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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 Terndrup
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.

I 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 1

Structural Design Principles

Chapter 1  Introduction

1.1 Structural Design Principles

1.1.1 Introduction

This book is devoted to the modemn 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 1970s, 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 fatigne 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

« 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:

Sa < Rg¢ (1.1)

where,

Sq = YSk.7r, Design load effect

Ry = YRy/ym, Design resistance (capacity)

Sk = Characteristic load effect

R = Characteristic resistance

Ve = Load factor, reflecting the uncertainty in load

Ym = 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 R4 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 vyy.

The values of the load factor yrand material factor vy, 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 cotrelate 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.

é‘ ‘r Load Effect Capacity
2 Char. value Sk Char. value Ry
3 is factored up is factored down
2
E
<
o
S
=
a
Load Strength
Sk | Ry >
175 Rty S,R

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,

T'El
lZ
where /and EJ are column length and sectional bending rigidity respectively. Due to buckling,

the lateral deflection & will increase rapidly.

P,= (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.

y

“ Buckled Shape

Figure 1.2 Buckling of Pinned Columns

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:

« to derive 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 concem 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 (=3 - 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 (IIW) 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 ITW code, the S-N curves are
named according to their reference stress range A0k that corresponds to 2-10°cycles.

Log AcA

Reference

/ Point
LOGAGR |--mmmmrmmemmemmeee ‘

ELogNR

\ 4

210% 5-10°

LogN

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= ZF = D on (1.4)

where n,and N, denote the number of stress cycles in stress block 7, and the number of cycles

until failure at the i -th constant amplitude stress range block. D, is the allowable limit that is

allow

defined in design codes.

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

fatioue analveic it nranaced acaimino the wave heioht fallawe Waihnll dictrihntiane 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 fatigne damages accounting for wave
scatter diagrams, namely:

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

¢ 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 altemnative 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 AK on a log-log scale. This is generally characterized by the Paris
equation:

da

—=C(AK)" 1.5

dN (k) (1.5)
where

A1<:I<max _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 concerns 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 F5(x) and F, (x) respectively, the failure

probability may then be expressed as:

P =P(S2R)= f Fy(x)F, (x)dx (1.7)
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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 often 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:
« 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
requirements.
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Cost

Total cost

Loss caused

by failure
Initial investment
Minimum and maintenance cost
required
reliability
r 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
risk/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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Part1

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

«  Qutline 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 < oo, 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 p,(x). Thus in
Figure 2.1 the probability that X lies between x and x + dx, is ps(x)dx. From this figure, we

may also define the mean value u, as:
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«
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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 u, and
variance 5.

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 loganithm 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.

— )
X dx

Figure 2.1 Probability Density Function

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,t)=asin(-kx - wt +6) (2.3)

where,
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= Wave amplitude

=2x/ A : wave number

= Wave length

=2n/ T : wave ferquency

= Wave period

D 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:

h(x,1) = lim i a,sin(-k,x-w,t+8,) (2.4
Noa [=1
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

o Unified Form

+ JONSWAP Spectrum

+  Scott Spectrum

+ Liu Spectrum



Chapter 2 Wave Loads for Ship Design and Classification 23

« Mitsuyasu Spectrum
« Ochi-Hubble Spectrum

The Pierson-Moskowitz (P-M) spectra for fully developed seas may be analytically expressed
as:

S(w)= agj expli— 0.74(‘01/‘” )_ } (2.5)
w g

where,

S(w) = spectral ordinate in em’sec

g = acceleration of gravity in cm/sec?

@ = 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:

4
a)S

S(@) = 0.1687H? 2 expl- 0.675(w0, / 0% 2.6)

605

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

@, = 2 2.7
TS
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:
(C()—(I)m )Z :I

2

2 exp{— 3
S(w) = C;ijexp[— 1.25(w/ w,, )‘4] y b @2.9)

where,
y =33

o =0.07 and 0.09 for < @, and w > @, respectively

a=0.0763""%
3 5 ;—0.33
w, =212 &
Vi o
Viw1o=wind speed 10 m above the sea level
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gx
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
41+1 4 2
( 4 w’") Hsex AL )

where I (l) 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:

a4+, Y9
R W o [ A R )“}
w)= ——exp| - Dy | © @.11)
7 ar(d e MM 4

where j =1, 2 stands for the lower- and higher-frequency components, respectively. The size
parameters, Hg,, H,,, o,,, @,,, 4,and A, may be determined numerically to minimize the

S(w) =

mt?

difference from a specific observed spectrum.

