plate
thickness.

While Maddox’s encouraging results are applicable to Jjoints
subjected to axial tension, increased primary plate thickness
subjected to bending stresses still adversely affects the fatigue
life. A typical joint in most marine structures is likely to be
subjected to substantial bending stresses. Thus, before any
relaxation of plate thickness effect on the S-N curves is attempted
further data are necessary for a range of geometries and combined
loading conditions.
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7.2.2

Fabr i r n

Fabrication specifications and drawings often attempt to minimize
the conditions that may adversely affect fatigue strength of a
detail/joint. Fatigue tests performed on various types of joints,
and fracture mechanics analysis carried out by Maddox (Reference
7.10), indicate that the fatigue life of a joint does not change
appreciably due to attachment of a backing bar on a plate. Fatigue
strength also has been shown to be unaffected by poor fit-up between
the backing bar and the plate or by the configuration of the backing
bar. However, it should be emphasized that fatigue strength not
changing appreciably due to attachment of a backing bar or a poor
fit-up may have more to do with the root condition without backing
bar.

Fabrication and Post-Fabrication Parameter

Fabrication parameters cover all of the fabrication activities that
affect the quality of welded details/joints. These parameters,
ranging from welder qualification to heat input and cooling rates,
were identified on Figure 3-3 and discussed in Section 3.1.2.

Misalignments

Misalignments adversely affect the fatigue strength of a
detail/joint. When a misalignment between two elements is large,
both elements may have to be improperly deformed to align them prior
to welding. Such joints incorporate substantial residual stresses.
If the misalignment between two elements is small, they may be
welded as-is, but the misalignment causes a stress concentration due
to the resulting secondary bending.

Because misalignment increases the stress at the weld toe of joints
loaded axially, the stress magnification factor (Kc) can be
correlated to fatigue damage. Fatigue test results for different
levels of misalignment in plate joints and tubulars carried out by
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Maddox (Reference 7.11) provide the basis for assessment of
misalignments.

W it

A significant scatter of fatigue life test data is expected and
appropriately accounted for. A characteristic strength representing
a 95% confidence level in test data may be used to assess data
points falling substantially below the S-N curve. Such data points
are likely to be due to a problem with the welding procedure or the
welder qualification. Weld quality degradation (and therefore
fatigue 1ife degradation) due to incomplete penetration and poor
weld root quality can be minimized by developing a welding
specification applicable to the specific configuration and closely
adhering to it during fabrication. Weld quality degradation due to
undercut at the weld toe can be similarly minimized.

Weld Toe Profile

The significance of weld profiles on joints subjected to fatigue
loading is controversial. Substantial time and expenditures are
necessary to prepare a favorable weld profile, and weld profiling
may increase welding costs by as much as 20%. Thus, weld profiling
is 1imited to specific tubular joints of discrete marine systems.

While API RP2A does -not recognize and quantify plate thickness
effects, the API S-N curves recognize and quantify weld profile. As
illustrated on Figure 4-3 in Section 4.1.2, API (Reference 1.5)
recommends the use of an X-curve for welds with a favorable profile
while the X’-curve is recommended for welds without such a profile.
As illustrated on Figure 7-3, substantial preparation, weld bead
shape, application of extra weld beads and grinding may be necessary
to allow the use of an X-curve.
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7.2.3

Fatigue strength of a tubular joint is shown to improve due to weld
profiling (References 7.12 and 7.13). Weld profiling (including
grinding of weld toe) has two primary benefits:

L It can minimize the potential for crack propagation by
removing inherent crack-like flaws.

[ It can reduce stress concentrations by improving local weld
profile.

However, grinding to remove flaws and to provide a smooth transition
between the weld and parent material is not universally accepted as
quantifiable benefit unless the weld toe undercut is sufficient.
Both AWS and API do not require a corrective measure if the undercut
of weld toe is less than 0.01 in. (See Figure C 10.7.5, Reference
4.14). DnV (Section 3.3.1 , Reference 1.7) states, "the effect of
weld profiling giving the weld a smooth concave profile compared
with the typical triangular or convex shape may improve the fatigue
properties.” Although DnV accepts the use of an X-curve (in lieu of
a T-curve) provided weld profiling is carried out, it also
stipulates that the effect of profiling on the S-N curves will be
considered for each case separately.

The weld profiles applicable to API X and X’ S-N curves are shown on
Figure 7-3. However, to ensure that the flaws at weld toe are
removed, grinding or AWJ process should result in sufficient
undercut at the weld toe. The minimum undercut recommended by the
DEn Guidance Notes (Reference 1.6) is shown on Figure 7-4.

Further discussion and an excellent overview of the effects of weld
improvement techniques is provided by Bignonnet (Reference 7.14).

Environmental Parameters

The environment in which fatigue cracks initiate and propagate
substantially affects fatigue 1ife. The amplitude, distribution and
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7.3

frequency of loading identify severity of the fatigue environment.
Although a structure’s configuration can be optimized to reduce the
stress range, the site-specific environmental loading controls the
choice of fatigue design and analyses method.

An environmental parameter that affects fatigue is either air or
seawater. Because of the adverse effects of seawater corrosion on
fatigue strength, a design factor is often applied for fatigue life
in a seawater environment. However, an effective cathodic
protection system will reduce or prevent seawater corrosion, and if
such a system is used, the design factor may be deemed unnecessary.
This approach (and its inclusion in various rules, recommendations
and standards) is based on corrosion fatigue test data on welded
plate specimens with and without cathodic protection.

Environmental effects on welded flat plates have been assumed to be
the same as those on tubular joints. However, Wylde et al
(Reference 7.15) have indicated that the corrosive effect of
seawater on tubular joints may be greater than the effect on flat
plate specimens. Although difficult to document, tubular joints may
be more susceptible to environmental effects than small welded flat
plates due to scale effects, including initial flaws. Flat plates
may have longer fatigue lives as substantial time will be expended
in initiation of flaws.

FATIGUE DAMAGE COMPUTATION

State-of-the-art methodology for determining fatigue lives and
designing structures with fatigue lives in excess of the design
lives is primarily based on S-N curves and the cumulative damage
rule. The cumulative damage rule is an approach used to obtain
fatigue damage by dividing the stress range distribution into
constant amplitude stress blocks, assuming that the damage per load
cycle is the same at a given stress range.
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7.3.1

Current recommendations, rules and standards uniformly allow the use
of Miner’s rule to cdmpute the cumulative damage. Applicable
cumulative damage rules are discussed in this section, followed in
Section 7.4 by a discussion of stress spectrum in the context of
fatigue damage computation.

Miner’s Rule

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.
Thus, the Palmgren-Miner linear damage rule defines the cumulative
damage (D) for multiple stress blocks as equal to:

k ny
D = s N—<1’0
i=]1 i

As briefly discussed in Section 3.2.5, Miner’s rule can either
overpredict or underpredict the cumulative damage.

One source of inaccuracy regarding cumulative damage is the
application of constant amplitude stress blocks; it may be important
to be able to predict the fatigue damage due to variable amplitude
loading. Another source of inaccuracy is the sequence of loading;
while Miner’s rule cannot account for the 1loading sequence,
occurrence of large amplitude loads early in fatigue life can
accelerate the rate of crack growth. Another source of inaccuracy
for wide band processes is the choice of cycle counting method,
which is further discussed in Section 7.4.

Despite these sources of potential inaccuracy, Miner’s rule is used
to compute fatigue damage because of its simplicity as well as its
ability to predict fatigue damage conservatively most of the time.
Other uncertainties in determining wave environment, wave loading
and hot-spot stresses contribute far more to the inaccuracy of
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7.3.2

fatigue damage predictions. Fatigue analysis assumptions also
contribute to the inaccuracy of fatigue damage predictions. As an
example, 10 to 15 stress blocks, each representing a significant
wave height and a zero-crossing point, may be used in the fatigue
analyses. The use of 40 to 50 stress blocks is desirable, but often
cdnsidered impractical for most analyses.

