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PREFACE

This book is written for marine structural engineers and naval architects, as well as mechanical
engineers and civil engineers who work on structural design. The preparation of the book is
motivated by extensive use of the finite element analysis and dynamic/fatigue analysis, fast paced
advances in computer and information technology, and application of risk and reliability methods.
As the professor of offshore structures at Stavanger University College, I developed this book for my
teaching course TE 6076 “Offshore Structures” and TE6541 “Risk and Reliability Analysis of
Offshore Structures” for M.Sc and Ph.D. students. This book has also been used in IBC/Clarion
industry training courses on design and construction of floating production systems for engineers in
the oil/gas industry.

As reliability-based limit-state design becomes popular in structural engineering, this book may also
be a reference for structural engineers in other disciplines, such as buildings, bridges and spacecraft.

My former supervisors should be thanked for their guidance and inspiration, These include:
Executive Vice President Dr. Donald Liu at American Bureau of Shipping (ABS), Professor Torgeir
Moan at Norwegian University of Science and Technology (NTNU), Professor Robert Bea and
Professor Alaa Mansour at University of California at Berkeley, Prof. Preben Terndrup Pedersen at
Technical University of Denmark, Professor T. Yao at Osaka University and Professor M. Fujikubo
at Hiroshima University. The friendship and technical advice from these great scientists and
engineers have been very important for me to develop materials used in this book.

As manager of advanced engineering department at JP Kenny Norway office (now a section of ABB)
and manager of offshore technology department at the American Bureau of Shipping, I was given
opportunities to meet many industry leaders in oil companies, design/consulting offices,
classification societies and contractors. From ISSC, IBC, SNAME, OMAE, ISOPE and OTC
conferences and industry (ISO/API/Deepstar) committees, I learned about the recent developments
in industry applications and research.

The collaboration with Dr. Ruxin Song and Dr. Tao Xu for a long period of time has been helpful to
develop research activities on structural reliability and fatigue respectively. Sections of this book
relating to extreme response, buckling of tubular members, FPSO hull girder strength and reliability
were based on my SNAME, OMAE and ISOPE papers co-authored with Professors Preben Temdrup
Pedersen and T. Yao and Drs. Yung Shin, C.T. Zhao and H.H. Sun.

Dr. Qiang Bai and Ph.D. student Gang Dong provided assistance to format the manuscript.

Professor Rameswar Bhattacharyya, Elsevier’s Publishing Editor James Sullivan and Publisher Nick
Pinfield and Senior Vice President James Card of ABS provided me continued encouragement in
completing this book.

1 appreciate my wife Hua Peng and children, Lihua and Carl, for creating an environment in which it
has been possible to continue to write this book for more than 5 years in different culture and
working environments.

I wish to thank all of the organizations and individuals mentioned in the above (and many friends
and authors who were not mentioned) for their support and encouragement.

Yong BAI
Houston, USA
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Part I

Structural Design Principles

Chapter 1 Introduction

1.1  Structural Design Principles

1.1.1 Introduction

This book is devoted to the modern theory for design and analysis of marine structures. The
term “marine structures” refers to ship and offshore structures. The objective of this book is to
summarize the latest developments of design codes, engineering practice and research into the
form of a book, focusing on applications of finite element analysis and risk/reliability methods.

The calculation of wave loads and load combinations is the first step in marine structural
design. For structural design and analysis, a structural engineer needs to have basic concepts
of waves, motions and design loads. Extreme value analysis for dynamic systems is another
area that has gained substantial developments in the last decades. It is an important subject for
the determination of the design values for motions and strength analysis of floating structures,
risers, mooring systems and tendons for tension leg platforms.

Once the functional requirements and loads are determined, an initial scantling may be sized
based on formulae and charts in classification rules and design codes. The basic scantling of
the structural components is initially determined based on stress analysis of beams, plates and
shells under hydrostatic pressure, bending and concentrated loads. Three levels of marine
structural design have been developed:

« Level 1: Design by rules
« Level 2: Design by analysis

« Level 3: Design based on performance standards

Until the 1970’s, structural design rules had been based on the design by rules approach using
experience expressed in tables and formula., These formulae-based rules were followed by
direct calculations of hydrodynamic loads and finite element stress analysis. The Finite
Element Methods (FEM) have now been extensively developed and applied for the design of
ship and offshore structures. Structural analysis based on FEM has provided results, which
enable designers to optimize structural design. The design by analysis approach is now applied
throughout the design process.

The finite element analysis has been very popular for strength and fatigue analysis of marine
structures. In the structural design process, the dimensions and sizing of the structure are
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strengthened, and structural analysis re-conducted until the strength and fatigue requirements
are met. The use of FEM technology has been supported by the fast development of computer
and information technology. Information technology is widely used in structural analysis, data
collection, processing, and interpretation, as well as in the design, operation, and maintenance
of ship and offshore structures. The development of computer and information technology has
made it possible to conduct a complex structural analysis and process the analysis results. To
aid the FEM based design, various types of computer based tools have been developed, such
as CAD (Computer Aided Design) for scantling, CAE (Computer Aided Engineering) for
structural design and analysis and CAM (Computer Aided Manufacturing) for fabrication.

Structural design may also be conducted based on performance requirements such as design
for accidental loads, where managing risks is of importance.

1.1.2 Limit-State Design

In a limit-state design, the design of structures is checked for all groups of limit-states to
ensure that the safety margin between the maximum likely loads and the weakest possible
resistance of the structure is large enough and that fatigue damage is tolerable.

Based on the first principles, limit-state design criteria cover various failure modes such as:
« Serviceability limit-state

+ Ultimate limit-state (including buckling/collapse and fracture)

« Fatigue limit-State

o Accidental limit-state (progressive collapse limit-state)

Each failure mode may be controlled by a set of design criteria. Limit-state design criteria are
developed based on ultimate strength and fatigue analysis as well as use of the risk/reliability
methods.

The design criteria have traditionally been expressed in the format of Working Stress Design
(WSD) (or Allowable Stress Design, ASD), where only one safety factor is used to define the
allowable limit. However, in recent years, there is an increased use of the Load and Resistance
Factored Design (LRFD), that comprises of a number of load factors and resistance factors
reflecting the uncertainties and safety requirements.

A general safety format for LRFD design may be expressed as:

Sq<Rg (1.1)

where,

Sq = ¥Sk.yr, Design load effect

R4 = YRy/ym, Design resistance (capacity)

Sk = Characteristic load effect

Ry = Characteristic resistance

Yr = Load factor, reflecting the uncertainty in load

Y = material factor = the inverse of the resistance factor

Figure 1.1 illustrates use of the load and resistance factors where only one load factor and one
material factor are used in the illustration for the sake of simplicity. To account for the
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uncertainties in strength parameters, the design resistance Ry is defined as characteristic
resistance Ry divided by the material factor y,,. On the other hand, the characteristic load effect
S is scaled up by multiplying a load factor ¥r.

The values of the load factor yrand material factor ¥y, are defined in design codes. They have
been calibrated against the working stress design criteria and the inherent safety levels in the
design codes. The calibration may be conducted using structural reliability methods that allow
us to correlate the reliability levels in the LRFD criteria with the WSD criteria and to assure
the reliability levels will be higher or equal to the target reliability. An advantage of the LRFD
approach is its simplicity (in comparison with direct use of the structural reliability methods)
while it accounts for the uncertainties in loads and structural capacities based on structural
reliability methods. The LRFD is also called partial safety factor design.

While the partial safety factors are calibrated using the structural reliability methods, the
failure consequence may also be accounted for through selection of the target reliability level.
When the failure consequence is higher, the safety factors should also be higher. Use of the
LRFD criteria may provide unified safety levels for the whole structures or a group of the
structures that are designed according to the same code.

>

Load Effect Capacity
Char. value Sk Char. value Ry
is factored up is factored down

Probability Density

Figure 1.1  Use of Load and Resistance Factores for Strength Design

1.2 Strength and Fatigue Analysis

Major factors that should be considered in marine structural design include:
«  Still-water and wave loads, and their possible combinations
«  Ultimate strength of structural components and systems

«  Fatigue/fracture in critical structural details.

Knowledge of hydrodynamics, buckling/collapse, and fatigue/fracture is the key to
understanding structural engineering.
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1.2.1 Ultimate Strength Criteria

Ultimate strength criteria are usually advocated in design codes for various basic types of the
structural components such as:

« columns & beam-columns
« plates and stiffened panels
+ shells and stiffened shells

+ structural connections

» hull girders

An illustration of the Euler buckling strength is given in Figure 1.2 for pinned columns under
compression. Due to combination of axial compression and initial deflection, the column may
buckle when the axial compression approaches its critical value,

n’El

12
where /and E7 are column length and sectional bending rigidity respectively. Due to buckling,
the lateral deflection & will increase rapidly.

Fer = 1.2)

Initiation of yielding usually occurs in the most loaded portion of the structural members. As
the yielding portion spreads, the bending rigidity of the structural component decreases and
hence buckling is attained. For structural members other than un-stiffened thin-walled shells,
ultimate strength is reached when inelastic buckling occurs.

The design of components in ship and offshore structures is mainly based on relevant
classification rules and API and ISO codes. The classification rules are applicable to ocean-
going ships, mobile offshore drilling units (MODU) and floating structures. For offshore
structural design, however, API and ISO codes are more frequently applied.

Buckled Shape

-

Figure 1.2  Buckling of Pinned Columns

I 2

It should be pointed out that final fracture is also part of the ultimate strength analysis. The
assessment of final fracture has been mainly based on fracture mechanics criteria in British
standard PD6493 (or BS7910) and American Petroleum Institute code API 579. In fact there is
a similarity between buckling strength analysis and fracture strength analysis, as compared in
the table below:
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Table 1.1 Comparison of Buckling Strength Analysis and Fracture Strength Analysis

Buckling Strength Fracture Strength

Loads Compressive/shear force Tensile loads

Imperfection Geometrical and residual | Defects due to fabrication
stress due to welding etc. and fatigue loads

Linear Solution Elastic buckling Linear fracture mechanics

Design criteria Curve fitting of theoretical | Curve fitting of theoretical
equations to test results equations to test results

In general, the strength criteria for code development may be derived using the following
approaches:

. toderive analytical equations based on plasticity, elasticity and theory of elastic stability,
- to conduct nonlinear finite element analysis of component strength,
« to collect results of mechanical tests,

. to compare the analytical equations with the results of finite element analysis and
mechanical testing,

» to modify the analytical equations based on finite element results,

- to finalize the upgraded formulations through comparisons with numerical and mechanical
tests,

- to further calibrate the derived strength equations on design projects.

From the above discussions, it is clear the theoretical knowledge and practical design
experience are vital for the successful development of ultimate strength criteria.

As an alternative to criteria in rules and codes, mechanical testing and finite element analysis
may be applied to determine the ultimate strength of structural components. For simple
components, the prediction of finite element analysis and rule criteria is usually close to the
results of mechanical testing. Hence, mechanical testing is now mainly applied to subjects on
which less experience and knowledge have been accumulated.

Subjects that warrant future research on ultimate strength analysis include, e.g.

« development of strength equations for combined loads

» calibration of partial safety factors using risk assessment and structural reliability analysis
. standardization of the finite element models and benchmark of the models

« development of procedures for the determination of partial safety factors for finite element
analysis and strength design based on testing

1.2.2 Design for Accidental Loads

The accidental loads that should be considered in the design of ship and offshore structures are
e.g.:
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«  Ship collision and impacts from dropped objects offshore
»  Ship grounding

«  Fire/explosion

« Freak waves

The term “accidental loads” refers to unexpected loads that may result in a catastrophe causing
negative economical, environmental, material consequences and the loss of human life.
Extreme and accidental loads differ in the sense that the magnitude and frequency of the
extreme loads can be influenced to a small extent by the structural design, whereas active
controls may influence both the frequency and the magnitude of accidental loads.

The design for accidental loads includes determination of design loads based on risk
consideration, prediction of structural response using rigid-plastic analytical formulation
and/or non-linear FEM and selection of risk-based acceptance criteria. Traditionally rigid-
plastic analytical formulation has been popular for design against accidental loads because
large plastic deformation is usually the mechanism for energy absorption in accidents. In
recent years, the nonlinear finite element analysis has been applied to simulate the structural
behavior in accidental scenarios and to design the structure for the performance standards. Use
of the finite element analysis enables us to deal with complex accidental scenarios and to
better predict the structural response.

1.2.3 Design for Fatigue

Fatigue damage and defects may threaten integrity of the marine structures. This concern is
aggravated as the cost of repair and loss of production increase. Fatigue design became an
important subject due to use of higher strength materials, severe environmental conditions and
optimized structural dimension. In recent years there is a rapid development in analysis
technologies for predicting fatigue loading, cyclic stress, fatigue/fracture capacity and damage
tolerance criteria. The fatigue capacities are evaluated using S-N curve approach or fracture
mechanics approach. The S-N curves are established by stress controlled fatigue tests and may
generally be expressed as:

N=K-§™" (1.3)
where:
N = Number of cycles to failure
S = Stress range

m, K =Material constants depending on the environment, test conditions, etc.

The S-N curve approach is mainly applied in the design for fatigue strength, and it consists of
two key components: determination of hot-spot stress and selection of appropriate S-N curves.
A bi-linear S-N curve is shown in Figure 1.3 where on a log-log scale the x-axis and y-axis are
number of cycles to failure and stress range respectively. The slope of the curve changes from

m to r where the number of cycles is Ng (=5 - 10° for steel).

Discrepancy has been observed between the hot-spot stresses predicted by different analysts or
in different analyses. It is therefore important to derive an optimum procedure and standardize
the analysis procedure as part of the rules/code development. In recent years, there has been a
rapid development in the standardization of the S-N curves. In this aspect, International
Institute of Welding (ITW) has published a couple of new guidance documents on the selection
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of S-N curves and the determination of hot-spot stress. In the IIW code, the S-N curves are
named according to their reference stress range A0 that corresponds to 2-10°cycles.

Log Ao‘r

Reference

/ Point
| 1¢7:7.¥ 1. R :

iLog Nr

210 5:10°

Figure 1.3  S-N Curves for Fatigue Assessment

With the increasing use of finite element analysis, a design approach based on the hot-spot
stress will be more and more popular. The fatigue uncertainties are due to several factors such
as

« selection of environmental conditions such as sea-states and their combinations
« extrapolation of fatigue stresses in the hot spot points
« selection of design codes such as the S-N curves and the stress calculations

« combination of wave-induced fatigue with the fatigue damages due to vortex-induced
vibrations and installation

« selection of safety factors and inspection/repair methods

The accumulative fatigue damage for a structural connection over its life-cycle is usually
estimated using Miners rule, summing up the damage due to individual stress range blocks.

n
D:ZFSDG”DW (14)

where n,and N, denote the number of stress cycles in stress block i, and the number of cycles
until failure at the i -th constant amplitude stress range block. D, . is the allowable limit that is

defined in design codes.

allow

A simplified fatigue analysis may be conducted assuming stress ranges follow Weibull
distribution. This kind of analysis has been widely applied in classification rules for fatigue
assessment of ship structures. The Weibull parameters for stress distribution have been
calibrated against in-service fatigue data for ships and more refined fatigue analysis. The value
of the Weibull parameters may be found from classification rules, as a function of ship length
and locations of interests. Alternatively, in offshore design codes API RP2A, a simplified
fatigne analysis is proposed assuming the wave height follows Weibull distributions. The
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Weibull parameter for wave heights may be found from API RP2A for Gulf of Mexico
offshore.

There are three approaches for predicting accumulated fatigue damages accounting for wave
scatter diagrams, namely:

e Frequency-domain (e.g. spectral fatigue analysis based on Rayleigh model or bi-
model)

e Time-domain (which could account for non-linearities and contact/friction due to soil-
structure interactions)

e A mixture of frequency-domain and time-domain approaches (e.g. use stress range
spectrum from frequency-domain fatigue analysis and rain-flow counting approach to
sum up the fatigue damages due to individual sea-states).

As an alternative to the S-N curve approach, fracture mechanics has now been used for
evaluation of the remaining strength of cracked structural connections and in planning
inspections of welded connections. There is an approximate linear relationship between the
crack growth rate and 4K on a log-log scale. This is generally characterized by the Paris
equation:

da

— =C(AK)" 1.5

dN (4K (1.5)
where

AK =Krmx _Kmin (16)

K, and K, are the maximum and minimum values of the stress intensity factor, at the

upper and lower limit stresses during a cyclic loading. The values of material properties C and
m may be found from design codes for typical materials used in marine structures and other
types of steel structures. The stress intensity factors may be available from handbooks for
simplified structural and defect geometry's and loads.

1.3 Structural Reliability Applications

1.3.1 Structural Reliability Concepts

Component reliability concems the failure probability modeled by a single limit-state function.
It is a fundamental part of the structural reliability analysis since all marine structures are
composed of their components.

The concept of structural reliability is illustrated in Figure 1.4, where load and strength are
both modeled as random variables. Failure occurs when load exceeds strength. Denoting the
probability density function for load and strength as Fy(x) and F, (x)

probability may then be expressed as:

respectively, the failure

Py =P(S 2 R)= [ Fy(x)F (x)dx (1.7)
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»
’

Load Strength

Probability Density

>
o

Magnitude

Figure 1.4  Structural Reliability Concepts

System reliability deals with the evaluation of failure probability where more than one limit-
state function must be considered. There are two types of basic systems: series systems and
parallel systems. A system is called a series system if it is in a state of failure whenever any of
its elements fails. Such systems are ofien referred to as weakest-link systems. A typical
example of this is marine pipelines and risers. A parallel system fails only when all of its
elements fail.

Structural reliability analysis has been used to determine load combinations, derive design
criteria, and plan in-service inspection.

The life-cycle cost of a marine structure consists of:
o Initial investment relating to the steel weight and manufacturing process
« Maintenance cost

« Loss caused by damage or failure — a risk resulted expenditure

Degradation or failure of a structural system may lead to a reduction/shut-down of the
operation and loss/damage of the structure. The owner and the builder want a structure with a
low initial cost, the highest possible operating margin, and an extendable operating period. A
life-cycle cost model, based on probabilistic economics may be a useful tool to improve the
design analysis, inspection, and maintenance.

This is further illustrated in Figure 1.5 where the total cost is the sum of the initial investment
and maintenance cost plus the loss caused by structural damage/failure. The relationship
between the reliability and cost is shown in this figure. A target reliability level may then be
estimated based on cost optimization, if it is higher than the value required by legislative
rcquirements.
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Cost

Total cost

Loss caused

by failure
Initial investment
Minimum and maintenance cost
required
reliability
T Reliability
Optimum reliability

Figure 1.5  Target Reliability and Minimization of Life Cycle Cost

1.3.2 Reliability-Based Calibration of Design Factor

One of the structural reliability applications is the calibration of safety factors for structural
design. The calibration process may help achieve a consistent safety level. The safety factors
are determined so that the calibrated failure probability for various conditions is as close to the
target safety level as possible. The following steps should be taken when conducting a
reliability-based code calibration:

+ Step 1: Identify potential failure modes for the given design case

+ Step 2: Define design equations

« Step 3: Form limit-state functions

«  Step 4: Measure uncertainties involved with random variables of the limit-state functions
» Step 5: Estimate failure probability

«  Step 6: Determine target safety level

« Step 7: Calibrate safety factors

« Step 8: Evaluate the design results

The load and resistance factors (or safety factors) in the design criteria may be calibrated using
nisk/reliability methods.

1.3.3 Re-qualification of Existing Structures

Re-qualification of existing ship and offshore structures is one of the very important subjects
for structures in operation. The re-qualification is conducted when the design environmental
conditions have been changed, the structure has degraded due to corrosion, fatigue and
possible impact loads.
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Corrosion resulted defects may significantly reduce ultimate strength and fatigue strength of
the structures. Various mathematical models have been developed to predict the future
corrosion development in structures such as pipelines, risers and plating. Various methods
have been applied by the industry to measure the amount, locations and shape of the corrosion
defects, as all these are crucially important for strength and fatigue assessment.

In many cases, the use of nonlinear analysis of loads and structural response and
risk/reliability methods is required to fully utilize the design margins. The re-qualification may
be conducted using the strength and fatigue formulations, and the risk/reliability methods
discussed in this book.

1.4 Risk Assessment

1.4.1 Application of Risk Assessment

Risk assessment and management of safety, health and environment protection (HSE) became
an important part of the design and construction activities.

Use of risk assessment in the offshore industry dates back to the second half of the 1970s
when a few pioneer projects were conducted, with an objective to develop analysis
methodologies and collect incident data. At that time, the methodologies and the data
employed, were those used for some years by the nuclear power industry and chemical
industry.

The next step in the risk assessment development came in 1981 when the Norwegian
Petroleum Directorate issued their guidelines for safety evaluation. These guidelines required
that a quantitative risk assessment (QRA) be carried out for all new offshore installations in
the conceptual design phase. Another significant step was the official inquiry led by Lord
Cullen in the UK following the severe accident of the Piper Alpha platform in 1988. Lord
Cullen recommended that QRAs be implemented into the UK legislation in the same way as in
Norway nearly 10 years earlier.

In 1991, the Norwegian Petroleum Directorate replaced the guidelines for safety evaluation
issued in 1981 with regulations for risk analysis. In 1992, the safety case regulation in the UK
was finalized and the offshore industry in the UK took up risk assessments as part of the safety
cases for their existing and new installations. In 1997 formal safety assessment was adopted by
IMO as a tool to evaluate new safety regulations for the shipping industry.

1.4.2 Risk-Based Inspection (RBI)

Based on risk measures, the development of a system-level, risk-based inspection process
involves the prioritization of systems, subsystems and elements, and development of an
inspection strategy (i.e., the frequency, method, and scope/sample size). The process also
includes making the decision about the maintenance and repair. The risk-based inspection
method may also be applied for updating the inspection strategy for a given system, subsystem,
or component/element, using inspection results.

The important features of the risk-based inspection method include:

« The use of a multidisciplinary, top-down approach that starts at the system level before
focusing the inspection on the element levels;
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« The use of a "living" process that is flexible, strives for completeness, and can be easily
implemented;

« The use of qualitative and quantitative risk measures;

« The use of effective and efficient analytical methods, which provide results that are sound
and familiar to inspection personnel.

A risk-based inspection approach may be developed based on evaluation of structural
performance for fatigue/corrosion, fracture mechanics, corrosion engineering, structural
reliability and risk assessment.

1.4.3 Human and Organization Factors

Statistics shows that over 80% of the failures are initially caused by the so-called human and
organization factors. Figure 1.6 shows the interaction between the structure, human,
organization and management system. Human behavior, organizational culture and
management of HSE will all influence the structural safety.

Organization and
Management system

Figure 1.6  Human-Organization Factors (HOF) in Structural Safety

1.5 Layout of This Book

Risk-based limit-state design, combining probabilistic methods with FEM-based structural
analysis, will be widely accepted and implemented by the industry for the cost-effective and
safe design and operation of marine structures. The purpose of this book is to summarize these
technological developments in order to promote advanced structural design. The emphasis on
FEM, dynamic response, risk/reliability and information technology differentiates this book
from existing ones.

Figure 1.7 illustrates the process of a structural design based on finite element analysis and
risk/reliability methods.
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Figure 1.7 Modern Theory for Marine Structural Design

There are several well-known books on marine/offshore hydrodynamics, e.g. Bhattacharyya
(1978), Sarpkaya and Isaacson (1981), Chakrabarti, (1987), Faltinsen (1990), CMPT (1998),
Jensen (2001) and Coastal Engineering Manual (CEM, 2003). However, there is a lack of
books on marine/offshore structural design, ultimate strength, fatigue assessment and
risk/reliability analysis. In an integrated manner, the present book shall address modern
theories for structural design/analysis, ultimate strength and fatigue criteria as well as the
practical industry applications of the risk and reliability methods:

Part I - Structural Design Principles (Chaps. 1-7): summarizes the hydrodynamic loads for
structural design of ship and offshore structures, and scantling of ship hulls. It also addresses
the applications of the finite element technologies in marine structural design. The design by
analysis procedure is also called the direct design method. Applications to practical design are
discussed for ships, fixed platforms, FPSO, TLP, Spar and semi-submersibles.

Part II - Ultimate Strength (Chaps. 8-15): presents applications of buckling and plasticity
theories, as well as nonlinear finite element formulations. The nonlinear finite element
analysis may also be applied to the design of structures under accidental loads such as ship
collisions, grounding, fires, and explosions.

Part III — Fatigue and Fracture (Chaps. 16-22): explains the fatigue mechanism, fatigue
resistance, fatigue loads and stresses, simplified fatigue analysis, spectral fatigue analysis and
fracture assessment. The basics of fatigue and fracture are provided for finite element analysts
and structural engineers.
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Part IV - Structural Reliability (Chaps. 23-28): provides simplified methods for the
application of structural reliability theories for ships and offshore structures. Its objective is to
explain complex theories in simplified terms. An outline of the analysis software and tools is
given for readers to find references or more information.

Part V - Risk Assessment (Chaps. 29-34): summarizes recent industrial developments to
facilitate the use of risk analysis when applied to measure and reduce risks in marine structures
and their mechanical components. Risk analysis and human reliability are applied to justify
and reduce risks to economy, the environment, and human life.

1.6 How to Use This Book

When this book was first drafted, the author's intention was to use it in teaching his course
“Marine Structural Design (MSD)”. However, the material presented in this book may be used
for several M.Sc. or Ph.D. courses such as:

« Ship Structural Design,

« Design of Floating Production Systems,

« Ultimate Strength of Marine Structures,

« Fatigue and Fracture

« Risk and Reliability in Marine Structures.

This book addresses the marine and offshore applications of steel structures. In addition to the
topics that are normally covered by civil engineering books on design of steel structures (e.g.
Salmon and Johnson, 1995), this book also covers hydrodynamics, ship impacts and
fatigue/fracture. Comparing with books on design of spacecraft structures (e.g. Sarafin, 1995),
this book describes in greater details about applications of finite element methods and
risk/reliability methods. Hence, it should also be of interests to engineers and researchers
working on civil engineering (steel structures & coastal engineering) and spacecraft structures.

For more information on the use of risk/reliability-based limit-state design, reference is made
to a separate book entitled “Pipelines and Risers” (Bai, 2001). Practical aspects for design and
construction of floating production systems are addressed in Bai et al (2001).
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Part I

Structural Design Principles

Chapter 2 Wave Loads for Ship Design and Classification

2.1 Introduction

One of the major aspects of ship design is the calculation of wave-induced loads on the ship
structure. The difficulty in calculating this load arises from the fact that the sea is highly
irregular. Hence a number of techniques have been developed to tackle this problem. These
techniques enable the sea waves be defined in a mathematical form and this may then be used
to calculate the wave loads on the ship and ultimately the response of the ship to these loads.

When designing a ship, formulae provided by classification societies are used in order to
calculate the wave loads and ship response. However, a ship designer ought to have some
knowledge of the theory and techniques utilized for the statistical determination of wave loads.
Novel ship designs also exist, which require an extensive statistical estimation of the wave
loads to be undertaken in addition to using rule-based formulae alone.

As a basis for marine structural design, the objectives of this Chapter are threefold:
»  Present various ocean wave spectra and wave statistics

« Discuss the wave-induced loads, slamming and green-water loads and hence the response
of the ship

« Outline the design load calculations per ship classification rules.

For more information on wave loads acting on ship structures, reference is made to
Bhattacharyya (1978), Hughes (1988) and Jensen (2001).

2.2 Ocean Waves and Wave Statistics

2.2.1 Basic Elements of Probability and Random Process

Obtaining ocean wave data requires the use of different elements of statistics and probability.
Therefore, an introductory reference to statistics and probability is given prior to dealing with
wave loads.

In statistics, a random variable X is an event or an outcome among all possible outcomes. If all
possible outcomes form a continuous space, -« < x < o, and all events possible are a part of
this space, then the probability density function of an event occurring is the probability that X
lies within that portion of x. The probability density function is written as px(x). Thus in
Figure 2.1 the probability that X lies between x and x + dx, is px(x)dx. From this figure, we

may also define the mean value u, as:
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Hy = D]xpx (x)dx 2.0

-

Var[X]= (o ) = E|(x = 1, )] 2.2)

Another important aspect of statistics is the random process distribution, which describes the
likelihood of occurrence of a random process. One of the most common random process
distributions is the normal or Gaussian distribution. Typical examples of Gaussian distribution
can be seen in Figure 2.2. One of the most important features of this Gaussian distribution is

the fact that it may be described entirely in terms of two parameters: the mean value 4, and

variance o5 .

The waves that make up a sea-state are normally described using two parameters, the
significant wave height and the peak period. These two parameters follow a log-normal
distribution which means that their natural logarithm Z = In X, follows a Gaussian distribution.
The surface elevation at any point in the ocean is a random variable, which follows a Gaussian
distribution with zero mean.

P, )

P (%)

— o X
X dx

Figure 2.1 Probability Density Function

Px()

Figure 2.2 Gaussian Probability Density Function, (with o, =1, 2, and
3, and with p, =0)
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The parameters used to describe ocean waves are stochastic processes, which are continuous
functions of time. Thus the measurements of the same parameter taken at different times could
result in very dissimilar readings. The data regarding the parameters used to describe ocean
waves, is collected by taking different samples over a period of time. For the validity of this
data, it is essential to ensure that each sample is collected under similar conditions. In the case
of ocean waves, a parameter such as sea elevation is influenced by a number of different
variables, such as wind speed and wind direction. In order to be certain that these different
variables remain relatively constant from sample to sample, the data is collected within a short
observation period.

A random process is stationary if the statistical characteristics of the process do not change
with time t. This means that the averages and moments of the stationary process are invariant
over time. Ocean data is usually collected from samples spanning anywhere from 30 minutes
to 3 hours, because during this period the data is considered stationary.

There are two different methods for defining averages of samples of a random process: the
ensemble and the temporal. The ensemble average is the average taken over all of the samples
at one instant in time. The temporal average is the average of a particular sample over time. In
the case of random processes such as ocean waves, the time averages formed from a single
sample over a given time interval are equal to the ensemble averages. This situation is known
as an ergodic random process.

A random process may be characterized as a narrow-band or a wide-band process. In simple
terms, a narrow-band process is made up of waves with frequencies lying within a narrow
range, while a wide-band process consists of waves with widely varying frequencies. Ocean
wave data shows that a fully developed, wind-generated, mid-ocean sea-state (i.e. with no
growth or decay, and no coastal effects), is essentially narrow-banded. Of course, there are
always wave components, which differ by having a high frequency, but these waves tend to be
small in both height and length and have little effect on the ship. It is also interesting to note
that a ship acts as a filter, only a narrow band of wave frequencies has an effect on the ship’s
motion and hull girder loads. Thus the ship’s response is even more narrow-banded than the
sea itself and this response is usually also characterized as a Gaussian and stationary process
just like the ocean waves.

Chapter 24 of this book contains more information on random variable definitions.
2.2.2 Statistical Representation of the Sea Surface

This Section deals with the representation of a complete sea surface. Of course, we know that
the sea surface is highly irregular and random under all sorts of conditions, calm or stormy
weather. However, it has been found that this random process may be accurately represented
by a series of different regular waves of varying heights, lengths, directions and phase that all
superimposed on each other.

Three papers, which paved the way for further work on statistical representations of the sea
surface, were published by Pierson (1952), St. Denis and Pierson (1953), and Pierson,
Neumann, and James (1955). These papers proved that the sea surface could be represented by
the superposition of a large number of regular sinusoidal waves of varying frequencies. A
typical sinusoidal wave may be represented by the following:

¢(x,0)=asin(-kx -t +6) (2.3)

where,
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= Wave amplitude

=2x/ A : wave number

= Wave length

=2n/T: wave ferquency

= Wave period

© N8 N & R

= Phase angle

Pierson, Neumann, and James (1955) also proposed that the surface elevation h(x,t) of an
irregular sea could be represented as:

N
h(x,1)=1im X a,sin(-k,x-w,1+86,) (2.4)
Now [
A number of different procedures exist on to how to describe a sea surface. Jensen (2001)
provides a detailed analysis for the description of surface waves.
2.2.3 Ocean Wave Spectra

A vast amount of data regarding ocean waves has been collected and measured throughout the
years. This data is needed in order to define the sea-state where the ship is likely to sail. One
of the most comprehensive collections of data regarding ocean waves was published by
Hogben, Dacunha, and Olliver (1986). It tabulates the data from 104 ocean areas, known as
Marsden areas, covering all major shipping routes.

The representation of the ocean data may be carried out in a number of different ways.
Bretschneider (1959) proposed that the wave spectrum for a given sea-state could be described
in terms of two parameters: the significant wave height (Hs) and the modal wave frequency
(oM). The modal wave frequency is the peak frequency at which the wave spectrum's
maximum height occurs. One of the most popular spectra in use is given by Pierson and
Moskowitz (1964). This spectrum assumes a deep sea and a fully developed sea-state. For
coastal waters, the Joint North Sea Wave Project (JONSWAP) spectrum is used as described
by Hasselman (1973) and Ewing (1976).

Chakrabarti (1987) gave the mathematical descriptions for the various wave spectrums, such
as

« Phillips

« Neumann Spectrum

« Pierson-Moskowitz Spectrum
« Bretschneider Spectrum

« ISSC Spectrum

« ITTC Spectrum

+  Unified Form

« JONSWAP Spectrum

« Scott Spectrum

+ Liu Spectrum
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»  Mitsuyasu Spectrum
o Ochi-Hubble Spectrum
The Pierson-Moskowitz (P-M) spectra for fully developed seas may be analytically expressed

as:
og’ |i 4(a)Vw )-4}
S(w)=—-exp| -0.7 2.5)
® g

where,

S(w) = spectral ordinate in cmZsec

g = acceleration of gravity in cm/sec?

o = frequency in radians/sec

a =0.00810

V.= wind speed in cm/sec (19.5 m above the sea level)

The Bretschnerder spectrum is a two-parameter family that permits period and wave height to
be assigned separately and has the form:

0)4

S(@)=0.1687H; 7 exp|-0.675(0, / 0" (2.6)

where the two parameters A and B depend on the modal frequency @, and the variance, E.

w0, =% @.7)
T,
T, = 0.946T, (2.8)

where T;and T, are significant wave period and peak period respectively. H is significant
wave height. The JONSWAP spectrum can be written by modifying the P-M spectrum as:

) exp[_M]
og -4 26%0,’
S(a)) = Fexp[— 125(0) /a)m) ] Y 29
where,
y =33
o =0.07 and 0.09 for @ < @,and @ > w,, respectively

a=0.076x 922

—-0.33
©, =21 3.5 g
VWIO

Vo= wind speed 10 m above the sea level
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g
2
Vo

x in the above equations denote fetch.

X=

However, the Ochi 6-parameter spectrum provides a better method to represent all stages of
development of a sea in a storm (Ochi, 1978). They start with a basic form as:

A
44+1 4 2
( “)'") H 42+1 4
eXp| ——,— (@ /@) (2.10)

4
where I“(A) is a gamma function and the parameter Hg is the significant wave height, A is a
shape parameter and the Ochi 6-parameter spectrum reduces to the Bretschnerder form when
A =1. By adding two of these forms, Ochi (1978) obtained a six-parameter spectral form as:

A
42;+1 4 Y7

g 2
S@)=Y [ s Om) M A s o)
0)= exp| — Opj I @ 2.11
A O a0 e
where j =1, 2 stands for the lower- and higher-frequency components, respectively. The size

parameters, Hy,, H,, ®,,, @,,,, 4,and 1, may be determined numerically to minimize the
difference from a specific observed spectrum,

S(w) =

Figure 2.3 compares the Bretschneider wave spectrum with the JONSWAP wave spectra of
various sharpness parameters (Hs and T are unchanged). Both Bretschneider and JONSWAP
(y=3.3) wave spectra are frequently used in the calculation of extreme values and fatigue
damage.

Figure 2.4 shows the relationship between a time-domain solution of the waves (Eq. (2.3)) and
the frequency-domain representation of the waves by a wave spectrum S(@) .

2.2.4 Moments of Spectral Density Function
The moments of a spectral density function S(w)may be expressed as (Bhattacharyya, 1978),
m, = f 0" S(w)dw (2.12)

where n is an integer. The zero moment, m,, is the area under the energy density spectrum
curve.

my = f S()df = f S(w)dw (2.13)
where f is the cyclic frequency, that is 2mw. Hence the following relation may be derived.
S(f) =27 S(w) (2.14)

m,(N)= [ 1"S()df = @27) " m, 2.15)
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Figure 2.3 Wave Spectral Density Functions (Hs=8.5 m, Tp=9.5 sec, m,
~4.4)

Figure 2.4  Relations between Frequency-Domain and Time-Domain
Representation of Waves in a Long-Crested Short Term Sea-
state (Faltinsen, 1990)
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2.2.5 Statistical Determination of Wave Heights and Periods
In the time-domain analysis, the significant wave height H ¢ is defined as the average height of
the highest one-third of all waves, and it is also denoted as H,,, .
1 N3
H,,=——) H, (2.16)
173 N / 3 g i

where N is the number of individual wave heights and H,is a series of wave height ranked
from highest to lowest. In the frequency domain analysis, the significant wave height H;is
defined based on the zero moment, m,, which is the area under the energy density spectrum
curve.

H¢=4m, (2.17)

In the time-domain analysis, the root-mean-square (rms) wave height /__ is defined as

N
H, = ILZH,? (2.18)
N i=1

In the frequency domain analysis, H,,, is defined as.

H, =2/2m, (2.19)

In the time-domain analysis, the maximum wave height A is the largest value of the wave

heights in a record. In the frequency domain analysis, the most probable maximum wave
height /#_, is defined by Longuet-Higgins (1952) for a narrow band of the wave spectrum as,

0.2886
H_, =|vInN+ H,. 2.20
ma ( \/]nN) ( )

In the time-domain analysis, the mean zero-upcrossing period 7, is defined as the total length

of time divided by the number of zero upcrossings in the record. The mean crest period T, is
calculated as the total length of time divided by the number of crests in the record.

In the frequency domain analysis, the mean wave period is defined as

T,y =2m0 221)
1

T,,=2x '_;a (2.22)
2

2.3 Ship Response to a Random Sea
2.3.1 Introduction

The six degrees of freedom motions of ships nd floating systems are illustrated in Figure 2.5.
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Figure2.5  Six Degree of Freedom Motion of Ships and Floating Systems
(Charkrabarti, 1987)

Once the data describing the sea-states encountered by a ship during its lifetime is available,
the wave-induced loads on the ship structure and the ship response to such loads may be
calculated. It is useful to classify the different forces that acting on a ship during its lifetime
into four groups:

- The body forces such as weight and inertia
«  The dynamic pressure on the ship’s hull due to the incident and diffracted waves

- The inertial forces arising from the acceleration of the fluid (referring to both the sea and
the liquids carried in tanks on the ship)

»  The inertial and damping forces arising due to wave radiation from the ship

These forces are considered when building a ship-sea interaction model. This model is made
up of a number of equations describing the waves, the motion of the ship, and the interaction
between the two. The equations used are non-linear due to the random and irregular nature of
the sea. This results in a very expensive and time-consuming analysis and methods are
developed in order to simplify such an analysis.

Bhattacharyya (1978) gives an easy-to-follow discussion of the wave loads such as
vertical/horizontal bending moments, shear forces and slamming loads. One of the most
popular methods employed is a technique known as strip theory, which utilizes an assumption
in order to simplify the ship-sea interaction model. The principal assumption made in the strip
theory is that the ship is slender. The forces acting on the ship are then calculated separately
on each segment using a two-dimensional flow theory neglecting the longitudinal component
of relative velocity and any type of interaction between the different segments. The shear force
and bending moment of the ship are then obtained by integrating the vertical forces of each
segment along the length of the ship. The name ‘strip theory’ arises from the fact that the
ship’s hull is divided into a number of prismatic segments or strips. Strip theory originated
from a linear theory of Korvin-Kroukovsky (1955), Gerritsma and Beukelman (1964). Strip
theory is still widely applied due to its efficiency. However, its weaknesses include the lack of
three-dimensional effects, the inability to account for the above-water hull form, the forward
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speed corrections and the lack of viscous effects. All these methods assume the ship to be rigid
beam. Bishop and Price (1979) developed a flexible beam strip theory that accounts for
bending and shear stiffness of the hull when solving for compatibility between strips. This
kind of theory can estimate the distortional higher frequency responses of a hull to slamming
and whipping excitation. However, it is still linear analysis and extreme response is not well
modeled.

2.3.2 Wave-Induced Forces

Jensen and Pedersen (1979) proposed a second order strip theory for hydro-elastic analysis in
frequency-domain. Their theory is based on a perturbational expression of the hydrodynamic
and the hydrostatic coefficients around the still water line and includes the incident pressure
field from second order Stokes' waves. The equation used to evaluate the forces acting on a
ship in such an analysis is similar to:

F(x,)=F, (x,)+ Fy(x,t) (2.23)
The procedure for actually working out the above equation is rather complicated due to the

non-linear nature of some of the parameters. The following explanation is only to give a basic
understanding of the parameters present in Eq. (2.23).

The right hand side of Eq. (2.23) consists of two parts. The second part is the buoyancy force
known as the Froude-Krylov buoyancy force:

F, (x,t): - [:B(xy{%J dy (2.24)
y+v
where,
B = Breadth of the ship
= Distance along an axis starting from the bottom of the hull and moving
vertically upwards
14 = Instantaneous vertical displacement of the hull
n = Distance from the calm water surface to the local elevation of the ocean wave
x = Distance along an axis starting from the aft of the ship and travelling forward
along a horizontal axis
t =Time
T = Still-water draught
= Pressure given by Bernoulli’s equation:
p(y.x.1)= p(g—f+gy+%(‘7¢)’) (225)
where,
P = Fluid density
¢ = Velocity potential which is made up of first- and second- order terms. The

derivation of ¢ is well described by Jensen and Pedersen (1979)

g = Acceleration due to gravity
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The first part of the right hand side in Eq. (2.23) refers to the hydrodynamic forces acting on
the ship:

F, (x,t)=——g7(m(x. n)%?)—lv(x. e 2.26)
where,
m = Added mass (due to the hydrodynamic load) per unit length
N = Damping force per unit length

D/Dt = Total derivative with respect to time t

In recent years, the diffraction and radiation theories based on panel methods became widely
accepted (Faltinsen, 1990).

More recent advanced methods include fully nonlinear time-domain approaches. Cao et al
(1991) used a desigularized method in which the source panels are located outside the fluid
domain and thus the kemel in the goveming integral equation is desigularized. The
desingularized method was developed for more general boundary value problems of potential
flows and was used in the time-domain computations of fully nonlinear waves. Jensen et al
(2000) gave a detailed discussion of the different theories and comparisons with experiments
on extreme hull girder loads. Beck and Reed (2001) gave a precise account of all fundamental
theoretical developments in the field of sea-keeping over the past 50 years as well as the
computational methods that currently in use.

The large amplitude motion programs FREDYN (De Kat and Pauling, 1989) and LAMP (Lin
et al, 1997) may be used to calculate the extreme loads, capsizing, habitability and crew
effectiveness. Other popular hydrodynamics codes include WAMIT (WAMIT, 1999), SWAN
(Sclavounos et al , 1997).

2.3.3 Structural Response

Once the forces (or loads) acting on a ship are calculated, the hull girder response of the ship
may be determined. In most cases, the hull girder analysis means calculating the longitudinal
bending moment of the ship. It is performed by assuming the hull is rigid, e.g. no deformation.
However, there are a number of cases in which the ship needs to be considered as a flexible
beam, thus resulting in a more complicated solution that must include a hydroelastic analysis
of wave-induced loads. Examples of cases when the ship is assumed flexible are:

(1) When the ship’s natural vibration is low enough to cause significant vibrations during its
operational life.

(2) When the ship’s response to slamming and green water on deck needs to be investigated

The governing differential equation for the vertical deflection of a flexible beam subjected to a
dynamic distributed load F(x,t) is:

q 2 4
fo wmg 2y om0V P(x) 2.27)

ET ot " tex

E = Young’s Modulus

I = Moment of inertia for vertical bending
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v = Hull girder deflection
ms = Ship mass per unit length
r = Radius of gyration of the sectional mass mg in rotation about a horizontal

transverse axis through the section’s center of mass

The theories and equations described in this Section are used to calculate the wave induced
bending moment. This bending moment along with the stillwater bending moment, can help
determine the longitudinal strength of the ship, which is applied during the scantling design of
the ship. It would be useful to refer to Chapter 4 to obtain a description of bending moments
and scantling design.

For stress analysis of ships (e.g. container ships), reference is made to Pedersen (1983)
2.3.4 Slamming and Green Water on Deck

So far only loads occurring at wave encounter frequency have been discussed. However,
waves can also cause loads at much higher frequencies due to impacts between the ship's hull
and the water surface, such as slamming and green water on deck. Slamming occurs when the
forward part of the ship hits the water surface after a bow emergence. If the slam takes place
with a relatively high velocity, there is a probability of damaging the ship, because a high
impulsive load is created in the ship’s bow structure. Green water on deck takes place when
the deck becomes submerged under water. The water on the deck may cause structural damage
to the deckhouse of the ship and to the deck facility and cargo. Both slamming and green
water on deck are to be avoided as much as possible during a ship’s lifetime due to the damage
they may cause. The ship’s speed is usually reduced or the heading is changed if such an
action reduces the probability of slamming or green water on deck.

Both slamming and green water on deck loads are functions of the relative motion of the ship
with respect to the sea. Two conditions need to be satisfied for slamming to occur at any
section of the ship. First, the relative vertical motion, n(x,t) should be larger than the draught
at the section being considered. Also, the relative velocity, D»/Dt, must be larger than the
threshold velocity v,.

Nes—r=—-V_—"2v, (2.28)

In a stationary stochastic seaway both 5 and 7, are normally distributed parameters with zero
mean values. Thus, it is possible to detemmine the likelihood of slamming on the ship through
the statistical probability of the occurrence of % and 7, . The resultant load can then be
calculated and used in the ship design. The sectional force, g, (x,t) associated with a slam,
has been found to be approximately proportional to the square of the relative velocity7; .

5. (x,0) = an} (2.29)

Eq. (2.29) may be included in Eq. (2.23), to account for all the wave loads experienced by a
ship in a global wave load analysis. Eq. (2.29) is useful to describe what is known as bow flare
slamming, that occurs when the bow flare of a ship hits the sea surface. Another type of
slamming is bottom slamming where the flat bottom of a ship hits the water. This type of
slamming cannot be described by Eq. (2.29), because bottom slamming is not directly related
to the relative vertical motion and velocity of the ship, which are the two starting points of the
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analysis leading up to Eq. (2.29). In the case of bottom slamming, empirical formulae are used,
see Zhao and Faltinsen (1993).

For green water on deck to occur, the relative immersion of the section of the ship must be
larger than the distance between the water level and the deck (freeboard). The actual force the
green water exerts on the deck is difficult to assess because of the complicated flow of the
water. Wang, Jensen, and Xia (1998) derived the following equation to calculate the sectional
force, g, (x,) resulting from green water on deck:

G 50)= = (1)~ 1| i (5) | @30)
where,
m,, = Sectional mass of water on the deck
Z, = Modified relative vertical motion depending on z and a parameter known as

the Smith correction factor k

The first term on the right hand side of Eq. (2.30) represents the gravity force, while the
second term is analogous to a momentum slamming force. Eq. (2.30) may also be included in
a global wave load equation, such as Eq. (2.23).

Green water has caused damage to bow super-structure and FPSO topsides along the length of
the ship. A prediction theory for the green water on deck and the resulting green water loading
have been developed by Zhou, De Kat and Buchner (1999). The green water or deck wetness
slamming phenomena is highly non-linear. Wang, Leitch and Bai (2001) proposed the
following design procedures for greenwater impact on FPSOs:

1) Estimate the possibility of greenwater occurrence using past experience and approximate
methods. Ideally, some preliminary analysis using computer software should be done to
get a more reliable estimation.

2) If the estimation indicates that greenwater likely to occur in a significant manner, model
tests should be performed. Greenwater model tests can be arranged as part of global
performance model testing program. The critical parameters should be identified during
planning stage of the model tests. If the greenwater impact is judged to be a serious
problem and must be designed on, height, occurrence frequencies and the impact pressure
of greenwater should be carefully measured.

3) If the model tests do not or cannot cover sufficient number of the values of the identified
critical parameters, some complementary numerical simulations using benchmarked
software should be performed to identify the critical value of each critical parameter for
design consideration.

4) Analyze the results of model tests and numerical simulations to judge if the greenwater
needs to be dealt with in design and engineering. Risk analysis may be conducted to help
decision making if the judgment is difficult make directly from the results of model tests
and numerical simulation.

5) If it is found that greenwater must be considered, model test results should be used for
design. In case no applicable model test results are available, the impact pressure can be
calculated using some approximate formulas. For instance, the formulas summarized in
reference | may be used to estimate the horizontal pressure of greenwater impact while
classification societies rules may be used for calculation of the pressure vertically acting
on vessel deck. Due to the complexity of greenwater analysis and the limitation of those
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simple formulas, calculated results may be inaccurate.

6) If particular measures are required to prevent/reduce greenwater impact, past design
experience can be used, including increasing freeboard, using better bow shape and flare,
adding some protection measures, etc.

It should be noted that steps 1) through 3) may be replaced by a single step, i.e, sophisticated
numerical analysis, if a reliable prediction method becomes available in future. Although great
effort has been made in recent years to develop such methods, there is no method considered
to be satisfactory. Therefore, use of model test results is recommended for design

A risk based approach may be more helpful for design decision making. The probability
analysis presented in Wang, Leitch and Bai (2001) can be expanded and modified to form
such a method. However, the probability (likelihood) of vessel heading involves a
considerable quantity of analysis work and some model tests may also be required. In addition,
the probability of vessel draft is also difficult to accurately determine because it is a function
of production rate, offloading rate (and frequency) ballast plan and rate, etc.

2.4 Ship Design for Classification

24.1 Design Value of Ship Response

The ultimate goal of determining the wave loads and the ship's response to these loads is to
obtain the design value of the ship's response. This involves making predictions of the worst
seas in which the ship could encounter within its lifetime. There are four factors, which are
going to influence the design value of the ship's response (Hughes, 1988):

« The severity of the sea-state, as characterized by the significant wave height, the frequency
of occurrence, and the duration of each level of severity. This data is used to determine the
ship's exposure time to each sea-state of different severity.

« The shapes of the wave spectra for each sea-state.
« The ship heading (direction) in a given sea-state.
» The ship speed for a particular heading and sea-state.

The overall aim is to determine the largest response value resulting from the worst
combination of wave loads, which has a probability, a, of being exceeded during the ship’s
life. This design value «, is a risk parameter determined by the ship designer and is used to
calculate the structural response of the ship. A typical value of o is 0.01.

There are two methods used to determine this design value as below.

The first method assumes that the largest waves appear in the most severe stationary sea-state,
which the ship is likely to encounter. This is called the “design wave method”. Thus, this wave
value is used as the design value of the ship, along with a couple of less severe sea-states. This
method may not be considered to be accurate, because a larger wave may be encountered in a
less severe sea-state. However it is less time-consuming and is the preferred method unless a
more accurate determination of the design value is required.

The second method requires that all possible sea-states, which the ship is likely to encounter in
its lifetime, be evaluated. A complete analysis of all the sea-states is carried out and the
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different sea-states are weighted according to the likelihood of being encountered by the ship.
This method is computationally more expensive but is a more realistic analysis, see Chapter 4.

Once the method to be used has been chosen, and the design wave load is determined, the
ship's required structural strength may be evaluated.

2.4.2 Design Loads per Classification Rules

General

Structural analysis may be divided into three parts:

. establishing the design load,
. defining the acceptance criteria,
. conducting the strength assessment.

It is relatively easy to establish the acceptance criteria thanks to many years of accumulated
knowledge and expertise from owners, builders, class societies and researchers, see Part II
and Part III of this book for more details. The strength assessment is also rather simple once
the loads and acceptance criteria are defined. However, the most challenging task is to
calculate the different loads that the ship is subjected to. This difficulty arises from the fact
that the ship may be exposed to various sea and wave conditions, and different loading
patterns of the cargo.

Classification societies have proven techniques for calculating the loads on a ship and
evaluating the structural integrity of ship hulls.

Load Components
A detailed design consists of two steps:
» the nominal design for initial scantlings,

« amore detailed analysis where finite element analysis is used to evaluate the combination
of a number of load cases and their effects on the ship structure.

In a ship structural design, three load components are considered:

o hull girder load, which consists of the still-water/wave induced bending moments and
shear forces,

» external pressure, which consists of a static, hydrodynamic, and an impact slamming load,

 internal pressure caused by the liquids carried in tanks onboard the ship. This pressure
depends on the hydrostatic pressure, the changes in pressure head due to pitching and
rolling motions, and the inertial force of the liquid column resulting from accelerations of
the fluid.

The following sub-sections describe the evaluation process of these different loads.
Hull Girder Loads

Wave data measured from the North Atlantic are used to determine wave loads. Thus, the
nominal design value of a ship represents the long-term extreme value for the North Atlantic
Sea in 20 years, which corresponds to a probability of exceedance of 10®. The global spectral
ocean wave models provide data about different wave spectra and different wave heights.
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The structural response to waves used in the global structural analysis of a ship is calculated
based on the ship's Response Amplitude Operations (RAOs) when exposed to regular
sinusoidal waves, for different wave headings and frequencies.

The structural integrity of the ship is assured by implementing a number of different
combinations of loads, wave periods, and heading angles. For each situation, a number of load
components are calculated, such as external wave pressure, acceleration of the liquid cargo
and ballast tanks, accelerations at several stations along the ship’s length, wave-induced
bending and torsional moments together with the corresponding shear forces along the length
of the ship, and the ship's motion in roll and pitch modes.

The short-term response of the ship is obtained through the evaluation of the seaway spectrum,
which is assumed to be stationary in a period of a few hours. The long-term response and the
probability of exceedance of the load are evaluated from the short-term prediction.

The hull girder loads are calculated from a number of components. The most significant of
these components are the still-water moments and shear forces resulting from the weight of the
ship, cargo, and buoyancy. The second major component of hull girder loads is, the dynamic-
induced loads that include the vertical and horizontal bending moments, shear forces and
torsional moment. These dynamic loads result from wave motions encountered by the ship.

The classification rules are used to determine the still-water bending moments and shear forces,
as these are mainly dependent on the loading conditions of the vessel. A more detailed
analysis is required when determining the dynamic aspects of the hull girder loads. Such
analysis is based on the sea conditions that the vessel is bound to encounter over its lifetime.
Normally, a 20-year service life is chosen and appropriate wave data is selected. The result of
such an analysis determines the extreme values that are used to calculate a design value for the
hull girder loads.

When determining the hull girder loads, the vertical bending moments and shear forces are
calculated first. Then tables and other sources of data are used to calculate the ratio of vertical
to horizontal bending moment and shear force. These ratios are mainly dependent on the ship’s
dimensions and loading conditions.

External Pressure

Determining the external pressure acting on a ship is a more complicated process than the
calculation of hull girder loads. This is because the external pressure is influenced by a larger
number of parameters such as hull form, wave motion characteristics, ship speed, heading
angles in the sea, etc. The methods and theories used to determine the external pressure on a
ship are usually based on a number of assumptions, such as having a wall-sided hull, small
motions of the vessel, and being in an inviscid fluid. Thus, one has to be careful when
predicting a value for the external pressure.

The external pressure on a vessel is determined by initially dividing the vessel into two parts.
The pressures distributed over 40% of the length of the vessel, centered around the amidships
are normally very similar from ship to ship. Thus, the calculation of the pressure in these
regions is relatively straightforward and is done by applying the results of a complete
seakeeping analysis of full form tankers and bulk carriers. Formulae are used for the pressure
applied over the rest of the ship, since the pressure varies significantly from one ship to the
next depending primarily on the hull form.

In a simplified form, the total external pressure P, on a ship may be expressed as (ABS,
2002):
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P, = pg(h, +kyh,;) (2.31)
where,
0g = Specific weight of sea water
hy = Hydrostatic pressure head in still water

k, = Load factor
hpe = Hydrodynamic pressure head induced by the wave

The pressure distribution may be predicted across a vessel in both a lengthwise and girthwise
direction, Most of the data required in order to carry out such calculations are obtained from
seakeeping analysis of ships.

Internal Tank Pressure

The internal pressure in a tank, which carries liquids onboard a ship, is made up of three parts:

+ Hydrostatic pressure that is equivalent to pgh,

« Changes in pressure head that are due to the pitching and rolling motions of the ship,

« Inertial force of the liquid column due to the accelerations caused by the motion of the ship.

The internal pressure in a tank is calculated by a series of formulae specific to the shape of the
tank being analyzed. A number of different tank shapes exist, such as J-shaped, rectangular,
and U-shaped. Other factors that affect the internal pressure are the amount of liquid carried in
the tank, and the location and number of air pipes in the tank.

For example, a simplified formula used to determine the internal pressure in a liquid-carrying
tank is as follows (ABS, 2002):

P, =pg(n+k,hy,) (2.32)
where,
n = Local coordinate in vertical direction for tank boundaries measuring from the
top of the tanks
k, = Factor that takes into consideration the resultant acceleration of the liquid due
to the ship’s motion

hy = wave-induced internal pressure head, including inertia force and added
pressure head.
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Part 1

Structural Design Principles

Chapter 3  Loads and Dynamic Response for Offshore Structures

3.1 General

One of the key issues in the design of offshore structures is to define the environmental
conditions for the transportation route and installation site, and to determine the environmental
loads acting on the structure for conditions such as transit, installation, operational extreme
and survival. The parameters to be defined in the environmental conditions may be found from
design codes such as API RP 2T, among of several other codes.

The prediction of extreme values is required for the structural strength evaluation. Various
methods have been proposed for determining the extreme values, (Ochi, 1981, 1990). In this
Chapter, both long- and short-term (surviving storm) wave data approaches are detailed.

The aim of this chapter is to give an overall picture of the environmental conditions and loads
for offshore structural design, and to detail the recent developments in the prediction of
extreme response. A systematic method for structural analysis of offshore structures has been
developed to predict extreme response and fatigue assessment under wave loads.

Vibrations and the associated dynamic effects are also an important factor in structural design
and vibration control. Basics of vibration analysis will be covered in an Appendix of this
Chapter.

The contents related to extreme loads in this Chapter were modified from Zhao, Bai and Shin
(2001).

3.2 Environmental Conditions

3.2.1 Environmental Criteria

The collection and selection of the environmental criteria for the design of offshore structures
are the owner's responsibility. Statistical models are essential to adequately describe
environmental conditions. All environmental phenomena of importance should be considered,
such as wind, waves, currents, and tides. In general, environmental conditions as follows need
to be considered in design (API RP 2T, 1997),

. wmd
« waves
» currents

o Tide
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o Ice

« Earthquake

o  Marine growth

Some of the above mentioned items are detailed below.

Wind

Wind is a significant design factor. The wind conditions used in a design should be
appropriately determined from collected wind data and should be consistent with other

associated environmental parameters. Two methods are generally used to assess the effects of
wind in design:

«  Wind forces are treated as constant and calculated based on the 1-minute average velocity.

o Fluctuating wind forces are calculated based on a steady component, the 1-hour average
velocity plus a time-varying component calculated from an empirical wind gust spectrum.

The choice of methods depends on the system's parameters and goals of the analysis. Either
approach may give more severe load than the other, depending on the system's mooring and
the wind spectrum used. The design wind speed should refer to an elevation of 10 meters
above the still water level. Rapid changes of wind direction and resulting dynamic loads
should be considered in the design of offshore structures.

Waves

Wind-driven waves are a major component of environmental forces affecting offshore
structures. Such waves are random, varying in wave height/length, and may approach an
offshore structure from more than one direction simultaneously. Due to the random nature, the
sea-state is usually described in terms of a few statistical wave parameters such as significant
wave height, spectral peak period, spectral shape, and directionality, etc.

The calculation of extreme wave loads and their load effects may be based on selected short-
term sea-states. The overall objective of this approach is to estimate loads and load effects
corresponding to a prescribed annual exceedance probability, e.g. 107 or 10, without having
to carry out a full long-term response analysis. This is the so-called design storm concept.

An appropriate formulation of the design storm concept is to use combinations of significant
wave height and peak period along a contour line in the Hyo and Tp plane. Such a contour line
can be established in different ways. The simplest way to establish the contour line at a
probability level of 107 is to first estimate the 107 value of Hmo along with the conditional
mean value of T,. The contour line is then estimated from the joint probability model of Hyg
and T, with constant probability density. An example of such a contour line is shown in Figure
3.1. The estimation of the load effect at the probability level of 107 is then obtained by
determining a proper extreme value for all seastates along the contour line and taking the
maximum of these values.

Current

The most common categories of currents are:

« Tidal currents, which are associated with astronomical tides

« Circulation currents, which are associated with oceanic-scale circulation patterns

« Storm generated currents
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« Loop and eddy currents
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The vector sum of these currents is the total current. The variation of current speed and
direction with elevations are represented by a current profile. The total current profile
associated with the extreme storm sea-state should be specified for the design. In certain
geographic areas, the current force can be one of the governing design loads. Consequently,
selecting the appropriate current profile requires careful consideration.

Detailed description of environmental conditions related to wind and current may be found
from Chakrabarti (1987) and CMPT (1998).

3.2.2 Regular Waves

Regular wave theories may be applied to describe the velocity and acceleration of the water
particles. Commonly used wave theories include (Chakrabarti, 1987),

« linear airy wave theory (The small amplitude wave theory is the simplest and most useful
of all wave theories.)

« Stokes finite amplitude wave theory
« Cnoidal wave theory
»  Stream function wave theory

» Standing wave theory
3.2.3  Irregular Waves

A real sea does not possess the characteristic of a regular wave, but has an irregular form. The
slowly varying local sea-state can reasonably be assumed stationary in a ‘short’ time interval,
with an appropriate three-hour duration. A sea-state is usually described by a wave spectrum
with significant wave height (Hs), and a characteristic period (7), such as peak period (7p), or
zero-crossing period (7%). One wave spectrum describes only a short-term sea-state. The
statistical value based on a single short-term sea-state is referred to as short-term. When
predicting extreme responses using the short-term methods, an ‘extreme’ storm wave spectrum
based on long-term wave statistics is usually used as the short-term sea-state. Bhattacharyya
(1978) gives a comprehensive discussion of the irregular waves and most probable largest
wave amplitude.
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3.2.4 Wave Scatter Diagram

Long-term descriptions are required to describe the variation of sea-states. The wave scatter
diagram provides a joint probability table of significant wave heights and characteristic
periods for a site. Beck et al (1989) outlined methods of collecting ocean wave data:

(a) Visual estimates of wave conditions (of heights and periods) by trained observers aboard
weather ships: Hogben and Lumb (1967) collected log entries of some 500 British ships
from 1953 to 1961 in oceans of worldwide.

(b) Point Spectra from wave measurements using a ship borne meter: Pierson and Moskowitz
(1964) evaluated the wave generation process and fully developed spectra in particular.

(c) Directional spectra

(d) US Naval hindcast wave climatology: An alternative to wave data is to calculate a set of
spectra from the comprehensive wind data that have been collected for years over the
important trade routes worldwide, see e.g. Bales et al (1982).

Figure 3.2 compares contours of two wave scatter diagrams retrieved from a wave database for
a site in the North Sea (W156) and a site in the Gulf of Mexico (W391). As observed, the
wave environment at site W156 is much more severe than that at site W391. In order to obtain
a wave scatter diagram, various short-term wave data that have been accumulated over a long
period of time (for example, 10 to 20 years) and cover all sea-states defined by different
combinations of pairs (Hs, 7), are statistically averaged. The statistical value based on the
long-term description of sea-states is referred to as long-term. The wave directional probability
corresponding to each wave scatter diagram table should also be provided. Figure 3.3 shows
the wave directional probability distributions at two grid zones, W156 and W391, with 24
equally divided directional divisions. The radius for each direction shown in Figure 3.3
describes the probability for that direction.
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Figure 3.2  Graphic Comparison of Wave Scatter Diagrams for Two
Locations (Zhao, Bai & Shin, 2001)



Chapter 3 Loads and Dynamic Response for Offshore Structures 43

m—\V 156 ———W391
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Figure 3.4  Wave grid of A Wave Database and Two Sample Service
Routes (Zhao, Bai & Shin, 2001)

An example of a two-dimensional wave scatter diagram for the Northern North Sea is shown
in Table 3.1.

A wave scatter diagram provides a long-term wave description for only one specific region. In
order to assess the fatigue damage for a ship on past service, it is necessary to obtain
additional wave information along the routes. For this purpose, a global wave database can be
used, from which wave data for any wave zone on the service route can be retrieved.
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Table 3.1 Wave Scatter Diagram, Representative Dat from the Northern North Sea (Faltinsen, 1990)

Significant

wave height

(m)(upper  Spectral peak period (s)

limit of

interval) 3 4 ) 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 22 Sum

1 59 403 1061 1569 1634 1362 982 643 395 232 132 74 4 2 12 7 4 2 2 8636
2 9 212 1233 3223 5106 5814 S284 4102 2846 1821 1098 634 355 194 105 S6 30 16 17 32155
3 0 8 146 831 2295 389 4707 4456 3531 2452 1543 901 497 263 135 67 33 16 15 25792
4 0 0 6 85 481 1371 2406 2960 2796 2163 1437 849 458 231 110 S0 22 10 7 15442
5 0 0 0 4 57 315 898 1564 1879 1696 1228 748 398 191 84 35 13 S 3 9118
6 0 0 0 0 3 39 207 571 950 1069 885 S75 309 142 58 21 7 2 1 4839
7 0 0 0 0 0 2 27 136 347 528 533 387 217 98 37 12 4 1 0 2329
8 0 o 0 0 0 0 2 20 88 197 261 226 138 64 23 7 2 0 O 1028
9 0 0 0 0 0 0 0 2 15 54 101 111 78 39 14 4 1 0 0 419
10 0 0 0 0 0 0 0 0 2 11 30 45 39 22 8 2 1 0 0 160
1 0 0 0 0 0 0 0 0 0 2 7 15 16 11 5 1 0 0 O 57
12 0 0 0 0 0 0 0 0 0 0 1 4 6 5 2 1 0 0 0O 19
13 0 0 0 0 0 0 0 0 0 0 0 1 2 2 1 0 0 0 0 6
14 0 o 0 0 0 0 0 0 0 0 0 0 0 1 0 0 o0 O0 O 1
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0O 0 0 0 o0 O 0

Sum 68 623 2446 5712 9576 12799 14513 14454 12849 10225 7256 4570 2554 1285 594 263 117 52 45 100001
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3.3 Environmental Loads and Floating Structure Dynamics

3.3.1 Environmental Loads

According to API RP 2T (1997), the environmental loads to be considered in the design of
offshore structures include,

« wind forces

« current forces

« wave loads

« ice loads

« wave impact forces
« earthquakes

» accidental loads

+ fire and blast loading
3.3.2 Sea loads on Slender Structures

For slender structures such as jackets, jack-ups, pipelines, risers and mooring lines, viscous
flow phenomena are of importance. Wave loads on slender structures may be predicted using
Morison equation, see Sarpkaya and Isaacson (1981) and Chakrabarti (1987). The Morison
equation assumes the force is the sum of inertia and drag forces.

Vortex-induced vibration (VIV) occurs when the wave/current flow cause resonance with the
natural frequency of the structure. For the design of pipelines and risers, it is necessary to
account for the wave-induced fatigue and VIV induced fatigue (Bai, 2001).

3.3.3 Sealoads on Large-Volume Structures

When the size of the structure is comparable to the length of wave, the pressure on the
structure may alter the wave field in the vicinity of the structure. In the calculation of wave
forces, it is then necessary to account for the diffraction of the waves from the surface of the
structure and the radiation of the wave from the structure if it moves (Charkrabarti, 1987).

First Order Potential Forces: Panel methods (also called boundary element methods,
integral equation methods or sink-source methods) are the most common techniques used to
analyze the linear steady state response of large-volume structures in regular waves (Faltinsen,
1990). They are based on potential theory. It is assumed that the oscillation amplitudes of the
fluid and the body are small relative to cross-sectional dimension of the body. The methods
can only predict damping due to radiation of surface waves and added mass. But they do not
cover viscous effects. In linear analysis of response amplitude operator (RAO), forces and
response are proportional to wave amplitude and response frequency are primarily at the wave
frequency.

Second Order Potential Forces: The second order analysis determines additional forces and
responses that are proportional to wave amplitude squared. The second order forces include
steady force, a wide range of low frequency forces (which will excite surge, sway and yaw of
a moored floating system) and high frequency forces (which will excite roll, pitch and heave
springing of a TLP). The most common way to solve non-linear wave-structure problems is to
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use perturbation analysis with the wave amplitude as a small parameter. The non-linear
problem is solved in second-order (Faltinsen, 1990).

In addition to the boundary element methods, finite element methods or hybrid (BEM & FEM)
methods are available to develop commercial codes for a body of general geometry's. Other
special simplified methods have also been mathematically developed for specific geometries
that are much more efficient. When viscous forces become important, a hybrid diffraction and
Morison drag method is required in which the drag force calculation based on the undisturbed
flow but a more elaborate approach is applied to account for the change in flow velocity due to
diffraction.

In very deep seas various higher order wave loading effects also become very important
(CMPT, 1998):

« Higher order potential flow and drag forces coupled with highly non-sinusoidal waves lead
to ringing

« Impact of parts of the structure with water surface leads to bottom slamming and run up
(on near vertical surfaces). The duration of slamming pressure at a specific location is of
the order of milliseconds and the location of the peak pressure moves with time.

Bhattacharyya(1978) gives a comprehensive and easy to follow discussion of the wave loads,
deck wetness and slamming, as well as the influence of slamming on the hull girder bending
moment.

3.3.4 Floating Structure Dynamics

Dynamic response of an offshore structure includes the sea-keeping motion of the vessel in
waves, the vibration of the structure, and the response of the moored systems. The response of
an offshore structure may be categorized by frequency-content as below:

o Wave-frequency response: response with period in the range of 5 — 15 seconds. This is
the ordinary see-keeping motion of a vessel. It may be calculated using the firs-order
motion theory.

» Slowly-varying response: response with period in the range of 100 — 200 seconds. This is
the slow drift motion of a vessel with its moorings. The slowly-varying response is of
equal importance as the linear first-order motions in design of mooring and riser systems.
Wind can also result in slowly-varying oscillations of marine structures with high natural
periods. This is caused by wind gusts with significant energy at periods of the order of
magnitude of a minute. Figure 3.5 shows wave frequency and slow-drift constituents for a
floating system.

« High-frequency response: response with period substantially below the wave period. For
ocean-going ships, high frequency springing forces arise producing a high-frequency
structural vibration that is termed whipping (Bhattacharyya,1978). Owing to the high axial
stiffness of the tethers, TLPs have natural periods of 2 to 4 seconds in heave, roll and pitch.
Springing is a kind of resonance response to a harmonic oscillation (CMPT, 1998).

» Impulsive response: Slamming occurs on the ship/platform bottoms when impulse loads
with high-pressure peaks are applied as a result of impact between a body and water.
Ringing of TLP tethers is a kind of transient response to an impulsive load. The high-
frequency response and impulsive response cannot be considered independently of the
structural response. Hydroelasticity is an important subject.
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Damping forces are important when a system is under resonant loading, which is cyclically
applied at one of the system's natural frequencies. They consist of hydrodynamic damping,
structural damping, soil/foundation damping etc.

