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Preface

Today, the need for development of offshore oil and gas resources in increasingly
deeper waters is becoming more important because of many reasons associated with
the world economy and the related energy resource development constraints and
strategies.

Fixed-type offshore platforms, which have been useful for oil and gas develop-
ments in relatively shallow waters, are now much less feasible as we move further in
developing oil and gas fields in deep- and ultradeep-water areas, now reaching more
than 1,000m water depth. Floating-type offshore structures have to be increasingly
considered to develop these deep-water areas. In addition to ship-shaped offshore
units, at least three other types of floating production systems — semisubmersibles,
spars, and tension leg platforms (TLP) — are also available today for that purpose.
All of these types of floating systems require storage, pipeline infrastructure, and
other associated field structures and systems to transport produced oil and gas to the
facilities on shore, but perhaps to varying degrees.

That the use of ship-shaped offshore units remains a very attractive alternative
in many cases of field development is attributable to its ability to successfully serve
multiple functions, such as production, storage, and offloading, and the capability for
oil or gas to be transported to shore via shuttle tankers. Ship-shaped offshore units
reduce need for pipeline infrastructure and are functional on a fast-track basis.

Ship-shaped offshore units are now recognized as perhaps one of the most econom-
ical of all systems for potential developments of offshore oil and gas and are often
the preferred choice in marginal fields. These systems are becoming more attractive
for developing oil and gas fields in deep- and ultradeep-water areas and locations
remote from the existing pipeline infrastructures. Recently, the ship-shaped offshore
units have also begun to be applied to near-shore oil and gas terminals.

Although the use of ship-shaped offshore units has been in existence since the
late 1970s, the complexity and size of the units have been gradually increasing, and
there are still many issues related to design, building, and operation to be resolved
for achieving high integrity in terms of safety, health, environment, and economics/
financial expenditures.

Although ship-shaped offshore units are similar to trading tankers in structural
geometry, they are different in a variety of ways. Environmental conditions are
unique in each case, and structural design concepts must be tailored to a specific loca-
tion. Trading tankers may avoid rough weather or alter their heading in operation,
but ship-shaped offshore units must be continuously located in the same area with

XV



XVi Preface

site-specific environments and do not have the ability to periodically dry-dock for
the necessary inspection and maintenance. This is an aspect that must be reflected
in some fashion in the design and long-term durability and reliability of the units
concerned.

To continue further on the subject of differences from trading tankers, one should
note that ship-shaped offshore units are likely to be subjected to significant envi-
ronmental actions even during loading and unloading; however, trading tankers are
typically loaded and unloaded at still-water condition in harbor. And, for historical
reasons, the design return period of ship-shaped offshore units is typically taken as
100 years, and that of trading tankers is considered to be 20 to 25 years or so.

The application of existing procedures, criteria, and standards to the structural
design of ship-shaped offshore units also requires additional thought and discussion.
This can be particularly important for the many interface areas between the hull and
topsides. Even for the hull part, the shipbuilding industry standards may need to be
selectively upgraded to ensure the long life and onsite reliability needed. Similarly,
for the topsides part, it is often not straightforward to apply the relatively more
economical shipbuilding industry standards, in part perhaps because of differences
in the background, experience, and culture of the operating personnel involved. In
any event, the complexities of the design are enormous, and there are many interface
issues (e.g., those related to the interaction between hull and topsides facilities and
related consistency in design information) that need to be identified up front and
addressed and managed on a continuous basis.

In such a situation, direct analyses from first principles, advanced engineering,
and practices are increasingly desired so that practicing engineers and academic
researchers can resolve the issues that remain, reconcile differences in standards and
practices, and improve structural and other design procedures and criteria. In the
never-ending quest for safe, reliable, yet economical structures and systems effec-
tively designed and constructed, there are often demanding schedules and other
constraints and challenges.

Also, many diverse international organizations in the maritime industry such as the
International Maritime Organization (IMO), International Organization for Stan-
dardization (ISO), International Association of Classification Societies (IACS), and
the industry in general are now increasingly applying the limit-state design approach
for both trading ships and ship-shaped offshore installations, making related knowl-
edge and training even more relevant. Another emerging and increasingly more
important technology consists of risk-based approaches to design, operation, and
human and environmental safety, with much of the same accompanying knowledge,
training, and familiarization needs.

The intention behind writing this book is to develop a textbook and handy resource
that sufficiently addresses current practices, recent advances, and emerging trends on
core technologies for designing, building, and operating ship-shaped offshore units,
within certain inevitable space (and time) requirements. This book covers a wide
range of topics, from the initial contracting strategy to the decommissioning and
even the removal of the units concerned, but not always to a depth some might have
wished for. Although a large number of research papers and references and industry
standards useful for specific topics in the areas do exist, we did our best to high-
light selected and useful ones among them in the various chapters and appendices.
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We have also tried our utmost to always refer to relevant past work, with proper
acknowledgments. It is respectfully requested that any unintentional oversights in
this regard be brought to our attention for correction in future editions.

‘We believe and hope that this book will be very useful for practicing engineers and
engineers-in-training and will contribute to their increased awareness and poten-
tially greater use of advanced and sophisticated technologies as well as existing and
emerging practices. Because of its coverage of the fundamentals and principles of
the individual technologies, this book will also be useful for university students who
are approaching both the initial and more intensive studies of advanced engineering
for ship-shaped offshore installations. With regard to the scope, emphasis, and other
relevant aspects of this book, we encourage all related and pertinent feedback and
suggestions for the future; these will be gratefully received.

Professor Jeom Kee Paik, Pusan National University, Korea
Dr. Anil Kumar Thayamballi, San Ramon, CA, USA
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How to Use This Book

Our intention behind writing this book is to develop a textbook and handy resource
that contains current practices, recent advances, and future trends on core technolo-
gies essential for ship-shaped offshore installations. We feel that such a book, with an
appropriate mixture of academic rigor and practical experience, will be a welcome
addition to many bookshelves, including those of university students in key ship-
building countries worldwide and of interested practitioners. Therefore, in this book
we have attempted to cover, within a limited space, a number of pertinent topics
ranging from the initial contracting strategy to the decommissioning and removal of
the floating units concerned.

Chapter 1 presents an overview of ship-shaped offshore installations, including
structural characteristics with general arrangement and midship section drawings of a
hypothetical FPSO. Historical overview and selection strategy of various floating off-
shore systems (e.g., semisubmersibles, spars, tension leg platforms, and ship-shaped
offshore units) to develop oil and gas offshore are also discussed.

Chapter 2 addresses the front-end engineering of ship-shaped offshore installa-
tions, including the identification and discussion of various important issues that
must be resolved successfully during the design and building of such offshore units.

Chapter 3 describes principles and criteria for designing and building ship-shaped
offshore units, with the emphasis on limit-state design. Some considerations for safety
factor determination are given. This chapter refers to existing classification society
rules, recommended practices, regulations, and international standards that will be
used for designing and building ship-shaped offshore units in terms of safety, health,
the environment, and economics/financial expenditures.

Chapter 4 addresses environmental phenomena and application to design, cov-
ering many types of potential environmental actions such as wind, waves, current,
swell, ice, snow, temperature, and marine growth. Emerging practices for predicting
impact actions arising from tank sloshing, bow slamming, and green water are pre-
sented. Some considerations for the design return period of the offshore units are
addressed.

Chapter 5 presents current practices and recent advances useful for serviceability
limit-state design of ship-shaped offshore units. This chapter describes the funda-
mentals, calculation methods, and design criteria for elastic deflection limits under
quasistatic actions, elastic buckling limits, permanent set deflection limits under
impact-pressure actions (arising from tank sloshing, bow slamming, and green water),

XXi
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intact vessel stability, watertight integrity, weathervaning (heading control), station-
keeping, vessel motion exceedance, vibration and noise, mooring line vortex-induced
resonance oscillations, and localized corrosion wastage.

Chapter 6 presents emerging practices and recent advances useful for ultimate
limit-state design of ship-shaped offshore units. This chapter describes the fundamen-
tals, calculation methods, and design criteria for determining the ultimate strength of
plates, stiffened plate structures, entire vessel hulls, and structural systems. Closed-
form expressions and progressive collapse analysis methods are presented. Illustra-
tive examples for the ultimate strength calculations of structural components and
vessel hulls are shown.

Chapter 7 presents current practices and recent advances useful for fatigue limit-
state design of ship-shaped offshore units, with emphasis on the spectral-analysis-
based approach. This chapter describes the fundamentals, calculation methods, and
practices for fatigue limit-state design. The methods for determining hot spot stresses
with finite-element modeling techniques are presented. The selection of relevant
S—N curves and the calculations of fatigue damage accumulation are described. The
time-variant crack propagation models that are needed for time-variant reliability
assessment of aged structures with fatigue cracking are described together with illus-
trative examples of the calculations to be made.

Chapter 8 addresses emerging practices and recent advances useful for acciden-
tal limit-state design. This chapter describes the fundamentals, calculation methods,
and practices for determining accidental actions and the consequences of damaged
vessel stability due to collision, dropped objects, fire, gas explosion, progressive hull
collapse due to structural damage, and accidental flooding. Closed-form expressions
and numerical simulation methods are presented. Illustrative examples for analyzing
the consequences of the accidental events are shown.

Chapter 9 presents an overview of the considerations and practices for design-
ing and building topsides, cargo export, and mooring facilities. Several illustrations
of FPSO systems and the structural response analyses of the interaction between
vessel hull and topsides modules are presented. The importance of various interface-
management issues is emphasized.

Chapter 10 presents corrosion assessment and management for ship-shaped off-
shore structures. Starting with pertinent corrosion mechanisms, useful mechanical
and phenomenological models for predicting corrosion wastage are presented. Cor-
rective or protective design and operational measures, such as corrosion margin
addition, coating, cathodic protection, ballast water deoxygenation, and inhibitors,
are described. The effect of corrosion wastage on the ultimate limit state of struc-
tural components and vessel hulls is addressed with illustrative examples of the cal-
culations. Methods for predicting the coating durability are also presented in this
chapter.

Chapter 11 presents current practices and recent advances for inspection and
maintenance of ship-shaped offshore structures. Emerging practices for condition
assessment of trading tankers, which may be useful for offshore units, are reviewed.
Risk-based inspection and maintenance procedures are presented. The effects of
age-related deterioration, such as corrosion and fatigue cracking, on the time-
variant ultimate strength reliability of ship-shaped offshore units are addressed. Some
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considerations for repair strategies based on quantitative reliability and risk-based
methodologies are provided.

Chapter 12 presents current practices for conversion and decommissioning.
Although this book is focused on the core technologies for designing and building
new-build units, the conversion strategies are also important because a large number
of ship-shaped offshore units worldwide are tanker conversions. Today, the world
community requires all of us to pay appropriate attention to the decommissioning
and disposal of the used offshore units by meeting strict international and regional
regulations and standards and also by proactive planning and anticipatory design.
This chapter provides an overview of the current practices and the important issues
related to decommissioning as well.

Chapter 13 presents emerging practices and recent advances for risk assessment
and management. It is highly desirable today to apply risk-assessment methods to
designing, building, and operating various types of structural systems, including ship-
shaped offshore units. This chapter describes the fundamentals and salient details of
selected risk-assessment methods, together with extensive references. Specific areas
of the application of risk-assessment methods to the design and operation of ship-
shaped offshore units are noted and discussed.

The appendices provide useful data necessary for design of ship-shaped offshore
units. Important terminologies used in the book are defined. Scale definitions of wind,
wave, and swell are presented. Representative data of sea states at various ocean
regions, an important part of wave action predictions of ship-shaped offshore units as
well as trading tankers, are provided. Selected data on annual sea-state occurrences in
the North Atlantic and North Pacific are presented. [llustrative characteristics of 100-
year return period storms and of extremes of environmental phenomena in various
regions are provided. Scaling laws for both hydrodynamics and structural mechanics
model testing are given. Wind-tunnel testing requirements are addressed. Selected
industry standards, guidelines, and recommended practices useful for ship-shaped
offshore installations are listed.

The methods and practices presented in this book cover all core technologies that
are essential to better understand designing, building, and operating ship-shaped
offshore installations in some fashion. We certainly hope that this book, with its
advanced methodologies as well as emerging practices together with the list of care-
fully selected references, is seen and received as a handy resource and also that it
meets the needs of practicing engineers and engineers-in-training to a good degree.
This book should also be well suited as a textbook for university students in the fields
of naval architecture and offshore civil, architectural, and mechanical engineering.

When this book is used as a textbook for undergraduate university students dur-
ing a 45-hour single-semester class, the fundamentals and some current practices in
all chapters should be studied. For postgraduate students, who may be approaching
the topics in depth, the detailed methodologies presented in some selected chap-
ters should be studied. For instance, those who are more likely to be interested in
structural mechanics and limit-state design may begin with Chapter 1, “Overview of
Ship-Shaped Offshore Installations” and focus on Chapters 5 through 8. Of course,
it will also be a good idea for graduate-course students in a higher level to concen-
trate on and further explore any specific chapter, for example, Chapter 6, “Ultimate
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Limit-State Design.” Related theoretical and numerical calculations using the closed-
form expressions and/or computer programs, where available, can be used.

We hope that future revisions of this book will be made more useful and even more
attractive to a wide spectrum of its readers and users; therefore, pertinent feedback
and suggestions are encouraged, both by the publisher and the authors, and will be
fully considered for future editions.



CHAPTER 1

Overview of Ship-Shaped Offshore Installations

1.1 Historical Overview of Offshore Structure Developments

1.1.1 Early History

One of the primary necessities in the progress of civilization has been energy. Indus-
trial advances were first stoked by coal and then by oil and gas. Today, oil and gas
are essential commodities in world trade. Exploration that initially started ashore
has now moved well into offshore areas, initially in shallower waters and now into
deeper waters because of the increasingly reduced possibilities of new fields in shal-
lower waters.