Alternative Rules

The ability to use servohydraulic testing machines and to apply
computer-controlled loads has allowed testing of a substantial
number of specimens subjected to variable amplitude 1loading
(References 7.16, 7.17, 7.18 and 7.19). Gerald et al (Reference
7.20) provide an excellent overview on variable amplitude loading.
Some analytical work carried out and many of the test results show
that Miner’s rule is realistic and conservative. However, some of
the test results also show that Miner’s rule may lead to
underprediction of fatigue damage.

One sc irce of discrepancy may be crack growth fluctuations. Stress
block procedures used in tests result in the application of high
tensile stresses, which can retard crack growth. Test specimens
subjected to random loadings are less likely to have similar high
tensile stresses. Another source of discrepancy is the counting of
stress cycles. Gurney (Reference 7.17) and Trufiakov (Reference
7.21) conclude that small fluctuations superimposed on each stress
cycle add substantially to fatigue damage.

Miner’s rule is the accepted method for fatigue damage computation.
However, since alternatives to Miner’s rule have been proposed it is
beneficial to review one such rule.

Gurney proposes a damage rule by expressing the applied stress
spectrum in terms of the maximum stress range (smax)’ the number of
cycles ("1) applied at proportions (pi) of Smax’ and its length
(£ n;) defined as the block length. Gurney’s rule states:
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1.4

7.4.1

n N P
Ei-1,"1
No =7 | ] N
B 1 'Ng ¢

where:
“B .= predicted 1ife in blocks
Nc = constant amplitude life at Smax
Ny = number of cycles per block 2 Py Smax
i = lton

This product rule can be compared to Miner’s

where m is the slope of the S;N curve expressed as S™ - constant K

It should be noted that Gurney’s rule may also result in
underprediction of fatigue damage. Study of spectrum shape and
block length (Reference 7.22) indicates that for long block lengths
Gurney’s rule may be unsafe.

STRESS HISTORY AND UPGRADED MINER’S RULE

Background

Miner’s linear cumulative damage rule can be used safely, provided
some of the wave environment uncertainties (including counting of
cycles and evaluating the stress ranges compatible with cycles) are
properly accounted for.
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Typically, the sea state represented by Jjoint probabilities of
significant wave heights and characteristic periods (scatter
diagram) is applied to the transfer function to produce the stress
range spectrum. Integration of the spectra provides a number of
statistical parameters, such as the bandwidth, the zero-upcrossing
frequency, etc., allowing development of short-term probability
density functions.

The short-term probability density function of the stress range for
each significant wave height and 1its characteristic period is
generally defined by using a Rayleigh distribution. For this
assumption to be valid, (1) a large number of sea states must be
used, and (2) the stress cycles can be considered narrow-banded.
Individual stress cycles are considered narrow-banded when they are
readily identifiable and there is no ambiguity in counting the
stress cycles. The wide-banded loadings exhibit smaller stress
cycles interspersed among larger stress cycles. Because it is
difficult to define the stress cycles, different cycle counting
methods result in different fatigue damage predictions.

Rainflow counting is the name of a large class of stress cycle
counting methods, including the original rainflow method, Hayes
method, range-pair counting, range-pair-range counting, ordered
overall range counting, racetrack counting and hysteresis loop
counting.

Rainflow counting and other alternatives are briefly discussed in
Sections 7.4.2 and 7.4.3, respectively, to illustrate the options
available to upgrade Miner’s rule. However, it should be noted that
two very important variables affecting fatigue life computation
should be addressed in any attempt to upgrade Miner’s rule:

(1) S-N curves are based on constant amplitude stress blocks and
should be compared against variable amplitude results.
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(2) Damage computation does not account for stress sequence and
may overpredict fatigue lives of joints/details subjected to
large stress amplitude ranges early on, accelerating crack
propogation.

Miner’s Rule Incorporating Rainflow Correction

The rainflow counting procedure is more accurate than other counting
methods because the rainflow procedure is based on counting the
reversals in accordance with the material stress-strain response.

Modified Miner’s rule uses the rainflow cycle counting procedure but
does not require the stress process to be simulated.

n m
Dt'KE(S)
where:
n = total number of cycles
K = constant, equal to S™N
E(S™) =  the mean value of S
S = a random variable denoting fatigue stress cycles

If the process is stationary, Gaussian and narrow band, the damage
D can be shown that:

D= (R) (272 0)" 1 (F+1)
where:

g = RMS of the process
r() = gamma function
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When the structure response yields narrow-banded stress cycles, the
choice of counting method is immaterial. Even for moderately wide
band stress cycle histories, the various cycle counting methods
produce similar fatigue damage predictions. The choice of counting
method becomes significant only for wide band stress histories with
an irregularity factor equal to or less than 0.5. The irregularity
factor is a measure of the band width, defined as the ratio of mean
crossings with positive slopes to the number of peaks or valleys in
the stress history.

Other Alternatives

An alternative approach to predicting fatigue damage under wide-band
stresses is to use the narrow-band stress approach and apply an
adjustment factor. A:s<uming a narrow band fatigue stress with the
same RMS, and the .am~ a:pected rate of zero crossings, fo, as the
wide band stress, a dimage estimate can readily be carried out.

Given the spectral density of the stress w(f), the kth moment of of
spectral density function L% is equal to:

= K
me= Jo  w(f) df , while the

RMS (Std dev.) = 5 = / m,» and the expected rate of zero crossings

with slope

fo =/ mzlmo

With this equivalent narrow band process, the fatigue damage can be
predicted by the following closed form solution:

7-17




Dyg = (f, T/K) (272 )" ¢ (; +1)

where

n = f° T
T = design life

Wirsching (Reference 7.23) proposes that the fatigue damage be
expressed as:

D=1 DNB

where A is the adjustment factor to fatigue damage predicted based on
a narrow-band stress. Thus, the rainflow counting effect to fatigue
damage can be incorporated directly if A is known. An empirical
formula proposed by Wirsching is as follows:

A (e, m) = a(m) + [1-a(m)] (1-¢)P(®)

where a(m) = 0.926 - 0.033 m
b(m) = 1.587m - 2.323

Thus the fatigue damage obtained by incorporating the narrow-band
adjustment factor, A provides a closed-form formulation. The
empirical formula allows fatigue damage predictions quite close to
those obtained by incorporating the direct rainflow method.

The A parameter introduced by Wirsching is an equivalent rainflow
adjustment factor intended to correct the slight conservatism of the
Rayleigh distribution. Whether a closed-form or a numerical
integration is carried out, short-term statistics and the probability
density function allow obtaining of partial damage, weighting and
summing of all damages.
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7.5.1

Following the weighting of the short-term density functions, the
Tong-term density functions for the structure’s design life are
obtained. While the cumulative damage may be computed through
numerical integration, an approximation is introduced to allow
application of a closed-form solution. Typically, a Weibull shape
parameter (Weibull distribution) is used in predicting cumulative
fatigue damage based on the long-term, closed-form method. This
subject is discussed further in Section 6 and in a comprehensive
paper by Chen and Mavrakis (Reference 7.24).

QOVERVIEW AND RECOMMENDATIONS

Application of S-N Curves

The S-N curves used in determining fatigue damage computations should
be compatible with structural details investigated. The S-N curve
including the effect of peak stresses should be used together with
nominal stresses at the detail, while the S-N curve uninfluenced by
the weld profile should be used with nominal stresses increased by
appropriate SCFs.