The above is just a road map to floating structure dynamics because this book is devoted to
structural design. Details of motion and load calculations are available from Bhattacharyya
(1978), Beck et al (1989), Faltinsen (1990), and CMPT (1998).
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Figure 3.5  Surge Time-History of a Moored Vessel Showing Wave Frequency
and Slow-Drift Constituemts (CMPT, 1998)

3.4 Structural Response Analysis

3.4.1 Structural Analysis

For structural analysis of FPSO, Zhao, Bai and Shin (2001) proposed a general procedure as
follows:

1. Defining the major service profiles for a FPSO based on the operations that significantly
affect the local deck and storage tank loads as well as the global motion responses. Typical
operations include normal operation, storm survival condition, loading condition, and
offloading condition.

2. Determining a series of static deck and tank loading patterns A; based on the major service
profiles.

3. Calculating global motion of the FPSO with mooring and riser systems and the
hydrodynamic forces on the FPSO for each A,

4. Loading the hull-girder structure under each A, wave frequency and wave heading. The
following components should be included (Zhao, 1996; ABS, 1992):

« Static deck and internal tank loads
« Static structural loads

» Hydrostatic forces
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» Hydrodynamic forces

« Motion induced hydrostatic restoring forces

o Motion induced structural inertial loads and internal tank sloshing loads
«  Mooring and riser forces

« Shear forces, bending moments, and torsional moments like structural boundary
conditions

5. Performing structural analysis to calculate stress FRF H (o, ox Aj) for each wave frequency
®, wave heading oy, and loading pattern A;. Each combination of (®, oy,A;) forms a
different loading case in structural analysis. The finite element method or other simplified
structural analysis can be applied for the various levels of analysis, see Chapter 6. For
example, to analyze the strength of deck and bottom plating in the hull-girder strength
level, calculations using vertical bending moment and sectional modulus can provide
satisfactory results.

The following table provides an example of tank loading patterns (ABS, 1992):

Table 3.2 Tank Loading Patterns

No. Tank loading description
Homogeneous Full .
1 load Design draft
2 Normal ballast load Light draft
3 Partial load 33% full
4 Partial load 50% full
5 Partial load 67% full

The hydrodynamic force components consist of incident wave forces, diffraction wave forces,
and motion-induced radiation forces (added mass and damping forces). The potential theory
of fluid mechanics based on boundary element methods using source distributions, can be
applied to numerically calculate the hydrodynamic forces. Currently, hydrodynamic analysis
software, which use three-dimensional models (preferred) or two-dimensional strip methods,
are widely applied. A detailed discussion of numerical techniques and other load effects (such
as bow flare impact, bottom slamming, green water, ice loads, and accident loads), are beyond
the scope of this chapter, and may be found from, e.g. Faltinsen (1990).

The wave heading oy is defined with respect to a FPSO (see Figure 3.6). Depending on the
mooring type, the wave probability at direction o4, needs to be converted into FPSO local
coordinates. For example, if the turret-mooring system is adopted, the weather vaning should
be considered, and some of the wave headings can be removed.
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Figure3.6 A FPSO System and Coordinates for Wave Directionality
and Wave Spreading

3.4.2 Response Amplitude Operator (RAO)

A wave scaiter diagram provides a long-term wave description for only one specific site.
Determining the stress Frequency Response Function (FRF) or Response Amplitude Operator
(RAQ), H (o; oy,A)) is one of the major efforts in the strength assessment, because it allows
the transfer of the exciting waves into the response of structures. This concept of linear
dynamic theory is applicable to any type of oscillatory "load" (wave, wind-gust, mechanical
excitation, etc.) and any type of "response” (motion, tension, bending moment, stress, strain
etc.).

For a linear system the response function at a wave frequency can be written as
Re sponse(t) = RAO -n(t)

where 7](1 ) denotes the wave profile as a function of time t. The RAO could be determined

using theoretical computation or experimental measurement (Bhattacharyya, 1978). Almost all
of the theoretical computation has neglected viscosity and used potential flow.

The structure may be envisaged in a general terms as a "black box", see Figure 3.7. The input
to the box is time-history of loads and the output from a structural analysis is time-history of
the response. The basic assumption behind the RAO concept is linearity, that allows
superimpose the output based on superimpose of the input. In these situations, the response to
regular oscillatory loading of any waveform can be obtained by expressing the load as a
Fourier series, and then estimate the corresponding Fourier series of the response for each
component. A typical RAO is shown in Figure 3.8, that is a roll RAO of a barge in beam seas.
The RAO is given in degrees (or meters/ft) of motion amplitude, per meter (or ft) of wave
amplitude and expressed as a function of wave period (second). The RAO may be calculated
using the first order wave theory as wave frequency response.
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Figure 3.7  The Concept of RAO for a Structure (CMPT, 1998)
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Figure 3.8  Typical RAO of Barge Roll Motion in Beam Seas (CMPT,
1998)

Another application of the RAO is to calculate loads in irregular waves. Bhattacharyya (1978)
suggests that the total response of a vessel in an irregular seaway is the linear superposition of
the response to the individual components that may be determined using RAO.

In the calculation of H (m,04A;), a suitable range of wave frequency, number of frequency
points, and wave headings should be used. The commonly used parameters for an FPSO
analysis are:

« Frequencyrange: 0.20 < o < 1.80 rad/s
« Frequency increment:  0.05 rad/s
o Wave heading:  0° to 360° with 15° increment

If a finite element method is used, the pressure distribution needs to be mapped from a
hydrodynamic model onto a finite element model with NxNpxNy loading cases, where:
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Na = Number of loading patterns
Nr =Number of frequency points
Nu = Number of wave headings

Figure 3.9 shows a deck plating at the mid-section. The stress FRFs at twenty-four incident
wave directions (refer to Figure 3.10) are calculated by using the 2D strip method. 3D
hydrodynamic and FE method can be used for general structural details.
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Figure 3.9  Deck Plating at the Mid Cross-section

The spectral density function of the response (stresses or loads) to a wave spectrum using the
wave scatter diagram and the FRF, can be determined by:

S (@) = Y H - H(@; a4 +0,,8)8%(,6,,) G

where,
S™ (@)= Spectral density function for response x
S¥(w, 6, )= Wave spectral density function with wave spreading
®(0m)= Spreading function
S3.(@.6,) =S,(2)0(6,) (32)
where,
s¥ (o) = Wave spectral density function specified by (Hs, T) and ®&(6,,) is expressed as:
©©,)=C, c0s™(0,) (Bnl<2,n=12,...) (3.3)
where,

__ T+ :22"("!)2
" Var(+dy  m2ny

where I'() is Gamma Function.
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Figure 3.10 Comparison of Stress Frequency Response Functions at 13
Wave Directions (symmetric with respect to a=0° or a=180°)
(Zhao, Bai & Shin, 2001)

Table 3.3 Comparison of Different Wave and Response Spectra (Zhao, Bai &

Shin, 2001)

Response

Wave Spectrum Spec

Tp my my
Hs@ | (Secy | (m?) | & | [kefem®? | ©
JONSWAP 8.5 9.5 44 | 059 | 2.17x10° | 032

(y=3.3)

Bretschneider 8.5 9.5 44 | 059 | 233x10° | 0.36

Figure 3.11 demonstrates the stress spectral density functions at oy = 0. The bandwidth
parameter € of the response to JONSWAP and Bretschneider is shown in Table 3.3.



Chapter 3 Loads and Dynamic Response for Offshore Structures 53

16 4
14 4
. ] — - - — JONSWAP (3.3)
g . 121 .
8 > 7 Bretschneider
o - -
g 104
o X h
2 &7 87
s B ]
o &’ E
° T 61
DR
& 4 4
2 ]
03— — e ————— 1
0.0 0.5 1.0 1.5 2.0

Wave frequency, (rad/s)

Figure 3.11  Stress Spectral Density Functions using the JONSWAP
Spectrum (y=3.3) and using the Bretschneider Spectrum
(Zhao, Bai & Shin, 2001)

3.5 Extreme Values

3.5.1 General

Strength analysis generally involves assessing the yield, buckling, ultimate, and fatigue
strengths, see PART Il and PART III of this book. The yield, buckling, ultimate strength are
directly related to the extreme values of stress response, which will be discussed in this
Section.

Figure 3.12 illustrates the extreme response and strength assessment procedure, which uses
short-term and long-term approaches. Ochi and Wang (1979, 1981) showed that both long-
and short- term approaches predict very close extreme values. It seems that applying one
approach is good enough. This is true only for ideal situations. In fact, using either approach
cannot guarantee a conservative design in practice, for the following reasons:

« It is impossible to predict extreme storm spectrum defined with a set of (Hs, 7) exactly.
For example, even with the same Hjs, the characteristic wave period may be different
depending on wave development stages or regions of a storm.

- Structural response depends on both incident wave height and wave frequency. It is
obvious that an extreme storm may not generate the largest structural response.

« The currently used wave scatter diagram may be incomplete to cover all severe storms due
to the lack of data, while the long-term extreme value predicted is sensitive to those storms.
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Therefore, if possible, both short- and long-term approaches should be used to achieve a
conservative design.

3.5.2 Short-Term Extreme Approach

The short-term extreme values can be estimated based on a known initial probability
distribution of the maxima. For a Gaussian random response with zero-mean, the probability
density function of the maxima (peak values) can be represented by the following Rayleigh
distribution:

_ox x?
p(x) = ;()'CXP("Z—MO') x20 (34

based on the assumption of a small bandwidth €, where,

maomy

mg, my, and my are the moments of response spectral density functions of zero-th, second, and
fourth order, respectively.

The cumulative probability distribution is:
x x2
P = = 1 - _——
(x) gp(ﬁ)dﬁ exp( 2mo) (3.5)

The Probable Extreme Value (PEV) can be determined by:
xpgy =N2InN \fmg 3.6)

Sometimes, the extreme response that is exceeded at a small possibility level o (risk
parameter), can be expressed as (Bhattacharyya, 1978):

e, = 2N/ @)mg  for c<0s 3.7)

where N, is the number of observations (or cycles) and X pgy represents the value that may be

exceeded once out of N observations. The chance for Xpgy to be exceeded is 1/o times of
that for x| to be exceeded. a(<1) is chosen at the designer’s discretion, depending on the
condition of application.

For a response spectrum with a finite €, the probability density function of maxima in Eq. (3.4)
can be represented as (Zhao, Bai & Shin, 2001):

2 2 2
exp( )+ 167 - expl-— )
£°my, my, 2m, £

= 2 ,_ £ X
p(x)—Hﬁ_Ezszo «/E) (x20) (3.8)

in which ¢(r) = «/_ J CXP(——)d’

Similar to Eqs. (3.6) and (3.7), the PEV of responses is given by:
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Figure 3.12 Extreme Response and Strength Assessment Procedure

(Zhao, Bai & Shin, 2001)

55

(3.9)

(3.10)

Ochi (1981) has shown that the expected number of positive maxima (peak values) for a short-

term random process can be expressed as:
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Leie? [mg 3.11)
h_ez mo ’

where T is the time length of wave data, unit of time in hours.

T
N =(60)2 <.
4n

Figure 3.13 indicates the dependency of € vs. spectral peak periods in a wave scatter diagram
and describes the range of € where the stress response is mostly between 0.25 and 0.40. Based
on Eq. (3.11), the relative counting error, can be determined in case ¢ is ignored. For the wave
conditions listed in Table 3.3, the relative counting errors are compared in Table 3.4. It is
evident that € can be easily close to 0.4, and an error of 5% to 10% could be introduced if € is
ignored. Therefore, it is suggested that a correction factor for € be used.
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Figure 3.13 Variation of Bandwidth Parameters of Stress Responses vs.
Tp and Hs (Wave spectrum used: JONSWAP; Wave at
W156) (Zhao, Bai & Shin, 2001)

Table 3.4 Comparison of Relative Counting Errors (Zhao, Bai & Shin,

2001)
Wave Spectrum Response Spectrum
€ Error € Error
JONSWAP 0.59 11.8 0.32 27
Bretschneider 0.59 11.9 0.36 3.7
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Using Eq. (3.11), Egs. (3.9) and (3.10) can be rewritten as:

60)°T,
Xpgy = ZIn((z)—nsJ:—?]‘[m_ﬁ (3.12)

60)°
Yoy = fzm[‘—z%\/'"%]\/% (3.13)

Eqgs. (3.12) and (3.13) are not directly dependent on €.

When applying the short-term approach, a design wave spectrum of the extreme storm
condition is usually combined with a long-term extreme value of Hs and 7. Ochi’s (1981)
results indicate that the probability density function of (Hs, 7) takes a bivariant lognormal
distribution. A commonly used approach is to determine the long-term extreme value of Hg,
and obtain T along with the conditional probability distribution p(T1Hj), or using a simpler
formula between Hs and T based on the wave steepness.

The long-term PEV of Hg with different return periods is listed in Table 3.5, where Hy is
calculated by applying the long-term extreme approach discussed in the next Section. Tp is
required in order to determine the extreme wave environment used in the short-term approach
(two parameter wave spectra in this example). Table 3.6 lists the peak periods associated with
Hjs. The values of 7 are calculated by using p (71Hs) for confidence levels of 0.5, 0.75, 0.85,
and 0.95, separately (Ochi, 1978). Each Hs and related Tp form a wave spectral family and
they are used to determine the response spectrum, and finally the short-term extreme values.

Table 3.5 Extreme Significant Wave Height (Zhao, Bai & Shin, 2001)

Hjs (m) with Return period
Wave
20 years 50 years 100 years
W156 17.0 18.2 19.1
w391 10.2 11.6 12.6
Table 3.6 Wave Spectral Family with Different Hs(Zhao., Bai&Shin, 2001)
Hg(m
s (m) Weighting factor
17.0 18.2 19.1
13.1 13.4 13.5 0.0500
13.8 14.1 143 0.0500
14.8 15.0 15.2 0.0875
15.7 16.0 16.2 0.1875
Tr 166 | 168 | 17.0 0.2500
(sec)
18.4 18.7 18.9 0.1875
19.7 19.9 20.1 0.0875
20.7 21.0 21.2 0.0500
22.1 22.4 22.6 0.0500
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mo and m; need to be calculated properly when applying Egs. (3.12) and (3.13). Table 3.7
compares the short-term extreme values obtained by two different methods. Method 1, uses
the weighting factors listed in Table 3.6 to calculate the mean values of mg and m, while
method II uses each member of the spectral family in Table 3.6, and takes the maximum Z.e.:

Xpgy = mj’flx{xPEV(Hs,T})} (3.14)

The extreme values provided by the latter are up to 16% larger than those obtained using the
former method. This is understandable, because the sample size (or exposure time) for the
latter is relatively larger. In this example, extreme values for Hg with risk parameter o. = 1 are
directly applied. Obviously, the final extreme values of responses are dependent on the
designer’s discretion and choice of Hs.

Table 3.7 Short-term Extreme Values of Dynamic Stresses for Deck Plates
(Zhao, bai & Shin, 2001)

Return period (years)

20 50 100

WI156 | JONSWAP | 2021.0 | 21354 | 2139.6
W156 Bretsch. 19919 | 21214 | 2156.2
1 W391 | JONSWAP | 1288.6 1446.9 1527.6
W391 Bretsch. 1211.0 | 1372.7 1467.4
W156 | JONSWAP | 2304.1 2468.7 | 2565.7
W156 Bretsch. 2081.3 | 2226.6 | 2334.0
i W391 | JONSWAP | 1381.3 1568.0 | 1714.7
W391 Bretsch. 1248.9 1412.8 1547.2

Method | Wave Spectrum

(stress in unit: Kgficm?)
3.5.3 Long-Term Extreme Approach

A long-term initial cumulative probability distribution function P(x) of responses is required
when predicting a long-term extreme value. Although function P(x) cannot be predicted
explicitly due to the complications of the responses in various sea-states, it can be built up
approximately through accumulations of various short-term statistical analysis. Generally, P(x)
can be of the form:

P(x)=1-exp[-¢q(x)] (g(x)20) (3.15)
Weibull distributions or log-normal distributions are commonly used for P(x). The Weibull
cumulative probability distribution function can be represented as:

P(x)=1- exp[-("—g—y)"'] (B, m>0) (3.16)

where parameters m, f3, and y can be determined from the observed data by the least-squares
fitting method. Ochi (1981) also suggested to use a generalized form to achieve higher
accuracy in the curve fitting:
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q(x) = ex™ exp(—pxk ) (3.17)

where, ¢, m, p, and k are four constant parameters to be determined by nonlinear least-squared
fitting:

0 = In[-In{l - P(x))] = Inc+ mInx —px* (3.18)

Once the mathematical expression of P (x) in Eq. (3.15) is obtained, the long-term PEV can be
determined by:

1= Plipey) = (3.19)

1= P(xp],) = % (3.20)

Here a, is the possibility level as in Egs. (3.7) and (3.10) and N is the number of observations
or cycles related to the return period. In the design of offshore structures, a return period of
100 years is widely used for estimating the long-term extreme values.

When the wave scatter diagram is applied, P (x) from Eq. (3.15) can be obtained by using the
definition of probability density function of maxima:

Z"g‘u Priw;) Prig, )Pr(A) p,(x)

ijk 1 1
= Janu S e ) PO PP = 3Pl P P, )
j 5 % ijk i)k

ijkd

(3.21)

where,

Pr(wy;) = Normalized joint wave probability of (H«(#),7(y)) or cell wy in Wave Scatter
Diagram, ¥ Pr(w;)=1
ij

Pr(o) = Probability of wave in direction oy, ¥ Pr(o;)=1
k

Pr(A;) = Probability (or percentage) of loading pattern A, during service, ¥ Pr(A;)=1
t

ngw = Average number of responses in Tg corresponding to cell w;; of Wave Scatter
Diagram, wave direction ¢y and loading pattem A;. n; can be computed by
Eq. (3.11)

S = Average number of responses per unit of time of a short-term response

corresponding to cell wjy, wave direction o4 and loading pattern Ay, unit in
1/hour. ﬁjkl=”i/'kl/TS

Ppix(x) = Probability density function of short-term response maxima corresponding to
cell wy; , wave direction oy and loading pattern A,. If the wave spreading (short-
crest sea) effect is considered, it should have been included in the responses as
shown in Eq. (3.8).

Ny = Long-term based, average number of observations of responses in 7,

Ng= 3 nu P(w,)Pr(@,)P(A,)=Tg Y fu Pr(w,)Pr(a,)P(A,) (3-22)
j ijkd

ikl
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Denoting the long-term based average number of observations of responses in Tp by ¥, then

_ T, _ ) -
Np=-2-Ng=Thfs (3.23)
Tg
Tp = Duration of service, unit of time in years
T’p = Duration of service, unit of time in hours

Figure 3.14 displays the long-term distribution P (x) of stress responses to waves W156 and
W391. It is obvious that the wave environment is the dominant factor affecting the long-term
probability distribution, since the effects of spectral shape are not significant.

After the mathematical formula of g(x) in Eq. (3.17) has been determined by curve fitting
using Eqs. (3.18) and (3.21), the extreme value can be calculated by Eq. (3.19) or (3.20).
Figure 3.15 compares the long-term extreme values for waves W156 and W391 using the
JONSWAP and Bretschneider spectra. The extreme values of stress dynamic components are
listed in Table 3.8. The extreme values obtained by using the long-term approach are up to 9%
larger than the short-term extreme values listed in Table 3.7. The long-term approach uses the
probability distribution of responses, which can avoid the uncertainty caused by the choice of
extreme Hy and associated wave spectral family (a series of ). Based on this point of view,
the long-term approach is more reliable than the short-term approach under the given
circumstances and with the same environmental information.

.
»
(=

s, —— W 156, JONSWAP

o W 156, Brestchneider

w

------ W391, JONSWAP

- W 391, Bretschneider

Stress PDF for W156, (10 )
N
Stress PDF for W391, (107)

w

r{irJ17rrerrrerer T
<

T

U TR NN T WY T SO NN N IO |
L]

(=

w

(=
(=

60 90
Stress, (Kgf/cm?)

Figure 3.14 Long-term Probability Density Function P(x) of Stress
Responses for Deck Plate (Zhao, Bai & Shin, 2001)
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Table 3.8  Long-term Extreme Values of Dynamic Stress for Deck Plate
(Zhao, Bai & Shin, 2001)

Wave | Spectrum Retumn veriod (vean) 1\, yper of Cycles (1/ hour)
20 50 100

WI156 [ JONSWAP | 2476.9 | 2669.3 |2818.2 509.2

W156 | Bretsch. |2166.4 | 2328.0 [2452.8 500.9

W39] | JONSWAP| 1751.6 | 1982.9 |2169.9 694.0

W391 | Bretsch. | 1676.6 | 1899.1 {2079.0 673.2

(stress in unit: Kgf/cm?)
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Figure 3.15 Long-term Extremes of Dynamic Stress Responses for Deck
Plate (return period = 20, 50, and 100 years) (Zhao, Bai &
Shin, 2001)

3.5.4 Prediction of Most Probable Maximum Extreme for Non-Gaussian Process

For a short-term Gaussian process, there are simple equations for estimating extremes. The
Most Probable Maximum value (mpm), of a zero-mean narrow-band Gaussian random process
may be obtained by Eq. (3.6), for a large number of observations, N. In this Section, we shall
discuss the prediction of most probable maximum extreme for non-Gaussian process based on
Lu et al (2001, 2002).

Wave and current induced loading is non-linear due to the nonlinear drag force and free
surface. Non-linearity in response is also induced by second order effects due to large
structural motions and hydrodynamic damping caused by the relative velocity between the
structure and water particles. Moreover, the leg-to-hull connection and soil-structure
interaction induce structural non-linearity. As a result, although the random wave elevation can
be considered as a Gaussian process, the response is nonlinear (e.g., with respect to wave
height) and non-Gaussian.
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Basically, the prediction procedure is to select a proper class of probabilistic models for the
simulation in question and then to fit the probabilistic models to the sample distributions. For
the design of jack-ups, the T&R Bulletin 5-5A (SNAME, 1994) recommends four (4) methods
to predict the Most Probable Maximum Extreme (MPME) from time-domain simulations and
DAFs using statistical calculation.

Drag/Inertia Parameter Method

The drag/inertia parameter method is based on the assumption that the extreme value of a
standardized process can be calculated by: splitting the process into drag and inertia two parts,
evaluating the extreme values of each and the correlation coefficient between the two, then
combining as

(mpmy, )y = (mpmm)z + (mpmn)z +2p 5, (mpmyg,) - (mpmy,) (3:29)

The extreme values of the dynamic response can therefore be estimated from extreme values
of the quasi-static response and the so-called “inertia” response, which is in fact the difference
between the dynamic response and the quasi-static response. The correlation coefficient of the
quasi-static and “inertia” responses is calculated as
2 2 2
pp = Ors “Ops ~Op (3.25)
20,0,
The Bulletin recommends that the extreme value of the quasi-static response be calculated
using one of the three approaches as follows:
Approach 1: Static extreme can be estimated by combing the extreme of quasi-static response
to the drag term of Morison’s equation and the extreme of quasi-static response to the inertia
term of Morison’s equation, using Eq. (3.25) as above.
Approach 2: Baar (1992) suggested that static extreme may be estimated by using a non-
Gaussian measure. The structural responses are nonlinear and non-Gaussian. The degree of
non-linearity and the deviation from a Gaussian process may be measured by the so-called
drag-inertia parameter, K, which is a function of the member hydrodynamic properties and
sea-state. This parameter is defined as the ratio of the drag force to inertia force acting on a
structural member of unit length.
K =(2Cp02)/(nC,, Do) (3.26)
As an engineering postulate, the probability density function of force per unit length may be
used to predict other structural responses by obtaining an appropriate value of K from time-
domain simulations. K can be estimated from standard deviation of response due to drag force
only and inertia force only.
X-= JZ 24(Cy =9) (3.27)
8 0,(C,=0)
Approach 3: Altematively K can be estimated from the kurtosis of structural response
(K_3)+{26(K—3)}”2
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3
(35-3x)

K= (3.28)

The third approach may be unreliable because the estimation is based solely on kurtosis
without the consideration of lower order moments. As explained by Hagemeijer (1990), this
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approach ignores the effect of free-surface variation. The change in submerged area with time
will produce a non-zero skewness in the probability density function of the structural response
(say, base shear) which has not been accounted for in the equations for force on a submerged
element of unit length. Hagemeijer (1990) also pointed out that the skewness and kurtosis
estimated (as is the parameter K) from short simulations (say 1 to 2 hours) are unreliable.
Weibull Fitting

Weibull fitting is based on the assumption that structural response can be fitted to a Weibull
distribution:

Fp=1- exp{— (u]”:' (3.29)
a

The extreme value for a specified exceedance probability (say 1/N) can therefore be calculated
as:

R=y+a[-In(1-F)]"* (3.30)
Using a uniform level of exceedance probability of 1/N, Eq.(3.30) leads to
Ry =7 +af-In(1/ N)]"? (331

The key for using this method is therefore to calculate the parameters «, £ and y, which can

be estimated by regression analysis, maximum likelihood estimation, or static moment fitting.
For a 3-hour storm simulation, N is approximately 1000. The time series record is first

standardized (g« - R~ #), and all positive peaks are then sorted in ascending order.
(e}

Figure 3.16 shows a Weibull fitting to the static base shear for a jack-up platform.

As recommended in the SNAME Bulletin, only a small fraction (e.g., the top 20%) of the
observed cycles is to be used in the curve fitting and least square regression analysis is to be
used for estimating Weibull parameters. It is true that for predicting extreme values in order
statistics, the upper tail data is far more important than lower tail data. What percentage of the
top ranked data should be extracted for regression analysis is, however, very hard to establish.

Weibull Paper Fitting, Static Base Shear

2.4 1

LN(-LN(1-F(R)))
&

7.2

LN(Response)

Figure 3.16 Weibull Fitting of a Static Base Shear for a Jack-up
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Gumbel Fitting

Gumbel Fitting is based on the assumption that for a wide class of parent distributions whose
tail is of the form:

F(X)=1-exp(-g(x)) (3.32)

where g(x) is a monotonically increasing function of x, the distribution of extreme values is
Gumbel (or Type I, maximum) with the form:

1
F(X pireme S X yipase) = eXpl:" exp(—; (X viprse = '//))] (3.33)

The MPME typically corresponds to an exceedance probability of 1/1000 in a distribution
function of individual peaks or to 0.63 in an extreme distribution function. The MPME of the
response can therefore be calculated as:

Xyrme =¥ — & - In(=In(F (X5 ))) (3.34)

Now the key is to estimate the parameters y and x based on the response signal records
obtained from time-domain simulations. The SNAME Bulletin recommends to extract
maximum simulated value for each of the ten 3-hour response signal records, and to compute
the parameters by maximum likelihood estimation. Similar calculations are also to be
performed using the ten 3-hour minimum values. Although it is always possible to apply the
maximum likelihood fit numerically, the method of moments (as explained below) may be
preferred by designers for computing the Gumbel parameters in light of the analytical
difficulty involving the type-I distribution in connection with the maximum likelihood
procedure.

For the type-I distribution, the mean and variance are given by
Mean: y=y+y.x, where y= Euler constant (0.5772...)
Variance: o2 =x’x?/6
By which means the parameters  and x can be directly obtained using the moment fitting
method:
Y69 = _0.57722-x (3.35)

T

Winterstein/Jensen Method

The basic premise of the analysis according to Winterstein (1988) or Jensen (1994) is that a
non-Gaussian process can be expressed as a polynomial (e.g., a power series or an orthogonal
polynomial) of a zero mean, narrow-banded Gaussian process (represented here by the symbol
U). In particular, the orthogonal polynomial employed by Winterstein is the Hermite
polynomial. In both cases, the series is truncated after the cubic terms as follows:

Winterstein:

RU) = g + 05 KU+ hyU? =)+ h, U -3U) (3.36)
Jensen:

RU)=C,+CU+C,U*+C,U> (3.37)

Within this framework, the solution is essentially separated into two phases. First, the
coefficients of the expansions, i.e., K, h3, and hy in Winterstein’s formulation and Cq to Cs in
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Jensen’s formulation are obtained. Subsequently, upon substituting the most probable extreme
value of U in Eq.(3.36) or Eq.(3.37), the MPME of the responses will be determined. The
procedure of Jensen appears perfectly simple.

Ochi (1973) presented the expression for the most probable value of a random process that
satisfies the generalized Rayleigh distribution (i.e. the wide-banded Rayleigh). The bandwidth,
g, of this random variable is determined from the zeroth, 2" and 4™ spectral moments. For €
less than 0.9, the short-term most probable extreme value of U is given by

2V1-¢7
U= ’21 SN (3.38)
n(l+\/l—zsz )

For a narrow-banded process, € approaches zero and the preceding reduces to the more well-
known expression:

U=v2InN (3.39)

Comparison of Eq. (3.38) and Eq.(3.39) clearly indicates that the consideration of bandwidth
effect for a Gaussian process, U, results in a reduction of the most probable value.

Lu et al (2001, 2002) compared the above four methods recommended in the SNAME Bulletin,
investigated the random seed effect on each method, and presented the impact on the dynamic
response due to various parameters, e.g. leg-to-hull flexibility, P-delta effect and foundation
fixity. The structural models employed in this investigation were constructed to reflect the
behavior of two jack-up rigs in service. These rigs were purposely selected to represent two of
the most widely used jack-up designs, which are of different leg types, different chord types,
and designed for different water depth. Comparison of the four methods was presented in
terms of the calculated extreme values and the respective dynamic amplification factors (DAF).
Winterstein/Jensen method is considered preferable from the design viewpoint. Gumbel fitting
Method is theoretically the most accurate, if enough amount of simulations are generated. Ten
simulations are minimum required, which may however, not be sufficient for some cases.

3.6 Concluding Remarks

This chapter gave an overall picture of the environmental conditions and loads for offshore
structural design, and detailed the recent developments in the prediction of extreme response.
A systematic method for structural analysis of offshore structures has been developed to
predict extreme response and fatigue assessment under wave conditions. For the convenience
of structural analysis, vibration frequency analysis was also briefly outlined. This Chapter
concludes the following:

« Design of offshore structures is highly dependent on wave conditions. Both extreme
response and fatigue life can be affected significantly by site-specific wave environments,
Collecting accurate wave data is an important part of the design.

« Wave spectral shapes have significant effects on the fatigue life. Choosing the best
suitable spectrum based on the associated fetch and duration is required.

« The bandwidth parameter € of responses is only dependent on the spectral (peak) period.
The effect of Hs on € is negligible.

« The long-term approach is preferred when predicting extreme responses, because it has
less uncertainty. However, using the long-term approach is recommended along with the
short-term approach for obtaining a conservative result.



66 Part I Structural Design Principles

o The short-term extreme approach depends on the long-term prediction of extreme wave
spectra and proper application of the derived wave spectral family. It is not simpler than
the long-term approach.

For more detailed information on environmental conditions and loads for offshore structural
analysis, readers may refer to API RP 2T(1997), Sarpkaya and Isaacson (1981), Chakrabarti
(1987), Ochi (1990), Faltinsen (1990) and CMPT (1998). On ship wave loads and structural
analysis, reference is made to Bhattacharyaa (1978), Beck et al (1989) and Liu et al (1992).
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3.8 Appendix A: Elastic Vibrations of Beams

In order to conduct fatigue assessment and the control of vibrations and noises, it is usually
necessary to estimate natural frequency and vibration modes of a structure. In this section,
basic dynamics is described on the vibration of beams and plates.

3.8.1 Vibration of A Spring/Mass System

Consider a system with a mass m, and spring constant k. When the system does not have
damping and external force, the equilibrium condition of the system may be expressed as
following,

mii + ku=0 (3.40)

where u is the displacement of the mass. The free vibration may be expressed as the solution
of Eq.(3.40),

u=1u, cos(a),t + a) (3.41)
where the natural frequency o; may be expressed as,
W, = 4| (3.42)
m
and where uy and o are determined by the initial condition at time t.

Assuming a cyclic force, Focoswt, is applied to the mass, the equilibrium condition of the mass
may be expressed as following,

mii + ku = F, cos wt (3.43)

and the above equation has a special solution as expressed in the following,
F,/k
u=—-7"——cos\wl — ¢ 3.44
1-(w/w,) ( ) (3.44)

where the value of ¢ may be taken as 0 ( if o<, ) or  ( if ®>®; ). The general solution is the
sum of the special solution and the solution to the free vibration. When w—, the value of u
will be far larger than that due to F, alone that is Fo/k. This phenomenon is called “resonance”.
In reality, the increase of vibration displacement u may take time, and damping always exists.

Assuming the damping force is proportional to velocity, we may obtain an equilibrium
condition of the system as,

mii +cu + ku = Fycoswt (3.45)
The general solution to the above equation is
F/k
u=
((1 —(w/a,}) + 442(w/a),)2)

where

7 cos(wt - ¢) (3.46)

c

é'_

g (3.47)
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ang = 2w/ o)

3.48
1-(o/o) (3.48)
The displacement at resonance (0=w;) is
F/k
u =———-coslwt — 3.49
2c cosler=¢) (349)

3.8.2 Elastic Vibration of Beams

The elastic vibration of a beam is an important subject for fatigue analysis of pipelines, risers
and other structures such as global vibration of ships. The natural frequency of the beam may
be written as

w, = a”’ E{ (rad / sec)
ml

(3.50)
where
El = bending stiffness of the beam cross-section
L = length of the beam
m = mass per unit length of the beam including added mass
a; = a coefficient that is a function of the vibration mode, i

The following table gives the coefficient g, for the determination of natural frequency for
alternative boundary conditions.

Table 3.9 Coefficient for Determination of Natural Frequency for Beams

Clamped-free Pin-Pin Free-free Clamped- Clamped-pin
Beam beam Beam clamped beam beam
1* mode a, 3.52 7t=9.87 22 22 15.4
2" mode a, 22 472=39.5 61.7 61.7 50
3" mode a, 61.7 972=88.9 121 121 104
4™ modea, 121 1672=158 200 200 178
5" mode a, 200 2571° =247 298.2 298.2 272
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Chapter 4  Scantling of Ship's Hulls by Rules

4.1 General

In this Chapter, the term “scantling” refers to the determination of geometrical dimensions
(such as wall-thickness and sectional modules) for a structural component/system. The initial
scantling design is one of the most important and challenging tasks throughout the process of
structural design.

After signing the contract, scantling design is the next step and continues throughout the
design process until the design is approved by the owner, the shipyard, the classification
society, and other maritime authorities. Hull form, design parameters for auxiliary systems,
structural scantlings, and final compartmentation are decided on, during the initial design
phase. Hull structural scantling itself is a complicated and iterative procedure.

In recent years, the procedure for dimensioning the hull structure is changing rapidly. First, the
full benefit of modem information technology is applied to automate the routine scantling
calculation based on classification rules. Meanwhile, the application of rational stress analysis
and the direct calculation approach using finite element analysis have gained increasing
attention in recent years.

In order to develop a satisfactory ship structure, an initial scantling design is generally
performed, to establish the dimensions of the various structural components. This will ensure
that the structure can resist the hull girder loads in terms of longitudinal and transverse
bending, torsion, and shear in still-water and amongst the waves. This process involves
combining the component parts effectively. Furthermore, each component part is to be
designed to withstand the loads imposed upon it from the weight of cargo or passengers,
hydrodynamic pressure, impact forces, and other superimposed local loads such as the
deckhouse and heavy machinery.

Generally, this Chapter introduces the design equations for tankers based on IACS
(International Association of Classification Societies) requirements and classification rules
(e.g. ABS, 2002).

4.2 Basic Concepts of Stability and Strength of Ships

4.2.1 Stability

Two resultant forces act on a free floating body, the force of weight acting downwards and the
force of buoyancy acting upwards. The force of weight (W), acts through a point known as the
center of gravity (CG), and the force of buoyancy (B) acts through what is known as the center
of buoyancy (CB). By Archimedes’ Principle, we know that the force of buoyancy equals the
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weight of the liquid displaced by the floating body, and thus the center of buoyancy is the
center of gravity of the displaced liquid.

w

w
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Figure 4.1  Interaction of Weight and Buoyancy

When a floating body is in equilibrium and is displaced slightly from its original position,
three conditions may apply. As shown in Figure 4.2 (Pauling, 1988), the body may:
1.  return to its original position, a situation known as positive stability;

2. remain in its new position, and this is known as neutral stability;

3. move further from its original position, known as negative stability.

POSITIVE STABILITY NEGATIVE STABILITY

() (b)
Figure 4.2  Positive and Negative Stability

A ship should be positively stable, so that it can return to its original position without
overturning when displaced from its original position, say by a wave.

The stability of a floating body such as a ship is determined by the interaction between the
forces of weight, W, and buoyancy, B, as seen in Figure 4.1. When in equilibrium, the two
forces acting through the centers of gravity, CG, and buoyancy, CB, are aligned (Figure
4.1(a)). If the body rotates from WL to W1L1, (Figure 4.1(b) and 4.2(a)), a righting moment is
created by the interaction of the two forces and the body returns to its original equilibrium
state, as shown in Figure 4.1(a). This is a case of positive stability. If the interaction between
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the weight and buoyancy forces led to a moment that would have displaced the floating body
further from its original position, it would have been a case of negative stability, as shown in
Figure 4.2(b). Thus, when designing a ship, it is very important to ensure that the centers of
gravity and buoyancy are placed in a position that results in positive stability for the ship.

4.2.2 Strength

Another essential aspect of ship design is the strength of the ship. This refers to the ability of
the ship structure to withstand the loads imposed on it. One of the most important strength
parameters is the longitudinal strength of the ship, which is estimated by using the maximum
longitudinal stress that the hull may withstand. The shear stress is another relevant parameter.

The longitudinal strength of the ship’s hull is evaluated based on the bending moments and
shear forces acting on the ship. Considering a ship as a beam under distributed load, the shear
force at location X, V(X), may be expressed as

V(X)= f (b(x) — w(x))dx @.1)

where b(x) and w(x) denote buoyancy force and weight at location x respectively. The bending
moment at location X, M(X) is the integral of the shear curve,

M(x) = [ V(x)dx (4.2)

This is further illustrated in Figure 4.3 for a ship in still-water (e.g. in harbors). As may be
seen in Figure 4.3(a), an unloaded barge of constant cross-section and density, floating in
water would have an equally distributed weight and buoyancy force over the length of the
barge. This is represented by the weight and buoyancy curves, seen in Figure 4.3(b). If the
barge were loaded in the middle (Figure 4.3(c)), the weight distribution would change and the
resulting curve is shown in Figure 4.3(d). This difference between the weight and buoyancy
curves results in a bending moment distribution over the length of the ship. This bending
moment is known as the still water bending moment, M g, as seen for a loaded barge in Figure
4.3(e).
For a ship in waves, the bending moment is further separated into two terms:

M=M;+M, 4.3)

where M and M, denotes still water and wave bending moment respectively. Figure 4.4

illustrates a ship in a wave equal to its own length. Figure 4.4(a) shows the stillwater condition
where the only bending moment acting on the ship is the still water bending moment. Figure
4.4(b) shows the condition when the wave hollow is amidships (i.e. in the middle of the ship).
This results in a larger buoyancy distribution near the ends of the ship and thus the ship
experiences a sagging condition. In a ‘sagging’ condition, the deck of the ship is in
compression while the bottom is in tension.

Figure 4.4(c) shows a wave crest amidships. In this case, the buoyancy force is more
pronounced in the amidships section than at the ends of the ship thus resulting in a hogging
condition. ‘Hogging’ means that the ship is arching up in the middle. Thus, the deck of the
ship will be in tension while the bottom will be in compression.
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(2) Rectangular barge - unloaded (c) Barge - half loaded
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Figure4.3  Bending Moment Development of a Rectangular Barge in
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Figure4.4  Wave Bending Moment in a Regular Wave

In order to compute the primary stress or deflection due to vertical and horizontal bending
moments, the eclementary Bernoulli-Euler beam theory is used. When assessing the
applicability of this beam theory to ship structures, it is useful to restate the following
assumptions:

» The beam is prismatic, i.e. all cross sections are uniform.
» Plane cross sections remain plane and merely rotate as the beam deflects.

« Transverse (Poisson) effects on the strain are neglected.
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« The material behaves elastically.
» Shear effects can be separated from, and not influence bending stresses or strains.

The derivation of the equations for stress and deflection using the same assumptions as those
used for elementary beam theory may be found in textbooks on material strength.

This gives the following well-known formula:
o= M _ M;+M,
SM SM

Where SM, is the section modulus of the ship. The maximum stress obtained from Eq. (4.4) is
compared to the maximum allowable stress that is defined in the rules provided by
Classification Societies for ship design. If the maximum stress is larger than the maximum
allowable stress, the ship’s section modulus should be increased, and the drawing changed.
The maximum bending moment is usually found in the mid-section of the ship, and thus the
longitudinal strength at the mid-section of the ship is usually the most critical.

(4.4)

In general, the maximum shear stress is given by Eq. (4.5):
re F.S
t!

where F;, is the total shear force. t and I denote the web thickness of the hull girder, and the

moment of inertia of the hull. S is the first moment of effective longitudinal area above or
below the horizontal neutral axis, taken about this axis.

(4.5)

4.2.3 Corrosion Allowance

The strength requirements in ship design rules are based on a “net” ship approach. The
nominal design corrosion allowance is to be accounted for, because the scantlings correspond
to the minimum strength requirements acceptable for classification regardless of the vessel’s
design service life. Apart from coating protection for all ballast tanks, minimum corrosion
allowance for plating and structural members is to be applied, as shown in Figure 4.5.

For regions of structural members, where the corrosion rates might be higher, additional
design margins should be considered for primary and critical structural members. This may
minimize repairs and maintenance costs throughout vessel’s life cycle.
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Figure 4.5 Design Corrosion Allowance for Tankers (ABS, 2002)

4.3 Initial Scantling Criteria for Longitudinal Strength

4.3.1 Introduction

In order to assess the structural strength of the ship, the minimum basic scantlings, which
depend on the expected loads, must be determined. The load effects acting on a ship may be
categorized as primary and secondary stresses. The primary stresses, also termed hull girder
stresses, refer to the global response induced by hull girder bending. In contrast, the secondary
stresses are termed local stresses and refer to the local response caused by local pressure or
concentrated loads. The design rules require that the combined effect of primary and
secondary stresses of structural members fall below the allowable strength limits of various
failure modes.

Basic scantling is an iterative procedure, as shown in Figure 4.6. The left part of the figure
represents the scantling based on function requirements and engineering experience. The right
part shows that these basic scantlings have to be evaluated against applicable design rules.
Alternatively, the structural strength may be evaluated by means of rational analysis, such as
finite element methods, see Chapter 5.
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Figure 4.6  Data Flow in the Procedure of Structural Scantling

4.3.2 Hull Girder Strength

The structural members involved in the primary stress calculations are, in most cases, the
longitudinally continuous members, such as deck, side, bottom shell, longitudinal bulkheads,
and continuous or fully effective longitudinal stiffening members.

Most design rules control hull girder strength by specifying the minimum required section
properties of the hull girder cross-sections. The required section properties are calculated
based on hull girder loads and maximum allowable hull girder stresses for the mid-ship
parallel body (region in which the cross-sections are uniform).

Longitudinal Stress

In order to determine the hull girder section modulus for 0.4L amidships, classification rules
require that the greater value of the following equation be chosen:

M+ My (4.6)

g,

SM

SM =0.0I1C,L’B(C, +0.7) 4.7
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o, is the nominal permissible bending stress and it may be taken as 17.5 KN /cm®. The

second equation calculates the minimum required section modulus. The constant C,, depends
on the length, and the block coefficient, C, .

If the top or the bottom flange, or both, consist of higher-strength material, the section
modulus calculated above may be reduced by a factor Q, according to the following equation:

M, =0 -SM (4.8)
Q depends on the yield strength and is 0.78 for grade H32 or 0.72 for grade H36 material.

In classification rules, equations and charts are available for calculating still-water bending
moment, wave bending moment amidships and wave shear force as well as distribution factor
for wave bending moment.

Shear Stress

The distribution of the shear force on the sides and on the bulkheads is very complicated, and
hence the required thickness is not easily expressed with a simple formula. Each classification
society has its own empirically based formulae for shear force and its distribution along the

longitudinal direction.

The general equation for the net thickness is:
(e Fs+B) S (4.9)

1.0,

where F, is the still-water shear force and F,, is the vertical wave shear force, which is zero
for in-port conditions.

The net thickness of the side shell plating is given by:

'SZF,-D,-S (4.10)
1.0,
and the thickness of the longitudinal bulkhead is given by:
IIZ(F:"'R,')'D:"S (411)

1.0,

In these equations, 7, is the moment of inertia of the net hull girder section at the position
considered. S, is the first moment of the net hull girder section about the neutral axis of the
area between the vertical level at which the shear stress is being determined and the vertical
extremity of the section, which is being considered. As mentioned above, o, is the

permissible shear stress, which is defined for either sea or in-port conditions. It is equal to
14.96 divided by Q for sea conditions and 10.87 divided by Q for in-port conditions. ( is the
material conversion factor and depends consequently on the material. D is the shear
distribution factor, which depends on the design of the longitudinal bulkheads.
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4.4 Initial Scantling Criteria for Transverse Strength

4.4.1 Introduction

Ship hull is subjected to static and dynamic hydrostatic pressure in its bottom and two sides,
and under loads due to weight of the cargo inside the hull, see Figure 4.7. The transverse loads
may cause cross-sectional deformation as shown in dotted lines, and stresses in transverse
bulkheads, floors, side frames and deck beams. In general, hulls of the cargo ships are based
on transverse system where the transverse strength may be modeled as two-dimensional
frames. The two-dimensional frame is subjected to the hydrostatic pressure and loads due to
cargo weight as shown in Figure 4.7, as well as the shear forces transferred from the
longitudinal members.
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Figure4.7  Transverse Loads on Ship Hulls

4.4.2 Transverse Strength

Two-dimensional (2D) frame analysis may be applied to calculate transverse strength. The
frame analysis may be conducted using analytical equations that are available from typical
books on structural analysis, or by the finite element methods.

In some cases, the frame analysis may be based on 2D plane stress analysis. The allowable
stress for transverse strength is defined in classification rules with the methods for stress
analysis. Typical arrangements for transverse frame may be found in classification rules.

4.5 [Initial Scantling Criteria for Local Strength

4.5.1 Local Bending of Beams

The local strength of primary and secondary structural members is evaluated by means of
stresses due to local loads, such as lateral pressure or concentrated loads etc. Again, the
elementary Bemoulli-Euler beam theory is utilized when computing the stresses or deflections
for stiffeners and girders. Plate theory is used for plates. The derivation of the equations for
stress and deflection, using the same assumptions as for elementary beam theory or plate
theory, may be found in textbooks on material strength, for instance, Timoshenko (1956).

Scantlings of individual structural members, as shown in Figure 4.7, with respect to local
bending moments and shear strength are presented in this section.
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Figure 4.8  Individual Structural Members

Stiffeners

The minimum required stiffener size is specified by the section modulus of the stiffener as a
function of stiffener spacing, stiffener span, design pressure, and allowable stress.

< >

Figure 4.9  Stiffener

From the beam theory, the required section modulus of a stiffener is:
M

SM =— 4.12)
o
Considering a stiffener with fixed ends, the maximum bending moment is:
ql’
M=9_ 4.13
2 (4.13)

A stiffener is supposed to carry lateral pressure, which acts on the plate attached to the
stiffener, with a loading breadth equal to the stiffener spacing. Therefore, the distributed load
on the stiffener, ¢ (in N/mm), can be calculated from the following equation:

q=p-s (4.14)
where, s, is the stiffener spacing, and p, is the design pressure in N/ mm?*.
By inserting Eqs. (4.13) and (4.14) into Eq.(4.12), we obtain:
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2
s =25t (4.15)
120

The classification rules contain this kind of equations for design of beams under lateral
pressure.

Girders

Girders are to comply with the same scantling criteria as stiffeners with respect to the section
modulus. In addition, shear force should be considered due to the height of girder. The
following equation represents the scantling criterion in terms of the cross sectional area of
girders:

Figure 4.10 Girder

Q
T = 4. 1 6
A ( )
where, 7, is the shear stress at the girder end in N /m* and 4, is the cross sectional area at the

girder end in m”. If the load is equally distributed, with each end of the girder carrying half
the load, Q is defined to be:

0=05-p-b-§ 4.17)
where p and b denote the design pressure acting on the girder (in N /m?*), and the loading

breadth (in m). The girder span is denoted as S (in m). Substituting Eq.(4.17) into Eq.(4.16),
the following equation is obtained:

r= Q_05-pb-§ (4.18)
A A
From Eq. (4.18), the required sectional area is derived as the following:
05-p-b-S
A>-2P0D (4.19)
Taun

The allowable shear stress 7,,, depends on the girder. In addition, girders are to satisfy the

requirements of the web plate thickness, the girder web area, and the ratio of the girder flange
thickness to flange width.
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4.5.2 Local Bending Strength of Plates

In the design rules, the minimum required plate thickness is defined as a function of stiffener
spacing, design pressure, and allowable stress. This criterion may be derived from plate
theory: A plate panel between two stiffeners and two girders can be simplified and considered
as a rectangular plate under uniform lateral pressure p, with all edges fixed.

N
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Figure 4.11 Plate

Based on the plate theory, the maximum stresses are given as follows:

— . 2
Max{a} =—£‘I‘I;—s (at the center of the long edge) (4.20)

2
o= &‘;—S (at the center) (4.21)

If the aspect ratio of the plate (I/s) is greater than 2, B, =0.5,8, =0.25 are to be used as

correction factors for the aspect ratio. For plates with an aspect ratio greater than 2, which are
designed against maximum stress at the center, the required minimum thickness is:

. 0.5.5\/5 _ s\/‘z_)
Vo Jic

where, o is the allowable local bending stress, p is the design pressure, and s is the spacing. In
actual design, a corrosion allowance should be added to the calculated thickness.
Allowable bending stresses should be determined by taking into account the plate location, the

stiffening system, and the material strength. Each classification society has its own definition
of allowable stresses.

(4.22)

In the classification rules, formulae are available for design of plating under lateral pressure,
and for the determination of plate thickness. Between classification rules, there is certain
difference in the way corrosion allowance is handled.
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4.5.3 Structure Design of Bulkheads, Decks, and Bottom

For each individual longitudinal or vertical/horizontal stiffener on longitudinal and transverse
bulkheads, along with the effective plating to which it is attached, the net section modulus is
not to be less than that obtained from the following equations:

SM = i‘-{— (cm?) 4.23)
g,
where
M= -l%c,cz psi>  (Ncm) (4.24)

¢,, is different for longitudinal, horizontal, and vertical stiffeners, ¢, depends on the design
and loading of the tank. /, is the span of longitudinals or stiffeners between effective supports,
p, is defined above, and o, , is the permissible bending stress, which depends on the type and

position of the stiffener.
4.5.4 Buckling of Platings

General
Buckling is one of the main concermns in structural design. Structural elements, which are
exposed to high compressive stress, may experience instability before reaching the yield stress.

Platings should be evaluated to avoid local buckling of plates between stiffeners. This section
discusses the scantling of longitudinal members with respect to buckling control by
considering the total compressive stresses

Elastic Compressive Buckling Stress

The elastic buckling stress is the highest value of the compressive stress in the plane of the
initially flat plate for which a nonzero out-of-plane deflection of the middle portion of the
plate can exist. The Bryan Formula gives the theoretical solution for the compressive buckling
stress in the elastic range. For a rectangular plate subject to a compressive in-plane stress in
one direction, it may be expressed as:

2 2
o, =k —= E i (L) (4.25)
12(1-0* ) s

The plate nomenclature may be obtained from Figure 4.11, and t, is the net thickness, reduced
by corrosion addition. The buckling coefficient k_is a function of the plate aspect ratio a=//s,

boundary conditions and loading conditions. If the plate is assumed to have the load applied
uniformly to a pair of opposite edges only and if all four edges are simply supported, then &,

is given by the following equation:

. =(g L )2 (4.26)

Here, n is the number of half-waves of the deflected plate in the longitudinal direction.
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For a transversely stiffened plate with an aspect ratio of o < 1, as shown in Figure 4.12, the
critical stress will correspond to n=1, which leads to a more convenient expression for the
elastic compressive buckling stress:

n’E Y 52
Cu =1—2(m(ﬂ (1+a”) 4.27)
stf. 1 stf. 2
s
,L j

Figure 413 Transverse Stiffened Plate

stf. 1 stf, 2

o

s
Figure 4.14  Longitudinal Stiffened Plate

Figure 4.13 shows a longitudinal stiffened plate, for which &, is approximately 4 so that the
elastic critical stress is given by:
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’E (’) (4.28)

Cy=""""7"|—
31— )\s

The critical compressive buckling stress, o, is given by the equation below:

. =0

c el

o
for o, < 7’ (4.29)

40

el

o, o,
o.=0,|l- for o, > 7: (4.30)

The elastic shear buckling stress, 7,, is calculated similarly. The critical buckling shear stress
is given by the following equations:

T

7, =1, for 7, <7’ 4.31)
T T

T, = [l— 2 ) for r, >~ 4.32)
4z, 2

where, 7,,, is the ideal elastic shear buckling stress and 7, is the yield stress in shear of

y b
material in N /mm?, which is given by: T, =0 y/w/i
Buckling Evaluation

Design codes with respect to buckling strength are developed based on the above mentioned
formulae. The following interaction formula may be used to calculate buckling of plates under
combined compression and shear stress (Bannerman and Jan, 1980):

(i) +[Ti) <1.0/S.F. (4.33)

(o)

c c

where o and 7 denote the predicted maximum compressive stress (due to axial compression

and bending), and the predicted average shear stress respectively. o,and 7, are the critical

buckling stress corresponding to axial compression/bending and corresponding to pure shear
loading respectively. S.F. is the safety factor.

4.5.5 Buckling of Profiles

Axially compressed profiles (longitudinal) should be evaluated to withstand the following
buckling modes:

« Lateral buckling mode
»  Torsional buckling mode
« Web and flange buckling mode

Transverse stiffeners and girders require special considerations.

The Elastic Buckling Stress will be discussed below.

» Lateral buckling mode:
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The elastic buckling stress of lateral buckling may be derived from column buckling theory
and is given by:

o, =n-ESA (N /mm?) (4.34)
“ Al?
where 1, is the moment of inertia of the longitudinal, including attached plate flange, in cm®,

A is the cross-sectional area of the longitudinal, including the attached plate flange, in cm?, /
is the span of the longitudinal and » is a buckling coefficient, which depends on the end
supports (for an ideal case, n=0.001).

It should be noted that the section properties of the longitudinals used in the buckling
evaluation should be the deducted net properties with a corrosion allowance.

o  Torsional buckling mode:

2
P (mz +£2)+o.38551_7(1v/mm2) 4.35)
10°7,1 m I,
where
4q
K= 4C1 106 (436)
=" El,

where I, is the warping constant of the longitudinal about the connection of the stiffener to

the plate, in ¢m®, Ip is the polar moment of inertia of the longitudinal about the connection of
the stiffener to the plate, in cm*, / is the span of the longitudinal, in m, 7, is the St. Venant’s
moment of inertia of the longitudinal (without the attached plate), in cm4, m is the number of
half-waves (usually varying from 1 to 4), and C is the spring stiffness exerted by the
supporting plate panel.

+ Web and flange buckling:
For the web plate of longitudinal, the elastic buckling stress is given by:

2
o, = 3.8E(7t:"—) (N /mm®) (4.37)

W
where ¢, , is the web thickness, in mm, and A, is the web height, in mm.

For flanges on angels and T-beams, the following requirement should be satisfied:

b
L <15 (4.38)

t
s
where b, is the flange breadth and ¢, is the flange thickness.

Eqs.(4.29) to (4.33) may also be applied to calculate the critical buckling stress for profiles
and hence to conduct buckling evaluation. Refer to PART II of this book for further details of
buckling evaluation and safety factors.
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Part 1

Structural Design Principles

Chapter S  Ship Hull Scantling Design by Analysis

5.1 General

Classification rules have traditionally been the mainstay of ship design practices. These rules
are primarily semi-empirical in nature and have been calibrated to ensure successful
operational experience. They have obvious advantages - simple in format and familiar to most
ship designers. Nevertheless, the ship sizes have increased dramatically and the ship designs
have changed remarkably in the past 20 years. The conventional design approach that relied on
the "Rule Book", has been seriously challenged with the development of unconventional ship
types and complex ship structures such as high speed vessels, large opening container ships
with considerably increased capacity, large LNG-carriers, drilling ships, FPSOs, etc. The
conventional design rule formulae involve a number of simplification assumptions and can
only be used within certain limits. Moreover, scantlings based on rules are not necessarily the
most cost efficient designs. Hence, the application of rational stress analysis using FEM has
gained increasing attention in the shipbuilding industry. With the rapid growth of information
technology, computational complexity is no longer a big issue and numerical efficiency is not
the main concern in the design procedure. The actual design approach includes the overall
strength analysis by accounting for both static and dynamic loads and evaluation of the fatigue
life of all critical structural details. This approach provides a well-designed and uniformly
utilized structure, which ensures a higher degree of reliability than past structures.

A rational analysis procedure is presented in this Chapter, starting from design loads, strength
criteria, FEM analysis, up to the assessment of the obtained calculation results. FEM analysis
is discussed in detail, including modeling, load application, application of boundary conditions,
element selection, and post-processing. The summarized procedure of strength analysis can be
seen in Figure 5.1.

5.2 Design Loads

The design loads acting on the overall ship structure consist of static and dynamic loads. Static
loads include dead and live loads, such as hydrostatic loads, and wind loads. Dynamic loads
include wave induced hydrodynamic loads, inertia loads due to vessel motion, and impact
loads. The various loading conditions and patterns, which are likely to impose the most
onerous local and global regimes, are to be investigated to capture the maximum local and
global loads in structural analysis. Sloshing and slamming loads should also be taken into
account where applicable. When designing ocean-going ships, environmental loads are usually
based on global seastate criteria due to their mobility. While for offshore structures,
environmental loads are calculated in accordance with specifically designed routes and/or site
data.
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Figure 5.1 Stress Analysis Procedure

Liu et al (1992) developed a Dynamic Load Approach (DLA) for ship design, where the loads
experienced by a tanker were calculated, including wave induced loads, ship motions, internal,
structural, and cargo inertial loads etc. Three loading conditions are analyzed, namely, full
load condition, ballast load condition, and partial load condition.

« Static Loads

The distribution of hull girder shear forces and bending moments is calculated by providing
the vessel’s hull geometry, lightship (i.e. the weight of the steel structure, outfitting and
machinery), and deadweight (i.e. cargoes and consumables such as fuel oil, water and stores),
as input for each loading condition. An analysis of a cross-sectional member along the length
of the ship is required in order to account for the discontinuities in the weight distribution.

o Hydrodynamic Coefficients

Each loading condition requires hydrodynamic coefficients to determine the ship's motions
and dynamic loads. It is important that a significantly broad range of wave frequencies be
considered in this calculation.

»  Ship Motion and Short-term /Long-term Response

Ship motion analysis should be carried out using a suitable method, e.g. linear seakeeping
theory and strip theory. Frequency response functions are to be calculated for each load case.
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Short-term response is then obtained by multiplying the frequency response functions by the
wave spectra. The long-term response is calculated by using the short-term response and wave
statistics, which consist of wave scatter diagrams.

5.3 Strength Analysis using Finite Element Methods

5.3.1 Modeling

In principle, strength analysis by means of finite element methods should be performed with
the following model levels:

Global Analysis

A global analysis models the whole structure with a relatively coarse mesh. For a huge
structure like ships, the global model mesh must be quite rough; otherwise too many degrees
of freedom may consume unnecessary man-hours and cause computational difficulty. The
overall stiffness and global stresses of primary members of the hull should be reflected in the
main features of the structure. Stiffeners may be lumped, as the mesh size is normally greater
than the stiffener spacing. It is important to have a good representation of the overall
membrane panel stiffness in the longitudinal and transverse directions. This model should be
used to study the global response of the structure under the effects of functional and
environmental loads, to calculate global stresses due to hull girder bending, and to provide
boundary conditions for local FE models. Design loads should reflect extreme sagging and
hogging conditions imposed by relevant operation modes such as transit, operating, storm
survival, installation, etc.

Local Structural Models

For instance, cargo hold and ballast tank models for ship shaped structures may be analyzed
based on the requirements of classification rules.

Cargo Hold and Ballast Tank Model

The local response of the primary hull's structural members in the cargo and ballast area is
analyzed, for relevant internal and external load combinations. The extent of the structural
model shall be decided on, by considering structural arrangements and load conditions.
Normally, the extent covered is the tank itself, and one half the tank outside each end of the
considered structure (Figure 5.2).

The mesh fineness shall be determined based on the method of load application. The model
normally includes plating, stiffeners, girders, stringers, web-frames, and major brackets.
Additional stiffness may be employed in the structure for units with topsides, and should be
considered in the tank modeling.

From the results of the global analysis, the boundary conditions for the cargo hold and ballast
model may be defined. The analysis results of the cargo hold/ballast model may be used as the
boundary conditions for the frame and girder models.

The following basic loads are to be considered in the model:
. Static and dynamic loading from cargo and ballast,
- Static and dynamic external sea pressure,

« Dead weight, topside loading, and inertia loads
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Figure 5.2  Tank model

Frame and Girder Model

The frame and girder analysis is used to analyze the stresses and deformations in the main
frame or girder system. The calculations should include the results induced by bending, shear,
and torsion. The minimum requirements are a function of the type of vessel being analyzed,
but should include at least one transverse web in the forward cargo hold or tank (Figure 5.3)

The model may be included in the cargo hold and ballast tank models or run separately using
the boundary conditions from that model analysis.

Figure 5.3 Frame model

Figure 5.4 Stress concentration model
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Stress Concentration Area:

In the areas where high stress concentrations may take place, local fine mesh models are to be
applied by using forces or forced deformations as boundary conditions based on the results
obtained in the global analysis. Alternatively, sub-modeling, super-element techniques or
direct mesh refinement may be introduced.

Attention should be paid particularly to the following areas:
»  Areas around large openings,

« Longitudinal stiffeners between transverse bulkheads and the first frame at each side of
the bulkhead,

o Vertical stiffeners at transverse bulkheads with horizontal stringers in the way of the inner
bottom and deck connections,

» Horizontal stiffeners at transverse bulkheads with vertical stringers in the way of the inner
side and longitudinal bulkhead connections (Figure 5.4),

o Corrugated bulkhead connections.

Fatigue Model

If fatigue is of concemn, analysis of critical structural details should be performed. Fine mesh
models shall be completed for critical structural details in the areas such as the following:

«  Hopper knuckles in way of web frames,

o Topside support stools,

« Details in way of the moonpool,

«  Other large penetrations in longitudinal load bearing elements,
« Longitudinal bulkhead terminations,

» Stiffener terminations,

« Pontoon to column or column to deck connections,

«  Other transition areas when large changes in stiffness occur.

The size of the model should be such that the calculated hot spot stresses are not affected
significantly by the assumptions made for the boundary conditions. Element sizes for stress
concentration analysis should be of the same order of magnitude as the plate thickness.
Normally, shell elements may be used for the analysis. Only dynamic loads are to be applied
on the model, because only these affect the fatigue life of the structure. The correlation
between different loads such as global bending, external and internal pressure, and
acceleration of the topside should be considered in the fatigue assessment.

5.3.2 Boundary Conditions

Defining boundary conditions is one of the most important steps in FEM analysis. For local
analysis models, the boundary conditions imposed by the surrounding structures should be
based on the deformation or forces calculated from the global model.

The boundary conditions, for a global model, have no other purpose than to restrict the rigid
body motion. Fixing 6 degrees of freedom (DOF) at both ends (and comers) of the model
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should be good enough. The total loading must be balanced so that the reaction forces at the
boundaries approach zero.

When modeling, the model length of the ship structure should be sufficient to minimize
boundary condition effects over the analyzed area. ABS (2002) requires 3 cargo holds to be
covered for models of tankers, bulk carriers, or container ships; LR "Direct calculation -
Guidance Notes" (1996) requires that 2 cargo holds be covered for the model of a bulk carrier.
All continuous longitudinal elements should be restrained to remain plane under the effects of
the hull girder bending and must be rotationally fixed about the vertical axis if the calculated
deformations or forces are not available at the free ends of the model. Conditions of symmetry
should be applied at each end of the finite element model. Rotation about the two axes in the
plane of symmetry is to be constrained where there is symmetry imposed at the centerline or at
the ends of the model. The model should be supported vertically by distributed springs with
shipsides and longitudinal bulkheads at the intersections of the transverse bulkheads.

5.3.3 Type of Elements

The types of elements are chosen to provide a satisfactory representation of the deflections and
stress distributions within the structure. The conventional frame analysis may be carried out
with a beam model. It has significant advantages for its modeling simplicity and
computational efficiency. However, thanks to the availability of powerful computers,
computational efficiency is no longer a concern. More refined and accurate element types can
be used.

In a research conducted by the ISSC, Zillottto et al. (1991), nine different finite element
models were applied to different combinations of beams, trusses, rods, membranes, planes,
and shell elements. A considerable scatter was observed in the results. The conclusion was that
a detailed analysis of the deformations and stress levels in all the elements of the transverse
frames should be performed using a refined finite element model for all the different types of
structures and ships.

In "Direct Calculation-Guidance Notes", LR (1996) suggests that all areas of the plating
should be modeled by shell elements, secondary stiffeners by line elements (bars or rods),
double bottom girders and floors by three or more plate elements over the depth of these
members, and side shells by plate or bar elements.

In general, if the structure is not subjected to lateral bending, membrane and rod elements may
be applied. Otherwise, plate and beam elements, which have both bending and membrane
resistance, should be employed. The selection of element types depends on many aspects, such
as the type of structure, the load application approach, the type of analysis performed, the
results generated, and the accuracy expected. There is no substitute for engineering judgement.

5.3.4 Post-Processing

The design is a complicated and iterative process in which building and solving a FE model is
simply the first step. A more important step is that designers use their knowledge and
judgment to analyze the results and, if necessary, redesign or reinforce the structure.

First, the engineer must ensure that the results calculated by the FE program are reasonable,
and that the model and the load application are correct. This can be achieved by plotting stress
contour, the deformation, the reactions & applied load equilibrium, force & moment diagrams,
etc. The next step is to check the strength of the structure against relevant design criteria. Load
combinations and stress combinations are not always straightforward. Assumptions are usually
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made to certain degrees both in creating the model and in solving the model. The designers
must bear this in mind and be familiar with the FE program being used, in order to account for
the assumptions adopted, to evaluate the calculated results, and, if necessary, to modify the
results.

Yielding Check

The yield check ensures that the stress level on each structural member is below the allowable
stress. The allowable stress is defined as the yield limit of the material divided by a safety
factor. Stresses calculated from different models are combined to derive the equivalent von
Mises stress and evaluated against the yield criterion. Component stresses, such as axial stress,
bending stress, normal stress in x-direction, normal stress in y-direction, shear stress, etc. as
well as combined stresses, are to be evaluated. The combination of global and local stresses
should account for actual stress distributions and phases. If the phase information is limited or
uncertain, the maximum design value for each component may be combined as the worst
scenario. Possible load offset due to the simplified assumptions made in the FE analysis
should be accounted for in the stress combinations.

Buckling Check

Structural members subjected to compressive loads may normally buckle before reaching the
yield limit. Various buckling modes should therefore be evaluated. Four different modes of
buckling are usually recognized:

« Mode 1: simple buckling of the plate panel between stiffeners and girders.

o Mode 2: flexural buckling of the individual stiffener along with its effective width of
plating in a manner analogous to a simple column.

o Mode 3: lateral-torsion or tripping mode. The stiffener is relatively weak in torsion, and
failure may be initiated by twisting the stiffener in such a way that the joint between
stiffener and plate does not move laterally.

« Mode 4: overall grillage buckling.

See Part ]I of this book for more information. To ensure that the local bending stress resulting
from loads, acting directly on stiffeners, are included in the buckling code check, the lateral
pressure should be explicitly included in the capacity check, combined with membrane
stresses calculated from the FE analysis. Relevant combinations of buckling load checks
should include evaluation of the capacity with relevant lateral pressure applied to either side of
the plate. Compressive stresses calculated from global and local models are to be
superimposed. Each structural member is to be designed to withstand the maximum combined
buckling loads, of which the critical load cases and wave phases may be different to those
pertaining to the yield check.

5.4 Fatigue Damage Evaluation

General

The fatigue strength of welded joints (structural details) in highly dynamically stressed areas
needs to be assessed to ensure structural integrity and to optimize the inspection effort. The
analysis of fatigue strength should be based on the combined effects of loading, material
properties, and flaw characteristics. At the global scantling design level, the fatigue strength
check for hull-girder members can be conducted for screening purposes. At the final design
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level, analysis for structural notches, cutouts, bracket toes, and abrupt changes of structural

sections need to be performed.

Stress types commonly used in fatigue analysis based on S-N curves include nominal stress,
hot-spot stress, and notch stress. Each of these methods has specific applicable conditions.
Although only the nominal stress is used in the examples, the analysis approach is not limited

to any stress type.

Spectral Fatigue Analysis (SFA) based on the S-N curve and Palmgren-Miner’s cumulative
damage hypothesis has been widely applied in the fatigne damage assessment of marine
structures, see Part III of this book. Figure 5.4 shows the procedure for spectral fatigue

assessment.
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Fatigue Check

Only cyclic loads are relevant in the fatigue analysis. Static loads should therefore be
subtracted from the total design loads. Environmental loads for fatigue analysis may differ
from those for the yielding and buckling analysis. Either a stochastic or a simplified fatigue
analysis can be performed. When a simplified fatigue analysis is applied, the stress range
corresponding to a return period equal to the design life is calculated and the fatigue life is
then computed based on S-N curves. If the stochastic fatigue analysis is used, stress ranges
corresponding to each sea state in the wave scatter diagram are calculated by FE analysis, and
the fatigue life of each stress range is found using S-N curves. The cumulative fatigue damage
is then computed using the Miner-Palmgren Hypothesis:

D=3 L 5.1
N, (.D

n; = Number of cycles in the ith stress range interval between stress range Ao, and
40,
N, = Number of cycles to failure at stress range (Ac; + Ao, )/2 and can be read from
S-N curves

D = Allowable cumulative damage varies for different structural members, which
should normally be less than 1.

However a significant safety factor is usually employed with the Miner-Palmgren Hypothesis,
and D is often less than 0.1, 0.3 or 0.6 depending on the type of structure, the strength
significance of the member, availability for inspection, etc. Reference is made to Part III of
this book for more information on fatigue assessment.
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Structural Design Principles

Chapter 6  Offshore Structural Analysis

6.1 Introduction

6.1.1 General

This chapter describes the primary considerations that the design engineer should bear in mind
during the initial design and subsequent structural analysis. In this chapter, the notation
‘Structures’ refers to all types of marine units ranging from floating ship-shaped vessels to
bottom founded platforms. Emphasis has been placed on ship shaped structures. However,
consideration is also given to column supported structures (e.g. semi-submersibles, tension leg
platforms (TLPs), spars, and mooring buoys) and also to steel bottom founded offshore
structures such as fixed steel jackets.

The UK HSE completed a study on offshore structures in the North Sea, which estimated that
around 10-15% of failures were related to inadequate design either at the initial design phase
or a subsequent upgrade in the design. Inadequacy in design includes lack of operational
considerations, failure to evaluate all structural elements and incorrect use of the design
formulae.

In the process of design, the primary concerns for the designer are risks to life, the structure,
the environment, and project economy. Hence, the relevant design codes and standards employ
the appropriate safety factors in order to minimize these risks without being excessively
conservative.

Throughout this chapter, emphasis is placed on the design process where the finite element
analysis will be employed. Reference is made to the formulae used in the design of marine
structures, although these are not reproduced within this Chapter. These formulae may be
found from Part II and Part IIl of this book together with the background information.

6.1.2 Design Codes

The designer is faced with a large number of rules, codes, standards, and specifications
describing the general policy for structure systems and the detailed design of structural
components. These documents are produced and distributed by:

« National Governments
« Certification Authorities
« Technical Standards Committees

«  Companies, Universities, or Individual Expertise
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Chapters relating to loads and safety factors, which give a more detailed explanation of the
different design methods employed in these codes, should be referenced i.e., the load and
resistance factored design method, allowable stress design method, and design by testing or
observation.