Figure 2.3 compares the Bretschneider wave spectrum with the JONSWAP wave spectra of
various sharpness parameters (Fs and Tp 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(w).

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

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

m, = f S(f)df = fS(co)dco (2.13)
where fis the cyclic frequency, that is 27w. Hence the following relation may be derived.

S(f)=2x S(w) (2.14)

m,(f)= [ f'S(f)df =@x) " 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)
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Figure 2.4  Relations between Frequency-Domain and Time-Domain

Representation of Waves in a2 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 N/3

H1/3=WZHI (2.16)

i=1
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 His

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 H_ is defined as

1 N

H, =|-SH (2.18)

rms
i=l

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

H, =22m, (2.19)

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

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

0.2886
H__=[vInN+ H 2.20
max ( mj rms ( )

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

"y

o =21— (2.21)
ml

1, =27 ™ (2.22)
m,

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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SWAY

Figure 2.5  Six Degree of Freedom Motion of Ships and Floating Systems
(Charkrabarti, 1987)

Once the data describing the sea-states encountered by a ship dunng its lifetime is available,
the wave-induced Ioads 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-dimencinnal effecte the inahilitv ta accnunt for the abhnave_water hnll farm the farward
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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,2)=Fy {x,t)+ Fy(x,1) (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:

Fy(x.0)=-["B(x, y(a_pj dy (2.24)
4 ay y+¥
where,
B = Breadth of the ship
y = Distance along an axis starting from the bottom of the hull and moving
vertically upwards
14 = Instantaneous vertical displacement of the hull

= 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:

ply.x.0)= p(%+ & +%(V¢)Zj (2.25)

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:

FH(x,t)=—g(m(x,n)%jw(x,n)% (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 kernel in the governing 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:

4 2 4
o' ov ; Ov (x,t)

El —+my—-myy" ——= 2.27
at a7 aex’ @27
where,

E = Young’s Modulus

I = Moment of inertia for vertical bending
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v = Hull girder deflection
mg = Ship mass per unit length
r = Radius of gyration of the sectional mass m 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, 5(x,t) should be larger than the draught
at the section being considered. Also, the relative velocity, Dy/Dt, must be larger than the
threshold velocity v,.

——D—n=ﬁ—Va—ﬂ2v

= 2.28
T T e (2.28)

In a stationary stochastic seaway both 5 and 7, are normally distributed parameters with zero
mean values. Thus, it is possible to determine 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,¢) associated with a slam,

has been found to be approximately proportional to the square of the relative velocity 7, .

g5 (x.1) = 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,t) resulting from green water on deck:

Qe (x,t): —gmy (x,t)—g;{maw(x,t)%} (2.30)
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

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 1 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

2.4.1 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 a, is a risk parameter determined by the ship designer and is used to
calculate the structural response of the ship. A typical value of a 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 societics 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,

« a more 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:

» 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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Py = pg(h, +kyhp) (2.31)
where,
g = Specific weight of sea water
hg = Hydrostatic pressure head in still water
k,  =Load factor
hp; = 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):

Py = pg(n+kyhp) (232
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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Part1

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),

« wind
« waves
e currents

. Tide
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I (1
« Earthquake
« 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.

+ 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. 10 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 Hypand 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 1072 is to first estimate the 107 value of Hp along with the conditional
mean value of T,. The contour line is then estimated from the joint probability model of Hpmg
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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Figure 3.1  Example Hyo — T, Contour Lines

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 govemning 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 inciude (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, T), 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)
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Figure 3.3  Wave Directional Probabilities (Zhao, Bai & Shin, 2001)
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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)