The quest for offshore oil began, perhaps in California, in the late 1800s and early
1900s (Graff 1981). In the beginning, the techniques and facilities used for production
of oil on land were applied to an offshore field by extending the field out over the
water by jetty to distances of up to 150m off the coast. By the early 1930s, oil drilling
was being undertaken by derrick systems located in waters more than a mile (1.6km)
offshore, although the water depth at the drill sites was still limited to less than Sm.
These derrick systems were constructed using timber. Barges transported supplies
and produced oil, canals were dredged, and boats pulled the barges.

As the well sites moved farther away from shore and the water depths increased,
it soon became evident that there were many challenges to overcome if efficient and
safe offshore operations were to be possible. The impediments to continued use of
essentially land-based technologies for the drilling and production of offshore oil in
such cases are primarily due to the ocean environment and its obvious effects on the
structures and facilities involved. In addition to wave action, structural damage due
to hurricanes, particularly in the Gulf of Mexico, is also significant.

1.1.2 History from World War Il to the Early 1970s

World War II brought great advances in technologies that later could be adapted to
build offshore platforms in even deeper waters and harsher environments and also
operate them more safely and efficiently.

In 1946, the first steel offshore platform constructed of tubular members was built
to operate in about 4.5m of water some S8km off the coast in the Gulf of Mexico
(Graff 1981). The platform was 53m long by 23m wide and it stood only a few meters
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above the high-tide level. The derrick was supported by more than 300 steel tubular
piles. Radio communications were used. The platform could withstand hurricanes
with wind speeds of more than 120 knots and waves with a maximum height of
about Sm.

Starting in 1947, more advanced design technology began to be used to build
larger platforms in deeper waters. These platforms look almost like modern plat-
forms called “bottom-supported platforms” or “jacket-type offshore structures” and
were usually completely self-contained systems that included drilling rig and equip-
ment. Work crews were sometimes housed on a separate platform connected to the
drilling platform by a bridge. To install the platform, a number of jackets or tem-
plates fabricated onshore were carried to the site by barge, lowered into the water by
a crane, and integrated by welding. The term “template” is used because the jacket
legs serve as guides for the steel tubular piles. This construction method made it
possible to shorten the installation period to weeks instead of months.

Furthermore, the new designs began to use tubular bracing below as well as above
the water line. This feature is helpful for placing the platform into deeper water
because structures without bracing below the water line can only sustain much smaller
wave- and current-induced forces than those with such bracing. These types of plat-
forms had become the norm for design and construction for many years. By 1970,
the operating water depth for jacket-type offshore structures had reached more
than 80m.

1.1.3 History after the Early 1970s

Until the early 1970s, ocean engineering as a discipline was primarily limited to uni-
versities, although engineers had become increasingly involved in important practical
applications. But, after the impact of the first world oil shock in the early 1970s, mat-
ters began to change as the development of offshore oil moved into deeper and
deeper waters at a rapid rate. The operating water depth of fixed-type offshore struc-
tures had reached more than 300m in the late 1970s and more than 550m in the late
1980s.

Somewhat different design concepts, in addition to steel jackets, started to appear
in the early 1970s. The first concrete gravity platform built on land, floated to the site,
and installed to the bottom appeared in 1973 in the North Sea (Randall 1997). By the
middle of 1980, more than 3,500 offshore structures had been placed in the offshore
waters of some 35 countries, and nearly 98 percent of them are steel structures
supported by piles driven into the sea floor (McClelland and Reifel 1986). In 1977,
Shell Oil Company’s Cognac platform was installed in the Gulf of Mexico in a record
water depth of about 311m.

Oil and gas reserves are, of course, found in much deeper water. For these cases,
however, new design concepts, other than the traditional fixed offshore structures,
are required. Thus, the 1990s began to usher in new design concepts for offshore plat-
forms that could be placed and operated economically and reliably in increasingly
deeper waters. Thus, the era of the floating drilling, production, storage, and offload-
ing systems (of various types, functions, and features) began. For further historical
overview of deep-water production systems, see Dunn (1994).
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1.2 Process of Offshore Oil and Gas Developments

The process of developing offshore oil and gas reserves can be divided into the
following major steps (e.g., Graft 1981):

* Exploration

» Exploratory drilling

* Development drilling
* Production

» Storage and offloading
» Transportation

Ships and ship-shaped offshore structures have been key to these developments.
Trading tankers, which are perhaps the largest mobile waterborne structures created
by humans, increasingly move oil from its sources to the refineries. Ships are involved
in oil exploration, starting with the seismic surveys from specially outfitted vessels.
Exploratory drilling of promising fields relies on jack-ups, semisubmersibles, and
ship-shaped drilling rigs.

Fields with substantial amounts of oil may be developed — that is, the requisite
number of wells drilled and subsea equipment installed — either around fully self-
contained platforms or from various combinations of platforms and ships or barges
for drilling, accommodations, and supplies. Production and processing equipment
may be placed on platforms, or on ship- or barge-shaped structures called FPSOs
(floating, production, storage, and offloading units). In addition to processing, those
floating ship-shaped offshore structures serve the important functions of storage of
crude oil and their offloading into shuttle tankers or even vessels of opportunity.
Alternately, oil that is processed in platforms may be stored in floating ships or
barge-shaped structures called FSOs (floating, storage, and offloading units), to be
offloaded into shuttle tankers. Sometimes processed oil is stored directly in platforms
and shipped ashore via pipelines. There are many possible alternatives to produc-
tion, storage, and offloading depending on a particular development that is the most
economical one under the circumstances.

Topsides facilities, in either fixed platforms or in FSOs, FPSOs, or drill ships,
may by case refer to and include facilities and equipment for drilling, processing,
offloading, utilities, services, safety measures (including gas leak detection), fire and
gas explosion protection, accommodations, and life support. Process systems serve
to separate the well stream into its components, to treat the well stream through
operations such as dehydrating, and to transfer the oil.

Therefore, a process train treats the oil in various ways before the product is
transferred to a shore terminal or to storage for offloading. In a typical train, the
well stream is first separated into produced oil, gas, and water. The gas so obtained
may be taken off for further treatment such as compression, storage, and transport;
compression and reinjection; or for flaring — a practice that continues to decrease.
The water is drained and disposed often by pressurizing and reinjection that in turn
may serve to improve production from nearby wells. The produced oil may undergo
further processing, including removal of impurities and further removal of water to
obtain crude oil of the requisite specification.
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The selection of an optimum processing option is an important issue, while a
broad range of possibilities is considered for offshore/onshore processing (Bothamley
2004):

¢ From minimal offshore processing with all produced fluids sent to an onshore
terminal (or terminals) for final processing to meet saleable product specifica-
tions

¢ To full processing offshore to make specified products on the offshore facility,
with no further onshore processing required

Bothamley (2004) reviews the major processing options available for an offshore
oil production facility, including comparisons, major factors, and pros and cons that
can serve as a basis for evaluating processing alternatives for future projects.

This book is primarily a structural treatise; nevertheless, it is of some value to
understand the processes and related systems typically involved in offshore oil and
gas operations. See also Myers et al. (1969), Harris (1972), and Whitehead (1976) for
additional information.

It is important to realize that there are many field-development configurations
employing platforms, ships, barges, and pipelines, and for storage, processing, and
transport. In shallow waters, the developed oil or gas may be transported onshore
through a pipeline infrastructure. Otherwise, a storage tank is anchored next to the
production platform and the developed oil or gas is transported to shore by barges
or shuttle tankers.

For developing oil and gas reserves in deep and ultradeep waters reaching more
than 1,000m depth, it is not straightforward to construct and maintain the pipeline
infrastructure in terms of cost and technology. Employing a separate storage tank
may not always be the best way. In this regard, it is now recognized that FSOs or
FPSOs are, in many cases, more attractive for developing offshore oil and gas reserves
in deep waters because of cost and efficiency. They house storage tanks together that
can be offloaded directly, which is more efficient when the developed oil or gas can
be transferred to shuttle tankers or barges.

Advances in mooring and offloading systems and in fluid swivel technology are
key to the development of modern FPSOs. Carter and Foolen (1983) and Barl-
trop (1998) trace the evolutionary developments that advanced the FPSO concept
offshore.

1.3 System Concepts for Deep- and Ultradeep-Water Field Developments

The selection of offshore field-development concepts typically involves consideration
of the following (Inglis 1996; Barltrop 1998; Ronalds 2002, 2005):

¢ Environment, including water depth

¢ Production capacity

¢ Distance from field to shore or supporting infrastructure such as pipelines

¢ Required number of drilling centers and wells for each center

¢ Well-fluid chemistry and pressure and intervention or well-entry frequency for
optimum well performance, depending on the types of offshore platforms

* Risk to personnel
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Fixed-type offshore platforms that have been useful for developing oil and gas
reserves in relatively shallow waters have now been much less feasible for the
development of oil and gas fields in deep and ultradeep waters reaching more
than 1,000m depth. In order to produce offshore oil and gas in increasingly deep
waters, floating-type systems are much better candidates because the weight and
cost of fixed structures exponentially increases with water depth; however, those
of floating-type offshore structures increase linearly (Hamilton and Perrett 1986).
Floating-type offshore structures are also useful to produce oil and gas in marginal
fields, that is, for a shortened production period. They can also be designed, built,
transported to the site, installed, and commissioned fairly rapidly; and removed, mod-
ified, and moved to other similar applications as needs change. Floating-type offshore
structures have therefore been considered to develop deep- and ultradeep-water
areas.

A floating-type offshore unit must meet the following performance requirements:

e Appropriate work area, deck load capacity, and possible storage capacity

¢ Acceptable stability and station-keeping during harsh environmental actions
¢ Sufficient strength to resist harsh environmental actions

¢ Durability to resist fatigue and corrosion actions

* Possible capabilities needed for both drilling and production

* Mobility when needed

Three types of floating offshore structures — semisubmersibles, spars, and tension
leg platforms — have been employed for that purpose. However, all of these three
types may typically require a pipeline infrastructure to transport the produced oil to
the facilities on shore. The pipeline infrastructure is difficult to construct and maintain
in deep and ultradeep waters. Ship-shaped offshore units with multifunctions such
as production, storage, and offloading have been considered, and they have been in
existence since the late 1970s. FPSOs can both process and store the produced oil
or gas in their own cargo tanks until shuttle tankers offload the cargo to transport it
ashore.

In Sections 1.3.1 to 1.3.4, the advantages and challenges of various floating-type
offshore structures are addressed.

1.3.1 Semisubmersibles

Figure 1.1 shows a computer graphic of one type of semisubmersible. These structures
have been used mainly for drilling purposes, but since the early 1980s, these have also
been used as production platforms. These do not usually have any oil storage capacity.
In one common concept, these structures have two submerged horizontal tubes called
pontoons, which provide the main buoyancy for the platform and also act as a type
of catamaran hull when in transit to or from a site at low draft. Alternatively, a ring
pontoon may be used for such units meant solely for one fixed location. Typically,
four to eight vertical surface-piercing columns are connected to these pontoons. The
platform deck is located at the top of the columns.

Station-keeping of semisubmersibles is usually achieved by chain- or wire-mooring
systems. Where moorings are not practical, dynamic positioning systems with
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Figure 1.1. A computer graphic of a
semisubmersible installation.

computer-controlled thrusters that respond to vessel displacements or accelerations
are used. The advantages and disadvantages of semisubmersibles have been discussed
by Barltrop (1998).

The advantages of semisubmersibles include the following:

* Semisubmersibles can achieve good (small) motion response and, therefore, can
be more easily positioned over a well template for drilling.

¢ Semisubmersibles allow for a large number of flexible risers because there is no
weathervaning system.

Disadvantages of semisubmersibles include the following:

* Pipeline infrastructure or other means is required to export produced oil.

¢ Only a limited number of (rigid) risers can be supported because of the bulk of
the tensioning systems required.

* Considering that most semisubmersible production systems are converted from
drilling rigs, the topsides weight capacity of a converted semisubmersible is
usually limited.

* Building schedules for semisubmersibles are usually longer than those for ship-
shaped offshore structures.

1.3.2 Spars

Figure 1.2 shows a computer graphic of a typical spar. In the beginning, spars were
used as storage units, but spars are also now used for production. A spar usually has
a vertical circular cylinder with a very large diameter, say, 15-30m, which contributes
to significant reduction of heave motion of the unit by virtue of the large draught.
Because of the reduced heave motion, the use of rigid risers (instead of flexible
risers), which are self-buoyant, is easier.

Spars are usually moored to allow motion of all six degrees of freedom, but, alter-
natively, a tether-mooring system that makes it into a kind of tension leg platform
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Figure 1.2. A computer graphic of a
spar installation.

(Figure 1.3) with a single cylinder may be used. A production spar may or may not
have oil storage and related wells at surface or subsea as shown in Figure 1.2. In
general, the building cost of spars may be greater than that of ship-shaped offshore
structures because of their specialized and nonmass-produced nature.

1.3.3 Tension Leg Platforms

Figure 1.3 shows a computer graphic of a tension leg platform (TLP). A TLP may
have up to six vertical surface-piercing columns with a complete ring of pontoons
and a number of vertical tethers. Although the motions of surge, sway, and yaw may
be relatively large, the heave, roll, and pitch motions of the platform are usually well
limited by the vertical tethers that can be designed so that their periods in heave,
roll, and pitch are well below the significant wave periods involved.

TLPs cannot be moved from location to location. Also, TLPs are sensitive to pay-
loads because of the tensioning effect of tethers and, as a result, they cannot usually
be used as storage units. Therefore, TLPs normally need a pipeline infrastructure or
FSOs plus a shuttle tanker offloading system to export the produced oil.