6.1.3 Government Requirements

Governments set legal requirements for using their ports or territorial waters that must be
followed in the design of marine structures. Some of these laws, particularly those relating to
vessel movements, are internationally consistent to avoid problems in passing through several
national waters during transit. However, most national laws relating to the design,
construction, and operation of marine structures will differ from country to country, each
reflecting local conditions, health and safety laws, expertise and experience including that
learned from previous major incidents and accidents.

The government requirements, such as those published by:
«  Norwegian Petroleum Directorate (NPD),

« UK Health and Safety Executive (HSE),

« US Mineral Management Service (MMS).

are the legalities that need to be met rather than specific design methods and criteria to be
employed. Such rules are mainly the concemn of the project manager and the client
representative who should ensure that the relevant pieces of legislation are reflected in the
Design Basis (see Section 6.2.2).

6.1.4 Certification/Classification Authorities

Historically, the Certification/Classification Authority (CA) acted as an independent body
between the vessel’s designer, builder, owner, operator and the insurance company. The
government's interest of reducing the risks to life and the environment from marine accidents
has increased the need for CA's to also provide their expertise in government policies and
legislation.

CAs are companies such as:

« American Bureau of Shipping (ABS),
« Bureau Veritas (BV),

« Det Norske Veritas (DNV),

« Lloyds Register of Shipping (LR),

« ClassNK (NK)

Ships and mobile offshore drilling units (MODU) transit from one location to another
worldwide and thus the use of the CA’s service may avoid the repetitive approvals from the
many national governments concerned. The role of the CA has become questioned in recent
years concerning the fixed (bottomed supported) structures, which will generally remain at one
location within one nation’s territorial waters throughout its life.

CAs perform an independent third party assessment of the structure throughout the design of
the structure to ensure that it fits for purpose. This may include review of the design reports
and independent structural analyses, particularly with the increasing use of computer aided
FEM. The CA's may be chosen based on their office location relative to the sites for structural
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design, fabrication or operation, their specialist knowledge in regards to the type of structure,
client recommendation, or their ability to meet cost and time budget requirements.

The rules published by CAs emphasize on safety targets and consequently give precedence to
safety factors and failure levels, along with general specifications of the design. Consequently,
all design engineers should have access to the relevant CA rules to ensure that certification
requirements are met.

6.1.5 Codes and Standards

Codes and standards provide details on how structures should be designed, built, and operated.

The difference between a code and a standard is that a code should be followed more
rigorously, while a standard sets recommended practices that should be followed. This
difference is largely ignored now with, for example, the Eurocode for steel design, which is
classified as a national standard.

The range of worldwide codes and Standards is substantial. However, the important aspect of
these documents is that they both have national, or in some cases international standing.
Examples of the codes and standards for the design of steel marine structures are the
following:

« ANSI/AWS DI.1, Structural Welding Code,

- API RP2A (Working Stress Design or Load Resistance Factored Design, Recommended
Practice for Planning, Designing and Constructing Fixed Offshore Platforms),

o Eurocode 3 (NS-ENV 1993 1-1 Eurocode 3),

« ISO Codes for Design of Offshore Structures,

» NORSOK Standard N-004, Design of Steel Structures,
. NS3472,

« BS5750.

The design or reassessment of steel marine structures will be based on one or more of the
above mentioned documents. The software used, will be an essential program for all members
of the design team. However, with regards to the use of the finite element methods during the
design, none of these documents give a thorough assessment of the preferred or recommended
techniques.

Standards such as NS3472 and BS5750 provide the fundamental equations needed to
determine stresses in steel components, regardless of their area of application. Documents
such as NORSOK N-004 and API RP2A apply the relevant fundamental equations, along with
appropriate factors of safety corresponding to the design limit-states for particular marine
structures. NORSOK N-004 (NTS, 1998) gives state of the art specifications for designing
floating and fixed marine structures. It is based on NS3472, Eurocode 3, oil company's
specifications for the design of steel structures, and many of the best features from technical
papers.

API RP 2A (2001) has been widely applied for design and construction fixed platforms, and
serve as a basic document for offshore structural design.

API RP 2T (1987) has been mainly used for tension leg platforms. It provides comprehensive
guidance on design criteria, environmental forces, global design and analysis, structural design
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of hulls and deck, tendon system design, foundation design and analysis, riser systems,
facilities design, fabrication, installation and inspection as well as structural materials.

Recently API RP 2FPS (2001) was issued for floating production systems. It gives a high level
specification for the design and analysis of floating production systems such as semi-
submersibles, spars, FPSO and conversion/reuse of existing structures. The guide defines
design environmental criteria, accident loads, fire and blast loads and specifies design
requirements with respect to design load cases, structural design of hull and deck, fatigue
assessment, weight control, watertight and stability, transit condition and fabrication
tolerances. The API RP 2FPS (2001) also provides general guidance on station keeping and
anchoring systems, well and production fluid control, transportation system and export system,
facilities, fabrication, installation and inspection, material, welding and corrosion protection as
well as risk management.

6.1.6 Other Technical Documents

When performing the design or reassessment of steel marine structures, reference may be
made to specialized documents. These maybe in the form of:

« Company specifications and procedures that are based on specific expertise or test results
developed in-house by the designer, a subcontractor, or the client manuals that give
support to finite elements, risk and reliability, or other engineering tools.

« Reports, conference proceedings, or technical joumals in the public domain covering a
particular design aspect in-depth.

« Books on steel designs that allow fundamental stresses and strains to be estimated.

The above documents will nced to be referenced in the Design Basis and made available to the
design team members as required.

6.2 Project Planning

6.2.1 General

It is essential that adequate planning be undertaken at the initial stages of the design process in
order to achieve a good design within the estimated cost and time schedule.

The main output of the planning process is a ‘Design Basis’, describing the criteria and a
‘Design Brief”, describing the procedure to be followed and software to be used. For smaller
projects in particular, it may be preferable to gather all the information into one concise
document.

Ideally, the Design Basis and Design Brief will be written to and agreed with the Client prior
to the design phase. However, in practice this is not always possible. In such cases, it is
strongly recommended that these documents be issued in draft format with, as much detail as
possible or with relevant items labeled as ‘Preliminary’. This will enable the project team to
begin developing the design with some understanding of the criteria that will be the most
critical throughout the design.

The Design Basis and Design Brief may be updated throughout the project as particular
problems arise. It is important that all-relevant team members are aware of such changes.
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6.2.2 Design Basis

The Design Basic document lists the basis criteria relevant to the structure and should include
the following:

Unit Description and Main Dimensions
A summary describing the structure includes:

« A general description of the structure, including the main dimensions and draught/water
depth

«  Main structural drawings
« Service and design lives
« Location of the structure, if fixed

«  Specification of the system of units employed

Rules, Regulations and Codes

A list of relevant applicable references to the design codes and project related documents
include:

« Environmental design criteria, including all relevant conditions, such as wind, wave,
current, snow, ice and earthquake description with 10E-1, 10E-2, and 10E-4 annual
probability occurrence.

+ Soil/foundation criteria for design of fixed structures, mooring/anchoring, pipelines and
risers.

« Design temperatures

Stability and Compartmentalization

Stability and compartmentalization design criteria for relevant conditions include:
« External and internal watertight integrity

« Boundary conditions including interfaces with other structures or foundation conditions
« Lightweight breakdown report

« Design load cases and global mass distribution

« Damage condition

Materials and Welding

Design criteria for materials and welding include:

« Yield and ultimate tensile strength

« Corrosion allowances to be taken

» Corrosion Protection (CP) systems or coatings

»  Material flexibility and avoidance of brittle fracture

«  Crack growth properties

. Weld specification and fatigue classification
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« Post weld heat treatment
«  Minimum access for welding

« Marine growth type and thickness

Temporary Phases

Design criteria for relevant temporary phases includes:

o Limiting permanent, variable, environmental, and deformation action criteria
«  Procedures associated with construction, including major lifting operations

« Essential design parameters associated with the temporary phase

« Relevant Accidental Limit-state (ALS)

Operational Design Criteria

Design criteria for relevant operational phases includes:

« Limiting permanent, variable, environmental, and deformation action criteria
« Deck load description (maximum and minimum)

« Wave motion accelerations on appurtenances

« Mooring actions

« Tank loading criteria

« Fatigue and fracture criteria

« Air gap requirements

« Accidental event criteria

In-service Inspection and Repair

Criteria for inspecting the structure post-fabrication and in-service and criteria for allowing
repairs to be efficiently carried out and recorded include:

»  Description of the in-service inspection hierarchy and general philosophy
»  Access for inspection and repair

« Redundancy and criticality of components

Reassessment

The data needed for re-assessment include:

« Inspection records

« Fabrication and welding records

o Details of cracked and damaged components
o Details of replaced or reinforced components
« Details of on-site measurements

«  Details of corrosion protection methods and marine growth state
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6.2.3 Design Brief

A Design Brief document lists the procedures to be adopted in the initial stages of the design
process as follows:

Analysis Models

A general description of models to be utilized, including the description of:
«  Global analysis model(s)

« Local analysis model(s)

o Load cases to be analyzed

Analysis Procedures

A general description of analytical procedures to be utilized including a description of the
procedures to be adopted with respect to:

«  The evaluation of temporary conditions
« The consideration of accidental events
« The evaluation of fatigue actions

« Air gap evaluation

« The establishment of dynamic responses (including methodology, factors, and relevant
parameters)

o The inclusion of ‘built-in’ stresses

« The consideration of local responses (e.g. those resulting from mooring and riser actions,
ballast distribution in tanks as given in the operating manual etc.)

« Consideration of structural redundancy

Structural Evaluation

A general description of the evaluation process including:

« Description of procedures to be completed when considering global and local responses

« Description of fatigue evaluation procedures (including use of design fatigue factors, SN-
curves, basis for stress concentration factors (SCFs), etc.)

« Description of procedures to be completed during the code check

6.3 Use of Finite Element Analysis

6.3.1 Introduction

Basic Ideas Behind FEM

The finite element method is a powerful computational tool that has been widely used in the
design of complex marine structures over the decades. The basic idea behind the finite element
method is to divide the structure, into a large number of finite elements. These elements may
be one, two or three-dimensional. The finite element model may be in the form of a truss of
members connected at nodal points, or a detailed assembly of elements representing an entire
structure, or a particularly complex and critical component of the structure.
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Taking a irregularly shaped plate, for example, we may estimate the displacements and
consequently the stresses within the plate under a given load for a specified material and
boundary conditions. The field variable of interest here is the displacement. Instead of
determining the displacement at every point in the plate, the finite element method divides the
plate into a finite number of elements, and provides the displacements at the nodal points of
each element. Interpolation functions are used within each element to describe the variations
of the field variable (e.g. displacement in this example) as a function of the local coordinates.
Using nodal displacements and interpolation function, the designer can compute the stress
variation within any given region.

Computation Based on FEM

Commercial software has been developed based on finite element theory. As input data for the
software, the designer define relevant coordinates of each node, element definitions, material
properties, boundary conditions, etc. Generally, the accuracy of the solution improves as the
number of elements increase, but the computational time and cost also increase. A high-speed
computer is required to perform and solve the large number of element assembly involved.

Different element types (rod, beam, membrane, solid, bending with 3-node, 4-node, 6-node, 8-
node, etc) are applied to various types of structures, which yield different accuracy and CPU
time. However, there is no substitute of experience when trying to determine the element
density and element type in order to achieve the required level of accuracy for the finite
element analysis of a particular structure.

The computer program determines the displacements at each node and then the stresses acting
through each element. One of the essential tasks in FE analysis is to analyze the results, which
is known as post-processing. The designer may view the results in tabular or graphical form. A
graphical view may be used initially to identify the regions and nodes of interest and
subsequently tabulate the output specified for the chosen areas of interest. If this were not the
case, the physical data of the whole structure may otherwise be too large to be structurally
assessed.

Marine Applications of FEM

The analyst may then use the results from the finite element analysis to strengthen the
structure via an increase in the material strength, via additional reinforcement, or by changing
the load path or the boundary conditions.

The critical areas where loads or stresses are concentrated, or where there are complex joint
details, will generally need to have a more detailed finite element model or finer element
mesh. The finite element analysis output will only be as good as the input data specified.
Again, it is particularly important for the designer to consider the limits of the model and
consequently the accuracy of analysis results.

Probably the most serious problem affecting ocean-going vessels in recent years has been
brittle fracture near bulkheads on very large bulk carriers. Such an effect could be easily
missed in a finite element model for such a vessel. Local flexibility/rigidity and material
behavior could be overlooked since the design emphasis is placed on increasing the stiffness
of local details to meet the requirements of the relevant codes.

In the following stiffness matrices are derived for 2D and 3D beam elements in order to
illustrate the finite element methods for offshore structural analysis and to prepare a theoretical
basis for Chapter 12 - 15.
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6.3.2 Stiffness Matrix for 2D Beam Elements

Figure 6.1 shows a beam element. The neutral axis of beam is defined as x axis, while one of
the principal axes of inertia for beam is defined as y axis. In this section, a bending problem is
discussed in x-y plane.

y
Flexural rigidity: EI
Cross-sectional area: A
“ Vs, Fz
v, Fy
N
t_) ....................... . — ) ¥
\ 1 0| M, / _ 2 9"' M,
| -

Figure 6.1 Beam Element

dv/dx

Figure 6.2  Assumption of Bernoulli-Euler

When the depth of bend is very small comparing with length, the assumption of Bernoulli-
Euler, the perpendicular cross-section of neutral axis is kept perpendicular to the neutral axis after
deformation, is valid. Under this assumption, the angle of clockwise rotation of cross-section ¢
shown in Figure 6.1 can be expressed as below,

dv
0=-22 6.1
0 (6.1

If the displacement in y direction of neutral axis is defined as v(x), the point (x,y) before

deformation varies in x, y directions as u(x, y), and v(x, y), which is expressed as,

u(x, y) = —ydti—ix) (6.2)

V(x, ) = v(x) (6.3)
The displacement v may be expressed as the following 3-order polynomial formula,
v=a,+a,x+ayx’ +an’ (6.4)

When the two nodal points of the element is defined as 1 and 2, and degree of freedom at the
nodal point is set as flexure and rotation angle, the displacement vector for the two nodal
points of the beam have four degrees of freedom,
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{a}, = (6.5)

where the subscript is the number of the nodal points. The undetermined coefficients for v in
Eq. (6.4) can be expressed as the four deformations of nodal points, and expressed as

v 1 0 0 0 a
6, 0 -1 0 0 a,

= =|A4 6.6
vy 1 0o I? 1 a, [ ]{a} (6.6)

8,] [0 -1 -21 -31*||a,

By solving Eq. (6.6), we get a solution for {a},
{a}=[4]"{a}.
and the strain is expressed as,
du d*
5X =—=—- —2
dx dx

where x_ is the curvature and may be expressed as

= yK, 6.7)

2

k :—%x—:i=2a,+6a4x=[_0 0 2 6x fla}

=[0 0 2 6x|[4]"{d}, =[B]{d},
The stress o, is then given as,
o, =Ee, =—Eyx,

The principle of virtual work for this beam element may be expressed as,

E([oe.0,dade={5 a},7{f}, 6.8)

where 4 is the cross-section area, and {f}, is the nodal force vector corresponding to the
nodal displacement,

(6.9)

where F,, M, (@ =1,2) is the shear force and bending moment for nodal point « . Equation (6.8)
may be rewritten as,

T
{6 d}," [[BY Et[Blax{d}, = {5 a},7{1),
where I is the second order inertia moment for the cross-section, and expressed as,

= Lysz
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where, {5 d }e is any values, the stiffness matrix equation for an element is

{7}, =[k]. {d}. (6.10)
where, [k, ]is a stiffness matrix
k], = [ (8T &rlBix
12 6l —12 6
_EI| 6 a* -6l 2° 6.11)

TP -2 -6l 12 -6l
6l 20 -6 4I°

6.3.3 Stiffness Matrix for 3D Beam Elements
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Figure 6.3  Inclined 2D Beam Element

In Figure 6.3, %,y denote local member axes and x, y denote global system axes. The moments
M, and M,can be considered as vectors normal to the x -y plane, corresponding to angles 4,
and 6,. Hence, the transformation equations relating nodal force components in local axes and
global axes may be written as,

{7}=lrls}

{ri=lrr iy
where nodal force vector in local axes {] } and nodal force vector in global system {f} are
defined by

(6.12)

R Fir
F_U' Fly
- M M
f = I_] ) f = !
Wiz -
Fj}, Fyy,
M, M,

and the transformation matrix [7] is given from geometrical consideration as,
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A 4 0 0 0O
~u A0 0 0 0
o 01 0 00
T)= 6.13
7] 0 00 A u O ©13)
0 00 —x 4 0
0 00 0 0 1
with A =cosa,u=sina.
Similarly, we have for the nodal displacement components:
U}=Iriu}
}=lrt o)
where {} and {U} are defined by
U, Ui
" "
— 8, 6,
=y Ul =
g2l -
7 v,
6, 2
Based on the element stiffness equation in the local axes,
{7}-x1j} (6.14)
we may easily obtain, the element stiffness equation in the global axes,
[K)=[TY[K]T] (6.15)

y 3( M
\ FZx

Figure 6.4  Nodal Forces for 3D Beam Element in Local Axes

If we write force and corresponding displacement vectors as
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P 7,
Fiy Y
F. 4
W, B
T Mlv 77t _ ol
{7}- o o= 7 (6.16)
P, T,

Having the stiffness matrix [K| defined in local axes for each beam element, the stiffness
matrix [k] in global axes for the beam element, may be derived using the transformation
matrix [T],

[]=[r]"[K]ir] (6.17)
| E4 ]
!
0 12E1
[3
0 0 lZIfTI Symmetric
0 0 0 —G[i
e om0 o o
{K]: ! !
—? 0 0 0 0 o
0 _12f:1 0 0 o _6_[;?1 12351
! ! /
o o _12351 o SEL o, 0 12E1
! I P
0 0 0 —% 0 0 0 0 0 %
o o SE o ML, 8,
o S o o o 2o S,y o

For a member having circular cross-section, /,J/,and A4 are defined in terms of the external
diameter D, and the internal diameter D; as,

r V3 r
[=a(D:—Df), J=§(D:—Df), A=;(D;_Di2)
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where [T'] denotes the transformation matrix, which may be expressed in terms of sub-
matrices [2] and [0] as,

(L] [0] [0] [O]

Ir]= [0] [Z] [0] [O] 6.18)
(0] [o1 [£] [0]
[01 (0] [o] (L]
with [L] and [0] defined by,
Ae My vy 000
(L)=|4, u, v, [0)=|0 0 O (6.19)
A, u, v, 0 00

where 1, denotes the cosine of the angle between the x and ¥ axes, x, denotes the cosine of
the angle between the y and x axes, v, denotes the cosine of the angle between the z and
axes, etc.

The stiffness matrix for the structural system may be established by assembling the stiffness
matrices for individual elements of the structural system. Once the system stiffness matrix for
the structure is established, boundary conditions can be applied to determine nodal
displacements/forces. The element nodal forces in local axes may then be determined and
nodal displacements and stresses in local axes estimated. For more information on the finite
element methods, reference is made to Zienkiewicz (1977).

6.4 Design Loads and Load Application

Dead Loads

Structural weight can be calculated directly from the structural model based on the material
density and volume input. These loads are generated automatically by the FEM program as
nodal forces or uniform loads on members. Equipment and miscellaneous loads may be
applied by means of surface loads or concentrated nodal forces at their actual location.

Variable Loads

In design of structural members, the variable loads and weights must be analyzed for several
cargo distributions in order to capture the extreme values of loads. The variable loads are
usually included in the FEM model as surface pressure on relevant decks or tank boundaries.

Static Sea Pressure

Static sea pressure at each design draft is computed and applied in the FEM model as a surface
load, which acts like a constant surface pressure on the bottom and as a linearly varying
surface pressure on the side plates.

Wave Induced Loads

The wave-induced hydrodynamic loads and inertia loads due to vessel motion are considered
to be low-frequency dynamic loads and can be analyzed using a quasi-static approach. The
solutions for these ship motions and hydrodynamic loading are most frequently accomplished
through the use of strip theory.
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For ships: A global extreme sea-state is used and imposed on the structure. Inertia loads are
calculated based on a conservatively assumed motion of the vessel.

For offshore structures: A different analysis is carried out and a sufficient number of periods
should be analyzed for the following reasons:

« To adequately cover the site-specific wave conditions

« To satisfactorily describe transfer functions at and around the wave cancellation and
amplification periods

- To satisfactorily describe transfer functions at and around the heave resonance period of
the structure

Global wave frequency: Structural responses should be established by an appropriate
methodology, for example:

« A regular wave analysis
« A design wave analysis
« A stochastic wave analysis

Once the extreme waves are selected for a design, wave induced loads may be computed by
commercial programs, such as AQUA, WAMIT, etc. The phase angles of waves should be
represented properly. The structural members are therefore designed to withstand the
maximum stresses resulting from various phases of waves.

Wind Loads

Wind loads are usually considered static loads and are calculated based on the actual area and
wind pressure by simply using the following formula:

F Po.-A4

wind wind

(6.20)

wind

P

wind

= v*.C,-C, 6.21)
where,

14 = Wind velocity
C, = Height coefficient
C

= Shape coefficient

5

A = Projected area perpendicular to the wind direction

wind

The height and shape coefficients are specified in classification rules. The quasi-static wind
pressure Eq.(6.21) was derived in accordance with Bernoulli's theorem for an idea fluid
striking an object which states that the dynamic pressure may be expressed as:

Pwind,dynamic = %p V2 (622)
where, o denotes the mass density of air. Wind loads may be applied as surface loads if the
projected areas are modeled. In most cases, they are applied as horizontal concentrated loads
at appropriate elevations.
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6.5 Structural Modeling

6.5.1 General

This section gives a general overview for the design of marine structures using a finite element
modeling technique. Reference is made to recommendations described in NORSOK N-004
(NTS, 1998), which is one of a few codes that provide guidance on the finite element
modeling in marine structural design. This section shall address structural modeling defined by
industry codes for fixed platforms and floating production installations.

6.5.2 Jacket Structures

A Jacket structure is a welded tubular space frame consisting of vertical or battered legs
supported by a lateral bracing system. The function of the jacket is to support the topside
facilities, provide supports for conductors, risers, and other appurtenances and serve as a
template for the foundation system. Graff (1981) and Dawson (1983) give an introduction to
the design and analysis of jacket structures, including basic formulations for environmental
loads, modeling of foundation, finite element analysis, dynamic response and stress
acceptance criteria. In general the design activities include:

+ Identify the project needs
« Evaluate environmental conditions and soil conditions
o Develop preliminary design proposals focusing on the methods of installation

« Evaluate the installation methods in terms of technical and economical feasibility,
construction and installation challenge, foundation requirements and cost etc.

» Dimension the structure to resist the in-place load during operating condition, for each
mode of operation such as drilling, production, work over, or combinations thereof.

o Evaluate the design to ensure that it can resist actions due to transportation from the
fabrication yard to the installation site, including load-out, sea transportation, installation,
mating, and hook-up.

»  Account for abandonment of the structure after decommissioning

o Meet quality and HSE requirements.

Analysis Models

The global analysis of platforms starts from defining the geometrical and material properties
of the structural members, the foundation properties and functional, environmental and
accidental loads.

Two types of structural analysis may be conducted:

» A linear analysis to check ultimate strength and fatigue criteria based on industry codes
(such as API RP 2A) using internal member forces.

+ A non-linear finite element analysis of structural response to accidental loads (such as ship
collision, dropped objects, fire, explosion and earthquake) or extreme response to wave
load as part of the re-assessment of exiting platforms.

The basic formulation for linear finite element analysis is given in Section 6.3. The nonlinear
finite element analysis is detailed in Chapter 12.
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The finite element model for analysis of jackets includes:

(1) Loads: The loads include:

« Functional loads such as gravity load

« Environmental loads due to wind, waves, currents, earthquakes, and
« Accidental loads that may occur during its service life.

The increase in hydrodynamic and gravity actions caused by marine growth should be
accounted for. The hydrodynamic model of the structure should include appurtenances such as
conductors, I-tubes and risers, caisson, ladders and stairs, launch box, boat landing, guides,
and anodes. Depending upon the type and number, appurtenances can significantly increase
the global wave forces. In addition, forces on some appurtenances may be important for local
member design. Appurtenances not welded to the main structure are generally modeled as
non-structural members that only contribute as equivalent wave forces.

(2) Foundation: The foundation system for the jacket temporary on-bottom condition prior to
installation of the permanent foundation system should be documented to have the required
foundation stability for the specified environmental conditions, and for all relevant limit-states.
Throughout the analysis, structure-to-ground connections should be selected in order to
represent the response of the foundations. They may normally be simulated using linear
stiffness matrices. The finite element analysis may model behavior of axial and lateral soil-
foundation systems explicitly.

(3) Structures: The stiffness of the deck structure shall be modeled in sufficient detail to
ensure compatibility between the deck design and the jacket design. In a linear analysis
normally it is sufficient to model one member using only one element. However, in order to
account for member buckling and local dynamic response, one or more beam-column elements
are required to model each member depending on the element formulation, distribution of
actions. Major eccentricities of load carrying members may be modeled as rigid ends in the
model.

Modeling for Ultimate Strength Analysis

The load cases include each mode of operation, such as drilling, production, work-over, or a
combination thereof. According to NTS (1998), it is necessary to perform analyses to
establish:

« maximum base shear of wave and current actions for dimensioning jacket bracing's,

« maximum overturning moments for dimensioning jacket legs and foundation systems.

. maximum local member forces which may occur for wave positions other than that
causing the maximum global force.

Modeling for Fatigue Analysis

Fatigue analysis should include all relevant actions contributing to the fatigue damage both in
non-operational and in operational design conditions. When calculating fatigue damage, local
action effects due to wave slamming and vortex shedding should be included if relevant.

While jackets in shallow water depths are normally insensitive to dynamic effects, non-
linearity's associated with wave theory and free-surface effects may be important. A
deterministic analysis is normally recommended for such jackets. For deepwater jackets where
the dynamic effects are important, a fatigue analysis in the frequency domain (dynamic
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stochastic analysis) is recommended. In order to linearize the actual non-linear soil response,
the stiffness matrices for structure-soil interaction should be developed based on a wave
height, which contributes most significantly to the fatigue damage.

Assessment of Existing Platforms

An existing platform should be re-assessed if the design conditions change such as:

« Ifthe original operating load is significantly exceeded due to the addition of facilities,
« If the structure is altered, degraded due to fatigue and corrosion damages.

« If the structure has an inadequate air gap, is operated under different environmental and
operating conditions.

o When the life-safety level becomes more restrictive.

API RP 2A (1997) give a comprehensive recommendation on survey, metocean, seismic and
ice load criteria, structural analysis methodologies and evaluation criteria as well as mitigation
alternatives.

Fire, Blast and Accidental Loading

API RP 2A (1997) proposed risk-based structural assessment for fire, blast and accidental
loading. The assessment includes the following tasks:

« For the selected platform, assign a platform exposure category based on consequence of
failure in terms of human life and cost,

« For a given event, assign risk levels Low, Medium and High to the probability (frequency)
of the event occurring,

« Determine the appropriate risk level for the selected platform and event based on a risk
matrix,

« Conduct further study or analysis to better understand frequency, consequence, and cost of
mitigation and set acceptance criteria based on (As Low As Reasonably Practicable)
ALARP principle.

« Reassign a platform exposure category and/or mitigate the risk or the consequence of the
event.

For those platforms considered as high risk for a defined event, a detailed structural integrity
assessment is to be conducted for fire, blast or accidental loading based on nonlinear finite
element analyses or experimental tests.

For a comprehensive reference list and guidance on the design against fire and blast loads,
reference is made to ISSC (1997). The panel V.2 report for ISSC (1997) summarized design
and assessment philosophy, preventive and protective measures for fires, analysis methods for
fire loads and load effects, analysis methods for blast loads and load effects, probabilistic
analysis and design recommendations.

6.5.3 Floating Production and Offloading Systems (FPSO)

Structural Design General

The design of FPSO should comply with the classification requirements and industry
standards, e.g. NORSOK (NTS, 1998) and APl RP 2FPS. In cases where the FPSO is
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registered in a specific country, the relevant requirements of the flag state authonty shall also
be followed.

The main difference between an ocean-going ship and a site-specific FPSO is:

An FPSO is stationed in a specific site using mooring and anchoring systems, and
subjected to site-specific environmental conditions,

The operating life for an FPSO may be equal to or longer than 20 years,
Risers are attached to the FPSO hulls through riser porches or I-tubes,

Topside facilities may impose requirements such as motion/green-water/safety and the
standard of living quarter is higher,

An FPSO may have cyclic offloading offshore with a frequency of approximately once per
week,

An FPSO is designed to have no dry docking imposing stricter requirements for
inspection/maintenance and repair.

Design and analysis of an FPSO include the following aspects (Bai et al 2001):

Vessel hull configuration selection
Design load case definition
Stability and compartmentation
Global performance

Greenwater

Intact strength covering transit, temporary conditions, extreme operating conditions, and
survival conditions

Structural strength in damaged condition
Mooring and riser systems

Topside consideration

The design load cases include:

In-place operating condition: environmental loads of up to 100 year return period,
quartering/head seas (turret moored) or all headings (spread moored) and various loading
conditions from topsides, risers and mooring systems.

Survival Conditions: 100 years return environment/responses, worst loading conditions
from topsides and damaged conditions (for strength and stability)

Transportation Conditions: 10 years return period or less, ballast loading condition, dry
topside and head seas.

Installation and hoop up: selected weather window(s), ballast tanks, dry topsides and
heading of up to quarter seas

In developing the design criteria, consideration should be given to site-specific services,
including the following factors that may influence the hull actions:

Site-specific environmental conditions

Effect of mooring system
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» Long-term service at a fixed location

o Seas approaching predominantly from a narrow sector ahead

»  Zero ship speed

«  Range of operating loading conditions

» Tank inspection requirements

« Different return period requirements compared with normal trading tankers

For ocean-going vessels, classification Rules specify corrosion control, coating requirements,
corrosion prevention equipment/operation and wall-thickness allowance based on 20 years of
operating life. For FPSOs, additional wall-thickness allowance may be required considering
factors such as,

« An FPSO may have longer operating life,
« An FPSO requires no dry docking inspection and

o The cost for coating repair and reduced production is high.

Analysis Models

Five typical levels of modeling may be developed for the finite element analysis of the hull
structure including:

« Global Structural Model (Model level 1),

« Cargo Tank Model & Turret Model for FPSO (Model level 2),
« Frame and Girder Model (Model level 3),

» Local Structural Analysis (Model level 4),

» Stress Concentration Models (Model level 5).

The 3D FEM models are developed for the following:

« Cargo tank area at midship,

« Fore end area including the structure supporting the flare boom,
» Module supports and the supporting structure,

« Main crane pedestals supporting structure,

o Porches for production/injection risers and export risers including the supporting
structures, pull-in supports,

« Spread mooring attachments.

The structural design shall give due consideration to the loads imposed by the topsides, risers
and mooring connection and this should be reflected in the FEM model. The main stress
contributions include:

» Primary stress due to global hull girder bending,
« Secondary stress due to panel bending between bulkheads,

o Tertiary stress due to local plate bending between web frames.
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Modeling for Ultimate Strength Analysis

A finite element analysis may be conducted to calculate global longitudinal stresses and global
shear stress. For turreted FPSOs, it is necessary to predict the stress distribution around the
openings, in particular at the deck and bottom, and at the ends of longitudinal strength
elements.

All relevant variations in tank filling should be considered in the analysis and reflected in the
Operation Manual. The following stress components can be found from the FEM analysis:

o Local transverse and longitudinal stresses
o Transverse stresses in web frames

o Double shell and double bottom stresses
o Local shear stresses in panels

The combination of global and local stresses should account for actual stress directions and
phases. However, if phase information is limited or uncertain, the maximum design value for
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Figure 6.5  Typical Stress Components in the Hull Beam (NTS, 1998)

each component should be combined as a ‘worst-case’ scenario. A combination of typical
stress components is shown in Figure 6.5.

Internal static and dynamic pressures can be calculated using simplified formulas.

In some cases, detailed element mesh models may be necessary in order to check the
maximum peak stresses and the possibility of repeated yielding during the ultimate limit-state
assessment.
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The hull girder strength should be evaluated to withstand relevant combinations of still water
and wave induced bending moments and shear forces. The extreme hogging and sagging
conditions are considered in the analysis. The appropriate site-specific environmental data
should be applied in the analysis.

Transverse strength refers to the hull's ability to resist lateral pressure and racking actions in
combination with longitudinal action effects. This resistance is provided by means of
transverse bulkheads, web frames, girders, and stringers. Transverse strength should be
evaluated using a finite element model of a specific portion of the hull, and the effects of deck
equipment actions should be included.

Usually buckling and ultimate strength for plated members and stiffeners are checked based on
NTS (1998) or API 2V or classification Rules. Typical criteria for plated members and
stiffeners are discussed in Chapter 10. The strength checks are carried out for main structures,
secondary structures and structures supporting hull appendages.

In some cases, the FPSO hull is also designed for collision, such that the collision with supply
vessels and shuttle tankers does not cause penetration of the side or inner longitudinal
bulkhead. Impacts from the bow, stern and side of the supply vessels and shuttle tankers are
considered. Fire fighting, explosion protection and heat protection are designed based risk
assessment, see PART V.,

ABS (2001) gives guidance on SafeHull-Dynamic Loading Approach (DLA) for Floating
Production Storage and Offloading Systems (FPSO). The DLA approach provides enhanced
structural analysis to assess the capabilities and sufficiency of a structural design. A pre-
condition to use DLA is that the initial scantling for hull structures is based on Rule
requirements. The results of a DLA analysis may not be used to reduce the dimension of the
hull structures. However, if an increase of basic scantling is identified through the DLA
analysis; such an increase is to be accomplished to meet the DLA requirement. The DLA
analysis procedure consists of the following (ABS, 2001):

« Create sea-keeping analysis models,
« Assemble hull loading scenarios & create still-water load file,
« Obtain & verify environmental data,

o Conduct analysis of ship motions and predict wave-induced loads & extreme value for
each DLP (Dominant Load Parameters, such as vertical hull girder bending moment
amidships),

o Derive equivalent wave for each DLP,

« Establish wave-induced load effects,

» Create structural analysis for the defined load cases,

» Conduct global and local structural analysis,

»  Check structural analysis results against acceptance criteria.

The benefits from conducting a finite element analysis like DLA analysis is the increased
safety (by increasing scantling in the weak areas), reducing possible future renewals and
providing structural models that may be used immediately in the events of emergency
situations.
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Modeling for Compartmentalization and Stability

The relevant detrimental effects in the compartmentalization and stability assessment of an
FPSO are:

- Environmental actions

- Relevant damage scenarios

- Rigid body motions

«  The effects of free-surface

- Boundary interactions (e.g. mooring and riser systems)

In order to determine the vessel’s mass and position of the center of gravity, an inclining test is
conducted when the construction is near completion. In the Operational Manual, the vessel’s
center of gravity is recorded.

The number of openings in watertight structural elements should be kept to a minimum.
Arrangements for access, piping, venting, cables, etc., arrangements should be made to ensure
that the watertight integrity of the structure is maintained.

The stability of an FPSO should satisfy the requirements stated in relevant Codes. The
requirements for stability are given in IMO regulations (resolution A167, A206 and A502,
superseded by A749(18)), IMO MODU Code (issued in 1989), and classification Rules.
Adequate stability should be established for all relevant in-service and temporary phase
conditions. The assessment of stability should consider both the intact and the damaged
conditions.

Modeling for Fatigue Analysis

Fatigue sensitive details and the materials selected should be documented to have sufficient
fatigue strength for transportation and in-place conditions. Three levels of fatigue analysis may
be conducted:

. fatigue check based on simple stress formulae for scantling (primarily aimed at
connections between longitudinal stiffeners and transverse web frames in the hull
structure), see Section 19.6.

- simplified fatigue assessment to check the allowable stress range assuming the long-term
stress range follows the Weibull distribution, see Section 19.3,

« spectral fatigue assessment based on the first principles, see Chapter 20.

The spectral fatigue assessment, makes use of the wave scatter diagrams for the installation
sites for in-place conditions and route-specific wave conditions for the transportation phase,
see Chapter 3. The wave scatter diagrams define the occurrence probability for various sea-
states defined by significant wave height and period. The analysis also takes into account the
direction of the sea and swell conditions relative to the vessel heading.

Particular attention should be given to connection details of the following:

« Integration of the mooring system with hull structure,

« Main hull bottom, sides, and decks,

«  Main hull longitudinal stiffener connections to transverse frames and bulkheads,

»  Main hull attachments, seats, supports, etc,
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«  Openings in main hull,

« Transverse frames,

« Flare tower,

« Riser porches,

»  Major process equipment seats.

Any turret structure will be exposed to high levels of dynamic action. The following actions
should be considered throughout the fatigue design of turret structures:

«  Dynamic fluctuations of mooring line tension,

« Dynamic actions (tension and bending moment) from risers,

. Local varying hydrodynamic pressure due to wave action and vessel motion,
« Reactions in the bearing structure due to the other effects,

. Inertia actions due to accelerations of vessel motions including variations in internal fluid
pressure,

o Fluctuating reactions in pipe supports due to thermal and pressure induced pipe
deflections.

Local stress ranges are determined from dynamic pressures acting on panels and accelerations
acting on the equipment and topside. Other environmental actions also affect part of the
structure as local stresses with a variety of ranges.

The transfer function for the dynamic pressure could either be used directly to calculate local
stress transfer functions and combined with the global stress transfer function or a long-term
pressure distribution could be calculated. At least, the following dynamic pressure components
should be considered:

« Double hull stresses due to bending of double hull sections between bulkheads,
» Panel stresses due to bending of stiffened plate panels,
« Plate bending stresses due to local plate bending.

Global and local stresses should be combined to give the total stress range for the detail in
question. The global and the local stress components differ in amplitude, phase, and location.
The method of combining these stresses for the fatigue damage calculation will depend on the
location of the structural detail.

Local, detailed FE-analysis (e.g. unconventional details with insufficient knowledge about
typical stress distribution) should be undertaken in order to identify local stress distributions,
appropriate SCFs, and/or extrapolated stresses which will be utilized in the fatigue evaluation.
Dynamic stress variations through the plate thickness shall be documented and considered in
such evaluations.

During the fatigue assessment, fine element mesh models will be developed for critical stress
concentration details that do not comply with the stress concentration factors given in
recognized standards. The size of the model should be such that the assumptions made for the
boundary conditions do not affect the calculated hot spot stresses significantly. Element sizes
for stress concentration analysis should be of the same order of magnitude as the plate
thickness. Normally, shell elements may be used for the analysis.
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The fatigue hot-spot stresses are obtained by combining stress components from the global
hull girder bending, secondary and tertiary bending and locally imposed loading. The stress
concentration factors may be obtained using parametric equations or fine mesh finite element
analysis of critical regions. Principal stresses are used in the evaluation of fatigue damage. The
selection of S-N curves and methodologies for fatigue damage assessment are discussed in
detail in PART IIIL.

6.5.4 TLP, Spar and Semi-submersible

A column-stabilized structure (semi-submersible or TLP) is defined as a floating installation
consisting of a deck structure with a number of widely spaced, large diameter, supporting
columns that are attached to submerged pontoons.

Some special components of column-stabilized structures include:
» Ring (continuous) pontoons,

» Twin pontoons,

»  Multi-footing arrangements,

« Tension legs (TLPs).

Such structures may be kept on station by using a passive mooring system (e.g. anchor lines),
an active mooring system (e.g. thrusters), or a combination of both.

In recent years Spar structures became a type of popular floating installations for use in the
Gulf of Mexico when the water depth is deeper than 1000 m. Production risers are supported
by air-filled buoyancy cans in the central moonpool of the hull. For truss spars, the bottom half
of the spars consists of tubular truss and heave plate structures.

In the conceptual design phase, the design and analysis for TLP, Spar and semi-submersible
include:

« Establish design basis,

« Select facilities and conduct system design,

« Determine layout,

« Size hulls and estimate global performance,

» Design topside and hull structures,

- Design risers and foundations such as piles for mooring/tethering,

« Estimate weight, schedule and costs for fabrication and installation,
« Review HSE compliance and quality assurance.

Successful deepwater development depends on an experienced team using a systems approach
to select a concept such for floating installations. Dorgant et al (2001) presented primary
drivers for system selection for three major field development projects, and discussed
technical/commercial/feasibility/regulatory issues for altemative facility systems (TLP, Spar,
FPSO and semi-submersible).

Demirbilek (1989) edited a couple of interesting articles on the various design topics for TLP
design and analysis such as environmental criteria, hydrodynamic loads, structural analysis
and criteria, foundation design and analysis, riser analysis, tendon analysis, fatigue design and
fracture mechanics analysis, material selection, model tests and measurement.
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floating installation may be designed to function in a number of modes, e.g. transit,

operational, and survival. The limiting design criteria include relevant considerations
regarding the following items:

structural strength in intact condition,
structural strength in damaged condition,
air gap,

compartmentalization and stability.

For novel designs, where limited or no direct experience exists, relevant analysis and model
testing shouid be conducted to demonstrate that an acceptable level of safety is obtained.

The structure should be designed to resist relevant actions associated with conditions that may
occur during all stages of the life cycle of the unit, including:

Fabrication,

Site moves,
Mating,

Sea transportation,
Installation,

Decommissioning.

It is generally more practical and efficient to analyze different action effects via a range of
models, with the responses superimposed from each model, factored as relevant.
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Figure 6.6  Example of Global Analysis Model (NTS, 1998)

A simplified model may be applied for the preliminary design to establish the approximate
design responses and to get a feel for how the structure will behave.
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The purpose of the global analysis model is to enable the assessment of the responses resulting
from the global actions. An example of such a model is given in Figure 6.6. For large, thin-
walled structures, 3-dimensional finite element models created in shell (or membrane) finite
clements arc normally required. For space frame structurcs consisting of slender members, a
3-dimensional space frame representation of the structure may be adequate.

The stiffness of major structural connections (e.g. pontoon to column or column to deck)
should be modeled in detail in order to represent the stiffness of the connection The
hydrodynamic loading model may be mapped directly onto the structural model.

Typically, a simplified space-frame model of the structure may be created to obtain the
maximum range of stresses in the tank for a range of tank loading conditions. These load
conditions will include both full and empty pontoons representing the maximum and minimum
sagging and hogging conditions.

The simultaneity of the responses resulting from the global and local analysis models may
normally be accounted for by linear superposition with appropriate load factors applied.

In buckling and ultimate strength checks, relevant lateral pressure applied together with in-
plane forces. The criteria for plated members, stiffeners and stiffened shells are available from
classification rules, industry standards such as NORSOK N-004 (NTS, 1998), API 2U and
API 2V, see Chapters 10 and 11.

The ultimate strength criteria for TLP tethers under combined external pressure, tension and
bending may govern its design. These strength criteria may be modified using the formulation
developed in the 1990s for strength design of deepwater pipelines and risers.

The fatigue assessment of TLP, Spar and semi-submersibles is similar to that described for
FPSO, see PART III.
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Chapter 7  Limit-State Design of Offshore Structures

7.1 Limit State Design

In this Section, the concept of limit state design is introduced to allow an assessment
considering the following limit-states:

« ULS - Ultimate Limit States — Ultimate strength behavior

« FLS - Fatigue Limit States — Fatigue and fracture behavior

«  SLS- Serviceability Limit States —Displacements and deflections

« ALS- Accidental Limit States — Collision, fire, blast, dropped object, etc.

In general, the structure will need to be checked for all groups of limit states to ensure that
there are sufficient safety margins between the maximum likely loads and the minimum
resistance of the structure.

The general safety format for limit state design is expressed as:

S, £ R, 7.1)

Where,

S, =1LS, 7, Designaction effect

R, = ER" Y Design resistance

S, = Characteristic action effect

R, = Characteristic resistance

Yy = Action (Load) factor

Vo = Matenial factor (= the inverse of the resistance factor)

Both the load and resistance factors may comprise a number of sub-factors reflecting the
uncertainties and safety requirements in the load effects and resistance.

Extreme care is required in the finite element analysis to ensure that the correct load and
resistance factors have been applied, particularly when several models are being used and the
results are linearly superimposed.

In the marine specific finite element programs, the relevant code of practice can be selected by
the analyst. This allows the appropriate design formulae to be chosen and the material factor to
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be defined by the analyst prior to post-processing the results. The user will generally have to
select the load factors prior to the definition of load combinations and ensure the inclusion of
the material factors.

When a fine mesh is modeled for a local detailed analysis, the loads and boundary conditions
may be taken from a more simplified analysis, which may either include the load factors or
may be supplied unfactored. Therefore, it is recommended that all basic loads be tabulated
along with the appropriate factors for the limit states considered. In this table, it should be
clearly stated whether the load factors are included in the basic loads.

7.2 Ultimate Limit State Design

The codes generally require that the ultimate limit state of the structure complies with two
conditions: ULS-A reflecting extreme permanent loads with regular environmental conditions,
and ULS-B reflecting large permanent loads with extreme environmental conditions.

The structural analysis may be carried out as linear elastic, simplified rigid-plastic, or elastic-
plastic.

7.2.1 Ductility and Brittle Fracture Avoidance

Ductile failure modes will allow the structure to redistribute the forces in accordance to the
structural model. However, regardless of the analysis method used, the model will not be able
to fully represent the redistribution of forces. The redistribution of forces in the structure will
avoid brittle fracture modes or at least verify their excess capacity in relation to the ductile
failure modes.

Brittle fracture should be considered in the following areas:

+ Unstable fracture caused by a combination of brittle material, high local stresses, and weld
defects

+ Details where ultimate capacity is reached with only limited plastic deformation thus
making the global behavior brittle

Unstable fracture may occur under unfavorable combinations of geometry, fracture toughness,
welding defects, and stress levels, with the risk of such failures being the greatest in steels of
high thickness (1.e. > 40mm) undergoing a deformation.

In general, the steel structure will meet requirements for adequate ductility when:
«  Material toughness requirements are met

» Combinations of high local stresses and undetected weld defects are avoided
« Details are designed to develop plastic deformation

»  Components do not exhibit a sudden drop in capacity when deformations continue beyond
the maximum capacity

« Local and global buckling interactions are avoided

The maximum allowable defect size can be calculated based on the total stress or strains and
the design fracture toughness using a fracture mechanics approach. It should be shown that
both the maximum undetected defect following fabrication, and the maximum crack size
following fatigue loading over the design life of the structures will be less that the maximum
allowable defect size.
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7.2.2 Plated Structures

The failure modes to be considered for plate structures are:

« Yielding of thc plates

«  Buckling of slender plates due to in-plane compressive stresses and lateral pressure
« Buckling of plates due to concentrated patch loads

The plate panel may be part of a box girder, a pontoon, a hull, an integrated plated deck, or
merely a web or flange on a simple beam member. An example of a stiffened plate panel is
shown in Figure 7.1

STIFFENER

Figure 7.1 Stiffened Panel (NTS, 1998)

Ultimate strength capacity checks shall be performed for all structural components directly to
the longitudinal and transverse strength of the structure. The structural components to be
checked are all plates and continuous stiffeners including the following structures:

« Main deck, bottom and inner bottom

«  Ship side, inner ship side, and longitudinal bulkheads
«  Stringers and longitudinal girders

« Foundations of turret and topside structure

«  Transverse bulkheads

« Transverse web frames

In finite elcment analyses, the plated area will generally be formed as one, of simple panel
elements. If the panel is stiffened, this strengthening may be ignored in an initial assessment
to avoid the need for the inclusion of all structural components, with some or all of the
stiffening included in subsequent analyses. While this is a valid approach, the effect of the
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plate stiffening upon the ductility of the structure should not be overlooked. Furthermore, if
detailed stiffening is added, the analyst should consider the fabrication and inspection
consequences of stiffening. For examples, the questions may be given: “Can the welder get
sufficient access to the area?”, “Will the weld type be limited (e.g. only single sided welding
possible)?”, “Will the weld detail cause a local stress concentration?”, “What are the
possibilities for inspection of the weld post fabrication and in-service, if required?” etc.

Plated sections of beams, i.e. web and flange sections or the walls of box sections will be
defined as standard sections in the finite element program and will be checked against the
appropriate code without the need for additional hand-checks. However, for joints in
particular, forces will often need to be taken from the finite element analyses and used in hand
or spreadsheet calculations to establish if sufficient strength exists.

The finite element program will generally center both the panel and the stiffeners on the nodal
points for stiffened panels. Therefore, a horizontal deck panel's plate will appear to run
through the center of the stiffeners rather than being supported on the stiffener ends, see
Figure 7.1. There may also be a small inconsistency with the elevation since the nodes may be
based on Top Of Steel (TOS) or on the Bottom Of Steel (BOS) coordinates rather than on the
centerline of the plate as would be modeled. In both cases, offsets can be modeled to give the
correct visual appearance; however, this is generally unnecessary in terms of the calculation of
stresses in the model.

NORSOK N-004 gives a useful reference table for buckling checks of plate panels under
different loading conditions. The recommended reference for the check is in NORSOK, NS
3472 or Eurocode 3. The most useful are the limiting values in the following section that state
where buckling checks are not necessary. These tables are reproduced in Table 7.1.

7.2.3 Shell Structures

Unstiffened and ring-stiffened cylindrical shells subjected to axial forces, bending moments,
and hydrostatic pressures may be designed as tubular members, or in a more refined analysis
as a shell structure.

A tubular section in air, with a diameter to thickness ratio in excess of 60, is likely to fail by
local buckling at an axial stress less than the material yield strength. The capacity of members
failing due to local buckling is more sensitive to geometric imperfections than members that
can sustain yielding over the thickness, which allows some redistribution of local stress due to
yielding. The failure of such members is normally associated with a descending post-critical
behavior compared to that of a brittle structure. Structures with this behavior are denoted as
shells.

Thin-walled shell structures might not be adequately covered by the formulations for tubular
members and joints, which are included in finite element programs that handle truss and beam
models. Therefore, in general, shells should not simply be defined as thin-walled tubulars and
treated in the same manner. Rather, a more complex finite element mesh should be developed
and analyzed, particularly where the shell includes ring and/or longitudinal stiffening, see
Figure 7.2.
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LONGITUDINAL
STIFFENER

RING FRAME

s

Figure 7.2  Example of a Cylindrical Shell

Stiffened cylindrical shells have to be dimensioned against several buckling failure modes.
The buckling modes for stiffened cylindrical shells are categorized as:

« Shell buckling — buckling of shell plating between rings and longitudinal stiffeners

- Panel stiffener buckling — buckling of shell plating including longitudinal stiffeners, rings
are nodal lines

- Panel ring buckling — buckling of shell plating including rings. Longitudinal stiffeners act
as nodal lines

« General buckling — buckling of shell plating including longitudinal stiffeners and rings
«  Column buckling — buckling of the cylinder as a column
« Local buckling of longitudinal stiffeners and rings

The buckling modes and their relevance for different cylinder geometries are illustrated in
Table 7.2 from NORSOK N-004. The strength equations for these failure modes are discussed
in Part IT Chapter 11 of this book.

Caution should be exercised when performing a finite element analysis of a shell. It has been
found by experience that semi-empirical methods give a closer agreement to experimental
results than theoretical methods. This is due to the effects of geometric imperfections, residual
stresses, and inaccurately defined boundary conditions. Wherever possible, modeling should
consider the real boundary conditions, the pre-buckling edge disturbances, the actual
geometric imperfections, the non-linear material behavior, the residual welding stresses, and
the heat effect zone. Note that relevant strength criteria may also be found from API codes, e.g.
those listed in the References.
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Table 7.1 _ Reference Table for Buckling Checks of Plate Panels
o Code Limiting
Description | Load Sketch Reference Value
Unstiffened | Longitudinal NORSOK s<l
plate compression | Fusa e Buckling
— T — - check not
- necessary if
S<me
t
Unstiffened | Transverse [TTTTTT )% NORSOK s<l1
plate compression . Buckling
check not
THETTLtt)ose necessary if
I}
S<54c
t
Unstiffened | Combined NORSOK s<|
plate longitudinal Buckling
?rnd E S gv'] check not
ansverse T necessary if
compression N R— s
—<5.4e
t
s<] Combined sS4 NORSOK
. longitudinal LT duse
Buckling d | t
check not ;m | . t
necessary if ransverse ) !
s compression -é .
—-<5.4¢ and shear _
t
Unstiffened | Pure bending NS 3472 or
plate and shear p— __Tha | @2 | Burocode 3
VI ) ¢
S — t
L_;._l
Unstiffened | Concentrated NS 3472 or
plate loads il Eurocode 3
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Unstiffened | Uniform _ NORSOK s<l
plate lateral load [T Buckling
inenlane |00 T — = — — — a,
i il =
- .
shear stresses - ! r;ecessary if
(LTI (S0
L
Flange Longitudinal NS 3472 or | Buckling
outstand compression Eurocode 3 check of
flange
% outstand not
@ / necessary if
J
S L] <15¢
tf
Transverse | Bending NS 3472 or
stiffened momentand [ Eurocode 3
plate panel | shear 1! T j’
AVIERIN}
=
Longitudina | Longitudinal Oy.s4 NORSOK
1 stiffened and e Y
plate panel | transverse { E{ — t@ E
compression =1
combined | @ ———-——
with shear D:D:D;DID
and lateral
load

€=./235/0, where o, in (N/mm*) unit
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Table 7.2 Buckling Modes for Different Types of Cylinders (NTS, 1998)

Type of Structure Geometry

. i tiffened
Buckling Mode Ring Stiffene Longitudinal Orthogonally
(unstiffened Stiffened Stiffened
circular)
Shell buckling -

@

Panel stiffener

buckling UG
MG
Panel ring buckling
v
4
General buckling

Column buckling

7.3 Fatigue Limit State Design

7.3.1 Introduction

Marine structures are subjected to a wide variety of loads that are cyclic in nature (e.g. storm
winds, waves, and currents). These cyclic loadings develop cyclic strains in these structures.
If the strains are large enough, then the strength, stiffness, and capacity of the structural
elements can be reduced due to fatigue degradation.

Most fatigue problems have been associated with flaws introduced into the structure in the
course of its fabrication and construction (e.g. poor welding, misaligned members), or in the
course of its operation (e.g. corrosion damage, dropped objects damage). Thus, one of the
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primary aspects of design for fatigue reliability includes quality assurance and control
throughout the life cycle of the structure (inspection, maintenance, and repair).

In general, the design for fatigue reliability is concentrated on details of elements, and in
particular joints. This is the first line of fatigue "defense”. It is in the local details and joints
that the significant or major stress-strain raisers are developed. However, given the very large
uncertainties associated with predictions of the cyclic strain histories and the fatigue strength,
high fatigue reliability of elements is rarely achieved.

Structure robustness or the ability of the structure system to tolerate defects without significant
reductions in its serviceability or ultimate limit state characteristics is the second line of
defense. Effective structure redundancy, ductility, and capacity must be mobilized.

The third line of defense is inspection, maintenance, and repair (IMR). Inspections help
disclose unanticipated flaws and defects, and confirm our design objectives. Maintenance is
intended to help preserve the structure so that it can fulfill its intended purposes. Repair
strategy is intended to draw the engineer's attention to the necessity for restoring the structure's
capacity after the future occurrence of damages and defects.

Present experience with the majority of marine structures indicates that although engineers
have adequately designed for fatigue failure, there are still notable exceptions, e.g. structures
in which certain types of loadings and stress raisers are ignored, high strength steels are used.
It should not be expected that the fatigue strength would increase proportionally to the yield
strength.

7.3.2 Fatigue Analysis

Fundamentally, the fatigue analysis approaches in engineering applications can be subdivided
into the following categories:

-  S-N based fatigue analysis approach

« The local stress or strain approach where the calculation includes the local notch effects in
addition to the general stress concentration

« The fracture mechanics approach which gives allowance for the effects of cracks in the
structure

These approaches have been well implemented in the fatigue design and assessment. However,
fatigue limit state design is still one of the most difficult topics in structural design, assessment
or reassessment. For marine structures, additional complications arise because of the
corrosive environment. The fundamental difficulties associated with fatigue problems are
related to:

« Lack of understanding of some of the underlying phenomena at both the microscopic and
macroscopic levels

« Lack of accurate information on the parameters affecting the fatigue life of a structure

The general explicit fatigue design by analysis of marine structures involves a complex
procedure. The dominant cause of the cyclic stresses within a marine structure is due to the
sea environment that it experiences. Therefore, a fatigue assessment requires a description of
the sea environment, or sequence of seastates, in which the structure is likely to meet over its
planned operational life. Vessel motions, wave pressures, stress transfer functions, and the
resulting fatigue stresses (generally expressed in terms of the number of cycles of various
stress ranges) at locations of potential crack sites (hotspot) are then calculated. In order to
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describe the fatigue durability of joints of marine structures, experimental data based S-N
curves are selected or fracture mechanics models are applied. This demand and capability
information is then used to calculate fatigue lives via a damage summation process (typically
via the Palmgren-Miner hypothesis) or critical crack size. This procedure is summarized as:

«  Characterization of the Sea Environment
« Hydrodynamic Response Analysis

«  Structural Analysis

«  Stress Transfer Function

« Stress Concentration Factor

« Hotspot Stress Transfer Function

« Long-term Stress Range

« Selection of S-N Curves

«  Fatigue Analysis and Design

- Fatigue Reliability Analysis

» Inspection, Maintenance, and Repair Plan

Characterization of Sea Environment. The sea environment is represented by the number of
occurrences of various sea states, each defined by a set of spectra. A two-parameter
(significant wave height, zero up-crossing rate) wave-scatter diagram is used to characterize
the sea states. All sea state spectra are defined by e.g. the Pierson-Moskowitz relationship.
Wave direction probability is included in the sea environmental characterization.

Hydrodynamic Response Analysis: Once waves with appropriate frequencies, heights, and
directions are selected, the hydrodynamic response and the loading of the structure are
computed for each wave condition.

Structural Analysis: A global structural analysis is performed to determine the applied loading
for the local structure (load transfer function per unit wave amplitude as a function of
frequency). The local structural analysis is carried out to determine the stress transfer function
per unit load at each hotspot in the structural detail.

Stress Transfer Function: The load transfer function per unit wave amplitude as a function of
wave frequency is multiplied by the stress transfer function per unit load.

Stress Concentration Factor: The geometric SCF is considered in the fatigue assessment. For
the fatigue screening analysis, an upper bound SCF is assumed 3.0. For the detailed fatigue
analysis, the SCF is determined using parametric equations or the fine mesh Finite Element
Analysis (FEA).

Hotspot Stress Transfer Function: The stress transfer function is multiplied by the stress
concentration factor to determine the hotspot stress transfer function.

Long-term Stress Range: Based on the wave spectrum, wave scatter diagram and hotspot
stress response per unit wave amplitude, the long-term stress range is determined. This was
done by multiplying the ordinate of the wave amplitude spectrum for each sea state by the
ordinate squared of the hotspot stress transfer function to determine the stress spectrum. The
stress range distribution is assumed to follow a Rayleigh distribution. The long-term stress
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range is then defined through a short-term Rayleigh distribution within each sea state for
different wave directions.

Selection of S-N Curve: For each critical location considered in the analysis, S-N curves are
assigned based on the structural geometry, applied loading, and welding quality.

Fatigue Analysis and Design: Several levels of fatigue analysis may be performed, including:
» Fatigue screening

o Detailed analysis

» Reanalysis of welding improvements

« Reanalysis of design improvements

« Reanalysis of design and welding improvements

Fatigue Reliability: Each early step involves the considerable uncertainty. There are many
sources of complex interrelated uncertainties and variations. It is the primary purpose of a
fatigue reliability analysis to logically organize these sources, and then to quantitatively
evaluate them to determine what factors-of-safety (alternatively, levels of reliability) should
be employed in a given design-analysis framework.

Inspection, Maintenance, and Repair: Given the time dependent fatigue reliability analysis, a
rational risk/reliability based inspection, maintenance, and repair plan should be developed to
minimize the life-cycle cost at the acceptable fatigue durability.

7.3.3 Fatigue Design

The fatigue resistance of critical structural details (joints) can be expressed in terms of S-N
curves. S-N curves are obtained from laboratory testing in which a specimen is subjected to
cyclic loading until the occurrence of final fracture.

The spectral method is the most important fatigue design by analysis tool. The Weibull
method is a simplified fatigue analysis tool. These methods will be detailed in Part Ii] of this

book.
Fatigue durability is a life-cycle problem. The fatigue durability can only be achieved if:

«  Minimize stress-strain raisers (stress concentrations) and cyclic straining-stressing through
good engineering of the structural system and its details. This requires a high level of
engineering quality assurance (QA) at the concept-development-design stage.

« Minimize flaws (misalignments, poor materials, porosity-voids, etc.) through good,
practical material and fabrication specifications and practices. This requires a high level
of QA during the development of plans and specifications and during construction
(involving material selection, fabrication, transportation, and installation). Furthermore, a
similar QA program is required during operations to properly maintain the system.

« Minimize degradation at the local element by selecting good materials, fabrication
practices, and engineering designs (e.g. crack stoppers, damage localizers, and repairable
elements). This requires recognition that when fatigue degradation occurs, all reasonable
precautions are taken to restrict its development and effects. Note QA plays an essential
role, particularly during operations to disclose the presence of fatigue degradation (early
warning).
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« Minimize degradation at system level so that when local fatigue degradation occurs, there
are no significant effects on the system's ability to perform satisfactorily. Here good
fatigue design requires system robustness (redundancy, ductility, capacity) and system QA.
Inspections and monitoring to disclose global system degradation are another strategy to
minimize potential fatigue effects.

Cyclic strains, material characteristics, engineering design, specifications, and life-cycle QA
(inspections, monitoring) are all parts of the fatigue equation. This is the engineering equation
of "fail safe design"--fatigue may occur, but the structure can continue to function until the
fatigue symptoms are detected and repairs are made.

The alternative is "safe life design” -- no significant degradation will occur and no repairs will
be necessary. Safe life designs are difficult to realize in many long-life marine structures or
elements of these structures. This is because of the very large uncertainties that pervade in
fatigue design and analysis. Safe life design has been the traditional approach used in fatigue
design for most ocean systems. The problems that have been experienced with fatigue
cracking in marine structures and the extreme difficulties associated with inspections of all
types of marine structures, ensure that large factors of safety are needed to truly accomplish
safe life designs. For this reason, fail-safe design must be used whenever possible. Because of
the extreme difficulties associated with inspections of marine structures and the high
likelihood of undetected fatigue damages, it is not normally reasonable to expect that
inspections will provide the backup or defenses needed to assure fatigue durability.
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Ultimate Strength

Chapter 8 Buckling/Collapse of Columns and Beam-Columns

8.1 Buckling Behavior and Ultimate Strength of Columns

This Chapter does not intend to repeat the equations and concept that may be found from
exiting books on buckling and ultimate strength, e.g. (Timoshenko, 1961 and Galambos, 2000).
Instead, some unique formulation and practical engineering applications will be addressed.

8.1.1 Buckling Behavior

For a column subjected to an axial force, the deflection produced by the axial force will be
substantially amplified by the initial imperfections.

P | | -t .
v

i

y

Figure 8.1  Coordinate System and Displacements of a Beam-Column
with Sinusoidal Imperfections

Let's consider the case in which the initial shape of the axis of the column is given by the
following equation, see Figure 8.1:

Wy = W sin%x— 8.1

Initially, the axis of the beam-column has the form of a sine curve with a maximum value of
W, i the middle. If this column is under the action of a longitudinal compressive force P,

an additional deflection w, will be produced and the final form of the deflection curve is:
w=w, +w, (8.2)
The bending moment at any point along the column axis is:

M = P(wo + w,) (8.3)
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Then the deflection w, due to the initial deformation is determined from the differential
equation:

d2

EI dx‘;" =~P(w, +w,) (8.4)

Substituting Eq. (8.1) into Eq. (8.4), we may obtain:
2

I\ krw, =k, sin% (8.5)
where,

=L

EI

The general solution of Eq. (8.5) is:

w, = Asinloc+Bcoslcx+2—l-w0mu sinz;z (8.6)

V4
e

To satisfy the boundary condition (w, =0 for x=0 and x=/)for any value of k, A =
B = 0. Also, by using the notation« for the ratio of the Jongitudinal force to its critical value:

o =— 8.7
3 8.7)
where,
n*El
Pe==0
we obtain the following:
W=, sin—’? (8.8)

The final form of the deflection curve is:

w=w, +w =W, o

sinZ v —Zw,, sinZ= Yomes 5ip 2% (8.9)
! l-a I l-a !

This equation shows that the initial deflection w,,, at the middle of the column is magnified
a

at the ratio ] by the action of the longitudinal compressive force. When the compressive

force P approaches its critical value, a approaches 8.0, the deflection w increases infinitely.
Substituting Eq. (8.9) into Eq. (8.3), we obtain:

M o= Womaf T WorelP 00 (8.10)
l-a T

E
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From Eq. (8.10), the maximum bending moment at x =é may be obtained as follows:

M, = Yona? (8.11)

MAX T l—%
e

. . . [ .
The maximum stress in the cross section where x = E 18:

P MMAX
Oy = — +—2H4X 8.12
MAX A W ( )
Eq. (8.12) may be rewritten as follows:
P Womal P
Oy =—| 14 —2mex” £ 8.13
MAX A|: rz PE _ PJ ( )
where,
w = Section modulus
A = Area of the cross section
c = Distance from the neutral axis to the extreme fiber
r = Radius of gyration of the cross section
s = Radius of the core: s = %

By taking the first term of the Fourier expansion

2
) P
_L:l-‘-i-‘-[—] [N

P- PE PE E
we obtain:
e =1+ L (8.14)
P-P, P,
Combining Eq. (8.14) and Eq. (8.13), the maximum stress is given by:
P W, W, P
o =21+ 0max + Omax % 8.15
AMAX A |:[ s ) s PE ] ( )

8.1.2 Perry-Robertson Formula

A simple method to derive the ultimate strength of a column is to equate o, in Eq. (8.12) to
yield stress oy :

Pur | 1 Woma Punr
+——" =0 (8.16)
A W,_PF, !
-t
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The above equation may be written as:

A
olr —[ory +(1 +———w°;;‘;' )aE}aU” +o,0,=0 (8.17)
where,
P P
o =7E and o, = ’1’;’

Its solution is called the Perry-Robertson Formula and may be expressed as:

Ouyir =1+77+7_\/(l+77+7)2 —4y

oy 2y

(8.18)

where,

Wormas 4 _
n W and ¥ o

In Perry-Robertson formula, the effect of initial deflection is explicitly included. Comparison
with more precise solutions such as finite element results demonstrates that the formula is
accurate when the initial deflection is at the range of fabrication tolerance. When the initial
deflection is due to in-service damages, which may be up to 1 per cent of the column length,
the formula may under-estimate ultimate strength. The formula may be extended to account
for the effect of residual stress explicitly. Perry-Robertson Formula has been frequently used
in European steel structure codes.

8.1.3 Johnson-Ostenfeld Formula

The effect of plasticity may be accounted for by correcting the Euler buckling stress using the
Johnson-Ostenfeld approach (see Galambos, 2000), Figure 8.2:
Oyr =0 foro, /o, £0.5 8.19)

oy = c,y(l___‘_J for o, /7y 205 (820)

Euler

0.5

Johnson-Ostenfeld |

1.0 72 —+ A
inelastic elastic

Figure 8.2  Johnson-Ostenfeld Approach Curve
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The Johnson-Ostenfeld approach was recommended in the first edition of the book "Guide to
Stability Design Criteria for Metal Structures” in 1960 and has been adopted in many North
American structural design codes in which a moderate amount of imperfection has been
implicitly accounted for. The Johnson-Ostenfeld formula was actually an empirical equation
derived from column tests in the 1950s. It has since then been applied to many kinds of
structural components and loads, see Part 2 Chapters 10 and 11 of this book.

8.2 Buckling Behavior and Ultimate Strength of Beam-Columns

8.2.1 Beam-Column with Eccentric Load

P P
e <=
17 I e

Figure 8.3 Beam-Column Applied Eccentrical Load

Consider a beam-column with an eccentricity e, at each end, see Figure 8.3. The equilibrium
equation may be written as:

dw
2

EI“"+P(w+e,)=0 (8.21)

The general solution of Eq. (8.21) is:

w= Asinkx+bcoskx—e, (8.22)
Using boundary conditions
/
w =0 at x=*—
2
2
EI i:” =—Pe, a x= ié
the integral constant may be obtained and the solution of Eq. (8.21) is:
kl
w=e, sec—z-coslcx—l (8.23)
The maximum deflection at the middle of the beam-column is given by:
Wiax =€ Sec‘kzl (8.24)

The maximum moment and stress at the middle of the beam-column are expressed as follows:
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1
My = Pey—— (8.25)
Ccos —
2
P Pw,, P(, eA K
Oy = b — X o 2 1 O gee 8.26
MAX 4 I A[ (8.26)

Eq. (8.26) is called the secant formula. Taking the first two terms of the formula expansion:

2
secﬁ‘/i ~1+ 2 F (8.27)
2 ¥ Pe 8 P,
and substituting Eq. (8.27) into Eq. (8.28), we obtain:
P e, n'e P
Cpe =— || 1+ |+ —2L— 8.28
o A[( sj 8 sPJ (8.28)

8.2.2 Beam-Column with Initial Deflection and Eccentric Load

The deflection for a beam-column in Figure 8.4 may be obtained easily by superposition of Eq.
(8.9) and Eq. (8.23), the total deflection is:

w= Wo max smﬂ+ & cos ﬁ—lﬂ‘ —COSﬂ (8.29)
i=a ! cosﬂ 2 2

The maximum deflection occurs at the center of the beam-column:

Wyay =W | = —0max 4 o (secﬂ - 1) (8.30)
J‘=; l-a 2
The bending moment at any section x of the beam-column is:
M= P(el + w)
8.31
= p| Lomar gy Ty G cos(ﬂ —kx (®31)
l1-a I} kl 2
cos —
and the maximum moment at the center of the beam-column is:
W max e
MMAX = P '—O}T"‘ lk[ (832)
l-—  cos 3

E
From Eq. (8.15) and Eq. (8.28), the maximum stress at the center of the beam-column is:

P 1.234
O-MA_Y = Z[(l + wOma.x +el)+ (W0max + el)£:| (833)

s s P,
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Figure 8.4  An Initially Curved Beam-Column Carrying Eccentrically
Applied Loads

8.2.3 Ultimate Strength of Beam-Columns

For practical design, a linear interaction for the ultimate strength of a beam-column under
combined axial force and bending is often expressed as:
P M
P o

(8.34)
PULT MULT

where P, , and M, are the ultimate strength of the beam-column under a single load
respectively. Based on Eq. (8.34), the maximum moment in a beam-column under combined
axial forces and symmetric bending moments M, is given by:

M M
My, —— Mo Mo (8.35)
[Pt
E Pe
Then, the ultimate strength interaction equation may be expressed as:
M
P + 0 <1 (8.36)
Pz [1 P ]M
_P_“ ULT
ULT

Determining the exact location of the maximum bending moment for beam-columns under
non-symmetric bending moments is not straightforward. Instead, M is substituted by an

equivalent moment, M, =C, M ,.
P CyM,

Pur (. P
ULT (I—F‘JMULT

E

<1 (8.37)

where (Galambos, 2000)
Cy :0.6—0.4~Aﬂ20.4 (8.38)

My

where M , and M ; are end moments.
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For beam-columns under combined external pressure, compression, and bending moments, the
ultimate strength interaction equation may be expressed as:
P Cc,M,

—__+.__—__—
Py M(1-P/P,)

=1 (8.39)

where the ultimate axial strength P, and the plastic moment capacity M ,, (considering the

effects of hydrostatic pressure) are used to replace the parameters in Eq.(8.37) in which the
effect of hydrostatic pressure has not been accounted for in calculating P, and M, .