fimit of

interval) 3 4 5 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 41 2 12 7 4 2 2 8636
2 9 212 1233 3223 5106 5814 5284 4102 2846 1821 1098 634 355 194 105 S6 30 16 17 32155
3 0 8 146 831 2295 3896 4707 4456 3531 2452 1543 901 497 263 135 67 33 16 15 25792
4 0 0 6 8 481 1371 2406 2960 2796 2163 1437 849 458 231 110 SO 22 10 7 15442
5 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 885 575 309 142 S8 21 7 2 1 4839
7 0o o 0 0 0 2 27 136 347 528 533 387 217 98 37 12 4 1 0 2329
8 0 0 0 (] 0 0 2 20 88 197 261 226 138 64 23 7 2 0 0 1028
9 o o 0 (] 0 0 0 2 15 54 101 111 78 39 14 4 1 0 O 419
10 0o o 0 0 0 0 0 0 2 11 3 4 39 2 8 2 1 0 0 160
11 0 o 0 0 0 0 0 ] 0 2 7 15 16 11 S 1 0 0 0 57
12 0o 0 0 0 0 0 0 0 0 0 1 4 6 s 2 1 o0 0 0 19
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15 0o o 0 0 (/] 0 0 0 0 0 ] 0 0 6 0 0 o0 0 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

o iceloads

« wave impact forces
« earthquakes

« accidental loads

« fire and blast loading
3.3.2 Sealoads 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 Sea loads 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



46 Part I Structural Design Principles

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:

« 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):

o Static deck and internal tank loads
» Static structural loads

« Hydrostatic forces
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« Hydrodynamic forces

« Motion induced hydrostatic restoring forces

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

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

S. Performing structural analysis to calculate stress FRF H (o, oy Aj) for each wave frequency
o, wave heading oy, and loading pattern A;. Each combination of (o, 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 oy, 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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Wave spreading
function

Figure 3.6 A FPSO System and Coordinates for Wave Directionality
and Wave Spreading

3.4.2 Response Amplitude Operator (RAO)

A wave scatter 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 (0; ox,Ay) 1s 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
Response(t) = RAO -n(t)

where Tl(t ) 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.



50 Part I Structural Design Principles

eyt —  Biock box”

A A AN
l\/\/ \/ \/\/Tnme l\\/ \/nme

Input time—history Output time—history

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 RAQ 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 (®w,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:

« Frequency range: 0.20 < © < 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 NaxNexNy loading cases, where:
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Ny = 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:

SH(w)=Y H-H(w,a; +6,,A)8%(0,6,) (€2

where,

S (@)= Spectral density function for response x
S7 (w,8, )= Wave spectral density function with wave spreading
®(0,)= Spreading function
S!(@,6,,) =S4, ()0(0,,) 62)
where,
s¥ (@)= Wave spectral density function specified by (Hs, T) and ©(0,,) is expressed as:
0(®,)=C,cos?®,,) (Bn<n/2,n=102,...) (3.3)
where,

__[n+ =22"(n!)2
" {rf(n+dy  w2n)

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 «=180°)
(Zhao, Bai & Shin, 2001)

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

Shin, 2001)
Wave Spectrum Response
Spectrum
Tp mp mo
Hs@m | (secy | (m?) | © | [keffom’f | ©
JONSWAP 8.5 9.5 4.4 0.59 | 2.17x10° | 0.32
(y=3.3)

Bretschneider 8.5 9.5 4.4 0.59 | 2.33x10° | 0.36

Figure 3.11 demonstrates the stress spectral density functions at o4 = 0. The bandwidth
parameter € of the response to JONSWAP and Bretschneider is shown in Table 3.3.
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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 II 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, T) exactly.
For example, even with the same Hg, 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:

2

x x
p(x) = m_oexp(_%) x20 3.4

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

momy

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(x)= [p(E)dE = 1-exp(--—) (3.5
0 mg

The Probable Extreme Value (PEV) can be determined by:
XpEy =v21nN1}m0 (36)

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

ex, \[2111 Nla \/m() for £<0.9 (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/a times of
that for x| to be exceeded. af<l) is chosen at the designet’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):
V1-¢
£

Y+V1-¢

B 2 £ x x N
p(x)_1+«/1—52 {\/27””0 exp( 26%m, \/”To) (20) (3.8)

in which ¢(r) = J— fexp(-—)dr

Similar to Eqgs. (3.6) and (3.7), the PEV of responses is given by:
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o for e<09

Xpey =

(3.9)

and the extreme response at possibility level a is:

for e<09 (3.10)
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Figure 3.12 Extreme Response and Strength Assessment Procedure
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(Zhao, Bai & Shin, 2001)

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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Voo IS 1+v1-e2 [m,
=(60)2 =S P28 (M (3.11)
4n ’1_82 my