1.3.4 Ship-Shaped Offshore Units

A ship-shaped offshore unit may be used as a floating storage unit (FSU), an FSO
unit, an FPSO, or even include drilling capabilities in some cases. Figure 1.4 shows a
computer graphic of an FPSO installation with a shuttle tanker offloading system.
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Figure 1.3. A computer graphic of a
tension leg platform (TLP) installa-
tion.

An FPSO system stores produced oil or gas in tanks located in the hull of the vessel,
and flowlines connected to risers link the subsea development wells to the FPSO
system after the development wells have been drilled by other types of offshore
units, such as semisubmersibles. The oil is periodically offloaded to shuttle tankers

Figure 1.4. A computer graphic of a ship-shaped offshore installation (FPSO) with a shuttle
tanker offloading system.
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or oceangoing barges for transport to the facilities on shore. FPSO systems may also
be used as the primary production facilities to develop marginal oil fields or fields in
remote deep-water areas without the need of a pipeline infrastructure.

Ship-shaped offshore units have various benefits when compared to other types
of floating structures in terms of ample work area, deck load, high storage capa-
bility, structural strength, shorter lead time, building/capital cost, and suitability for
conversion and reusability. However, similar to other types of floating platforms,
their displaced volume below the water line is comparatively large, and the response
and failures of the structures under harsh environmental conditions associated with
waves, winds, and currents are significant issues to consider in design and operation.
Dynamic/impact-pressure actions arising from green water, sloshing, and slamming
are also issues to be resolved both in design and for operation, particularly in harsh
weather areas.

Careful consideration of an adequate station-keeping system and adequate design
considerations of systems, such as the riser system, are necessary in order to avoid
difficulties due to vessel motions. The riser system used for ship-shaped offshore
units is usually flexible (rather than rigid). There are several methods of mooring
the ship-shaped structures, including turret moorings, articulated towers, and soft
yoke systems, which permit the unit to weathervane, that is, rotate according to the
direction of external forces. Thrusters can assist the mooring system to reduce forces
and motions.

In relatively benign environmental areas, FPSO systems may be spread-moored;
also, rigid risers may be acceptable. However, in harsh environmental areas — for
example, with revolving tropical storms such as typhoons in the South China Sea
and tropical cyclones offshore of Northwestern Australia — careful consideration is
required for the station-keeping with relevant mooring system designs.

FPSO systems may be either new builds or conversions from trading tankers.
Challenges for their structural design are mostly related to assessment of limit states
including ultimate limit states, fatigue limit states, and accidental limit states as well
as serviceability limit states. The 100-year return period is usually considered for
design onsite strength assessment, but tow considerations are based typically on 10-
year return period environmental phenomena. For operation, relevant programs of
inspection and maintenance must also be established to keep the structural integrity
and reliability at an adequate level.

Useful discussions of the technical challenges and technology gaps and needs
related to the use of ship-shaped offshore units to develop the offshore oil and gas in
deep and ultradeep water are given, for example, by Henery and Inglis (1995), Birk
and Clauss (1999), Bensimon and Devlin (2001), Lever et al. (2001), Maguire et al.
(2001), Le Cotty and Selhorst (2003), and Hollister and Spokes (2004).

1.4 A Brief History of the FPSO Installations

Over the past 25 years, ship-shaped offshore units have proven to be reasonably
reliable, cost-effective solutions for the development of offshore fields in deep waters
worldwide. These include FPSOs or FSOs operating in harsh environmental areas
and also waters of more than 1,000m depth; see FSO/FPSO performance records by
Single Buoy Moorings, Inc. (http://www.singlebuoy.com) for examples.



10 Overview of Ship-Shaped Offshore Installations

It is hard to say with precision exactly when ship-shaped units made their appear-
ance on the offshore oil scene. Certainly, oil storage and shuttle tanker-mooring
facilities using converted trading tankers existed in the late 1960s. The first such
vessels were connected by hawsers to catenary anchor leg mooring (CALM) sys-
tems. These then evolved into the now more familiar systems employing single-point
mooring, where the FSO Ifrikia was permanently moored to a buoy via a rigid arm
(rather than a hawser) in the early 1970s, with a concomitant increase in operational
reliability and reduced downtime.

The first dedicated FPSO application offshore was by Arco in the Ardjuna field in
the Java Sea offshore Indonesia in 1976 (D’Souza et al. 1994). Interestingly, this was
a concrete barge with steel tanks, used to store refrigerated liquefied petroleum gas
(LPG) moored to a buoy using a rigid arm system in 42.7m water depth. The first
tanker-based single-point moored FPSO facility for oil is said to be the Castellon for
Shell offshore Spain in 1976. This facility was meant to produce oil from a subsea
completed well, some 65 km offshore Tarragona. It began operations in 1977, and
was designed for a 10-year field life.

Compared to these early days, floating production systems have now evolved to
a mature technology that potentially opens up the development of offshore oil and
gas resources that would be otherwise impossible or uneconomical to tap. The tech-
nology now enables production far beyond the water-depth constraints of fixed-type
offshore platforms and provides a flexible solution for developing short-lived fields
with marginal reserves and fields in remote locations where installation of a fixed
facility would be difficult.

Figure 1.5(a) shows a photo of an early permanently moored FSO [frikia in a
side-by-side export arrangement at the Ashtart field offshore Tunisia in 1972. Fig-
ure 1.5(b) shows a photo of an early FPSO Castellon on the Castellon field of
Shell offshore Spain in 1976. Figures 1.5(c) and 1.5(d) are photographs of a modern
FPSO with an external or internal turret mooring in a tandem export arrangement,
respectively.

In the early 2000s, more than ninety FPSOs were in service and more than twenty
FPSOs were under construction. Some of them were newly built for site-specific
environments, and others were converted from existing tankers, mostly very large
crude oil carriers (VLCCs). FPSOs are now found in all offshore areas where floating
production systems are used, with the notable exception of the Gulf of Mexico thus
far. The largest presence of FPSOs appears to be in the North Sea and off of Africa.
They range in size from 50,000-barrel tankers with capability to process 10,000-15,000
barrels per day to VLCC size units, which can process more than 200,000 barrels per
day and store 2 million barrels.

Although a majority of FPSOs have so far been installed in relatively benign envi-
ronmental areas such as Southeast Asia, West Africa, and Offshore Brazil near the
Equator, the FPSO applications for oil and gas exploration in deeper marginal waters
and harsh environmental areas, for example, with tropical cyclones and storms, are
challenging. For instance, the effect of hurricanes on the station-keeping capability
of a mooring system and the structural failures is a major concern of regulatory bod-
ies as operators consider the FPSO installations for deep-water developments in the
Gulf of Mexico. A mooring system failure of an FPSO can lead to collisions with
adjacent offshore installations causing major oil spills.
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Figure 1.5. (a) An early permanently
moored FSO Ifrikia in a side-by-side export
arrangement, at the Ashtart field offshore
Tunisia in 1972 (courtesy of SBM Offshore
NV). (b) An early FPSO Castellon, at the
Castellon field offshore Spain in 1976 (cour-
tesy of SBM Offshore NV).




Overview of Ship-Shaped Offshore Installations

Figure 1.5. (cont.) (c) A photograph of a modern FPSO with an external turret mooring in a
tandem export arrangement (courtesy of SBM Offshore NV).
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Figure 1.5. (cont.) (d) A photograph of a modern FPSO with an internal turret mooring in a
tandem export arrangement (courtesy of SBM Offshore NV).

1.5 Trading Tankers versus Ship-Shaped Offshore Units

Although the hull structural arrangement of a ship-shaped offshore unit used for the
offshore oil and gas development is similar to that of a trading tanker, it is important
to realize that large differences exist between them in a variety of items, as indicated
in Table 1.1.

Table 1.1. Differences between trading tankers versus ship-shaped offshore units in terms of

strength and fatigue design

Trading tankers

Ship-shaped offshore units

Design condition: North Atlantic wave
environment

20- to 25-year return period

Predominantly wave actions

Limited number of loading/offloading cycles;
loading occurs in sheltered situations

Limited number of loading conditions

At open sea for about 70 percent of the time

Weather in any direction; rough weather
avoidance possible

Regular dry-docking every 5 years

Without topsides

Design condition: Site- and tow-route-specific
environments

100-year return period

Currents as well as wind and wave actions

More frequent loading/offloading cycles;
loading occurs with relatively more
environmental effects present

More numbers and variety of loading
conditions

Offshore for 100 percent of the time

Highly directional weather and weathervaning;
rough weather avoidance not possible once
on site

Continuous operation usually without
dry-docking

With topsides and associated interaction effects
between hull and topsides
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A key difference between trading tankers and ship-shaped offshore units is in the
consideration of design environmental conditions. For the design of trading tankers,
the North Atlantic wave environment is typically considered as the design premise
for an unrestricted vessel to make worldwide travel possible. However, the design
loads of ship-shaped offshore units will be based on the environmental phenomena
specific to their operational sites, their transport to field before installation and
mooring, and the commencement of operations as the case may be. Appendix 3
presents sample wave-scatter diagrams for the North Atlantic and some selected
site environmental data.

For historical reasons, the return period of waves for the hull girder strength design
of ship-shaped offshore units is typically taken as 100 years, but that of trading tankers
for the same purpose is considered to be 20-25 years or so.

Winds and currents, as well as waves among other factors, may induce significant
actions and action effects on offshore structures, whereas waves are often the primary
source of environmental actions on trading ships at sea.

Trading tankers are typically loaded and unloaded at still-water conditions in
harbor, but ship-shaped offshore units are subjected to significant environmental
loads even during loading and unloading. The number of loading/offloading cycles
on ship-shaped offshore units is greater than that on trading tankers. Ship-shaped
offshore units are typically offshore for 100 percent of the time of their design life, but
trading tankers are on the open sea for approximately 70 percent of the time. Cer-
tainly, the fatigue failure characteristics of ship-shaped offshore structures may differ
somewhat in comparison to trading tankers, for example, in the need to consider low-
cycle fatigue related to loading and offloading. This can be important because large
still-water forces and still-water moments can be created in ship-shaped offshore
units because loading patterns may be very different from those of trading tankers,
and because loading/unloading cycles are much more frequent.

In terms of operating conditions, trading tankers normally operate in either laden
or ballast condition, but ship-shaped offshore units will be in varying states of load-
ing and unloading. These characteristics of loading and unloading in turn imply the
possibility of large draft variations among the fully loaded, the minimally loaded,
and ballast conditions, compared to trading tankers. It follows that strength consid-
erations must then address a number of loading conditions at varying drafts and a
number of environmental conditions with different return periods.

Trading tankers may avoid rough weather or alter their heading in operation by
“weather routing” (Olsen et al. 2006), but ship-shaped offshore units must be con-
tinuously located in the same area with site-specific environments.

Trading tankers are regularly dry-docked in 5-year intervals, but ship-shaped off-
shore units will generally not be dry-docked (and, in any event, are preferred not to
be dry-docked) during the entire production period in the field, possibly more than
10 years to even 20 years. This means that repairs in a dry dock are not economically
realistic in many cases, primarily because of the potential production interruptions
that must be dealt with. Also, welding or flame cutting that is common for tradi-
tional repairs of trading tankers in a dry dock may not be used for the repair work
of offshore structures in situ for reasons of high fire and explosion risk.

Unlike trading tankers, ship-shaped offshore units have topsides, a turret, flare
towers, riser porches, and a drill tower, which are items of a large mass, a high center
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of gravity, and a large windage area, which affect vessel motions and responses
to environmental phenomena. Undesirable motion characteristics leading to green
water, sloshing, slamming, mechanical downtime on equipment, and crew discom-
fort are then very specific design considerations. For a turret-moored ship-shaped
offshore unit, the vessel may head into the weather and other differences can arise.
For instance, in comparative terms, the hull girder strength for FPSOs meant for
turret-moored operation in the North Sea must be significantly greater than that
of trading tankers in unrestricted service. However, in some areas, such as West
Africa, the wave environment can be considerably benign, and this can be an advan-
tage in terms of the strength required, whether or not it is turret-moored.

In any event, it is important to realize that the design considerations for ship-
shaped offshore units may be more complex than those for trading tankers. This is
not necessarily because ship design is any less complicated in principle, but rather
because of the relative importance of site-specific conditions offshore and the need to
consider many aspects in their design explicitly and specifically, unlike a trading ship
wherein many of the same considerations may be made implicitly by well-established
rules and procedures.

1.6 New Build versus Tanker Conversion

Advantages and disadvantages do exist and need to be evaluated when deciding
between a new-build option versus a tanker-conversion option. The advantages of a
new-build option (Parker 1999) include the following:

» Design and fatigue lives for a field can be achieved easier.

* Technical, commercial, and environmental risks can be more easily contained.
* A system can be more easily designed to survive harsh environments.

* Resale and residual values can be maximized.

* Reusability opportunities can be improved.

On the other hand, the advantages of a tanker-conversion option include the
following:

* Capital costs can be reduced.

¢ Design and construction schedule can be faster and less extensive.
¢ Construction facility availability is increased.

¢ Opverall project supervision requirements can be less.

The best option for a particular situation needs to be chosen taking their advantages
and disadvantages into account (see Section 2.2 of Chapter 2). One of the key drivers
for selection of either the new-build or conversion option may be the field life that
corresponds to the economic depletion duration of the reservoir. When the design
life for continuous operation on site is more than 20 years, a new build will invariably
be desirable. For marginal fields, the design life may often be 5, 10, or 15 years, and
a conversion option may be more economical.

Building cost of new-build FPSOs may, of course, vary depending on the many
aspects including the capacity of production and storage. For instance, an FPSO
operating in a marginal field may cost 60 million US$ for a converted tanker
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with topsides plant installed, but an FPSO newly built for a large field may cost
more than 100-200 million US$ or more depending on the size of the hull and size
and complexity of the topsides installations.