8.2.4 Alternative Ultimate Strength Equation — Initial Yielding

For a beam-column with initial deflection and eccentric load, as discussed in Section 8.2.2, an
ultimate strength equation may be derived by using an initial yielding condition:

lof = o, (8.40)

max

where, o,,,, is given by Eq. (8.31). Hughes (1988) extended Perry-Robertson Formula to
beam-columns under combined axial compression and lateral pressure as follows:

lof 1
- =35 [(l+r7+7(1—#))-\/(1+n+>'(1-#))2 —47(1—#)] (8.41)
Y
where
M (w +w, _)A
= gmar and = Tomax T Pqmax /7 8.42
a oW " 7 W ¢4

In Eq.(8.42), The maximum moment and lateral deflection due to lateral pressure may be
obtained as follows,

ql’ 5ql*

M. g and W, ma 384E] (8.43)
where q is the lateral pressure per unit length of the beam-column. It should be pointed out
that the effect of boundary condition on beam-column strength under combined compression
and lateral pressure is significant, and may be accounted for using the maximum moment and
lateral deflection derived for the boundary conditions of concern. The general solution for
elastic deflection of beam-columns under combined axial force, lateral pressure and end
moments may be found in Part 2 Chapter 9 of this book.

8.3 Plastic Design of Beam-Columns

8.3.1 Plastic Bending of Beam Cross-section

When a beam cross-section is in fully plastic status due to pure bending, M ,, the plastic
neutral axis shall separate the cross-sectional area equally into two parts. Assuming the
distance from the plastic neutral axis to the geometrical centers of the upper part and lower
part of the cross-section is y,, and y,, we may derive an expression for M ,as below:
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A A A
Mp =y, 30’, +yL50', =30,(yu +yL) (8.44)

where 4 is sectional area and o denotes yield strength of the material. If we define plastic

modulus Z as
Z=M,/o, (8.45)
Substituting Eq.(8.44) into Eq.(8.45), we may get,
A
Z:E()’L +.VU) (8.46)
The initial yielding moment A ,, may be defined using elastic sectional modulus W as.

M, =oc,W (8.47)

It is then easy to get the ratio of fully plastic moment and initial yielding moment as

f= M%IY - 7, (8.48)

Some of the sectional modules for typical cross-sections are given in the following.

Rectangular Cross-Section

A bh?
bh?
f:%:[j (8.51)

Tubular Cross-Section (t<<d)

1=2d% (8.52)
8
w="4% (8.53)
4
z
=2 =127 8.54
f=5 (8.54)
I-Profile (t<<h)
2
Z=bh+ 3 (8.55)
4
2
w=bih+ 2" (8.56)

For some standard types of hot rolled I-profiles, the ratio of fully plastic moment and initial
yielding moment lies in the range of 1.1-1.18.
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8.3.2 Plastic Hinge Load

Let’s consider a fully clamped beam under laterally uniform pressure p, the work done by
external load p may be calculated as,

2
W, = fpdy=2pf26?xdx=% (8.57)

where 1 is the beam length and 6 denotes the rotational angle at two ends where plastic hinges
occurred. The work done by the plastic hinges at two ends and the center is

W, =M, 0(1+2+1)=4M,0 (8.58)
Equating the work done by lateral pressure and the internal work due to hinging, we may get,
pl’
M ="— 8.59
R { (859

The collapse load P = p/ may be given as,

16
P= —I—M , (8.60)
For a beam under simply support in its two end, the plastic collapse load P may be derived as,
8
P= 7M , 8.61)

In design codes, a mean value of the collapse load P for these two extreme conditions of
boundary is used to determine the required plastic section module:

12
P= TM" (8.62)
The required section module Z is
W= i (8.63)
120,

8.3.3 Plastic Interaction Under Combined Axial Force and Bending

This sub-section derives the plastic interaction equation for a beam-column due to the action
of combined moment and axial load, for two most used types of cross-sections.

Rectangular Section

The rectangular section is characterized by its width b and height h. When it is in fully plastic
status, the stress in its middle will form the reduced axial load N . The stress in upper and
lower parts will contribute to the reduced plastic moment M . Assuming the height of the
middle part that forms reduced axial load N is e, we may derive,

bh? be’ bh* e’ e’
M:TGY -TO'Y =TGY(1_;Z.] =MP(1—h—2] (864)
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e

N=beo, =bhic,=N,< (8.65)
h h
Combination of Egs. (8.64) and (8.65) gives
NZ
M, N,

The above equation is the interaction formula for a rectangular cross-section under combined
axial load and bending.

Tubular Members

For tubular members, a fully plastic yielding condition for the cross-section may be obtained

as:

MP =cos[§£—) (8.67)
where,

P, = o,4

M, = 2rRkto,

where R is radius of the cross-section.

8.4 Examples
8.4.1 Example 8.1: Elastic Buckling of Columns with Alternative Boundary Conditions

Problem:

Derive elastic buckling strength equation based on the basic differential equation for initially
straight columns:

d*w d*w
+k* =0 8.68
dx* dx’? (8.68)
Solution:

The general solution of Eq. (8.68) is:
w= Asinkx+ Bcoskx+ Cx+ D (8.69)
(1) Columns with Hinged Ends

The deflection and bending moments are zero at both ends:

2
w=[;‘2v=0 at x=0 and x=1 (8.70)
bd

Applying the boundary conditions to the general solution, we may get:

B=C=D=0 sinki=0 (8.71)

Hence,
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kl=nm n=1 (8.72)
Eq.(8.72) yields to
nlEl
s = (8.73)

(2) Columns with Fixed Ends
The boundary condition is

_dw

w= =0 at x=0and x=1 (8.74)
dx

Applying the boundary conditions to the general solution, we may get:

A=C=0, B=-D, sin%:O (8.75)
Hence,

kl=2nzm, n=1 (8.76)
Eq.(8.76) yields to

4’ EI
P = I 8.77)

(3) Columns One End Fixed and the Other Free
The boundary condition at the fixed end is:
dw

w=—-n=0 at x=0 (8.78)
dx
At the free ends, the bending moment and shear force must be equal to zero:
d’w
o =0 at x=1 (8.79)
3
Aw e 0 arx=1 (8.80)
dx dx
Applying the boundary conditions to the general solution, the elastic buckling force is then
n’El
P = 8.81
T (8.81)
(4) Columns with One End Fixed and the Other Pinned
Applying the boundary conditions to the general solution, it may be obtained that:
2
, =L Ll (8.82)
(0.7

The results of this example may be summarized in Figure 8.5, showing the end-fixity
coefficients and effective length for columns with various boundary conditions. A general
buckling strength equation may be obtained as below:
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cEl
P, = r 1‘; (8.83)
where c is the end-fixity coefficient and
2RI
p== - (8.84)
l

where [ is the effective length.

End-Fixity Effective

Boundary Conditions Coefficient  Length

\‘ 1 "[ ¢ IAd
Pinned-Pinned: E—» I 41 1.0 ]
Fixed-Guided: 27 ﬁ«i 4.0 0.51
Fixed-Pinned: ——» % A £ 205 0.71
Fixed-Free —P—> f} 41 0.25 21

Figure 8.5 End-Fixity Coefficients and Effective Length for Column
Buckling with Various Boundary Conditions

8.4.2 Example 8.2: Two Types of Ultimate Strength: Buckling vs. Fracture

Problem:
Compare type different types of ultimate strength problems in a table: buckling vs. fracture.

Solution:

Normally ultimate strength analysis is inelastic buckling analysis of beam-columns, plates and
shells with initial imperfections. However, it should be pointed out that final fracture is also
part of the ultimate strength analysis. The assessment of final fracture has been mainly based
on BPD6493 (or BS7910) in Europe and API 579 in the USA, see Chapter 21. In fact there is a
similarity between buckling strength analysis and fracture strength analysis, as compared in
the table below:
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Table 8.1 Comparison of Buckling Strength Analysis and Fracture Strength Analysis

residual stress due to welding,
impacts etc.

Buckling Strength Fracture Strength
Loads Compression/torsion/shear Tensile loads
force
Imperfection Geometrical imperfection and | Defects due to fabrication and

fatigue loads

Linear Solution

Elastic buckling

Linear fracture mechanics

Design criteria

Curve fitting of theoretical
equations (Perry-Robertson,
Johnson etc) to test results

Curve fitting of theoretical
equations(interaction equation
between ductile collapse and
brittle fracture) to test results

Analysis Objectives | (1) Determine buckling load, (1) Determine fracture load,
(2) Determine allowable (2) Determine allowable
imperfection, defect size,
(3 Deterine dimensions such | O (LS, | LTCRCS
etc. ’
8.5 References

1. Timoshenko, S. P. and Gere, J. (1961), “Theory of Elastic Stability”, McGraw Hill.

2. Galambos, T.V. (2000), “Guide to Stability Design Criteria for Metal Structures”, 4th
Edition, John Wiley & Sons.

3. Hughes, O. (1988), "Ship Structural Design, A Rationally Based, Computer Aided
Optimization Approach", SNAME, (previously published by John Wiley & Sons, in
1983).



Part 11
Ultimate Strength

Chapter 9 Buckling and Local Buckling of Tubular Members

9.1 Introduction

9.1.1 General

Equations for buckling strength of tubular members may be found from several books (such as
Chen and Han, 1985) and offshore design codes (such as AISC (1978) and API RP 2A). This
chapter will address the interaction between beam-column buckling mode and local (shell)
buckling mode based on Yao et al (1986, 1988).

In the past 40 years, many kinds of offshore structures have been built and are in service for
drilling and production in the oil and gas industry. Semi-submersible drilling units are one of
the most commonly used offshore structures owing to their high operation rate and good
performance in rough sea. However, this type of offshore structure has no self-navigating
systems, and cannot escape from storms and rough sea conditions. Therefore, the structure
must have enough strength to withstand extreme sea conditions (100 years storm).
Consequently, no buckling and/or plastic collapse may take place under ordinary, rough sea
conditions if the structural members are free of damages.

On the other hand, the bracing members of drilling units are often subjected to accidental
loads such as minor supply boat collisions and dropped objects from decks. Furthermore, a
fatigue crack may occur after a service period. Such a damage will not only cause a decrease
in the load carrying capacity of the damaged member, but will also change the internal forces
in undamaged members. Consequently, under rough sea conditions, buckling and/or plastic
collapse may take place in the undamaged members as well as in the damaged members. This
can cause a loss of integrity of the structure system. From this point of view, the ultimate
strength limits and the load carrying capacity of tubular bracing members in semi-submersible
drilling units should be assessed carefully.

Many studies have been performed during the last decade regarding the ultimate strength of
tubular members. For example, Chen and Han (1985) investigated the influence of initial
imperfections such as distortions and welding residual stresses on the ultimate strength of
tubular members, and proposed a practical formula to evaluate the ultimate strength. Rashed
(1980) and Ueda et al (1984) developed the Idealized Structural Unit (element) for a tubular
member, which accurately simulates its actual behavior including overall buckling and
plastification phenomena. They showed that accurate results are obtained within very short
computation time when applying this model.

However, these results can only be applied to tubular members with small diameter to
thickness ratios, e.g. D/t less than 30-50, which are typical bracing members in jackets and
jack-ups. Local shell buckling need not be considered in these members. On the other hand,
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bracing members in semi-submersible drilling units have large D/t ratios, e.g. between 70 and
130. For such tubular members, local buckling may take place before or after the ultimate
strength is attained as Smith e/ al. (1979) and Bouwkamp (1975) observed in their
experiments. Therefore, the assessment of the load carrying capacity of such bracing members,
both ultimate strength and strength reduction due to local buckling, must be considered.
However, a systematic study of this phenomenon has not been performed yet.

In this chapter, a series of experiments are first carried out using large scale tubular test
specimens, which model a bracing member in an existing semi-submersible drilling unit. Axial
compressive loads are applied with eccentricity. Small-scale tubular test specimens are
prepared, of which D/t ratios are between 40 and 97, and tested under the same loading
conditions. Then, based on experimental results, an analytical model is proposed to simulate
the actual behavior of a tubular member considering the influence of local buckling.
Furthermore, the Idealized Structural Unit is developed by incorporating this model. The
validity and usefulness of the proposed model is demonstrated by comparing the calculated
results with the present and previous experimental results,

9.1.2 Safety Factors for Offshore Strength Assessment

The basic safety factors in offshore structural design are defined for two cases:

- Static loading: 1.67 for axial or bending stress. The static loads include operational gravity
loading and weight of the vessel.

- Combined static and environmental loads: 1.25 for axial or bending stress. The static loads
are combined with relevant environmental loads including acceleration and heeling forces.

For members under axial tension or bending, the allowable stress is the yield stress divided by
the factor of safety as defined in the above.

9.2 Experiments

9.2.1 Test Specimens

Dimensions of a typical bracing member in an existing semi-submersible drilling unit are
shown in Table 9.1. The slenderness ratio is not so different from that of a bracing member in
fixed type jackets or jack-up type drilling units.

Table 9.1 Dimensions of Existing Bracing Member and Test Specimen

Length  Outer Diameter Thickness
L (mm) D (mm) T (mm)

L/d R

Existing Bracing

Member 27840 1800 14.5 124 15.5 6313

Test Specimen 8000 508 6.4 78 157 1774
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r=JT74, 1:%[1)4{1)—2:)4} A=§[D2%D—21)2}

Taking E and o, as 21,000 kgf /mm®and 32 kgf /mm®, respectively, the critical D/t is 73. If

D/t is beyond the critical ratio, local buckling may occur before the plasticity of the cross-
section. it is easily known that D/t of 124 for the existing bracing member is far above the
critical value.

From this exercise, it may be concluded that local buckling takes place before the fully plastic
condition is satisfied at the cross-section where internal forces are most severe. A welded tube
on the market is selected as test specimens, whose collapse behavior is expected to be close to
the above-mentioned bracing member. The dimensions of the test specimens are shown in
Table 9.1. Their diameter is 508 mm, and their length is taken to be 8,000 mm so that their
slendemess ratio will close to that of the existing bracing member. The scale factor is 1/3.5,
and this specimen is referred to as a large scale test specimen. The D/t is 78, which is small
compared to that of the existing one. However, it is still larger enough for local buckling to be
a concern.

G
508¢ '
- 750+ k750
8000

(a) Test specimen

30 — ) :=xe
W,
AT Av—
= Al3.s

-

e
UcF

(b) Detail at G (c) End fixture

Figure 9.1 Large Scale Test Specimen and Its End Fixture

The large-scale test specimen is illustrated in Figure 9.1. The tube's wall thickness is 6.4 mm.
However, within 750 mm from both ends, the thickness is increased to 10 mm to avoid the
occurrence of local collapse near the ends.
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Table 9.2 Dimensions and Test Results for Small Scale Test Specimens

Specimen  Quter Wall Lengih Initial Load Young's 0.2%Yield  Ukimate Buckling
Number Diameter  Thickness L (mm) Deflection  Eccentricity Modulus Stress Load Mode
D (mm) t (mm) a0 (mm) /D (kgf/mm) (kgf/mm)  (ton)

HAO 97.0 1.0 1,430 0 19,645 3525 7.51 DENT
HA2 97.0 1.0 1,635 043 Ve 19,645 3525 575 DENT
HA3 97.0 1.0 895 0.13 1/16 19,645 3525 9.78 DENT
HA4 97.0 1.0 605 0.25 116 19,645 35.25 10.08 DENT
HBI 97.4 1.2 1,635 0.10 1/32 19,616 37.50 9.90 DENT
HB2 97.4 1.2 1,430 0.61 1716 19,616 37.50 9.10 DENT
HB3 974 1.2 1,430 1.02 1/8 19,616 37.50 7.95 DENT
HCI 98.2 1.6 1,430 0.44 1/32 19,160 37.00 13.76 DENT
HC2 98.2 1.6 1,430 0.64 1/16 19,160 37.00 11.90 DENT
HC3 98.2 1.6 1,430 1.40 1/8 19,160 37.00 9.99 cos
HDI 100.0 2.5 1,430 0.73 1/32 18,109 33.00 19.70 DENT
HD2 100.0 25 1,430 0.63 1716 18,809 33.00 17.95 DENT
HD3 100.0 25 1,430 0.87 /8 18,809 33.00 14.95 DENT
HD4 100.0 2.5 1,635 144 1/4 18,809 33.00 13.46 Ccos
HDS 100.0 2.5 895 035 1/32 18,809 33.00 26.85 Ccos
HD6 100.0 2.5 575 0.35 1/16 18,809 33.00 30.55 Cos
BAl 97.0 1.0 650 - BENDING 19,645 35.25 275 DENT
BBI 97.4 1.2 650 BENDING 19,616 37.50 3.09 DENT
BB2 97.4 1.2 650 -e-- BENDING 19,616 37.50 3.0 DENT
BCl 98.2 1.6 650 - BENDING 19,610 37.00 4.68 DENT
BC2 98.2 1.6 650 BENDING 19,610 37.00 4.66 DENT
BDI 100.0 2.5 650 BENDING 18,809 33.00 784 DENT

Test specimens of alternative sizes are also tested. The inner diameter is kept as 95 mm, and
the tube wall thickness varies as 1.0, 1.2, 1.6, and 2.5 mm. The D/t ratios of these test
specimens then vary between 40 and 97, and the correspondence with bracing members in
existing semi-submersible drilling units is not especially considered. The thickness near both
ends is not increased. The dimensions of small-scale test specimens are shown in Table 9.2
along with material properties and experimental results.

9.2.2 Material Tests

The large-scale test specimens were fabricated by welding the circular that has been bent from
flat plate. To avoid the effect of residual stress on the measured material properties, 4 pieces of
tensile test specimens were cut from the side opposite to the weld line. From the tensile tests,
the measured Young's module is E=21180 kgf/ mm?. The Poisson's ratio is v= 0.32. The
measured yield stress (corresponding to 0.2% offset strain) is: o, = 34.55 kgf/ mm * . The
nominal stress-strain relation from the material is shown in Figure 9.2. The small-scale test
specimens consist of four different D/t ratios, namely series A. B, C and D. Due to the lack of
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availability for the pipe of these sizes, the test specimens were fabricated by cold forming
from pipe of 3.2 mm wall-thickness. Due to the Bauschinger’s effect introduced in the cold
fabrication process, the ultimate tensile stress is much higher than the ultimate compressive
stress. Tensile test specimens were fabricated by cutting from the circular pipe along the
longitudinal direction. The cross-section of the material test specimens was fabricated to
rectangular cross-section, according to the industry standard for material tensile testing. In the
2 sides of the central cross-section, strain gauges were attached for the purpose of measuring
the strain. The nominal stress-strain relations for the specimens of A, B, C and D series are
shown in Figure 9.3 in solid lines. Due to the cold fabrication process, the ductility of the
material was reduced. Tensile failure occurred when the strain was in the order of 6 — 14 %.

G40F

kgf/mnd’
30

20

10

-}

.0

1
e %

Figure 9.2  Tensile Stress-Strain Curve for Large Scale Test Specimens

The measured cross-section areas for the specimens, the measured Young's modules and yield
stress are listed in Table 9.3. Two types yield stresses were defined: yield strength
corresponding to 0.2 % offset plastic straino,,, and yield strength corresponding to 0.5 %

total strain ;.

Table 9.3 Dimensions and Results of Material Tests for Small Scale Test Specimens
Specimen  Tensile Tensile Compressive Compressive Compressive Compressive

. wéll_ D/t Cross- Test Yield Test Yield Test Yield Test Yield Test Yield Test Yield
Specimen Thickness . . .
ratio Sectional  Stress Force Stress Force Stress Force
Number t
(mm) () Area o2 Foz o2 Foa Tos Fos
A(m’) (kgfimm’) (kgf) (kgffmm’)  (kgf) (kgf/mm®) (kg
A 1.0 97.0  301.59 45.00 13751.55 35.25 10631.05 40.00 12063.60
B 1.2 81.2  362.67 58.00 21034.86 37.50 13600.13 44.50 16138.82
C 1.6 61.4  485.56 54.23 26341.63 37.00 17965.72 42,75 20757.69
D 2.5 40.0 765.76 46.75 35799.28 33.00 25270.08 38.25 29290.32
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Figure 9.3  (a) Stress-strain Curves for Small Scale Test Specimens, A
Series

The compressive material tests were conducted using the stub pipe. The length of the test
specimen was selected such that column buckling would not be a concern. The selected
specimen length is 300 mm for all of the test specimens. 4 pieces of bi-axial strain gauges
were put on the central cross-sections of the test specimens. The nominal stress-strain relations
are plotted in Figure 9.3 in dotted lines. Because shell mode buckling occurred in the upper or
lower edges occurred, strain-strain relation was measured up to the strain level of 1 %. The
obtained yield strength was given in Table 9.3.

Due to the tensile expansion applied in manufacturing the specimens along the longitudinal
direction, significant Bauschinger’s effect was observed. There is little strain hardening effect
in the tensile side of the stress-strain relations. On the other hand, significant strain-hardening
effect was observed for the compressive side. As shown in the stress-strain curves, there is a
significant difference between the material properties in tensile side and in compressive side.
This difference in material properties could be one of the main reasons for the difference
between the test results and analytical solutions for the load-deflection curves and load-end
shortening curves. Heat treatment should probably have been introduced to eliminate the
differences in the material properties for tensile and compressive sides, and to reduce the
Bauschinger's effect. However, due to the potential of buckling of the thin-walled pipe, such a
heat treatment was not applied.
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Figiure 9.3 Tensile Stress-Strain Curve for Large Scale Test Specimens

(Continued)
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Figure 9.4  End Fixtures for Eccentric Axial Thrust of Small Scale Test
Specimens

Load
== [~
L
U =k
\ Test specimen
675

Figure 9.5  Apparatus for Pure Bending Test of Small Scale Test
Specimen
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9.2.3 Buckling Test Procedures

For large-scale test specimens, axial compressive loads are applied with eccentricity using
large-scale model testing machines of 3,000 tons installed at Hiroshima University. Simply
supported end conditions are simulated at both ends with pinned joints. Both ends of each test
specimen are attached to loading heads through cylindrical plugs as illustrated in Figure 9.1
(c). The eccentricity of the axial load is taken to be 1/8, 1/4, and 3/8 times of the outer
diameter. These eccentricities are obtained by changing the position of the plug relative to the
loading heads. This testing machine is a horizontal type, and the test specimens are placed
horizontally. Therefore, an initial deflection of 0.63 mm is produced due to the specimen's
own weight.

For smali-scale test specimens, two types of loads are applied, axial compressive loads with
eccentricity and pure bending loads. Eccentric axial loads are applied through a plug and a
spherical support as illustrated in Figure 9.4. The pure bending is applied using four point
bending as illustrated in Figure 9.5. Rigid tubes are inserted into both ends of the specimen so
that the specimen does not deform locally at the loading points. A test specimen is connected
to rigid tubes with friction bolts.

Unloading and reloading are performed several times during the experiment especially after
the occurrence of local buckling. The strain in axial and circumferential directions, lateral
deflections, and load-line displacements, are measured during the experiment.

9.2.4 Test Results

Eccentric Axial Compression Tests Using Large Scale Specimens

Axial loads vs. lateral deflection relationships are plotted using solid lines as shown in Figure
9.7. In all cases, no significant deformation of cross-sections is observed until the ultimate
strength is attained. After reaching the ultimate strength, the load decreases as lateral
deflection increases, local buckling takes place near a mid-span point, and the load carrying
capacity suddenly decreases. The local buckling mode in terms of cross-sectional deformation
may be approximated by a cosine mode as illustrated in Figure 9.8 (a). The wavelength of this
local buckling mode is almost a half circle in the circumferential direction and is very short in
the axial direction. With a further increase of lateral deflection, local denting deformation
takes place at the foot of the initial cosine-buckling wave as illustrated in Figure 9.8 (b).

The horizontally flattened part grows and folds toward the inside of the cross-section c-c'. At
the same time, a similar phenomenon is observed at the cross-section a-a', but with two dents,
A-B and A-C. The horizontally flattened part of the cross-section c-¢' grows until it becomes
nearly equal to a quarter circle, see B'-C' in Figure 9.8 (c). Then, two other dents, A’-B' and
C-D', begin to grow as illustrated in Figure 9.8 (c). At this stage, significant deformation is
observed at the cross-section b-b'. A local cosine-buckling wave occurring in the area of
maximum compressive strain is followed by the formation of dents at both sides of the wave.
Such collapse mode is observed in all large-scale test specimens regardless of the magnitude
of eccentricity. It should be noticed that the length of a fully developed buckling wave (B'-C'
in Figure 9.8 (c)) is close to that of shell buckling under pure compression.
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Eccentric Axial Compression Test Using Small Scale Specimens

The test facilities and instrumentation are illustrated in Figure 9.6.
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Figure 9.6  Instrumentation Diagram for Buckling/Collapse Tests

Axial loads vs. end shortening relationships are plotted in Figures. 9.9 (a), (b), (¢), and (d).
Unloading and reloading paths are omitted in these figures. These figures indicate that: As
eccentricity increases, the ultimate strength decreases, and a larger displacement is produced
before local buckling takes place.

The same tendency is observed as the length increases.

If the length and the D/t ratio are the same, the load-displacement path after local buckling,
converges to a certain value.

In the case of large-scale test specimens, local buckling takes place in a cosine mode.
However, it is only in three specimens that local buckling of a cosine mode occurred in small
scale test specimens. In the other 13 specimens, local buckling takes place in a dent node. The
local buckling of a dent type initializes dent growth as the lateral deflection increases until it
becomes about the size of a quarter circle. Then, two dents are formed at the cross-section,
b-b', adjacent to the initial dent, as illustrated in Figure 9.10 (b). With a further increase of
lateral deflection, two other dents begin to grow at the cross-section, a-a', of the initial dent as
shown in Figure 9.10 (c). It is not clear which mode of local buckling would take place.
However, the buckling mode depends on the diameter to thickness ratio, the combination of
axial forces and bending moments at the cross-section, and the material properties.
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Figure 9.8  Local Buckling in Cosine Mode

Pure Bending Test for Small Scale Specimens

Loads vs. load-line displacement relationships are plotted in Figure 9.11. In the case of BD1
specimen, breaking of a specimen occurred from a bolt-hole near the end before local buckling
took place. In all specimens, cross-sectional flattening is observed as the load increases.
Furthermore, deformation of a ripple pattern with two or three half waves begins to grow near
the ultimate strength. The ultimate strength seems to be attained by the cross-sectional
flattening and the formation of ripples. In the case of thin-walled tubes, the bottom of one
wave of the ripple suddenly changes to a dent near the ultimate strength, and the load carrying
capacity decreases. Contrary to this, the ripple deformation grows after the ultimate strength is
attained in the case of thick-walled specimens. Then, the ripple suddenly changes to a local
dent.

It is not clear, whether the initiation of local buckling is due to the formation of a ripple pattern
or the formation of a dent. However, much attention has to be paid to the formation of a dent,
since this causes a sudden drop in the load carrying capacity.

The formation of new dents after the initial dent has formed is almost the same as in the case
of eccentric axial compression.
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9.3 Theory of Analysis

9.3.1 Simplified Elasto-Plastic Large Deflection Analysis

In this section, an analytical model, which simulates the elasto-plastic large deflection
behavior of a tubular member, is proposed taking into account the influence of local buckling.
The material is assumed elastic-perfectly plastic. It is also assumed that local buckling takes
place after plastification occurs.

Pre-Analysis of Local Buckling

A tubular member is assumed to be accompanied by the initial deflection of a sinusoidal form:

w, =a, sin% 9.1)
where, / = Length of a tubular member
a, = Magnitude of initial deflection

The equilibrium equation of a beam-column may be written as:

d* d*w

EI—= (W—Wo)+1"dx2 =q ©.2)
where, w = Total deflection P = Axial force (positive in compressive)
E = Young's modulus I =Moment of inertia of a cross-section

The general solution of Eq. (9.2) is expressed as follows:

w=a, coskx+a,sinkx+ax+a, +Q sinm/l + f(q) 9.3)
where,

k = [PJEI (9.4)

Q' =a, P /(P, - P) ©.5)

1 y ‘INITIAL DEFLECTION : wo=a,sin Il"('

piosnasSRsEk
Ry

M.
J X
- = - ﬂ%
T J
My |
Yy

Y4

Figure 9.12 Beam-Column Member Under External Loads
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P, = EIlI? (9.6)
and f(q) represents the deflection due to lateral load q.
It is assumed that the member is subjected to an axial compression, end moments, and linearly
distributed lateral loads as illustrated in Figure 9.12. If both ends are simply supported, Eq.
(9.3) reduces to:

wZ:l M,-+£"- sznk(l—x)+l—x}_ Mj_}i;_(sz»nkx_}z)
P K’ sinkl / k* Nsinkl 1

+—qi+l{—[q—’+ﬂ}k+%q,-x2 +a(q,- -q,)x’}

9.7

Pp-P Pl |6 3
12
]
]! ]p ]Z —
o —— :; —_—-_—_—“\ ~ X
./1 /2 Je1 2
] P P ]
I I
/dwp = cx/1y éwp = clyix® + y2x + vi)
dw, = c(1-x)1g

Figure 9.13 Plastic Component of Lateral Deflection

The suffix e in Eq. (9.7) implies the elastic range, and Eq. (9.7) gives the relationship between
axial force and lateral deflection until plastification takes place. Using this deflection, the
mean compressive axial strain is expressed as follows:

gt 1 KEW_J _[dwo)}i. (9.8)
E4 - 21 b ax dx

In the inelastic region, the flexural rigidity is not uniform along the length of a member. For
this case, the plastic component of deflection w, is introduced. Then, the total deflection is

expressed as the sum of elastic and the plastic components as:

W=W, W 9-9)

Here, w, is evaluated as the cumulative value of the increments of plastic components of
deflection which are assumed in the following forms

I 0<x{l dw, =cx/1, (9.10)
I L<x(h+l, dw,=clyx*+7,x+7,) 9.11)
m L+, <x<l dw,=c(l-x)/1, 9.12)
where,

7 =—I/21,1“lp (9.13)
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Va2 =(Illlp+1[l)/1| Illlp (9.14)
yy=—1"1/211,1, (9.15)

The deflection mode represented by Egs. (9.10) thru (9.12) is shown in Figure 9.13. The
increment of this plastic deflection component produces a constant plastic curvature in the
region, /, (I, <x<l+l, ) The procedure used to estimate /, will be discussed later.

The inelastic analysis is performed in an incremental form. w, in Eq.(9.9) at the n-th step of

this analysis, is expressed as:
wp(n)= wp(n—1)+dwp(n) (9.16)

where wp(n—l) is the cumulative value of the increments of plastic deflection until the
(n-1)-th step, and dw, (n) is the increment at the n-th step.
Two possible stress distributions may exist at a cross-section after initial yielding, depending

on the magnitude of the strain at the tension side of the bending; see Figure 9.14. For these
stress distributions, the axial force and the bending moment are evaluated as:
p- 2f'aszd9+2f'”’——”+Rcosg

o, Rtd0-2| o Rtdd 9.17
« n+Rcosa, '[-ar g ©-17)

M= 2[1l a),thcos0d9+2[_aZMo

Ritcosd0-2[ o R’icosédd (9.18)
1 n+ceosq, =

where o, is the yield stress. For Case A stress distribution «, is taken as 0.

The equilibrium condition for the bending moment gives the following equation.
Plw,+w, +e,)+0=M (9.19)
where ,

ey=c +l(e,~¢,))I, e,=M [P, e;=-M, [P (9.20)

J
and Q is the bending moment due to distributed lateral loads, g.
On the other hand, the curvature at a cross-section may be expressed as:
o 2
L=——y——-—=d—,(we+wp—w0) 9.21)
P E(p+Rcosa,) dx*

For case A stress distribution, Egs. (9.17), (9.19), and (9.21) reduce to the following equations
using Egs. (9.7), (9.10), (9.11), and (9.12):

Pln+f))=f,+em (9.22)
Plw+ey)=fi+(fo+ fn)m+ £,)+ £, (9.23)
e,/(n+f)=x (9.24)
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Figure 9.14 Elasto-Plastic Stress Distribution Free from Local Buckling

where,

fi=Rcosa,

f» =20, R’tla, cosa, —sina,)

fy=20,R’tsina,

fi =0, Rt -a, ~sina, cosa,) (9.25)

fs =—20,R%sina,

fo=q, 0 71-1)6-q,(1 76117 72411, /3)

¢ =270 Rt

¢, =l’c,[7’E (9.26)
©.27)

w={, +,)

x=l,
d*(w, +w, —w,)
W, +w, —w,
dx?

Similarly, the following cquations are obtained for the case B stress distribution:

K=

xml
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Pn+£)=f,+h +(c,—h)y (9.28)

Pw+ey)= fy+h,+{fi b +(f; +h, Y+ £,)+ £, (9.29)

o.f/(n+f)=x (9.30)

n= R(cosa2 —cosa,)/2 (9.31)
where,

h, =20 ,R*((sina, —a, cosa,)

h, =40 Ria,

h, = o, R'l(a, + sina, cosa, ) (9.32)
h, =20 R’isina,

Solving Egs. (9.22) thru (9.24) for case A and Egs. (9.28) thru (9.31) for case B, with respect
to P,7, and «, (and «,), respectively, the relationship between axial load and lateral
deflection may be obtained.

The mean compressive axial strain in the elasto-plastic range may be given as:

_ o d 2 d 2
gL IZ2R 2R 79, +-l—£ D[ Do) (9.33)
EA I I E(n+Recosa,) 219\ dx dx
The second term in the right-hand side of Eq. (9.33) represents the plastic component of the
axial strain. It is assumed that the plastic strain of 770, / (n+ Rcos e, ) is uniformly distributed

within a region 2R.

Critical Condition for Local Buckling

According to the classical theory of elastic stability, critical buckling strain in a cylindrical
shell under axial compression is given as follows (Timoshenko and Gere, 1961):

L o061l (9.34)

1
Err =T
3Wi-v? R R
On the other hand, the critical strain for plastic shell buckling is given by Gerard (1962),

Batterman (1965) and others. Here, Reddy (1979) concluded that the critical buckling strain of
a shell occurs within the limits represented below including the pure bending case:

! !
02—(e, (04— (9.35)

R R
In general, axial force and bending moment exist at the cross-section of tubular members.
Consequently, the strain at a cross-section is not uniform. This chapter proposes an empirical

formula, which represents the critical buckling strain in terms of the ratio of the maximum
bending strain to the axial strain ¢, / €, , and the wall thickness to radius ratio t/R, as follows:

£, = 0.155{0.25(ab /e, ) +1.o}(z/R) for &,/¢ (2.5 (9.36)
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Figure 9.15 shows the experimental critical buckling strains collected and arranged by Reddy
(1979). The critical buckling strain evaluated by Eq. (9.36) fall between two lines, 0.115 R
and 0.4 t/R, depending on the magnitude of ¢, /¢, .

Post-Local Buckling Analysis

As described in Chapter 9.2, local buckling takes place in a cosine mode or a dent mode.

Accordingly, two kinds of analytical models are proposed, the COS model and the DENT
model.

1. COS Model

Within the region where the strain in the axial direction exceeds &, , local buckling

deformation is assumed to take place. Its mode in the axial direction is approximated as
follows (See Figure 9.16 (a)):

w, = (6/2)1 - cos(2mx/s)} (9.37)

where s represents the buckling wave length in the axial direction. Here, s is taken as 0.7 times
the wavelength of elastic buckling evaluated by the classical theory of elastic stability. That is
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5 =07t Rt =1.21Re (9.38)
‘{/lZil—v’i

The axial strain in a tube wall fiber where local buckling has occurred may be expressed as:
2
e=e, +(/25) [ (aw, /dx) dx =, +(a*/a)5/s) (9.39)

On the other hand, considering the equilibrium condition of a bending moment in a strip with
its unit width cut out from the tube wall, the following equation is obtained. (See Figure 9.16

(b)):

AF, 6 -24M, =0 (9.40)
The interaction between the strips is not considered when Eq. (9.40) is derived. According to
the assumptions previously mentioned, local buckling takes place in the plastic region.
Consequently, AF, and AM, should satisfy the fully plastic interaction relationships, which
are expressed as:

AM, /M =1-(4F,/F,) (9.41)
where,

F, =to,

M,=1"c,/4 (9.42)

Using Egs. (9.39), (9.40), and (9.41), the stress-strain and local lateral deflection stress
relationships may be obtained as follows:

0'/0), = [,[4 +ut - ;11/2 (9.43)
5/1=(1-o/o,} f20/s,) (9.44)
where,

=(4s/m)Je-e¢, (9.45)

The stress-strain relationship represented by Eq. (9.43) is schematically illustrated in Figure
9.16 (c). Applying this model, the stress distributions for tube cross-section after the
occurrence of local buckling are represented as in Figure 9.17. For a case A' stress distribution,
the following relationships are derived in place of Egs. (9.22) and (9.23).

P+ f)=fo+ fi+(c+en (9.46)

Plo+e)=f+ fi+(fy + fn)/(fy + 1)+ f (9.47)
where,

fi =20, R*(g, —a)cosa, (9.48)

fi= ZGth(g2 — Rsin a)

= [(o/a, )0
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g, = f (R+ 5)(0'/0'y )cos &do
¢ = 20'),Rt(g, -a)
For case B stress distributions, Eqgs. (9.28) and (9.29) are replaced by:

P(’?*‘fl):fz +/f;+h +(C+C;—h2)77
P(a)+eo)=f3 +fi+h, +{f4 —h, +(fs+h4)77}/(77+f|)+f6
2. DENT Model

177

(9.49)

(9.50)

(9.51)
(9.52)

In this model, the cross-section c-¢' in Figure 9.8 is considered. A dent is shown in Figure
9.18, from which, the equilibrium condition of forces and moments acting on a strip 1j, with

unit width shown in Figure 9.18, the following equation is derived:

AF,R(cos€ —cosa)~24M, =0

(9.53)

Solving Eq. (9.53) and considering the fully plastic condition expressed by Eq. (9.41), 4F,,

and, AM, are derived from:

AF, = [— R(cost?—cosa)+ \/Riz(cosﬁ—cosa:)2 +t2:10'y
AM, = R(cos 0 — cos @) AF, |2

(9.54)
(9.55)
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Integrating AF, and AM , respectively, the force F, and the bending moment M, acting at the
bottom of a dent are obtained as:

F,=2[ aF,d6 (9.56)

M, =2 f AM , d6 9.57)

where ¢, represents a half dent angle, and has a limiting value, «; as mentioned in Chapter
9.2. After ¢, is attained, two other dents are introduced as illustrated in Figure 9.10 (c). For
the specimen tested in this chapter «, = /4, which coincides with the calculated results by
Toi et.al. (1983).

Applying this model, the stress distributions after local buckling may be represented as shown
in Figure 9.19. In this figure, the case with one dent is indicated as case A" distribution, and

that with three dents is a case B" distribution. For a case A" stress distribution, Eqs. (9.22) and
(9.23) are replaced with:

(P-fXn+1)=fi+en (9.58)

Plote)=fi+ f7+(fy+ fm)ln+ £)+ £ (9.59)
where,

=2 Fy (9.60)

f7=Y.M, +> F,Rcos (9.61)

p;is the angle of the center of the i-th dent measured from the vertical centerline, as shown in
Figure 9.19.

For a case B”’ stress distribution, Egs. (9.28) and (9.29) are replaced with:
(P=fXn+ £)= 1o+ by +(e, =) (9:62)
P +ey)=fy+ f+hy +{f = by + (fo + B0}/ + £)+ S (9.63)

Procedure of Numerical Analysis

Until initial yielding is detected, Eq. (9.3) gives the relationship between axial compressive
loads and lateral deflection. The mean compressive axial strain is evaluated by Eq. (9.8).

After plastification has started, the analysis is performed in an incremental manner using the
plastic component of deflection shown in Figure 9.13. This deflection mode expressed by Egs.
(9.10) thru (9.12) gives a constant plastic curvature increment in the region /,. If the actual

plastic region length /, in Figure 9.20 (a) is taken as /,, it reduces to prescribe excess plastic

curvature especially near the ends of the plastic region. To avoid this, a bi-linear distribution
of plastic curvature increments is assumed in the region /,, as indicated in Figure 9.20 (b).

Then, the change of the plastic slope increment along the plastic region /, , may be expressed
as:

6, =1,dx,/[2 (9.64)
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where dx ,, is the increment of plastic curvature at the center of a plastic region.

On the other hand, if dx, is assumed to be uniformly distributed along the plastic region /,, as

indicated by Eqgs. (9.10) thru (9.12), the change of plastic slope increment along the plastic
region [, may be expressed as:

6 =1 dx, (9.65)

Here, /, is determined so that d0;, =d@, . This is equivalent to the condition that the

integrated values of plastic curvature in the plastic regions are the same for both cases, which
reduces to:

1 =1,/2 (9.66)

The above-mentioned procedure used to estimate /, is only an approximation. In Section

P »
9.3.2, a more accurate procedure is described. To evaluate the actual plastic region size /,, for
the calculated deflection, the stress is analyzed at 100 points along a span, with equal spacing
and the bending moment at each point is evaluated. After local buckling has occurred, plastic
deformation will be concentrated at the locally buckled part. For this case, /,is considered

equal to the tube's outer diameter, which may approximately be the size of the plastically
deformed region after local buckling.

9.3.2 Idealized Structural Unit Analysis

Pre-Ultimate-Strength Analysis

Throughout the analysis of a beam-column using the ordinary Idealized Structural Unit
Method, an element is regarded to be elastic until the fully plastic condition and/or the
buckling criterion is satisfied. When the axial force is in tension, a relatively accurate ultimate
strength may be evaluated with the former condition along with the post-yielding calculation.
However, when the axial force is in compression, the ultimate strength evaluated by the latter
criterion is not so accurate, since the latter criterion is based on a semi-empirical formula. In
the present study, the simplified elasto-plastic large deflection analysis described in 9.3.1 is
incorporated in the Idealized Structural Unit (element) in order to accurately evaluate the
ultimate strength under the influence of compressive axial forces.

The Idealized Structural Unit Method uses the incremental analyses. The ordinary increment
calculation is performed until the initial yielding is detected. The initial yielding is checked by
evaluating the bending moment along the span of an element and the deflection expressed by
Eq. (9.9). After the yielding has been detected, the simplified method described in 9.3.1 is
introduced.

Here, it is assumed that calculation of the (n+])-th step has ended. Therefore, the following
equilibrium equation is derived similar to Eq. (9.19):
Plw, +w, )+ aPle, +e, )+ M, +Q=M (9.67)
where,
P = Axial force given by Eq. (9.17)
AP =P-X, (24x))
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M, =Bending moment at nodal point i at the end of the n-th step
o = Bending moment due to distributed lateral load
M = Bending moment given by Eq. (9.18)

X; = Axial force at the end of the n-th step

AX,  =Increment of axial force during the (n+1)-th step

i

AM,; = Increment of bending moment at nodal point i during the (n+1)-th step

AQ = Bending moment increment due to distributed lateral load during (n+l)-th
step and
e, =AM, [AX, e, = AQ/AX, (9.68)

X, AX,, M, AM ,, Q, and AQ are known variables after the (n+1)-th step has ended.

Considering the equilibrium condition of forces in the axial direction, geometrical conditions
regarding the slope, and Eq. (9.77), the following equations are obtained:

for Case A Stress Distribution:

Pln+f,)=fo+em (9.69)
PW +4Pe, +e, )= f,+(f, + fn)/ (0 + 1)+ /s (9.70)
e /tn+ f)=x (9.71)
for Case B Stress Distribution:
Pln+ f,)=fi+h +(c,—h ) 9.72)
PW+4Ple, +e, )= f, +h, +{f, — b, +(f; +h, I}/ (0 + £,)+ 1, (9.73)
o f(n+f)=x (9.74)
n=R(cosa, —cosa,)/2 (9.75)

After the initial yielding, elasto-plastic analysis by the simplified method is performed using
Egs. (9.69) thru (9.71) or Egs. (9.72) thru (9.77) at each step of the Idealized Structural Unit
analysis until the ultimate strength is attained at a certain step.

Here, a more accurate method is introduced to determine the length of plastic zone/, . If the

axial force P and bending moment M are given, the parameters 77 and «, (and «,), which
determine the axial strain¢ and curvature ¢(x) are obtained from Egs. (9.17) and (9.18).
Then, the increment of the curvature dg(x) from the former step is evaluated. With this
increment, the length of plastic zone is given as

1, = [dg,(x)ax/dg,, (9.76)
dp,(x)=dp(x)- dM (x)/EI 9.77)

where d¢,, represents the maximum plastic curvature increment in the plastic region.
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System Analysis

The procedure used for the system analysis using the proposed Idealized Structural Unit is as
follows:

- At each step of the incremental calculation, moment distributions are evaluated in elements
in which axial force is in compression.

- Based on the moment and axial force distribution, the stress is calculated and the yielding
of the element is checked.

- If yielding is detected in an element at a certain step, the initial yielding load of this
element is evaluated. Then, the elasto-plastic analysis is performed using Egs. (9.69) thru
(9.71) or Egs. (9.72) thru (9.75) until AP becomes AX,.

In the following steps, the same calculation is performed at each element where plastification
takes place. If AP shows its maximum value AP, in a certain element before it reaches AX

at a certain step, this element is regarded to have attained its ultimate strength
P,(= X, + AP, ). Then, all the increments at this step are multiplied by AP, /AX,.

max

For the element that has attained its ultimate strength, its deflection is increased by keeping the
axial force constant until the fully plastic condition is satisfied at the cross-section where the
bending moment is maximum. Then, this element is divided into two elements and a plastic
node is inserted at this cross-section.

The results of such analyses are schematically illustrated in terms of the axial forces and
bending moments in Figure 9.21. (O) represents the results of the Idealized Structural Unit
Method, and the dashed line represents the results of the simplified method. Up to point 4, no
plastification occurs. Between points 4 and 5, yielding takes place, and the analysis using
simplified methods starts where the yielding occurs. No decrease is observed in this step. At
the next step between points 5 and 6, the ultimate strength is attained. Then, the increment of
this step is multiplied by b5/56. While keeping the axial force constant, the bending moment is
increased up to point ¢, and a plastic node is introduced. After this, the Plastic Node Method
(Ueda and Yao, 1982) is applied.

Evaluation of Strain at Plastic Node

In the Plastic Node Method (Ueda and Yao, 1982), the yield function is defined in terms of
nodal forces or plastic potentials. Therefore, plastic deformation occurs in the form of plastic
components of nodal displacements, and only the elastic deformation is produced in an
element. Physically, these plastic components of nodal displacements are equivalent to the
integrated plastic strain distribution near the nodal point. If the plastic work done by the nodal
forces and plastic nodal displacements is equal to those evaluated by distributed stresses and
plastic strains, the plastic nodal displacements are equivalent to the plastic strain field in the
evaluation of the element stiffness matrix (Ueda and Fujikabo, 1986). However, there is no
mathematical relationship between plastic nodal displacements and plastic strains at the nodal
point. Therefore, some approximate method is needed to evaluate plastic strain at a nodal
points based on the results of Plastic Node Method analysis.

Here, the internal forces move along the fully plastic interaction curve after the plastic node is
introduced as indicated by a solid line in Figure 9.22. On the other hand, the result of accurate
elasto-plastic analysis using the finite element methods may be represented by a dashed line in
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the same Figure. The chain line with one dot represents the results obtained from the
simplified method.

1.0
P/Pp
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---- & SIMPLIFIED ELASTIC-
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W/Mp 1.0

Figure 9.21 Schematic Representation of Internal Forces
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—---— ; APPROXIMATION
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Figure 9.22 Determination of an Approximate Relationship Between
Axial Forces and Bending Moments
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The bending moment occurring after the ultimate strength is attained, is approximated by the
following equation. as

M=M cos=E _am| L (9.78)
PP P

P u

where,
2
M, =40 Rt P =2rnc Rt (9.79)
and AM is indicated in Figure 9.22. The relationship between this bending moment and the
axial force is plotted by a chain line with two dots as shown in Figure 9.22.

Substituting the axial force P and the evaluated bending moment from Eq. (9.79) into Egs.
(9.17) and (9.18), respectively, strain may be evaluated. If the maximum strain (sum of the
axial strain and maximum bending strain) reaches the critical strain expressed by Eq. (9.36),
the post-local buckling analysis starts.

Post-Local Buckling Analysis

The fully plastic interaction relationship after local buckling takes place may be expressed as

F=M-M,~M,cos Z| L L), 20 Lot sina (9.80)
PC2le TR 22

where F, and M, are given as below:

COS model
F,=2 jR:ade (9.81)
M, =2 j RtSo cos 6d6 (9.82)
DENT model
F,=YF, (9.83)
M;=Y M, +Y F,Rcos B, (9.84)

In the above expressions,o and & are given by Eqs.(9.43) and (9.44), and £}, and M,; are
equal to £, and M, and given by Eqgs. (9.56) and (9.57) of the i-th dent.

Here, the angle « represents the size of a locally buckled part and is a function of the axial
strain e and the curvature kK of a cross-section, and is expressed as:

a=cos (e, —e)/(<R)] 9.85)

At the same time, £, and M, are functions of ¢ and through &. Consequently, the fully
plastic interaction relationship is rewritten in the following form:

IP.M,ex)=0 (9.86)
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As described in 9.3.2.3, there exists no one-to-one correspondence between plastic nodal
displacements and plastic strains at a nodal point. However, plastic strains may be
concentrated near the cross-section where local buckling occurs. So, the axial strain and
curvature at this cross-section are approximated by:

e=P/EA+e,, +(u, —u,, ), (9.87)
x=M|El+x,, +(0, -6, )/, 9.88)

/ p»in the above equations represents the length of plastic zone, and is taken to be equal to the
diameter D(=2R ) as in the case of a simplified method. Considering Eqs. (9.87) and (9.88),
the fully plastic interaction relationship reduces to:

neMu,,6,)=0 (9.89)

The elasto-plastic stiffness matrix after local buckling occurs, is derived based on the fully
plastic interaction relationship expressed by Eq. (9.89). The condition to maintain the plastic
state is written as:
dfzgdP+£ dM+a—r du, +6_F do,=0 (9.90)
oP oM Ou o0

P

or in the matrix form as:

¢ 0][aR) v o7fdn,)
5 ofarle ol

where, {dR} and {dh,} are the increment of nodal forces and plastic nodal displacements,

respectively, see Figure 9.12 and the following Equations:
4 =lorjax, arjaz, orjom;)”
¢, =lerjox,,orjoz,,orjom, | (9.92)
v, =rjou,,. o |ow, ,or]o6,, |1
v, =prjou, ,orjow, orje6, | (9.93)

Here, considering / as a plastic potential, the increments of plastic nodal displacements are
given as

dh,) [da, 0 7(4 0.04
dh,, Lo da, {¢i O

When only nodal point j is plastic, d4, =0. Contrary to this, d4; =0 when only node point i is
plastic.

On the other hand, the increments of nodal forces are expressed in terms of the elastic stiffness
matrix and the elastic components of nodal displacement increments as follows:
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R, [k; K;|([an) [dh, (9.55)
dR;{ |k: K \\dh§ |dh, ‘

where {dh}represents the increments of nodal displacements.

Substituting Eqs. (9.94) and (9.95) into Eq. (9.92), dA,and dA;are expressed in terms of {dh}.

Substituting them into Eq. (9.95), the elasto-plastic stiffness matrix after local buckling is
derived as:

dR, K? KP|(dh
{ ‘}:[ > K’JDH ‘} (9.96)

dR, Ky Ky ||9h
For the case in which local buckling is not considered, the elasto-plastic stiffness matrix is
given in a concrete form in (Ueda et al, 1969). When local buckling is considered, the terms

¢/ K;¢,and¢; K¢, in the denominators in Ueda and Yao (1982) are replaced by
¢/ K¢, —w/y, and ¢,1 K;¢, ”//,-T'//j , respectively.

9.4 Calculation Results

9.4.1 Simplified Elasto-Plastic Large Deflection Analysis

In order to check the validity of the proposed method of analysis, a series of calculations are
performed on test specimens, summarized in Table 9.4, in which a comparison is made
between calculated and measured results. Three types of analyses are performed: a simplified
elasto-plastic large deflection analysis combined with a COS model and a DENT model,
respectively, for all specimens; and an elasto-plastic large deflection analysis without
considering local buckling by the finite element method. The calculated results applying COS
model and DENT model are plotted in the following figures, along with those analyzed using
the finite element method. The experimental results are plotted by the solid lines.

H series

This series is newly tested. The measured and calculated load -deflection curves are plotted in
Figure 9.7. First, the results from the simplified method have a very good correlation with
those obtained from the finite element method until the ultimate strength is attained. However,
they begin to show a little difference as lateral deflection increases. This may be attributed to
the overestimation of the plastic region size at this stage.

The calculated ultimate strengths are 7-10% lower than the experimental ones. This may be
due to a poor simulation of the simply supported end condition and the strain hardening effect
of the material. Contrary to this, the onset points of local buckling calculated using Eq. (9.33)
agree quite well with the measured ones. The post - local buckling behavior is also well
simulated by the COS model, but not so well simulated by the DENT model. Such difference
between the measured and the calculated behaviors applying DENT model is observed in all
analyzed test specimens except for the D series. This may be due to the underestimation of
forces and moments acting at the bottom of a dent, and further consideration may be necessary
for the DENT model.
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C Series

C series experiments are carried out by Smith et al. (1979). Specimens Cl and C2 which are
not accompanied by a denting damage are analyzed. The calculated results for Specimen C2
are plotted together with the measured result in Figure 9.23. Smith wrote in his paper that local

buckling took place when the end-shortening strain reached 2.5 times the yield strain €,

while it occurred in the analysis when the strain reached 1.4 €,. However, the behavior up to

the onset of local buckling is well simulated by the proposed method of simplified elasto-
plastic large deflection analysis. On the other hand, in the case of Specimen Cl, local buckling
takes place just after the ultimate strength is attained both in the experiment and in the
analysis. However, the calculated ultimate strength is far below the measured one as indicated
in Table 9.4. This may be attributed to some trouble in the experiment, since the measured
ultimate strength is 1.1 times the fully plastic strength.

D Series

This series is also tested by Smith et al. (1979). The analysis is performed on Specimens D1
and D2. Here, the results for Specimen D1 are plotted in Figure 9.24. It may be said that a
good correlation is observed between the calculated and measured results in the ultimate
strength and in the onset of local buckling. However, the behavior occurring just after the local
buckling is somewhat different between the experiment and the analysis. This may be because
the experimental behavior at this stage is a dynamic one, which is a kind of a snap-through
phenomenon as Smith mentioned. As for the load carrying capacity after the dynamic
behavior, the DENT model gives a better estimate than the COS model.

A similar result is observed in Specimen D2. However, in this case, the predicted onset of
local buckling is later than the measured one.

S Series

This series is a part of the experiments carried out by Bouwkamp (1975). The calculated and
measured results for Specimen S3 are shown in Figure 9.25. First, the measured ultimate
strength is far above the elastic Eulerian buckling strength. This must be due to a difficulty in
simulating the simply supported end condition. Consequently, instability took place just after
the ultimate strength was attained, and a dynamic unloading behavior may occur. After this, a
stable equilibrium path was obtained, which coincides well with the calculated results.
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Table 9.4 Specimen size, material properties and results of experiment and

calculation
N s Yield Ultimate
) Mean ) Initial Load  Young's strength
Specimen Thickness Length . eccentrici modulus  Stress e / pe Ref.
Diameter deflection o wfCy
Number t(mm) L (mm) E y No.
D (mm) a (mm) Measured

e(mm) (kg/mm) (kg/mm) Cjlculated

H1 501.6 6.40 8000 0.63 63.50 21180.0 34.55 0.68 0.63 Present
H2 501.6 6.40 8000 0.63 127.00 21180.0 34.55 0.55 0.49 Present
H3 501.6 6.40 8000 0.63 190.50 21180.0 34.55 0.44 0.41 Preaent

Al 61.5 2.11 2150 0.0 0.00 20496.3 2325 0.84 076 11
A2 61.5 2.12 2150 0.0 9.84  21210.1 2325 049 043 11

Bl 77.8 1.74 2150 0.0 0.00 208022 19.88 1.00 094 11
B2 77.8 1.71 2150 0.0 10.11 233515 2029 0.60 0.59 11

Cl 100.0 1.66 2150 0.0 0.00 204%6.3 2152 1.10 095 11
C2 99.9 1.73 2150 0.0 999 210062 2895 058 063 11

D1 89.0 1.02 2150 0.0 0.00 225357 4946 0.75 0.83 11
D2 89.0 1.01 2150 0.0 15.13  26002.8 47.52 0.50 047 11

S1 213.5 5.56 4572 0.0 0.00 20256.1 4169 0.84 0.82
S2 2135 5.56 6096 0.0 0.00 20256.1 4169 0.72 0.59
S3 213.5 5.56 7620 0.0 0.00 20256.1 41.69 0.54 041
S4 2135 5.56 9144 0.0 0.00 20256.1 41.69 032 029

wn L W
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Figure 9.23 Comparison of Measured and Calculated Results (C2)
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Figure 9.24 Comparison of Calculated and Measured Results (D1)

The same features are observed in Specimens S1, 82, and S3. Bouwkamp wrote in his paper
that local buckling took place afier the ultimate strength was attained. However, no local
buckling occurred for this series analysis.

A Series and B Series

A and B series by Smith et al. (1979), show no local buckling in either one of the experiments
and analyses. The calculated ultimate strengths show good agreement with the measured ones,
with the exception of Specimen Al.
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Figure 9.25 Comparison of Calculated and Measured Results (S3)

9.4.2 Idealized Structural Unit Method Analysis

Members with Constraints against Rotation at Both Ends

An end rotation of a structural member in a structural system is constrained by other members.
This effect of constraint may be equivalent to placing springs, which resist rotation at both
ends of a member when one member is isolated from the system. For such a member with
springs at both ends, a series of analyses are performed by changing the spring constant
between 0 andoo. The wall thickness and outer diameter are taken as 20 mm and 2,000 mm,
respectively. The initial deflection of magnitude 1/500 times the length is imposed to know the
characteristics of the proposed Idealized Structural Unit model. The yield stress of the material
is chosen as 30 kgf/mm2, and the magnitudes of springs at both ends are the same. Local
buckling is not considered in this analysis. The calculation results for I/\/ﬁ =100 are shown

in Figures 9.26 and 9.27. Figure 9.26 represents the load vs. lateral deflection relationships,
and Figure 9.27 represents the change of internal forces at a mid-span point and end. In these
figures, the solid lines and chain lines represent the results obtained by using the present
method and the finite element method, respectively. On the other hand, the dashed lines
represent the analytical solutions expressed as follows:

Perfectly elastic solution
w=2MI[l/(2cos klf2)~1]+a, P, /(P, - P) 9.97)

where,

M= “[m"%(z{, - P)]/ [k(l — kl)(P sinkl)™* ﬂ ©-98)

and k represents the magnitude of springs placed at both ends, and P, is given in Eq. (9.6).
Rigid plastic solution
w=M ,|coslzP/2P, )|/ P fork=0 (9.99)

w=2M |cos(zP/2P, )/ P fork=c0 (9.100)
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where k/kg is taken as 0. 0, 0. 1, 1. 0 and o, where ky =4EI/I .

The ultimate strength evaluated by the proposed method is slightly lower than the ultimate
strength proposed by the finite element method when the constraint is weak, but it becomes
higher proportionally, as the constraint is increased. However, the proposed method gives a
very accurate ultimate strength.

In the case of K =, the axial load still increases after a plastic node is introduced at a
mid-span point where the ultimate strength is attained according to a simplified method. It
begins to decrease after the fully plastic condition is satisfied at both ends. However, the load
increment after a plastic node has been introduced at a mid-span point is very small.
Therefore, an alternative analysis is performed, in which three plastic nodes are
simultaneously introduced at a mid-span and both ends when the ultimate strength is attained
by a simplified method. The curves for K =% in Figures 9.26 and 9.27 are the results of the
latter analysis. Further considerations should be taken when regarding this procedure.

VoMl K : SPRING CONSTANT
prep | AL Ke = 4E1/2
0.8}
0.6}
0.4
------- : ANALYTICAL
0-2F ' ——— : ISM
—~— : FEM
x 107

0 0.2 04 06 0.8 1.0 1.2 1.4 1.6
w/l

Figure 9.26 Load - lateral Deflection Curves of Simply Supported Tube
with End Constraint Against Rotation

H Series

A series of analyses are performed on H series specimens in order to check the accuracy of
post - local buckling behavior predicted by the present method. The coefficient, n, in Eq.
(9.78) is interchanged between 8 and 16 when using the COS model.

The load vs. lateral deflection relationships and the interaction relationships of internal forces
are plotted in Figures 9.28 and 9.29, respectively. The solid and dashed lines represent the
results obtained from the present method and experiment, respectively, and the chain lines
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represent the results obtained from the finite element method without considering local
buckling.

Until local buckling takes place, both results obtained from the present method and the finite
element method, show good correlation's including the ultimate strength. The comparison of
these results using the FEM to the results of other experiments shows little differences among
them, which may be attributed to the reasons described in 9.4.1. However, judging from the
interaction relationships shown in Figure 9.29, these differences may be attributed to the
material properties of the actual material and assumed material used for the analysis. The yield
stress used in the analysis is determined, based on the results of the tensile test, and may be
very accurate as long as the stress is in tension. It is not completely clear, but there may be
some differences in the material properties in a tensile and a compressive range.

. Wy .

Figure 9.27 Axial Force Bending Moment Relationships

Post-local buckling behavior is simulated quite well although the calculated starting points of
local buckling are a little different from the measured ones. The difference in the onset point
of local buckling may be due to inaccuracies of the critical buckling strain evaluated by
Eq.(9.31) and the estimated strain using Eq.(9.67). At present, the value to be employed as n
remains unknown. Although larger values may give good results as indicated in Figures 9.28
and 9.29.

The curves changing the value of n may be regarded as the results of the numerical
experiment, changing the onset point of local buckling. A greater reduction is observed in the
load carrying capacity (axial load) as the critical load for buckling increases.

The same analysis is performed on small-scale test specimens. Relatively good correlation's
are observed between the calculated and experimental results for the ultimate strength in all
specimens. However, the calculated post-ultimate strength behavior is slightly different from
the observed behavior. This may be attributed to a difference in the assumed stress-strain
relationship used during the analysis and the actual one. An elastic-perfectly plastic stress-
strain relationship is assumed in the analysis. Contrary to this, the actual material showed
relatively high strain hardening. In order to analyze such cases, the influence of strain
hardening must be taken into account. The strain hardening effect may be easily incorporated



Chapter 9 Buckling and Local Buckling of Tubular Members

193

in the simplified analysis. Applying the Plastic Node Method for the post-ultimate strength
analysis is a basic idea that is presented in Ueda and Fujikubo (1986). These remain as ideas in

progress.
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Figure 9.28 Load Lateral Deflection Curves of H Series Specimens

(c) e/0 = 38
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Figure 9.29 Measured and Calculated Relationship Between Axial Force
and Bending Moment

If pure bending is obtained, the axial force is zero and the proposed method does not need to
be applied. In this case, the fully plastic condition will give an accurate ultimate strength.
Furthermore, this method is not necessary when the axial force is in tension.

9.5 Conclusions

Local buckling of tubular members is investigated in this chapter both theoretically and
experimentally. First, a series of experiments are carried out on large and small-scale tubular
specimens. Large-scale test specimens are 1/3.5 scale model of a bracing member in an



Chapter 9 Buckling and Local Buckling of Tubular Members 195

existing semi-submersible drilling unit, and their diameter to thickness ratio, D/t, is 78. The
D/t ratio of small-scale specimens varies between 40 and 97. Axial compression tests with
load eccentricity are carried out on both specimens, and pure bending tests on small-scale
specimens only. These experiments have shown that after the ultimate strength has been
attained, local buckling takes place at the area of maximum compressive strain. Two types of
buckling mode are observed, which are denoted as a cosine mode and a dent mode. The
buckling wave of a cosine mode spreads about a half circle in the circumferential direction,
and that of a dent mode about a quarter circle in the circumferential direction. Nevertheless, it
has a short wavelength in the axial direction in both modes.

The load carrying capacity suddenly decreases due to the initiation of local buckling.

In the case of a cosine mode, the formation of local denting deformation follows at the foot of
the initial cosine-buckling wave. Other local denting deformations are formed adjacent to the
initial dent and in the case of dent mode buckling.

A simplified method is proposed to analyze the elasto-plastic behavior of a tubular member
subjected to axial compression, end moments, and distributed lateral loads. Two models are
proposed which simulate the post-local buckling behavior of a tubular member based on the
observed results of experiments. They are the COS and the DENT model.

Combining these models with the simplified method, a series of analyses have been performed
on the newly tested specimens and on those previously reported. The analyses results are
compared with experimental results, and the validity and usefulness of the proposed simplified
methods of analysis are demonstrated.

Furthermore, the Idealized Structural Unit model (element) is developed by incorporating the
proposed simplified method. Using this model, the ultimate strength is automatically evaluated
under axial compression. After the local buckling has started, its influence is reflected upon
the fully plastic strength interaction relationship through plastic nodal displacements of the
element. Some example calculations are performed by applying the newly developed element.
The calculated results are compared with those obtained using the finite element method and
the validity and usefulness of this element is demonstrated.

Research remaining for future work is:
¢ Accurate estimates of plastic strain and curvature at a plastic node
¢ Accurate evaluation of critical buckling strain

¢ System analysis using the proposed Idealized Structural Unit model

9.6 Example
Example 9.1: Comparison of the Idealized Structural Unit Method and the Plastic Node
Methods

Problem:

Describe the differences and similarities between the Idealized Structural Unit Methods and
the Plastic Node Methods.

Solution:

The Plastic Node Methods, as described in Part II Chapter 12, is a generalization of the plastic
hinge methods that have been popular for plastic analysis of beams and framed structures. The
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generalization makes it possible to effectively conduct analysis of plated structures and shell
structures (see Ueda and Yao, 1982). It is also possible to include the effect of strain hardening
in the formulation, see Ueda and Fujikubo (1986). However, geometrical nonlinearity is not a
subject discussed in the plastic node methods.

The Idealized Structural Unit Methods (Ueda and Rashed, 1984) make use of the Plastic Node
Methods to deal with the plasticity, and utilize empirical formulae (such as those in design
codes) for ultimate strength analysis of individual components. In this Chapter, however, an
attempt has been made to predict the ultimate strength of the components using simplified
inelastic analysis instead of empirical formulae. The advantage of using the simplified
inelastic analysis is its ability to account for more complex imperfection and boundary
conditions that are not covered in the empirical formulae. However, the disadvantage is its
demand for computing effort and its complexity that may lead to loss of convergence in a
complex engineering analysis.
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Part I1
Ultimate Strength

Chapter 10 Ultimate Strength of Plates and Stiffened Plates

10.1 Introduction

10.1.1 General

Stiffened plates are frequently used as load-bearing components in marine structures. Typical
example uses are the hull girder of a ship, the pontoons of a semi-submersible, and the deck of
offshore platforms. The main type of framing system in hull girders consists of relatively
closely spaced longitudinal stiffeners with more widely spaced heavier girders in the
transverse direction. This is illustrated in Figure 10.1 for a bottom/side structure. The
hydrostatic load, that is the difference between external and internal pressure, is transfer from
plates to stiffeners, which again, through beam action, transfer the loads to the transverse
girders.

Figure 10.1 Stiffened Panels in a Ship Bottom Structure

As illustrated in Figure 10.1, the bottom plates will, in addition to the hydrostatic pressure, be
subjected to bi-axial in-plane loads caused by the longitudinal bending of the hull girder and
by the hydrostatic pressure applied on the sides.



200 Part I Ulimate Strength

Factors affecting the behavior of stiffened plates are e.g. stiffener slenderness and spacing,
plate geometry and material yield stress. In addition, residual stresses, initial deformation,
boundary conditions and types of loading will also affect the behavior of stiffened plates.

The potential failure modes for plates (or stiffened plates) under combined loads may be
classified as:

« Buckling and collapse of plates - Lateral deflection develops in post-buckling region and
ultimate strength is reached due to yielding, see Sections 10.3 and 10.4.

« Collapse of stiffeners with associated plates — Beam-column mode buckling in which
attaching plates are accounted for as effective plates, see Section 10.5.1.

« Tripping of stiffeners — Tripping due to buckling of stiffeners and loss of the rotational
restraint provided by the plating, see Section 10.5.2.

« Grillage buckling - Involves bending of transverse girders and longitudinal stiffeners, see
Section 10.6.

As a book for graduate courses, the objective of this Chapter is to give an introduction to
buckling strength analysis, while more details for mathematical theory may be found from the
books listed in the references. Some equations from design codes are used for illustration and
educational purpose only and engineering projects should directly use the relevant codes
without any deviations from them.

10.1.2 Solution of Differential Equation

The procedure for calculating the elastic buckling load is illustrated for an initially plane plate
subjected to an in-plane uniform compression. The equilibrium equation for a plate is given
by:

1 o'w &w w
V‘W=B[‘]+Nx P +2nyax6y+Ny Py (10.1)
where the plate stiffness is given by:
Et’
and,
2
: (o &
v = (v?) =(6_x7+6y2] (103)
The quantities,
N,=0ot
N,=ot (10.4)
N,=0o.t

are the membrane stress resultants.

For simply supported plates under pure compression (see Figure 10.2), Eq. (10.1) takes the
form:
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N, 8w
Viw="2F"— (10.5)
D ox
Based on the boundary conditions, the following displacement function are assumed and
submitted to Eq. (10.5):

W=, Sin M in” (10.6)
a b

where m and n are number of half waves in the x- and y-directions. The solution gives elastic
buckling stress as given by the expression:

2 2 2
7 £ (i) =D, (10.7)

TR\ 1

where c is a factor depending on the plate aspect ratio a/b, (see Figure 10.3).
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Figure 10.2 Simply Supported Plate Subjected to Uniform Compression.
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Figure 10.3 Buckling Coefficient Versus Plate Aspect Ratio.
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In Figure 10.3, the buckling coefficient ¢ has been plotted against the aspect ratio for a simply
supported plate subjected to uniform compression. It appears that the minimum buckling stress
occurs when the length is a multiple of the width. For intermediate values, the number of
waves is incompatible with the plate's length, hence raising the buckling load. In practice,
however, this additional strength is not taken into account.

10.1.3 Boundary Conditions

The actual boundary conditions will differ from the idealized cases. The major influence stems
from the conditions at the unloaded edges. With reference to Figure 10.4, plate F can be
considered as restrained, plate B as constrained, and plate A as unrestrained. In the restrained
case, the edges remain undistorted while in the constrained case, lateral deflection is allowed
but the edges are forced to remain straight. In the unrestrained case, the edges are completely
free with respect to lateral deflection. The difference in boundary conditions, between plates
B and F, is caused by the aspect ratio. The closeness of the transverse girders at F does not
allow lateral deflection, while that may easily occur at the mid-section of plate B.

girder stiffner.
/"

E C A

|
— S e N A

Ty
o]
o
=

Figure 10.4 Various Boundary Conditions for Plate Elements in a
Stiffened Panel.

In general the boundary conditions of the loaded edges do not have a significant influence on
the ultimate strength. In this Chapter, the strength criteria are bascd on the assumption that, at
the ultimate load condition:

« All boundary conditions may be taken as simply supported (due to yielding)
+ Boundary edges are kept straight by the supporting structures

These two approximations will lead to slightly pessimistic, but adequate results.
10.1.4 Fabrication Related Imperfections and In-Service Structural Degradation

Several sources of structural deterioration affecting the buckling and ultimate strength may
exist in the actual structure, such as:

« Residual stresses due to welding

« Initial deflection due to welding and other fabrication related processes
« Plate perforations such as e.g. manholes and cut-outs

« Corrosion damages and fatigue cracks of structures in-service

Usually residual stresses and initial deflection are implicitly included in the strength
formulations as long as these do not exceed the fabrication tolerance criteria. If other types of
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structural dcterioration are present, it is recommended that additional strength analyses by
more refined methods be performed to derive reduction factors.