Scatter in fatigue test data should also be appropriately accounted
for. One primary parameter affecting scatter of S-N data may be
plate thickness. As plate thickness increases higher localized
stresses will occur near plate surface, accelerating propogation of
fatigue cracks. Considering that small specimen S-N data need to be
adjusted for scale effects and a reasonable confidence level should
be achieved, S-N curves may be obtained assuming 95% to 97.5%
confidence level and a log normal distribution.

There are other parameters that are difficult to assess yet they
affect the crack growth and fatigue failure, causing substantial
scatter of S-N data points. One important consideration is the size
of initial flaw (crack) and another is the number of flaws. Although
further work is necessary, Morgan’s (Reference 7.25) findings on
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interaction of multiple fatigue cracks provide valuable insight into
scatter of S-N data points.

Additional parameters contributing to the fatigue life uncertainties
are the effects of corrosive sea water environment and the
implications of long-life regime. Although cathodically protected
offshore structure components in sea water are assumed to have the
same fatigue resistance as those components in air, the basis for
this assumption is the test data for simple plate specimens. Some
large scale tubular joint tests indicate (Reference 7.15) that the
corrosive effects of seawater on tubular joints may be greater than
the effect on small flat specimens. More test data is necessary to
quantify corrosive effects.

There are limited number of test data in long-life regime. As a
result, some codes do not provide endurance limit, some have a
changing slope and some have a definite plateau at different number
of cycles. These and other uncertainties require further research
work to upgrade current S-N curves. Current research efforts on
fatigue resistance are summarized in Section 9.

The S-N curves recommended by API, DEn and DnV (References 1.5, 1.6
and 1.7) may be used in the computation of fatigue damage. While
most early S-N curves were based on AWS data, current DEn curves are
largely based on work at the Welding Institute (primarily Gurney and
Maddox). DEn Guidance Notes also provide tables, allowing the
selection of S-N curves for specific details. For ship structure
details, appropriate DEn S-N curves can be selected based on
Judgement in assessing the details and tables. Earlier works by
Munse (Reference 1.3) and Jordan and Cochran (Reference 4.4) can be
used directly or in comparison of component test data for ship
structure details.

The S-N curves given in DEn Guidance Notes are applicable to a base
case plate ‘hickness of 7/8 inch (22 mm), requiring an adjustment of
the S-N curves for thicker plates. Considering further validation of
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thickness effect is necessary and the ship structure plate
thicknesses are not excessive, the correction factor may be
neglected.

The S-N curves recommended by API for offshore platforms may be used
in the computation of tubular component fatigue damage. The API X-
curve and the DEn T-curve (identical to DnV T-curve up to 10 million
cycles for cathodically protected areas - see Section 4.2.2)
intersect at about 500,000 cycles and would yield similar 1ives for
a plate thickness of 1-1/4 inch (32 mm). Most tubular chord and stub
thicknesses are likely to be greater than 1-1/4 inches and the
application of corrected DEn or DnV T-curves to compute fatigue lives
will result in shorter lives and considered to be appropriate.

Considering the effects of plate thickness, weld profile and undercut
on fatigue strength and the S-N curves it may be prudent to reassess
the hot spot stress range concept. Tolloczko et al (Reference 7.8)
recommend modifying the definition of hot spot stress range to
reflect weld toe defects. Then, the S-N curves will reflect only the
size effects.

Fatigque Damage Computation

Fatigue lives determined based on S-N curves and Miner’s cumulative
damage rule are uniformly acceptable to certifying and classification
agencies. The national and international standards allow the use of
simple cumulative damage rule for the computation of damage. Large
number of test results as well as the in-service performance records
of marine structures indicate adequacy of this approach.

Alternative rules to compute fatigue damage and methods to upgrade
Miner’s rule have been proposed. Although necessary to evaluate
possible benefits of such alternatives, additional complexity and the
cost should also be considered. Since the S-N curves are developed
based on constant amplitude stress ranges, the effect of variable
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amplitude loading and loading sequence on fatigue life is a valid
concern.

The results obtained from a substantial number of specimens subjected
to variable amplitude 1oading show that Miner’s rule is appropriate
and generally conservative. Dobson et al (Reference 7.26) studied
loading histories of containerships based on recorded service data.
When the stress intensity ranges were expressed as the root-mean-
square, the crack growth of Tlaboratory specimens subjected to
constant-amplitude loading history compared quite well with those
specimens subjected to constant amplitude loading.

Fatigue damage computation is based on stress ranges and number of
cycles and does not account for stress sequence. Since welded
structure fatigue lives are largely expended in crack propogation,
application of sufficient number of large stress amplitudes early in
fatigue Tife 1is 1likely to accelerate crack propogation and
overpredicting of fatigue 1ife. The uncertainty of stress sequence,
aside, the use of rainflow counting procedure, based on counting the
reversals in accordance with the material stress-strain response, may
enhance accuracy of damage computation. However, improvement in
accuracy is significant only for wide band stress histories with an
irregularity factor equal to or less than 0.5. When the structure
response yields narrow-banded stress cycles, the choice of counting
method is immaterial. Even for moderately wide band stress cycle
histories, the various cycle counting methods produce similar fatigue
damage predictions. Although further research is necessary,
especially on the effect of stress sequence, the use of S-N curves
and Miner’s cummulative fatigue damage rule is appropriate.
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8.1

8.1.1

FATIGUE DUE TO VORTEX SHEDDING

This section specifically addresses fatigue due to vortex shedding.
Fatigue due to vortex-induced vibrations is different from other
forms of fatigue discussed in previous sections only in its loading
characteristics. Generally, relatively small number of slender
members are susceptible to vortex-induced fatigue. However,
response to vortex shedding cannot be predicted using conventional
dynamic analyses techniques because the problem is non-linear. In
compliance with project objectives, a brief discussion is presented
on vortex shedding phenomena, analysis and design, damage assessment
and avoidance. A comprehensive discussion, including example
problems, is presented in Appendix D.

VORTEX SHEDDING PHENOMENON
Background

A member exposed to fluid flow may be subjected to unsteady drag and
1ift forces caused by shedding of vortices. While the vortices shed
are most often due to steady wind or current flow, the phenomena can
occur due to combined wave and current action. Depending on the
member’s natural frequency and the velocity of fluid flow, the
member may experience sustained vibrations.

Many structure members may be susceptible to vortex induced
vibrations (VIV). Relatively large diameter cylindrical brace
members of a fixed offshore platform can be designed to avoid VIV.
Component members of a cargo boom on a ship or the flare structure
on production units (FPSO, platform, etc.) are relatively slender
and can not be readily designed to avoid VIV. Then, they need to be
either designed to have adequate fatigue strength to resist the VIV
over the design 1ife of the structure or provided with devices or
spoilers to modify the vortex shedding and/or member natural
frequencies.



8.1.2

It should be pointed out that the effect of wind-induced vibration
is often not adequately addressed during design. The basis for the
issuing of an offshore Safety Notice 7/87 by the U.K. DEn to all
North Sea Operators for reassessment of platform flare boom
structural adequacy was the discovery of fatigue cracks in the flare
boom struts. Bell and Morgan (Reference 8.1) report that the
original design documents revealed relatively low fatigue stresses
and high fatigue lives. Reanalyses of the flare boom joints
indicated that the extensive cracking observed may be due to the
combined effect of poor weld quality in the joints and the larger-
than-expected stress cycles due to vortex-induced vibrations.

Vortex Induced Vibration (VIV)

At low fluid velocities (expressed as Reynold’s numbers) the flow
across the cylindrical member remains stable. As the fluid velocity
increases (i.e., higher Reynold’s numbers) the innermost part of the
shear layer adjacent to the cylinder moves more slowly than the
outer part of the layer. As a result, the shear layers "roll-up”
into discrete swirling vortices. These vortices are shed
periodically, either in pairs (in-Tine flow) or sequentially (cross-
flow) from two sides of the cylinder, generating unsteady and very
complex pressure distribution. As illustrated on Figure 8-1 (from
Reference 8.2), the laminar boundary layer goes through several
stages of vortex turbulance with increasing Reynold’s numbers. A
detailed discussion on vortices and pressure distribution is
presented by Marris (Reference 8.3).