The building project of an FPSO can be divided into different work packages,
for example, those related to hull, topsides, their integration, and, of course, project
management. The related contracts are sometimes awarded separately or as a whole
as described in Chapter 2 of this book. Although most parts of this book deal with the
technologies for design and construction of new-build systems, Chapter 12 presents
further considerations for a tanker-conversion option.

1.7 Layout and General Arrangement of FPSOs

1.7.1 Deck Area and General Arrangement

The deck area required in an FPSO depends on the process plant size, footprint,
and complexity. Preferences such as single-level construction with “pancake”-type
process plant design will affect the deck area required to accommodate the process
plant.

The production plant (process) capacity is usually project-specific and is dependent
on field economics. Its optimal selection can be an involved matter because the overall
field development costs will vary not only with the plant capacity but also with the
complexity such as gas handling, water injection, crude characteristics, flow assurance,
and chemical treatments required.

Many other factors also affect deck area and the general arrangement, including:

e Hull form

* Turret location and size

* Accommodation location and size

¢ Ballast capacity and distribution

¢ Double-side or double-bottom requirements

» Escape, evacuation, and rescue arrangements

¢ Offloading arrangements

e Margins for future process upgrading and expansion

1.7.2 Layout
The layout of an FPSO can be divided into the following:

* Main deck

» Topsides deck

* Mooring system

e Accommodation

* Machinery room

* Cargo and ballast tanks
* Offloading area

Figure 1.6 illustrates an example of the overall field layout involving both oil and
gas. Figure 1.7 shows typical layouts of an FPSO topsides facility. The accommodation
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Figure 1.6. A computer graphic of an example field layout.

is located in the bow area as shown in Figure 1.7(a) or in the stern area as shown in
Figure 1.7(b). The vessel layout is, in principle, configured so that the separation
between the accommodation (including the principal evacuation systems) and the
major hydrocarbon hazards should be maximized. The accommodation and the
turret are separated as far away as possible when a turret-mooring system is adopted
with risers and mooring facilities located at the bow; see Figure 1.7(b). This configura-
tion is beneficial also because turret motions can be minimized while weathervaning
capacity can be maximized. Also, when the accommodation with a helideck is
located at the stern in a conversion, the proximity so achieved, to the engine room
that contains many of the major vessel systems including utility systems, can be an
advantage.

As shown in Figure 1.7(b), a turret is often located as far forward as possible,
although the accommodation with the helideck must usually be sited aft, with the
process modules and power generation in the cargo length and flare tower in the
forward area. One aim of placing the turret location as far forward as possible is to
make active heading control by thrusters easier. However, in a tanker conversion
with an internal turret, how far forward it can be placed also depends on its size and
the number of risers that must be served. When a larger turret is required, it may
be sited in the section of 0.2L-0.35L from the forward end (L = vessel length) and
the accommodation may be sited forward of the turret. This allows the cargo region
length aft of the turret to be maximized.

The topsides facilities are located above the main deck in between the turret
and the accommodation. The main deck needs to be strong enough for the support
columns of topsides modules and also have space for the required piping for cargo
loading/offloading, inerting and venting, and hatches for access to the tanks. It will
also contain the main cranes, perhaps two, one on the port side and one on the
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Figure 1.7. Sample topsides layout of a ship-shaped offshore unit FPSO: (a) with an accom-
modation forward and an internal turret; (b) with an accomodation aft and an internal
turret.

starboard side. The oil-metering skid for fiscal metering during offloading may be
located on the main deck, usually in front of the accommodation. Shielded escape
routes may run on both the port and the starboard sides of the main deck from the
bow to the front of the accommodation (in the case of Figure 1.7(b)). Stairways and
ladders may be used for intermediate access from the elevated process deck onto the
escape routes.

The topsides modules may be divided into the process area and the utility area.
The process area includes spaces for hydrocarbon-containing equipment, flare tower,
compression equipment, and separation equipment. The utility area includes spaces
for utility equipment and power-generation equipment.
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Table 1.2(a). Average principal dimensions of FPSOs and trading
tankers (MacGregor and Smith 1994)

Vessel type L/B B/D T/D B/T
New-build FPSO/FSU
North Sea 6.0 1.9 0.65 29
Worldwide 52 1.8 0.67 2.7
Tanker conversion (worldwide) 6.6 2.0 0.76 2.6
Trading tanker
50,000-70,000 dwt 6.3 25 — —
70,000-100,000 dwt 5.6 3.0 — —
100,000-200,000 dwt 5.6 2.8 — —

Note: L = length between perpendiculars; B = breadth; D = depth; T =
freeboard at light draught.

Considering the layout of topsides facilities, one of the most important aspects is
to maximize the safety of the personnel on board. In this regard, it is important to
minimize potential hazards from process equipment. For example, the amount of
piping must be minimized, and piping must be adequately protected from hazards
such as dropped objects and the dynamic flexing of the vessel’s hull. The process
area must be located as far as possible from the accommodation. The utility area
may be located in between the process area and the accommodation. Additional
considerations related to the design of topsides facilities are presented in Chapter 9.

1.7.3 Relationships between Principal Dimensions

The vessel’s dimensional relationships depend on and also affect storage, stability,
motion characteristics, mooring, station-keeping, and, of course, the environmental
actions that the vessel is subjected to; for a good exposition, see Parker (1999).

The interrelationships between vessel principal dimensions affect various features
of the design. For instance, an increase in a vessel’s length for a given storage capacity
will generally increase mooring forces and hazardous zone extents, all in turn affecting
the cost. Generally, the lowest building cost for an FPSO can be expected for the
lowest L/B ratio (L = vessel length, B = vessel breadth).

The depth must be maximized with respect to the length and breadth. The breadth
must also be maximized for deck area design. Although the draft is the smallest
dimensional parameter, it should also be maximized for overall storage efficiency and
should be deep enough to avoid excessive bottom slamming. The block coefficient
of the vessel should be maximized for the storage capacity and for the construction
efficiency.

MacGregor and Smith (1994) made some investigations in principal dimensions of
FPSOs/FSUs or trading tankers that were in service from 1986 to 1990, as indicated
in Table 1.2(a). Deluca and Belfore (1999) investigated the length (L) to breadth
(B) ratio of converted and newly built FPSOs, which were in operation in various
geographical locations in 1999, as indicated in Table 1.2b.

Wang (2003) compared the principal dimensions of 35 new-build FPSOs together
with 140 single-hull trading tankers and 46 double-hull trading tankers, all of which
were in service in the early 2000s. The length of vessels studied by Wang (2003)
ranges between 170m and 400m. The majority of the single-hull tankers that Wang
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Table 1.2(b). Average principal dimensions of FPSOs
in operation at different sites (Deluca and Belfore 1999)

Length/Breadth
Site New-build FPSO Tanker conversion
Angola — 4.1
Australia 6.0 6.2
Brazil 6.8 8.8
China 6.8 6.2
Congo 4.7 6.8
UK 5.2 6.2

studied were built in the 1970s and 1980s, although some were built in the 1960s, and
most of the double-hull tankers were built in the 1990s.

It was found that the breadth characteristics of FPSOs are similar to those of
trading tankers except for a few cases where the length of the FPSOs is relatively
small. The ratio of length to breadth was in the range of 4-7 for both FPSOs and
trading tankers. Figures 1.8 and 1.9 show the relationship between the length and the
depth of FPSOs, shuttle tankers, and trading tankers. It is observed that the depth
of FPSOs tends to be slightly larger than that of trading tankers. In particular, most
new-build FPSOs are deeper than single-hull trading tankers.

This may be because the depth of FPSOs with double sides may have been
increased to meet ballast water requirements. A couple of exceptions to this rule
are seen in Figure 1.9, where the depth of the new-build FPSOs is smaller than
that of trading tankers. This may be because these particular FPSOs were built for
operation in shallow water. Another interesting observation from the figures is that
a new-build FPSO having a storage capacity equivalent to an ultralarge crude oil
carrier (ULCC) more than 400m long has not appeared yet.

Figures 1.10 and 1.11 show the relationships between breadth (B) and depth
(D) or between freeboard (T) and depth (D) of FPSOs and shuttle tankers, respec-
tively. These are a summary of the data studied by OPL (2001, 2002) for FPSOs and
shuttle tankers operating up to the year 2000. It is seen in Figure 1.10 that the B/D
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Figure 1.9.

American Bureau of Shipping).

Figure 1.10. Relationship between
breadth (B) and depth (D) of FPSOs
and shuttle tankers.

Figure 1.11. Relationship between
freeboard (T) and depth (D) of
FPSOs and shuttle tankers.
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ratio of FPSOs is in the range of 1.5-3.0, which is similar to that of shuttle tankers.
The freeboard requirement can be important for green-water loading considerations.
Although the T/D ratio of trading tankers is typically in the range of 0.7-0.8, it is
seen in Figure 1.11 that the T/D ratio of FPSOs is in the range of 0.6-0.8; see also
Table 1.2a.

1.7.4 Double-Hull Arrangements

An aspect that needs to be considered for design and operation of an FPSO is the
protection of cargo tanks from damage caused by collisions with shuttle tankers,
particularly when a side-by-side configuration is to be used for exporting cargo.
Supply boats or passing vessels will also be sources of collisions. A new-build FPSO
hull usually has double sides, but the bottom is not necessarily double-skinned. A
single-skin tanker conversion may attach sponsons that are equivalent in function to
double sides.

Double bottoms are generally not required because damage from hull grounding
is unlikely. However, if the FPSO is a disconnectable type and may need to leave the
station from time to time under its own power, a double bottom may be required by
regulation. Also, if the FPSO is located in a very shallow location with some chance
of contact with the sea bottom, a double bottom may be necessary. For heavy oil
and, in particular, in cold climates, a double bottom may be required to reduce the
heating load. Double bottoms with complex bottom shell stiffeners may be difficult
to strip and clean when they are used as cargo tanks; thus, double-bottom tanks either
usually remain empty or are used for water ballast.

1.7.5 Tank Design and Arrangements

The vessel hull in a new-build option will have several cargo tanks placed centrally
and several ballast water wing tanks arranged on both the port and the starboard
sides (see Figure 1.16). The number of cargo and ballast water tanks is determined
by the production capacity and whether a shuttle tanker will be moored to offload
the produced oil. The areas for mooring and offloading contain the hose storage,
handling reel, and mooring hawser.

In an FPSO, various tanks such as cargo oil tanks, ballast tanks, slop tanks, portable
water tanks, fresh water tanks, diesel oil tanks, methanol tanks, and hydraulic oil
storage tanks need to be incorporated. The following issues need to be considered
for the tank design in the hull:

¢ Number, location, and size of cargo and ballast tanks

* Location and size of tanks required for special services, such as methanol tanks
slop tanks, chemical tanks, reception tanks and off-spec oil tank(s)

e Pumping arrangement for tanks

* Tank strength, corrosion protection, and access

Each of these issues needs to be considered fully for the hull design and tank
layout. The number of tanks is an important consideration from cost and operational
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Figure 1.12. Relationship between
bottom-plate thickness and length of
trading tankers (courtesy of Wang
2005/American Bureau of Shipping).
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viewpoints because adding more tanks usually means higher costs. Some factors that

need to be considered are:

* Number of cargo production grades
» Export parcel size and production rate
* Hull stresses for the various loading cases, particularly for those related to on-

site maintenance and repair

* Required flexibility for operations, inspections, and maintenance with special
consideration for hot-work isolation

1.8 Longitudinal Strength Characteristics of FPSO Hulls

Similar to trading tankers, the longitudinal hull strength is a key design aspect of
FPSOs. Figures 1.12 and 1.13 show the thickness variations of bottom and side shell
plates for single- and double-hull trading tankers as a function of vessel length. It

Figure 1.13. Relationship between
side shell-plate thickness and length
of trading tankers (courtesy of Wang
2005/American Bureau of Shipping).
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Table 1.3. The ratio of FPSO wave-induced bending moments
at different sites to trading tanker wave-induced bending
moments calculated for the North Atlantic (Wang 2003)

North Sea  Gulf of Mexico Offshore Brazil West Africa

1.1-1.7 0.8-1.1 0.5-0.7 0.3-0.7

is surmised from the figures why the older single- or double-hull trading tankers, in
many cases, retain the potential for successful conversions to FPSOs, particularly for
benign wave environments. For new-build FPSOs, however, the hull cross-sectional
properties will be determined for site-specific requirements to a greater extent.

As may be expected, the wave-induced vertical bending moments for FPSOs
designed for site-specific environments are different from those of trading tankers
typically designed for unrestricted services worldwide and depend on the installa-
tion site. Also, it appears that the ratio of sagging to hogging wave-induced vertical-
bending moments may be different (higher) for new-build FPSOs than for converted
tankers and may range from 1.0 to 1.33, presumably because of hull-form differences
between new-build FPSOs and converted tankers (HSE 2003).

Based on seakeeping analyses, Wang (2003) obtained useful insights relating the
wave-induced bending moments of new-build FPSOs at different sites to those for
trading tankers, with results as indicated in Table 1.3. It is apparent that the wave-
induced bending moments of FPSOs in harsh environments can be larger than those
of trading tankers. However, the wave-induced bending moments of FPSOs in benign
environments are much smaller than those of trading tankers because the North
Atlantic wave environment is commonly used for the design of trading tankers to
make the worldwide travel possible.