The welding induced residual stress pattern in a stiffened panel is shown in Figure 10.5,
including a tension block in yield at the stiffener attachment, which is balanced by a zone of
uniform compressive residual stresses in the center of the plate. The magnitude of the
compressive residual stresses may be obtained from equilibrium considerations:

or__2n (10.8)
or b_ 2

!

The value of 1 tends to be high for as-welded structures. However, if the member is subject to
alternating in-service loads, the residual stresses will be reduced due to shakeout by occasional
tensile loads. Faulkner (1975) has suggested that design values of 1 may be taken between 3
and 4.5.

A €
T b=27 g
Idealized

Figure 10.5 Welding Stress Pattern in Plates

The effect of residual stresses may causc a loss of compressive plate stiffness because of
premature yielding in the compression zone. A reduction factor R, may be introduced for
strength analysis as below.

erl_QLQ:l_
oy E b_2”
!

J£194<ﬂ<25 (10.9)

where E, is the tangent modulus of the plate.

The levels and distributions of residual stresses in plates and stiffeners arc illustrated in Figure
10.5. They vary depending on the plate's material properties and on the fabrication methods
used, such as, rolling, welding, mcchanical straightening, and heat treatment. Special high
strength steels allow large heat affected zones with considerable residual stresses to form.
High residual stresses may be a considerable source to structural strength loss.

The welding induced residual tensile stresses along welded edges are assumed to not exceed
the plate's yield stress. For mild steels, the compressive residual stresses in any direction may
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be taken as 5 to 10 percent of the plate's yield stress. For high strength steels, a higher value
for the compressive residual stresses should be considered.

For the stiffener web, the residual compressive stresses may be taken as 3 to 5 percent of the
stiffener yield stress for mild steels and a little higher for high strength steels.

Initial structural imperfections may be induced by welding, manufacturing, heat treatment,
transportation, and storage. The effect of imperfections on the ultimate strength of plates
depends strongly on their shape. In most theoretical studies, initial deflections have been
assumed to have the same shape as the buckling mode, because initial deflection has the most
significant influence on the ultimate strength when its shape coincides with the buckling mode.
Statistical analysis of measured plate distortions shows that the amplitude of the buckling
component is about half of the maximum distortions.

Various formulas are available for predicting the maximum distortion. However, the following
relation has been frequently used:

%zczg_cj,gﬂo (10.10)

where, typically, C, =0.016 and C, =0.36.

The fabrication tolerance criteria are usually defined in design codes for the strength criteria
defined. If the fabrication tolerance criteria are violated, the imperfections will have to be
repaired. Alternatively the effects of imperfections are to be explicitly accounted for using
advanced formulae or numerical/mechanical tests.

10.1.5 Correction for Plasticity

For plates with a low width to thickness ratio, Eq. (10.7) may theoretically predict a critical
stress if an excess of the yield stress occurs, but physically it cannot. Various methods exist to
account for plasticity effects. A convenient technique for modifying the elastic critical stress
caused by plasticity is the ¢-method, where the elastic-plastic buckling stress is given by:

ca=9¢ 0oy (10.11)
where ¢ is an empirical function of the structural slenderness, as defined below:
1= /%L (10.12)
Ok

Various expressions for ¢ exist. One method for plasticity correction is to use an elliptical
interaction equation (Odland, 1988):

2 2
(_o-i) ’ ( o-c’ } B l
Oy Og

It is seen that:

o, = o,whenc, = »
o, > oywheno, << o,

Hence, the formula converges to the correct solution for both of stocky members and slender
members. Solving for o, we obtain:

er?
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=9 _ = 4= ! (10.13)

e N

Another well-known solution is the so-called Johnson-Ostenfeld formula that is adopted by
several North American Design Codes:

72
1—/1—, At<2
¢= 14 B (10.14)
ek Ar=2

10.2 Combined Loads

In limit state design, buckling criteria and ultimate strength criteria are also termed
Serviceability Limit State (SLS) and Ultimate Limit State (ULS).

10.2.1 Buckling — Serviceability Limit State

In the case of a combined loading, as shown in Figure 10.6, the above procedure may be
applied if an equivalent stress and an equivalent elastic buckling stress are defined. This is
conveniently expressed by the following interaction formula:

[L) :(E_] J{&) +(LJ (10.15)
T ke O gx Ogy TE

where o, .0, and 7, are the elastic buckling stresses when the corresponding stress

component acts alone and o, is the equivalent elastic buckling stress corresponding to the

equivalent stress o, = o’ +ol-0o o, +372 .
¢ x ) Xy

I

-
il

o, T

I -

P}
a

Figure 10.6 Combined Loading.
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The equivalent reduced slenderness ratio to be used in the above plasticity correction may then
be expressed as (DNV, CN 30.1, 1995):

- ¢ ¢ ¢ l
A7 zﬂzﬂ[[&J +[&J +[L) ] (10.16)
TEe T T Ex T Ey TE
The exponent ¢ depends on the plate aspect ratio. Square plates tend to be more sensitive to
combined loading than long plates, because the two buckling modes coincide for bi-axial
compression. Therefore, a linear interaction is often used for square plates and an elliptic

interaction for long plates. DNV CN 30.1 (1995) propose the following equation for the
buckling strength of the plate under combined loads:

=Tr (10.17)

10.2.2 Ultimate Strength — Ultimate Limit State
The ultimate strength of the plate may be estimated as (DNV, CN 30.1, 1995):

0'.41::% , A <1 (10.18)
+A,

(o4 3
O'ull=ﬁ , 1.0<4,£5.0 (10.19)

The Serviceability Limit State (SLS) and Ultimate Limit State (ULS) are compared in Figure
10.7. For very slender plates, the ultimate strength is significantly larger than buckling
strength.

1.2
1.0
0.8 1
0.6

0.4
0.2 | SLS

Stress ratio 6. / Gy

U

0.0 T T
0.0 1.0 2.0 3.0 4.0

Reduced slenderness ratio A

Figure 10.7 Ultimate Strength versus Buckling Strength of Plates.

Balint et al (2002) proposed the following equation for ultimate strength of plates under
combined loads:
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o) 42z -
On OO O Ty

where,
! = Axial stress in direction 1
%2 = Axial stress in direction 2
T = Shear stress
%u = Limiting axial stress for o,
%2 = Limiting axial stress foro,
7

= Limiting shear stress

Following Bai (2001), the following strength criteria may also be applicable for ultimate
strength (of plates or stiffened plates) under combined loads:

(E-_] _a(zl.)(&}[zz_) *(LJ +[L) -1 (10.21)
o, OuNOL2 T2 7. P

P = Lateral pressure

P =Limiting lateral pressure

Eq.(10.21) has been proposed because it approaches to von Mises yield conditions for inelastic
buckling cases and may lead to linear interaction for elastic buckling cases. According to API
2V (1987), the coefficient a may be taken as 0 when both stresses o, and o, are compressive,
and as 1 when either o, o, or both are tensile. To be accurate, the coefficient a should be
derived based on finite element analysis and mechanical test.

10.3 Buckling Strength of Plates

Johnson-Ostenfeld formula (or Odland, 1988) may be applied for plasticity correction. To
calculate elastic buckling stress under combined loads, the equations in Section 10.2 may be
used. The elastic buckling strength for plates under compressive stress and in-plane bending
may be expressed as

7'E (t)z
o, =k = 10.22
F ’12(1—uzi b ( )

An expression giving good accuracy with the exact elastic buckling solution for a simple
supported plate exposed to pure shear stress is given in Timoshenko and Gear (1961),

2 2
Ty _EE (L) (10.23)

’ lZil—UZ; b

where
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b 2
k,=4.o(—) +5.34 (10.24)
a

U =Poisson’s ratio

. . . o .
Yield stress in shear may be estimated as J% where o, =yield stress of the plate .

10.4 Ultimate Strength of Un-Stiffened Plates

10.4.1 Long Plates and Wide Plates

Slender plates can carry loads larger than what is predicted by elastic theory if their unloaded
edges are constrained to remain straight. Because of large lateral deflections, membrane
stresses develop in the transverse direction, which tend to stabilize the plates. At this stage, the
distribution of stresses along the unloaded edges is no longer uniform but rather, it increases
towards the stiffeners. According to the effective width method, the ultimate strength is
obtained when the edge stress, o, in Figure 10.8, approaches the yield stress. The following
formula has been widely used for simply supported plates where the unloaded edges are
constrained to remain straight (Faulkner, 1975).

2 1
be_om_| 557 P2 (10.25)

b o 1 Bsi

where the plate slendemess ratio is given by,

_b oy
B= ZJ; (10.26)

Figure 10.8  Actual Stress Distribution in a Compressed Stiffened Plate

Eq. (10.35) accounts for a reasonable degree of initial deflection in the buckling mode, but
does not account for residual stresses.
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The following effective width formula may be used for compressive loads acting on the long
edge, a/b>1.0 and short edge, a/b<1.0 (Mansour, 1997).

C, for %21.0
b, = 2 (10.27)
a a 1 a
—c,,+0.08(1-—)1-—2 <10 for <10
b b\ B b
1 for B <125
c, = 2B LB L 125<p<ss (10.28)
B B
4rt 1
i >35
Di_ot) g P

10.4.2 Plates Under Lateral Pressure

Ultimate strength of plates in shear may be assumed to be shear yield stress.
10.4.3 Shear Strength

Ultimate strength of plates in shear may be assumed to be shear yield stress.
10.4.4 Combined Loads

The equations for plates under combined loads may be found from Section 10.2.2.

10.5 Ultimate Strength of Stiffened Panels

10.5.1 Beam-Column Buckling

When a stiffened panel is subjected combined axial stress ¢ and bending moment M (induced
by lateral load), the ultimate strength may be predicted using Mansour (1997):

9 ¢, M -y (10.29)
O Lotumn O peam
where the column buckling strength for stiffened plates, &,,,,,, may be predicted using
Johnson-Ostenfeld formula or Perry-Robertson formula based on elastic buckling stress:

n*El,
o, - " (10.30)
where
E =Elasticity modulus

1 =Moment of inertia of the stiffened plate
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l, =Stiffener length

A =Cross sectional area of the stiffened plate

s

While Johnson-Ostenfeld formula for column buckling is very simple, it does not account for
the effect of initial imperfection. An alternative equation is Perry-Robertson formula, see Part

II Chapter 8 of this book. The coefficient C,,is a function of the ratio of the bending moment
acting at the two ends of the beam M, /M ,:

_0.6+04M /M,
l-o/o,

C

m

(10.31)

The ultimate bending stress for the stiffened plates under pure bending may be taken as fully
plastic bending moment.

10.5.2 Tripping of Stiffeners

When the web height to thickness ratio is large combined with a flange that is inadequate to
remain straight under the combined uniaxial compressive load and lateral pressure, the
stiffener may twist sideways in the tripping failure mode. The tripping strength may be
predicted Johnson-Ostenfeld formula and elastic buckling stress equation (see Eq.(4.30) in
Part [ Chapter 4 and e.g. Ma (1994)).

10.6 Gross Buckling of Stiffened Panels (Overall Grillage Buckling)

Using orthotropic plate theory, Mansour (1977) derived the following buckling equation that
may be used in the number of stiffeners in each direction exceeds 3,

2
n JD,Dy
O = k—h_x?— (1032)
where B is gross panel width, 4, is effective thickness. For simply supported gross panel, k
may be taken as

2 2
ko= Tovoue B (10.33)
P m

where m is number of half-waves of buckled plate, x and p are torsion coefficient and virtual
aspect ration respectively.
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Ultimate Strength

Chapter 11 Ultimate Strength of Cylindrical Shells

11.1 Introduction

11.1.1 General

Cylindrical shells are important structural elements in offshore structures, submarines and
airspace crafts. They are very ofien subjected to combined compressive stress and external
pressure, and must be designed to meet the strength requirements. A theoretical load end-
shortening curve representing unstiffened cylindrical shells under axial compression is shown
in Figure 11.1. For a perfect shell, the stress-strain relation is linear until the bifurcation point,
B, where buckling occurs and load-carrying capacity decreases sharply. For an imperfect shell,
the stress-strain relation starts is non-linear from an early stage of loading, buckling occurs at
point L without showing obvious bifurcation phenomenon.

Perfect shell

L

\ Imperfect shel

1 &
Figure 11.1  Stress Strain Relations for Perfect and Imperfect Shells
Strength of imperfect cylindrical shell may be significantly lower than the bifurcation load.

The design of cylindrical shells is based on the modification of the theoretical predictions
using a knockdown factor for imperfection effect.
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11.1.2 Buckling Failure Modes

The characteristic geometric parameters of a stiffened cylindrical shell are defined in Figure
11.2.

=
/
l
-
\

Stringer

j’ ] stiffner

Ring frame

Figure 11.2 Geometrical Parameters of a Stiffened Cylindrical Shell

The boundary conditions are assumed simply supported and constrained. The design loads are:
» Compressive stress due to longitudinal force and bending moment

« External overpressure

o Combined compressive stress and external pressure

Major factors affecting strength of cylindrical shells include:

» Residual stresses and geometrical imperfections

« Dents

+  Corrosion defects

The effects of residual stresses and geometric imperfections have been implicitly accounted
for in the criteria discussed in this Chapter. However, if the fabrication tolerance is violated, or
dents and significant corrosion defects are found in in-service structures, repair and additional
strength analysis are necessary. For pressure vessels, pipelines and risers, criteria for
pressurized cylinders under combined external/internal pressure, axial force and bending are
given in Bai (2001), among other references.
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11.2 Elastic Buckling of Unstiffened Cylindrical Shells

11.2.1 Equilibrium Equations for Cylindrical Shells

Figure 11.3 shows an infinitesimal element of a shell with its associated stress resultants from
the membrane and bending actions. Considering equilibrium in the axial, circumferential, and
radial directions, the following equations may be obtained:

N, N,

Lateral load-carrying
due to Ng

Figure 11.3  Shell Stress Resultants

raNx+aN0(:0 (111)
o 96
pONw  ONo_ (112)
x 00
vw=tlprn EWs Iy, o Ly o 1, (11.3)
D\ P TN Y N %00 T 7 e T Y '
where,
N,=0,
Ny =Ng =04t (11.4)
N, =0t




216 Part Il Ultimate Strength

The plate stiffness, D, is given by:

3

Dzlzft . (11.5)
i -V )

The pressure, p, is positive outwards. Note the similarity between Eq. (11.3) and the
corresponding expression for plate equilibrium by substituting:
0 105 17

oy ro0ay o0

(11.6)

The only new term is N, /r, which represents the lateral component of the circumferential

stress. Thus, unlike plates, cylindrical shells can carry lateral loads by pure membrane action
and no bending. This is a very efficient property, but at the same time, this makes shells
sensitive to buckling.

Egs. (11.1) thru (11.3) form a coupled set of three non-linear equations with four variables--

N,,N,, N,, and w. By introducing the kinematic and constitutive relationships, and

applying the operator V, Eq. (11.3) may also be written as,
V‘(N w2 Fw I ale Et §'w

+=Ny——+—
ox a6 7N g

- 2 4

Dr* 9x (1.7
which is also known as Donnel's equation.
11.2.2 Axial Compression

Consider a cylinder subjected to an axial compressive load, P. If the end effects are neglected,
the following assumptions apply:

P
N.=——, Nw=Ng=0 (11.8)
2mr

Introduction of these values into Eq. (11.7) gives:

4 2
Dytw+EL2 W+iv‘[—a W):o (11.9)

r" ax4 2mr 6x2

The solution to this differential equation takes the form:
w:(s(sinﬂl’ﬁjsinne (11.10)

where m is the number of half waves in the longitudinal direction and n is the number of entire
waves in the circumferential direction, which gives:

_ 7'E A% (m2+h_2)2 12 72 mz
6'5_12‘1—1/2;(7)[ m " P (mz+ﬁz)2 (1D

where Z is the Batdorf parameter,

2
z:’—t\/il—.}i (11.12)
14
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and

n= (11.13)
mwr

The solution to Eq. (11.11) may be expressed as:

2E (Y
v =k —F = 11.14
ox=k, I_Z(i——vz)( lj ( )
For cylinders of intermediate length, a close estimate of the smallest critical load may be
obtained by analytically minimizing Eq. (11.11) with respect to the following quantity:

m +n’ ’
m
Then, the minimum is found to be:

2,2 2
(”’—L) =2‘/§Z (11.15)
V4

m

which gives the following critical load,

» 2
r E I 4\/
‘= - =0, 11.16
T xE 12(1__‘,2)(1) Tel ( )

This is the classical solution for an axially compressed cylinder. It should be noted that m and
n are treated as continuous variables (for diamond-shaped bulges) in the minimization process
while they are actually discrete quantities. The correct values can be found by trial and error.

For short cylinders, the buckling mode will be asymmetric with m=1 and n=0, which is plate-
like buckling. The following buckling coefficient may be obtained:

k. =1+12—f~ (11.17)
¥4
is valid for:
=285 (11.18)

2f

For long cylinders, column buckling is a potential collapse mode, and the buckling stress is
expressed by:

2 2 2
/4 El b4 E(r
TE Alz 9 (1) ( )

11.2.3 Bending

In elastic region, studies carried out in this field indicate that the buckling stress in bending is
closc to that for buckling in axial compression for all practical purposes, see Timoshenko and
Gere (1961). It is more complicated to analyze cylinders subjected to bending because,

« The initial stress distribution is no longer constant around the circumference.
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o The pre-buckling deformations of cylinders are highly non-linear due to ovalization of the
cross-section.

Brazier (1927) was the first researcher who derived elastic bending moment and cross-
sectional ovalization as a function of curvature in elasticity. He found that the maximum
moment is reached when critical stress is

o =033 £ (11.20)

r

However, in plastic region, the buckling strain for cylinders in pure bending may be
substantially higher than that given by plastic buckling theory for cylinders in pure
compression. Many researchers have been trying to derive mathematical solutions for inelastic
cylinders in pure bending (see Ades, 1957 and Gellin, 1980). Unfortunately no one has been
successful so far.

The effect of boundary conditions may also play an important role affecting buckling strength
of un-stiffened short shells under bending. The shorter the cylinder, the higher the buckling
strength is. This is because pre-buckling deformation, which is less for shorter cylinder, may
reduce shell buckling strength. When the length of the cylinder is long enough, the bending
strength may be close to those given by Beazier (1927), Ades (1957) and Gellin (1980).

11.2.4 External Lateral Pressure

In the pre-buckling state, the external pressure sets up compressive membrane stresses in the
meridian direction. Retaining only the linear terms in Eq. (11.3):

Ng=—-pr (11.21)
Introducing Eq.(11.21) into Eq. (11.8) yields the following stability equation:

Etg'w 1 'w
DV3W+7ax4+;pV4(Waez =0 (11.22)

The displacement function is of the same form as the axial compression. Introducing Eq.
(11.22) yields:

__p_ rn'E 52 (1+ﬁz)2 12 72
O = t_lz(l_vl)(1)|: =) +”4’_12(1+ﬁz)Z (11.23)

where one axial wave (m = 1) gives the lowest buckling load. The last term is interpreted to be
the buckling coefficient, k,. The smallest value of k, may be determined by trial. If 7 is

assumed large (>>1), analytically minimizing Eq. (11.23) gives:

4\/6‘/;

3x

ko= (11.24)

The approximate buckling coefficient valid for small and medium values of Z now reads:

27
ko=4[1+25 (11.25)
3n

The first term is identical to the buckling coefficient of a long plane plate. When Ur
approaches infinity, Eq. (11.23) reduces to:
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Long cylinders fail by ovalization for which n = 2 and the above equation yield to elastic
buckling stress for pipelines and risers under external pressure.

11.3 Buckling of Ring Stiffened Shells

This section discusses the ultimate strength of cylindrical shells strengthened by ring frames,
which are subjected to axial compression, external pressure and their combinations. The
formulation deals with shell failure. For the stiffener design, separate consideration should be
given against general stability and torsional instability, see Ellinas (1984).

11.3.1 Axial Compression

The potential failure modes for ring stiffened shell under compression are:

- Un-stiffened cylinder or inter-ring shell failure (axi-symmetric collapse & diamond shape
collapse)

- General instability
- Ring stiffener failure
« Combination of the above

Due to the catastrophic consequence, the failure mode of general instability failure is avoided
by placing requirements on stiffener geometry (such as moment of inertia) in design codes.
Design codes require that the buckling stress for general instability be 2.5 times of that for
local panel buckling.

Once general instability failure is suppressed, ring stiffener failure is unlikely to occur in ring-
stiffened cylinders. However, tripping of the ring stiffeners may possibly occur in conjunction
with general instability, weakening the strength against general instability. Therefore,
geometric requirements are applied to ring stiffeners to avoid the interaction of tripping and
general instability.

In the following, formulation is given for the 1*' failure mode listed in the above: un-stiffend
cylinder failure. Balint et al (2002) proposed to use the format of Batdorf for elastic buckling
of perfect cylinders:

2 2
atlx = ka z E 2 —t_ ( l 127)
120-vH)\ L,

where the buckling coefficient &, is a function of geometric parameter A, (Capanoglu and
Balint, 2002):

150
k = Jl+— M) 11.28
xL ‘\/ D/l (axl‘) ( x) ( )
and where
M = L (11.29)
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and where L_is the ring spacing. The coefficienta,, may be expressed as (Capanoglu and
Balint, 2002):

-2 (11.30)

[300+ D/

axL

Eq.(11.27) will yield to buckling stress for flat plate when the plate curvature is small. This is
an advantage over the critical buckling siress equation for long cylinders used in API Bulletin
2U and APIRP 2A.

Inelastic buckling strength may be estimated using plasticity correction factor presented in
Part II Chapter 10.

11.3.2 Hydrostatic Pressure

General

Three failure modes may possibly occur for ring stiffened cylinders under external pressure:
» Local inter-ring shell failure

« General instability

« Ring stiffener failure

For ring-framed cylinders subject to extemal hydrostatic pressure, BS5500 (1976) and
Faulkner et al (1983) combined elastic buckling stress with Johnson-Ostenfeld plasticity
correction factor, that was presented in Part II Chapter 10. It is noted that about 700 model
tests, with geometries in the range of 6 < R/t < 250 and 0.04 < L/R < 50, lie above the so-
called 'guaranteed’ shell collapse pressure predicted by this formulation. The bias of the mean
strength for this lower bound curve is estimated to be 1.17 and in the usual design range the
COV is estimated to be 5% (Faulkner et al, 1983).

Local Inter-Ring Shell Failure

The best known solution for elastic buckling of the unsupported cylinder is that due to Von
Mises which is given by (see Timoshenko and Gere, 1961)

Et o
o= R ! L #—Hvﬁ) (11.31)
L 1(mY LY 12R(1-17) L ’
[
R

minimized with respect to n (circumferential mode number).

Windenburg (1934) minimized the expression with respect to n, the number of complete

circumferential waves or lobes. By making further approximations he obtained the following

expression for the minimum buckling pressure:
_ 0919E(¢/R)

L= DOPEU/R) (11.32)
L/(Re)% -0.636

Eq.(11.32) is invalid for very small or very large values of L/ (Rt)}é , but in the design range
its accuracy is sufficient. The analysis assumes the cylinder is pinned at non-deflecting
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cylindrical supports. More refined analyses are now available which, for example, consider
the influence of the ring frames on the deformations before and during buckling. These
analyses show that p, becomes inaccurate for closely spaced frames. Nevertheless, the Von
Mises expression is still widely used because it can be represented in a relatively simple form
and it is in most cases only slightly conservative.

General Instability

Due to the catastrophic post-collapse characteristics associated with this failure mode, design
codes require the effective moment of inertia for the ring stiffeners with associated shell
plating to be sufficiently high so that the ratio of general and local elastic buckling stresses is
1.2 (e.g. ASME (1980) Boiler and Pressure Vessel Code).

Ring Stiffener Failure

Ring stiffener failure may occur as torsional buckling or tripping of the stiffeners, seriously
weakening the resistance of the shell to general instability. Therefore, design codes specify
requirements on the ring stiffener geometry to prevent this type of failure from occurring.
Imperfections in the form of lateral deformations of the ring stiffeners may have a strong
detrimental effect in reducing the stiffener’s resistance to torsional buckling. Similar to
tripping of stiffened plates, fabrication tolerance has been established on such imperfections.

11.3.3 Combined Axial Compression and Pressure

The strength of ringer stiffened cylinders under combined axial compression and external
pressure may be expressed as:

[l] +(LJ <1 (11.33)
o, Phe

Recommendations by various codes are found differing widely, ranging from the linear
interaction (m = n = 1) recommended by ECCS (1976) to a circular one (m = n = 2) required
by DNV (2000). The ASME Code Case N-284 suggests a combination of straight lines and
parabolas that appears to agree quite well with test data. Das et al (2001) suggested that the
parabola (m = 1, n = 2) offers the best fit to available data and is very close to the ASME
recommendations.

11.4 Buckling of Stringer and Ring Stiffened Shells

11.4.1 Axial Compression

General

This section is based on simplifications to Faulkner et al (1983), Ellinas (1984), Das et al
(1992) and Das et al (2001). Stinger-stiffened cylinder buckling is usually the governing
failure mode. Other failure modes such as local panel buckling, local stiffener tripping and
general instability may also occur, see Ellinas (1984). In many practical design situations,
buckling of stringer and ring stiffened shells is assessed as buckling of stiffened plates using
formulation presented in Part IT Chapter10.
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Local Panel Buckling

Similar to Eq. (10.19) in Section 10.3, the elastic buckling strength of axially compressed
cylindrical panels may be expressed as

7’E (LJ (11.34)

o, =k
£ N -vA ) L

where L _is distance between adjacent stringer stiffeners. Buckling coefficient &, is a function

of the geometrical parameter M, =L /~Rt, and may be taken as 4 when M <1.73.
Capanoglu and Balint (2002) proposed to use the following equation for the geometric
parameter & :

k, = 4a,[1+0.038M, -2)°] (11.35)

The plasticity correction factor ¢ in Section 10.1.6 may then be used to derive inelastic
buckling strength.
Stinger-Stiffened Cylinder Buckling

The elastic stress for column shell combinations may be estimated as:
O.E :O.co! + pso.s
where p, is Shell Knockdown factor, to be taken as 0.75.

The elastic stress for column:
niEl
o = e _ (11.36)
“ 1A, +s,,2)

where S, is the effective width of shell plating and /, is effective moment of inertia. The
elastic critical stress for unstiffened shell:

0.605E--
_ R

o= (11.37)
1+—
st

ew

The inelastic buckling stress o, may be calculated using plasticity correction factor ¢ in
Section 10.1.6.

Local Stiffener Tripping

When the torsional stiffness of the stiffeners is low and the shell skin D/t ratio is relatively
high, the stiffeners can experience torsional instability at a stress lower than that required for
local or orthotropic buckling. When the stiffener buckles, it loses a large portion of its
effectiveness in maintaining the initial shape of the shell. This reduction in lateral support will
eventually lead to overall shell failure. Much of the load carried by the stiffener will then be
shifted to the shell skin. Therefore, restrictions on the geometry of the stiffeners are applied in
the design codes to avoid this failure mode. The restrictions on the geometry of the stiffeners
are similar to those used for stiffened plates. Out of straightness of the stiffeners can result in a
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reduction of the load carrying capacity, as effect of initial deflection on column buckling.
Therefore fabrication tolerance is applied to the stiffeners.

General Instability

General instability involves buckling of both the stringer and ring stiffeners together with the
shell plating. Due to the catastrophic consequences this failure mode may result in, restrictions
are applied in the design codes on the second moment of inertia for the ring stiffeners. Such
restrictions are to assure that the buckling strength for general instability mode is 1 to 4 times
of that for stringer-stiffened cylinder buckling.

11.4.2 Radial Pressure

External pressure may be applied cither purely radially, known as “external lateral pressure
loading”, or all around the shell (both radially and axially), known as ‘“‘external hydrostatic
pressure loading”. Potential failure modes include:

» Local buckling of the panels between stringer stiffeners,
« Stringer buckling,

« General instability,

« Local stiffener tripping,

« Interaction of the above failure modes.

The formulation for collapse pressure p,, may be found from API Bulletin 2U (1987) and
Das et al (1992, 2001).

Balint et al (2002) modified the formulae in API Bulletin 2U (1987) and suggested the
following elastic buckling equation:

op =k z'E L 2
£ - L,
(11.38)

Capanoglu and Balint (2002) proposed to use the following equation for the geometric
parameter k,:

272 2
P aa[l+(L,/L:)} L, oou; 2 (11.39)
L/L, 0.5[1+(z, /1L,)]

where the imperfection parameter o, may be taken as 0.8. The plasticity correction factor ¢ in
Section 10.1.6 may then be used to derive inelastic buckling strength.

11.4.3 Axial Compression and Radial Pressure

A simple interaction equation for the strength of stringer and ringer stiffened cylinders under
combined axial compression and extemal pressure may be expressed as:

(l} +[L) <1 (11.40)
o-r phc
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where ¢ and p are applied axial compressive stress and radial pressure respectively. Ellinas et
al (1984) recommended that m=n=2. A more refined interaction equation for the combined
axial compression and radial pressure may be found in Das et al (1992, 2001). The accuracy of
the above equations, as compared to mechanical tests and other design codes is given in Das et
al (2001).
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Part 11
Ultimate Strength

Chapter 12 A Theory of Nonlinear Finite Element Analysis

12.1 General

A variety of situations exist, in which a structure may be subjected to large dynamic loads,
which can cause permanent deformation or damage to the structure. Therefore, structural
dynamics and impact mechanics have an important role in the engineering design.

Earlier investigations on structural impacts have been well described by Jones (1989). The
development of theoretical methods for impact mechanics has been aided by an idealization of
real complex material behavior as a rigid perfectly plastic material behavior. These methods
are classified as rigid-plastic analysis methods. Theoretical predictions based on rigid-plastic
analyses may give some important information about the impact plastic behavior in a simple
form. The results are often in good agreement with the corresponding experimental results.
However, it is difficult to make a more realistic modeling of the plastic deformations because
they are interspersed with elastic deformation. Plastic flow causes a change in shape and sizc,
and the plastic regions may disappear and re-appear. The structure may invoke strain
hardening as well as strain-rate hardening when it is yielded due to time dependent loading.

General solutions for arbitrary types of structures subjected to arbitrary impacts can be
obtained by numerical methods such as finite element methods. Considerable progress has
been made in both the theoretical aspects as well as in the development of general purpose
computer programs for dynamic plastic analysis. Unfortunately, there is insufficient
theoretical knowledge on the effect of strain-rate on material properties and on consistent
constitutive modeling of plasticity. Bench mark tests using a number of well known computer
programs require substantial computer speed and capacity and show that only a few programs
can give reliable solutions (Symonds and Yu, 1985). In addition, such programs are not
particularly well-suited and convenient to use for analysis of complex structures. Therefore,
there is a demand for numerical analysis procedures, which can be used to simulate impact
behavior of frame structures with large displacements and strain hardening as well as strain-
rate hardening.

This chapter presents a simple and efficient procedure for large displacement plastic analysis
of beam-column elements. The elastic stiffness matrix is established by combining a linear
stiffness matrix (Przemienicki 1968), a geometrical stiffness matrix (Archer 1965), and a
deformation stiffness matrix (Nedergaard and Pedersen, 1986). Furthermore, the effect of
plastic deformation is taken into account in an efficient and accurate way by the plastic node
method (Ueda and Yao, 1982, Ueda and Fujikubo, 1986, and Fujikubo et al/, 1991). In the
plastic node method, the distributed plastic deformation of the element is concentrated to the
nodes using plastic hinge mechanism. The elastic-plastic stiffness matrices of the elements are
derived without requiring numerical integration.
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The objective of this chapter is to present a theoretical formulation for the modeling of strain-
rate hardening effects, and show how these effects can be implemented into three-dimensional
finite beam-column elements. The finite beam-column element is ideally suited for the impact
analysis of frames with large displacements, strain hardening, and strain-rate hardening. The
accuracy and efficiency of the element is examined by comparing the present results with
those obtained from experiments by others, rigid-plastic analyses, and from existing finite
element analysis results, see Part II Chapters 13 to 15. For the fundamental theory of finite
element analysis, the readers may refer to Przemieniecki (1968), Zienkiewicz (1977), Bathe
(1987), among many other books. To understand plasticity used in the section on the plastic
node method, some basic books such as Save and Massonnet (1972), Yagawa and Miyazaki
(1985), Chen and Han (1987), Chakrabarty (1987) may be helpful. To aid the understanding of
the plastic node method, a basic theory of plasticity is presented for finite element analysis of
solids, based on Yagawa and Miyazaki (1985).

Part of the formulation presented in this Chapter appeared in Bai and Pedersen (1991) and
Fujikubo et al (1991). The new extension is to account for the effect of strain-rate hardening
for dynamic analysis.

12.2 Elastic Beam-Column With Large Displacements

The element has three translational displacements «,,u, , and u, and three rotational
displacements 9x,9y, and 6,, see Figure 12.1.
1
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Figure 12.1 Three-Dimensional Beam Elements with Nodal Forces

These displacements are interpolated by using a polynomial interpolation of functions, which
are associated with the Timoshenko beam theory. A generalized strain vector is subsequently
established in the form:
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where ( )I =d/ds and s denotes the axial coordinate of the element.
A generalized elastic stress vector { o } is expressed as:
{do}=[D;]{de}
{o}={F, F, F, M, M, M [ (12.2)
[D;]=|E4, 64, G4, GI, GI, GI, |
where E is Yong’s modulus ,G the shear modulus, 4, denotes the area of the cross-section,
A,,and 4, denote the effective shear areas, /,and 7, are moments of inertia, and 7, denotes

the torsional moment of inertia.

Applying a virtual work principle, we obtain:
{oau{' (£} +{ar )= [{odeNio}+{doas (12.3)

where L is the length of the element, {u°} is the elastic nodal displacement vector, and the
external load vector is {f}. Substituting the strains and stresses defined in Eqs. (12.1) and
(12.2) into Eq.(12.3), and omitting the second order terms of the displacements, we get (Bai
and Pedersen, 1991):

[k Y™} = fax} (12.4)
where,

[k ] =k, ]+ g 1+ ko] (12.5)
and

{axf= {7} + far} - Qo D+ [k Dl (12.6)
The matrix [k,] is a standard linear stiffness matrix (Przemieniecki, 1968), [k,] is a

geometrical stiffness matrix (Ancher, 1965), and [k,] is a deformation stiffness matrix
(Nedergaard and Pedersen, 1986).

12.3 The Plastic Node Method

12.3.1 History of the Plastic Node Method

The Plastic Node Method was named by Ueda ef al (1979). It is a generalization of the Plastic
Hinge Method developed by Ueda et al (1967) and others. Ueda and Yao (1980) published
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the plastic node method in an international journal, and Fujikubo (1987) published his Ph.D.
thesis on this simplified plastic analysis method.

Fujikubo (1991) further extended the theory of plastic node method to account for the effect of
strain hardening. In the following sections, the existing theory is further extended to account
for the effects of strain-rate hardening.

12.3.2 Consistency Condition and Hardening Rates for Beam Cross-Sections

For a beam-column element with strain hardening and strain-rate hardening, the yield
condition of its cross-section is expressed as:

s =Yo-a)-oofe7.57)-0 (127

where Y is the yield (full plastic) function, { & } represents the translation of the yield surface
due to kinematic hardening, and ¢, is a parameter expressing the size of the yield surface. The

vector {« } has the same dimension as the generalized stress and is expressed as:

{a}= {‘Zﬁ‘ a[:v a[z amx amy amz }T (128)

Due to isotropic hardening, the yield surface is expanding as the plastic deformations increase.
This expansion of the yield surface is expressed by the stress parameter o,, which is a

function of the generalized equivalent plastic strain £” and of the plastic strain-rate 7. The
equivalent strain £°is evaluated as a summation of its increments, which are defined as:

0,dE? ={o-a} {de’} (12.9)
where the increments of the generalized plastic strain are taken to be:

{der}={der der de? dx? dx? dx?} (12.10)
The equivalent plastic strain-rate, £” is defined as:

de?
dt

P =

(12.11)

where dt is an increment of time ¢.

The increment of the parameter o, due to isotropic strain hardening and that due to strain-rate
hardening are de-coupled to the simplest form.

do, = dg, (5" )+ dg,(¢7) (12.12)

where dg,(E d ) expresses the increment of the parameter o, for a beam cross-section due to

isotropic strain hardening and dgz(é ’ )dcnotes the increment of the parameter o, due to
strain-rate hardening. Similar equations were used by Yoshimura et a/ (1987), and Mosquera
et al, (1985).

The consistency condition for a yielded cross-section satisfying the yield condition Eq.(12.7)
is expressed as:

df={jia} {dcr}—{gf;} o)~ e - s g o .
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Here, we introduce a kinematic hardening rate A, and an isotropic hardening rate H; for the
full plastic cross-sections, which are defined by:

H;, ={of foc) {da}/dz” (12.14)
and
H,, =dg,[dE’ (12.15)

Similarly, a strain-rate hardening rate A for the full plastic cross-section is defined as:

H' =dg,/dE’ (12.16)
With these definitions, the consistency condition Eq. (12.13) may be rewritten as:
AN
a'f={a—} l{do}-(H!, + H' )&* —H' dE" =0 (12.17)
o

The subscript "s”" in Eqs. (12.14) thru (12.17) indicates generalized values related to the full
beam cross-section. To avoid confusion, the kinematic and isotropic material-hardening rate
obtained from uni-axial tests is denoted by H, and H, respectively.

Introducing a linear interpolation for d&?, we obtain:

ds? = &, 0t + ()1 - O)at (12.18)
where @ is a parameter, which will be taken as 1/2 in the numerical examples.
From Egq. (12.18), we find:

&0 Gea) = [dz? — (1 - 0)E |/ (Gar) (12.19)
Then the increment of the equivalent plastic strain-rate d&” may be estimated as:
dE? =&l &) =|dE? - Ebar/(adr) (12.20)
For simplicity, in the following equations, the subscript "t" will be omitted.

Considering Eq. (12.20), the consistency condition Eq. (12.17) is rewritten in the form:
df ={of foo} {do}-(H!, + H!, + H' [(@dt))dE” +[H! [8)E* =0 (12.21)

ki

in the following, the hardening rates H;, H,,and H in Eq. (12.21) will be discussed.

si?

The isotropic hardening rate for the cross-section is evaluated as follows. Following Ueda and
Fujikubo, (1986) and Fujikubo et al, (1991), the increments of the generalized stress due to
isotropic hardening are estimated to be:

{do}=[HYae" ) (12.22)

and the matrix [H J'i]is obtained by first deriving a relationship between the stress increments
and the plastic strain increments for points and after integrating those stresses over the cross-
section. If we use the Von Mises yield criteria and neglect the interaction between shear stress
and axial stresses Eq. (12.23) is obtained:
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(H1)=|Hi4, HI 4, /314,311, /30,1, H1,] (12.23)

Considering fin Eq. (12.7) as a plastic potential and applying the flow theory of plasticity, we
may obtain:

{de, }=cdE, {i’f—} (12.24)
oo

where

c=0,/lc-a)"{5r/05)) (12.25)

The increment of the parameter o, due to isotropic strain hardening is defined as:

dg, ={of /oo {do} (12.26)

Substituting Eqs. (12.24) and (12.22) into Eq. (12.26), the isotropic cross-sectional strain
hardening rate defined in Eq. (12.15) is given as:

H = c{l} [H;,.]{—ai} (12.27)
Jo oo

The kinematic hardening rate for the cross-section will be derived using a similar approach.
The yield surface translation increment {da}can be obtained by using Ziegler's rule and the
Mises yield criteria (Fulikubo ez al, 1991):

{da}=[H!, fde"} (12.28)
where [H ,’k] used in the present chapter is taken as:
(7, )=|H; A, H, A, /3H; 4,/3H; 1, /3H;1 H,1,) (12.29)
Substituting Eqs. (12.24) and (12.28) into Eq. (12.14), we obtained:
S 1 A }
H!, =e{—} [H, k= 12.30
sk {aa} [ sk do ( )

Finally, we shall determine the strain-rate hardening rate for the cross-sections. The increment
of the parameter o, due to strain-rate hardening is estimated by use of a constitutive equation

that expresses the relationship between g,and the equivalent plastic strain, For instance, the
Cowper-Symonds constitutive equation is expressed as (Jones, 1989):

oo =0, 1+ /D) (1231)
where o, is the yield stress and £/ denotes the plastic strain-rate for a point. Values of D and
q that are often used are the following:
for mild steel D=40.4 sec™ q=5
and for aluminum alloy D= 6500 sec™ q=4
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Eq. (12.31) was obtained for uni-axial stress tests. It is assumed that this equation is still a
valid approximation when it is applied to multi-axially loaded beam cross-sections. Eq.
(12.31) becomes:

gz(?”)=Ny[1+(3"/D)'/"J (12.32)
where N, = 4.0,

Using Eq. (12.32), the strain-rate hardening rate defined in Eq. (12.16) may be given as:

1
H' =N, (E”/Di?'] /q (12.33)
12.3.3 Plastic Displacement and Strain at Nodes

The plastic deformations of the element are concentrated at the node in a mechanism similar to
the plastic hinge. Referring to Eq. (12.7), the yield condition at the node is expressed as:

F=Y(lo —a})-0,(7.87)=0 (12.34)

where the subscript "i", denotes values at the node No. i. From Eq. (12.21), the consistency
condition for node i is expressed as:

dF g\ {ax}-[H!, + H!, + H' /(6d!)].dE7 +a, =0 (12.35)
where,

{:}={oF, /ox} (12.36)

a; =[H,/6) 2" (12.37)

where {x}is the nodal force vector.

Applying the plastic flow theory, the increments of plastic nodal displacement of the element
due to plasticity at node i, are estimated as (Ueda and Yao, 1982):

{du? }=drig,) (12.38)
where d A, is a measure of the magnitude of plastic deformation.

In the following paragraphs, we shall establish a relationship between d&” and dA, using a
plastic work procedure (Ueda and Fujikubo, 1986 and Fujikubo et al, 1991). The increment of
the plastic work done at the plastic node "i" is expressed as:

dw? = {x)" {du? }= {(x)7{g, Jd2, (12.39)

The increment of the plastic work done in the actual plastic region around node 1 is evaluated
as:

v

dw?" = '[,, {O'}T {de”}ds = LC{O'}T {%}de’"’ds (12.40)

From Eq. (12.21) the increment of the equivalent plastic strain at a coordinate s, can be
expressed as a function of the value at node i in the form:

dg? = g(s)dE? (12.41)
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where,

)2 L+ 1o 1, (00, of o0} o} (1, [6)6”
H} +H +H, /(6dt) {of,/00,) {do }+ (H., [6),27

substituting Eq. (12.41) into Eqgs. (12.40) and (12.42) is obtained:

dw?" = dg! [ clo) {%} g(s)ds (12.42)

gls

Equating the plastic work increments dw/ in Eq. (12.39) and dwi”. in Eq. (12.42), Eq. (12.43)
is obtained:
de? = h.dA, (12.43)

where,
h=by Y [elo) {L et (1249

A simpler alternative approach for determining the strain-hardening rate at a plastic node is to
establish relationships between the plastic nodal displacements and the generalized plastic
strain vector at the node in the form of:

{dEip}: {duiy}/l‘di = {¢i}d’1i/l‘di (12.45)
where L, denotes an equivalent length of the plastic region.

The increment of the equivalent plastic strain at the node can be evaluated by substituting Eq.
(12.45) into Eq. (12.9) and obtain Eq. (12.43):

h; = {Gi -a; }T {¢i}/(Ldiaoi) (12.46)

Integration along the axial axis of the element becomes unnecessary when Eq. (12.46) is
applied to calculate d¢/ instead of Eq. (12.44). This results in an extremely simple numerical

procedure. Unfortunately, the actual regions where the plastic flow occurs, causes a change in
shape, size, and may disappear/re-appear. Evidently, the equivalent length of the plastic region
for each stress component should be different and considered to be a function of time.
However, for simplicity, we would like to find a constant value that will provide adequate
approximations. Then length L, can simply be approximated as:

L, =ay,H (12.47)
or
Ly=a,lL (12.48)

where «;,and «, are coefficients, H is the diameter for a circular cross-section or a width (or

height) for a rectangular cross-section, etc. This approach will be used in the case where a
structural member is modeled by only one element. Substitution of Eq. (12.43) into Eq.
(12.35) gives:

dF, ={g, " {dx}- H A, +a; =0 (12.49)
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where,

H, = [ + 1+ 1 f @) (1250)

12.3.4 Elastic-Plastic Stiffness Equation for Elements

When both nodes 1 and 2 are plastic, the following matrix equation may be established from
Eq. (12.49):

[@] {ax}-[r"da}+ {4} =0 (12.51)

where,

[‘D] = [{¢1 } {¢z }]

[1']=[H,, H.,] (2x2 diagonal matrix)

{da}={da, da,}’

and
{a}={a, a,}

From Eq. (12.38), the increments of the plastic nodal displacement {du” }are given as:
{du?}=[@}dr} (12.52)

The increments of the total nodal displacement {du}are expressed by the summation of the
elastic and plastic components as:

{au} = fau® }+ {au | (12.53)
Substitution of Eqs. (12.52) and (12.53) into Eq. (12.4) gives:

[k Katu} - [@Kar}) = {ax} (12.54)
Solving Eqgs. (12.51) and (12.54) with respect to {dll} we obtain:

=]+ o] [k, Jo)) (@] [k, Hau} + {4) (12.55)
substituting {dﬂ} into Eq. (12.54) gives the elastic plastic stiffness equation:

[k, Hau} = {ax}+fax | (12.56)
where,

ko= [k, - [ Nl (1) + (@] [k, J(@]) [T [k ] (12.57)

far} = Nlo Nl 1+ o [k, ol (4 (12.53)

If the sign of {dA, }or {dﬂz}is found to be negative, unloading occurs at the plastic node and
the node should then be treated as elastic. It is noted that the effects of large displacements and
strain hardening as well as strain-rate hardening have been taken into account in the derived
elastic-plastic stiffness equation.
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12.4 Transformation Matrix

In this section, a new transformation matrix [7,] is described, which transfers element

displacements measured in the global coordinate system XYZ to element displacements
measured in the local coordinate xyz, at time ¢. The transformation matrix is evaluated as

[7.]=[ar]z, - at] (12.59)

where [T, —da] is a matrix, which transfers the element displacements to the local coordinate

system at time {-dt. [AT ] is a matrix that transfers the element displacements measured in the
local coordinate system at the time ¢-dt to the local coordinate system at time ¢.

|
l
l
l
}(du,z -du,,)
I
|

Xq-an

. /
O } / {dugz-dug)
\_ Y/

(L«.-dtNEz -duy, )

Zi-at

Figure 12.2 Transformation Matrix

The transformation matrix [AT] is composed of submatrices [#] which transform the
displacement vectors. The submatrix [¢¢] is evaluated as:

[e]=t. 1+ [, ] (12.60)
where,

10 0
[ta]=0 cosa sina

0 -sina cosa

- 12.61
[ cos Bcos@® sin  sinfcosé ( )

[tb]= —cos f3sin@ cos@ —sinfBsinb
—sinf} 0 cos 8
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By considering the increments of nodal displacement from time ¢-dt to time ¢, measured in the
local coordinate system at time ¢-dt, we obtain:

sin B = (duzz —du, )/Ll
cos B = (Lt—dl +du,—du, )/Ll

sin6 = (du, —du , )L, (12.62)
cos@ =1L,
where,
i
L= [(L,_d, +du, —du, ) +(du,, —du:,)zF .

1
2 2
L,= [Ll +(a'uy2 —a'uyl) F
L,_, 1s the distance between nodes 1 and 2 at time s-dt. Furthermore, the angle o is calculated
as:

a= %[tbn (@6, + d0x2)+ tblZ(dgyl +d0, )+’b13(d9z| +do,, )] (12.64)

12.5 Appendix A: Stress-Based Plasticity Constitutive Equations

12.5.1 General

This appendix is written based on a Japanese book authored by Yagawa and Miyazaki (1985).
When the formulation presented in this chapter was made, the author had been inspired by this
book and Yamada (1968). The objective of this Appendix is to describe the basics of plasticity
that may be useful to help understand the mathematical formulation presented in the main
body of this chapter.

In the uni-axial tensile test, when the stress is small, the material behavior is elastic. The
proportional constant £ is Young's modulus. If the load is released, the stress will become 0,
and the matenal will return to its original condition. On the other hand, when the stress
exceeds a limit, permanent deformation may occur. The permanent deformation is called
plastic deformation.

Figure A.l shows a typical stress-strain diagram of metallic materials. The material is in
elastic behavior range until the yield point 4, and the stress o and straing are in proportion.
This proportion relationship is called Hook’s law. After going over point 4, the gradient of the
stress-strain curve decreases, and the gradient, H'; is called tangent modulus. If unloading
occurs at point B, the stress will decrease along with B— C, which is parallel to OA. The
residual strain is called plastic strain, &” . On the other hand, the recovered strain

corresponding with CB’ is called elastic strain, £°. The total strain is the sum of the elastic
strain and plastic strain.

c=¢"+¢" (A1)

Figure A.2 shows the relationship between stress and plastic strain. The gradient A’ in this
stress - plastic strain curve is called strain-hardening rate. Referring to Figs. A.1, A.2, the
following relationship may be obtained.
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dg:io-,—=d£“+d5’=i1£+£g- (A2)
0 H
where Hy’ and H’ can be expressed as follow,
o EH, g EH_ A3
E-H, E+H

As shown in Figure A.3, when the stress is beyond the yield point of material, plastic strain
occurs; if the load is released after point B, and a compressive load is applied, the relationship
between stress and strain will follow curve BCD, and the material yields at a compressive
stress (point C) that is lower than its initial yield stress. This phenomenon is called
Bauschinger’s effect.

c
B
: do
V=8
HHo=ge
Gof------ A f
Yield position '
tan'E 5
C 'B'
O e €
€

Figure A.1  Stress and Strain Diagram

Go

0 @

Figure A.2  Curve of Strain Hardening

Although there is a one-to-one correspondence between stress and strain in the elastic region
as described by Hook’s law, this correlation does not exist in the plastic region. This means
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that if the strain is above a certain level, it i1s dependent on the deformation history along with
the stress. For an elasto-plastic solid, the incremental theory (or flow theory) is widely used to
account for the deformation history. However, for the simplification of calculation, the total
strain theory (or deformation theory) is also used when the finite element method is not
applied.

c
B
A
(0] €
C
/
D

Figure A.3  Bauschinger’s Effect

12.5.2 Relationship Between Stress and Strain in Elastic Region

The relationship between stress and strain in the elastic region can be repressed in a matrix
form as follows,

el v okl | "
[o*]=[c*]" '
where,
o, £,
O'y Sy
fo}= f = (A5)
T, Yy
To Y

For an isotropic material, lD"J, [CeJ are formulated with the Young's modulus, E, and
Poisson's ratio in the form,
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A S 0 0
1-v 1-v
A’ 0
1-v
E(1-v) 1 0 0
€ —v 1-2v
Df|= Y (A.6)
A = 0y B
1-2v
0
2(1-v)
1-2v
_ 20-v).
1 -v -v 0 0 0 W
- 0 0 0
1 1 0 0 0
cel== A7
] E 21+v) 0 0 (A7)
201+v) 0
I 2(1+v)]

In the elastic region, the relationship between stress increment and strain increment may be
written based on Eq.(A.4) as follow.

{4c}= lDekAE} or  {de}= lC" ]{Ao-} (A.8)
where, 4 is an increment.
12.5.3 Yield Criterion

The stress condition for the initiation of plastic deformation is called yield criterion and is
generally written as a yield function f.

fU,75,J5)=0 (A.9)
where, J,,J,,J, are the invariants and expressed as,

Jy=0,+0,+0,

J, = —(axo"v +o,0, +0'20'x)+ rfy + rfz +7k (A.10)

Jy,=0,0,0,-0,

2 2 2
T,—0,T, —0,T, +27,7,7,

The geometrical surface for the yield criterion in a stress space is called yield surface. Because
the first approximation of the yield function has no relation with the hydrostatic pressure for
the metallic materials, the yield criterion can be expressed as,

fVn)=0,  Ji=0 (A.11)

where, J',,J', ,J', are called the invariants of deviatoric stress as shown below,
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o,=0,~-0,, c,=0,-0,, c,=0,~0,,
c,+0,+0,
o, =——2 "% (A.12)
3
T,r) =T:y’ T_n = f),,, rz.r = rzx

The most widely used yield criterion for metallic materials is Mises’s yield criterion, in which
the function f in Eq.(A.11) is only expressed as a function of the secondary invariant of

deviatoric stress, J',.
[ =37, -0, (A.13)
where, o, is the yield stress for the uniaxial loading. Here, J', is,
J, = —(0';0; +o,0,+ 0';0;)+ T +TL 4T
= % [of +o0l+ol+ 2(1_'; +T2+T) )]% (A.14)
=é[(or, —ory)2 +(ory -0, )2 +(0, -0 ) +6(rfy +Th 4T )]

If the equivalent stress o is defined as,

7 o7 = [l o7 ot ol et e
- Lo -0} o, 0.} +lo. o) ol sz 4 e2 )

(A.15)

‘/ .
\Load surface

Initial yield surface

Figure A4  Isotropic Hardening Rule.
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Figure A.5 Uniaxial Stress and Strain Relation Based on Isotropic
Hardening Rule.

the yield criterion becomes,
o=0, (A.16)
the multi-axial stress condition can then be corresponded to the uniaxial stress condition.

When the stress is larger than the yield criterion of the material, the hardening and plastic
deformation occur, and the yield function /=0 must be satisfied. However, if f <0.
unloading occurs, the material is in elastic region.

12.5.4 Plastic Strain Increment

When plastic deformation occurs, the shape of yield surface may change following the

hardening rule. Here, the isotropic hardening rule and the kinematic hardening rule are
described in below.

Isotropic Hardening Rule

As shown in Figure A.4, in the hardening process, the size of the yield surface may increase
but no change to the position and shape of the yield surface. Figure A.5 shows the relationship
between uniaxial stress and strain. After loading along with the curve OYA4, and unloading to

point B, and then continue in reverse direction to point C, E=§E, BC >O0Y . If the strain
hardening is considered, the yield function in Eq. (A.13) becomes,

=43/, —ao='&—ao(2”) (A.17)
where, ¢ is the equivalent plastic strain, and may be expressed as,
e = jdE” (A.18)

dg” in the above equation may be estimated as below,
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|-

de’ = de" = \E[Agfz +4e" + deP +%(ij;2 +4yP + 4y )}
=£[(Agf —de?} +(ae? - 45} +(d8? - 257 (A.19)

3
3 12
+§(A7fyz + Ayl + Ay )}

If the plastic strain increment in uniaxial loading in x direction is defined as d¢”, and the
condition for incompressibility of plastic strain

de? + e} +de} =0 (A.20)

is used, the following equation may be obtained.

A P _ P _ Ab‘f A =4 = = 1
6‘y_Agz == 2 ’ 7xy_ 7yz_A7zx— (A2)

Substituting Eq.(A.21) into Eq. (A.19), we obtain,
dg” = Ag? (A.22)

This means that the increment of equivalent plastic strain is a conversion of the plastic strain
increment in multi-axia} stress condition to that of the uniaxial stress condition.

The plastic strain increment may be obtained from the flow rule. If the plastic potential is
defined as yield function f; the plastic strain increment is expressed as,

SIPS Ko SRR
{ae }_A/l{aa} A/lzg{o} (A.23)

where, yield function f'is expressed in Eq. (A.17). 4A(:>0) is a undetermined scalar constant,
and {o'} is a vector of deviatoric stress as below,

g

x
¥

n-1%: A.24
{o} . (A.24)

xy

27

¥z

27

zx

Eq. (A.24) means that the plastic strain increment is in the perpendicular direction of yield
surface, f=0 as shown in Figure A.6.
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Figure A.6 Flow Rule
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Figure A7 Kinematic Hardening Rule
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Figure A.8  Uni-Axial Stress and Strain Relation Based on Kinematic
Hardening Rule.

Kinematic Hardening Rule

In the kinematic hardening rule, although the size of yield surface does not change due to the
hardening process, the position of its center moves as shown in Figure A.7. The relationship
between stress and strain for a uniaxial stress case is shown in Figure A.8. From the relation

of YY = AC,BC<OY , the Bauschinger’s effect may be qualitatively expressed in the figure.



Chapter 12 A Theory of Nonlinear Finite Element Analysis 245

{Aag}(Ziegler)

Figure A.9  Move Direction of Center for Yield Surface

The yield function for kinematic hardening rule is defined as,
f=fo}-{a}) (A.25)

where, {@,} is the center of yield surface, and may be expressed as,

{ao}:

(A.26)

There are two ways to determine {ao }: Prager kinematic hardening rule and Ziegler kinematic
hardening rule.

{Aa0}= C{Ag"} : Prager (A.27)
{da,}= du(lo}—{a,})  :Ziegler (A28)

As shown in Figure A.9, Prager kinematic hardening rule moves in the direction perpendicular
to the yield surface; Ziegler kinematic hardening rule moves along the direction from the
center of yield surface {ao} to the stress point {o‘}.

From Eq. (A.25), the yield condition becomes,

o )=0a-0,=0 (A.29)
where,

{o.}=lo}-{a.} (A.30)

o« is the equivalent stress which considers the movement of yield surface, and is expressed
as below,
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A Rt e RS (s
+ (crz - az)‘ ("x - ax)}z

e i bt

By setting yield function fas the plastic potential, plastic strain increment may be expressed as,

g

{Ae”}zdl{@(}=dl—i-{a;} (A32)
0 204

where,
o, }=lo'}- o) (A33)
12.5.5 Stress Increment — Strain Increment Relation in Plastic Region
Total strain increment is the sum of elastic strain increment and plastic strain increment,
{ae}={ge"}+{ae" (A34)

On the other hand, the relationship between stress increment and elastic strain increment may
be expressed as below,

{40} =|D fae°} (A35)
Substituting this equation into Eq. (A.34), we obtain,
{40} =D [{ae}-{ae7}) (A.36)

If the associated flow rule according with the yield function and plastic potential are used, the
plastic strain increment {As"} can be expressed as,

PQE Az{i} (A.37)

oo
In general, the yield function / is a function of stress and plastic strain, and may be written as,

r=rlehier)) (A.38)
when plastic deformation occurs, the following equation may be obtained.

) ¥
af ={ZL N {do}+{-L} {de?l=0 .
7 ~{Z} (o} { L} o) (A39)
Substituting Eq. (A.37) into Egs. (A.36), (A.39), we obtain,

{4o}= [D’]({Ae}—zb‘t{g{;}) (A.40)

(v (g
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Eliminating {A cr} from Egs. (A.40), (A.41), 42 is obtained from the following equation,
o)’
=3 |D*|34
R ]{
NEARCAWE ARSI
o€’ oo 60 oo
Substituting Eq. (A.42) into Eq. (A.40), we obtain,
T
b HZ }{1} ]
=i lp]- {de)
{ { [ ] (A.43)
oe’ oo 60

=([p]+ D7 fae}

here, I_D"J is expressed as,

[Dp]~ _ [De]{%}{%}T [De] (A.44)
SRR |

and this must be considered when the material is in the plastic condition.

(A.42)

Substituting Eq. (A.42) into Eq. (A.37), the plastic strain increment is expressed in the
following equation.

(ot} b
{ae7}= - - (A.45)
_ _?f_} {zf_} N {QL} [De]{l}
oe® oo Jdo oo
In the process of plastic deformation, 44 in Eq. (A37) must have a positive value. Therefore,
by checking the sign of 424 in Eq. (A.42), the unloading condition can be detected.

12.6 Appendix B: Deformation Matrix

The deformation matrix [ko] is symmetric, nonzero terms are given below:

kp(1,2) = k,(7,8) = —k,(1,8) = —k,(2,7) = - p2(E4/L)G,, +8,,)/10 (B.1)

kp(1,3) =k (7.9) = k5 (19) =k, (3,7) = P} (EA/L)(6,, +6,, )10 (B.2)
ko (1,5)=~k,(5,7)=-a, + p?EA(- 46,, +6,,)/30 (B.3)
ky(1,6) ==k, (6,7) = ~a, + p2EA(-46,, +6,,)/30 (B.4)
ky(L11)= =k, (7,10) = @, + p2EA(6,, —46,,)/30 (B.5)
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kp(112) = =k, (7,12) = —a, + p2EA(6,, - 46,,)/30 (B.6)

where,

12.7

© N oo

12.

13.

14.

15.

n, =El,/(Ga,1?) n,=EL[(GA,L?) (B.7)
p, =\fl+12n,)  p, =1/(1+127,) ®.3)
a, =2p2Edn,(1+6n,)6, -6,,) B.9)
a, =2p}EAn,(1+6n,)6,, -6.,) (B.10)
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Part 11
Ultimate Strength

Chapter 13 Collapse Analysis of Ship Hulls

13.1 Introduction

In carrying out the limit state design of ship hulls, it is necessary to estimate the ultimate
longitudinal strength of hull girders. Furthermore, in order to estimate oil spills due to tanker
collisions and grounding, an investigation of the global dynamic behavior as well as the local
plastic response of the individual ship hulls is required.

The collapse strength of the ship huil is governed by buckling, yielding, tension tearing
rupture, and brittle failure of materials. Moreover, the strength against each failure mode is
influenced by initial deformations, residual stresses, corrosion damages, and fatigue cracks.
The complexity of these problems requires that the collapse response of ship hulls be
investigated by means of numerical procedures such as finite element methods (FEM).
However, traditional FEM requires a considerable amount of computer CPU and manpower to
prepare input data and to interpret output data. Consequently, their applications to hull strength
and collision problems are limited. Besides, the accuracy of these FEM methods is not always
guaranteed (Valsgérd & Steen, 1991).

During the last 35 years, several mathematical models have been applied to longitudinal
strength analysis of ship hulls. First, Caldwell (1965) introduced a plastic design method for
ships. He estimated the longitudinal strength of a ship hull based on the full plastic moment of
a cross-section. The effect of buckling is accounted for by reducing the load-carrying capacity
of compressed members. Mansour & Thayamballi (1980) considered torsional buckling of
stiffeners in their analysis.

Caldwell's method was further modified by Smith (1977) who proposed that the progressive
collapse of stiffened plates due to buckling and yielding can be included as stress-strain
relationships of fibers of the hull cross-section, while also considering post-buckling behavior.
In the Smith method, the hull section is discretized into stiffened panels and comer elements.
The prediction of load-shortening behavior of stiffened panels up to the post collapse region is
very important. Several algorithms for the modified Smith method have been applied based on
different formulas for plating effective width and beam-column.

The above mentioned methods are simple and accurate for prismatic ship hulls subjected to
pure bending. However, they are less accurate when other sectional forces and lateral pressure
present, because plane sections of hull girders are assumed to remain plane in the modeling.

Chen et al (1983) presented a general finite element approach for the collapse analysis of ship
hulls. Their approach is applicable to any type of loading and any type of structure, but it is
costly with respect to both computer CPU and manpower. Ueda ef a/ (1986) presented a finite
element procedure based on the Idealized Structural Unit Method (ISUM), which has been
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used, for the ultimate strength analysis of ship hulls by Paik (1991). This method leads to a
considerable reduction in the size of the mathematical model. Furthermore, Valsgird &
Pettersen (1982) and Valsgird & Steen (1991) developed a non-linear super-element
procedure, which can also model a complicated structure using only a few elements. So far the
ISUM method has not been applied to dynamic response analysis because geometrical
nonlinearities have been accounted for using empirical equations. It is difficult to derive
empirical equations for dynamic geometrically nonlinear analysis.

With regards to collision damages to ship hulls, there is an increasing international concern for
oil pollution from tankers due to different degrees of collision damage. Very little research has
been done on minor ship collisions, as opposed to the extensive investigations in the seventies,
which related to major collisions involving nuclear vessels. McDermott et al (1974) and
Kinkead (1980) presented simplified methods for analyzing local deformations of the struck
ships in minor collisions. Van Mater et a/ (1979) reviewed low-energy ship collision damage
theories and design methodologies. Ito et a/ (1984) conducted systematic large-scale static
tests and presented an excellent simplified method, which was used to analyze the strength of
double-hulled structures in collision.

The purpose of this chapter is to develop a procedure to enable the calculation of the ultimate
hull girder strength, which is as accurate as Smith's method (1977) is for pure bending. It is
based on a FEM approach, and the procedure may save manpower and computer CPU as
much as the ISUM and the super-element approach can do. Combining the plastic node
method (PNM) with the general FEM approach for geometrically nonlinear problems, the
present PNM approach may be applied to dynamic geometrical and material nonlinear analysis
that is useful for both ultimate strength and impact response analysis.

This Chapter first presents an accurate and efficient finite element procedure for the static and
dynamic collapse analyses of ship hulls. This procedure accounts for geometric and material
nonlinearities by combining elastic, large displacement analysis theories with a plastic hinge
model. A set of finite elements such as beam-column, stiffened plate, and shear panel are
developed. Secondly, mathematical equations for the estimation of ultimate moment and
moments interaction are then presented and discussed. Thirdly, the Smith method for hull
girder analysis is modified to account for the effect of corrosion defects and fatigue cracks.
These equations and analysis methods are then compared through ultimate strength analysis of
a couple of ship hull girders. Finally, practical applications to the ultimate longitudinal
strength analysis of ship hulls and response analysis of tankers involved in collisions are also
demonstrated.

This Chapter is based on Bai, Bendiksen and Pedersen (1993) and Sun and Bai (2001).

13.2 Hull Structural Analysis Based on the Plastic Node Method

The finite element formulation for the collapse analysis of ship hulls is described in the
following sections. The analysis is based on a standard beam-column analysis. This involves
formulations for the collapse of plates and stiffened plates, shear panel elements, and non-
linear spring elements.

13.2.1 Beam-Column Element

Figure 13.1 shows a three-dimensional beam-column element. It is a prismatic Timoshenko
beam, which has an arbitrary cross-sectional shape. An updated Lagrangian approach has been
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adopted for large displacement analyses. Arbitrarily large rotations but small strains are
assumed. Using the virtual work principle, we obtain (Bai & Pedersen, 1991):

[k Jdue } = {ax) (13.1)
where,
[k, =k, ]+ [k 1+ [, ] (13.2)

and where {d: } and {dx} are the increments of the elastic nodal displacements and nodal
forces. The elastic stiffness matrix [K, ] is composed of a linear stiffness matrix [K,], a
geometric stiffness matrix [KG], and a deformation stiffness matrix [K,]. The deformation

stiffness matrix [K » ], makes it possible to model a beam-column member using a minimum
number of elements, since it accounts for the coupling between axial and lateral deformations.

The elastic-plastic stiffness matrix [K P] is obtained by applying the plastic node method
(Ueda & Yao, 1982):

[p J{du} = {ax} (13.3)

where,
[k, )= [k, - k. 1 [@] ([T [k, J[@] ) [0 [&.] (13.4)
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i
and where {du} denotes the increment of nodal displacements

{0} for elastic node
T =12 13.6
o} { {or;/ox,} for plastic node ( ) (13.6)

where I is a fully plastic yield function and {x, }denotes the nodal forces at node "i".
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Figure 13.1 Beam-column Element /? and Plastic Region Length near
Node 1
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In order to apply the fracture mechanics criteria, the increment of plastic strain {d ’ } at every
node is evaluated as:

{as” } du,, (13.7)

where [, is the equivalent length of the plastic region. The value of /, is evaluated to be half
the partial-yielded region /, as show in Figure 13.1.

Before the local stiffness matrix is added to the global stiffness matrix, several transformations
are necessary. It may be convenient that the local axes do not coincide with the neutral axes.
Furthermore, the neutral axis moves when the effective width of the plating changes during
loading. Finally, the shear center may differ from the neutral axis of bending. A transformation
matrix [S] that accounts for this can be found in standard textbooks (Pedersen, P. Terndrup &
Jensen, J. Juncher 1983). This matrix transforms the stiffness matrix to:

e |=[s]7 [k, Jis] (13.8)

where [k,,] is the local stiffness matrix with respect to the neutral axes, and [k*] is the local

stiffness matrix with respect to the nodal axis. This matrix is transformed to obtain the global
coordinate:

lkyoo 1= (17 N )= (7] (ST ke, Tl (13.9)

where lkgbb‘l is the stiffness matrix in global coordinates:

s ]=[[[S0‘]] [E,)z]]] (13.10)

and
100 0 E, - Eﬂ
01 0 -e, 0 E,
001 e, E, 0
S~ - yi xi .
s 000 1 0 0 (13.11)
000 O 1 0
10 0 0 O 0 I
where ( , ) are the coordinates of the shear-center and (£, E,;) are the coordinates of

the neutral-axis in the local system to the beam end for node "i". This transformation for a
neutral axis offset is extremely convenient when only part of the hull is analyzed.

13.2.2 Attached Plating Element

The stiffened plate element is an extension of the beam-column in which an effective width is
added to the beam. For a long plate, see Figure 13.2, the effective width is obtained by
assuming that Carlsen's ultimate stress equation (Carlsen, 1977) is valid for the region up to,
and beyond, the ultimate state:
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-1
b _ 21 091y 07 Woma |1, 9. | g p (13.12)
b \B. B Bt c,
b o, b |o, . .
where /£, =7 ?andﬂ=7 a and where b and t are plate width and thickness,

respectively. The maximum initial deflection w, max and the residual stress o, can be
determined by following Faulkner (1975). The reduction coefficient R, for the transverse
stress o, can be determined from:

Z -
R, = 1—(0-2 /oy,) forcom;.)resswaz (13.13)
1 for tenst o,

where o, is the ultimate stress of the plate subjected to uniaxial transverse compression. The

reduction coefficient R for shear stressz is determined by:

R =[i-G/2)]" (13.13)
where,

7,=0,/3. (13.15)
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Figure 13.2  Stress Distribution after Buckling in Long and Wide Plate.
(a) Long Plate; (b) Wide Plate

To calculate the stiffness of the plate part, a reduced effective width l;e is introduced as:

b, _p.4bo,) (13.16)
do

x

For a wide plate (Figure 13.2), the ultimate effective width b,, is determined by following
Hughes (1983):
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bi=ﬂ3+[1—ﬁ)"”€ (13.17)
b o,b b) oy

where the ultimate stress at two sides of the plate, o, , is equal to the ultimate stress of a
square plate of width a, evaluated according to Carlsen (Eq. (13.9)). Finally, o, is the

ultimate strength of a wide column. According to Smith (1981) it may be approximated by:
L - (13.18)

143,27 Yome
Bt

a |o . I . .
where g, =— .|—~ and W, denotes the maximum initial deflection of the wide column. In
! t

the present study, the effective width of the plate is assumed to change until it reaches the
ultimate state in a similar manner to the effective width of a long plate:

R, R, for o, (Oye
b c c
= [—'———2-]R2Rr foro,. <o (o, (13.19)
b Jo, o,
b
— for o, =0,
b

where the coefficients ¢, and ¢, can be determined from two points A and B in Figure 13.3.
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Figure 13.3  Effective Width for a Wide Plate

The contribution of the plate to the beam-column's stiffness is updated every time a load is
added. The generalized ultimate plastic forces in compression, tension, and bending are
calculated using the corresponding ultimate reduction factors. A yield surface in the form of a
sphere is constructed based on these reduction factors. After yielding, the surface is kept

constant and the nodal forces will move along the surface following the plastic node method
(Ueda & Yao,1982).
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13.2.3 Shear Panel Element

The shear stiffness is lost when a stiffened plate structure is modeled as a grillage. Considering
this, an additional element that only has shear stiffness is used. The increment of the shear
strain dy in the local coordinate system is related to the increments of nodal displacements
{du,} as follows (Bathe, 1982):

dy =B, Kdu,} (13.20)
where [Bs |denotes the strain-displacement matrix.