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

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 2.7
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)°Ts |
Xpgy = 2ln[(2)_ns :_(2)}/% (3.12)
_ (60)2Ts my
Xext|, = 21n[—2m Jmo]\/mo (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 extireme storm
condition is usually combined with a long-term extreme value of Hg and 7. Ochi’s (1981)
results indicate that the probability density function of (Hs, T) takes a bivariant lognormal
distribution. A commonly used approach is to determine the long-term extreme value of Hy,
and obtain T along with the conditional probability distribution p(7)Hs), or using a simpler
formula between Hy 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
Hj. The values of Tp are calculated by using p (7)Hs) for confidence levels of 0.5, 0.75, 0.85,
and 0.95, separately (Ochi, 1978). Each Hy and related 7p 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)

Hjy (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 Hg(Zhao, Bai&Shin., 2001)
Hs (m) L
Weighting factor
17.0 18.2 19.1
13.1 134 13.5 0.0500
13.8 14.1 14.3 0.0500
14.8 15.0 15.2 0.0875
15.7 16.0 16.2 0.1875
I 166 | 168 | 17.0 0.2500
(sec)
184 18.7 18.9 0.1875
19.7 19.9 20.1 0.0875
20.7 21.0 21.2 0.0500
22.1 224 22.6 0.0500
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mg 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 I, uses
the weighting factors listed in Table 3.6 to calculate the mean values of my and m,, while
method II uses each member of the spectral family in Table 3.6, and takes the maximum i.e.:

Xppy = mj{iX{XPEV(Hs,Tj)} (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)

Retum period (years)

20 50 100

W156 | JONSWAP { 2021.0 | 21354 | 2139.6
W156 Bretsch. 1991.9 | 21214 | 2156.2
I W391 | JONSWAP | 1288.6 | 14469 | 15276
W391 Bretsch. 1211.0 | 1372.7 | 14674
W156 | JONSWAP | 2304.1 | 2468.7 | 2565.7
w156 Bretsch. 2081.3 | 2226.6 | 23340
I W391 | JONSWAP | 1381.3 | 1568.0 | 1714.7
W391 Bretsch. 1248.9 | 14128 | 15472

Method | Wave Spectrum

(stress in unit: Kgf/cm®)
3.5.3 Long-Term Extreme Approach

A long-term initial curnulative 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)] (4()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[—(%l)’"] (B, m>0) (3.16)

where parameters m, 3, 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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g(x) = cx™ exp(-px*) G.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:

(3.19)

1
1= P(xpgy) = —
(xpey) v

1= Pt ) = % (3:20)

Here a, is the possibility level as in Egs. (3.7) and (3.10) and ¥ 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:

2 1Pl P Pri, ) () 1
nx)= w,k.lz == 2 Mu Pr("‘iy‘)Pr(ak)Pr(Al )Rju(x) == Zﬁ,‘kl Pr(wxy)Pr(ak)Pr(Al )Pykl(x)

Mt Pr(m])Pr(ak)Pr(A,) Ne i Ssisa
ijkd

(3.2
where,

Pr(wy) = Normalized joint wave probability of (Hs(i),7(/)) or cell wy; in Wave Scatter
Diagram, Y Pr(w;)=1
i

Pr(oy) = Probability of wave in direction o4, 3 Pr(a;)=1
k

Pr(A;) = Probability (or percentage) of loading pattern A; during service, 3 Pr(A;)=1
!

nge = Average number of responses in Ty corresponding to cell w; of Wave Scatter
Diagram, wave direction o and loading pattern A;. 74 can be computed by
Eq. (3.11)

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

corresponding to cell wy, wave direction oy and loading pattern A, unit in
1/hour. j},-k;:n,jk]/Ts

Pilx) = Probability density function of short-term response maxima corresponding to
cell w; , wave direction o 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).

Ng = Long-term based, average number of observations of responses in T,

Ng= 3 ny P(w,)P(a, )Pi(A)=T; Y f. Pr(w,)Pr(a,)P(A,) (3.22)
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Denoting the long-term based average number of observations of responses in 7p by N, then

- Th = -
Np=——Ns=Tpfs (3.23)
Ts
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 Egs. (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 Hs and associated wave spectral family (a series of Tr). 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.