1.9 Drawings of a Hypothetical FPSO

This section presents sample drawings of a hypothetical FPSO hull that will be used
for the illustrative examples of ultimate limit-state assessment described in Chap-
ter 6. The principal dimensions and important features of this vessel are:

e Length overall (L) = 317m

¢ Breadth (B) = 58m

e Depth (D) = 32m

e (Cargo capacity at 98 percent full = 2,300,000 barrels
¢ Slop tank capacity at 98 percent full = 90,000 barrels
* Total capacity at 98 percent full = 2,411,000 tons

¢ Estimated deadweight = 339,500 tons

* Estimated full-load draft = 23.5m

¢ Estimated light-ship draft = 4.6m

¢ Estimated process deck weight = 31,000 tons

* Estimated total production riser weight = 3,200 tons
* Mooring loads = 1,900 tons

* Block coefficient = 0.87
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Figure 1.14. Midship section configuration of a hypothetical FPSO hull.

The vessel has double sides and its bottom is single-skinned, as shown in
Figures 1.14 and 1.15. Figure 1.16 shows the general arrangement of the hull.
Figure 1.17 shows the midship section drawing of the hull. Mild steel with the yield
stress of 235N/mm? is used for most parts of the hull, except for deck and bottom

L

Figure 1.15. Three-dimensional midship configuration of a hypothetical FPSO hull, developed
by MAESTRO modeler (MAESTRO 2006).
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28 Overview of Ship-Shaped Offshore Installations

areas, where high-tensile steel with the yield stress of 315 N/mm? is used. Sections
2.12 and 2.13 in Chapter 2 address some considerations for building materials. The
block coefficient of an FPSO is typically in the range of 0.85 to 0.90.

1.10 Aims and Scope of This Book

The trend of offshore oil and gas development has been shifting from fields in shallow
and medium waters to fields in deeper waters. Ship-shaped offshore units such as
FPSOs have been recognized as one of the most reliable, economical solutions to
develop marginal offshore oil and gas reserves in deep-water areas.

An FPSO installation consists of the following major parts:

e Vessel (hull)

¢ Topsides (processing system, accommodation, machinery space, helideck)
¢ Mooring system

e Export system (offloading, shuttle tanker)

¢ Subsea systems and flowlines

Considering the entire unit as a whole, a ship-shaped offshore installation typically
needs to be designed to satisfy multiple requirements, such as the following:

* Design life: vessel to typically remain on site for its entire design life

* High uptime for the production storage and offloading facilities: targets of 90—
95 percent of uptime are common in design

* House and support the required crew and staff safely by meeting habitability
requirements

* Receive and process well fluids, store quality crude oil to specifications, and
offload the same to shuttle tankers periodically

* Provide for lifting, treating, exporting and/or reinjecting, or otherwise disposing
of associated gas and produced water for pressure maintenance

e Operate such that the facility’s impact on the environment conforms to high
standards

Although ship-shaped offshore units have been in existence since the late 1970s,
their complexity and size have been gradually increasing, and there are still a number
of problem areas related to designing, building, and operating these units that must be
resolved for achieving the high integrity in terms of safety, health, the environment,
and economics/financial expenditures.

This book introduces and describes the technical fundamentals and engineering
practices for designing, building, and operating the ship-shaped offshore units with
the focus on FPSOs as the primary example. Emerging practices, recent advances,
and future trends on core technologies essential for ship-shaped offshore installations
are addressed with particular emphasis on structure expertise. This book covers a
wide range of the subjects from design to decommissioning. It is our intention that
this book will be a handy source from which the reader should be able to obtain an
extensive and systematic insight into the functioning of ship-shaped offshore units
in both an academic and a practical sense.
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CHAPTER 2

Front-End Engineering

2.1 Introduction

A new-build FPSO project may take 3—4 years to complete. For a successful project,
a variety of steps must be carefully considered and implemented, including front-end
engineering, design development, performance specifications, detailed specifications,
vetting and selection of candidate yards and contractors, contract award, detailed
engineering, construction, precommissioning (dock trials), sea trials, delivery, onsite
commissioning, and contract acceptance.

Ship-shaped offshore units for developing offshore oil and gas fields in deep waters
have been in existence in fair numbers since the early 1970s. In recent years, the
complexity and size of ship-shaped offshore units have been increasing gradually;
therefore, itis only natural that the issues related to designing, building, and operating
these systems arise or may need revisiting in specific circumstances for the purposes
of achieving a high level of the system integrity.

Moreover, in contrast to trading tankers and other types of offshore platforms,
internationally agreed standards for ship-shaped offshore units are in a state of
progress. In Chapter 3, we discuss how the classification societies (ABS 2004; BV
2004; DNV 2000, 2002; LR 1999) and institutions (API 2001) have, in recent years,
developed guidance and rules specifically for floating, production, storage, and
offloading systems (FPSOs), but there, for example, is not the unified approach to
the rules that now exist for trading tankers (IACS 2005).

The requirements for designing and building ship-shaped offshore units are, in
principle, different from the requirements of trading tankers because of the high
level of onsite reliability necessary for long periods without the possibility of dry-
docking. Further, FPSOs are very complex facilities that require coordinated efforts
from all parties including the owners, shipyards, topsides integration contractors,
hull engineering contractors, classification societies, and operators. Careful consider-
ation and indepth engineering practices are required to properly design, construct,
and commission any FPSO project. For instance, very detailed and comprehensive
structural design specifications are essential.

In this chapter, we discuss engineering practices for ship-shaped offshore units and
focus on FPSO systems. Selected key decisions and issues for designing, constructing,
and commissioning FPSOs are presented. We emphasize front-end engineering and
discuss overall project considerations but to a much lesser extent. For a greater
exposition of project planning, see Parker (1999).
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2.2 Initial Planning and Contracting Strategies

As we discussed in Section 1.6 of Chapter 1, it is important to decide if the FPSO will
be either newly built or converted from a trading tanker, and owned or leased. These
decisions are made considering many aspects, such as (Adhia et al. 2004a, 2004b):

¢ Economics

¢ Field life and how the asset is amortized over the field life
¢ Residual value of the used system

¢ Opportunities for redeployment

For the purpose of production, owners will usually consider the new-build or
tanker-conversion option rather than leasing because drilling rigs are typically leased
for the intermittent periods of drilling time during production. However, FPSOs can
of course be leased for various periods of times, both long and short. The choice
in this regard is primarily one of economics unique to a project. It is actually very
rare, for many reasons, including justification for funds and host-country needs and
regulations, that a company will design and build an FPSO for use in multiple fields
over its design life.

In the initial planning, it is important to establish relevant contracting plans that
could largely determine the success of the project. FPSOs today are increasingly
constructed with shipyard involvement so that the related construction contracts are
administered in a culture and atmosphere that is similar to typical shipbuilding. For
cost and schedule reasons, the FPSO hull is usually built to ordinary shipbuilding
practice, with specific enhancements where needed. Topsides processing facilities,
however, are designed and fabricated by a separate contractor using offshore practice
more akin to fixed platforms than to ships and are integrated onto the FPSO hull by
the shipyard.

The design and building processes of FPSOs are unique and more complex com-
pared to trading tankers. An FPSO project involves many elements, such as engi-
neering of the hull, topsides, mooring system, integration of the topsides onto the
hull, towing to site, installation on site, and commissioning. Compared to tankers,
which are built in shipyards, there are several major interfaces to be managed, such
as between the topsides facilities design and the hull design and between the multiple
contractors involved. Usually, for financial and risk-spreading reasons, some sort of
a consortium is formed involving owners, joint venturers, and operators; all have a
say and can affect one or more of the work elements required in an FPSO contract.
The success of such a contract depends on three major factors:

¢ Good engineering capability
* Good fabrication capability, including quality control systems
¢ Good project management, including cost and schedule control

Not all shipyards are necessarily specialized in all areas of required types of exper-
tise including design, custom engineering, and project management. Some important
aspects for success then include good front-end engineering; comprehensive techni-
cal specifications; clear scope of work; clear identification and management of all
interfaces; effective and accurate communications among owners, fabrication yards
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and classification societies; an adequate and detailed construction plan; adequate site
teams for construction supervision; adequate health, safety, and environment (HSE)
and quality-control systems; standardization of equipment and materials; appropri-
ate planning for procurement and supply of long-lead-time items; and avoidance of
changes after contract. Useful guidelines and strategies for establishing good con-
tracting plans are described by Parker (1999) and Adhia et al. (2004a).

2.3 Engineering and Design

Past FPSO projects indicate that many problems associated with costs and sched-
ules can be traced to inadequate project definition and requirements, which ulti-
mately necessitated related changes during the project execution phase (Adhia et al.
2004a). Therefore, front-end engineering and design (FEED), involving substantial
engineering capabilities and taking account of lessons learned from FPSO projects,
is necessary for any new project; and this needs to be carried out to the necessary
extent before the development of specifications, the invitation to tender package,
and, in general, the bidding phase.

After award of contract, and before fabrication starts, the relevant parts of detailed
engineering must, of course, be completed. Preliminary safety studies, such as fire and
explosion analyses and gas dispersion analyses for process facilities, may significantly
influence the layout and design of the FPSO. These studies are carried out as part
of the FEED, although detailed and specific studies of that nature will necessarily
be part of the detailed design phase. Engineering, whether FEED or detailed, will
deal with many of the same aspects to different degrees of sophistication; aspects
considered may include the following:

* Vessel principal particulars and general arrangement

* Hull stability and strength analyses

* Vessel motion analysis

* Mooring system and station-keeping analyses

* Riser system analysis

* Turret system analysis and design

* Process plant layout and determination of support loads

* Operational and safety philosophies and plan development
* Risk assessment and management planning

When developing necessary specifications for an FPSO, adequate consideration
of operational factors is particularly important to achieve the required high levels
of onsite reliability and reduced downtime. In the case of the structure and safety
systems, the vessel owner may often opt for classification, implying that in the design
and construction phase the vessel will need to meet owner requirements as well
as classification society rules, and various offshore industry standards. Although the
classification rules do provide certain minimum requirements for structural integrity,
these rules, in general, do not address the FPSO operational aspects that are equally
important to the owner.

The owner requirements will then invariably involve functional and perfor-
mance features including detailed prescriptive requirements for items that are not
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Table 2.1. A sample breakdown of an
FPSO project cost

Item Cost division

Engineering and 10%
management

Vessel hull and systems 40-50%

Process topsides 20-30%

Moorings and installation ~ 4-5%

FPSO installation and 2-3%
commissioning

Front-End Engineering

adequately or clearly covered by the clas-
sification society rules. Similar enhance-
ments may also be necessary regarding struc-
tural aspects, for reasons of the required
onsite reliability. In addition, the owner
will also be involved in the design review
through the plan approval process and in
the monitoring of the construction quality
in order to ensure that all the requirements
are met.

2.4 Principal Aspects Driving Project and Vessel Costs

The parameters driving the cost of FPSO projects and vessels (Parker 1999) can

include the following:

* Field production profile over time

e Water depth, vessel size, and capacities
e Operational requirements for uptime and reliability

¢ Site and tow conditions and needs

¢ Process facility deck-space requirements

¢ Subsea design and manifold arrangements

e Support functions such as power generation and utilities

¢ Design life and the related structural integrity management philosophy
¢ (lassification, verification, and regulatory compliance

* Safety in design

It is difficult to come by published cost data in the literature, but Table 2.1 shows
a sample breakdown of the costs in an FPSO project. Additional examples of cost
data can be found in Kennedy (1993) and Parker (1999). In general, such data must
be interpreted with great care. The cost of a new-build FPSO is proportional to the
hull size. The size, in turn, depends on storage production and offloading capacities
required. Construction “friendliness” affects fabrication costs. Cost specifications
and relative cost proportions vary from project to project and case to case; whether
a new build or a conversion, design and operation philosophies and management
priorities all affect the cost of an FPSO project.

2.5 Selection of Storage, Production, and Offloading Capabilities

The factors affecting the storage capacity include the following:

¢ Rate of production
¢ Size of export cargo parcels

¢ Number of different grades of production or export fluids
* Offloading system efficiency and other characteristics
¢ Buffer storage capacity requirements
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The simplest way to select the storage capacity is to determine the most frequent
large export parcel size and then add spare capacity to deal with, say, a 5-day pro-
duction amount at the largest production rate to allow for additional storage due to
events such as export shuttle tanker arrival delay and awaiting the favorable weather
conditions for offloading. Additional flexibility is occasionally possible by reducing
the production rate during unwanted events.

The optimization of storage capacity for a vessel can be performed by a cost-—
benefit analysis that takes into account hull size, export system capacity, production
life cycles, and related costs. If more than one grade of production is planned, each
must be segregated with its associated piping arrangements.

2.6 Site-Specific Metocean Data

In Chapter 4, we describe the meteorological and oceanographic (metocean) data for
the operational site required for the development of an FPSO design. Wind, waves,
and current data for new fields must often be obtained by measurements, hindcasting,
or from comparable situations. For anchoring, piling, and subsea construction design
activities, bathymetric and geophysical data also need to be developed.

Based on the site-specific metocean data, various design parameters must be deter-
mined, generally in terms of 1-, 10-, 50-, and 100-year return periods, and stated
in a design basis. Relevant information in the design-basis document includes the
following:

* Wind in terms of extreme speed and direction, vertical profile, gust speeds, and
spectra

* Wavesin terms of joint probability of significant wave height and period; extreme
wave crest elevation; extreme wave height, direction, and range of associated
period; cumulative frequency distribution of individual wave heights and steep-
ness; and wave spectra and direction spreading

* Water depth in terms of water depth below mean sea level and extreme still-
water-level variations

e Currents in terms of extreme current speed and direction, variations through the
water depth, current speed for fatigue design, joint probability of wave, current
occurrence, and extremities

e Temperatures in terms of extreme air temperatures (maximum and minimum)
and extreme sea temperatures (maximum and minimum)

¢ Snow and ice accretion in terms of maximum snow thickness, and maximum ice
thickness, densities of snow and ice

e Marine growth in terms of type of growth, permitted thickness, and terminal
thickness profile

The determination of these parameters is very important for establishing the dif-
ferent environmental conditions for the different operational and extreme responses
such as for mooring forces, hull-bending moments, green-water loading, bow slam-
ming, and steep-wave impacts. It is also important to note that FPSOs behave in a
much more complicated way than, say, fixed offshore platforms, and that a much
more detailed understanding of the environment is needed because of the much
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greater importance of wave period and joint probabilities of waves, current, and
wind that affect the responses to waves.