The tangent stress-strain relationship is taken as:

dr =G.dy (13.21)
where,
G for y<y,
G, —{0 for 7)7, (13.22)

where y, denotes the shear strain for yielding.

Finally, the element stiffness matrix is obtained:
[,)= [ [8,] G, [B,Jav (13.23)

where V is the volume of the element, The local coordinate system of the element is updated
and a coordinate transformation is carried out at each time step.

The element and their interaction are best understood in Figure 13.4.
13.2.4 Non-Linear Spring Element

In addition to the three element types, a spring with non-linear stiffness may also be employed.
Any node may be connected, in any of the six degrees of freedom, by non-linear springs. The
stiffness is given by points on the force-displacement curve. Stiffness as a function of
displacement is the slope of the force displacement curve (see Figure 13.5). In addition to the
points on this curve, the unloading stiffness must be defined.

13.2.5 Tension Tearing Rupture

Fatigue cracks and/or welding defects may initiate cleavage, ductile tearing, plastic collapse,
or a combination of these events during the collapse. This paper determines the capacity of
cracked members by either the CTOD design curve approach (Burdekin, & Dawes, 1971), or
the level-3 CTOD method (Andersen, 1988).

In terms of the applied strain €, the CTOD design curve is expressed as:

® Ser z{(en.,a,(/e},)2 for £yax /6, <05 (13.24)
y

27 ac Emax /€y  fOr £mac /£,)05
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where, &, and a are a critical CTOD and an equivalent crack length, respectively. E, o, and
€, are Young's modulus, yield stress, and yield strain, respectively. It is noted that the applied
strain emax is evaluated by disregarding the effects of the crack.

To achieve a more accurate CTOD prediction, we may used the level-3 CTOD method:

3 2
E
é‘i,.E - 0-,,,“ - omu + 6""" + &_ (]325)
wao, g, 20’y(1+0'mu/0'y) D ax g

y

where o,,, and &, are the maximum stress and strain respectively, and o, denotes the
residual welding stress.

Failure is assumed to take place and the cracked member is removed from the structural
system when the specified equivalent strain satisfies the selected fracture mechanics criterion.
The element forces are applied as unbalanced forces to the system. This fracture mechanics
criteria are used for all of the elements presented in this paper.

After collision, the area where tension-tearing rupture has taken place is considered as the
"hole". This data is important for the simulation of oil spills resulting from collisions and
groundings.

long plate eiement

e plate element

%:w

Figure 13.4 Element Type

force or |
moment
stiffness
1
0 L o
0 displacement or

Figure 13.5 Force-displacement Curve for a Non-linear Spring
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13.2.6 Computational Procedures

This chapter outlines the computer program SANDY and the computational procedure
implemented in the program. Further information can be found in the program manuals (Bai,
Y. 1991) and in publications (Bai & Pedersen, 1991, 1993, Bendiksen 1992).

Computer Program SANDY

The theory presented in this paper has been implemented in the general-purpose computer
program SANDY (Bai, 1991). Depending on the problem, the following solution procedures
can be applied:

«  Quasi-static analysis using:

+ Load increment

+ Displacement, or

« Automatic loading, by using the current stiffness parameter method (Bergan & Sereide,
1978).

«  Dynamic analysis (time integration method):

1. Applying dynamic loads as time histories of nodal and element forces

2. Modeling the problem as a structure struck by a deformable mass

3. Applying dynamic loads as initial nodal velocities

4.  Earthquake response analysis

Computational Procedure

The non-linear calculation procedure is as follows:

o  The size of the increment is determined, this is often determined in the input data
o The increment of the load vector is assembled

The stiffness matrix is calculated for each element. Shear elements Gt, and stiffness matrices
are dependent on the current load. For non-linear spring elements, the stiffness factor is
calculated as a function of the displacement and of the direction of the increment. For plate
elements, the effective width and the linear stiffness plus the eccentricity are calculated.
Subsequently, the element is treated in the same way as any other beam-column element. The
two geometric matrices are calculated and added to the linear matrix. If the element is in the
plastic range, the plastic stiffness matrix is calculated.

If a standard stiffened plate section is used, the program may first recalculate the yield surface,
by taking the new reduction factors caused by transverse and shear stress into account. If the
element is already plastic, these reduction factors are kept constant; otherwise, they would
influence the compatibility equations.

The transformation equation for each element is updated and the stiffness matrices are
transformed and added into the global matrix.

In the first step of a dynamic simulation, the global mass matrix is calculated. The system of
equations is modified according to a time-integration scheme, e.g. Newmark-p method.
Finally, the system of equations is solved. Here we use LDL decomposition and a back
substitution.
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Each plastified node is checked for unloading. For nodes in non-linear spring elements as well
as for shear panel elements, unloading is detected when the load increment and the load have
different signs. For all elements with unloading nodes, the stiffness is changed and the
procedure is continued from point (f).

When no further unloading is detected, the increments of displacement are obtained. Then the
internal forces for each element are calculated. For each elastic element, a check may be made
to determine whether yielding occurs during the step. If this is the case, the increment for that
element is divided into a part that is treated elastically and a part that is treated like plastic.
The increment in the internal force for the element is calculated from:

{zb.} = factor - [KE ]{du} + (1 ~ factorIKP ]{du} (13.26)
where factor is the elastic fraction of the increment.
Unloading is again checked.

If either loading or unloading takes place, and no kind of iteration is carried out, the change of
state gives rise to unbalanced forces, which should be added to the load in the next step. This
unbalanced force is calculated to be the difference in internal forces due to changes in the
elastic-plastic state. This gives place to yielding {dx}= (i- Sactor \[K E]—[K » ]){du} and to

unloading {df} = ([K,,]— [KE D{du}.

Note that the global set of equations remains unchanged due to plastification in elements, this
means that the influence on the global situation from one node changing state, is disregarded.

A revision is made to determine whether any elements have torn. If this is the case, these
elements are removed and their internal forces are added as unbalanced loads in the next step.

When the step is accepted, a new increment begins at point (a).

13.3 Analytical Equations for Hull Girder Ultimate Strength

Buckling and collapse strength of hull girders under bending may be predicted as the fully
plastic moment, the initial yield moment, and the progressive collapse moment. The last
includes buckling and post-buckling strength of individual components of the hull girder. The
fully plastic mode provides an upper bound of the ultimate strength, which is never attained in
a hull of normal configurations. The initial yield mode assumes that buckling does not occur
prior to yielding. The initial yield strength is a function of the elastic section modulus of the
hull girder and yield strength of the material.

In this section, an ultimate strength equation is proposed to account for the effects of lateral
pressures, bi-axial loading, and shear stress using analytical solutions. The ultimate strength
equation is then compared to the sophisticated approach described in Section 13.4. The
ultimate strength equation may be applied for the quantification of structural risks of aging
ships with corrosion and fatigue defects, see Parts IV and I of this book.

13.3.1 Ultimate Moment Capacity Based on Elastic Section Modulus

In the initial yield moment approach, it is assumed that the ultimate strength of the hull girder
is reached when the deck (alone) has yielded. Premature buckling is assumed not to occur. In
this approach, the elastic section modulus is the primary factor for measuring the longitudinal
bending strength of the hull. With these assumptions, the initial yield moment can be written
as:
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M, =(5M),c, (13.27)

Here (SM), is the elastic section modulus. Due to the use of greater slendemess ratios for
stiffeners and plate panels, and high yield steels, the possibility of buckling failure has
increased. The initial yield moment may not always be the lower bound to hull girder strength,
since the buckling of the individual structural elements has not been accounted for.

Due to the simplicity of the initial yicld moment equation, it may be frequently used in
practical engineering. Vasta (1958) suggested that the ship hull would reach its ultimate
strength when the compression flange in the upper deck (in the sagging condition) or the
bottom plating (in the hogging condition) collapses, and that the yield stress in the initial yield
moment Eq. (13.24) may be replaced by the ultimate strength cu of the upper deck or bottom
plating.

Mansour and Faulkner (1973) suggested the Vasta formula may be modified to account for the
shift of the neutral axis location after buckling of the compression flange.

M,=(1+k) (SM),c, (13.28)
where k is a function of the ratio of the areas of one side shell to the compression flange. For a
frigate, they calculated the value of k to be approximately 0.1.

Viner (1986) suggested that hull girder collapses immediately after the longitudinals on the
compression flange reach its ultimate strength, and suggested the following ultimate moment
equation,

M,=a (SM),o, (13.29)
where a is normal in the range 0f 0.92 — 1.05 (mean 0.985).

The findings of Mansour and Faulkner (1973) and Viner (1986) are very useful because of
their simplicity — ultimate moment capacity is approximately the product of the elastic section
modulus and the ultimate strength of compression flange.

Valsgaard and Steen (1991) pointed out that hull sections have strength reserve beyond the
onset of collapse of hull section strength margin, and suggested that a is 1.127 for the single-
hull VLCC Energy Concentration, which collapsed in 1980.

A further modification was made by Faulkner and Sadden (1979) as:
M, =115(SM ),0,[-0.1+1.44650, /o, —0.3465( 0, /0'),)’] (13.30)

where o, is the ultimate strength of the most critical stiffened panels.

13.3.2 Ultimate Moment Capacity Based on Fully Plastic Moment

Caldwell (1965) assumed that the ultimate collapse condition is reached when the entire cross-
section of the hull including side shell has reached the yield state. The material is assumed to
be elastic-perfectly-plastic, e.g. strain-hardening effect is ignored. Also, the effect of buckling,
and the effects of axial and shear forces are neglected. With these assumptions, the fully
plastic collapse moment, M , can be estimated as:

M, =(SM), o, (13.31)
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where M, is the fully-plastic moment, o is the yield strength of the material and (SM), is
the plastic section modulus.

Frieze and Lin (1991) derived ultimate moment capacity as a function of normalized ultimate
strength of the compression flange using quadratic equation,

2
M, /M, =d +d,2 +d{"~] (13.32)
o o
y Yy
where
d,=-0.172, d,=1.548, d,=-0.368, for sagging
d,=0.003, d,=1459, d,=-0.461, for sagging

Mansour (1997) reviewed the above mentioned empirical moment capacity equations and
compared them with test results.

Based on fully plastic moment interaction, Mansour and Thayamballi (1980) derived the
following ultimate strength relation between vertical and horizontal moments,

m,+km} =1 if ’my’slmxl (13.33)

m, +hkm? =1 if |m|>|m, (13.34)
where

m, = AA/;[; , o om, = jj‘:[:" (13.35)

k= (4+24,) (13.36)

1645(4- 4 )-4(d, - 4, )

A=A, + Ay +24; (13.37)
and where

M, = bending moment in vertical direction

M, = bending moment in horizontal direction

M  =vertical ultimate collapse bending moment

M, = horizontal] ultimate collapse bending moment

A, = cross-sectional area of the deck including stiffeners

A, = cross-sectional area of the bottom including stiffeners

A = cross-sectional area of one side including stiffeners

Mansour (1997) demonstrated the above equations fit well with finite element analysis results
for ultimate strength of hull girders under combined vertical and horizontal moments.
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13.3.3 Proposed Ultimate Strength Equations

The ultimate moment capacity obtained from the modified Smith is the maximum value on the
bending moment-curvature curve. Therefore, it is time consuming when reliability analysis
relative to the ultimate strength failure mode is carried out by means of the modified Smith
method. Some ultimate strength equations have been proposed based on various assumptions
of stress distribution over the cross-section. For instance, a moment capacity equation may be
derived based on the assumption that the midship section is fully plastic (elastic-perfectly
plastic) for the tensile side and is in ultimate strength condition for the compressive side. This
assumption gives generally good agreement with more exact predictions by correctly
estimating the position of the neutral axis. Successful experience using this approach has been
described in a study involving the ultimate strength of corroded pipes under combined
(internal/external) pressure, axial force and bending. See Bai, (2001).

Several other assumed stress distributions are available in the literature, including a stress
distribution that assumes the middle of the hull depth is elastic while the rest of the hull depth
is plastic/ultimate strength. Xu and Cui (2000) assumed a stress distribution in which the
middle 1/3 of the hull depth is elastic while the rest of the hull depth is plastic/ultimate
strength. The present authors suggest that the ultimate moment capacity M, can be predicted
by the following equation:

Mu-—-Zcr,f‘Am,z,.+Z:cr,f/A,“lzj+Z:crprS.z,r (13.38)
i i k

where A, is the area of stiffened panels/hard corners and z is the distance to the neutral axis.

Figure 13.6 shows a schematic diagram of stress distribution under sagging condition. The
stress distribution used in Eq.(13.38) does account for the ultimate strength of individual
stiffened panels and hard corners, e.g. it is not uniformly distributed in Figure 13.6.

In Eq.(13.38), the compressive ultimate strength region, tensile ultimate strength region and
elastic region are denoted by i, j, k respectively. o is the ultimate compressive strength for
stiffened panels or yield stress for hard corners. o is the ultimate tensile strength (yield
stress). Elastic stress o has a linear distribution around the neutral axis. Based on
observations of stress distribution from more comprehensive numerical analysis, it is
suggested by the present authors that the total height of the elastic region may be taken as half
of the hull depth, e.g. g, + g, = D/2 The height of the compressive region g,, and the height

of the tensile region g,, may be estimated based on beam theory, which assumes plane
remains plane after bending.

Based on Eq.(13.38), the ultimate moment capacity of a hull girder may be estimated by the
following steps:

- Subdivide the cross-section into stiffened panels and hard corners;
- Estimate the ultimate strength of each stiffened panel using recognized formulas;

- Calculate the distance "H" from the bottom of the ship to the neutral axis by assuming the
total force from the stress integration over the cross-section is zero;

- Calculate the ultimate moment capacity of the hull girder using Eq.(13.38).
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Figure 13.6 Illustration of the Assumed Stress Distribution for Hull
Girder Collapse - Deck in comprossion

In addition, it is necessary to check vertical shear strength Fu using

F,=Yrt,4, (13.39)

where A, is the area of the panel in the shear element (plate area only) and 7, is the

characteristic ultimate shear stress in the panel. Here, i includes all panels in the longitudinal
shear element.

13.4 Modified Smith Method Accounting for Corrosion and Fatigue Defects

Considering a hull girder as a beam section under bending, Smith (1975, 1977) proposed a
simple procedure to calculate the moment — curvature relationship and ultimate strength of a
hull girder. The basic assumptions of the Smith method are summarized as follows:

0]

)

3

Q)

The hull cross-section is subdivided into a number of subdivisions such as stiffeners
with associated plating and the corner elements, which are considered to act and behave
independently.

For each such panel the load-shortening curve is constructed. This can be accomplished
by any of a number of methods, including experimental results, nonlinear finite element
analysis and simplified elastic-plastic buckling analysis. The Smith method can also
account for the manufacturing residual imperfections including deflections and stresses
of plating and columns.

The hull is then subjected to an incrementally increasing curvature in which it is
assumed that the cross-sections that is initially plane remains plane after bending, and
experience only rotation about an assumed neutral axis. The overall grillage collapse of
the deck and bottom structures is avoided by using sufficiently strong transverse frames.

The total axial force and bending moment acting on the cross-section are obtained
through an integration of the stress over all of the components that making up the cross-
section. Through iteration, the location of the neutral axis is obtained by equating the
total axial force to the longitudinal force that is zero.
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This Section presents a modified Smith method (Smith, 1975, 1977 and Yao, 1991, 1992
Rahman and Chow, 1996) in which the effect of corrosion defects, fatigue crack and lateral
pressure are accounted for.

As demonstrated by previous researchers, the advantages of the modified Smith method
include (1) efficiency, (2) flexibility to account for the effects of corrosion defects, fatigue
cracks, and other factors and (3) accuracy.

The stress-strain relationships for the elements are given below.
13.4.1 Tensile and Corner Elements

The stress-strain relationship for tensile and comer elements is assumed linear elastic and
elastic-perfectly plastic:

e E €<,
o, = N (13.40)
o, £2¢,

where £, o, and &, are the elastic modulus, yield stress and, yield strain of the matenial,

respectively.
13.4.2 Compressive Stiffened Panels

A stiffened panel is composed of a longitudinal stiffener with its attached plating. Following
the approach of Rahman and Chowdhury (1996), three distinct zones in the whole range of the
loading-shortening behavior are considered: stable zone, no-load-shedding zone and load-
shedding zone, as shown in Fig 13.7. The stable zone is in the pre-ultimate strength region.
The no-load-shedding zone does not require any load-shedding to maintain equilibrium.
When the strain increases, the final zone is characterized by a drop-off.

More information on compressive stiffened panels may be found from Smith (1975).

\\
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Figure 13.7 Typical Stress-Strain Relation of a Stiffened Panel

A stiffened panel is composed of a longitudinal stiffener with its attached plating. Following
the approach of Rahman and Chowdhury (1996), three distinct zones in the whole range of the
stiffened panel's loading-shortening behavior are considered. The ultimate strength of a
stiffened panel is given by
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o, =mn(c,,0,) (13.41)

where o, and o, are the ultimate beam-column failure values of the panel when lateral

pressure causes compression of stiffener flange and plating respectively. According to Hughes
(1983), a solution may be obtained by solving the following equations for stiffener failure,

My, + O.qu(60 +4)y, >

o,=0,+ 7 7 (13.42)
and for plate failure,
M o, A(S,+A+A4 /D
o, =0, + }’y"+ ) — Yr (13.43)

e e

where A is the initial eccentricity, §, and M, are the maximum deflection and bending

moment due to lateral load alone; 4, is the eccentricity caused by reduced stiffness of
compressed plating; 7 and A are respectively the second moment and the sectional area of the
panel, considering b, (panel width) is fully effective where as 7/, and A4, are the similar

properties but for transformed section replacing b, by b,, (effective width); y, is the distance
from the panel neural axis to the stiffener flange and y, to the plating of the transformed
section; @ is the magnification factor for combined loading.

13.4.3 Crack Propagation Prediction

To predict the crack propagation and fatigue life, the Paris-Erdogan equation is used

da _ ~axn (13.44)
dN

where a is the crack size, N is the number of cycles, AK is the stress range intensity factor and
C and m are material parameters. The stress intensity factor is given by:

AK = AcY(a)ma (13.45)
where Ao is the stress range and Y(a) is the geometry function.

If Y(a)=Y is a constant and m>2, then integration of Eq.(13.44) gives

‘_

S

a(t)= [ +(1 —g JC( YT vt ]” (13.46)

where a, is the initial crack size, and the complete fatigue life 7, is equal to the sum of the

time to crack propagation 7T, and the time to crack initiation 7,
T, =kT, (13.47)

where k can vary from 0.1 to 0.15. The crack size is assumed to have a normal distribution
with the mean and variance, see Guedes Soares and Garbatov (1996, 1999).

Two types of cracks are considered in the stiffened panel, one propagating away from the
stiffener in a transverse direction decreasing the width of attached plating, and the other across
the web of stiffener decreasing the web height.
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13.4.4 Corrosion Rate Model

Corrosion rates depend on many factors including coating properties, cargo composition, inert
gas properties, temperature of cargo, and maintenance systems and practices. For this reason,
the corrosion rate model should be appropriately based on the statistics of measurement data.

Practically, the timc-variant corrosion rate model may be divided into three phases. In the first
one, there is no corrosion because of the protection of coatings, and corrosion rate is zero. The
second phase is initiated when thc corrosion protection is damaged and corrosion occurs,
which reduces the plate thickness. The third phase corresponds to a constant corrosion rate,

The present authors suggested a model as
-7

3 ) (13.48)

r(t)=rs(l—e_ﬂ

where 7, is the coating lifetime, 7, is the transition time and r, is the steady corrosion rate.

r

Figure 13.8 shows thc corrosion rate model.
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Figure 13.8 Model of Corrosion Rate
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Figure 13.9 Loss of Plating Thickness from Corrosion as Time Function.

By integrating Eq.(13.36), the corrosion depth can be obtained by:
-

d(t)=r,[t—(t, +7,)+1,e " ] (13.49)
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where the parameters 7;, 7, and r, should be fitted to inspection results. Figure 13.10 shows
the corrosion depth as a time function. The coating lifetime 7, can be assumed to be fitted by a
Weibull distribution,

alr a-l - a
==L -+ 13.50
e ﬂ(ﬂ] ex”{ (ﬂ” (130

and r,, to be fitted by a normal distribution. Figures 13.8 and 13.9 illustrate the corrosion

depth reproduced by the present model based on the net measurement data of Yamamoto
(1998). There exists some variability of the data along the regression curve.
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Figure 13.10 Loss of Plating Thickness from Corrosion for Inner Bottom
Plates of Bulk-Carriers.
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Figure 13.11 Loss of Plating Thickness from Corrosion for Side Shells of
Bulk Carriers.
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The net area 4, (t) of the stiffened panel available to carry longitudinal stress is dependent on
the crack size a,.(t) and the corrosion depth d,(t),

A(1)=[b, ~2a,(t)][h, ~d()] +[h, ~a )] [b,~d(1)] (13.51)

where b, and hp are the width and thickness of the attached plating, and 4, and b, are the
web height and thickness of the stiffener.

From an engineering viewpoint, a stiffened panel is considered ineffective when the crack size
exceeds the critical crack size determined by the Crack Tip Opening Displacement (CTOD)
method (Ghose, 1995) or when the corrosion induced thickness reduction exceeds 25% of the
original plate thickness.

13.5 Comparisons of Hull Girder Strength Equations and Smith Method

Many examples of progressive collapse analysis for box girders and ship primary hulls have
been calculated to verify the efficiency and accuracy of the present modified Smith method.
The examples used in the International Ship and Offshore Structures Congress (ISSC)
benchmark calculations by Yao ef a/ (2000) are given in Table 13.1 together with the results of
the modified Smith method described in Section 13.4, and the equation described in Section
13.3.

Table 13.1 Ultimate Strength Calculations

Ship Type |Load Cond. ISSCx Modified Smith | Proposed Equation
Mean Cov Method (MNm) (MNm)
Bulk Carrier Sagging | 1.52x10° 0.07 1.53x10* 1.53x10°
Hogging | 1.86x10* 0.04 1.72x10* 1.70x10*
Container | Sagging | 6.51x103 0.14 5.84x10° 6.25x10°
Ship Hogging | 7.43x103 0.08 6.93x10° 6.80x10°
DH VLCC Sagging | 2.24x10* 0.11 1.98x10* 2.23x10*
Hogging | 2.91x10* 0.04 2.76x10° 2.68x10°
SH VLCC Sagging | 1.72x10° 0.02 1.46x10™** 1.70x10°
Hogging | 1.82x10* 0.02 1.79x10%%* 1.81x10°*
Frigate | Sagging 10.39 0.07 9.61 9.73
Model | Hogging 12.38 0.08 12.10 12.26
FPSO Sagging - - 3.58x10° 3.61x10°
Hogging - - 5.14x10° 4.90x10°

* The results are obtained by averaging the values of all participants in ISSC VI1.2.(Yao, 2000)

**The external pressure is applied consistent with the analysis by Rutherford and
Caldwell(1990).
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Figure 13.12 Bending Moment vs. Curvature Response for the Hull
Girders used in ISSC Benchmark.

The results from the simplified method and ultimate strength equation presented by the authors
agree well with the results reported by Yao et a/ (2000). Figure 13.12 shows the moment-
curvature response for the five hull girders. In Figure 13.12, the positive value of 1,/ M, is
hogging.

The mean moment-curvature responses of the FPSO hull girder are shown in Figure 13.13 for

different service years considering the degradation effects of fatigue and corrosion, where the
number on the curve represents the service year.
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Figure 13.13 Mean Moment-Curvature Responses

From Figure 13.13 it is easy to appreciate the importance of conducting inspcction and repair.
When inspection and repair are not conducted the load-carrying capacity decreases with time.
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The mean maximum values of the ultimate strength are plotted in Figure 13.14 as a time
function where four cases of degradation effects are considered based on the corrosion rates in
Table 2 of Sun and Bai (2001), i.e.

Case (1): no corrosion;
Case (2): half-mean steady corrosion rates;
Case (3): mean steady corrosion rates;

Case (4): double mean steady corrosion rates.
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Figure 13.14 Mean Ultimate Strength for Four Cases of Mean Steady
Corrosion Rates.

The solid lines in Figurc 13.14 denote when both corrosion and fatigue degradation effects are
taken into account, while the dotted lines indicate only the corrosion effect is considered. The
mean maximum ultimate strength of the hull girder has been observed to be reduced
significantly, mainly as a result of the corrosion defects. If additional effects of fatigue are
relatively small although residual strength is dictated primarily by corrosion rates. The
degradation rates are different from those of Ghose et al (1995), because only fatigue effects
were considered therein.

13.6 Numerical Examples Using the Proposed Plastic Node Method

In this chapter, five typical application examples of ship collapse analysis are presented. The
first three examples have been chosen to validate the proposed analysis procedure. The
complexity of the analyzed structures has changed from a single structural component to a
structural system. After validating the analysis procedure, examples of ultimate longitudinal
strength and collision analyses of hull scale ships are presented. The analysis is described in
more detail by Bendiksen, (1992).

13.6.1 Collapse of a Stiffened Plate

This procedure has been compared to a model of an experimental investigation of the ultimate
load carrying capacity of longitudinally stiffened plates (Faulkner, D. 1976). The plate is
compressed in the longitudinal direction (see Figure 13.15) and has residual stresses from
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welding and an initial deflection (w0 =0.12,l322) In addition, the stiffener has an initial
deflection (of magnitude L/1000). The load-end-shortening curve shown in Figure 13.16 was
obtained by the present method by using two elements. The obtained buckling load agrees
with the experimental result within 2%. In conclusion, the position of the loading plane is a
decisive parameter.
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Figure 13.15 Stiffened Plate
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Figure 13.16 Load End-Shortening Curve for Stiffend Plates
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13.6.2 Collapse of an Upper Deck Structure

The next example, shown in Figure 13.17, is a longitudinally- and transversely stiffened plate.
The plate is analyzed by means of four nodal plate elements in an ISUM procedure by Ueda et
al (1986). The plate has an average initial deflection of w,/f =0.25 and a welding residual
stress of o, /o, = 0.2. The shifting of the neutral axis is not considered in this example. The

result of the analysis, as shown in Figure 13.18, provides a very good agreement between the
FOUR-NODE ISUM procedure and the present procedure. Both were evaluated with respect

to buckling loads and end shortening loads by using only 24 nodes.
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Figure 13.18 Load —Diaplacement Curves for Deck Structure

13.6.3 Collapse of Stiffened Box Girders

This procedure has been compared to experimental results based on the ultimate longitudinal
strength of ship hull models (Nishihara, 1984). The experiments consisted of a ship hull model
being exposed to a four point bending load. The present numerical analysis connected a
detailed model of the middle section of the hull to simple beams modeling the less stressed
ends of the hull. This was done by using a transformation for the nodes placed outside the
neutral axis. This allows a number of longitudinal plate elements in the cross section to be
connected to one node at each end of the analyzed model.

If the initial plate and overall deflections are of magnitude 0.128% and /1000, respectively

and the residual stress level is o, /cry = 0.1, then the result for a tanker-like section, (spectrum

MST-3) Figure 13.19, is compared with the experimental result in Figure 13.19. Figure 13.19
shows the analysis is in good agreement with the experiment and the initial imperfections
reduce the ultimate moment approximately by 14%. Furthermore, the analytical fully plastic
moment M, =787kNm is a well-predicted value by the present method.

In Figure 13.20, the collapsed shape of the hull is indicated and the buckling of the bottom is

evident. Figure 13.21 shows how the nodes are connected using the transformation matrix i
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Figure 13.19 Model of a Tanker Measured in Millimeters
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Figure 13.20 Ultimate Behavior for the Tanker Model

13.6.4 Ultimate Longitudinal Strength of Hull Girders

The ultimate longitudinal strength is calculated for a 60 000 dwt double hull, double bottom
product tanker. Because of symmetry, only a quarter of the center tank is modeled (see Figure
13.22). Boundary conditions are specified in the planes of symmetry.

Figure 13.21 Bondary Condition Model for Ship’s Mid-section
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Figure 13.24 Deflected Shape in Sagging

Since pure bending is applied, it is valid to assume that plane boundaries remain plane.
Therefore, only one nodal point is used in the fore end of the tank. Again, this is possible with
the transformation for node points out of the neutral axis. The end of the section is loaded with
a vertical bending moment that is controlled by the current stiffness parameter method. It is
possible to load the hull in pure bending throughout the calculation without knowing the new
position of the neutral axis for the hull. Note that in this procedure, plane sections are not
restricted to remain plane, except for the end section described by only one node. The
curvature-moment relationship for the hull is shown in Figure 13.23 and is compared to the
full plastic moment.

The formulae relating the ultimate moment to the fully plastic moment, imply that the ultimate
moment under the influence of a sagging load is 0.86 M , and under the influence of a hogging
type load is 0.89 M, (Frieze and Lin, 1991). The present analysis gives results of 0.89 M,
and 0.88 M ,, respectively. The failure mode in sagging causes overall buckling of the deck as
shown in Figure 13.24. The failure mode in hogging causes plate buckling combined with
plasticity in the bottom and lower part of the side and limits the load carrying capacity.

13.6.5 Quasi-Static Analysis of a Side Collision

The next example is a side collision. To be more precise, an infinitely stiff object is forced into
the side of a ship hull in a quasi-static analysis. The ship hull is the same as the one used in the
hull-bending example; therefore, the finite element model used in this example has minor
modifications. Shear elements have been added in the deck and at the bottom.
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A concentrated load is applied at the middle of the side. The Current Stiffness Parameter
method is employed to control the load. The force-indentation curve for this example can be
seen in Figure 13.25.
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Figure 13.25 Force/Indentation Curve for the Hull Loaded Quasi-static by
A Concentrated Force

The results may be compared with simplified analyses (Sereide, 1981). The maximum force in
the first phase can be calculated as the load that makes the longitudinal beam, which
represents the side, collapse as if it were a plastic mechanism. Assuming it is clamped when
Mp is calculated for a beam breadth of Sm, its collapse load becomes 6.65MNm and the load
at the end of phase one becomes:

P = 46.65 MNm

A =10.6 MN
2.5m

This is extremely close to what is seen Figure 13.25.

In phase two, the membrane forces in the two side shells carry the load. Simplified
calculations can be used to verify the numerical results.

In this example, tearing is assumed to take place at an equivalent strain of 5%. The calculation
shows that the vertical elements near the collision point begin to tear at an indentation of 1.5m.
The calculation ends when the longitudinal elements, at the collision point and at an
indentation of 2.3 m, begin to tear.

13.7 Conclusions

The progressive collapse of ship hulls subjected to bending and collision loads has been
studied using the Plastic Node Method(PNM). A new element for modeling stiffened plates
has been derived. A transformation between the nodal axis and the neutral axis is used when
parts of the modeled structure in different finite element meshes are connected. No
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assumptions about the position of the neutral axis for the hull beam are made when
progressive collapse is analyzed. By using this transformation, the shifting of the neutral axis
in the plate elements is also taken into account.

The results obtained from this PNM method have been compared with experimental results
and other numerical solutions, which have experienced problems with plate and overall
buckling, The comparison appears to be in good agreement with these simple examples.

The present PNM method has been compared with experiments that deal with the ultimate
longitudinal strength of a tanker. Calculations have been performed with and without initial
plate imperfections. When disregarding the plate imperfections, the ultimate load is 16%

higher.

The calculation of the ultimate longitudinal strength of an existing double hull product tanker
is shown. The ratio between the ultimate moment and the plastic moment was compared with
an empirical prediction and the results showed to be in good agreement. The result of the
analysis is not only the ultimate bending moment, but is also the ultimate failure mode. A
failure in sagging would be the most dramatic.

Finally, the PNM method was used to derive the force-indentation curve for a double-hulled
product tanker subjected to a concentrated force in the middle of the side. The force-
indentation curve derived by a quasi-static analysis is in agreement with the approximate
method.

This work has shown that the Plastic Node Method, along with the new element, is in
agreement with existing approximate methods for hull collapse loads and moreover, provides
much more information about the progressive failure. In this respect, the Plastic Node Method
approaches the general finite element method while using a much simpler element mesh,
which is considered to be more efficient.

A modified Smith method to compute the ultimate value of the longitudinal bending moment
at the midship section was introduced using an effective width formula for the plating. The
modified Smith method accounts for the manufacturing imperfections, including initial
eccentricity of stiffeners, the plating's initial residual stress, and deflection. The corrosion
defect was considered as an exponential time function with a random steady corrosion rate,
which is assumed to uniformly reduce the plate thickness. Crack propagation was predicted
based on the Paris-Erdogen equation. Crack initiation time and coating lifetime were also
taken into account.

An equation for estimating ultimate strength of hull girders was suggested. The hull girders
used in the ISSC benchmark calculations by Yao e al (2000), were used to examine the
accuracy of this equation. It has been demonstrated that the equation provides quite reasonable
results and may be useful in estimating the bending moment strength.
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Ultimate Strength

Chapter 14 Offshore Structures Under Impact Loads

14.1 General

Large plastic deformation may develop in offshore structures due to severe ship-platform
collisions. Such collisions are considered to be a dynamic phenomenon that has costly
consequences in material, environmental, and human terms. The dynamic collision response of
platforms should be analyzed at the design stage. This precaution ensures that the structure has
sufficient strength to withstand impact and therefore has a low probability of severe collision
damage.

Petersen and Pedersen (1981) and Pedersen and Jensen (1991) pointed out that after a minor
collision, a considerable amount of the available kinematic energy could be stored as elastic
vibration energy in the affected structure. In such cases, the global dynamic load effects can be
significant and the equations of motion of the structural system, for the striking and the struck
structures, should be established and solved. The elastic-plastic deformation modes of the
structural system in a collision may be classified as (1) indentation of the striking ship, (2)
local indentation of the hit member, and (3) overall deformation of the affected structure. In
earlier studies, the response of the affected structure, excluding the hit member, was treated
linearly. This analysis approach overlooked the possibility of analyzing and treating the plastic
deformation behavior of the affected structure.

Based on Bai and Pedersen (1993), this Chapter deals with the dynamic response of the steel
offshore structure. A system of equations is derived which describes the local as well as the
global elastic-plastic behavior of the structural system. These highly nonlinear equations are
then solved in the given time domain. In order to derive these equations, a nonlinear force-
deformation relation that can model the local indentation of a hit tubular member is calculated.
This derivation is based on a linear elastic solution, numerical results from Ueda et al (1989)
and experimental results from Smith (1983) and Ellinas and Walker (1983). Thereafter, a
three-dimensional beam-column element is developed which is used to model the global
behavior of the affected structure. A large displacement analysis of the beam-column elements
is established by combining a linear stiffness matrix, a geometrical stiffness matrix, and a
deformation stiffness matrix (Bai & Pedersen, 1991). Furthermore, the effects of plasticity and
strain hardening of beam-column elements are taken into account by the plastic node method.

Some basic numerical examples are presented in order to demonstrate the accuracy and
efficiency of the developed beam-column element. Calculated results are compared with
numerical results obtained from general-purpose finite element programs, reported
experimental results and rigid-plastic analysis results. In addition, the dynamic plastic
responses of two offshore platforms in typical ship-platform collision situations are analyzed.
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14.2 Finite Element Formulation

14.2.1 Equations of Motion

The striking and the affected structure are considered one structural system connected by
spring elements.

The equations of motion for the structural system are established under the following
assumptions:

» The striking ship is treated as a rigid body without volume, and all the deformations in the
ship are assumed to take place in a zone around an impact point.

o The deformations in the ship and the local indentation in the affected member of the
offshore structure are simulated by using nonlinear spring elements in which only
compression forces act. The force deformation curves for those spring elements are
functions of the strain-rate.

o The deformation of the affected structure, except for the local indentation in the hit
member, is taken into account by using a model of the structure, which is composed of
three-dimensional beam-column elements.

« The hydrodynamic forces acting on the ship are accounted for, by introducing an added
mass concept. Morison's Equation is applied with the purpose of including the fluid-
structure interaction to the affected structure's analysis.

When considering the dynamic equilibrium of the structural system, the equations of motion
may be written in an incremental form as:

[M]{dii} + [Cl{au} + [K, Jau} = {aF, } (14.1)

where {du}, {du}, and {dii} are the increments of nodal displacements, velocities, and
accelerations, respectively. [M] is a structural mass matrix, [C] is a structural damping matrix,
and [K, | denotes the structural tangent stiffness matrix. The external load vector {dF,} is due

to the drag force term in Morison's equation, which is evaluated using an approach described
by Bai and Pederson (1991). The added mass term in Morison's equation is included in the
structural mass matrix [M].

The equation of motion, Eq. (14.1) is solved by using the Newmark-f method.
14.2.2 Load-Displacement Relationship of the Hit Member

In this section, a derivation of a nonlinear spring element will be used to model the local
indentation in the hit/affected member. The spring element will be used for steel platforms and
the hit/affected members are therefore assumed circular thin-walled tubes.

The linear elastic displacement of the load point for a pinch loaded tubular member can be
determined by:

DY P
5, =01116] = | —— 14.2
; (T] 2 (14.2)

where P is the force and &, denotes the elastic displacement, E is Young's modulus, and T is
the thickness of the tube wall. D denotes the outer diameter of the tube while L, is the
characteristic length of the contact area along the axial direction of the tube.
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The characteristic length L, is a function of the outer diameter, the length of the tube, and the

shape of indenture. In order to get an empirical equation, linear finite shell element analysis
results from Ueda et al (1989) and indentation tests conducted by Smith (1983) are analyzed.
A mean value is found to be:

L, = 19D (14.3)

<

More experimental or numerical data are necessary to get a more rational value of the
characteristic length L.

When the load P is larger than the critical value P,. A permanent indentation will take place,
and the critical value can be determined using a rigid-plastic analysis for a pinch loaded ring
with length L_. The result obtained is:

P, = 20,T’L./D (14.4)
where o, is the yield stress of the material.

The permanent indentation &, can be calculated using a semi-empirical equation. Through
energy considerations and curve fitting of experimental data, Ellinas and Walker, 1983
obtained:

2
P
8, =Dl ———— 14.5
: (37.50'yT2] (1)

The unloading linear deformation §, can be obtained by multiplying the linear elastic
solution by a coefficient a:

D

3
5. =0.1116a (—) P
T

—_ 14.6
i (14.6)

The coefficient a will be less than or equal to 1.0 depending on the deformation at the
unloading point.

Finally, the local displacement at the load point for a load larger than the P, is calculated as:
§=0p+6, (14.7)
14.2.3 Beam-Column Element for Modeling of the Struck Structure

A finite beam-column element as described in Chapter 12 of this Part is adopted to model the
affected structure.

14.2.4 Computational Procedure

The procedure described above has been implemented into the computer program SANDY
(Bai, 1991), three types of loads can be applied, to the simulated model, to obtain a collision
analysis of the affected structure.

Impact loads are applied at the node points and/or spatially distributed over the finite elements.
The time variation of these loads is given as input data before initiating a calculation. This
type of loading is used in Examples 14.1-14.3.
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Dynamic loads applied as initial velocities of a colliding structure initiate the calculation with
the simulation of the dynamic motion of the colliding structure. The impact loads between the
structures are obtained as the results of the simulation. Once an impact force in a certain
direction is detected to be in tension during the simulation the contact is released. Thereafter,
the striker is assumed to move as a free body in that direction with a given constant velocity.
The criterion for re-establishing a contact is that the displacement of the striker will exceed the
displacement of the corresponding point on the affected structure. This type of loading is used
in Examples 14.5-14.7.

Dynamic loads applied as initial velocities of the struck/affected structure are usually used
only in high-speed impacts. In such cases, the time history of the applied loading is not of
interest. The response of the struck/affected structure depends on the time integration of the
loads (the momentum of pulse), in other words, initial velocities of the affected structure.

For large displacement analyses, an updated Lagrangian approach is adopted. At each load
step, the element stiffness matrices are reformed in the local coordinate systems and then
transformed to the global coordinate system. Here, the global stiffness matrix is assembled and
the increments of nodal displacements, measured in the global coordinate system, are
evaluated. Using the element transformation matrix, the increments of element displacements
can be calculated and the element displacements and forces are updated. The new
transformation matrices can then be evaluated and the updated element displacements and
forces transformed to the new local coordinate system and used in the following calculation of
new element forces and displacements for the next load step.

During the elastic-plastic analysis, the loading and unloading of nodes are checked carefully.
Once loading takes place in a node, a Newton-Raphson iteration is carried out in order to find
the exact load increments at which the element nodal forces may come to and thereafier move
along the yield surface. At each time step, the structural stiffness matrix is evaluated based on
the elastic-plastic status of the element nodes, at the end of the previous load increment.
However, as soon as the equations of motion are solved, a check is performed to analyze
whether unloading of the plastic nodes takes place. If this is the case, the structural stiffness
matrix is updated until no further unloading of plastic nodes is detected. Finally, the nodal
displacement increments are the solution to the equations of motion after the last iteration. The
nodal forces and the elastic-plastic status of elements are updated and unloading is re-
evaluated. In addition, when the elastic-plastic status of a node has changed, the unbalanced
forces are evaluated and transformed to the global coordinate system. The transformed
unbalanced forces are added to the load increments for the next time step.

For further cross-sections, there are two corners on the yield surface. The corners are at the
points where there are only axial forces acting on the beam element. When the forces at an
clement node are at such a corner or close to a corner, then the element is treated as a truss
element, which is only subjected to an axial force. For such truss elements, unloading is
checked based on the axial forces and the axial displacement increments. The elements are
treated as normal three-dimensional beam-column elements once unloading is detected for
them.
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14.3 Collision Mechanics

14.3.1 Fundamental Principles

The analysis of collision mechanics is generally based upon the solution of the differential
equations of dynamic equilibrium. The collision force is a function of the relative indentation
of the ship and platform. Thus, an incremental solution procedure is required.

The problem is greatly simplified if the collision duration is considerably smaller than the
natural period of the governing motion. This assumption is often valid for relevant rigid body
motions of floating and articulated platforms. In this case, the solution can be based upon a
quasi-static solution using the principles of:

» Conservation of momentum
«  Conservation of energy

This way, the determination of impact kinematics and energy transfer during collisions can be
decoupled from the analysis of strain energy dissipation in colliding objects.

A static solution applies for collisions lasting significantly longer than the natural period of the
governing motion.

For jackets at medium water depths, the ratio between the collision duration and the natural
period of vibration for leg impacts may be such that significant dynamic effects are involved.
This has been investigated to a very small extent. Normally, a static analysis is considered
appropriate, but possible dynamic magnification should also be evaluated.

14.3.2 Conservation of Momentum

In the following sections, the energy to be dissipated as strain energy is determined by
considering transiational motions only. More accuracy may be obtained by considering more
motion components (platform and vessel rotations), and therefore formulating a complex
derivation. It is always conservative to use the formulas given in Section 14.3.3.

The conservation of momentum for a central collision between a ship and a platform moving
in the same direction is expressed by:

my +m,v, =(ms+mp)vc (14.8)
where,
v, = Common velocity after impact
v, = Velocity of ship v, >v,
v, = Wave induced velocity of platform
m_ = Mass of ship including added mass
m, = Mass of platform including added mass

The common velocity is thus defined by:

my_+my
p =3 ee (14.9)

e +mp
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Figure 14.1  Collision between Supply Vessel and Semi-submersible
Platform

14.3.3 Conservation of Energy

In a central collision, all the kinematic energy dissipates as strain energy (elastic or plastic) in
the ship ( £,) and in the platform (£, ).

In the case of an eccentric collision, some of the kinematic energy will remain as rotational
energy of the vessel or of the platform after the collision.

The equation of conservation of energy assuming central collision reads:
%m,vf-%%mpv: =%(mx+mp)vc2+Es+Ep (14.10)
where,
E. = Strain energy dissipated by the ship
E, = Strain energy dissipated by the platform

Combining this equation with the equation for the common velocity, v, the following
expression for the dissipated strain energy emerges:

A
(I—VFJ
E +E 1 2 Ys

=—myy

5 P 2 s:[—mj
1+ —=
mP

The wave induced platform motion is often small compared to the ship velocity and can be
neglected. Otherwise, the characteristic velocity should be based upon a stochastic evaluation
of the relative collision velocity between the ship and the platform (v, —vp) accounting for the

(14.11)

phase lag between the respective motions.
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Table 14.1  Total Strain Energy Dissipation

Platform Types
Fixed Floating Ag:i:ﬁi;ed Jackup*
2
2 v
1- Y (1 - _p) 1 , 1
1 2 1 \4 l 2 __—V: myv,
—my ~m VZ N s/ —InSV‘r 2 2 m
2 °F 9 s 2 m. -z 1+—
1+ —= 1+ — m;l
m
P

* 1f the duration of the collision is significantly smaller than the fundamental period of
vibration.

where,

J = Mass moment of inertia of the column (including added mass) with respect to the
effective pivot point.

Z = Distance from the effective pivot point to the point of contact.

14.4 Examples

14.4.1 Mathematical Equations for Impact Forces and Energies in Ship/Platform
Collisions
Problem:

Derive equations for calculating maximum impact force, impact energy during a collision
between ship and fixed platform (Soreide, 1985). The force-deformation relations for the ship

and platform may be modeled as linear springs of k¢ and k, respectively. The ship is assumed

to have weight of m (including added mass) and move at speed of v immediately prior to the
collision. In deriving the formulation, it is further assumed that the damping effect may be
ignored, and the impact mechanics may be expressed as free vibration a mass-spring system.

Solution:

The ship/platform system may be considered as a mass-spring system. The deformations in the
ship and platform are denoted as x, and x, respectively. Denoting total deformation as

x=x, +x,, we may derive the following from the force equilibrium:
F=hkx=kx =k,x, (14.12)

where,
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k. k

= : ]'; = the equivalent spring stiffness for the system
+

s »

The motion of the mass-spring system may then be expressed as

d*x

dt?

Considering the initial condition (mass move at velocity v, x=0 when t=0, the solution to the
above differential equation is,

x=v\/%sin(ot (14.14)

where the natural frequency is

m—+hx=0 (14.13)

a)=\/z (rad ] sec) (14.15)
m
From Eq.(14.14), the maximum impact force is obtained as,

Frp = ko, = viimk (14.16)

and impact duration (the time from the initiation of the impact to the peak impact force) is

r,=% ™ 14.17
° T2 V% (14.17)

The impact duration 7}, is typically 1-2 seconds, (see also Figures 14.16 and 14.17), and it is

much longer than the natural frequency of the main hit member and structure system. Hence,
ship impact is usually handled in a quasi-static way. The time history of the impact force is
further illustrated in Figure 14.16 (e) and Figure 14.17 (b). When the impact force is the
maximum, the velocity of the motions for the ship and platform is zero and the deformation
energies 1n the ship and platform are as follows:

Fz

E, =lk:xf = (14.18)
2 2k,
2

E,=tp x? = Fme (14.19)

P pip T
2 2k,
The maximum impact force expressed in Eq.(14.16) may also be obtained from the following,.

E,+E, = %mv2 (14.20)

14.4.2 Basic Numerical Examples

In the following section, a number of simple numerical examples, which serve to demonstrate
the accuracy and the efficiency of the developed three-dimensional beam-column elements,
will be presented (Bai and Pedersen, 1993).
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The first three examples are problems that can be solved assuming small displacements, but
the material has kinematic strain hardening. The last example is a clamped beam struck by a
mass, which involves both large displacements and strain hardening.

EXAMPLE 14.1: Fixed Beam Under a Central Lateral Impact Load

The dynamic elastic-plastic behavior of a rectangular beam, clamped at both ends, as shown in
Figure 14.2 (a) is analyzed.

The beam is subjected to a concentrated step load at the midspan, as shown in Figure 14.2 (b).
Symmetry allows only half of the beam to be modeled. In an analysis using the MARC FEM
program, five clements of element type 5 are used as illustrated in Figure 14.2 (c). The
element is a two-dimensional rectangular section of a beam-column element. In the evaluation
of the element stiffness, three Gaussian integration points are chosen along the axial direction
of the element. At each Gauss point, the cross-section is divided in to 11 Simpson integration
points. Only normal stresses are considered in the elastic-plastic analysis. Since this is a small
displacement problem, the axial sectional force will always be zero. Therefore, the plastic
yield condition used in the present analysis is taken to be:

M, /M, ~1=0 (14.21)
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Figure 14.2 Dynamic Elastic-plastic Behavior of a Clamped Beam under
Central Lateral Impact Load
a. Calculation model
b. Applied load-time relationship
¢. FE model in MARC analysis
d. Time history of displacement at impact point
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where m, is a bending moment and the subscript "p" indicates the fully plastic value for the
corresponding force component. The time history of the displacement at the impact point is
shown in Figure 14.2 (d). The results obtained, by using only one element, are depicted by the
solid line. It is easily observed that even one element is sufficient to obtain reasonably
accurate results.

EXAMPLE 14.2: Rectangular Portal Frame Subjected to Impact Loads

The rectangular portal frame shown in Figure 14.3(a) is subjected to concentrated pulse loads
as shown in Figure 14.3(b).

In a MARC FEM analysis, the frame is modeled using 32 elements (element type 16) as
shown in Figure 14.3(c). The element is a curved, two-dimensional, rectangular, cross-section
beam-column element. Integration points for the evaluation of element stiffness are the same
as in EXAMPLE 14.1. Only normal stresses due to axial forces and bending moments are
considered in the plastic analysis.

The plastic yield condition used in the present analysis is taken as:
(s, /M, Y +F.JF, -1=0 (14.22)
where f, is an axial force.

The time history of displacements located at the impact points along the load direction is
plotted in Figure 14.3(d). Again, it is observed that the present method is quite accurate when
using only one element for each structural member.
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EXAMPLE 14.3: Tubular Space Frame Under Impact Load

The tubular space frame shown in Figure 14.4 (a) is subjected to a step load as illustrated in
Figure 14.4 (b).

In a MARC FEM analysis, element type 14 is used and each structural member is discretized
by 10 elements as shown in Figure 14.4 (c). The element is a three-dimensional thin-walled
tubular beam- column. There are three Gaussian points, which are further divided into 16
Simpson integration points along the circumferential direction. Plasticity is taken into account
at these integration points by applying the Von Mises's yield condition and taking the stresses
due to axial forces, two bending moments, and torsional moments into account. Therefore, the
plastic yield condition used in the present analysis is taken to be:

1YIY00 S VYRNY Y L VY sin(%(F, /F, )J ~1=0 (14.23)

where M is the sectional torsional moment and M, and M, are the bending moments.

The time history of the impact displacement is presented in Figure 14.4(d).
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Figure 14.4 Dynamic Elastic-plastic Behavior of Space Frame under
Impact Load
a. Calculation model
b. Applied load-time relationship
¢. FE model in MARC analysis
d. Time history of displacement at impact point
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EXAMPLE 14.4: Clamped Aluminum Alloy Beam Struck Transversely by a Mass

The clamped beam shown in Figure 14.5 (a) was studied by Yu and Jones 1989, using the
ABAQUS FEM program. In their analysis, eight-node isoparametric plane stress elements
were used. The finite element mesh consists of 75 elements and 279 nodes. The mesh near the
impact point and the supports was made finer in order to obtain detailed information. A true
stress/true strain relationship of the material is shown in Figure 14.5(b). The time variations of
the maximum transverse deflection are shown in Figure 14.5 (c). The experimental results
conducted by Liu and Jones as described by Yu and Jones, 1989 are also plotted. The
associated time histories of the dimensionless bending moment

M, /M, and axial force F, / F,, are shown in Figures 14.5 (d) and (e).
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The plastic yield condition used in this example is the same as in EXAMPLE 14.2.

The ABAQUS FEM analysis employs the true stress/true strain curve, shown in Figure 14.5
(b). This analysis assumes the material has linear kinematic strain hardening and each side of
the beam is modeled as one element. Figures 14.5 (c-e) show that the structural response is
sensitive to the yield stress. However, the agreement between the results predicted by both
programs is good.

The examples presented in this section demonstrated that the nodal displacements and forces
predicted by the actual beam-column element agree with those obtained by experiments and
by general finite element program analyses. Reasonable results can be obtained by the beam-
column element even when the structural member is discretized by the absolute minimum
number of elements (normally one element per member).

14.4.3 Application to Practical Collision Problems

The procedure implemented in the SANDY program can be used to simulate many different
ship collision problems, such as side central collisions, bow collisions, and stern collisions
against structures like offshore platforms and ridges. The simulation results include: motion
(displacements), velocities/accelerations of the striking and the struck structures, indentation
in the striking ship and the hit member, impact forces, member forces, base shear and
overtuming moments for the affected structures, kinetic energy, and elastic/plastic
deformation energy of the striking and the affected structures.

In this section three typical ship collision problems are selected. These are ship-unmanned,
platform, and ship-jacket platform collisions.

EXAMPLE 14.5: Unmanned Platform Struck by a Supply Ship

The small unmanned platform, shown in Figure 14.6 (a), which is struck by a 5000 ton supply
vessel, is considered first. The dominant design criterion for this platform type is often ship
collisions, while it is normally wave loading for traditional platforms. The supply ship is
supported to drift sideways with a speed 2.0 ms-1 under calm sea conditions. The added mass
for the sideways ship sway motion is taken to be 0.5 times the ship mass. The force-
indentation relationship for the ship is taken as is shown in Figure 14.6 (b). The added mass is
included following Morison's equation and the added mass and drag coefficients are taken to
be 1.0. The tubes under the water surface are assumed to be filled with water. Therefore, the
mass due to the entrapped water is also included. The force-indentation relationship is
established by following Eqgs. (14.2) and (14.7) by following further approximations such as
multi-linear lines, as illustrated in Figure 14.6 (c¢). The soil-structure interaction is taken into
account using linear springs.

First, a linear analysis was carried out by using a load vector given by the gravity loading on
the structures. Then, a dynamic analysis considering large displacements, plasticity, and
hardening effects followed. The plastic yield condition was taken to be:

(a, /M, ) +sin? B-(F, /., )} ~1=0 (14.24)

It is noted that the indentation in the hit tube will reduce the load carrying capacity of the tube
greatly. This effect has not been taken into account in the present analysis. However, a
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possible procedure to account for the indentation effect is to reduce the plastic yield capacity
of the element nodes at the impact point using the procedure suggested by Yao et a/ (1986).

The numerical results are shown in Figures 14.6 (d-¢). The effect of strain hardening in these
figures is indicated; when the strain hardening is included, the structure becomes stiffer and
more energy will be absorbed by the ship. Therefore, the deck displacement is smaller, and the
collision force and overturning moment increase.

(a)

Top mass dnlO’kq

Static toaa
3924 x 10%N
27m
T Watl thickness
0.05m
Vo
& | 1 water une
Ship mass 5110%g f
Agaeo mass '.‘.Sllo‘kq l (b
Yield stress 300 MNm™ T
¥ 36m 30
oungs moaulus
210000 MN mi? |
Hardemng role WOl tmckness, - oo\h 075,23)
42857 MN m*2 20m P Z 2 N W00
m
< {1.00,i8)
(05,12} '
8
Mud Line S 10 1
Y — — b — I G Untoading . (20,10 (30,l0
T L 7} — (Sope 1SOMN m)
7.44m k274210 INmY [ 7
-1
H t
’u :" 15 110 (Nam [ 050 100 150 200 250 100
v

Indentation (m}

Figure 14.6 Response Caused by Collision between Supply Ship and
Unmanned Platform

a. Ship-platform collision
b. Local load-indentation relationship for the ship side

(Continued overleaf)
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c. Local force-indentation relati nship for the hit tube
d. Deck displacement time history of the platform
e. Impact force time history

f. Overturning moment time history of the platform

EXAMPLE 14.6: Jacket Platform Struck by a Supply Ship

The four-legged steel jacket platform shown in Figure 14.7 (a) is struck by a 4590-ton supply
ship. Both the platform and the ship are existent structures. The ship is supposed to surge into
the platform with the velocities 0.5, 2, and 6 ms-1 corresponding to operation impact,
accidental impact, and passing vessel collision, respectively. The force-indentation
relationship for the ship bow is obtained using axial crushing elements in which a mean
crushing force applied by a rigid-plastic theory has been adopted. The local indentation curve
for the hit tubular member in the jacket platform is established following Eqs. (14.2) and
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(14.7). Both indentation curves are further approximated as multi-linear curves. First, a linear
static analysis is carried out for the gravity loading and after, a nonlinear dynamic analysis is
performed which includes fluid-structure interaction, soil-structure interaction, large
displacements, and plasticity and kinematic strain-hardening effects for the affected platform.

The time history of the impact deflections is shown in Figure 14.7 (b). Figures 14.7 (c-e) show
how the energy is shifted between the ship and the platform and between kinetic energy,
elastic deformation energy, and plastic deformation energy.

Using the present procedure, impact forces, dent in ship, and local dent depth of the hit
member, can be obtained, provided the impact velocity and indentation curve of the ship are
known. The main results of the example are listed in Table 14.2.

Finally, the distribution of the plastic nodes for an impact velocity of 5ms-1 at time 1.45s is
shown in Figure 14.7(a).

Table 14.2 Main Results of Ship-Jacket Platform Collisions

Impact Velocity | Impact Energy | Impact Force | Dent in Ship LO;?; tg)e::] In
(ms-1) M) (MN) (m) (m)
0.5 0.631 2.116 0.437 0
2.0 10.1 8.194 1.69 0.083
5.0 63.1 18.88 3.40 0.616
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Figure 14.7 Response caused by Collision between Supply Ship and

Jacket Platform

a. Jacket platform struck by supply ship showing
distribution of plastic nodes (Ship velocity, v, = Sms™ time
1.45s)

b. Impact displacement time histories of the platform

¢. Time history of energies during ship impact on jacket
platform (Impact velocity, ¥, = 0.5ms™")

d. Time history of energies during ship impact on jacket
platform (Impact velocity, V, =2ms™")

e. Time history of energies during ship impact on jacket
platform (Impact velocity, V, = 5ms™")
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14.5 Conclusions

A consistent procedure has been presented for collision analysis. A nonlinear force-
displacement relationship has been derived for the determination of the local indentation of the
hit member and a three-dimensional beam-column element has been developed for the
modeling of the damaged structure. The elastic large displacement analysis theory and the
plastic node method have been combined in order to describe the effects of large deformation,
plasticity, and strain hardening of the beam-column members.

The accuracy and efficiency of the beam-column elements have been examined through
simple numerical examples by comparing the present results with those obtained by
experiments and finite element program analyses using the MARC and ABAQUS programs. It
is shown that the present beam-column elements enable accurate modeling of the dynamic
plastic behavior of frame structures by using the absolute minimum number of elements per
structural member.

In addition, examples, where the dynamic elastic-plastic behavior of offshore platforms and
bridges in typical collision situations is calculated, have been presented.

All examples show that strain-hardening plays an important role in the impact response of the
struck or affected structure. The strain-hardening results in smaller deformations and more
energy will be absorbed by the striking structure. Therefore, the impact force is bigger. Thus, a
rational collision analysis should take the strain hardening effect into account.
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Part II
Ultimate Strength

Chapter 15 Offshore Structures Under Earthquake Loads

15.1 General

Bottom supported offshore structures in seismic areas may be subjected to intensive ground
shaking causing the structures to undergo large deformations well into the plastic range.
Previous research in this area has mainly resulted in procedures where the solutions have been
sought in the frequency plane (Penzien, 1976). The present chapter is devoted to time domain
solutions such that the development of plastic deformations can be examined in detail.

The basic dynamics of earthquake action on structures has been discussed in Clough and
Penzien (1975) and Chopra (1995). There have been extensive investigations on earthquake
response of building structures in the time domain (Powell, 1973). Unfortunately, most of
works have been limited to plane frames. Furthermore, for offshore structures hydrodynamic
loads have to be taken into account and the geometrical nonliearities become more important
than in building structures. Therefore, there is a need for a procedure to predict earthquake
response of offshore structures including both geometrical and material nonlinearities.

Methods for analysis of frame structures including geometrical nonlinearities have been based
on either the finite element approach (Nedergaard and Pedersen, 1986) or on the beam-column
approach (Yao et al, 1986). Nedergaard and Pedersen, (1986) derived a deformation stiffness
matrix for beam-column elements. this matrix is a function of element deformations and
incorporates coupling between axial and lateral deformations. It is used together with the
linear and geometrical stiffness matrices.

Material nonlinearity can be taken into account in an efficient and accurate way by use of the
plastic node method (Ueda and Yao, 1982). Using ordinary finite elements, the plastic
deformation of the elements is concentrated to the nodes in a mechanism similar to plastic
hinges. Applying the plastic flow theory, the elastic-plastic stiffness matrices are derived
without numerical integration.

In this Chapter, a procedure based on the finite element and the plastic node method is
proposed for earthquake response analysis of three-dimensional frames with geometrical and
material nonlinearities. Using the proposed procedure, earthquake response of a jacket
platform is investigated. Part of this Chapter appeared in Bai and Pedersen (1991). The new
extension is to outline earthquake design of fixed platforms based on API RP2A.

15.2 Earthquake Design as per API RP2A

API RP2A (1991) applies in general to all fixed platform types. Most of the recommendations
are, however, typical for pile steel jacket platforms. The principles and procedures given in
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API (1991) are summarized below. The design philosophy for earthquake leads in API (1991)
is illustrated in Table 15.1.

Table 15.1 Earthquake Design Philosophy, API RP2A

Strength Level Earthquake (SLE) | Ductility Level Earthquake (DLE)

Philosophy Prevent interruption of normal | Prevent loss of life and maintain well
platform operations. control.
Design Ground shaking which has a | Rare intense ground shaking that

reasonable likelihood of not being | unlikely to occur during the platform
exceeded during the platform life. | life.

Performance | No significant structural damage, | No collapse, although structural
essentially elastic response. damage is allowed; inelastic response.

The API’s seismic design recommendation are based upon a two level design approach, these
are

« Strength Requirements

The platform is designed for a severe earthquake which has reasonable likelihood of not
being exceeded during the platform life (typical return period hundreds of years, Strength
Level Earthquake SLE).

« Ductility Requirements.

The platform is then checked for a rare earthquake with a very low probability of
occurrence (typical return period thousands of years, Ductility Level Earthquake DLE).

The objective of the strength requirements is to prevent significant interruption of normal
platform operations after exposure to a relatively severe earthquake. Response spectrum
method of time history approach is normally applied.

The objective of the ductility requirements is to ensure that the platform has adequate capacity
to prevent total collapse under a rare intense earthquake. Member damage such as in-elastic
member yielding and member buckling are allowed to occur, but the structure foundation
system should be ductile under severe earthquakes, such that it absorbs the imposed energy.
The energy absorbed by the foundation is expected to be mostly dissipated through non-linear
behaviour of the soil.

For some typical jacket structures, both strength and ductility requirements are by API
considered satisfied if the below listed previsions are implemented in the strength design of
these platforms:

« Strength requirements for strength level earthquake loads (SLE) are in general documented.

« Strength requirements are documented for jacket legs, including enclosed piles, using 2
times the strength level earthquake loads (i.e. 2*SLE).

- Rare, intense earthquake ground motion is less than 2 times the earthquake ground motions
applied for documentation of strength level requirements (i.e. DLE < 2*SLE).
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« Geometrical and ultimate strength requirements for primary members and their
connections as given in API are satisfied. These requirements concern number of legs,
jacket foundation system, diagonal bracing configuration in vertical frames, horizontal
members, slenderness and diameter/thickness ratio of diagonal bracing, and tubular joint
capacities.

15.3 Equations and Motion

15.3.1 Equation of Motion

The equations of motion for a nonlinear offshore structure subjected to a earthquake loading
can be expressed as

MYt }+ [chav}+ [k, Jau) = -[mYaU |+ {ax,) (15.1)

where {dU }, {dU } and {dU } are the increments of nodal displacement, velocity and
acceleration relative to the ground respectively. [M] is the structural mass matrix, while [C] is
the structural damping matrix. [Kr] denotes the structural tangent stiffness matrix. {dX.} are

the increments of the hydrodynamic load. The ground acceleration vector {/ g} is formed as
an assembly of three-dimensional ground motions.

We shall here assume that at the time of the earthquake there is no wind, wave or current
loading on the structure. According to the Morison equation (Sarpkaya and Isaacson, 1981),
the hydrodynamic load per unit length along a tubular beam member can be evaluated as

(i) = =pC.li,} =2 pCo Dl i) (152)

where p is the mass density of the surrounding water, D is the beam diameter, C, is an added
mass coefficient, Cp the drag coefficient, A=tD%4, and {ii,} denotes the normal components

of the absolute velocity vector. The absolute velocity vector is

fi, =)+, } (15.3)
Using a standard lumping technique, Eq. (15.1) can be rewritten as
(M]+[m, DU }+ [chav )+ [k, au} = (] + [, DaU, }+ {aF, ) (15.4)

where [M,] is an added mass matrix containing the added mass terms of Eq. (15.2). The
increments of drag force terms from time (t) to (t+dt) are evaluated as

(dF,} =T o Yoy~ 20T o) (15.5)

where z denotes summation along all members in the water, while {fp} are results of
integration of the drag force terms of Eq. (15.2) along the member. [T] is the transformation
matrix. the equations of motion Eq. (15.4) are solved by the Newmark-f3 method (Newmark,
1959).
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15.3.2 Nonlinear Finite Element Model
The finite element model was given in Part II Chapter 12.
15.3.3 Analysis Procedure

Design of offshore structure for earthquake resistance should consider operational and safety
requirements of critical piping, equipment and other important components. This dual criteria
is usually provided for by designing a structure where the deformations are within acceptable
levels and satisfy a set of yield or buckling criteria for the maximum expected level of the
earthquake ground motion. Therefore, a nonlinear dynamic analysis is necessary.

Some of the features of the present analysis procedure are:

« A acceleration record, such as EL CENTRO N-S, is scaled by a scale factor to match the
probable earthquake in the areas where the structure will be installed.

« A frame model is established by three-dimensional finite elements. Soil structure
interaction is taken into account by used of spring elements.

« Fluid-structure interaction is induced. The contribution form the added mass in taken into
accounted by an increase of the mass of the beam-column element s. the drag forces are
treated as external loads.

» A linear static analysis is performed for the structure subjected gravity loading. The results
are used as an initial condition for the subsequent dynamic analysis.

« The structure mass matrix may consist of both masses applied directly at the nodes, and
element masses which are evaluated using either a lumped mass method or a consistent
mass method.

Geometrical and material nonlinearities are taken in account by use of the theory described in
the proceeding chapters.

Time history, and maximum and minimum values of displacements, and forces are presented
as calculation results. From these results, the structural integrity against the earthquake is
assessed.

The procedure has been implemented in the computer program SANDY (Bai, 1990), and used
in several analyses.

15.4 Numerical Examples

EXAMPLE 15.1: Clamped Beam Under Lateral Load

This example (see Figure 15.1) is chosen to show the efficiency of the present procedure. In
the present analysis, only one beam-column element is used to model half of the beam. The
linear and geometrical stiffness matrices as well as the deformation matrix are used. The
plastic yield condition used for rectangular cross-section is taken as

M. M, +(F,/F, )} -1=0 (15.6)
where the subscript "p" indicates fully-plastic values for each stress components.

Figure 15.1 shows that the present results agree with the experimental results and the limit
load theory results (Haythornthwaite, 1957). The limit load is P, when the geometrical
nonlinearity is not taken into account.
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Figure 15.2 Two-Dimensional Frame Subjected to Earthquake Loading
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Figure 15.3 Lumped Masses and Static Loads Applied on the 2-D Frame
EXAMPLE 15.2: Two-Dimensional Frame Subjected to Earthquake Loading

The ten story, three bay frame shown in Figure 15.2 has been taken from the user's guide of
DRAIN-2D, which is a well known nonlinear earthquake response analysis program for plane
structures (Kannan and Powell, 1973). Using the static load shown in Figure 15.3, a lincar
static analysis is performed. The results are used as the initial conditions for the dynamic
analysis. The frame has been analyzed for the first 7seconds of the EL CENTRO, 1940, N-S
record, scaled by a factor of 1.57, to give a peak ground acceleration of 0.5 g. the mass lumped
at the nodes are based on the dead load of the structure. The damping matrix is determined as
[C] = 0.3 [M]. The frame is modeled by using one element per physical member, Horizontal
nodal displacements at each floor are constrained to be identical. In the analysis, the
geometrical nonlinearity is not taken into account. The plastic yield condition for the i steel
beam is assumed as:

M, /M, +1.66(F,/F,F -1=0 (15.7)

Typical results are shown in Figure 15.4, together with those predicted by DRAIN-2D. The
agreement between the two programs is good.

EXAMPLE 15.3: Offshore Jacket Platform Subjected to Earthquake Loading

The four-legged steel jacket platform shown in Figure 15.5 is an existing structure. It is
subjected to a horizontal earthquake loading. The applied ground acceleration time history is
again the first 7 seconds of EL CENTRO N-S, with amplification factors. A linear static
analysis is carried out using dead load applied on the deck. Fluid-structure interaction, soil-
structure interaction, and geometrical and material nonlinearitics are taken into account. Each
structural member is modelled as only one beam-column element. The plastic yield condition
used for thin-walled circular tubs is expressed as

(M’/M’P)2 +(M>'/Myp)2 +(M:/sz)2 +
st (20 6, F 6,15, P+ 6/, P10 159

The effects of earthquake acceleration amplification factors have been shown in Figure 15.8.
Plastic nodes have been observed when the amplification is bigger than 2.25. the distribution
of plastic nodes at time 3.00 second for a scale factor 4.5 has been shown in Figure 15.5. The
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structure undergoes large deformations as well as plasticity when it is subjected to intensive
ground shaking.
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Figure 15.4 Time History of Roof Displacement for the 2-D Frame
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Figure 15.5 Offshore Jacket Platform Subjected to Earthquake Loading
Showing Distribution of Plastic Nodes (Earthquake Scale
Factor 4.5, Time 3.0 Second)
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Figure 15.7 Hydrodynamic Damping Effect Associated With Drag Forces
(Earthquake Acceleration Scale Factor 3.0)

Figure 15.7 shows time histories of the lateral displacements at the deck of the platform in X-
direction for a scale factor 3.0. It is observed that in this example the hydrodynamic damping
effect associated with drag forces can be ignored.

Figurel5.8. Presents foundation stiffness effects on the time histories of the lateral
displacements. The vibration period and maximum displacement increase greatly as the soil
stiffness decrease. No plastic node has been observed when soil stiffness has been scaled by a
factor 0.1. This figure also shows the importance of modelling soil-structure interaction
reasonably accurate. The maximum value of the lateral displacement will be very large and it
will cause problems for the piping system and equipment on the deck.
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Figure 15.8 Foundation Stiffness Effects (Earthquake Acceleration Scale
Factor 3.0)

15.5 Conclusions

A procedure for earthquake response analysis of three dimensional frames with geometrical
and material nonlinearities has been presented. A deformation stiffness matrix [4p] and an
internal force vector {r} have been derived. This matrix incorporates the coupling between
axial and lateral deformations of the elements. In conjunction with the plastic node method,
the proposed approach enables accurate modeling of frames using only one element per
physical member. The element stiffness matrices are evaluated without numerical integration
which is usually required by the traditional finite element methods.

The numerical examples show that the procedure is efficient and accurate. In addition time to
prepare input data is low. It can also be applied to nonlinear dynamic response analysis of
offshore structures under collision loads.

From Example 15.3, the following results have been observed:

- In an analysis of a structure subjected to strong earthquake loading, It is important to take
both geometrical and material nonlinearities into account.

« The hydrodynamic damping effects associated with drag forces are small.