If the cylindrical member natural frequency (fn) is close to the
vortex shedding frequency, vibrations of the cylinder may affect the
vortices shed. The vortex shedding frequency (fv) will no longer be
dependent on the Strouhal number (St), and is likely to become equal
to the natural frequency of vibration. If this "lock-in" effect
materializes, further increases in the vibration amplitudes will be
observed. To prevent the occurrence of critical velocity (fc),
where the member natural frequency is equal to the vortex shedding
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8.2.1

frequency (i.e. fc = fn = fv)’ member stiffness and mass may be
modified. The maximum amplitude of oscillation for the critical
velocity is an important variable, directly affecting the siress
amplitudes. The maximum amplitude of oscillation of a member
depends on member support conditions and the Ks value, reaching a
value approximately equal to member diameter for simply supported
boundary conditions. To prevent the lock-in effect, it is desirable
to keep the member natural frequencies to less than 70% or more than
130% of the vortex shedding frequency, whenever practical.

ANALYSES AND DESIGN FOR VORTEX SHEDDING

The interactive nature of the vortices shed and the vibration of the
cylinder makes analytical prediction of response to vortex induced
vibration (VIV) extremely difficult. Empirical formulations
(References 8.5, 8.6 and 8.7) have been developed to reflect the
state-of-the-art with respect to VIV technology. These empirical
approaches incorporate various parameters and are based on the
comparison of specific parametric values with experimental results.

Empirical formulations can be effectively used to avoid VIV, but

they are less reliable at predicting the occurrence of VIV and
determining the response amplitudes.

Susceptibility to Vortex Shedding

Cylindrical members may experience either in-line or cross flow
oscillations for a range of flow velocity and member response
characteristic ratios. To define susceptibility of a member to VIV,
a reduced velocity (Vr) term is introduced:

v

V = —
r
fnd

where:




v = flow velocity normal to the cylinder axis
f - fundamental frequency of the member (H)
d - diameter of the member

Susceptibility of a member to VIV in air is different than in water
due to the density of air flowing around the member being different
than the density of water. Susceptibility of a member is defined
for in-line and cross-flow oscillations in both environments.

In-1ine VIV may occur when:

1.2 < Vr < 3.5 in an Ocean Current Environment
and Ks <1.8
1.7 < vr < 3.2 in a Wind Environment

Cross-flow VIV may occur when:

3.9 < Vr <9 in an Ocean Current Environment
and Ks < 16
4.7 < Vr <8 in a Wind Environment

The stability parameter (Ks) and other pertinent variables that
affect susceptibility of a member to vortex shedding are discussed
further in Sections D.2 and D.3 of Appendix D.

The response of cylindrical members to wave-induced vortex shedding
has not been investigated in depth. Often, it is considered to be
less critical than current-induced vortex shedding because wave
water particle velocities continually change both in magnitude and
in direction. Wave-induced vortex shedding is discussed in detail
in a comprehensive paper by Zedan, et al (Reference 8.8).
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8.3

VIV Response and Stresses

A strategy based on avoidance of VIV is quite feasible for most
marine structures. Primary structural members are usually designed
to be sturdy enough that they are not susceptible to VIV. However,
some secondary or non-structural members may be susceptible to VIV
in water and in air. An empirical approach proposed by DnV
(Reference 8.7) does not account for the nonlinear relationship
between response and damping, thereby yielding conservative response
amplitudes and stresses. To predict response amplitudes more
reliably an approach based on Hallam et at (Reference 8.9) is
recommended. |

Cross-flow oscillations due to wind action may not always be
preventable, requiring the members to have sufficient resistance.
An empirical formulation based on a procedure by Engineering
Sciences Data Unit ESDU (Reference 8.6} that accounts for
interaction between vortices shed and forces induced is
recommended. This procedure and the basis for estimating maximum
bending stresses for different boundary conditions are discussed in
Sections D.4 and D.5 of Appendix D.

FATIGUE DAMAGE ASSESSMENT

A1l members susceptible to VIV should be assessed for fatigue
damage. First, the fatigue damage due to VIV is calculated. Then
a global fatigue analyses is performed and fatigue determined for
all critical members. The total fatigue damage is equal to the sum
of local (VIV) and global fatigue damage on each member.

Step-by-step determination of both local and global fatigue damage
is discussed further in Section D.6 of Appendix D. Application of
the procedure could indicate that the fatigue life is expended after
relatively small number of oscillations, requiring corrective
measures to be taken either in the design process or during
fabrication (devices, spoilers, etc.).
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8.5

METHODS OF MINIMIZING VORTEX SH

Because the environmental factors that cause vortex-induced
oscillations (wave, current and wind) cannot be controlled,
minimizing the oscillations depends primarily on the physical
characteristics of the structure.

There are several ways to solve the problem of vortex-induced
oscillations:

° Control of structural design (length, diameter, end fixity) to
obtain member natural periods to avoid the critical velocity.

° Control of structural design to have sufficiently high values
of effective mass and inherent damping to avoid the critical
velocity.

® Altering the pattern of the approaching flow to modify vortex
shedding frequency.

Further discussion on this subject is presented in Section D.8 of
Appendix D.

RECOMMENDAT IONS

Fatigue damage due to vortex shedding is best prevented during the
design of the structure by sizing the members (length-to-length
ratio, rigidity, damping, etc.) to ensure that critical velocity
values are avoided. If geometric, design schedule or economic
constraints preclude resizing of members susceptible to VIV, the
total fatigue damage due to local (VIV) and global response should
be computed and the integrity of those members verified. If a
Timited number of members are found to be susceptible to fatigue
failure, the flow around such members may be modified through the
use of devices and spoilers.
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Verification of a member’s structural integrity due to VIV fatigue
is difficult due to the interactive nature of the vortices shed and
the vibration of the member. State-of-the-art procedures developed
to determine the response amplitudes of a member incorporate several
approximations. It is recommended that some of the more important
of these approximations are carefully considered before starting a
VIV analyses:

Experimental data used to correlate parameters in the
development of empirical procedures are limited. Published
data is not available for in-line VIV in uniform oscillatory
flow.

Accurate determination of structural damping ratios in air and
in water is difficult. The damping ratios directly affect the
stability parameter and may contribute to either
underestimation or overestimation of the vibration amplitudes
and stresses.

Tubulars extending over multiple supports need to be evaluated
by considering support sleeve tolerances and spanwise
correlation of varying lengths and fixity prior to the
determination of natural frequencies.
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9.1

FATIGUE AVOIDANCE STRATEGY

Most marine structures are designed and analyzed to resist extreme
loadings. Some structures, including offshore structures and ships
with special features, are also checked for fatigue. This approach
may be valid for structures in environments not susceptible to
fatigue loadings. A good overall design of marine structures
susceptible to fatigue loading (large ships and tankers, stationary
fixed and floating structures, etc.) can be achieved when fatigue is
given an equal emphasis to stability, strength and other
considerations during design, long before steel is ordered.

Fatigue design should be both an integral part of an overall design
effort and a part of a strategy covering the entire design life of
the structure. Thus the design, fabrication, inspection and
operational maintenance should be treated as interactive parameters
that affect fatigue avoidance strategy.

While most offshore structures susceptible to fatigue were properly
analyzed and designed to prevent fatigue failures, ship-shaped
vessels were seldom analyzed and designed for fatigue. The use of
high strength steel in recently constructed vessels proved that an
indirect fatigue design (i.e. member sizing, detailing) is not
sufficient to prevent fatigue failures. As a result, large number
of vessels constructed by reputable firms now incorporate detailed
finite element analysis and design to prevent fatigue failures.