4 20
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o W 156, Brestchneider B
~3 L 15
) o
S & === W391,JONSWAP - ‘=
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52 L0 2
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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 Retum period (vear) Number of Cycles (1/ hour)
20 50 100

WI156 | JONSWAP | 24769 | 2669.3 |2818.2 509.2

W156 | Bretsch. |2166.4( 2328.0 | 2452.8 500.9

W391 | JONSWAP| 1751.6 | 19829 {2169.9 694.0

W391 | Bretsch. | 1676.6{ 1899.1 | 2079.0 673.2

(stress in unit: Kgf/em?)

6
) o W156, JONSWAP e W 156, Bretschneider
5 j a W391, JONSWAP o W391, Bretschneider
4 1 0 20 years ¢ 50 years
X 100 years

In(-In(1-P(x))
(383

In(x)

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, ) = (mpmy, )+ (mpmy, )+ 2Py (mpmg,) - (mpmg,) (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 = Opi ~Ops ~Op (325)
20,05
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=QC,alY(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 X from time-
domain simulations. X can be estimated from standard deviation of response due to drag force
only and inertia force only.

K:JEEAQLiﬂ (3.27)

8 a,.(C, =0)

Approach 3: Alternatively K can be estimated from the kurtosis of structural response

(K—3)+{%_3)}”2

(35-3«)

172

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:

Y]
F,=1 —exp{—[ze;—yj } (3.29)

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

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

R = 7 +a[-In1/ N)]"? (3.31)

The key for using this method is therefore to calculate the parameters «, fand 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.
g

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.
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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(xﬁlreme < XMPME) = exp’:— exp(_; (XMPME - V/))} (333)

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:

Xypue =¥ — k- In(=In(F (X, ) (334

Now the key is to estimate the parameters  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: 4=y +y.x, where y=Euler constant (0.5772...)
Variance: ¢? =7%x2/6
By which means the parameters y and « can be directly obtained using the moment fitting
method:
oo,y —po0sTT22K (3.35)
4
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) = piy + 04 KU + B, (U? 1)+ b, (U* =30 (3.36)
Jensen:

RU)=Cy+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, hs, and hy in Winterstein’s formulation and Cy 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.c. the wide-banded Rayleigh). The bandwidth,
e,‘ 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

2W1-¢?
U-= /21 N8 N (3.38)
n(1+\/1—g2 )

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

U=4yJ2InN (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 Hy 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.
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« 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 structﬁral
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 usnally
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 + ke = 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=u, cos(a)lt + a) (3.41)
where the natural frequency o; may be expressed as,
W, = | — (3.42)
m
and where uy and o are determined by the initial condition at time t,.

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

mii + ku = Fycos wt (3.43)

and the above equation has a special solution as expressed in the following,
F/

1-(/a) 1)2

where the value of ¢ may be taken as 0 ( if w<w; ) or n (if w>w; ). 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 Fy 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.

—0 " _cos(wt - ¢) (3.44)

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

mii + cu + ku = F, cos ot (3.45)
The general solution to the above equation is
F,/k
u=
((1 - (co/col)z)z + 4{2(a)/a)|)2)

where

cos(wr - §) (3.46)

[

- 3.47
2mo, ( )
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%w/o)
tang = 3.48
ang 1-(0/o,) G4%)
The displacement at resonance (0=w;) is
F/k
U= cos(\wt — 3.49
2 ostor=4) (3.49)

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

®, = aM/E—]4 (rad | sec)
ml

where

(3.50)

EI = bending stiffness of the beam cross-section
L = length of the beam

= 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 q 3.52 7’ =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" mode a, 121 1672=158 200 200 178
5™ mode a; 200 2572 =247 298.2 298.2 272
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Part 1

Structural Design Principles

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 modern 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



72 Part I Structural Design Principles

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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y CG
w ® CR L w L
- A J CB
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B

Figure4.1  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. retumn 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.

!

i

/Tal
i

(a) (b)
Figure 4.2  Positive and Negative Stability

POSITIVE STABILITY 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 WIL1, (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) = [ (b0x) - wix) e @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)= f 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, 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=Mg+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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Figure 4.4  Wave Bending Moment in a Regular Wave

In order to compute the primary stress or deflection due to vertical and horizontal bending
moments, the elementary Bemoulli-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:
M _Mo+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):
e F.S

Z (4.5)

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.