« The foundation stiffness effects are very significant and it is important to accurately model
soil-structure interaction.
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Fatigue and Fracture

Chapter 16 Mechanism of Fatigue and Fracture

16.1 Introduction

Fatigue is the cumulative material damage caused by cyclic loading. Many structural
members must withstand numerous stress reversals during their service life. Examples of this
type of loading in marine structures include alternating stresses associated with the wave
induced loading, vortex-induced-vibration (VIV) and load fluctuations due to the wind and
other environmental effects. In the following Sections, the basic fatigue mechanism will be
reviewed. A detailed theoretical background for fatigue analysis is given by Almar-Naess
(1985), Gurney (1979), Maddox (1991), Suresh (1991), Dover and Madhav Rao (1996). An
extensive list of recently published papers may be found from the proceedings of ISSC (1988,
1991, 1994, 1997, 2000). AWS (1985) can be considered as a representative code for fatigue
strength design. Recent developments in ship fatigue research may be found in Xu (1997) and
Xu and Bea (1997).

As part of the limit-state design criteria, Part III of this book covers the following aspects:
Chapter 16  Basic mechanism of fatigue and fracture
Chapter 17 Fatigue criteria such as S-N curves, stress concentration factors

Chapter 18  Fatigue loads and stresses determined based on deterministic methods,
stochastical methods and Weibull distribution.

Chapter 19 Simplified fatigue assessment based on a Weibull distribution of long-term
stress range

Chapter 20  Spectral fatigue analysis and time-domain fatigue analysis and their
applications to structural design

Chapter 21 Fracture mechanics and its applications to the assessment of crack propagation,
final fracture and calibration of fatigue design S-N curves.

Chapter 22 Material selection and damage tolerance criteria

16.2 Fatigue Overview

Generally, the load amplitude of each cycle is not large enough to cause the structural failure
by itself. But failure could occur when the accumulated damage experienced by the structure
reaches a critical level. The fatigue life of a structural detail is directly linked to the fatigue
process, which can be grouped into the following three stages:

« Crack initiation
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« Crack propagation
« Final fracture failure

Crack Initiation: This is tied to the microscopic material behavior. To a certain degree weld
defects always exist both internally and on the weld surface. These weld defects may trigger
the cracks to grow, which usually from the weld surface.

Crack Propagation: Compared to the crack initiation, the crack propagation stage is better
understood and different theories exist to model the crack growth, e.g. fracture mechanics. The
major parameter governing crack propagation is the stress range to which the structural detail
is subject to. Besides, the welding geometry and initial crack size have a large impact on the
fatigue life of the structural detail. In welded structures, fatigue cracks almost always start at a
weld defect and the propagation period accounts for more than 90% of the fatigue life.

Fracture Failure: Fracture failure of the structural details will occur eventually when the
crack size propagates to a critical size. The final fracture depends upon a couple of parameters,
such as stress level, crack size and material toughness. Similar to crack initiation, the fatigue
life during the final fracture is a small part and is usually negligible compared to the crack
propagation stage.

Fatigue can be classified as:
« High-cycle (low stress) fatigue
« Low-cycle (high stress) fatigue

Typically, a fatigue failure is called “low-cycle fatigue” if the number of cycles to failure is

less than 10°, The number of cycles in a high-cycle fatigue is usually several millions. For
marine structures, the latter has been of real concem.

Methods for Fatigue Analysis: In general, there are two methods for fatigue analysis, namely
S-N approach (based on fatigue tests, see Chapters 17) and fracture mechanics approach (see
Chapter 21). For fatigue design purpose, the S-N curve approach is widely used and is the
most suitable one. Fracture mechanics method is used to determine acceptable flaw size;
assessing the fatigue crack growth; planning inspection and repair strategy, etc. For the S-N
curve approach, there are three methodologies for fatigue damage calculations, depending on
the methods of determining fatigue loads (see Chapter 18):

- Simplified Fatigue Analysis (see Chapter 19)
+ Spectral Fatigue Analysis (see Chapter 20)
« Time Domain Fatigue Analysis (see Chapter 20)

In order to study the fatigue and fracture damage mechanism, numerous experiments have
been conducted to investigate the material characteristics. These experiments can be divided
into two categories: stress-controlled fatigue and strain-controlled fatigue.

16.3 Stress-Controlled Fatigue

Stress-controlled fatigue is generally related to high cycle (low stress) fatigue, in which a
major part of the material behaves elastically. Even though the material immediately adjacent
to the notch may become plastic, both the extent of plastic zone, and the stress in it are limited.
Since stress is directly proportional to strains, conventionally, the fatigue strength is expressed
in terms of stress.



Chapter!6 Mechanism of Fatigue and Fracture 319
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Number of cycles to failure

Figure 16.1 Wohler's S-N Curves for Krupp Axle Steel

One of the carliest investigations of stress-controlled cyclic loading effects on fatigue life was
performed by Wohler in 1893 who studied railroad wheel axle failure. Several important facts
were revealed from this investigation as can be seen in the plot of stress range vs. the number
of cycles to failure, see Figure 16.1. First, the number of cycles to failure increases with
decreasing stress range. Below a certain stress range, which is referred to as fatigue endurance
limit, the fatigue life is infinite. Second, the fatigue life is reduced dramatically by the
presence of a notch. These observations indicate that fatigue is a three-stage process involving
initiation, propagation, and a final failure stage (Figure 16.2).

The S-N curves established by stress controlled fatigue tests are generally expressed as:

N=K-§™ (16.1)
where:
N = Number of cycles to failure
S = Stress range

m, K = Material constants depending on the environment, test conditions, etc.

In most cases, the Y-axis of the S-N diagrams is stress amplitude which is half of the total
stress range. 1t should be noted that considerable scatter exists in the S-N Curves. The scatter
is due to the factors affecting S-N curves such as:

« wall-thickness

- corrosion

. type and condition of the material including a number of metallurgical variables.
. test environment, specimen surface, alignment of the test machine etc.

- residual stress, mean stress or stress ratio

. local stress peaks (notch effects)
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Figure 16.2 Illustration of Fatigue Life( Initiation and Propagation
Stages)

The first two factors in the above list are explicitly accounted for in fatigue design codes.

16.4 Cumulative Damage for Variable Amplitude Loading

Much of the fatigue data discussed so far was generated from constant amplitude and constant
frequency tests. However, these results are not realistic in actual field service conditions.
Many structures are subjected to a range of load fluctuations and frequencies. In order to
predict the fatigue life of a structural detail subjected to a variable load history based on
constant amplitude test data, a number of cumulative damage theories have been proposed. For
instance, the Palmgren-Miner cumulative damage law (Miner, 1945) states that.

_k‘ =l (16.2)
where,

k = Number of stress range levels in the block of load spectrum

S; = ith stress range level

n; = Number of stress cycles applied at S;

N; = Fatigue life at S;

The hypothesis of Miner was originally based on several assumptions (Fricke et al, 1997):
« sinusoidal load cycles

« purely altemating load

« crack initiation as the failure mode

« No contribution to damage by load cycles below the endurance limit

« Sequence of load cycles not considered
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In the literature, several modifications to the Palmgren-Miners law have been suggested
related to the damage ratio, endurance limits, etc. The Palmgren-Miner law has still been
widely applied in engineering due to its simplicity.

16.5 Strain-Controlled Fatigue

The fatigue of a specimen subjected to strain controlled loading is generally related to low
cycle high stress fatigue. The stress associated with low cycle fatigue will usually be high
enough to cause a considerable amount of plastic deformation in the region of the stress
concentration. Thus, the relation between stress and strain will no longer be linear. This
relation is often characterized by a hysteresis loop (Figure 16.3) which may change from cycle
to cycle. In Figure 16.3, A¢, is the plastic strain range and Ag, is the total strain range.

Ag, = Ag, — A, is the elastic strain range.

In engineering applications, much of the basic testing related to low cycle fatigue has been
carried out under constant strain range conditions. The test results have indicated that there is a
relation between the fatigue life (N) and a strain parameter. Based on his test data, Manson

(1964) suggested that the relationship between the strain and the fatigue life may be expressed
as:

(Ae, )" N = constant (16.3)

The above equation implies a straight line relation between log(Ag,) and log N with the slope

of -m. The value of the index m is a variable depending on material and environmental
conditions, and is approximately 0.5.

In order to derive A¢—N curves, it is convenient to consider the elastic and plastic strains
separately. The elastic strain range is often described in terms of a relationship between the
stress amplitude and the number of load reversals (S-N diagram).

S

Ag,

Ag,

Figure 16.3 Cyclic Stress-strain Loop
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Ag E

—2’— =S, =S,2N,)’ (16.4)
where,
Ae . . .
—= = Elastic strain amplitude
E = Modulus of elasticity
S, = Stress amplitude
S, = Fatigue strength coefficient, defined by the stress intercept at one load reversal
(2N, =1)
N, = Cycles to failure
2N, = Number of load reversals to failure
b = Fatigue strength exponent

The plastic component of strain is described by the Manson-Coffin relation (Manson, 1964
and Coffin, 1959):

AEP ‘ c
SL=e,(2N,)

(16.5)
where,
Ag . . .
—22 = Plastic strain amplitude
€, = Fatigue ductility coefficient defined by the strain intercept at one load reversal
(2N, =1)
2N, =Total strain reversals to failure
c = Fatigue ductility exponent, a material property in the range of -0.5 to -0.7

Manson suggested that the fatigue resistance of a material subjected to a given strain range
could be estimated by superposition of the elastic and plastic strain components. Therefore, by
combining Egs. (16.4) and (16.5), the total strain amplitude may be given by

Ae. Ae Ae

S’ ‘ <
—21=—24 +—22 =Eﬁ(2Nr)"+er(2Nr) (16.6)
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Figure 16.4 Superposition of Stress (High Cycle) Life Curve and Strain
(Low Cycle) Life Curve

Figure 16.4 illustrates the combination of the high cycle fatigue and low cycle fatigue. The
total strain life curve approaches the plastic strain life curve in the low cycle region, and the
stress life curve in the high cycle region. The parameters used in Eq.(16.6) for the
determination of the strain-life curves have been given by Boller and Seeger (1987) for
various materials.

According to the American Welding Society (AWS), a Ae-N curve is expressed as below
(Marshall, 1992):

Ag =0.055N "% Sfor Ag = 0.002 (16.7)
and
Ag=0016N% for Ae <0.002 (16.8)

The strain range Ae is the maximum strain less the minimum strain near the weld during
steady cyclic bending loads.

Test data for design of the Asgard flowlines (Bai et al, 1999) confirmed that the above AWS
curves were applicable to flowlines and risers although they were originally developed for
tubular joints. Original test data for pipes under low-cycle fatigue are also given in Bai et al
(1999). A study of low-cycle fatigue conducted as part of the DEEPIPE JIP was summarized
by Igland et al. (2000).

16.6 Fracture Mechanics in Fatigue Analysis
For a plate under uniform stress, the stress intensity factor K may be estimated as:
K=ovm F (16.9)

where a is the crack width and geometrical correction factor F is the product of a couple of
factors such as back crack shape factors, front face factor, finite thickness factor, finite width
factor and stress gradient factor.
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For fatigue crack growth, the zone of inelasticity is often small enough for the small scale
yielding assumption to be valid. Linear fracture mechanics can thus be applied in the fatigue
crack growth analysis.

Paris and Erdogan (1963) suggested that the most relevant parameter to describe the fatigue
crack growth was the range of the stress intensity factor AK . In Figure 16.5, a schematic crack
growth rate curve is shown. Three distinct regions are indicated: 1) the well-known threshold
region, 2) intermediate region, and 3) the failure region.

At a sufficiently low-stress intensity range in the threshold region, there is no crack growth.
The corresponding value of the stress intensity factor is called the threshold stress intensity

factor range (AK, ).

At intermediate values of K, there is an approximate linear relationship between the crack
growth rate and AK on a log-log scale. This is generally characterized by the Paris equation:

da

W=C(AK)’" (16.10)
where

AK =K, —K, . (16.11)
K. . and K, are the maximum and minimum values of the stress intensity factor, at the

upper and lower limit stresses during a cyclic loading. References on fracture assessment are
e.g. Broek (1989), Rolfe and Barsom (1999), see Part III Chapter 21 for more details.

da/dN

Regime IlI-Fracture

Regime I1I-Paris Law

Regime I-Threshold

>
P>

AK

Figure 16.5 Schematic Crack Growth Rate Curve Showing the Relation
of Crack Propagation Rate (da/dN) and Stress Intensity
Factors
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16.7 Examples

Example 16.1: Fatigue Life Cycle Calculation
Problem:

A pipe of 30mm wall thickness is subjected to a long-term stress distribution as shown in the
figure below. What is the fatigue life of this pipe that is welded from one side?

Solution:

The welded component falls in class F2 joint classification. By including thickness effect, the
S-N curve can be formulated as

log N =1 1.63»%1og[2’2j—310g5 ~11.53-3.0l0g S

According to the damage calculation tabulated below, the total damage ratio is 0.3523. The
number of cycles to failure is then

_ MO 60100
D 03523

(MPa)
500

400 ]

300 [

28]

200 3 ~

| 10 [T

10E5

Figure 16.6  Stress Cycles for Fatigue Life Calculation
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Block | 7 S, N, n; /N,
1 3 450 3718 0.0008
2 7 400 4941 0.0014
3 30 350 7903 0.0038
4 70 300 12550 0.0056
5 300 250 21686 0.1353
6 700 210 36588 0.0191
7 3000 170 68969 0.0435
8 7000 130 154230 0.0454
9 30000 90 464807 0.0645
10 70000 50 2710753 0.0258
11 300000 20 4235552 0.0071

ng=411110 D=0.3523

Example 16.2: Fracture Mechanics Based Crack Growth Life Integration

Problem: Assuming that a very wide plate is subjected to a contact amplitude uniaxial cyclic
loading that produces nominal varying stresses between 200 MPa and -100 MPa, Critical
stress intensity factor is K., =104 MPa Jm . Material constants m=3, C=7.1E-12

m/( MPa\m ). What is the fatigue life if the initial crack length is less than 2.5 mm?

Solution:

Crack growth can be predicted using Paris Equation. Integration of this equation involves
numerical methods unless F is independent of crack length. In an infinite plate under uniform
tension, F is constant (16.12). The compressive stress of —100 MPa may be ignored in the
fracture calculation. The critical crack length at final fracture can be obtained from Eq.(16.9),

2 2
K
acy A Ka =ﬂ_l(——1£— = 0.068m
AN\F 0 1.12-200

Integrating the Paris equation Eq.(16.10), the constant amplitude fatigue life can be estimated
as

a
¥ da

am . F" 0.0687°° —0.0025°
4 = : : =72887cycles

N =
PoCS"a™ T ~05.(7.1.107)-200° - 7" - 1.12°
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Fatigue and Fracture

Chapter 17 Fatigue Capacity

17.1 S-N Curves

17.1.1 General

In Part IIT Chapter 16, it is stated that the relationship between the stress range and the number
of cycles to failure is a function of the type of joint, the environment, and the plate thickness.
In this Chapter, factors affecting S-N curves will be discussed in Section 17.1, while the
determination of the stress range at the critical location (hot spot) of the joint will be discussed
in Section 17.2. Methods for determining stress concentration factors will be presented in
Section 17.3. In Part III, tubular joints and plated connections are also termed “critical details”,
or “details”.

For fatigue analysis based on the nominal stress approach, welded joints are divided into
several classes. Each class has a designated S-N curve. The classification of S-N curves
depends on the geometry of the detail, the direction of the fluctuating stress relative to the
detail, and the method of fabrication and inspection of the detail. The types of joint, including
plate-to-plate, tube-to-plate, and tube-to-tube connections have alphabetical classification
types, where each type relates to a particular S-N relationship as determined by experimental
fatigue tests. The design S-N curves are based on the mean-minus-two-standard-deviation
curves for relevant experimental data. The S-N curves are thus associated with a 97.6%
probability of survival.

For example, Norwegian and British codes reference the D curve for simple plate connections
with the load transverse to the direction of the weld and the T curve for tubular brace to chord
connections, see Figure 17.1.

In the American codes (e.g. API RP2A), fatigue has been relatively less of concern.
Consequently, the number of joint classifications is less than that recommended in Europe.

Each construction detail, at which fatigue cracks may potentially develop, should be placed in
its relevant joint class in accordance with criteria given in the codes. Fatigue cracks may
develop in several locations, e.g. at the weld toe in each of the parts joined, at the weld ends,
and in the weld itself. Each location should be classified separately.

The basic design S-N curve is given as:
logN =logK —mlogs$ (17.1)
where,

S = Stress range
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N = Predicted number of cycles to failure for stress range S

m = Negative inverse slope of S-N curve (typically m=3)

log K = Intercept of log N-axis by S-N curve = log a — 2std
where, a and std are constant relating to mean S-N curve and standard deviation of log N,
respectively.

Examples of S-N curves in-air are given in Figure 17.1. These S-N curves have a bi-linear
relationship between Log(S) and Log(N), and the change in slope from a gradient (of 1/3) to a
gradient (of 1/5) occurs at 10E7 cycles. The lower right side of the S-N curves reflects the
considerably longer life associated with tests of joints at low stress ranges.

The second part of the design S-N curve is given as (NTS, 1998):
logN =logC—rlog§ (17.2)
where,
r = Negative inverse slope of the second S-N curve (typically r=5)
log C = Intercept of log N-axis by the second S-N curve

The relationship between the stress range and the number of cycles to failure indicates that a
relatively small change in the estimated stress range has a significant effect on the fatigue life.
For example, the life of a joint will be halved for an increase of 26% in stress. Estimates of
stresses in joints are considered to be within 20% from mechanical tests or refined FE analyses
and within 25% from the well-calibrated empirical formulae for stress concentration factors.
Thus, accurate estimates of stress ranges at the critical areas on joints are essential when
determining fatigue lives. Methods for estimating stress ranges will be discussed further in
Section 17.2.

1000

Stress range (MPa)
g

10 2 +
1 00E+04 1.00E+05 1.00E+06 1.0CE+07 1.0CE+08

Number of cycles

Figure 17.1 Examples of S-N Curves in Air (NTS, 1998)



Chapter 17 Fatigue Capacity 331

In some of the design codes, there is a cut-off limit, and low fatigue damage is assumed when
the stress range is below the cut-off limit.

For the sake of consistency, discussions of the fatigue criteria in this chapter will be mainly
based on NORSOK (NTS, 1998). However, readers are recommended to refer the codes
relevant to their projects such as IIW (Hobbacher, A. (1996), Eurocode 3 (1992), IACS (1999),
ABS (1992) and DNV (2000), among of others.

17.1.2 Effect of Plate Thickness

The thickness effect is due to the local geometry of the weld toe in relation to the thickness of
the adjoining plates and to the stress gradient over the thickness. It may be accounted for by:

k
t
logN =log K — mlog[S(t——] ] (17.3)
ref
where,?,,, = Reference thickness which in some design codes is 32 mm and 25 mm for
tubular joints and other types of welded connections respectively (NTS, 1998).
! = Thickness through which a crack will most likely grow.
k = Thickness exponent on fatigue strength in the range 0.00 to 0.25 depending

on the code employed, the S-N curves selected etc (NTS, 1998).

In other words, the thickness effect may be accounted for by multiplying a factor of (¢/t, ) to
the stress range. In HSE (1995), the value of k and reference thickness Lo is 0.25 and 22 mm,

respectively. In general, the thickness correction to the design equation for the S-N curve is
required when the plate thickness is thicker than the reference thickness. To some extent, the
thickness correction also accounts for the size of the weld and its attachments. However, it
does not account for the weld length or the length of component different from the tested
component.

17.1.3 Effect of Seawater and Corrosion Protection

In Figure 17.2, three types of S-N curve are compared for the tubular T S-N curves in air,
seawater with CP, and seawater under free corrosion. The relationship between in-air and in-
seawater with cathodic protection (CP) varies between codes. Using NORSOK (NTS, 1998),

the fatigue life at high stress ranges (when N is less than10° cycles) in seawater with CP is
considered to be 40% of that in-air. However, there is no difference between the S-N curves at

lower stress ranges (when N is in excess of 107 cycles).

In general, the fatigue life in seawater under free corrosion is 33% of the life in air at high
stress ranges (when N is less than 107 cycles). There is no change in slope for the free
corrosion S-N curve and hence the fatigue lives are around 10%, of the equivalent lives for in-
air S-N curve when N is more than 107 cycles.

17.1.4 Effect of Mean Stress

Compressive mean stress has a beneficial effect on fatigue capacity. Normally it is not
required to account for the effect of mean stress. However, in some special cases, it is
necessary to take into account the mean stress effect to modify the selected S-N curves, e.g.
for the fatigue assessment of TLP tethers and mooring lines whose non-linear response is
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important. In the literature, several models are available to correct the S-N curves for the mean
stress effect. The most popular model is the so-called Modified Goodman relation that my be
expressed as (Almar-Naess, 1985):

S
=—2 17.4
o 1 - O'"l /O'll ( )
where, S, , = the stress at a given fatigue life under reversed loading (mean stress is 0) and

where S, and arc the alternative stress applied and o, and o, are the mean stress and
ultimate stress respectively. S, , defined in Eq.(17.4) should be used as the stress range in the

corrected S-N curve.
17.1.5 Comparisons of S-N Curves in Design Standards

There are various kinds of fatigue design codes in the literature, e.g.:

« General steel codes: BS 7608, BS 7910, Eurocode 3, NS 3472

o Offshore industry: NORSOK, UK HSE (UK Den), API, etc.

« Ship industry: classification Rules, IACS requirements

« IIW (International Institute of Welding), AWS (American Welding Society).
« Automobile industry, aerospace & aircraft industries, etc.

« Bridges industry: BS5400 (BSI, 1979), AASHTO (1989)

+ ASME Pressure Vessels Codes

o Welded Aluminum Codes: BS8118 (BSI, 1991), ECCS (1992)
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Figure 17.2  Comparison of S-N Curves for Tubular Joints (NTS, 1998)
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Table 17.1  Comparison of European Standards for Fatigue S-N Curves for Air
Environments (Fricke et al, 2000)

NORSOK/ Log K Log C Stress _ SCF as
Euro Code Amplitude Thickness | Derived by the
3 Nowtion | NS 3472/ For For . . Hot-Spot
at transition Exponent
(FAT) HSE N<10E7 N>10E7 (MPa) § Stress
Notation (m=3) (r=5)
160 Bl 12913 16.856 93.57 0
140 B2 12.739 16.566 81.87 0
125 C 12.592 16.320 73.10 0.15
112 Cl 12.449 16.081 65.50 0.15
100 C2 12.301 15.835 58/48 015
90 D 12.164 15.606 52.63 0.25 1
80 E 12.010 15.350 46.78 0.25 1.13
71 F 11.855 15.091 41.52 0.25 1.27
63 Fl 11.699 14.832 36.84 0.25 1.43
56 F3 11.546 14.576 32.75 0.25 1.61
50 G 11.398 14,330 29.24 0.25 1.80
45 Wi 11.261 14.101 26.32 0.25 2.00
40 w2 11.107 13.845 23.39 0.25 2.25
36 W3 10.970 13.617 21.05 0.25 2.50
T Same as D Same asD | Sameas D | SameasD Same as D

Note: For thickness correction, the reference thickness is 32 mm and 25 mm for welded
connections for tubular joints and non- tubular joints, respectively.

In Europe, the UK HSE (1995) replaced the UK DEn (1990). The main change is that m and r
become independent of the S-N curves selected. A weld classification factor f (to be multiplied
to the stress range) has been introduced in UK HSE (1995) so that various S-N curves in UK
Den (1990) may be expressed in one S-N equation. In other word, the S-N curves in UK HSE
(1995) are unified to a single equation by defining stress range as:

S:f*Sg[%J (17.5)

ref
where, S, = stress range which includes weld macro-geometry but excludes the peak stress due
to local defects that have been implicitly accounted for in the weld classification factor f.

The relationship between the weld class (B, C, D, ...) and the weld classification factor f is
B(f=0.64), C(f=0.76), D(f=1), E(f=1.14), F(f=1.34), F2 (f=1.52), G (f~=1.83) and W (£=2.13).

Since 1948 the Norwegian standard NS3472 has been used for design of land and offshore
steel structures in Norway. In 1998, NS3472 was revised and in the same time, NORSOK N-
004 (NTS, 1998) was developed for design of offshore steel structures. NORSOK is a
Norwegian initiative by the industry to develop a design standard for more cost effective
offshore development. Eurocode 3 is a European standard for design of building structures.
Table 17.1 lists the S-N curves used in Europe for air environments.

In the USA, fatigue design is based on API RP 2A WSD and AWS DIl.1. A detailed
background of the AWS code Provisions is given by Marshall (1992) and outlined by Marshall
(1993). Geyer and Stahl (1986) presented a simplified fatigue design procedure for offshore
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structures. The latest developments in the research on S-N curves may be found from Maddox
(2001).

In the API RP 2A, the X’ curve is used for welded connections without profile control,
thickness correction applies if wall-thickness is greater than 0.625 inches (16 mm). In API
RP2A, thickness correction exponent k is taken as 0.25. The X curve is used for welded
connections with profile control, and wall-thickness correction factor applies when the wall-
thickness is greater than 1 inch (25 mm). However, after thickness correction, the X-curve
shall not be reduced to be lower than the X’ curve.

API S-N curves are single (not bi-linear) and have an endurance limit. The endurance limit for
the X curve and X’ curve is 35 MPa and 23 MPa respectively. K and m for the X curve are
1.15E15 and 4.38 respectively. For the X’ curve, K and m are 2.50E13 and 3.74 respectively.

The classification societies define fatigue criteria in their Rules and guidance/guidelines.
IACS requirements for fatigue assessment have been developed by unifying the requirements
of individual classification societies for ship structural assessment. The fatigue S- curves for
ship structures are mainly based on UK Den basic S-N curves and IW S-N curves.

The ITW S-N curves assume that the slope of al S-N curves is m=3 and the change in slope (m-
5) occurs for N=5x10E6 cycles (Hobbacher, A. (1996). These S-N curves are based on
nominal stress range and correspond to non-corrosive conditions, are given for mean minus
two standard deviations. Their fatigue class is characterized by the fatigue strength at 2x10E6
cycles, e.g. the stress range corresponding to 2x10E6 cycles (FAT) are 160, 140, 125, 112, 100,
90, 80, 71, 63, 56, 50, 45, 40, 36, see Table 17.1.

BV (1998) proposed corrections of the design S-N curves to account for the various factors
such as:

» Influence of static and residual stresses: Tensile residual stress of the magnitude of yield
stress will reduce fatigue life, and in such cases the maximum stress should be assumed to
be yield stress irrespective of the amount of actual maximum stress. Post-weld treatment
may improve the weld geometry and fatigue capacity.

» Influence of compressive stresses: To account for the less damaging effect of
compressive stresses while the stress range is greater than the yield stress, the calculated
local stress range S, may be corrected using the British Standard 5400: defining stress

range as:
S=0c,+0.6(S,., —0o,) for c,<8,.,%<20, (17.6)
$=08S8,. for S,.>20, (17.7)

« Influence of plate thickness

» Influence of the material: the fatigue strength of welded joints is nearly independent on
the material properties such as material grades. However, for machined plates the effect of
yield strength is large.

« Influence of the environment

»  Workmaship: S-N curves have been derived for standard workmanship and welding
procedures. In some instances, the effect of imperfection and misalignment should be
taking into account when determining the hot spot stresses.
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While the influences of the environment and plate-thickness are explicitly account for in most
of the design codes, other items listed in the above may or may not be required to be
considered by some design codes.

17.1.6 Fatigue Strength Improvement

When the theoretically calculated fatigue life is less than the required, methods of justifying
the fatigue design include:

« By improving the design of structural details (e.g. to reduce stress concentration, residual
stress and misalignment, and locally increase the wall-thickness)

« By using improved analysis methods: Spectral fatigue analysis is usually more accurate
that simplified fatigue assessment. Time-domain analysis may be better than the spectral
fatigue analysis. The selection of sea states and loading conditions and quality of the
environmental data all will influence the fatigue analysis results.

From capacity point of view, the three most important factors that affect fatigue are: stress
concentration due to weld geometry, defect shape and distribution and residual stress. Hence,
methods for improving fatigue capacity through fabrication and repair include (BV, 1998):

« Modification of the weld geometry by grinding or weld toe remelting

« Improvement of the welding procedures and workmanship

« Introduction of compressive stresses, for example by hammer or shot peening
« Post-weld heat treatment

However, the most efficient methods re possible improvement of the design such as reducing
the geometric stress concentration factors (BV, 1998):

» Improvement of the shape of cut-outs
« Softening of brackets toes
« Local increase in thickness

More detailed discussions on improvement of weld details and fatigue design are given in Part
III Chapter 22.

17.1.7 Experimental S-N Curves

Most of the S-N curves are determined in laboratories where test specimens are subjected to
constant amplitude until failure, The S-N curves are derived by their mean fatigue life and
standard deviation of log N. The mean S-N curve is defined as 50 percent of the specimens
will fail. The basic design S-N curve is given as:

logN =log K, —mlog$§ (17.8)

where K, is obtained from the mean value of logK,,. To derive the S-N curves, a large

number of tests are required. However, when the coefficient m is known, 10 tests may be
sufficient to accurately derive the S-N curve (BV, 1998):

+ 5 atstress level corresponding to N =10*

. 5 at stress level corresponding to N =510’
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If p is the per cent of the test specimens that fall below the design S-N curve, the design S-N
curve may be defined as follows: en as:

logN=logK,, - 1,5, —mlogs§ (17.9)

where S, is the standard deviation of logK,. The relationship between the value of 4,and
the failure probability is (BV, 1998):
. fail safe design: p=2.5%, A, =2 (normally used to derived design S-N curves)

. safe life design: p=0.1%, A, =3 ( for special welded specimens that represent structural
details which can not be easily inspected and repaired.)

17.2 Estimation of the Stress Range

The fatigue analysis procedure is based on the ranges of cyclic principal stresses.

To determine the stress range, two approaches have been developed. The "nominal stress”
approach has been applied to plated structures and the "hotspot stress” approach has been
developed for tubular joints. Note that a “notch stress” approach is also suggested by some
design codes. In recent years, attempts are being made to apply the hot spot stress approach to
plated structures.

17.2.1 Nominal Stress Approach

In the nominal stress approach, the stress concentrations caused by the weld profile have been
included in the S-N curves.

The determination of stresses applied to fatigue analysis of structural details, is generally
undertaken by a global-local finite element analysis of the pertinent stress in accordance with
the chosen S-N curves. In other words, the calculated stress for the considered local hot spot
area of structural details should resemble the nominal stress of the test specimens from which
the S-N curves were established. Unfortunately, in most cases, structural details are more
complex than the test specimens, both in geometry and in applied loading. Consequently, a
relationship between the S-N data stress and calculated stress may not be easily established.

Another problem associated with the nominal stress approach is the classification of structural
details. The primary difference between UK DEn curves and recent European S-N curves is
that UK DEn curves do not have fatigue endurance limit. The fatigue endurance limit, which is
found in the constant cyclic loading test, usually does not exist for marine structural details
due to a variety of causes such as welding, corrosion, and load sequence effects of the random
loading.

The relevant fatigue stress for fatigue design would be the tensile stress o, for example, for the
weld shown in Figure 17.3a. For the weld shown in Figure 17.3b, the stress concentration
factor for the global geometry must be accounted for, using the relevant fatigue stress of
SCF-o, where SCF is the stress concentration factor due to the hole.

If a comner detail with zero radii is modeled, the calculated stress will approach infinity as the
element size is decreased to zero. The modeling of a relevant radius requires a very fine
element mesh, increasing the size of the finite element model. In addition, selection of the
proper radius to be used for the analysis will be a matter for discussion.
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Figure 17.3  Description of Stress in Two Plated Sections (NTS, 1998)

17.2.2 Hotspot Stress Approach

The nominal stress approach has two disadvantages for tubular joints. First, it is not possible to
define a reasonable nominal stress due to the complex geometry and applied loading. Second,
suitable fatigue test data are often not available for large complex tubular joints. Therefore, a
hot spot stress approach has been developed in order to overcome these difficulties (Kung,
1975 and Lalani, 1992).

The hot spot stress reduces the various S-N design curves of the nominal stress approach to
two base line curves. One is the curve for non-welded structures (e.g. cutout, plate edges), and
the other is the curve for welded structures. This is accomplished by using the stress nearest to
the weld, which is defined as the hot spot fatigue stress.

The hot spot stress approach was developed based on an observation that the experimentally
derived S-N curves are nearly parallel. This implies that all the S-N curves can be related to
cach other by some factors. For example, in the UK DEn Curves, the E curve, and the F curve
are correlated by a factor of 1.2 or 1.3, assuming the following:

« This correlated factor represents the difference of structural configurations between
different details.

. The local fatigue failure is independent of the detail type. The difference in fatigue
resistance between details is due to different structural configurations.

« The structural stress concentration factor (SCFstruct) can represent the effects of structural
configurations entirely.

The stress range at tubular joint's hot spots should be combined with the S-N curve T. The
stress range at the hot spot of plated structures should be combined with UK S-N curve D. The
C-curve may be used if machining of the weld surface to the base material is performed. Then,
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the machining has to be performed such that the local stress concentration due to the weld is
removed.

The hot spot stress concept assumes that the effect of the local stress factor, which is due to the
weld profile, should be included in the S-N curves. The stress concentration due to gross
geometry change and local geometry change should be included in the hot spot stress. The
problem with the hot spot stress approach is that the stress gradients are very high in the
vicinity of the weld and plate intersections. Because of the high gradients, the stresses
computed in FEA are extremely sensitive to the finite element mesh size. This mesh sensitivity
results in an inaccurate definition of the hot spot stress in application.

In order to define the hotspot stress, stresses from a finite element analysis or a mechanical test
may be linearly extrapolated, see Figure 17.4. The dotted straight line is based on the stresses
at a distance t/2 and 3t/2 from the weld toe (this distance may depend on the codes used).

The hot spot stress approach is preferred in cases where:
« There is no defined nominal stress due to complicated geometry effects
« The structural discontinuity is not comparable with any classified details

« The fatigue test is performed together with strain gauge measurements to determine the hot
spot stress.

+ The offset or angular misalignments exceed the fabrication tolerance used for the of
nominal stress approach.
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Figure 17.4  Stress Distribution at an Attachment and Extrapolation of
Stresses (NTS, 1998)
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17.2.3 Notch Stress Approach

The notch stress approach is based on the determination of peak stress that account for the
weld profile. The notch stress is therefore estimated as the product of the hot-spot stress and
rhe stress concentratio factor for weld profile (so-called weld concentration facyor). The weld
concentratio factor may be estimated from diagrams, parametrci equations, experimental
measurements and finite element analysis. The presence of the welds should be given due
consideration in the notch stress approach.

The IIW (Hobbacher, 1996) recommended the following procedure for the calculation of
notch stresses:

« An effective weld root radius of r=1mm is to be considerd,

. The method is restricted to weld joints which are expected to fail from weld toe or weld
root.

- Flank angle of 30 degrees for butt welds and 45 degrees for filler welds may be considerd,

» The method is limited to thickness of larger than 5 mm.

17.3 Stress Concentration Factors

17.3.1 Definition of Stress Concentration Factors

The aim of the stress analysis is to calculate the stress at the weld toe (hot spot), o The

hot spot

stress concentration factor due to the geometry effect is defined as,
SCF = Zoer (17.10)
T yominal
There are three approaches to determining the SCF:
« Experimental Data,
« Finite Element Analysis, and
. Parametric equations based on experimental data or finite element analysis.

The above approaches will be detailed in the following sub-sections.
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Figure 17.5 Examples of Modelling (NTS, 1998)

17.3.2 Determination of SCF by Experimental Measurement

Determination of the SCF by using strain measurements in fatigue tests is the most reliable
method. However, it is important to decide exactly where to locate strain gauges to ensure that
the value obtained is compatible with the chosen design S-N curve. If this is not achieved,
£ross eIror may occur.

The existing method of defining SCF for use in the S-N curves is established based on the
extrapolation to the weld toe from an area of linear stress data, which would include varying
proportions of the notch SCF depending on the weld detail and the geometric stress
concentration. This is basically due to the fundamental assumption in hotspot stress concept
since the structural geomeltry effects may not be completely separated from the local weld
geometry effects. Size effects, weld profiles, residual stresses, and stress distributions are
usually the sources of this variation. The weld profile effect in tubular joints, is not primarily
due to the weld shape itself, it is due to the position of the weld toe on the chord, which
significantly affects the hot spot stress at the weld toe. Therefore, a consistent stress recovery
procedure should be developed in SCF measurement.

17.3.3 Parametric Equations for Stress Concentration Factors

Given that a variety of SCFs need to be estimated on any given tubular joint, SCF
determinations have to rely more on sets of parametric equations, which account for the joint
geometry configurations and applied loading.

A stress concentration factor may be defined as the ratio of the hot spot stress range over the
nominal stress range. All stress risers have to be considered when evaluating the stress
concentration factors (SCF). The resulting SCF is derived as:

SCF = SCF, - SCF, - SCF, - SCF,, - SCF, (17.11)
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where,

SCF, = Stress concentration factor due to the gross geometry of the detail considered
SCF,, = Stress concentration factor due to the weld geometry

SCF,

. = Additional stress concentration factor due to eccentricity tolerance (nominally

used for plate connections only)

SCF,, = Additional stress concentration factor due to angular mismatch (normally
used for plate connection only)

SCF,

n

= Additional stress concentration factor for un-symmetrical stiffeners on

laterally loaded panels, applicable when the nominal stress is derived from
simple beam analysis.

The best-known SCF formulae for the fatigue assessment of offshore structures are those of
Efthymious (1988). There are various parametric equations in the literature for the
determination of SCFs, for instance:

+ SCF equations for tubular connections: API RP2A-WSD, NORSOK N-004 (NTS 1998)
and Efthymiou (1988). In addition, Smedley and Fisher (1990) gave SCFs for ring-
stiffened tubular joints under axial loads, in-plane and out-of-plane bending. For
rectangular hollow sections, reference is made to Van Wingerde, Packer, Wardenier, Dutta
and Marshall (1993) and Soh and Soh (1993).

« SCF equations for Tube to Plate Connections: NORSOK N-004 and Pilkey (1997).
«  SCF for girth welds: NORSOK N-004 (NTS, 1998).

The SCF equations from the references mentioned in the above have been summarized in
DNV (2000).

It should be indicated that the parametric equations are valid only for the applicability range
defined in terms of geometry and loads. A general approach for the determination of SCFs is
to use the finite element analysis, see the sub-section below.

17.3.4 Hot-Spot Stress Calculation Based on Finite Element Analysis

The aim of the finite element analysis is to calculate the geometric stress distribution in the hot
spot region so that these stresses can be used to derive stress concentration factors. The result
of finite element analysis of SCFs largely depends on the modeling techniques and the
computer program used. The use of different elements and meshes, modeling of the welds, and
definition of the chord's length substantially influence the computed SCF (Healy and Bultrago,
1994).

By decreasing the element size, the FEM stresses at discontinuities may approach infinity. In
order to have a uniform basis for comparison of results from different computer programs and
users, it is necessary to set a lower bound for the element size and use an extrapolation
procedure to the hot spot.

Stresses in finite element analysis are normally derived at the Gaussian integration points.
Depending on the element type it may be necessary to perform several extrapolations in order
to determine the stress at the weld toe. In order to preserve the information of the direction of
principal stresses at the hot spot, component stresses are to be used for the extrapolation.
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The analysis method should be tested against a well-known detail, prior to using it for fatigue
assessment. There are numerous types of elements that can be used, and the SCF obtained,
depends on the elements chosen. Therefore, a consistent stress recovery procedure must be
calibrated when assessing data from finite element analysis.

Finite element analysis programs, such as NASTRAN, ABAQUS and ANSYS, use structural
elements such as thin, thick plate, or shell element. When modeling fabricated tubular joints,
the welds may not be properly modeled by thin plate or shell elements. Consequently, the
model does not account for any notch effects due to the presence of the weld and micro effects
due to the weld shape.

The stresses in thin shell plates are calculated from a membrane stress and a moment at the
mid-surface of element. The total free surface stresses are determined by superposition. At a
plate intersection, the peak stresses will be predicted at positions that lie inside the actual joint.
Comparisons between these values and experimental measurements have indicated that thin
shell analysis overestimates the actual surface stresses or SCF present in the real structure.

Most finite element elements are based on a displacement formulation. This means that
displacements or deformation will be continuous throughout the mesh, but stresses will be
discontinuous between elements. Thus, the nodal average stresses may be recommended.
However, limited comparison between these values and experimental measurements indicate
that this will generally over-predict hotspot stress or SCF especially on the brace side.

As opposed to shell elements, a model using solid elements may include the welded region,
see Figure 17.5. In such models, the SCFs may be derived by extrapolating stress components
to relevant weld toes. The extrapolation direction should be normal to the weld toes. However,
there is still considerable uncertainty associated with the modeling of weld region and weld
shape.

Fricke (2002) recommended hot-spot analysis procedures for structural details of ships and
FPSOs based on round-robin FE analysis. Some of his findings are:

» If hot-spot stress is evaluated by linear extrapolation from stresses at 0.5t and 1.5t, the
fatigue strength may be assessed using a usual design S-N curve based on hot-spot stress
(e.g. Hobbacher, 1996 and Maddox, 2001).

« If hot-spot stress is defined at 0.5t without stress extrapolation, the design S-N curve
should be downgraded by 1 fatigue class.

» If the hot-spot stress is evaluated from strain measurements or from refined models with
improved finite elements, a stress extrapolation over reference points at distance 0.4t and
1.0t or a quadratic extrapolation is recommended (Hobbacher, 1996).

It should be pointed out the determination of hot spot stress based on finite element analysis is
still a very active field of on-going research since the accuracy and efficiency of the stress
determination are of importance. Other known research work includes Niemi (1993, 1994).
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17.4 Examples
17.4.1 Example 17.1: Fatigue Damage Calculation

Problem:

Two plates A and B are doubled sided butt welded, another plate C is welded to plate A by
fillet welds, as shown in Fig. 17.6. The thickness of the plate is 20 mm. The plate is subjected
to cyclic loading with a constant stress range of S=200 MPa and a total number of

cyclesn, =10°. It is assumed that the maximum misalignment of the weld is 4mm. What is

the fatigue damage at thesc welds?

= <
3_</ 251t

Figure 17.6 Fatigue of Welded Plates

Solution:

Misalignment introduces the bending moment in the plates. The corresponding bending stress
range at the butt weld is:

e
a5, 53
b w r? t
6

The maximum stress range at butt weld is:

S :(1+3—6J-S=SCFW, .S =120MPa
t

local g

S-N curve C should be used for butt weld with m=3.5, log; =13.63. This gives the following
damage ratio:
Aoy, 120*°
== M T e
a 10

The local stress range at the fillet weld is:

D -10° =0.044

Soeat = 0.5[5 + S(l + %ﬂ = 160MPa
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Since the fillet weld is going out of the edge of the plate, S-N curve G should be used with
m=3.0, 1og5 =11.39, this gives the following damage ratio:

_dop, . 160°°

5
Lol py = e 10° <1669

D
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Chapter 18 Fatigue Loading and Stresses

18.1 Introduction

Marine structures may be exposed to a variety of loads during their life cycle. The loads are
commonly classified as follows

« Functional loads

- Dead loads

- Live Loads

« Environmental Loads

- Sea Loads (waves and currents)
- Wind Loads

- Seismic Loads

» Accidental loads

All loads that vary in magnitude and/or direction will cause stress variations in the structure,
which may lead to fatigue damage. Live loads and environmental loads are especially
important in this aspect. The environmental loads are dominating for the main part of marine
structures. The waves and currents are considered the most important sources of
environmental loads acting on marine structures. Moored floating structures are also sensitive
to wind loads.

Fatigue loading is one of the key parameters in the fatigue analysis. It is the long-term loading
during the fatigue damage process. Various studies have been conducted on fatigue loading on
marine structures, to characterize the sea environment, the structural response, and a statistical
description. The sea environment is generally characterized by the wave spectrum. The
structural response is determined using hydrodynamic theory and finite element analysis.

The objective of this Chapter is to present a general procedure for long-term fatigue stress
described using Weibull distribution function. Other methods of fatigue loading include design
wave approach and wave scatter diagram approach. The Weibull stress distribution function
has been used in the simplified fatigue assessment (see Chapter 19), while the wave scatter
diagram approach is applied in frequency-domain fatigue analysis and time-domain fatigue
analysis (See Chapter 20).

Some of the earlier research on fatigue loads has been summarized by Almar-Naess (1985).
Recent developments in this field may be found in Baltrop (1998) and papers such as Chen
and Shin (1995) and ISSC committee reports.
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18.2 Fatigue Loading for Ocean-Going Ships

For ocean-going ships, two basic sea states are to be considered in the determination of global
bending loads and local pressure: the head sea condition and oblique sea condition. The
cumulative fatigue damages should be calculated for full laden condition and ballast condition
respectively. The probability for each of these conditions is defined by classification rules
according to the type of vessels as below:

Table 18.1 Percentages of Fatigue Loading Conditions (IACS, 1999)

Full laden load, o Ballast, 8
Oil tankers, liquefied gas carriers 50 % 50 %
Bulk carriers 60 % 40 %
Container ship, cargo ships 75 % 25%

Two basic sea states are to be considered in the determination of global bending loads and
local pressure: the head sea condition and oblique sea condition. These basic sea states
combine the various dynamic effect of environment on the hull structure. The load
components for these sea states depend on the ship classification rules applied. For instance,
BV (1998) further defines the hull girder loads and local loads (pressure & internal loads) for
four cases as Table 18.2.

Table 18.2  Load Cases for Ocean Going Ships (BV, 1998)

Head-Sea Condition, o Oblique-Sea Condition, 8
Static sea pressure associated | cgge 11, Case 21
to maximum and minimum ’
inertia cargo or blast loads Amax=-0.45, Amax=-0.30,
Amin=0.45, Amin=0.30,
B=0 B=0.45
Maximum (ship on crest of | Case 12, Case 22,
wave) and minimum (ship on - _
tough of wave) wave-induced Amax=0.625, Amax=0.30sgn(z-N),
sea pressure associated to | Amin=-0.625, Amin=0.30sgn(z-N),
static internal cargo or ballast B=0.45 B=-0.625
loads

The global loads include still water bending moment M, for the load condition considered,
and vertical wave bending moment. The vertical bending stress o, is further defined:

o Insagging condition for maximum internal cargo or ballast loads:
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z-N
o= My + A (M )5) =+ B MW,,IL (18.1)

¥ H

« In hogging condition for minimum internal cargo or ballast loads

z—N
01 = (M + A (M) )74 B My, (18.2)

14 H

where
I, and I,,: moment of inertia of a cross-section about the horizontal neutral axis, and

vertical neutral axis respectively,

N and z: vertical distance from the keel line to the neutral axis, and from the keel line to
the load point, respectively.

y: horizontal distance from the load point to the centerline,

(M, )sand (M, ), : vertical wave bending moment for sagging and hogging conditions

respectively, according to IACS requirements.
Apax » A and B: Coefficients are defined in Table 18.2.

The local loads include the static sea pressure and internal cargo or ballast loads. The stress
ranges for full laden load conditions may be estimated as:

$; =[0)0. = (@ )ua (18.3)
Similarly, the stress ranges for ballast load conditions may be estimated as:
S, = (ijl)m = (T Jonin (18.4)

The long-term distribution of the hull girder stress range may be represented by a two-
parameter Weibull distribution. When a long-term analysis of the ship behavior at sea is
performed enabling to determine the long-term distribution of hull girder bending stress, the
shape parameter £ may be determined as follows (BV, 1998):

£= 0.47/1n[ﬂ'“—} (18.5)

107
whereo,  and o, . are extreme hull girder bending stress for a probability of exceedance
probability of 10 and 107 respectively.
If no direct analysis of the ship behavior at sea is performed, a first approximation of the shape
parameter & for ocean-going steel vessels, may be taken from IACS (1999) as:

&=1.1 —0.35L—;01TO0 where L is ship length in m (18.6)
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18.3 Fatigue Stresses

18.3.1 General

As a preparation for Chapter 19, this Section presents three approaches for the estimation of
long-term fatigue stresses that will be used respectively by the subsequent chapters. They are:

« Long-term fatigue stress based on Weibull distribution
. Long-term fatigue stress based on deterministic approach

. Long-term fatigue stress based on stochastic approach
18.3.2 Long Term Fatigue Stress Based on Weibull Distribution

The Weibull probability density function for long-term fatigue stress, S, may be described as:

7(8)= %(%JH exp[— (%ﬂ (18.7)

where A is a scale parameter, and & is the shape parameter which is a function of the type of
structure and its location, see Table 18.1 for typical values for the shape parameter &.

Table 18.3 Typical Weibull Shape Parameter Values for Simplified Fatigue Assessment

Typical Values for shape parameter &
Fast cargo ships &>1, maybe as high as 1.3 or a little more
Slower ships in equatorial waters £<1, and perhaps as low as 0.7
Gulf of Mexico fixed platforms £=0.7
North Sea fixed platforms &>1, maybe as high as 1.4 if the platform is
slender and dynamically active

The Weibull shape parameter is generally dependent on the load categories contributing to the
occurrence of cyclic stress.

The Webull distribution function is then:
s sy
F(S)= [/(S)dS =1-exp —(;J ] (18.8)
[+
The stress exceedance probability may then be expressed as:
s %
p=1- jf(S)dS:exp -(7) (18.9)
0

If S, is the expected extreme strcss occurring once in a lifetime of N, wave encounters (or
stress reversals), Eq.(18.9) becomes
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SY 1
p(So)—exp{—(j) }—70 (18.10)

From the above equation, we may get (Almar-Naess, 1985):
A=S8,(InN,) /% (18.11)

The special case of £=1 is the well-known exponential distribution in which the log (n) plot of
stress exceedance is a straight line. Substituting Eq.(18.10) into Eq.(18.7), we may obtain:

¢
x| St
p—exp|i (lnNO(SOJ] I (18.12)

From Eq.(18.11), it may be obtained that

17&
5=, o8N (18.13)
log N,

18.3.3 Long Term Stress Distribution Based on Deterministic Approach

This method is based on the deterministic calculation of wave force and it involves the
following steps (Almar-Naess, 1985):

1. Selection of major wave directions

4 to 8 major wave directions are selected for analysis. The selection of major wave
directions shall consider the directions that cause high stresses to key structural members.
All of the waves are distributed between these major directions.

2. Establishment of long-term distributions of waves

For each wave direction selected, a long-term distribution of wave height is established by
a set of regular waves, which adequately describes the directional long-term wave
distributions. The range of wave heights, that give the highest contribution to the fatigue
damage, should be given special attention. The most probable period may be taken as the
wave period.

3. Prediction of stress ranges

For each wave identified (direction, height, period), the stress range is predicted using a
deterministic method for hydrodynamic loads and structural response.

4. Selection of stress distribution

The long-term stress exceedance diagram from a wave exceedance diagram is as illustrated
in Figure 18.1, where Ao; and H, denote the stress range and wave height.

A simplified fatigue analysis has been coded in API 2A-WSD(2001) assuming a relation
between the stress range S and wave height H obtained based on the deterministic approach
described in the above:

Ao =CH*® (18.14)
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where C is a calibrated constant and g is a calibrated exponent. The long-term wave height
distribution is represented by the sum of two Weibull distribution: one for normal condition Ho,
the other for hurricane condition H;: :

Ao = CH £ for normal condition (18.15)

Ao = CH.? for hurricane condition (18.16)

Based on the methodology described in Chapter 19, the cumulative fatigue damage may be
easily derived for normal condition and hurricane condition respectively. The formulae for the
cumulative fatigue damage based on the deterministic method may be found form the
commentary on fatigue in API RP 2A — WSD.

Log N

Log N

Figure 18.1 Stress Distribution Ilustration

18.3.4 Long Term Stress Distribution — Spectral Approach

A spectral approach requires a more comprehensive description of the environmental data and
loads, and a more detailed knowledge of these phenomena. Using the spectral approach, the
dynamic effects and irregularity of the waves may be more properly accounted for.

This approach involves the following steps:

o Selection of major wave directions. The same considerations as discussed for the
deterministic approach apply,

« For each wave direction, select a number of sea states and the associated duration, which
adequately describe the long-term distribution of the wave,

« For each sea state, calculate the short-term distribution of stress ranges using a spectral
method,
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Combine the results for all sea states in order to derive the long-term distribution of stress
range. In the following, a formulation is used to further illustrate the spectral approach (DNV,
1998).

A wave scatter diagram may be used to describe the wave climate for fatigue damaged
assessment. The wave scatter diagram is represented by the distribution of /_ and 7,. The
environmental wave spectrum S, () for the different sea states can be defined, e.g. applying
the Pierson-Moskowitz wave spectrum (see Chapter 2).

When the relationship between unit wave height and stresses, “the transfer function /| (a)|0)

is established, the stress spectrum S, (@) may be obtained as:

S, (@)=|, (@) 5, (@) (18.17)
The nth spectral moment of the stress response may be described as:
m, =[S, (w)o (18.18)
A spreading function may be used to include wave spreading,
£(6) = kcos"(6) (18.19)
0+90°
where k is selected such that Z f (0) =1. Normally n=2. The spectral moment may then be
0-90°

expressed as:

my =[S 10)0" -5, (oMo (18.20)

8-90

where m, is the Oth spectral moment. The average stress cycle period is thus

T = —og [T (18.21)
Vv

02i
0i my;

and the number of cycles within the sea state of period 7; is

n = (18.22)

i
TﬂZi

Nonlinear effects due to large amplitude motions and large waves can be neglected in the
fatigue assessment since the stress ranges at lower load levels contribute relatively more to the
cumulative fatigue damage. In cases where linearization is required, it is recommended that
the linearization is performed at a load level representative of the stress ranges that contribute
the most to fatiguec damage, i.e. stresses at probability levels of exceedance between 107 to
107*. The stress range response may be assumed to be Rayleigh distributed within each sea
state as

F}(S):l—exp(—gs': J (18.23)

i
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The long-term distribution of the stress range may be estimated by a weighted sum over all sea
states as

AllSeasates

F(S)= D rp.F(S) (18.24)
i=1
where p; is the probability of occurrence of the ith sea state and the weighted coefficient is

o= (18.25)
Z"o.‘Pi
The obtained long-term distribution of the stress range may be described using a probability

function, e.g. Weibull distribution function in which the Weibull parameters are determined
through curve fitting.

18.4 Fatigue Loading Defined Using Scatter Diagrams

18.4.1 General

A "short-term" description of the sea (or sea state) means the significant wave height and the
mean wave period are assumed to be constant during the time period considered. To construct
a "long-term” description of the sea, we need scatter diagrams. The scatter diagrams are used
for spectral fatigue analysis and time-domain fatigue analysis, where waves and currents are
defined using wave scatter diagram and current scatter diagrams respectively. The
environmental criteria are defined as combinations of directional sea, swell, winds and
currents as well as their combinations that the structure will be subject to through its life cycle.

Unless the mean stress is very large (e.g. for TLP tethers), the effect of mean stress is ignored.
Hence, steady current is normally not given attention except its effect on nonlinear dynamic
response. The current scatter diagram is mainly used for the prediction of vortex-induced
vibrations.

The joint frequency of significant wave height H, and spectral wave period T, are defined
using the wave scatter diagram. Each cell of the diagram represents a particular combination
of H_, T, and its probability of occurrence. The fatigue analysis involves a random sea
analysis for each sea state in the scatter diagram and then summing the calculated fatigue

damages based on the probability of occurrence for the corresponding sea-state. From motion
analysis, the stress amplitude operator (RAQ) is obtained for a particular reference sea state.

Long-term directionality effects are also accounted for using wave scatter diagrams in which
the probability of each direction is defined. For each set of the significant wave height A and
spectral wave period T, the total probability for all directions should then be equal to 1.0.

18.4.2 Mooring and Riser Induced Damping in Fatigue Seastates

Viscous damping due to drag on mooring lines and risers may significantly affect the motion
of decpwater floating structures. Traditionally, the motion response of moored floating
structures has been evaluated by modeling the mooring lines and risers as massless springs. In
this un-coupled approach, the inertia, damping and stiffness of the mooring lines and risers
have not been properly included in the prediction of the vessel motions.
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The dynamic interaction between the floating structure, mooring lines and risers should be
evaluated using a coupled analysis that provides a consistent modeling of the drag-induced
damping from mooring lines and risers. The coupled analysis may be based on a frequency
domain approach (Garret, et al , 2002) or a time-domain approach. In the coupled approaches,
the mooring lines and risers are included in the model together with the floating structure.

In return, the vessel motions impact fatigue of TLP tethers, mooring lines and risers. For
fatigue analysis of the tethers, mooring lines and risers, it is necessary to calculate vessel
motions such as:

« Linear wave-induced motions and loads

¢ Second-order non-linear motions

The motion-induced fatigue is a key factor for selecting riser departure angle that’s riser
dynamic response.

18.5 Fatigue Load Combinations

18.5.1 General

One of the fields that need research effort is perhaps load combinations for fatigue design.
Earlier research in this field has been summarized by Wen (1990) and Chakrabarti (1991). In
the determination of extreme loads for ultimate strength analysis, the aim is to select the
maximum anticipated load effect when the structure is subject to one of the design load sets.
However, for fatigue design, it is necessary to estimate the governing design load set and the
shape of the long-term stress range distribution at any structural location.

18.5.2 Fatigue Load Combinations for Ship Structures

One of the fields that need research effort is perhaps load combination. For ship structural
design, Munse et al (1983) identified the following cyclic fatigue load sources:

« Low frequency wave-induced loads: 107 —10° reversals during ship's life
« High frequency wave-induced loads: 10°reversals during ship's life

«  Still water loading: 300 - 500 cycles

« Thermal loads: 7000 cycles

The amplitude of the fatigue loads is influenced by the wave statistics, change in the sourse,
speed and deadweight condition. Mansour and Thayamballi (1993) suggested to consider the
following loads and their combinations:

« Fatigue loads resulting from hull girder bending

. Fatigue loads resulting from local pressure oscillations
« Cargo loading and unloading (low cycle effects)

. Still water bending (mean level) effects

Of the loads listed in the above, the hull girder bending and local pressure fluctuation give far
more contribution to total fatigue damage. Depending on the location, one of these two loads
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will typically dominate. For instance, the vertical bending moment related stress fluctuation at
ship deck is predominant, while the stress range on the side shell near waterline is nearly
entirely due to local (internal/external) pressure. Structural details in the ship bottom is under a
combination of bending and local pressure effects.

Pressure variations near the waterline are the main cause of fatigue damages on side shell
(Friis-Hansen and Winterstein, 1995).

For spectral fatigue analysis of ships for unrestricted service, the nominal North Atlantic wave
environment is usually used. For a site-specific assessment (of FPSO) or for a trade route
known to be more severe than the North Atlantic, the more stringent wave scatter diagram
should be applied. When motion and loads are highly frequency dependent, it is necessary to
include wave-period variation.

The fatigue loading conditions for ships is fully laden and ballast. According to classification
Rulcs (e.g. BV, 1998), for each relevant loading condition, two basic sea states should be
considered: head sea conditions and oblique sea condition. The total cumulative damage may
be estimated as:

D=a D, +f D, (18.26)

where the coefficients a and @ are given in Table 18.1. D, and D, are cumulative damage due
to full laden load conditions and ballast load conditions respectively.

D, =(D, + D,) (18.27)

D, =(D, + D,) (18.28)
where .

D, =max(D,,D,,), i =1,2 for full laden load condition (18.29)

D; =max(D,,,D;,), i =1,2 for ballast load condition (18.30)

where D,,,D,, or D,,,D,, are cumulative damage for static sea pressure associated to maximum

and minimum inertia cargo or blast loads, respectively. D,,,D,, or D,,, D,, are cumulative
damage for maximum (ship on crest of wave) and minimum (ship on tough of wave) wave-
induced sea pressure associated to static internal cargo or ballast loads, respectively.

18.5.3 Fatigue Load Combinations for Offshore Structures

In defining the environmental conditions for offshore structural design, it is necessary to
derive combinations of directional sea, swell, wind and current that the offshore structure will
encounter during its life. The fatigue of hull structures, mooring lines and risers will largely
dependent on the sea and swell conditions, while the current may cause vortex-induced
vibrations of risers, mooring lines and TLP tethers. It is therefore required to define a
directional scatter diagrams for sea states, swells and sometimes for currents. Swells will only
be considered properly (typically by adding a separate swell spectrum into the analysis and so
obtaining a multi peaked sea plus swell spectrum) if it is of particular importance as, for
instance, offshore west Africa and Australia (Baltrop, 1998). An altemative approach to
properly account for swells is to use two separated scatter diagrams for directional sea and
swell respectively. In this case, the probability of individual bins (sea-states, cells) should be
properly defined, and each bin (cell) is represented by a single peak spectrum defined by
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significant wave height H_ and spectral wave period T,. Swell may in some instance come
from a single direction without much variation of the direction. However, in general, the
directionality should be explicitly considered in defining the scatter diagrams. The selection of
sea states for combined sea, swell, current and wind is a complex subject, and requires certain
engineering judgement based on the understanding of the environmental data and structural
dynamic response.

Another critical issue to be taken into account is load cases and the loading conditions. To
estimate fatigue damage during operating conditions, the vessel motions and RAO data should
be generated for the normal operating condition. Similar statement may be valid for estimation
of fatigue damage during transportation and installation phases. The total accumulated damage
is then obtained by adding the damage for each phase of the design fatigue life and the
period/probability of the respective phase. For fatigue analysis of TLP tethers, mooring lines
and risers, it is necessary to define the vessel motions and the RAO at the point where the
tethers, mooring lines and risers are attached to the vessel.

Francois et al (2000) compared fatigue analysis results from classification societies nd full-
scale field data.

An example analysis was conducted by Nordstrom et al (2002) to demonstrate the heading
methodology and assess its efficiency for project use for an FPSO. Their proposed heading
and fatigue analysis procedure may lead to more effective fatigue design for FPSOs in non-
collinear environment,

18.6 Examples

Example 18.1: Long-term Stress Range Distribution — Deterministic Approach
Problem:

Determine the long-term stress range distribution of the spanned riser clamped to a jacket
platform, as shown in Figure 18.2 below. This example is chosen to illustrate the deterministic
approach in sub-section 18.3.3 (Almar-Neass, 1985). It may be assumed that the riser span
length is 1=10m, outer diameter OD=0.27m, wall thickness WT=0.0015m, moment of inertia

1=9.8*10° m* and water depth is 100m. All waves are assumed to approach from the same
direction.

Solution:

The first natural period of the span, f,,, can be calculated from:

| f EI
=—rqa, - =0.17s
In 2 Y \mi?

where,
EI = Bending stiffness
/ = Span length
m = Mass per unit length

a, = Numerical constant, for a beam fixed at both ends, a, =22 for the first mode.
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Figure 18.2 Spanned Riser Attached to Platform

The wave force intensity is denoted as F(x). The moment at the span center is given by:

Mzif[x—(—20)]-F(x)-dx

~-25

The long-term distribution of individual wave heights is given by:

n Y
PL(H)—I—exp{l—(C*HC] }

where, H =2.7, C=0.462, D=0.928.

The number of waves exceeding a wave height H per year is given by
N=N,[1-P(H)]

where N, is the total number of wave in one year, N,=106.72. The wave force is calculated
based on Morison’s equation,

2
F=%pCDD-v2 +pCM—7£§—a

where C,=1.0, C,,=2.0
Considering the wave: H=11.0m, T=11.7sec, the angular frequency is:
0=2E =0537s"
T

Applying linear wave theory, the wave number k is given by:

2

L _ k- tanh(kd)
g
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where d is the water depth. Numerically solve this equation, it gives k=0.0296 ™'

Setting x=0 at the riser center, the horizontal wave induced water particle velocity is given by:

H cosh(k*(x+d)),

in( wt
> simhikrd) )

vWx)=w

and the horizontal wave-induced acceleration is
H cosh(k*(x+d))
2 sinh(k*d)

When the linear wave theory is used, one can simplify the calculations by separating drag and
inertia forces:

M(ot)=M,(aot)+ M, (o)
where the moment due to the drag forces and inertia forces are given below.

*sin’(ot) = 4596 * sin’ (ot )( Nm)

a(x)=w® cos(wt)

My(ot)=M

D, max

M, (ot)=M *cos(wt) =1306* cos(awt )( Nm)

1, max

Maximizing M(ot) gives:

M[,n\ax 0
cos(@r) = —" = 0.142,0t =81.8
2*M

D,max

The maximum moment is then given by:
M;nax=4689 Nm

And the resulting stress range is,

)

max

§S=20 =12.9MPa

The procedure above is repeated for all waves and the analysis results are summarized in
Table 18.4 below for the establishment of a stress range exceedance diagram.

Table 18.4  Long-Term Distribution of Wave Height and Stress Range

H (m) T (sec) Frnax (N/m) S (Mpa) Log N
0 0 0 6.72
3.0 7.2 28 1.0 5.74
5.0 8.7 66 2.3 5.14
7.0 9.8 140 4.8 4.57
9.0 10.8 250 8.6 4.00
11.0 11.7 384 13.2 3.45
15.0 13.1 738 25.4 2.35
20.0 14.6 1326 46.7 1.00
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Note that N is the number of cycles exceeding a given wave height, forces and stress range in
one year. A stress range exceedance diagram may be plotted based on the S — Log N relation
in the table.

Example 18.2: Long-term Stress Range Distribution — Spectral Approach

Problem:

Determine the long-term stress range distribution of the spanned riser considered in Example
18.1 using spectral approach. This example is chosen to illustrate the spectral approach for the
determination of long-term stress range described in Section 18.3.4 (Almar-Nass, 1985).

Solution:

The long-term stress range distribution is obtaining using Eq. (18.21) summing up the short-
term distribution for a number of sea states. In the following, the procedure used to derive
short-term stress distribution as per Eq.(18.20) is illustrated. The most probable wave period
for a given wave height is:

T= 27 _ 0.7+42H"

0]
The transfer function may be expressed as
Ha (a)) — o-max (ﬁ))
H/2

where o, (@) is the maximum stress cased by wave frequency w.

Consider again the wave height H=11m, T=11.7 sec and w =0.539. From deterministic
analysis, we may find that

M, (@ =0.539) = 4698Nm, o, (& =0.539)=6.9MPa

max

The transfer function may then be calculated using the above value of o (@)and H. This
calculation is repeated for a set of wave periods between 3 and 25 to derive the relationship

between H (w)and w.

nax

When the relationship between unit wave height and stresses, “the transfer function H (a)|9)”,
is established, the stress spectrum may be given as:

S, (@)=|H, (@) -5,(®)

The nth spectral moment of the stress response may be described for the ith sea state as:
my = [ 8, (0)o =115.6MPa’
my, = [ @S, (@)o =35.74(MPa/sec)’

The average stress cycle period is thus

Ty =2 [0 =11 3sec
my,;
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and the number of cycles within the sea state of period 7; is

T 3x3600

: =956
11.3

n, =~
T

02

The stress range response may be assumed to be Rayleigh distributed within each sea state as

2
E(S)=1—exp(— - J
My,

18.7 Concluding Remarks
In this Chapter, fatigue loads for ship and offshore structures have been discussed for
simplified fatigue assessment and spectral fatigue assessment.

For ship structures, key fatigue loads are the global wave loads local pressure and internal
loads. These fatigue loads are applied to a structural response model. The fatigue loads may be
applied using simplified fatigue assessment and spectral fatigue assessment, see Section 18.3
and Section 18.4. Areas that required future research include (Chen and Shin, 1995):

- Calculation of the loads accounting for nonlinearities

. Development of a theoretical method to combine high frequency and low frequency
response (e.g. ordinary wave-induced loads plus slam-induced whipping).

» Development of hull-stress monitoring system that may link ship's service experience with
anticipated fatigue failure

» Quantification of uncertainty in load predictions including load combinations.

For offshore structures, key issues are the definition of scatter diagrams for random sea, swell,
wind and current loads for specific site offshore, and the estimation of vessel motions and
RAO based on the structural model, environmental conditions and loads. Areas that required
more research include:

« Collection of reliable environmental data for specific sites
- Fatigue load combinations for random sea, swell, wind and currents

+ Evaluation of vessel motion, RAO and low-frequency motions
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Chapter 19 Simplified Fatigue Assessment

19.1 Introduction

Fatigue assessment of structural connections (tubular joints, plated connections, pipe welds
etc.) is one of the most critical issues in the design of marine structures such as ships, fixed
platforms, floating structures, pipelines, risers and mooring lines. The results of fatigue
assessment will influence costs and safety from several aspects:

- Quality of the connection material

« Quality of welding fabrication (such as welding, heat treatment, etc.)

. Frequency of inspection and repairs

« Consequence of potential fatigue failure and

. Residual strength of partially damaged structural system

There are four key methodologies for the estimation of accumulated fatigue damages:
. Deterministic Fatigue Analysis

2. Simplified Fatigue Assessment - assuming that the stress range follows a Weibull
distribution (discussed in this Chapter)

3. Spectral Fatigue Analysis (Chapter 20)
4. Time-Domain Fatigue Analysis (Chapter 20)
5. Fracture Mechanics-based Assessment of Fatigue Damages (Chapter 21)

The first four methodologies estimate fatigue damages using the S-N curve, while the last
methodology is based on fracture mechanics (FM) approach.

Fatigue criteria in classifications rules (such as ABS (2002) Steel Vessel Rules) use a
simplified fatigue assessment based on empirical values for the Weibull shape parameters. The
simplified fatigue assessment is also supported by API RP 2A (2001) for some cases.

This Chapter describes a simplified procedure for fatigue assessment based on a two parameter
Weibull distribution. The Weibull shape parameter depends on the wave climate and the
character of the structural response, especially the possible influence of structural dynamics.
The fatigue evaluation result is very sensitive to the Weibull shape parameter. The advantage
of the simplified fatigue assessment is that closed form expression for fatigue damage may be
derived, and that the Webull shape parameter may be calibrated based on historical data of
fatigue cracks.
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19.2 Deterministic Fatigue Analysis

In the deterministic fatigue analysis of marine structures, "blocks” of periodic single waves of
specified wave height H, and period T, are used, where i=1,2,3,...1. Considering the fatigue

damage for a reference time period T, the analysis procedures are illustrated in Figure 19.1
and as below:

Calculate the number of occurrence for the i -th wave block: n, =T, - P,/ T, where P,is the
probability (relative frequency) of the wave height 4.

Calculate the stress range s, (/1;) based on static analysis of the structural response to wave
height H, and period 7;. The stress concentration factor SCF (which is denoted as K in
Figure 19.1) is obtained using parametric equations or experimental/numerical analysis.
The dynamic amplification factor D represents the ratio of the dynamic stress range to the
quasi-static stress range.

Calculate the number of cycles to failure N, for the stress range D - SCF - s,(H,) based on
the design S-N curve,

Calculate the fatigue damage for each wave block: n, /N, .
Calculate the cumulative fatigue damage based on Miner's law.