2.7 Process Facility Design Parameters

The design requirements for the process facilities can be established based on the
following, also to be stated in the design-basis document:

* Maximum oil, gas, and water production

¢ Well fluid characteristics

e Water and gas injection rates and pressures
¢ Produced oil storage temperature

The process facility design will also depend on minimal or full offshore processing.
The minimal offshore processing option sends all fluids produced to an onshore termi-
nal (or terminals) for final processing, while full offshore processing makes saleable
products on the offshore facility. For a useful review of various offshore/onshore
processing options, see Bothamley (2004).

2.8 Limit-State Design Requirements

The structure must be designed with a high level of structural integrity during its
design service life so that it should achieve uninterrupted and safe operation on site.
Repairs on site as well as by dry-docking can be largely impractical considering their
high costs and difficulties with hot work; this is in marked contrast to trading tankers
that can be dry-docked every 5 years.

A factor complicating an FPSO design is that long-term service data related to
certain design aspects may be lacking. For example, even for benign environments
off Africa, conditions of high year-round temperatures and humidity may be present
but data are not available. Related data on coating durability and corrosion wastage
may be limited.

An important aspect that should be considered in establishing the requirements of
FPSO structural integrity is that FPSOs are different from trading tankers in many
ways, as we described in Section 1.5 of Chapter 1. The following features are some
of the significant differences (Adhia et al. 2004a, 2004b):

* Environmental actions of FPSOs are different as compared to trading tankers,
for example, long-crested waves versus short-crested; waves highly directional
weather versus multidirectional.

* FPSOs operate at constantly changing draft with frequent offloading cycles.

* Loading patterns of FPSOs can be quite different from those of trading tankers.

* Production systems of FPSOs can be subjected to differing levels of motions
and are impacted by the hull flexing and deformation of the main deck.

For the design of an FPSO structure, the following analyses need to be performed:

* Vessel motion analysis considering interface among hull, topsides, and moor-
ing systems and taking account of omnidirectional and noncollinear features
associated with wind, waves, and currents together with weathervaning
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* Action-effect analysis at global and local levels
» Serviceability limit-state assessment

e Ultimate limit-state assessment

¢ Fatigue limit-state assessment

* Accidental limit-state assessment

Vessel motion analysis will define the site-specific design actions on the offshore
unit involving hull structures, topsides, moorings, and risers, and the action-effect
analysis will define the corresponding action effects (e.g., working stresses, deforma-
tion); see Section 2.15.

Serviceability limit-state assessment needs to be undertaken to check exceedance
of criteria governing normal functional or operational use of the offshore unit. As
we describe in Chapter 5, various factors and their limits must be considered. In
particular, structural damage due to impact-pressure actions is a primary concern in
terms of (a) bow for impact from steep waves; (b) forebody for slamming; (c¢) internal
structures for sloshing; and (d) deck structures and topsides for green-water loading.

Ultimate limit-state assessment must deal with buckling and collapse of individual
structural components and the hull to assure the adequacy of structural safety at local
and global levels. Chapter 6 presents the ultimate limit-state assessment in detail.

During a fatigue limit-state assessment, parts that are typically found to need the
most careful analysis and design include the following: (a) bottom, deck, and side
shell details; (b) internal structures subjected to stress ranges from loading/unloading
cycles; (c¢) hull openings; (d) mooring turret and connections to hull; (e) process plant
and pipe run seatings to hull; and (f) interface structures such as module support
stools, and flare tower base. Chapter 7 describes emerging practices of fatigue limit-
state assessment.

Accidental limit-state assessment needs to be performed to check situations of
accidental or abnormal events such as unintended flooding and subsequent progres-
sive hull collapse or loss of stability or survival buoyancy; collisions; impacts due
to dropped objects; fire and heat; and gas explosion and blast. Chapter 8 describes
current practices and recent advances of accidental limit-state assessment.

2.9 Risk-Assessment Requirements

Qualitative and quantitative risk assessments, described in Chapter 13, are required
to consider all potential hazards. Major hazardous and risk scenarios that are con-
sidered include the following:

¢ Unintentional release of flammable or explosive materials
e Hydrocarbon fires and explosions

¢ Extreme weather and structural failure effects

* Dropped objects

¢ Collisions

e Helicopter accidents

¢ Smoke and gas ingress into safe refuge

¢ Loss of mooring and station-keeping integrity

¢ Green-water risk (to person as well as to structure)
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Figure 2.1. A sample project-management organization.

Risk assessment using qualitative and quantitative approaches needs to be per-
formed to determine the overall characteristics and performance specifications for
the following systems and purposes: (a) accommodations and temporary safe refuge;
(b) passive and active fire protection systems; (c) gas explosion and blast protection;
(d) escape, evacuation, and rescue; (e) fire and gas detection systems; (f) emergency
shutdown systems; (g) emergency power generation system; and (h) relief, blow-
down, and flare systems.

Chapter 11 describes risk-based technologies that are also used to establish cost—
benefit schemes for inspection and remedial actions for aged hull structures. Ideally,
risk considerations should also be used during the design stage to select steel grades,
fatigue lives, and design schemes to ensure that the designed structure is safe enough.

2.10 Project Management

Project management is of great importance to the success of FPSO projects; the same
should effectively control and manage any restraints or constrictions relating to the
projects, which may be created by other concurrent projects, production and fabri-
cation limitations within shipyards, and a number of other factors such as material
procurement and cost control.

Figure 2.1 shows a sample chart of the project-management organization. Project
management encompasses various aspects relating to project engineering, procure-
ment and construction, and the related planning, contracting, monitoring, and cost
control. Each key function is to be supported by an adequately staffed team with the
right resources and expertise.
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2.11 Post-Bid Schedule and Management

One of the most important elements for the success of any FPSO project is effective
monitoring and follow-up action in order to keep the planned schedule of construc-
tion and delivery. The planned schedule itself is a function of various factors including
capabilities of the building yard and its contractors.

Hence, before any final commercial commitment is given to any shipyard, potential
construction facilities must be evaluated in terms of physical facilities (e.g., steelwork
prefabrication, dry-docks); management systems (e.g., project-management system,
quality assurance and quality control procurement, and preoutfitting experience);
discipline and trade resources (e.g., engineering manning levels; steelwork and out-
fitting trade levels, hook-up, and commissioning resources); and corporate consider-
ations (e.g., previous offshore sector experience, fiscal stability).

The construction schedule for a typical FPSO project can be broadly broken down
into four quartiles; namely, those related to (a) engineering and procurement; (b) pre-
fabrication and preoutfitting; (c) vessel erection, outfitting, and process installation;
and (d) final outfitting, hook-up, commissioning, and completion. Table 2.2 shows a
sample schedule for an FPSO construction during a 24-month period.

Figure 2.2 shows the so-called ‘S’ progress curve for FPSO projects from engi-
neering and procurement to commissioning, following Parker (1999). In Figure 2.2,
an example of schedule slippage is illustrated, where the slippage begins in the first
quartile regarding engineering and procurement. The recovery of a delayed schedule
during the second quartile can be difficult because the steelwork prefabrication, pre-
outfitting, and pipework production activities can be significantly affected by delayed
engineering and procurement.

It is indeed one of the primary functions of project management to anticipate
and avoid schedule slippages altogether to the greatest extent possible. Recovery
from delays can be accomplished in many ways, but usually at the cost of additional
resources because a greater work volume than planned must be made up in a shorter
period of time than originally planned. For a good discussion on project management,
see Parker (1999).

2.12 Building Material Issues: Yield Stress

The selection of building materials is an important design consideration for the struc-
tural design of FPSOs. Vessel hull steel is usually selected according to classification
society rules (ABS 2004; BV 2004; DNV 2000; 2002; LR 1999) or recommended
practices (API 2001); see also Chapter 3 of this book.

To achieve high levels of buckling and fatigue performance, it is usually recom-
mended to limit the amount of high-tensile steel (HTS) used in the FPSO to as
small a proportion as possible. Mild steel of the rule minimum yield strength of
235 N/mm? will then be used for as much of the hull structure as possible. HTS
would only be allowed for longitudinal strength members at limited extents of the
bottom and deck areas within the cargo tank region (e.g., hull, cargo tanks, slop
tanks, and ballast tanks). HTS may also be allowed in case of plate thickness and
scantlings of mild steel exceeding 30mm to avoid heavy welding and for ease of
construction.
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Figure 2.2. A sample progress curve for an FPSO project — post-bid, following Parker (1999).

The use of only HTS not exceeding the minimum yield strength of 315 N/mm? is
recommended and allowed by some companies when mild steel cannot be used. The
reason for this requirement is mainly due to the long-life requirement on site with-
out dry-docking and the relatively greater strength impact of corrosion on thinner
HTS plates. It is of interest that there has been limited research so far to establish
corrosion rates and minimum thickness requirements considering FPSOs that need
to be on site for many years and potentially subject to specific site characteristics
with potential year-round high temperatures and humidity (Paik et al. 2003). For a
detailed description of corrosion assessment and management, see Chapter 10 of this
book.

2.13 Building Material Issues: Fracture Toughness

Structural fractures associated with cracks are often classified into three modes: brit-
tle fracture, ductile fracture, and rupture (Paik and Thayamballi 2003). When the
strain at fracture of material is very small, it is called brittle fracture. In steel struc-
tures made of ductile material with adequately high fracture toughness, however, the
fracture strain can be comparatively large. When the material is broken by necking
associated with large plastic flow, it is called rupture. As a failure mode, ductile frac-
ture is an intermediate phenomenon between brittle fracture and rupture. Ductile
behavior is a very desirable phenomenon in structural design.

Although fatigue cracking is still relatively common in trading ships, brittle fracture
is generally not (Sumpter and Kent 2003). However, it is also worth noting that
brittle fractures still occasionally occur, for example, in the bulk carrier Lake Carling
as described by Drouin (2006). The risk associated with brittle fracture, although
highly dependent on temperature and strain rate, can be significant.

Many common ship-grade steels do not require specific toughness control by test-
ing, even though subject to a material qualification test such as the Charpy V notch
impact test. The presumption in those cases is that for certain applications and ranges
of thickness, the chemistry and steel-making methods by themselves are adequate,
and no toughness testing is required. Owners, designers, and operators need to be
aware that this presumption is not necessarily fail-proof.
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Because mild steel is desired in FPSOs, a high proportion of steel therein can
potentially be grade A, for which there are no classification society requirements
for fracture toughness testing. Grade A steel could, under certain circumstances,
pose a concern to structural safety, albeit in relatively few cases historically. A sim-
ilar situation exists for grade B steels under a certain thickness limit. The initiation
toughness of such steels is generally adequate, but it is also variable; hence the risk of
brittle fracture (Drouin 2006). It is therefore recommended that the steel and weld-
ing used for the FPSO structure be demonstrated to meet adequate Charpy V notch
impact-energy requirements applicable for the intended service. Related Charpy test
absorbed-energy requirements are recommended to be included in the specifications
for all hull steel.

2.14 Hull Structural Scantling Issues

Trading tanker design rules have been developed over many years based on a semi-
empirical approach, and itis only in more recent years that first-principles approaches,
with considerations of dynamic load components, have come into being, and are
indeed now being unified for tankers (IACS 2005). However, there is not a generally
universally accepted set of rules for FPSO designs yet, although various recognized
classification societies have developed their own rules and guidelines (ABS 2004;
BV 2004; DNV 2000, 2002; LR 1999).

FPSO hull structures for locations such as the North Sea, which are subject to
an environment more severe or harsher than that of trading tankers in worldwide
service, are ideally new builds. In practice, some FPSO hull structures are sited in
environments more benign than that of trading takers in unrestricted service, but are
usually designed to be at least as strong as trading tankers. Their design then is at
least suitable in terms of strength for the so-called unrestricted oceangoing service
based on the classification society rules.

Due to the vast and good experience of trading tanker structures designed by
classification society rules, such an approach is usually recommended wherever
possible. The classification society approach also provides some flexibility in case
the vessel is relocated to another site or needs to be taken to a shipyard for
major modifications or repairs. In the case of benign environments, classification
societies may allow a limited amount of reduction in hull girder section modu-
lus for site-specific operation. Considering the related lack of service experience
behind such recommendations, it may not be prudent to accept such reduced
scantlings.

In principle, assuming that service-proven first-principles approaches to structural
design are available, an FPSO structure for a benign environment can be designed
solely for the site-specific service demands and the transit route environmental con-
ditions, with motions and acceleration forces associated with the extreme condi-
tion based on a 100-year return period for site-specific conditions, 10 years for the
tow, and perhaps 1 year for onsite inspection and maintenance conditions. Although
many components of such direct analysis procedures now exist and are indeed used
for checking designs, the related risk is still difficult to evaluate correctly because
relevant service experience is generally lacking.
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The fatigue performance of an FPSO can be designed to be equivalent to that
of trading tankers, but there is an important difference to bear in mind: the fatigue
design procedures and targets used in trading tanker designs are more appropriate for
a structure that can be dry-docked every 5 years for thorough inspection and repairs
than for an FPSO that may be meant to stay on station, ideally without repairs, for
the life of a field.

In addition, the side shell structure in the fender areas should be designed for
absorbing the energy impact of supply boats and of export vessels in case of side-
by-side offloading operations. Slamming, sloshing, and green-water loads, as well as
accidental actions, are to be considered. Lay-down areas may need additional margins
of thickness to allow for coating damage and possible abrasion in these areas.