REVIEW OF FACTORS CONTRIBUTING TO FAILURE

Mobile vessels and stationary structures differ not only in their
general configuration but also in the nature of applied
environmental loading. A stationary structure’s site-specific
environment usually determines the stress ranges and the number of
stress cycles, and is a major variable affecting fatigue 1ife. The
next most important variables are the parameters affecting design
and fabrication quality. While maintenance may not be important
early in design life, it assumes a major role as the structure
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ages. The designer has no control over the environment, but other
factors can be addressed to enhance fatigue quality.

The factors that affect fatigue quality can be reviewed in four
groups. It appears reasonable to assume that each of these four
groups contributes equally to fatigue failure:

Design
Fabrication
Maintenance
Operational Loads

The fatigue life of a vessel is similarly affected by the activities
undertaken during design, fabrication, maintenance work and severity
of operational loads. Skaar (Reference 9.1) reports that a survey
to assess the approximate importance of design, fabrication,
maintenance and operations indicated that each contributes about
equally to overall quality.

BASIC FATIGUE AVOIDANCE STRATEGIES

Basic Premises

Review of fatigue failures shows that while relatively few failures
threaten structural integrity, repairs are costly and the cost of
continuous inspection and maintenance is appreciable. A survey of
design configurations and structural details shows that designers
who have access to operational feedback on inspection, repair and
maintenance, generally develop more reliable designs. To ensure a
functional, high-quality structure (i.e., with structural integrity)
that is cost-effective, both capital expenditures (CAPEX) and
operating expenditures (OPEX) should be addressed simultaneously.

The review of marine structures indicate several design
philosophies:
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° An indirect fatigue design where the design for extreme
loading and experience-based detailing are intended to provide
ample fatigue resistance. This approach may be valid for
structures subjected to negligible cyclic loadings.

L Simplified allowable stress methods based on in-service data
and valid theoretical developments. This approach is valid a»
a design tool to size structure components.

L Comprehensive fatigue analyses and design methods with
appropriate fatigue strength and stress history models. This
approach, including finite element analyses to accurately
determine the stress distributions, should be used in the
design of all structures susceptible to fatigue failure.

L Comprehensive fatigue analyses and design methods, taking the
lifetime inspection and maintenance strategies into account.
This is the valid approach to impiement a cost-effective
fatigue avoidance strategy.

Design, inspection and maintenance are thus logically treated as
interdependent parts of an overall process contributing to the
quality of a structure.

The other basic premises affecting fatigue avoidance strategies can
be summarized as follows:

[ The fatigue life is usually taken as twice the design life.
The target fatigue 1ives can be chosen to be about five to ten
times the design life with very little increase in steel.
The additional expenditures caused by the slight increase in
steel cost can be offset many times over by savings in
operating expenditures associated with inspection, repair and

maintenance.
o Service experience is of utmost importance in the design of
marine structures. The designer should have an access to
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failure data on various structures, including continuous
system stiffening details (i.e., orthotropically stiffened
hullplate).

® Typically, stiffening detail failures cause serviceability
problems, affecting the extent of a structure’s repair work
and cost. Unrepaired, they may cause buckling, flooding and
progressive collapse, thereby, resulting in the pollution of
the environment and the loss of structural integrity.

° Typical tubular interface failures of stationary structures
can cause substantial degradation in structural integrity.
Repairs on location, especially underwater, are extremely
costly and are not always entirely successful.

Fatique Avoidance Strategies

Fatigue avoidance strategies for ships and tankers are both similar
and dissimilar to those for fixed and floating stationary
structures. The primary components of continuous systems (ship
longitudinal girder, semisubmersible column, etc.) are designed to
provide ample strength, and the redundant load paths provided by
multiple stiffeners make fatigue more a serviceability problem. A
discrete system such as a fixed platform may have redundancy to
prevent major degradation of the structure, yet redistribution of
load paths will accelerate crack growth in adjacent areas and can
cause failures in these areas. To prevent additional failures,
repair work should not be postponed beyond a reasonable period.

The basic fatigue avoidance strategies are best addressed as the
factors that affect design and maintenance:




Design

L Global Confiqurations

A design strategy that provides a global configuration with
redundancy and minimizes both the applied loads and the
response will enhance structure fatigue life and reduce
maintenance costs.

Both continuous system and discrete system global
configurations can be optimized to various degrees to minimize
the effect of applied loads and the response of the structure
to these applied loads. The dynamic response of the structure
can contribute to substantial cyclic stress (i.e. both global
and local dynamics, including vortex induced vibrations) and
should be minimized.

° Joint/Weld Details

The structural joint/weld details should be developed based on
operating experience, analytical studies and assessment of the
impact of actual fabrication yard work to minimize the stress
concentrations, adverse fabrication effects and stress levels.

The joint/weld details should be designed to prevent large
stress concentrations. Review of typical joint/detail
failures and analytical parametric studies should be used to
identify both "desirable” and “undesirable"” details. Review
of some of the published data on structural detail failures
(References 9.2, 9.3, 4.2 and 4.3) also illustrate that such
fatigue failures can be significantly decreased by avoiding
magnification of stress patterns on a structure detail.
Jordan and Cochran (Reference 9.2) surveyed 3,307 failures in
over 50 ships and presented their findings by grouping the
structural details into 12 families. The review of details
within each family (twelve families: beam brackets, tripping
brackets, non-tight collars, tight collars, gunwale




connections, knife edge crossings, miscellaneous cutouts,
clearance cuts, deck cutouts, stanchion ends, stiffener ends,
and panel stiffener ends) should provide an invaluable
operational feedback to the designer in understanding relative
susceptibility of different details to fatigue failure.

o Material and Fabrication

The material selected, procedures specified and fabrication
specifications issued should be compatible with each other and
meet the requirements of the intended function of the
structure.

The design effort should ensure selection of material with
chemical composition and material properties applicable for
the stiructure’s intended function. Welding material and
procedures should be compatible with the structural material
selected. Overall fabrication specifications, covering
fabrication tolerances, repair procedures, etc., should be
developed to meet the target objectives. Specifications
should reflect a balance between cost and fit-for-purpose
approach to quality.

Maintenance

Stationary structures may require a higher degree of design
conservatism than mobile structures to minimize the cost of
maintenance, inspection and repair. Maintenance and inspection
programs should be developed during design to reflect both design
conservatism and functionality of the structure and its components.

Maintenance, inspection and repair are interactive in-service
parameters. The maintenance and inspection of continuous systems
differs from discrete systems largely in degree of accessibility.
Most continuous systems (such as interiors of hulls, columns and
pontoons) can be routinely inspected and maintained. Such units can
be brought to shipyards for scheduled or unscheduled repairs.
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9.3

Fatigue avoidance strategy for mobile vessels should consider both
the consequence of limited degradation due to fatigue failure and
the relative ease of routine maintenance and scheduled repairs.

Most discrete systems, such as offshore platforms, are stationary
and their components are generally not accessible for internal
inspection. Thus, inspection is carried oul externally, both above
and below water. Any repair work undertaken is costly and may be
only partially successful. Where regulations impose comprehensive
inspection and maintenance programs, such as in the North Sea, a
fatigue design philosophy addressing the inspection and maintenance
issues also facilitates certification of design. Typically,
redundancy and consequence of failure dictate the inspection
intervals. Those areas known to be susceptible to fatigue failure
will require more frequent inspection intervals. Similarly,
inspection results should be the basis for altering the recommended
inspection schedule as necessary.

Analysis

Analytical assumptions and the methodology implemented for fatigue
life computations have dramatic effects. The choice of fatigue
analyses appropriate for a specific project depends on the
information available, research caps, and sensitivity of structure
to fatigue failure. Because fatigue analysis approach is not truly
an avoidance strategy, it is discussed separately in Section 9.4.