In_

D, =yt
o ;N,» (19.1)
P;=P[H; ]=reative frequency of H; D = dynarmic amplification foctar
TR=refermtine K = stress concentration foctor
S(H‘IT,) 1\3 .
- }
. > > = 0, T
»5. B ‘=/ D K Si \1 L
b OH } gn, logn
B, logN
( wove heigth ) LR /T =n

== lood andysis oeppe- strength andysis =i fatique strength andysis

Figure 19.1 Deterministic Fatigue Analysis (Clauss et al, 1994)
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19.3 Simplified Fatigue Assessment

19.3.1 Calculation of Accumulated Damage

It is assumed that the linear cumulative Palmgren-Miner Law is applicable, and may be written
as:

N, /(S
°——dS
=1 V) (19.2)

where,

N = Total number of cycles in the long-term period considered

0

f(S) = probability density function for the stress range (which means that the number
of cycles for the stress range S is N, f(S)S)

As discussed in Chapter 16, S-N curves may be expressed as N = KS™™ . Substituting this
equation into Eq.(l9.2), we may get:

Dy, = fS f(8)ds (19.3)

For marine structures, the probability density function of stress range may be represented by a
two-parameter Weibull distribution,

$- 3
£(8)= %(%J exp[— %} (19.4)

where A and & denote a scale parameter and a shape parameter respectively. Combining
Eq.(19.3) and Eq.(19.4), we may get:

_ NO m § S o S :
Dy, _7[’5 Z(]) exp| - | dS (19.5)
Introducing
X _(£j5 (19.6)
y, .
we may get
D _ No Am 1+m/& ( )d
fa T g x eXp\— x jax (19.7)

The Gamma function is defined as:
F(k)= fe“’xk'ldx (19.8)

Combining Eq.(19.7) and Eq.(19.8), the long-term cumulative damage may be written as:
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N m
D, =—2A"T|1+— 19.9
=T ( 5] (19.9)
In Part III Chapter 18, it has been derived that:
£ (V24
A= —So— (19.10)
InN,

Hence, it is obtained that the long-term cumulative damage may be written as (Almar-Naess,
1985):

miE
Dy, 2%[31%} r(1+?) (19.11)
where,
N, = Total number of cycles in the long-term period (e.g. service life) considered
S, = Expected maximum stress range in N, cycles,

1
P(S > So) = N (fatigue stress range S exceeds S, once every N, cycles)
0

g = Shape parameter of the Weibull distribution for the stress cycles

K, m = Material parameters of the S-N curve
19.3.2 Weibull Stress Distribution Parameters

When the shape parameter, &, equals to 1, the Weibull distribution yield to the Exponential
distribution. The value of € can be larger or smaller than 1. The higher the & values, the more
severe cyclic loading conditions are. The shape parameter is a function of the cyclic loading
environment in which the system exists, and how the system responds to this environment (e.g.
local loading effects, dynamic loading effects). A suitable value for the shape parameter
should be chosen based on fatigue analysis of similar structures in the same site. In order to
evaluate the accuracy of the selected shape parameters, the predicted fatigue damage
corresponding to given shape parameters shall be compared with the measured data or more
refined analysis (e.g. spectral fatigue analysis). Typical values for the Weibull shape parameter
& are given in Table 18.1 for some commercial ships and offshore structures.

The spectral fatigue analysis and extensive fatigue damage data may be used to calibrate the
Weibull parameters for various types of ship and offshore structures. Luyties and Stoebner
(1998) presented a procedure to calibrate the API simplified fatigue design method using
spectral fatigue analysis.

19.4 Simplified Fatigue Assessment for Bilinear S-N Curves

When the S-N curves are expressed as bilinear curves (see Part III Chapter 17), the fatigue
damage may be predicted using
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mi& rité
No| Si No| S¢
Dﬁ":_o S I 1+ﬂ, z |(+—2 5 I, 1+L, z (19.12)
Ki{lnN, & C|InN, &

where the incomplete Gamma functions are defined as:

r(k,z)= J’:’e‘-‘x*“dx (19.13)
Lo(kz)= [femx*ax (19.14)
and
z:[ijé (19.15)
SO

where S| is the stress range at the crossing of two S-N curves (e.g. corresponding to fatigue
life of 107).

The formulation for simplified fatigue assessment based on bi-linear S-N curves was derived
by Wirsching and Chen (1987), and appeared in DNV Classification Note 30.7 for ship
structures and DNV (2000) for steel offshore structures.

Tables of Gamma function and incomplete Gamma function are given in BV (1998) fr
convenience of fatigue damage estimation.

19.5 Allowable Stress Range
A fatigue check format based on the simplified fatigue assessment is:

S, <8 (19.16)

o allowable

where the design stress range S, is the local stress range related to a given probability of

occurrence during the design life. The allowable extreme stress range S, is determined

by solving Eq.(19.12) using the appropriate S-N curve, allowable cumulative damage ratio and
knowledge about stress distribution.

For prompt fatigue assessment, usually allowable extreme stress ranges have been pre-
calculated and listed in fatigue guidance documents as functions of the types of S-N curves,
Weibull shape parameter and the environment.

Reference is made to Zhao et al (2001) for formulations for the strength and fatigue
assessment of converted FPSOs.

19.6 Design Criteria for Connections Around Cutout Openings

19.6.1 General

Cracks around cutout openings (also known as slots) are often seen in many types of ship
structures, see Figure 19.2. Past studies (Bea, et al., 1995) have concluded that single-hull
tankers experienced most of these cracking in the side shell and bottom shell areas due to
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cyclic wave pressure. In double-hull tankers, however, the double bottom seems to be the
main problem area due to a very high differential pressure between laden and ballast
conditions. A large number of cracks have been observed in inner bottom structures of several
double-hull tankers (Cheung & Slaughter, 1998). Many cracks occur along the flat-bar weld,
between frame vertical stiffeners and inner bottom longitudinals.

Similarly, many survey reports show that cracks also occur in way of connection of
longitudinals with transverse floors inside double bottom and hopper of bulk carriers (IACS,
1994).

The flat bar appears to be the weakest link in the connections. Some survey reports list up to
hundreds of flat bar failures in a single vessel (Ma, 1998, Bea, et al., 1995). This subject was
investigated by Glasfeld et al (1977) which concluded that approximately 75% of the total
number of cracks found around slots are at flat bars.

Cracking around end connection typically follows a sequence. The first crack normally
appears along the footprint of flat bar on the flange of longitudinal (type B crack in Figure
19.2). Extensive corrosion, commonly observed at these cracks, indicates that crack growth
rate is slow. As the flat bar cracks grow slowly with time, stresses redistribute to the web
frame through collar plates. Once the flat bar has cracked through, it loses its load-carrying
capability completely and the additional load transfers to the remaining one or two collar
connections. If this defect is not found and rectified, a second crack will start at the radius of
cutout (type D in Figure 19.2) and a third crack eventually occurs at the fillet weld on shell
plate (type C or C1 in Figure 19.2). This crack sequence has been confirmed by many survey
reports and field observations. These show that a cutout radius crack is only found when flat
bar has completely cracked through.

19.6.2 Stress Criteria for Collar Plate Design

In Ma et al (2000), simple criteria have been developed for ship designers to perform a quick
check of their designs of end connections. The criteria require two checks be performed for
cach design of end connection. First, the calculated mean normal stress in flat bar, o ,,
should be less than an allowable value (see Eq. (19.17)). Second, the calculated mean shear
stress at collar plate, 7., should also be less than its allowable value (see Eq. (19.18)).

ps(1-0.7s)

o, = <140 N/mm* 19.17
B 4 4033, (4, + 4;) o (19:17)
1-0.
rdc=—30Ls(—°—7i)— <70 N/mm” (19.18)
c'—A,+(A2+AJ)

s

Here p, s and / represent static design pressure, panel width and panel length (see Figure
19.3), respectively. A4,, A, and A, are flat bar footprint area, direct connection area, and

collar connection area (see Figure 19.4), respectively. Units are in millimeters, Newtons or
their combinations.
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=1 A: Longitudinal Cracked

Longitudinal

| B: Flat Bar Cracked
C: Shell Plate to Web/Floor Weld Cracked
C1: Type C Crack Extending into Shell Plate
D: Web Frame (Cutout) Cracked
E: Bracket Cracked
F: Lug Cracked

| Fiat Bar

~i [ Stiffener

Bracket

Shell Plate

Figure 19.2 Different Types of Cracks around Cutout Openings

The cocfficient, ¢,, can be easily determined as following:

c, = 1.0 for symmetrical longitudinal stiffeners;
c, = 1.41 for unsymmetrical longitudinal stiffeners with one-sided support.
c, = 1.12 for unsymmetrical longitudinal stiffeners with two-sided supports.

| ]
______ |~ e . L
longitudinals . /[~ 3

N

web frames / floors

Figure 19.3 Pressure on Shaded Area Goes into Web Frame/floor

Different (Ma et al 2000)

~—|_Web Frame or

Double Bottom Floor

369
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Figure 19.4  Definitions of Geometry Parameters (Ma et al 2000)

19.7 Examples

Example 19.1: Fatigue Design of a Semi-submersible

Problem:

Calculate the maximum allowable stress range for a semi-submersible with a long-term stress
range distribution as:

Y
S=5,1- log N
log N,

and the Weibull distribution parameter &=1.1. Total number of stress cycles N, =108,
allowable damage ratio n=0.20, class F weld (m=3, K=10E11.8).

Solution:

The maximum allowable stress range can be derived as:

v v
" UnNg)e
SOalIomlh[c = (UA ] * k(u)—‘ = 936MPG
NO m
m F[l + - ]
4

)
If the maximum allowable stress range is scaled by a factor of UA. For instance, for n=0.1,
the maximum allowable stress range becomes:

4
S oioman=93.6-(0.1/0.2)"* = 74.2MPa
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Chapter 20 Spectral Fatigue Analysis and Design

20.1 Introduction

20.1.1 General

Recent offshore field development based on Tension Leg Platforms (TLP), semi-submersibles,
SPARs, FPSOs and other types of floating structures has clearly demonstrated that operators
are confident in deepwater technology and will continue the development of fields in ever
increasing water depths. Therefore, cost-effective floating structures will continue to be
developed for deepwater field development.

In the simplified fatigue assessment, the fatigue damage is estimated assuming that the stress
follows a Weibull distribution for long-term response. The simplified fatigue assessment has
been successfully applied to the ship fatigue design in which allowable stresses are pre-
calculated for different locations in a ship. Due to the excessive sensitivity of the estimated
fatigue damage to the Weibull parameters, a spectral fatigue assessment becomes more
popular for offshore structural analysis (Chen and Mavrakis, 1988).

Fatigue analysis and design include several steps of analysis:

. Fatigue screening

+ Detailed structural analysis

« Reanalysis of welding improvements

o Reanalysis of design improvements

« Reanalysis of design and welding improvements

This chapter describes a fatigue analysis of floating structures, such as:

» Spectral fatigue analysis, including computer modeling, load conditions, structural analysis
and validation, loading combinations, and fatigue damage assessment

« Time-domain fatigue analysis
« Fatigue design of local structural details

The spectral fatigue analysis may also be applied to ship structures provided that the wave
scatter diagram is adequately defined because the ships are designed for un-restricted services.

The frequently used codes and standards for fatigue analysis of the floating structures are API
RP 2T (1997), API 2FPS (2001), AWS (1997) and UK DEn (1990) and guidance from
classification societies.
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20.1.2 Terminology

Some terms, applied in fatigue analysis, have specific meanings as defined below:

Mean Zero-Crossing Period: The mean zero-crossing period is the average time between
successive crossings with a positive slope (up crossings) of the zero axis in a time history.

Random Waves: represent the irregular-surface elevations and associated water particle
kinematics of the marine environment. Random waves can be represented analytically by a
summation of sinusoidal waves of different heights.

Regular Waves: are un-directional waves having cyclic water particle kinematics and surface
elevation.

Sea state: is an oceanographic wave condition, which can be characterized for a specified time
period as a stationary random process.

Significant Wave Height: is the average height of the highest 1/3 of all the individual waves
presented in a seastate.

Transfer Function: is defined to be the ratio of a structural response quantity to the wave-
height as a frequency function.

S-N curves: empirically represent relationships between stress range and number of cycles to
failure.

Nominal Stress: is the stress determined from member section properties and the resultant
forces and moments at the members end. The section properties must account for the existence
of thickened or flared stub ends.

Hot Spot Stress: is the stress located at the weld toe of a structural detail.

20.2 Spectral Fatigue Analysis

20.2.1 Fatigue Damage Acceptance Criteria

The fatigue damage assessment is based on Miner’s rule:

n.
D, = ZV' <7 (20.1)

where D, is the accumulated life time fatigue damage, 0 is the allowable damage ratio and

N, is the number of cycles to failure at stress S, as defined by the S-N curve of the form:
N=K-8§™" 20.2)
20.2.2 Fatigue Damage Calculated Using Frequency Domain Solution

Fatigue Damage for the i-th Sea-State

For narrow banded response, the accumulated damage of a sea-state may be expressed in the
continuous form:

n(S)
Dy = fN(S) ds 203)
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where n(S)dS represents the number of stress ranges between S and S+dS. If a stationary

response process of duration 7,

n(S )dS = vy T, p( S )dS

where the zero-up crossing frequency Vy; is

Voi = "1— el
27\ my,
where,
m,; = Spectral zero moment of the hotspot stress spectrum
m,, = Spectral second moment of the hotspot stress spectrum

The Rayleigh probability density function for stress range S is:

2
p(S)=L2mp(- S J
4o

2
i 80-1

where the root mean square stress o, is

T, =My,

Then, one can obtain:

p(S), Vol g S?
Djal = VDiT;il'c fN(S)dS - K J.40',<2 expl — 2 ds

Using the following notation,

S2

X =

8s .’

i

and Gamma function:

AN
F(1+5)—fe xdx
We may get:

v..T. m
D,, =22 (g )Z-F(H%)

Jat K 0i

Fatigue Damage for All Sea-States

is assumed, the total number of stress cycles will be:

(20.4)

(20.5)

(20.6)

(20.7)

(20.8)

(20.9)

(20.10)

(20.11)

From the damage equation for one sea-state, one may easily calculate the damage accumulated

for all sea-states.
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all sea—states
m

UOiT;ife >
D= 2 P—g(8m )" -I|1+= (20.12)
i
where, p, = Probability of occurrence of the ith seastate

Based on Eq. (20.12), the transformation of a stress range spectrum to fatigue damage is
straightforward. Applying a spectral fatigue analysis, analytical expressions may be derived as
transfer functions from wave spectra to response amplitude spectra and finally to stress range
spectrum. Using the root mean square stress o, , the accumulated damage equation (Eq.(20.12)
may be re-expressed as,

UiTie m m
D, =Y. p OKU -(2v20)) '1"(1+—2—J (20.13)

i

When wave direction is also accounted for in defining the sea states, the probability of each
sea state may be expressed as p, where j denotes the jth direction.

L, i'Tie z m
D, :Z Z Py O’Kl @m )* -I“(1+3) (20.13)
i

When the S-N curves are defined using bi-linear curves, the accumulated fatigue damage may
be determined as:

all sea-states UOi T;ife ; m
D, = z p,T~(8mm) ~Fl+—2-, z

i

all:efmm UO'TI'f % ( r (20. 1 5)
+ ——-8m ) T, [ 1+—, z
- pl C ( 0i ) 0 2 )
where the incomplete Gamma functions are defined as:

Ik,z)= | Texdx (20.16)

Lolk,z)= [ e™x*dx (20.17)
and

S 2
z=|—= (20.18)
2,/2m;

where §, is the stress range at the crossing of two S-N curves (e.g. corresponding to fatigue
life of 107).

The formulation for spectral fatigue assessment based on bi-linear S-N curves appeared in
DNV Classification Note 30.7 for ship structures and DNV (2000) for steel offshore structures.
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20.3 Time-Domain Fatigue Assessment

20.3.1 Application

« Similarity between Time-Domain Fatigue Analysis (TFA) and Spectral Fatigue Analysis
(SFA): Both procedures are based on wave-scatter diagram.

» Difference between Time-Domain Fatigue Analysis and Spectral Fatigue Analysis: TFA is
a deterministic analysis, and includes the effect of non-linearity. SFA is a stochastic
approach based on linear analysis.

Time-domain fatigue assessment is mainly applied to the following scenarios:
» Fatigue of pipelines and risers due to wave-induced forces (Bai, 2001)
- Fatigue of TLP tethers (Fylling and Larsen, 1989)
« Fatigue of Spar structures due to low frequency motions (Luo, 2001)
20.3.2 Analysis Methodology for Time-Domain Fatigue of Pipelines
In the following, a fatigue damage equation will be derived for fatigue of pipelines and risers
due to wave forces. The number of cycles n; corresponding to the stress range block S, is
given by
n, = PO, Ty, (20.19)

P(’) is the probability of a combined wave and current induced flow event. f, is the
dominating vibration frequency of the considered pipe response and 7,, is the time of

exposure to fatigue load effects. Using Miner’s law and a S-N curve, Eq.(20.3), the fatigue
damage may be evaluated for each sea-state of the scatter diagram in terms of H,, 7, and 6,

as below.
_ Tllfe ¥ [ m]
Dy =2 P() [max,s" |dF,, (20.20)
HeT,8, 0
where:

P(-) is the joint probability of occurrence for the given sea state in terms of
significant wave height H, , wave peak period T,, mean wave direction.

dF,,  denotes the long term distribution function for the current velocity. The notation

“max” denotes that the mode associated with the largest fatigue damage must
be applied when several potential modes may exist at a given current velocity.

In the time domain analysis, the long-term irregular wave condition is divided into
representative sea-states. For each sea-state, a time history of the wave kinematics is generated
from the wave spectrum. Hydrodynamic loads are then predicted using the wave kinematics
and applied to the structures. Stress ranges are calculated through structural analysis. Fatigue
damage is then calculated using Miner’s law.

In Bai (2001), the stress range is calculated in the time domain model for each sea-state with a
constant value of wave-induced velocity but for a range of current velocities, from zero to a
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maximum value with nearly zero probability of occurrence. The calculated stress ranges are
used to evaluate the integral in Eq. (20.20). For each sea-state, the fatigue damage associated
with each current velocity is multiplied by the probability of occurrence of the current velocity.
When stress ranges for all sea-states are obtained through the wave force model, the fatigue
damage is calculated using Eq. (20.20). The advantage of using the time-domain fatigue for
pipeline ad riser assessment is to account for the non-linearity in the drag forces and structural
dynamic response. The other benefit is to reduce the conservatism introduced in the boundary
condition for spectral fatigue analysis. An engineering practice is to derive the ratio of the
predicted fatigue life from these two approaches for a few well-selected and performed
analyses, and then to apply this ratio to similar fatigue scenarios.

20.3.3 Analysis Methodology for Time-Domain Fatigue of Risers

In time-domain analysis, a time domain dynamic analysis is performed for all sea states in the
wave scatter diagram, and for each direction with a non-zero probability of occurrence. In
frequency-domain fatigue analysis of risers, the touch-down point is fixed. The time-domain
analysis is applied when the soil-pipe interaction needs to be accounted for in order to remove
the conservatism introduced in the frequency-domain analysis. Besides, the second order
(drift) motions of the vessel may significantly affect the result of fatigue analysis. It is difficult
to include the second-order motions using stress RAOs to transfer wave spectra into stress
spectra. Based on the stress time histories from the time-domain dynamic analysis, the fatigue
damage may be estimated as follows:

» The fatigue damage is estimated based on the moments of spectra (as those used in the
frequency-domain analysis), and the stress-spectra are calculated using the Fast Fourier
Transform algorithm.

» The fatigue damage is calculated directly from the stress time-history using a rainflow
counting techniques.

The dynamic simulation should be long enough because the dominant period of second order
motions is of the order of 100 seconds.

20.3.4 Analysis Methodology for Time-Domain Fatigue of Nonlinear Ship Response

Jha and Winterstein (1998) proposed a "Nonlinear Transfer Function (NTF)" method for
efficient prediction of the stochastic accumulation of fatigue damage due to nonlinear ship
loads in random seas. Nonlinear time-domain ship-load analysis may reveal asymmetry in sag
and hog moment at mid-ship. The goal of the NTF method is derive accurate prediction using
only a limited amount of nonlinear analysis based on regular waves. The analysis cost is
reduced because expensive time-domain analysis over many cycles of ir-regular sea is
replaced by a limited number of regular-wave analysis.

The NTF is the generally nonlinear transformation from wave amplitude and period to the load
amplitude measure of interest (e.g., total load range for rainflow-counting). Stochastic process
theory is applied to

+ Identify a minimal set of regular waves (i.e., wave heights and associated periods) to be
applied based on a discretized version of the Foristall (1978) wave height distribution and
Longuet-Higgins (1983) model for wave period selection.

+ Assign an appropriate set of "side-waves" to be spatially distributed along the ship based
on probability theory.
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« Determine how these results should be weighted in predicting statistics of the loads
produced in random seas.

The prediction of the time-domain fatigue analysis was compared with frequency-domain
stochastic fatigue analysis that assumes linear model of ship behavior. It was revealed that the
nonlinear effect is significant. The NTF method may also be applied to any offshore structures.

20.4 Structural Analysis

20.4.1 Overall Structural Analysis

Overall structural analyses are usually performed using space frame models and fine FEA
models. The space frame analyses define the boundary loads for local structural models. To
get the stress transfer functions for the fatigue damage assessment, these boundary loads are
used to factor the results of fine, FEA unit load analysis results.

This section presents aspects of modeling, load evaluation, and structural analysis applicable
to the overall structural analysis.

Space Frame Model

The space frame model includes all the important characteristics of the stiffness, mass,
damping, and loading properties of the structure and the foundation for the structural system.
It consists primarily of beam elements. The accuracy of the calculated member end forces is
influenced by the modeling techniques used.

Figure 20.1 shows a space frame model for TLP hull primary structures and deck primary
structures. Although not shown in this figure, tendons are included in the model as supporting
structure to provide the proper vertical stiffness. Tubular beam elements are used to model the
tendons. Applied load cases are, in general, self-balancing and should result in zero net load at
the tops of the tendons. Thus, relatively flexible lateral springs are provided at the tops of all
tendons in order to stabilize the analysis model against small net lateral loads.

The hull's column and pontoon structures are modeled using beam-column elements. Joint
and member definitions are interfaced from the global analysis model because interfaced loads
from this analysis must be consistent with the model. Member properties are determined based
on the member cross-sectional properties and material properties. Yield stresses of plate and
stiffener components are input, along with the maximum bracket spacing for ring stiffener
frames.

Additional joints and members are included to ensure that the tendons and deck structure are
structurally stable and as additional load collectors where appropriate. Deck members are
modeled using the tubular or AISC (American Institute of Steel Constructions) elements.
Deck equipment mass locations are determined for each major deck area and specifically
included in the model so that proper inertial load magnitudes and centers of action are
generated in the analysis.
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Figure 20.1 Space Frame Model for a TLP

Fine FEA Model

A fine FEA model may bc uscd to analyse the hull structure or a part of the hull structure in
detail. All relevant structural components shall be included in the model. In the fine FEA
model, major primary structural components are fully modeled using three- and four-node
plate/shell elements and solid elements. Some secondary structural components may be
modeled as two-node beam elements.

Design Loading Conditions

To adequately cover the fatigue environment, fatigue design loading conditions consist of
cyclic environmental load components at a sufficient number of wave frequencies. These
loading conditions include:

« Hydrodynamic loads due to waves, including dynamic pressure
« Inertial loads due to motions
« Other cyclic loading

The loading components are either explicitly generated or interfaced from the global motion
analysis. Load summaries are made for each design loading condition and checked for
accuracy and load imbalance.
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The global motion analysis serves as a basis for dynamic load development. The actual
interface from the global analysis to the structural analysis consists of several loading
components for each analyzed wave period and direction: the real and imaginary applied unit
amplitude, wave diffraction and radiation loads, the associated inertial loads and other cyclic
loading such as tendon dynamic reactions. The successful interface of these load components
is dependent on a consistent geometric and mass model between the motion and the structural
analyses and is also dependent on a consistent generation of the loading components in the
motion analysis. Consistent modeling is obtained by interfacing the model geometry directly
from the motion analysis wherever possible. Consistent mass is obtained by interfacing with
the same weight control database for both the motions and structural analyses, when available.

Load combinations are formed for each wave period and direction. These combinations consist
of the applied wave load, the generated inertial load, and the associated cyclic loadings such as
tendon dynamic reactions for both real and imaginary loadings of the floating structures.
These combinations form the total cyclic load condition for each wave period and direction to
be used in the spectral fatigue analysis.

Analysis and Validation

Hull structural analyses are performed using linear finite element methods. The reaction
forces include total force and moment reactions and the analysis results are verified.
Symmetrical or asymmetrical load conditions are checked to confirm symmetrical or
asymmetrical analysis results.

20.4.2 Local Structural Analysis

Local structural details are included as a part of the analyses for the entire hull structure.

The analysis of the structural details may be performed using the finite element program such
as ABAQUS (HKS, 2002) and other software. The FEM model is three-dimensional and linear
stress analysis is performed. The results from the FEA model are interfaced into the fatigue
model for additional model validation and subsequent spectral fatigue analysis of the local
structural details. The entire model is plotted and revised for accuracy both from the FEA
model and after interface to the fatigue model.

Loading conditions for finite element analysis of local structural details should be based on the
hull's structural analysis since it includes all cyclic loadings of the structure.

The unit loading conditions are frequently applied. The resulting stresses for each unit load
condition are interfaced to the fatigue model for subsequent combination into fatigue design
loads.

20.5 Fatigue Analysis and Design

20.5.1 Overall Design

A spectral fatigue assessment should be carried out for each individual structural detail. It
should be noted that every structural detail, every welded joint and attachment or any other
form of stress concentration is potentially a source of fatigue cracking and should be
considered individually.

The UK DEn procedure or its modified versions are recommended in Europe for the fatigue
analysis and design of floating structures since it is the most widely accepted code. Design
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standards such as AWS (1997) are used in the USA. However, it should be noted that different
design standards provide different procedures in the fatigue stress determination and S-N
classification, which result in large discrepancies in the predicted fatigue damages. Therefore,
a consistent procedure based on one design standard shall be used.

The safety factors for fatigue design of floating structures are given by the design standards
listed in Section 20.2 based on:

» Cnticality of the joint
« Inspectability and repairability

The criticality of a join is determined based on its structural redundancy. A joint is critical if
its failure will potentially lead to the failure of the structure.

20.5.2 Stress Range Analysis

A stress range analysis is performed using the fatigue software as a precursor to the fatigue
damage calculation. The FEA unit load, model geometry and clement stress results are
interfaced into the fatigue calculation model. Loading combinations will then be defined for
each fatigue wave load based on the applied boundary loads.

Geometry and element properties from the space frame model are plotted and revised for
accuracy. Any detected errors are corrected in the FEA input file and the FE analysis repeated.

The finite element model of the specific hotspot region shall be developed based on the
procedures, finite element size requirement defined by the design standards.

In the FEA model, unit load results will be interfaced into the space frame model database.
These unit loads are then appropriately combined based on the applied boundary loads.

20.5.3 Spectral Fatigue Parameters

Wave Environment

The wave environment consists of wave scatter diagram data and wave directional
probabilities.

The scatter diagram data consists of annual probabilities of occurrence as functions of
significant wave heights and peak periods in the structure installation site. For spectral fatigue
analysis, a wave spectrum (e.g. Pierson-Moskowitz) is associated with each cell of the scatter
diagram.

Directional probabilities for fatigue waves are also included in the fatigue assessment. It is
usually unconservative to ignore any non-uniform distribution in directional probabilities.
However, in lieu of such information, the wind directional probability may be used to account
for the non-uniformity in the wave approaching direction and to provide conservatism in the
fatigue damage calculation.

Stress Concentration Factors

The determination of the appropriate SCF in the fatigue analysis is a complex task. It is also
dependent on the S-N classification and stress analysis methods. The general rule of thumb is
that the stress used in the fatigue analysis should resemble the fatigue stress obtained from the
specimen tested when deriving the S-N curves. The fatigue stress does not mean the most
accurate stress determined by the high-resolution fine mesh FEA. It is the pertinent stress, in
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accordance with the chosen S-N curves. A discussion of the SCF and S-N classification is
given in later Sections.

The SCF can be determined based on parametric equations and finite element analysis.

S-N Curves

In the United States, the AWS (1997) S-N curves are used to analyze structural details of
floating structures. Where variations of stress are applied to conventional weld details
identified in Figure 9.1 of AWS (1997), the associated S-N curves in Figures 9.2 or 9.3, should
be used, depending on the degree of criticality. Where such variations of stress are applied to
situations identified in AWS (1997) Table 10.3. The associated S-N curves are provided in
AWS D1.1, Figure 10.6. For referenced S-N curves in AWS (1997), Figures 9.2, 9.3 and 10.6,
are Class Curves. For such curves the nominal stress range in the vicinity of the detail should
be used.

In Europe, UK DEn (1990) S-N curves are used for structural details in floating structures.
The S-N classification is determined based on the structural configurations, applied loading
and welding quality.

As discussed earlier, the UK DEn procedure is recommended in this chapter. Therefore, the S-
N classification based on UK DEn curves will be discussed in detail, see Table 20.1.

Table 20.1  Comparison between European Standards and US Standards
Europe Standards US Standards
Subject
(refers to e.g. UK DEn, 1990) (refers to e.g. AWS D1.1, 1997)
Mean-minus-two-standard deviation Lower bound
S-N Curves

curves.

X curve is sufficiently devalued to
account for thickness/size effect

Full penetration welds - T curve
Partial penetration welds — W curve

One of 8 classes: B,C,D, E,F, F2, G
and W, depending on geometry, stress
direction, and method of fabrication
and inspection,

S-N Classifications Smooth weld metal merging with parent

metal - X curve, otherwise, X’ curve

Simplified Fatigue - The long-term Simplified Fatigue - The long-term wave

Fatigue Damage

wave height distribution can be
represented by the Weibull
distribution

height distribution may be represented by
the sum of two Weibull distributions one
for normal and the other for hurricane

Improvement

Assessment diti
Or Spectral Fatigue Analysis conditions
Or Spectral Fatigue Analysis
Cathodically protected joints in S-N curves (X’ and X) presume effective
Seawater equivalent to joints in air. cathodic protection. Fatigue provisions of
Cathodic Unprotected joints in Seawater AWS DI.1 apply to members and joints in
Protection require S-N curve to be reduced by a | atmospheric service. Does not recommend
factor of 2 on life. further reduction of S-N curve for free
corrosion.
Welding Included Not covered

Use X curve rather than X’ curve




384 Part Il Fatigue and Fracture

Joint Classification

Guidelines on joint classification may be found from the UK DEn (1990). Note that the S-N
curves in the UK DEn (1990) was modified by HSE(1995).

The UK DEn (1990) guidelines apply only to welded joints that are free from serious defects
or discontinuities. Factors such as undercut at the toe, internal or surface breaking defects or
cracks, and geometric irregularities may cause a reduction in fatigue strength and should be
evaluated separately.

The UK DEn (1990) guidelines allocate various types of welded joints into one of nine joint
classes. To determine the correct classification for a particular weld detail, it is necessary to
identify the weld type, the direction of the applied loading, and to consider all potential
cracking locations. For most types of joint, the weld toes, weld ends, and weld roots are
considered the most important locations.

The joints with the highest classifications are those that are stressed in a direction parallel to
the weld. Fillet or butt weld joints fall into Class C or B in the UK DEn (1990) guidelines
depending on whether the manufacturing process is manual or automatic. Such joints seldom
govern the fatigue strength of a welded details since other joints are likely to fall into lower
joint classes.

The classification of transverse butt welds is more complex. They can fall into Class D or E,
depending upon the details of the manufacturing process, position, and location, all of which
may influence the weld profile. Class C may be justified if the weld overfill is removed by
grinding or the weld is shown to be free from significant defects by using non-destructive
testing. However, if access is limited and the weld must be made from one side only, a lower
fatigue strength should be assumed.

The UK DEn (1990) guidelines downgrade butt welds, made onto a permanent backing strip,
to Class F. The guidelines also warn against the use of tack welds within small distances of
the plates edge, in which case, the classification is lowered to Class G.

Tack welds are a controversial topic. A number of studies have been conducted for different
methods of attaching the backing to the plates prior to making the butt weld. Tacking the
backing strip to the root preparation, and incorporating this into the final weld, gives small
improvement in fatigue strength over joints in which the backing strip is fillet welded to one of
the plates. However, the increase is not sufficient to warrant a higher joint classification. In
both cases, failure may initiate at the root of the butt weld.

Currently butt welds made onto temporary backing such as glass or ceramic backing strips are
not classified and require further research. The availability of electrodes designed specifically
for root runs has resulted in an improvement in the quality of single-sided welds made without
backing. In recognition of this welding quality improvement, such joints can be considered as
Class F2 if full penetration is achieved. This classification should be used with caution,
because fatigue strength in some areas may be much lower due to lack of penetration at the
root.

The fatigue strength is seldom governed by butt welded joints, because these joints in general
posses a superior strength over fillet welded joints. Fillet welds fall into Class F, F2, or G
depending on their size, orientation, and location in relation to a free plate edge. However,
recent studies have shown that fillet welds posses a fatigue strength lower than that predicted
by Class G, if the weld is continued over the comer of the plate.
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In addition to the weld toe, which is the most usual site for fatigue cracking to occur, all load
carrying fillet welds and partial penetration butt welds must be evaluated to assess possible
weld throat failure. To avoid this type of failure, it is necessary to ensure that these joints are
adequately dimensioned. This may be achieved using the Class W design S-N curve. One
should note that the maximum shear stress range is associated with the class W design S-N
curve.

Structural Details

The UK DEn fatigue design and assessment guidelines provide sketches, which provide
assistance in the S-N classification of structural details. According to UK DEn (1990)
guidelines, joints are subdivided into the following types:

» Metal free from welding

. Continuous welds essentially parallel to the direction of applied stress
« Transverse butt welds

«  Weld attachments on the surface of a stressed member

. Load-carrying fillet and T butt welds

« Details in welded girders

The UK DEn Curves were developed based on small test specimens. In the S-N classification
of structural details, the users first carefully relate the fatigue stress in tests with the stress of
structural details under consideration. For example, the fatigue stress in the test for the weld
shown in Figure 20.2a, would be the tensile stress, S, on the cross-section, but for the weld
shown in Figure 20.2b, it would be SCF - S, where SCF is the stress concentration factor
caused by the hole. This is due to the fact that at point x, the stress near the weld is SCF - S.
However, for a small cutout in Figure 20.4c, the stress concentration due to the small hole
shall not be included since micro-structural effects have been included in the S-N curves.

c

Figure 20.2 Explanation of Fatigue Stress When Weld is Situated in
Region of Stress Concentration Resulting from Structure’s
Gross Shape

Theoretically, structural details should be classified and considered for each loading step
throughout the fatigue analysis since different loading steps result in different applied loading
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directions. This approach is generally prohibitively complex. Therefore, simplified S-N
classification is used based on the rule of thumb in engineering applications.

When classifying the weld's structural details in large, complex structural systems from a
series of design drawings, it is important to:

« Consider each weld individually

« Consider each direction of applied stress

« Evaluate all possible cracking locations, because each may yield a different classification
. Consider any possible stress concentration effects

Figures 20.3 and 20.4 show two typical examples of details found in a floating structure. In the
section shown in Figure 20.3, the classifications range from C to F2 and W, depending upon
the direction of the applied stress. In these examples, stresses in the three principal directions
S., S, and §,, are not equal. Thus the design stress range for each class will differ. However,

for simple design purposes, the maximum principal stress and F2 classification are assigned
for the overall structural details.

It is particularly difficult to classify the details that have a hole and to identify potential crack
locations. Holes in a continuous longitudinal weld are covered in the UK DEn fatigue design
guidelines as Class F, without requirement for an additional stress concentration factor,
However, a web should be incorporated to this detail. The end of a web butt weld at the hole is
a more severe detail that should be ground. For the ground detail, Class E or D is
recommended. Due to the presence of the hole, a stress concentration factor of 2.2 or 2.4
should be included. If the end of the butt weld is not ground, a Class F or F2 curve, together
with the geometrical stress concentration factor (2.2-2.4), is recommended.

152

5

Figure 20.3  S-N Classification of Structural Details Subjected to Triaxial
Loading
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Figure 20.4  S-N Classification of Structural Details

If concerns remain about the use of a cope hole, it is possible to improve its fatigue strength by
cutting back and grinding the weld end as shown in Figure 20.3. In such cases, the weld
between the flange and web should be full penetration over the regions on either side of the
cope hole in order to avoid failure through the weld throat (W class).

Figure 20.4 illustrates the third example of S-N classification of structural details. It’s the
small bracket between the pontoon and the base node in a TLP structure. Based on the UK
DEn (1990) Guidelines and published fatigue test data, the hotspot areas can be classified as F
or F2.

S-N classification of the structural details in floating structures is a challenging task. During
the design process, there are many structural details, which cannot be classified based on the
UK DEn (1990) guidelines. In this case, other design standards such as AWS (1997) or
published fatigue test data may be used to justify the classification.

20.5.4 Fatigue Damage Assessment

The fatigue life of structural details is calculated based on the S-N curve approach assuming
linear cumulative damage (Palmgren-Miner rule). A spectral fatigue analysis is used where the
long term stress range distribution is defined through a short term Rayleigh distribution within
each short-term period for different wave directions. A one-slope or bi-linear S-N curve may
be assumed.

Fatigue lives are determined by the service life and safety factors. Additional margin is
desirable due to the uncertainties associated with fatigue assessment procedures.

Initial Hotspot Screening

The objective of the initial screening is to identify the fatigue critical areas based on the
experience and the in-service data. Fatigue damage is calculated for each element in the group
assuming a conservative S-N curve and upper-bound SCF for each element. The calculated
damages are reviewed and all elements with fatigue lives less than the minimum required, are
analyzed in further detail in the specific hotspot analysis.
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Specific Hotspot Analysis

Elements that do not pass the initial hotspot screening need to be reanalyzed using SCFs and
the associated S-N curves that are more appropriate for the actual structural detail and welding
procedure to be used. The calculated damages are reviewed and, at least, all elements with
fatigue lives less than the minimum required are summarized for further review and potential
redesign and/or modification of welding procedures, and reanalysis.

Specific Hotspot Design

Structural details that do not pass the specific hotspot analysis are redesigned to improve their
fatigue strength. SCFs and associated S-N curves that are appropriate for the redesigned
structural details and welding procedures will be used in the fatigue reanalysis. All structural
details must meet the minimum fatigue requirements after their re-design and welding
procedures are finalized.

Detail Improvement

It is clear that the best time to improve the fatigue strength of welded structural details is
during the design stage. There are two factors, which need to be specially considered when
improving the fatigue strength of a structural detail:

« Nominal stress level

The most efficient approach to improving fatigue strength is to increase the local scantling and
to configure the additional load path within the structure. This approach may reduce the
nominal stress level and hence the hotspot stress for a given structural detail.

« Geometrical stress concentration

Adopting a good design of detail configuration by providing softer connections reduces the
geometrical stress concentration factor originally caused by the geometric discontinuity. It is
the most effective technique to improve fatigue strength. However, this technique usually
requires good workmanship since a soft toe/heel is used.

20.5.5 Fatigue Analysis and Design Checklist

Each item in the following checklist should be checked prior to the completion of fatigue
analysis:

« Computer model topology - the model is plotted in sufficient views to validate model
connectivity.

+ Loading conditions - each applied loading condition is checked for accuracy.

o Analysis and validation - Analysis results are checked step-by-step; discrepancies between
expected and obtained analysis results should be documented and explained.

» Loading combinations - each applied loading combination should be summarized and
checked for accuracy.

- Environmental conditions - wave scatter diagram and directional probability input should
be checked.

o SCFs - SCFs used in the analysis should be confirmed for validity and applicability.

« S-N curves - S-N curves used in the analysis should be confirmed for validity and
applicability.
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20.5.6 Drawing Verification

Design drawings corresponding to this design task should be verified according to design
results, for correctness and acceptability. Non-conforming drawings are to be revised and/or
documented depending on their acceptability in the task technical report.

20.6 Classification Society Interface

20.6.1 Submittal and Approval of Design Brief

The design brief is submitted to the classification society for review, comments, and approval.
The classification society’s comments are to be incorporated into the design brief and the
revised design brief will be reissued. If necessary, the analysis should be repeated to verify and
validate the analysis results and design brief revisions,

20.6.2 Submittal and Approval of Task Report

A technical task report is issued after the analysis is completed to document the analysis and
design results. This report should follow the analysis methodology documented in the design
brief and discuss any variations from the design brief. The task report includes supporting
information, hand calculations and computer output.

This task report and supplemental calculations are submitted to the classification society for
review, comment, and approval and will be available to the post-design personnel for
reference during fabrication.

20.6.3 Incorporation of Comments from Classification Society

Comments on the design brief and the task report should be incorporated into the applicable
revised document. The revised document is issued for record and final approval, if required.
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Chapter 21 Application of Fracture Mechanics

21.1 Introduction

21.1.1 General

Applications of the fracture mechanics in marine structural design include:
+ Assessment of final fracture,

« Determination of crack propagation to plan in-service inspection and determine remaining
life of an existing structure,

« Fatigue assessment in case S-N based fatigue assessment is inappropriate,
. Calibration of fatigue design S-N Curves

In this Chapter, three levels of fracture assessment are outlined, Paris equation is applied to
predict crack propagation and the comparison is made between S-N curve based fatigue
assessment and fracture mechanics-based fatigue assessment.

21.1.2 Fracture Mechanics Design Check

The Fracture Mechanics Design Check of Ultimate Limit-State can be applied in three
alternative ways. These are evaluation of:

. Maximum allowable stress

+ Minimum required fracture toughness

« Maximum tolerable defect size

Maximum Allowable Stress

The fracture mechanics strength criteria can be applied to the derivation of the maximum
allowable stress at a given cross section. This value is obtained when the material fracture
toughness and the defect size are specified. If the actual local stress exceeds the maximum
allowable stress derived through this procedure, a different local design should be undertaken
in order to reduce the local stress level and fulfill the fracture mechanics criteria.

Minimum Required Fracture Toughness

The minimum required fracture toughness should be derived through the fracture mechanics
design check when the design geometry is established and a defect tolerance parameter is
specified. The derived fracture toughness then allows designers to select a suitable material for
any particular structure of concern.
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Maximum Tolerable Defect Size

A maximum tolerable defect size can be derived when the geometry and the fracture toughness
of the selected material are known. For statically loaded structures, the maximum tolerable
defect size must satisfy the fracture mechanics criteria. For dynamically loaded structures, the
maximum tolerable defect size represents the critical crack size in a fatigue failure event. It
may be used to minimise the risk of unstable fracture throughout the operating life of the
structure. The result also gives direct input to the calculation of fatigue crack growth period.

There are three levels of procedure that are applied in fracture assessment (Reemsnyder, 1997):

Level 1. Utilisation of the Crack-Tip Opening Displacement (CTOD) Design Curve
(explained in Section 21.2)

Level 2. The Normal Assessment or Design Safety Format that makes use of the Failure
Assessment Diagram (described in Section 21.3). No practical safety factors need
to be applied here.

Level 3. Utilisation of the Failure Assessment Diagram based on detailed information of
stress-strain curves of materials. Partial safety factors are applied to the defect size,
stress level, etc., see Section 21.4.

More information may be found from API 579 (2001), Andersen (1991) and BSI (1999).

21.2 Level 1: The CTOD Design Curve

21.2.1 The Empirical Equations

The CTOD Design Curve may be used to evaluate the resistance against fracture of a wide
range of structures such as pipelines, pressure vessels, ship and offshore structures, buildings
and bridges. One of the most commonly used CTOD Design Curves is the one developed by
the British Welding Institute (TWI) that relates the CTOD at some critical event, the yield
strength oy, nominal strain at a notch €, and flaw size a (Burdekin and Dawes, 1971; Dawes,
1974). This Design Curve was initially included in the first edition of the BSI fitness for
purpose guidance (BSI PD 6493, 1980). The BSI (1980) CTOD design curve may be
expressed as:

2
m:[f—) for £<05 21.1)
&y &y
and
= [ij ~025 for 305 (21.2)
&y &y
where the non-dimensionalised CTOD is @,
CTOD
@ = (21.3)
2repa

with the yield strain ¢,
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o
“ g
where a is the length of a through-crack in an infinite plate equivalent in severity to that of the
crack in the element under investigation, and £ is Young’s Modulus.

(21.4)

21.2.2 The British Welding Institute (CTOD Design Curve)

The BSI (1980) CTOD Design Curve shown in Figure 21.1 was constructed relative to the
wide-plate test results with a safety factor of 2 on flaw size a.

There are three alternative applications for the CTOD Design Curve:

+  Maximum Allowable Strain: Solving Eqs (21.1) and (21.2) for £/¢,, we may define the
maximum allowable strain for the given values of material fracture toughness CTOD and
crack size a.

+ Minimum Required Fracture Toughness: A material with an adequate toughness CTOD
can be selected for the critical region, given the maximum possible flaw size a and strain
levelof ¢/¢, .

«  Maximum Allowable Flaw Size: This design curve may be used in the following manner:
Given &/¢, in a critical region from a stress analysis of the structure, @ is determined from
the diagram. From this value of @, the maximum allowable flaw size, a, in the critical
region may be established given the toughness CTOD of the material.

The TWI CTOD Design Curve was also adopted by the American Petroleum Institute in its
API 1104 (1983) as a basis for its fitness-for-purpose criteria.

6
5 .
Design
4 Curl/e
[
3
2
Wide Plate Tests
1 (shaded area)
0
0 1 2 3 4 S

e/Ey

Figure 21.1 The British Welding Institute CTOD Design Curve
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21.3 Level 2: The CEGB R6 Diagram

This Level 2 Assessment provides a simplified method of checking whether particular flaws
present in the structure may lead to fracture failure, or whether the flaws can be considered
safe without having to go through more complex assessment procedures. The approach
adopted in this preliminary assessment uses a variable safety factor on flaw size averaging
about 2. No additional partial safety factors should be used in Level 2 Assessment.

Two normalised parameters are specified and given as follows:

K
Ky = (21.5)
KMAT
and
o
§, =—4& (21.6)
O rrow
where Kj is the fracture ratio,
K = Stress-intensity factor (a function of net section stress o, crack size a, and

geometry) at fracture of the component.,
Kuar = Linear elastic fracture toughness of the component,
Sz = Collapse ratio,

o, = Net section stress in the component at fracture, and

O 0w = Flow stress that is defined as the average of yield stress and tensile stress in
BS 7910 (1997).

Y Curve
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Figure 21.2 CEGB R6 Curve
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The original failure assessment diagram (FAD) was developed by the U.K. Central Electricity
Generating Board (CEGB). This FAD is shown in Figure 21.2. The CEGB approach (Milne et
al., 1986, 1988; Kanninen and Popelar, 1985) addressed post-yield fracture by an interpolation
formula between two limiting cases: linear elastic fracture and plastic collapse. The
interpolation formula, called the failure assessment or R6 curve (see Fig. 21.2) is:

Sk

Ky =
\/ 82 ln[sec(O.SﬁSR )]
7

(21.7)

The right-hand side of Eq. (21.7) is the plastic correction to the small-scale yielding prediction.
The CEGB R6 curve in Figure 21.2 may be interpreted as follows: A structural component is
safe if the point W describing its state falls inside of the R6 curve. The component fails if the
point W is on or above the R6 curve. The utilisation factor on load is OW/OF, where point F is
on the R6 curve and point O is in the origin.

21.4 Level 3: The Failure Assessment Diagram (FAD)

The FAD utilised in Level 3 Assessment is as depicted schematically in Figure 21.3:
« The collapse ratio, Lg, is the ratio of the net section stress at fracture to the flow stress.

« The fracture ratio, Ky, is the ratio of the crack driving force (including residual stresses) to
the material toughness (which could be Kyat or CTOD).

The failure assessment curve defines the critical combination of service loads, material stress-
strain properties, and geometry of the cracked member at which failure might be expected.
Applications of the FAD to design codes include:

»  CEGB R6 — Revision 3

. BSI(1999) PD 6493

« Electric Power Research Institute/General Electric (EPRI/GE) model
« ASME Section XI Code Case (DPFAD) for ferritic piping

. API579 (2001)

0.8

Kg 0.6 Level 3

Material specific

— — — General I
0.4 RN

0.2

0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
L

Figure 21.3 The Failure Assessment Diagram
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Level 3 is the most sophisticated one among of the three levels and will normally be used in
the assessment of high strain-hardening materials and/or stable tearing where the Level 2
approach would prove too conservative. In PD 6493 (now BS 7910), Level 3 FAD consists of
two alternative criteria: 1) a general FAD and 2) a material specific FAD in which material
stress-strain curves are also input data to the FAD assessment.

CTOD is popular in the UK nd European countries, while J-integral is used in the USA, e.g. by
the nuclear engineering industry.

21.5 Fatigue Damage Estimation Based on Fracture Mechanics

21.5.1 Crack Growth Due to Constant Amplitude Loading

The total number of cycle to final fracture is the sum of the number of cycles for the crack
initiation phase and crack propagation phase. The number of cycles for crack propagation
phase, N,, my be estimated using,

acr da
N =
4 I a0 dg/dN

where a, and acg are crack depth (or length) at crack initiation and final fracture respectively.
The value of acg may be determined using methods for the assessment of final fracture, as
discussed in Section 21.1 thru Section 21.4. The crack propagation may be predicted using
Paris Law. Substituting the Paris Law into the above equation, we may obtain that

(21.8)

- CR da _ fcn da
7odo c(aK)r Ao C(SJ',E ij

where F is so-called crack shape factor and S denotes the stress range. When the stress range S
is of constant amplitude, the above equation may be re-written as:

1 R da

(21.9)

N, = . fo — (21.10)
C(SJ; j («/E F)
If F does not dependent on a, the above cquation may lead to (Almar-Naess, 1985):
a 1-m/2 1-m/2
N CR 2 Jor m#2 (21.11)

. C(S«/; F)m(l—m/Z)

The Paris parameters C and m may be found from Gurney (1979), IW(1996), BS 7910 (1999)
and API 579 (2001). The values of C and m depend on the material, service environment and
stress ratio. The value of C may also be determined by mechanical tests and the chosen value
is to be the mean value plus two standard deviation of log da/dN.

The size of initial crack ag, should be determined considering the accuracy of the non-
destructive testing which is used to inspect the defects during fabrication.
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21.5.2 Crack Growth due to Variable Amplitude Loading

The equations presented in Section 21.5.1 may be applied to risk-based inspection in which the
crack growth is predicted using Paris Law. Predicting the number of cycles for the crack
propagation phase for variable amplitude loading is complex and needs a computer program to
do numerical integration of Eq.(21.9). The number of occurrence »; in a block for stress range
S; for crack depth from a;to a,,, may be estimated as (Almar-Naess, 1985),

i+l

da

" = L [ . @1.12)
sz | " (Ja F)
and the fatigue life N; at a constant amplitude stress S; is given by
N, 1 o __da (21.13)

C(S,J; ) ’ (JZ F)
Hence, the accumulated fatigue damage may then be estimated using the Miners Law, which

18

I (21.14)

! I
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X
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21.6 Comparison of Fracture Mechanics & S-N Curve Approaches for Fatigue
Assessment

As compared in Table 21.1, the Paris Equation may be transformed to the equation of an S-N
curve. Eq.(21.10) may be written as

N o——L (21.15)

"o sy

where I in Eq.(21.15) is an integral. The total number of cycles N is close to N, because the
number of cycles to the initiation of crack propagation is small. Hence the above equation may
be further written to:

I (o\-m
N—C—I(S) (21.16)

Table 21.1 Comparison of Fracture Mechanics and S-N Curve for Fatigue

Fracture Mechanics S-N Curve

Region I: Threshold Region (no crack growth) | Fatigue Endurance Limit (infinite life)

Region II: Paris Equation S-N Curve (high cycle fatigue)

Region III: Final Fracture (yielding) Low-cycle fatigue, failure region
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21.7 Fracture Mechanics Applied in Aerospace, Power Generation Industries

Fracture control in the aerospace industry is based on the fracture mechanics analysis of the
growth of assumed preexisting cracks of a size related to inspection detection capabilities
(Harris, 1997). For space structures, the NASA (1988) requirements are applied to all pay
loads in space shuttle, as well as life/mission-control items in space applications, such as space
station. A fracture mechanics analysis of the component is conducted using an initial flaw size
that is referred to as the nondestructive examination (NDE) size. Smaller size can be assumed
in the analysis if a better detection capability can be demonstrated for the particular
examination method applied. Median material properties are used in the crack growth
calculations. Commercial software is available to calculate crack-growth based on fracture
mechanics. The requirement is that the flaw size should demonstrate to survive four lifetimes.

Fracture mechanics has been applied to aircraft structures because of the high-required
reliability and severe weight penalties for overly conservative design. Probabilistic methods
have been applied to deal with the randomness of initial flaws and load spectra. Provan (1987)
described the military aircraft approach known as "damage tolerance" and "fail safe”, see Part
Il Section 22.4. The purpose of a damage tolerance analysis is to ensure structural safety
throughout the life of a structure. The analysis evaluates the effects of accidental damage that
might occur during the service life and verify that the structure can withstand this damage until
the next inspection or until the current mission is completed with a safety factors of two.

Harris (1997) also reviewed applications of fracture mechanics in the electric power generation
industry, such as nuclear pressure vessels, steam turbine rotors, and the like. The requirement
for extreme reliability and the prohibitive cost of full-scale testing (as used in the aircraft
industry) led to extensive use of fracture mechanics to predict behavior of defected
components. The ASME (1989) Boiler and Pressure Vessel Code Section XI was developed
for in-service nondestructive inspection intended to detect cracks before they grow to lead a
failure. The code defined locations to be inspected, procedures to be used, and procedures for
analyzing its future behavior if a crack is found. As the codes used in airspace and aircraft
industries, the ASME code also gives procedures for defining initial crack size, material
(fatigue crack-growth) properties, and stress intensity factors to be used in the fracture
mechanics analysis. Tables of crack size are also given to define the crack sizes that need not
be further analyzed if the detected size is smaller. Cracks larger than these tabulated values can
still be left in service if a more detailed analysis shows them not to grow beyond a specified
fraction of the critical crack size in the remaining desired lifetime. The ASME (1991, 1992,
1994) provides guidelines for risk-based inspection of the most risk-prone locations, and
consequently provide a greater risk reduction for given number of inspections or the same risk
reduction for fewer inspections.

The probabilistic fracture mechanics developed in these industries have been applied and
further developed by the shipping, bridge and oil/gas industries for the design and operation of
marine structures. In particular, the defect control criteria for pipeline installation, the
damage/defect tolerance criteria and inspection planning methods applied in operation of
tubular joints and pipelines have been benefiting the research efforts of the airspace and
aircraft industries.

Fracture mechanics also plays a major role in the analysis nd control of failure in the chemical
and petroleum industries, where the "fitness-for-service" is employed.
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21.8 Examples

Example 21.1: Maximum Tolerable Defect Size in Butt Weld

Problem: A butt-welded plat thickness of 150mm, yield stress of S00MPa. There is a surface
crack with an aspect ratio ¢/a=1. Its minimum critical CTOD is 0.00036m. The weld is loaded
in uniaxial tension perpendicular to the crack plane, and the stress in the weldment is less than
or equal to 0.60 of the yield stress. What is maximum allowable crack width?

Solution:
£.-060
£,
oo 6, 0.00036  0.0259
2re a 2 500 a
¥ max ”—_—-amx max
2.0E5
The following relation exists:
oot 0252 0.0259
£ a

¥ max

and therefore, the maximum half-widthis a,_ =0.074m
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Fatigue and Fracture

Chapter 22 Material Selections and Damage Tolerance Criteria

22.1 Introduction

Engineering applications of the fatigue and fracture technologies will be discussed in this
Chapter, including:

» Material Selections and Fracture Prevention
. Weld Improvement and Repair
« Damage Assessment and Damage Tolerance Criteria

« Non-Destructive Inspection

22.2 Material Selections and Fracture Prevention

22.2.1 Material Selection

Tensile strength is the key mechanical properties for strength design of structures. The
materials used are required to have satisfactory weldability and fracture toughness that is
satisfactory for the intended application environment (temperature). Fatigue and corrosion
characteristics are also important material properties. In the design codes, requirements for
materials and welding are defined for the construction of the hull and machinery, see e.g. ABS
(2002). The material requirements in Rules are defined for mild steel, higher strength steel and
low temperature matenals, including:

« process of manufacture
» chemical composition
. condition of supply

» tensile properties

« impact properties

» marking

. surface finish

To certificate compliance with the above material requirements, the test specimens and
number of tests are defined by the Rules along with the requirements for approval of welding
procedures and qualification of welders.
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22.2.2 Higher Strength Steel

For ship structures, the yield strength for mild steel is 24 (kgf/mm?)(or 235 N/mm?). The
higher strength steel is HT32 (yield strength of 32 kgf/mmz) and HT36 (Yamamoto et al 1986).
The allowable stress for hull girder strength is defined for the individual grades of material.
The use of higher strength steel may lead to reduction of plate wall-thickness. However,
corrosion resistance for higher strength steel is equivalent to that for the mild steel. Therefore
corrosion allowance should also be taken as 2.5 to 3.5 mm. Elastic buckling strength is only
determined by geometrical dimensions, and it is not influenced by the yield strength.
Therefore, Elastic buckling strength my decreased due to the wall-thickness deduction for
higher strength steel. To avoid the reduction of buckling strength, it may be necessary to
reduce the spacing of stiffeners. The post-yielding behaviour for higher strength steel is
different from that for mild steel in that the ratio between linear stress limit and yield strength
is higher for higher strength steel. For instance, the proportional limit for steel of yield strength
between 50 and 60 kgf/mm’ is 0.7 to 0.8, while the proportional limit for mild steel is 0.6.
Hence there is less tensile strain (at tensile failure) for higher strength steel and the strength
redundancy in the post-yield region is less. In the heat affected zone (HAZ), Charpy V-notch
energy for high strength steel may be significantly low. It may be necessary to control the heat
energy in welding process and increase the number of passes in single sided welding.

The weldability of a steel is a measure of the ease of producing a crack-free and sound
structural joint. The carbon equivalent (C,,) for evaluating the weldability may be calculated
from the ladle analysis in accordance with the following equation:

c, :C+ML+C,+M0+V+N,.+CM
‘ 6 5 15

Selection of C, and its maximum value is a matter to be agreed between the fabricator and the
steel mill because its value represents the tensile strength and weldability. The higher the C,,,
the higher the tensile strength and the worse the weldability.

% (22.1)

Welding procedures should be based on a steel's chemistry instead of the published maximum
alloy content, since most mill runs are usually below the maximum alloy limits set by its
specification. When a mill produces a run of steel, chemical content is also recorded in a Mill
Test Report. If there is any variation in chemical content above the maximum allowable limits,
special welding procedures should be developed to ensure a properly welded joint.

For higher strength steel, the fatigue resistance may not increase as much as the increase of the
stress in the stress concentration areas of the weld details. It is therefore necessary to reduce
stress concentration and improve the fatigue resistance for the weld details.

22.2.3 Prevention of Fracture

During the 2™ world war, accidents occurred due to brittle fracture in welded ships. In the
USA, a throughout investigation was carried out on the temperature dependency of brittle
fracture. It is now known that the toughness is higher if the Mn/C ratio is higher. With the
development of fracture mechanics, it became clear that brittle fracture is due to the reduction
of the fracture toughness Kic in lower temperature (below 0 °C). In order to determine fracture
toughness, it is necessary to conduct accurate measurement using large test specimens. For
practical purpose, the result of Charpy V-notch impact tests has been correlated with the
fracture toughness Kic and used in the specification for steels used in lower temperature. In
ship design Rules, Charpy V-notch impact tests are not required in production for A-grades, B,
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D, and E grades are to be tested at 0°C, -10°C and —40°C respectively. The energy average for
standard Charpy test specimens is required to be higher than 27 J (or 2.8 kgf-m). As steels for
hull structures, the E grades have the highest toughness, and may be used as crack arrestor to
stop the propagation of brittle fracture. They are used in location for primary members that are
critical for longitudinal strength. In many cases, the toughness criteria for secondary members
may be relaxed.

In order to present fatigue cracks in welded details, allowable stress criteria have been defined
in ship design Rules based on simplified fatigue analysis (see Part III Chapter 19) and an
assumed design life of 20 years. The allowable stress criteria shall be satisfied in the
determination of net wall-thickness.

For quality control purpose, the materials are inspected when the steel is delivered from the
steel makers. The inspection requirements are given in classification Rules. For ships in
operation, surveys are conducted by classification societies, the reduction of wall-thickness
due to corrosion is measured, fatigue cracks and dent damages are also given due attention in
the survey process. The causes for damages are investigated, and damages are repaired or weld
details are modified when necessary. The damage tolerance criteria are discussed in Section
22.4 of this Chapter. The feedback from the process of inspection, causes investigation, repair
and modification is given to design through Rule changes and development of design guidance,
such as fatigue resistant details, see Sub-section 22.3.2 of this Chapter.

22.3 Weld Improvement and Repair

22.3.1 General

In many cases, the fatigue performance of severely loaded details can be design to be fatigue
resistant details, and improved by upgrading the welded detail class to one having higher
fatigue strength. In some cases, procedures that reduce the severity of the stress concentration
at the weld, remove imperfections, and/or introduce local compressive stresses at the weld can
be used for improvement of the fatigue life. Similarly these fatigue improvement techniques
can be applied as remedial measures to extend the fatigue life of critical weld details that have
cracked.

In the following sub-sections, discussions will be made to the welding improvements through
modification of weld toe profile and modification of residual stress distribution (Almar-Naess,
1985, Kirkhope, 1997).

22.3.2 Fatigue-Resistant Details

Fatigue strength of weld details is based on “good” fabrication practice in terms of

« design: to minimize the restraint and geometrical discontinuity in the design of cruciform
joint misalignment, lap connection and fillet welds.

. welding practice: fillet weld fit up, weld shape and continuity
« residual stress
« weld toe dressing treatments

Based on classification Rules, Glenn et al (1999) catalogued fatigue resistant details in tanker
structures, bulk carrier structures, container ships and warships. These catalogued details may
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be used for designers as guidance, while the criteria made by Ma et al (2000) may be used to
assess the acceptability of a particular design (see Part IIl Section 19.6).

22.3.3 Weld Improvement

Both contour grinding of the weld profile and the local grinding of the weld toe area, are
recommended to modify the weld profile and improve fatigue strength. When modifying the
weld toe profile, the essential objectives are:

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

The fatigue life can be increased by applying local grinding or re-melting techniques to remove
defects and discontinuities.

Grinding

Full-profile burr grinding, toe burr grinding or localized disc grinding are widely used grinding
methods. Considering the time required for grinding, local weld toe grinding has become one of
the best grinding methods. Careful and controlled local grinding of the weld toe improves the
fatigue strength of a specimen in air by at least 30%, this is equivalent to an increase in fatigue
life by a factor greater than 2. However, in order to obtain such a benefit the grinding should
extend about 0.04 inch (1 mm) beneath the plate surface.

Controlled Erosion

An alternative weld toe modification technique uses a high-pressure water jet. Under carefully
controlled conditions, the weld toe area can be eroded as if it were ground. Early research
indicates that fatigue life improvement due to Abrasive Water Jetting (AWJ) erosion and toe
grinding are comparable. The advantage of controlled erosion is that it does not require heat
input and it can be carried out quickly.

Re-melting Techniques

Re-melting 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 selected hotspot 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 filler
material. Slag particles in the re-melted zone are brought to the surface, leaving the weld toe
area practically defect free. 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 also be achieved by a
second TIG application.

Plasma dressing requires re-melting 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 to the electrode position, because fatigue strength
improvements using plasma dressing, are better than those obtained when using TIG.

Although overall weld profiling is considered desirable for fatigue strength improvement, rules
and recommendations, other than API (2001), do not allow improvement in fatigue strength due
to weld profiling unless weld profiling is accompanied by weld toe grinding. It should also be
noted that the data associated with weld profiling and weld toe grinding is limited. Therefore,
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expert judgement should be used to quantify the fatigue strength improvement due to the
modification of the weld profile.

22.3.4 Modification of Residual Stress Distribution

By using the following methods, the undesirable tensile residual stresses found at the weld can
be modified to obtain desirable compressive stresses at the weld toe:

Stress Relief

Various fatigue tests on simple small plate specimens indicate that 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. It is also doubtful that a
complex structural detail with built in constraints can be effectively stress relieved.

Compressive Overstressing

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

Peening

Peening is a cold working process intended to produce surface deformations with the purpose of
developing residual compressive stresses. When impact loads on the material surface would
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.

22.3.5 Discussions

Fatigue 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 improvement strategies depend on the characteristics of the (global
and local) structure and the preference for one technique over others is based on effectiveness,
cost and fabrication yard characteristics.

Some of the comparisons of various approaches available, which improve fatigue strength of
welded details, are the following:

« Full profile burr grinding is preferable to toe burr grinding 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.

» 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.

» A wider weld pool makes plasma dressing less sensitive to the position of the electrode
relative to the weld toe, compared with TIG dressing. Therefore, the fatigue strength
improvement obtained from plasma dressing is better than that obtained from TIG dressing.
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. Review of grinding, re-melting and peening techniques indicate substantial scatter of
fatigue strength improvements. Typically, the best fatigue strength improvements are
achieved when using TIG dressing and hammer peening. Toe disc grinding is the least
effective technique.

22.4 Damage Tolerance Criteria

22.4.1 General

Marine structures are subjected to various sources of cyclic loading that may cause fatigue
cracks to propagate at welded details. The propagation of these cracks may eventually threaten
the structural strength and stability. Therefore, severe fabrication flaws and cracks detected in
service are to be repaired. Similarly corrosion defects and dent damages also need to be
inspected and repaired. In order to optimize the life-cycle inspection and maintenance costs,
there is a need for a rational criterion to determine the acceptability of damages.

Damage tolerance is the ability of structure to sustain anticipated loads in the presence of
fatigue cracks, corrosion defects, or damages induced by accidental loads until such damage is
detected through inspection or malfunctions and repaired. In this Section, focus will be
devoted to fatigue cracks. A damage tolerance analysis for fatigue cracks makes use of
fracture mechanics to quantitatively assess the residual strength and residual life of a cracked
weld detail.

Yee et al (1997) and Reemsnyder (1998) presented detailed guidance on the application of
damage tolerance analysis to marine structures. The damage tolerance analysis consists of the
following essential elements:

« the use of Failure Assessment Diagrams to assess the local residual strength of a cracked
structural detail,

« the use of linear elastic fracture mechanics models for fatigue crack growth to predict the
residual life of a cracked structural member,

» the estimation of peak stress and cyclic loads over the assessment interval of interest, and
« the inspection to detect damages and its accuracy.

Some of the above items will be discussed in the following sub-sections.
22.4.2 Residual Strength Assessment Using Failure Assessment Diagram

The failure assessment diagram (FAD) may be used to predict residual strength of a cracked
member for a given set of fracture toughness and defect size, see Part III Section 21.1.2. If the
peak stress exceeds the residual strength derived through FAD, failure may occur. For the
accurate prediction of residual strength, it is important to properly

« assess the maximum defect size, considering damage detachability for the inspection
programs,

» determine the material toughness and the applied/residual stresses

- select an appropriate failure assessment diagram and define its net-section stress and stress
intensity factor

While the residual strength represents the “capacity” of the damaged member, the “load” is the
peak stress that may be applied to the cracked member over the assessment interval of interest.
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The calculation of stresses and crack driving forces may also significant influence the result of
the safety check for the cracked weld detail.

22.4.3 Residual Life Prediction Using Paris Law

The Paris Law may be used to calculate the crack growth due to cyclic loads of constant
amplitude or variable amplitude, see Part III Section 21.5. For the reliable prediction of crack
growth, it is important to accurately

 predict the Paris parameters (C and m) used in the Paris equation
- assess the initial crack size to be used in the Paris equation
« calculate cyclic stresses and the stress intensity range

The outcome of integrating the Paris equation is the number of cycles from the time the crack is
inspected to the final fracture. The damage tolerance criterion requires that this predicted fatigue
life be longer than the sum of the time to the next inspection and the time required for repair or
replacement. If no damage is detected in the inspection, the minimum inspectable size for cracks
shall be used as the initial crack size.

22.4.4 Discussions

A damage tolerance analysis may be conducted during the design and fabrication stage, while
performing an in-service inspection or in the course of extending the design life of a structure.
BS 7608 (BSI, 1993) may be used for the damage tolerance analysis. It recommends to select
materials and to reduce stresses so that the crack growth rate is low and critical crack size is
large. Providing readily inspectable details and crack arresting details may also help.

The above discussions are made using fatigue and fracture as an example. Similar discussions
may be made on corrosion defects and wear out. In the evaluation of the tolerance criterion for
corrosion defects, it is necessary to predict

. the initial corrosion defect size,

« the residual strength of corroded member,

« the future growth of corrosion defects using an adequate corrosion rate model,

« the maximum loads that may occur for the period of interests or until the end of design life.

The dent damage caused by accidental loads will not grow and therefore its tolerance criterion
may be simply determined by comparing the residual strength with the maximum load expected
for the interval of interests.

22.5 Non-Destructive Inspection

Almar-Naess (1985) and Marshall (1992) outlined several methods for the inspection of cracks
in weld details, such as:

« liquid penetrant (to reveal surface flaws, require a clean surface)
« magnetic particles (to reveal surface flaws, dos not require a clean surface)
« eddy currents (primarily for detecting surface flaws, magnetic field based)

. radiography (for detecting internal cracks, using x or y radiation recorded in film )
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« ultrasonic testing (UT) (sizing internal defects using ultrasonic signals)

Radiography is most sensitive to volumetric defects, such as porosity and slag. Any detectable
crack is rejected because of the difficulty to detect and size crack-like defects.

Among of the above inspection methods, the ultrasonic inspection is the most reliable way of
detecting and sizing internal defects. UT works very much like radar. Probes can be moved
over the surface in the region to be inspected, in which piezo-electric crystals generate
ultrasonic signals. The waves are reflected by the surface of the examined body, and also by
any defects that might come in their way. The probe that generates the signal also detects these
echoes. By measuring the time delay between the emission signal and the reception of each
reflection, the source of reflection can be located and the position of defects identified. The
basic features of UT are:

« UT is more sensitive to the more serious types of defects because it depends on the signals
reflected. In decreasing order, the severity of defects is: cracks, incomplete fusion,
inadequate penetration, slag and porosity.

» UT can locate defects in three dimension.

« UT can be conducted quickly and simply, without radiation hazards.

« UT can handle complex geometry of welded connections though use of the transducer.
Over 70% of the defects may be detected by UT, and the false alarm is less than 30%.

Where radiographic or ultrasonic inspection is required, the extent and location of inspection
and choice of inspection methods are to be in accordance with AWS (1997) and ABS (1986),
the materials and welding procedures involved, the quality control procedures employed and
the results of visual inspection. In AWS (1997) and ABS (1986), criteria are defined to
determine whether the inspection results (signals) are to be non-conforming or to be
disregarded or to be evaluated against defect acceptance criteria.
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Chapter 23 Basics of Structural Reliability

23.1 Introduction

Part IV describes structural reliability methods for the design of marine structures with
emphasis on their practical application, e.g. to ship structures. Focuses are given to basic
concept, methodology and application. Examples are given to demonstrate the application of
the methodology.

Details of the structural reliability theory can be referred to, e.g. Ang and Tang (1975, 1984),
Thoft-Christensen and Baker (1982), Madsen (1986), Schnerder (1997), Melchers (1999).
Discussions are given on simple analytical equations that are based on lognormal assumptions.
The papers on numerical approaches, e.g. Song and Moan (1998) are also mentioned briefly.

The following subjects are addressed in detail:

» Reliability of marine structures

+ Reliability based design and code calibration
. Fatigue reliability

+ Probability and risk based inspection planning

23.2 Uncertainty and Uncertainty Modeling

23.2.1 General

In general, a marine structural analysis deals with the load effects (demand) and the structural
strength (capacity). In design, the dimensions of the structural members are determined based
on the requirement that there is a sufficient safety margin between the demand and the
capacity.

Uncertainties are always involved in all the steps of structural analysis and in strength
evaluation. These uncertainties are due to the random character of the environment, geometric
and material properties, as well as inaccuracy in prediction of loads, response and strength.

Rational design and analysis of marine structures require consideration of all the uncertainties
involved in predicting load effects and structural modeling. Uncertainty analysis is the key in
any reliability evaluation such as reliability-based design and re-qualification for marine
structures.

The development of prob