2.15 Action-Effect Analysis Issues

For the requisite structural reliability and integrity, and also to appropriately consider
circumstances unique to an FPSO, rigorous structural analysis or action-effect anal-
ysis must usually be performed using direct load analysis and refined finite-element
models of the whole FPSO structure including topsides for unrestricted, towing, and
onsite conditions.

However, the classification society rules for minimum requirements of trading
tankers may not be allowed to be reduced as a result of these analyses, at least to
any significant extent even in conversions. This is important to ensure the required
reliability with reduced probability of repairs and associated economic consequences.
Comprehensive stress-range analysis is required for the fatigue limit-state assessment
of a whole FPSO hull, topsides, topsides supporting structures, and other structural
details. The results are also used to identify critical locations prone to fatigue cracking
that require special attention during construction (i.e., enhanced quality assurance
and quality control) and also for inspections during operations.

Advanced structural analyses include dynamic load analysis (Liu et al. 1992; ABS
2004), spectral fatigue analysis, vibration analysis, and sloshing analysis. In some
cases, the effect of expected fabrication deviation may need to be included explicitly
in the strength evaluation for fatigue limit states as well as ultimate limit states.
Analysis for loading and off-take low-cycle fatigue effects may also be necessary.

Use of thick sections and associated design assessment with tertiary stresses is
not common in ordinary ship designs, and finite-element analysis is usually based on
primary and secondary membrane behavior, with classification society rules-based
allowable stress reaching as high as 90 percent of yield stress in some cases (or
even yield, with a so-called net structure approach). Although such a high allowable
stress-based approach may be justifiable for unrestricted service of trading tanker
hulls through experience alone, their unquestioned use in the case of FPSOs is more
problematic. If the FPSO has thick sections, however, the effect of tertiary bending
stresses should be taken into account in the analysis and design where necessary
(Paik and Thayamballi 2003).

The towing condition should be considered carefully because towing, and asso-
ciated actions such as slamming, should be a primary strength issue in structural
analysis and design. Short-term conditions with tow-line failure and a resulting direct
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beam sea case should be considered in structural analysis. Also, hindcast data, includ-
ing storms and cyclones if relevant, could be more widely used for structural analysis
instead of using global weather statistics type of visual data gathered mainly from
trading merchant ships for tow load determination, because the latter type of data
can often have a significant degree of rough weather avoidance implicit in them
(Olsen et al. 2006); whereas a towed FPSO may have relatively smaller opportunity
to avoid rough weather depending on the circumstances, such as speed of tow, storm
development, and distance to safe harbor.

2.16 Fatigue Design Issues

The fatigue safety factors should be based not only on the required high degree of
structural reliability but also on abilities to easily and safely inspect, maintain, and
repair the structure. Fatigue safety factors to be applied may be used to appropriately
take into account the degree of consequence of failure of structural details.

Generally, the classification society guidelines for FPSOs do specify safety factors,
which are based on the ability to inspect and on the criticality of the structural com-
ponents with respect to consequence of failure. However, the classification societies
often associate consequence of failure primarily with structural strength, safety, and
pollution, whereas in addition to these, the owners and/or operators need to consider
consequences related to operability and economic aspects such as the impact on pro-
duction (financial impact from loss of production or downtime) and the difficulties
in making repairs on site.

For trading tankers, classification societies typically require a fatigue safety factor
of 1 in unrestricted service, presuming regular inspections and dry-docking, imply-
ing that all structural components are accessible for inspection. For FPSO hulls,
some classification societies only note that safety factors greater than 1 need to be
considered for critical or noninspectable locations, without specifying a required
increase. For example, DNV (2006) requires a safety factor of 2 for submerged parts
of the outer shell and internal structure directly welded to it, and a safety factor
of 1 for most of the ordinary, inspectable locations (i.e., the majority of the hull).
For fatigue limit-state design involving fatigue safety factors, see Chapter 7 of this
book.

Implicit structural reliability levels in the classification society rules for trading
tankers are lower than those for permanently moored offshore structures. This may
be due to the fact that ship rules were developed originally from a semi-empirical
approach as opposed to a rational-based approach, higher structural redundancy
is inherent in ship hull structures, and ship hulls are relatively easy to inspect in a
dry-dock as compared to other offshore structures on site.

For new-build FPSOs, therefore, more stringent requirements on fatigue safety fac-
tors than those inherent in ship rules must be specified because FPSOs are intended
to operate for prolonged periods with a high degree of reliability. In practice, for the
transit and site conditions, fatigue safety factors varying from 2 to 4 for the hull are
recommended depending on location characteristics (i.e., inspectability, repairability,
maintainability, redundancy, and consequences of failure of structural components).
For topsides structures, the offshore standards with the fatigue safety factor of 2 are
often used (API 2001). For the unrestricted oceangoing condition checks, a fatigue
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safety factor of 1 or 2 may be used for the hull, depending on the location and weather
conditions.

2.17 Hydrodynamic Impact-Pressure Action Issues: Sloshing, Slamming,
and Green Water

For FPSO designs, structural damage due to impact-pressure actions arising from
sloshing, slamming, and green water can be a significant issue. The profile of impact-
pressure actions in terms of pressure versus time history must be identified and the
consequences of the actions need to be analyzed. Risk assessment may also be needed
to develop appropriate measures for risk mitigation.

A detailed description of this issue is given in Sections 4.10-4.12 of Chapter 4.
For recent studies on green-water and wave-impact phenomena on ships and similar
offshore units, see Barltrop and Xu (2004), Fyfe and Ballard (2003, 2004), Guedes
Soares (2004), Hodgson and Barltrop (2004), Kleefsman and Veldman (2004), Voogt
and Buchner (2004), and HSE (2005).

2.18 Vessel Motion and Station-Keeping Issues

FPSOs may be subjected to large motions due to several reasons, including the occur-
rence of beam sea conditions, which can occur not only in particular cases for an FPSO
moored with a spread-mooring system but also in case of line failure or unusual
weather conditions. Conceivably, it can occur even for a weathervaning system when
heavy currents are moving in different directions than the wind and the waves.

In addition, a high center of gravity due to topsides equipment can potentially
lead to larger vessel motions of an FPSO than a trading tanker. Large motions
can result in oil-water and gas-liquid separation process problems, slamming, and
green-water occurrence. Motion and hydrodynamic analysis using advanced analysis
methods may be considered to predict and keep such phenomena within limits. The
roll motion is strongly governed by nonlinear viscous damping. Accurate estima-
tion of roll damping and related validation with experimental results is important to
ensure that structural and functional or operational requirements of the FPSO are
adequately met.

For operational safety and efficiency, a vessel’s motion must be minimized or
optimized by considering overall behavior and interaction of the complete vessel,
including its moorings, risers, and offloading systems at the design stage. To avoid
any special issues related to the process facilities, motions are commonly limited to
pitch within 10 degrees double amplitude (+5 degrees) or similar and roll within
20 degrees double amplitude (+10 degrees) or similar.

Station-keeping or heading-control systems may be required to minimize a ves-
sel’s motion. The required degree of a heading-control system should account for the
weathervaning capacity of the vessel considering wind, waves, and current actions
together with the turret location. The following are some of the parameters that
must be considered for the design of heading-control systems: (a) offloading system
uptime; (b) heading control for survival; (¢) reduction in peak line loading; (d) head-
ing control for human, process, and riser comfort; (e) line failure conditions; and (f)
vessel and helicopter transfer operations.
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The cost-effective method to increase the roll damping and reduce the roll motions
is to increase the length and size of the bilge keels. Strength and fatigue performance
of bilge keel structural details should be checked in this case.

2.19 Topsides Design Issues

The topsides facilities and specific equipment will need to be commensurate with
what the production needs, as we describe in Chapter 9. Considerations need to be
given for marinization, motions, specifications, layout, and integration with the hull.
Some of the standard topsides equipment used for processing on an FPSO may have
been developed for fixed-type offshore platforms or onshore applications.

Both for hull and topsides, the equipment vendor must be selected carefully. Stan-
dardization, spare parts availability, maintenance, and equipment alliances available
to the owner should be considered when selecting the equipment vendors. These
requirements should be considered against any standard equipment vendor pref-
erences and alliances that the FPSO contractor or shipyard may have. Relying on
the FPSO contractor’s approved or preferred equipment vendor list may in some
cases result in initial cost and schedule savings, but this should be balanced against
potential future operating and maintenance concerns (Adhia et al. 2004a, 2004b).

Special considerations need to be given for placing equipment on a vessel in
motion. This may include using special baffling or packing in a vessel to absorb
the motion; structures and foundations designed for vessel accelerations; providing
access to the equipment; handling of the equipment; and taking drainage issues into
account.

In addition, gas accumulation, especially between the hull main deck and topsides,
and venting of hull systems need to be considered specifically. The vessel’s predicted
motions need to be considered in the facility equipment design and layout in order to
design for or around the various operational constraints from sea conditions. Equip-
ment sensitive to motions of the vessel may be located near or at the midship and
center line where the motions and accelerations are the least. Horizontal instruments
containing liquids should be orientated longitudinally to minimize the sloshing effect.

Typically, topsides facilities design will follow offshore standards and practices, and
the marine facilities design will follow the shipyard or marine standards and prac-
tices, as described in Chapter 3. It is important to consider maximizing commonality
and standardization in equipment and components for ease of future operations and
maintenance. For example, instrumentation units for equipment may be different
between marine and topsides equipment; but, if appropriate, a common instrumen-
tation unit methodology may be developed and used.

The interaction of the topsides to the hull is an important issue, as discussed in
Chapter 9. In addition to the deformation of hull and topsides, transferring the top-
sides facility loads to the hull structure efficiently must be taken into account. Because
the vessel is subject to continuous motions and loading changes, the effects of fatigue
on the topsides facilities are an important consideration.

The overall aim in design should be to obtain an efficient, cost-effective, and
complete FPSO system, incorporating topsides and marine components to optimal
extents. Chapter 9 further discusses topsides design and building technology with an
the emphasis on structures.
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2.20 Mooring System Design Issues

It is important to appropriately select the relevant mooring system. Typical mooring
arrangements used by many FPSOs in recent years are as follows:

» Spread mooring

» External turret mooring

* Internal turret mooring

* Disconnectable turret mooring

Some illustrations of various types of mooring systems noted here are presented
in Chapter 9. The chosen mooring system will vary from one project to another,
and many factors go into selecting the appropriate mooring arrangement. Regarding
design, one consideration is the risk of collision, which includes factors such as offtake
frequency, environmental conditions, and export tanker size.

A spread-mooring system is usually suitable for reasonably deep — say, deeper
than about 150m - to ultradeep waters. These can be used only in moderately benign
environments. There is little practical limit on the number of risers. With a spread-
mooring system, it is usual practice to provide a catenary anchor leg mooring (CALM)
buoy for export operations. Inrecent years, FPSOs in benign areas such as West Africa
and Indonesia have quite often used a spread-mooring system.

External turret-mooring systems are suitable for reasonably shallow — say, about
30m deep—to deep waters. These can be used in moderate to severe environments. For
a severe environment, protection of risers from wave damage has to be considered,
and this could be a limiting factor. The typical limit on the number of risers is about
twenty. With an external turret, it may be possible to use tandem as well as side-by-
side offloading.

Internal turret-mooring systems are suitable for reasonably deep — say, deeper
than 150m - to ultradeep waters. These can also be used in moderate to severe
environments. A typical limit on the number of risers is about 100. With an internal
turret, it may also be possible to use tandem as well as side-by-side offloading. The
integration of turret into hull has to be carefully designed to ensure strength of hull
structure. Also, an internal turret could result in some reduction in available deck
area for the topside footprint; this is a consideration that is relatively more important
to conversions than new builds.

2.21 Export System Design Issues

Offloading system design has some challenging issues that include system layout
and capacity. Typical layout arrangements used for oil-export operations are tandem
offloading, side-by-side offloading, and a CALM buoy located at a distance from the
FPSO, as described in Chapter 9. Various factors need to be considered in selecting
the export arrangement; and all three types have been used successfully in past
projects. A backup arrangement is also highly desirable in case of failure of the
primary export means.

An offloading system should be able to safely unload the oil, liquefied petroleum
gas (LPG), or liquefied natural gas (LNG) from the FPSO concerned to the export
tanker, and it should also be able to accurately measure the quantity and quality of
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the export product. The product also has to be exported at sufficient rates to avoid
incurring demurrage on the export vessels.

For instance, it may be considered that a million-barrel oil parcel needs to be
offloaded in less than 36 hours from the arrival of the export tanker at the FPSO to
its departure. The loading rate selected for a design should also allow for connection
time, slow-down during start and finish (topping-up) operations, paperwork, and
disconnection times. This means that offloading capacity should allow for full parcel
offloading within 24-26 hours with remaining times for all other activities such as
connection, start, topping-up, and paperwork. For a larger parcel size, the industry
may use longer periods, for example, 72 hours for a 2-million-barrel parcel size.

2.22 Corrosion Issues

As an FPSO structure ages, it deteriorates by corrosion and by fatigue. Corrosion
management by adequate measures such as corrosion margin addition and coatings,
especially for the inaccessible areas of the hull and tanks, is important to ensure
integrity and survival of the FPSO without the need to dry-dock during the long
design life in the field, as we describe in Chapter 10. In selecting and using corrosion-
protection measures, relevant environmental regulations must also be considered;
for example, the use of tributyl-tin-based antifouling paints is not permitted.

Most marine and topsides systems of an FPSO hull may be outfitted after the hull
leaves dry-dock. This outfitting work is typically carried out at a wharf where the hull
is berthed. It is not unusual for the outfitting work to take 1-2 years.