FATIGUE STRENGTH IMPROVEMENT STRATEGIES

Fatigue strength improvement and fatigue avoidance strategies
benefit from application of an appropriate design philosophy that
allows development of structure and component integrity, and that
facilitates quality of construction. The specific methods discussed
in the section are remedial measures for fatigue strength
improvement.




9.3.1

9.3.2

Fabrication Effec

The fatigue strength of welded joints/details is lower than the
parent material due a wide range of fabrication effects. Some of
the primary causes for the degradation of fatigue strengih are due
to:

® Increase in peak stresses due to geometrical effects and
discontinuities (stress amplification) and mismatch tolerances
(bending stress) introduced.

o Residual stresse. introduced due to welding, forced fit,
excessive heat input, etc.

° Defects introduced in the weld material, and undercut at the
edge of welds.

Adverse fabrication effects are minimized by addressing the issues
during design and specification writing. Both experience
(operational and design) and parametric studies allow development of
"desirable" details to minimize the local increase of stresses.
Fabrication specifications are prepared to optimize fabrication
quality without excessive expenditures.

Post-Fabrication Strenqth Improvement

Numerous post-fabrication processes can partially or totally counter
the fabrication effects that contribute to degradation of fatigue
strength. However, post-fabrication processes may be costly and
should not be incorporated in the design process routinely.

The development of fatigue cracks depends largely on the geometry of
the joint detail and often develop at the weld toe. Any mismatch of
parent plates will facilitate propagation of the crack through the
weld until a failure across the throat is observed. Deposition of
extra weld metal in the throat area to decrease the shear stress can
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improve the fatigue strength. The methods available to improve
fatigue strength can be grouped into two:

° Modification of weld toe profile
° Modification of residual stress distribution

Some of the methods in each category are identified on Figure 9-1
and discussed in this section.

Modification of Weld Profile

Both contour grinding of the weld profile and the local grinding of
the weld toe area are recommended to improve fatigue strength. The
two key objectives in the modification of weld toe profile are:

o Remove defects at the weld toe.
o Develop a smooth transition between weld material and parent
plate.

By applying either local grinding or remelting techniques to remove
defects and discontinuities, the fatigue life is increased as a
function of time required for crack initiation. Some applicable
methods are as follows:

° Grinding

Full-profile burr grinding, toe burr grinding or localized
disc grinding can be carried out. Considering the time
required for grinding, local-weld toe grinding has become one
of the most frequently used grinding methods. Careful and
controlled local grinding of the weld toe improves the fatigue
strength of a specimen in air by at least 30%, equivalent to
an increase in fatigue life by a factor greater than 2.

However, to obtain such a benefit the grinding must extend
about 0.04 inch (1 mm) beneath the plate surface. Typical
defects and corrective measures are shown on Figure 9-2.
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Controlled Erosion

An alternate weld toe modification techniaue uses a high-
pressure water jet containing grit. Under carefully
controllied conditions the weld toe area can be eroded as
though it were being ground. Work carried out on fillet welds
with abrasive water jetting (AWJ) by Maddox and Padilla
(Reference 9.4) and King (Reference 9.5) indicate that fatigue
life improvement due to AWJ erosion and toe grinding are
comparable. The S-N curve improvements obtained due to weld
toe abrasive water jet erosion are illustrated on Figure 9-3.
This approach does not require heat input and can be carried
out quickly, offering an advantage over alternative methods.

Remelting Techni

Remelting weld material to a shallow depth along the weld toe
results in removal of inclusions and helps achieve a smooth
transition between the weld and the plate material. Tungsten-
inert-gas (TIG) and plasma welding are not practical
techniques for routine use, but TIG and plasma dressing can be
used to improve the fatigue strength of selective areas.

TIG welding is based on a stringer bead process. TIG dressing
is performed on welds made by other processes where the toe
region is melted to a shallow depth without the use of a
filler material. Slag particles in the remelted zone are
brought to the surface, leaving the weld toe area practically
defect free. A high heat input should be maintained to obtain
a good profile and a low hardness. A low hardness in the
heat-affected zone (HAZ) may be also achieved by a second TIG
pass.

Plasma dressing requires remelting the weld toe using the
plasma arc welding technique. It is very similar to TIG
dressing, but plasma dressing uses a wider weld pool and
higher heat input. This technique is relatively insensitive
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to the electrode position, so the strength improvements are
better than the improvements obtained from TIG dressing.

Although overall weld profiling is considered desirable for
tubular intersections, rules and recommendations other than
API do not allow improvement in fatigue strength of a joint
unless weld profiling is accompanied by weld toe grinding.

The fatigue strength increase of welded joints due to weld toe
grinding in air 1is considered equally applicable to
cathodically protected welded joints in seawater. However, in
the absence of cathodic protection, a corrosive environment
helps to initiate fatigue cracks. Thus, without cathodic
protection, fatigue strength improvement due to weld toe
grinding cannot be justified.

The fatigue strength increase in welded joints due to weld toe
grinding is based on simple plate specimens tested in air and
in seawater (with and without cathodic protection). However,
extension of welded plate specimen test data to tubular joints
may not be correct. Work carried out by Wylde et al
(Reference 3.6) indicates that additional research is
necessary because:

1) The corrosive effect of seawater appears to be greater
on tubular joints than on flat plates.

2) Cathodic protection appears to be less effective on
tubular joints than on flat plates. '

Modification of Residual Stress Distribution

A wide range of residual stress techniques are available to
redistribute the fabrication stresses at a welded joint. If large
residual tensile stresses are present at a welded joint, the applied
stress cycle near the weld toe can remain wholly tensile. Thus,
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after a given number of stress cycles, the stress range to cause
failure is practically constant for a wide range of mean stresses.

The undesirable tensile residual stresses at the weld can be
modified by the following methods to set up desirable compressive
stresses at the weld toe:

[ Stress Relief

Various fatigue tests on simple plate specimens indicate that
an improved fatigue strength can be obtained by stress relief
due to post-weld heat treatment (PWHT). However, plate and
stiffening elements of continuous systems rarely require
stress relief. Thick tubular joints with residual stresses as
a result of fabrication work can often benefit from stress
relief. Yet, it is not clear that a complex joint with built-
in constraints can be effectively stress relieved. It is
likely that substantial residual strains and stresses will
remain at a joint assembly after PWHT.

Localized stress relief may be very beneficial in an
embrittled heat-affected zone (HAZ). Typically, high
localized heat input in a HAZ alters the material properties
and causes reduced fatigue 1ife due to unstable fracture. A
PWHT carried out to improve toughness of the HAZ may partially
restore the fatigue strength of welded joints, as the residual
stresses have an influence in the development of fatigue
cracks. Previous investigations on this subject (Reference
1.8) document influence of PWHT on fatigue.

o Compressive Overstressing

Compressive overstressing is a technique in which compressive
residual stresses are introduced at the weld toe.
Experimental results and analytical work demonstrate
effectiveness of prior overstressing, but the procedure to be
implemented does not appear to be practical for most marine
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9.3.3

structures. A comprehensive discussion of strength
improvement techniques by Booth (Reference 9.7) is recommended
for further review of compressive overstressing.

° Peening

Peening is a cold working process intended to produce surface
deformations to develop residual compressive stresses. When
impact loading on the material surface would otherwise cause
the surface layer to expand laterally, the layer underneath
prevents such surface layer expansion, creating the
compressive residual stresses at the surface. Typical peening
methods are hammer peening, shot peening and needle peening.
Further discussion on peening techniques and their relative
benefits is provided by Maddox (Reference 9.8).

Comparison of Strength Improvement Strategies

Strength improvement techniques are time consuming and costly and
they should be applied selectively. Comparison of different
techniques allows assessment of their effectiveness and cost. The
recommended strength improvement strategy depends on the
characteristics of the structure (global and 1local) and the
preference for one technique over others based on effectiveness,
cost and fabrication yard characteristics.