4.2.3 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 0.41, amidships, classification rules
require that the greater value of the following equation be chosen:

M,+M,

9y

SM =0.01C,I2B(C, +0.7) 4.7)

SM = (4.6)
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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:

SM,,. =Q-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:

(= EstFy) S (4.9)
10,
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:

‘> % (4.10)

and the thickness of the longitudinal bulkhead is given by:

‘) S +R) DS (4.11)
I-o,

In these equations, /, 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. Q 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.

Q
»n
-4
L2}
o]
€
o
L]
=
=
e m e}

Hydrostatic pressure

Figure 4.7  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 Bernoulli-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.

<
<

Y

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:
gl*
M= 4.13
12 (“-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:

g=p-s “4.14)
where, s, is the stiffener spacing, and p, is the design pressure in N/ mm?®.
By inserting Egs. (4.13) and (4.14) into Eq.(4.12), we obtain:
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2
sm =P st (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:
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Figure 4.10 Girder

Y
T=== 4.16
y (4.16)
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-S 4.17)
where p and b denote the design pressure acting on the girder (in ¥/ m?), and the loading

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

-9_05pbS (4.18)
A A
From Eq. (4.18), the required sectional area is derived as the following:
05-p-b-
PR ALAL (4.19)
Tan

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.

7

/] v

/
/
Figure 4.11 Plate

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

Ll
Max{o-} = % (at the center of the long edge) (4.20)

2
o= ﬂ—zi—)z—f-— (at the center) 4.21)
If the aspect ratio of the plate (I/s) is greater than 2, £, =0.5,5, =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:

0.55\p syp
- = 4.2
‘ No V4o (4.22)

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.

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 = M (em?) (4.23)
Gy
where
M= l%)chc2 psl*  (Nem) (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 &, , 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 concerns 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
oy =k —TE_ (ij (4.25)
12(1-v°)\s

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

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:
n 1Y
k = [— + —) (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:

2’E  (tY -
o, —m(;) (1+a”) (4.27)
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Figure 4.13 Transverse Stiffened Plate
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Figure 4.14  Longitudinal Stiffened Plate

Figure 4.13 shows a longitudinal stiffened plate, for which k, is approximately 4 so that the
elastic critical stress is given by:
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B (Y
o, = —”—2[—) (4.28)
3(1-v°)\s
The critical compressive buckling stress, o, is given by the equation below:

fo)

o, =0, for o, < —21 4.29)
o, leg

o.=0,1- for o, >—2: (4.30)
40, 2

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

z

r, =1, forr, <7y (4.31)
T T

T, =(1— z J for r, >~ (4.32)
4z, 2

where, 7,,, is the ideal elastic shear buckling stress and 7, is the yield stress in shear of
material in N/ mm?, which is given by: T,=0 y/\/§
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):

[S‘—] +(ij <1.0/S.F. (4.33)

a, 7

< <

where ¢ 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:

’;2 (N /mm?) (4.34)

og,=n-F

where I, 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 »n 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.

« Torsional buckling mode:

*El
o, =—”—4—W7(m2 +—K—2j+0.385E£T—(N/mm2) 35)
1071 m I,
where
4
K= fl 10° (4.36)
T El,

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

the plate, in cm®, 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, I r 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[i”’—j (N /mm?) (4.37)

(4
where ¢, , is the web thickness, in mm, and 4, 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
7
where b, is the flange breadth and ¢, is the flange thickness.
Eqgs.(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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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.

« 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),

« Corrugated bulkhead connections.

Fatigue Model

If fatigue is of concern, 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,

« 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 corners) of the model



94 Part I Structural Design Principles

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.

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

«  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 II 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 screenine purnoses. At the final desien
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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 fatigue damage assessment of marine
structures, see Part III of this book. Figure 5.4 shows the procedure for spectral fatigue
assessment.

Site- and route- specific
wave environment

Structural modeling

!

v

Long-term wave Hydrodynamic analysis
description (WSD) (seakeeping)
Short-term wave Stress FRF
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Figure 5.4  Procedure of Spectral Fatigue Analysis (Zhao, Bai & Shin,

2001)
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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=y "L (5.1)

n; = Number of cycles in the ith stress range interval between stress range Ao, and

Ao-i«r»l

N, = Number of cycles to failure at stress range (Ao, + Ac,,,)/2 and can be read from

i+1
S-N curves

D = Allowable cumulative damage varnies 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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Partl

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 Il and Part IfI 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
leamed 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 concern 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:

« ANSIVAWS 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),

« 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 systern 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 journals 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 need 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:

o 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 tempor