Some of the more important comparisons of various approaches
available to improve fatigue strength of weld details subjected to
a wide range of stresses are as follows: '

° Full profile burr grinding is preferable to toe burr grinding
only, or disc-grinding only, because it results in higher
fatigue strength even at a substantial cost penalty.

Disc grinding requires the least time and cost. However, it
produces score marks perpendicular to the principal stress
direction, making this technique less effective than others.
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9.4

9.4.1

A second pass with polishing disc is considered advisable. A
complete chapter on weld toe grinding by Woodley (Reference
9.9) provides a detailed discussion on grinding techniques.

Using a high-pressure abrasive water jet (AWJ) process for
controlled erosion of the weld toe area can be as effective as
grinding. Its simplicity, speed and non-utilization of heat
make controlled erosion very promising. Work carried out by
King (Reference 9.5) indicate that AWJ process is suitable for
a range of material removal applications, including weld toe
dressing, gouging and weld edge preparation.

A wider weld pool makes plasma dressing less sensitive to the
positioning of the electrode relative to the weld toe,
compared with TIG dressing. Therefore, the fatigue strength
improvement obtained from plasma dressing is generally better
than that obtained from TIG dressing.

Both methods are suitable for automation and cost-effective
application.

Review of grinding, remelting and peening techniques indicate
substantial scatter of fatigue strength improvements.
Typically the best fatigue strength improvements are achieved
by TIG dressing and hammer peening. Toe disc grinding is the
least effective technique. Figure 9-4, obtained from
Reference 9.7, provides a good comparison of various fatigue
strength improvement techniques.

FATIGUE ANALYSIS STRATEGIES

Review of Uncertainties, Gaps and Research Needs

There are many uncertainties in a fatigue analysis, carried out to
determine the fatigue lives of marine structure components. To
ensure validity of analysis the first objective is to accurately
predict the stress-history for the lifetime of the structure. The
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second objective is to accurately evaluate the fatigue strength of
the structure components and to calculate the cumulative fatigue
damage based on stress-history and fatigue strength. While some of
the uncertainties occur in nature, others are caused by shortcomings
in simulating the actual behavior.

Uncertainties in Predicting Stress History

It is necessary to model the actual structure as closely as possible
to determine the applied loads and the response of the structure to
these applied loads. Since marine structures are typically
indeterminate structures, stresses are strongly dependent on the
structural configuration, necessitating careful simulation of actual
member and joint behavior.

a) Hydrodynamic Loads Model

The ship structure loads model allows the use of strip methods
or 3-D flow solutions to determine the wave loads. The
accuracy of the wave load determination depends on the ability
to accurately define the wave force coefficients, marine
growth, wave steepness, hydrostatic effects and hydrodynamic
effects.

The loads on a stationary semisubmersible or fixed platform
are typically determined from Morison’s equation. Fixed
platform loads are largely affected by the accuracy of wave
inertia and drag force coefficients, wave steepness, marine
growth and the shielding effect of component members. The use
of a stick model is valid for a fixed platform, the use of a
stick model for a structure made up of large members will
result in inaccurate loads.

Because large members will disturb the flow, leading to highly
frequency dependent diffraction, a three-dimensional
diffraction theory is often used to determine the wave force
components to directly account for the effect of one member on
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b)

others. Extensive analytical and experimental work provides
validation of techniques used to generate the loads.

For standard vessels with a forward speed, strip methods often
provide the desirable accuracy. Although the diffraction
methods are still considered largely a research tool by many,
they are now used as an analyses and design tool by others.

Limited amount of available data on wave-induced and dynamic
impact (i.e. slamming) loading on vessels and the vessel
response do not facilitate calibration of analyses models. It
is necessary to obtain sufficient data for various vessel
types for an extended period. Boylston and Stambaugh
(Reference 9.10) recommended program to obtain loading
computer records, based on vessel strains for at least three
vessel types over a five-year period, should provide
sufficient data on probabilistic loadings and the vessel
response.

Mass, Motions and Stiffness Models

There are few uncertainties in developing an accurate mass
model. The motions model, however, is largely affected by the
assumptions made to define the motions and stiffness models
and the analyses techniques chosen. The uncertainties built
into these models that allow the definition of nominal
stresses are:

- linearization of drag term

- definition of joint releases, complexity of joint, joint
flexibility etc.

- definition of strongbacks and global versus local
distribution of loads

- added mass

- appurtenances modelling

- structural damping (for bottom-supported structures)

- foundation matrix (for bottom-supported structures)
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- relative slippage between jacket legs and piles.

Additional uncertainties introduced due to assumptions made on
analyses techniques, are:

- application of regular or random waves
- application of time-domain or frequency domain solutions
- use of deterministic versus spectral analyses

While some of the uncertainties relate to analytical
simulation of actual conditions, others reflect the
uncertainties in both the nature and in simulation. Most
analysis and modeling uncertainties can be minimized, and the
current state-of-knowledge and tools available facilitate
obtaining accurate nominal stress distributions.

Since the structure dynamic responses (both global and local,
including vortex induced vibrations) contribute substantial
cyclic stresses, it is extremely important to minimize the
uncertainties in simulating structure responses.

Hot S oi Stresses

Peak stresses can be reasonably well defined by the use of
physical models and finite element analyses. However, for
most analysis and design work the time and cost constraints
necessitate the use of empirical formulations to obtain the
SCFs and define the hot-spot stresses.

A11 empirical formulations have application limits and the
accuracy of the SCFs computed depend on several variables.
More finite element work is required to define the interaction
of parameters for a wide range of joint geometries to upgrade
existing empirical formulations.
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d) Stress Spectrum

Hot-spot stresses combined with the long-term effects of the
environment allow development of the stress spectrum.
Randomness of ocean environment makes both the short and long-
term prediction of sea states quite difficult. The
uncertainties of nature that influence the life-time stress
history of a stationary structure are:

Use of full scatter diagram of Hs and T
Variations of T

Percentage of occurrence estimates

Wave directionality

Interaction of wave and current

For some site-specific stationary structures, a good existing
database may allow comprehensive hindcasting studies to predict both
short- and long-term environment with a reasonable certainty. A
reliability-based full probabalistic fatigue analysis allows
selection of the degree of reliability that affects the fatigue
life, such as the environmental loading, size and distribution of
defects, fatigue strength, etc. However, even commonly used
spectral fatigue analyses, which is deterministic, (i.e. application
of only probabilistic environmental conditions), the desirable level
of uncertainty for the environment can be chosen to be compatible
with the other factors that affect the computed fatigue life.

For oceangoing ships which move through various site-specific
environments in a single route, the stress history is very difficult
to define. A full probabilistic reliability analysis, or the use of
conservative upper bound conditions, is necessary to account for the
many different routes over the the uncertainties regarding the use
of very different routes over the life of the vessel as well as
route changes due to extreme environmental conditions.
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Uncertaint in Predi tin tigue Stren lativ
Damage

Fatigue strength is not analyzed but determined from laboratory test
specimens. The experimental work that allows the definition of
fatigue strength and the S-N curves require substantial further
work. Some of the basic variables contributing to the unéertainty
of fatigue strength include the effects of:

[ Geometry (weld profile, toe discontinuity, etc.)

® Defect type, size and location

] Definition of fatigue failure (N1, N2) in S-N data

[ Size on S-N data

° Assumption of a linear model and log normal distribution for
N

® Environment (corrosion, cathodic protection, etc.)

o Load amplitude and sequence

) Fabrication residual stresses

° Post-fabrication procedures to increase fatigue strength

Due to large uncertainties in each of the items 1isted, the fatigue
strength data show a very large scatter, requiring the use of
somewhat conservative S-N curves. The available test data on high
stress range-low cycle fatigue failure is limited. Thus, the S-N
curves for the 1000 to 10,000 cycle range are less reliable than the
high cycle ranges.

While additional work is necessary to better define geometric
variations, the recent research has shown that there are also some
uncertainties regarding the:

° Beneficial effect of weld profile without weld toe grinding or
remelting

® Assumption of cathodically protected Jjoints in sea water
having the same fatigue strength in air

o Classification of joints based on geometry rather than load
pattern
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9.4.2

Cumulative fatigue damage computations have been and still are based
on Miner’s linear cumulative damage rule. Alternative stress cycle
(rainflow) counting methods have allowed reduction of uncertainties
for wide-band loading. Gurney’s rule provides an alternative to
Miner’s rule. However, the most important research gap in the
computation of fatigue damage is the sequence of loading. The wave
loading, which is of stochastic nature, have been simulated by
Markow matrix (Reference 9.11) to carry out fatigue test of plates
under stochastic and constant amplitude loading (Reference 9.12).
These initial tests indicate fatigue strength properties for
constant amplitude and spectrum loading may be different. Until
more research is carried out on loading sequence it should be
presumed that a certain number of large amplitude stress cycles
during the beginning of a structure’s life would be likely to
accelerate the fatigue crack growth of most defects. A series of
tests being carried out at Technical University of Denmark
(Reference 9.13) should provide more definitive conclusions on
fatigue life of welded joints subjected to spectrum loading under
various corrosive conditions.

Recent Research Activities

Extensive fatigue research activities were carried out in the
1980s. A large percentage of these activities were carried out in
Europe, addressing the parameters affecting fatigue 1life of
Joints/details in the extreme North Sea environment. Other research
activities carried out in the United States and elsewhere indicate
that the research activities are often complementary and generally
avoid duplication of effort.

The fatigue research activities are generally carried out in two or
three phases over multiple years. While some research activities
were completed, others will continue into early 1990s. These
research activities may be grouped into following areas and the
relevant activities are summarized on Figure 9-5.
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9.4.3

° Stress concentration factors; including collating of existing
data, calibration of SCF equations and development of
parametric equations.

® Fatigue analysis and design methods; including finite element
analysis procedures and application of fatigue design rules.

® Fatigue resistance; including simple plate S-N curves and
complex details, S-N curves for stiffened joints and S-N
curves for different materials.

® Effect of various parameters on fatigue life; including the
effect of cathodic protection in seawater, plate thickness and
weld profile effects.

® Fatigue life improvement techniques.

® Fatigue life determination; including review of cumulative
damage, assessment of random loading and low cycle fatigue.

Cost-Effective Analysis Strategies

A cost-effective analyses strategy is relatively easy to develop for
any marine structure. First, the structure configuration and the
Tikely marine environment should be assessed to determine
susceptibility of the structure to fatigue. Second, structure
configuration and operational response characteristics should be
assessed to determine the desirable analyses techniques to generate
the loads and to determine the response of the structure.

Although computer cost is an important variable in developing an
analysis strategy, computer cost should be assessed in conjunction
with engineering time and effort as well as the time available to
complete the fatigue analysis and design. Most important, design is
an fterative process and structural changes will invariably occur
during fatigue analysis. Thus, fatigue analysis should be treated
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9.5

as a parametric study intended to identify the fatigue-susceptible
areas for improvement.

Considering that small increases in steel used can appreciably
increase. fatigue lives, it is recommended that the target fatigue
lTives (at least for a screening effort) be taken as five to ten
times the design life while most rules and recommendations specify
a factor of two between fatigue and design life. Then, changes
introduced during design that has an impact on applied loads and
stress distributions can be readily accommodated.

RECOMMENDAT IONS

Fatigue avoidance strategies adopted and the design tools used have
served as well. However, further efforts are necessary in carrying
out more research, in developing further improvements in analyses
and design, and in upgrading the rules and regulations to
incorporate the research results.

Recommendations presented in Section 5 through 8 provided the basis
for further in-depth discussions 1in Section 9. Applicabile
references in each section are listed in Section 10. Some of the
primary recommendations are listed as follows:

(] Although "allowable stress® methods may be used as a
"screening process,” a detailed fatigue analysis is often
necessary.

° Assessment of various empirical equations indicate that the
UEG equations yield conservative prediction of SCFs for a wide
range of geometry. However, empirical equations provided by
UEG, Efthymiou, Kuang and others should be reviewed for joint
geometry and loading condition to allow selection of most
appropriate equation.

° The long-term wave environment definitions based on hindcast
models are quite reliable. However, modeling parameters
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9.5.1

should be carefu]ly reviewed and the model calibrated to
ensure the reliability of data.

® The S-N curves used in determining fatigue damage computations
should be compatible with structural details investigated.

° Considering the effect of size, weld profile and undercut on
fatigue strength and S-N curves, it may be prudent to reassess
the hot spot stress range concept. The definition of hot spot
stress range can be modified to reflect the weld toe defects.

® The use of Miner’s cumulative fatigue damage rule with the S-N

curves is appropriate. Further research, especially on the
effects of stress sequence and counting of stress reversals,
is considered necessary.

Research Priorities

Whether designing a supertanker or an offshore platform, significant
failure modes can be identified, environmental loads generated,
structure response characteristics determined, and stress
superpositions compatible with the environment and the failure modes
computed. Although strength statistics for these structures can be
expressed in terms of means and variance, lack of sufficient
statistical data on loads, stresses and strength prevent full
probabilistic fatigue analyses. A development of a semi-
probabilistic analysis approach applicable to various structures and
that does not require a distribution shape is desirable.

While a typical fatigue damage assessment is based on fatigue
strength data yielding S-N curves, such an assessment can also be
made based on fracture mechanics and crack growth laws. While the
damage assessment is based on propagation of individual crack, work
carried out by Morgan (Reference 9.14) has indicated ponssible
interaction of multiple cracks. Thus, further work is necessary to
obtain data on interaction of cracks as well as interaction of
parameters affecting development of S-N curves.
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9.5.2

Additional areas requiring further research are summarized as
follows:

® Parallel study of weld profile and weld toe defects.
Analytical study of existing data for weld toe defect stress
levels and through-thickness stress levels.

° Identification of the type and magnitude of the errors
introduced in laboratory work and development of appropriate
means to normalize test data.

® Further assessment of empirical equations. Available test
data should be further evaluated, incorporating necessary
correction of data, and reliability and limitation of
equations revised, as necessary.

® Carrying out of additional tests in both air and in ocean
environment to fill the gaps in existing research.

L Development of NDE methods to quantify residual stresses
introduced during fabrication.

o Further study of long-term wave environment.

° Further assessment of stress sequence on fatigue life.

Rules and Requlations

Existing rules, regulations and codes are adequate and generally
conservative. However, differences exist between various rules,
regulations and codes, including omissions and inconsistencies.
Research data obtained in the 1980s was the basis for revisions
introduced into the 4th Edition of Guidance Notes (1990). Similar
effort has been initiated to revise APl RP 2A. Some of the recent
studies published (References 7.8 and 5.20) follow a deliberate
format to facilitate extraction of data to upgrade existing rules
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and regulations. Thes_e and other study results should prove
valuable in revision and upgrading of rules and regulations.

9-25




GROUP

Modification of
Weld Profile

Modification of Residual
Stress Distribution

METHOD

a. Local and Contour
Grinding

b. Controlled Erosion
Cc. Remelting Techniques

- TIG Dressing
- Plasma Dressing

a. Stress Relief

b. Compressive
Overstressing
- Local Compression
- Spot Heating

c. Peening
- Shot Peening
- Hammer Peening
- Needle Peening

Figure 9-1

Typical Methods to Improve Fatigue Strength
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