In such cases, one concern is that some corrosion might occur; another is that
antifouling paint will start to leach out as soon as the paint comes in contact with
water. This antifouling paint will have a finite life in water and, therefore, any reduc-
tion at the outfitting stage will reduce its life in the field accordingly. In such cases,
a dry-docking for restoration of hull coatings will need to be considered. For addi-
tional discussion on this subject, see Ximenes et al. (1997) and Adhia et al. (2004a,
2004b). A detailed description of corrosion management and control is given in
Chapter 10.

2.23 Accommodation Design Issues

The foremost consideration that needs to be given for an accommodation facility
design is its size. The size and number of beds in the accommodation facility is
dependent on the number of people necessary to operate and maintain the vessel,
along with the necessary support crew for food services and so on. Additionally, spare
beds may need to be allocated for installation and commissioning as well as future
maintenance or construction periods. Adequate life-saving and emergency-escape
equipment will need to be available for the full complement.

FPSO accommodation design should use flat-plate-type construction with stiffen-
ers instead of corrugated-plate-type construction; this makes for easier coating of the
flat-plate surface during a long life in the field. This can also more efficiently provide
the necessary strength to withstand blast pressure, where required.

Consideration should be given to the prevailing wind and its direction(s) when
locating the accommodations, which should be upwind of the processing facilities,
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from the helipad location, and helicopter approach route. Additionally, the relative
location of the accommodation facilities to the process facilities should be considered
for fire, gas explosion, and blast protection requirements.

2.24 Construction Issues

To ensure high integrity and uninterrupted long life without dry-docking, the selected
areas of the hull and interface structure must be fabricated with higher standards
than those used for trading tankers (Ximenes et al. 1997; Adhia et al. 2004a, 2004b).
Selective applications can be considerably more cost effective than across the board
enhancements in standards. Therefore, for important parts of structure construction,
the following types of enhancements to typical shipbuilding standards are recom-
mended:

¢ Reduced limits for acceptable misalignment of cruciform joints and verification
by measurements and statistical analysis of actual fabrication deviation

¢ Enhanced quality assurance and quality control of selected critical joints, includ-
ing additional nondestructive testing (NDT), and fit-up inspections to achieve
good fit-up and sound welding

* Enhanced statistical control of fabrication deviations and more stringent fabri-
cation tolerances for selected higher-strength steel structural components, and
also for LNG or LPG tank areas, when applicable

Critical areas for application of enhanced standards may be selected based on the
closeness of the predicted stresses and fatigue lives to the corresponding allowable
measures, and on generic experience with the type of structural details involved. It is
also recommended that all critical areas be identified in the design drawings and the
production drawings; such information can be used for inspection purposes during
service to ensure structural integrity.

2.25 Equipment Testing Issues

Before the FPSO leaves the fabrication site for commissioning, it is necessary to
test systems and equipment as much as possible. Adequate and complete testing
minimizes risks that require potentially higher costs associated with correcting defi-
ciencies offshore. In general, every effort must be made to make sure that the FPSO
is precommissioned and tested as far as practicable prior to its departure from the
fabrication yard.

Consideration should then be given to what extent testing and commissioning
must be completed prior to the vessel leaving the construction site. This should be
clearly understood and communicated to all parties and should be spelled out in
the contract and allowed for in the project schedule because there may be towing
and offshore installation commitments that force departure from the yard prior to
complete testing.

The offshore industry has adopted a very structured checklist approach to testing
and commissioning that normally applies to topsides facilities. The process usually
includes phased testing, which consists of three phases: (a) prior to energizing a
system; (b) tests performed as the systems are energized; and (c) run testing. Test



50 Front-End Engineering

results in each phase should be well documented and signoffs are required at the
various phases.

Itis interesting to note that testing in the shipbuilding practice is slightly different.
Although all of the same tests are usually performed for trading ships by shipyards,
signoffs are normally not done until the run tests are complete. Although both meth-
ods can work, it is necessary, by contract and specifications, to ensure that a consis-
tent methodology for the testing, commissioning, and acceptance is established and
used.

2.26 Towing Issues

Ship-shaped offshore installation projects require transoceanic tows because the
structures are often built thousands of kilometers from the sites of operation. A
typical tow method is to use several oceangoing tugs to move the ship-shaped offshore
unit or a barge-mounted structure at relatively slow speed. Towing to the site may
take several months in some cases; for example, a tow of a barge-mounted structure
from the Far East to the Gulf of Mexico typically takes 3 months.

The issues for towing arise because the structure to be towed can be subjected to
extreme waves, wind, and currents during tow. Appropriate tow design procedures
and criteria involving metocean route statistics in terms of wave heights, wind speeds
and current velocities must then be developed and used. It is important to use high-
quality metocean data from reliable sources to make tow response predictions and
for strength and fatigue assessments related to tow. Hindcasting technology has been
used successfully for the purpose, but a good tow contractor typically uses multiple
sources of data and methods. Useful technology for tow simulation of ship-shaped
offshore structures together with their tow criteria can be found in Lacey et al. (2003).

Towing the FPSO to site is an expensive operation in terms of towing costs and
insurance. A successful tow is critical to the overall success of the FPSO because
there is a significant probability of matters going wrong during a tow.

Past experience indicates that single or multitug tows have been used successfully
depending on the circumstances. The size and number of tugs is a function of the
FPSO size and shape, the tow environment, and the distances involved. Itis important
to ensure that adequate redundancy exists in the number of tugs to be used. In
particular, the number of tugs used in the high-risk areas of the tow route may
need to be considered specifically. As the number of tugs increases, so do the costs.
However, with greater tug redundancy, contingency plans are more easily developed
and implemented in the event that there is a problem with any of the essential tugs.

Unmanned tows have, of course, been accomplished successfully. The advantages
and disadvantages of manned tows or unmanned tows need to be evaluated. Manned
tows are more expensive than unmanned tows. This aspect needs to be balanced by
the benefit of potentially performing some commissioning and start-up activities
prior to reaching the field. It has also been argued that a manned tow inherently
makes for “better” preservation and maintenance than an unmanned tow.

2.27 Field Installation and Commissioning Issues

Field installation, commissioning, and start-up require good coordination with the
shore base. It is important to arrange for relevant importation and customs clearance



2.28 Inspection and Maintenance Issues 51

issues, logistics for men and supplies, scope of commissioning, and handover of oper-
ations. An undefined or poorly understood customs clearance procedure can delay
the arrival and have a domino effect on associated activities. Therefore, it is neces-
sary to use well-established clearing agents who have developed relationships with
customs and government authorities to assist with the import, arrival, and clearance
issues.

Logistics are important upon arrival of the FPSO to the site. There are logisti-
cal requirements for manning the vessel for the commissioning crew, catering, and
bunkering. The sequence and the extent of these logistical operations must be devel-
oped in an adequate way. The manning-up plan must take a practical approach for
consideration of available accommodations at site on arrival and the length of time
necessary to commission and make ready the available accommodations. Transporta-
tion constraints and availability must be considered for the manning-up plan.

Installation activities and operations need to be carefully planned to ensure the
integrity of the FPSO because the activities and operations are usually sensitive to
the weather. Close monitoring of weather forecasts is necessary, and proper contin-
gencies should be planned in case of bad weather.

Supplies necessary for commissioning and start-up and the local availability need
to be planned for, including but not limited to fuel, potable water, hydro- and leak-
testing mediums, and inerting medium. The full commissioning scope required after
the FPSO arrives at the site needs to be understood and planned in detail well in
advance. The scope of commissioning will have an impact on how fast the start-up
can occur.

2.28 Inspection and Maintenance Issues

Application of a good inspection and maintenance scheme is important to maintain
the safety and integrity of an FPSO installation over its long life without dry-docking.
Keeping the FPSO onssite for long periods without dry-docking requires in-water sur-
veys in lieu of dry-docking and other inspections and maintenance. In-water surveys
require proper marking by weld bead and long-lasting nonleaching paint of the hull
and tank boundaries to allow diver inspection of the hull condition. Also, adequate
means of access for general inspection of tanks need to be built in.

The following design features and considerations are also pertinent to ease the
inspection, maintenance, and relatively uninterrupted operation offshore:

* Sea chests and sea valves capable of inspection without dry-docking

¢ Adequate means for plugging and redundancy

¢ Adequate and safe isolation to allow simultaneous operations with inspection
and maintenance

¢ Long-life equipment to minimize maintenance

¢ Adequate access and means of handling equipment

e Appropriate material selection for valves, pipes, and equipment to ensure long
life and trouble-free service

In addition, many philosophical issues, such as pump room versus in-tank pumps,
equipment in hull versus topsides, and gas turbine power plant versus steam tur-
bine or diesel-engine power plant, need to be considered and resolved. In general,
because many possibilities exist in association with repair and maintenance, all such
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issues should be evaluated carefully to make the appropriate selection particular to
the circumstances. Chapter 11 presents advanced methodologies for inspection and
maintenance.

2.29 Regulations and Classing Issues

In contrast to trading ships, the regulatory framework and standards for FPSOs are
more varied. All FPSOs are required to meet some regulatory regime. The details
differ depending on local regulations and also the owner’s philosophy; that is, the
owner may opt to comply with additional nonmandatory codes and regulations as a
matter of good practice. In the larger context, important basic decisions related to
regulations and classing of the FPSO tend to involve the following aspects (Adhia et
al. 2004a, 2004b):

¢ What regulatory rules to apply?

* To class the FPSO or not?

* To certify the FPSO or not?

* To have an independent verification by a third party or not?
* To flag the FPSO or not?

Decision as to classing of the FPSO is dependent on local regulatory requirements
and the owner’s philosophy. If classification is required, then the extent and the
details of classification need to be decided, and there are many choices. For example,
some owners may opt not to class topsides equipment, and some may class topsides
facilities using a risk-based approach rather than opting for traditional, prescriptive
classification.

Similarly, the decision to verify and certify parts of the FPSO design and related
activities is again dependent on local regulatory requirements and the owner’s philos-
ophy. Some owners, and also some jurisdictions, may also require risk-based “safety
cases” to be made by the owner or operator.

Flagging an FPSO is usually not mandatory. However, there are many commercial
and legal reasons why an FPSO may need to be registered with a flag nation. The
decision to flag the FPSO is dependent on the owner’s philosophy and other com-
mercial and legal requirements. Historically, most FPSOs are flagged; however, not
all are.

Similarly, diverse options exist regarding standards for structural design. Most
owners usually apply offshore industry standards to the topsides equipment and
marine industry standards to the hull. However, this is easier said than done because
many interface areas need to be defined as to which standards they fall under.
There are also many details to be developed further and appropriately specified and
considered.

Even for part of topsides, it is not straightforward to apply offshore industry stan-
dards because some impact of FPSO motions must be considered. Similarly, for the
hull part, because the FPSO cannot be dry-docked regularly, marine standards have
to be upgraded selectively to ensure long life without the need for dry-docking. There
is an excellent discussion on this issue in more detail in Costa et al. (2003).
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CHAPTER 3

Design Principles, Criteria, and Regulations

3.1 Introduction

Although substantial efforts are now being directed by the maritime industry toward
the application of limit-state design approaches, the shipbuilding industry has tradi-
tionally used classification society rules for design of trading ships. On the other hand,
the offshore industry has more extensively applied first-principles methods based on
limit states. It may be said that the design approach for moored ship-shaped offshore
structures, such as FPSOs, often takes a form that is a fusion of the two industry
approaches.

In a ship-shaped offshore installation, the structures of the vessel are of primary
importance because they serve to house and support the systems and equipment
needed for the overall success of the enterprise. The ability to correctly and consis-
tently provide the necessary safety margins while meeting the twin requirements of
structural safety and economy is key to the design of successful structures. This is
where design principles, procedures, and criteria play an important part. Needless
to say, successful structures during their life cycle also need to adequately meet the
various requirements and regulations on health, safety, and the environment.

This chapter presents principles and criteria for design and strength assessment of
ship-shaped offshore structures with a focus on the limit-state approach. The impor-
tance of safety, health, and the environment is emphasized. The regulatory frame-
work and international standards pertinent to design and operation are addressed.
For additional information, see Barltrop (1998).

This book is largely about structural design, and the related principles and their
details of implementation are discussed in this chapter and throughout the book. At
this stage, two very important principles that we would like to state upfront are as
follows: first, that structural safety depends on various factors of design, construc-
tion, operation, inspection, and maintenance, and not design alone; and second, in
today’s world, social accountability considerations, including but not limited to var-
ious aspects of health, safety, and the environment, are also an ever-present aspect
to be aware of and to address. Engineering projects do not occur in a vacuum.

3.2 Structural Design Principles

While in service, ship-shaped offshore structures, like other structures such as ships
and other types of offshore platforms, are subjected to various types of actions and

55
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Table 3.1. Definition of the high-tensile-  action effects arising from service require-
strength steel factor (IACS 2005) ments that may range from the routine to
the extreme or accidental.

In design, a structure must withstand such
demands or applied actions throughout its
expected lifetime. Three types of structural
design approaches are considered: work-
ing stress design (WSD), critical buckling
strength design (CBSD), and limit-state design (LSD). LSD is also often termed
LRFD (load and resistance factor design).

oy 235 265 315 340 355 390
K 1.0 093 078 074 0.72 0.70

Note: oy =Minimum yield strength of mat-
erial in N/mm?; K =high-tensile-strength
steel factor.

3.2.1 Working Stress Design

In WSD, the design is undertaken so that the working stresses resulting from the
design actions would not exceed a given level that may be called the allowable stress.
Successful similar past experience is usually employed to determine the allowable
stress. In the marine context, the value of the allowable stress is typically specified
as some fraction of the mechanical properties of materials; for example, yield stress
or ultimate tensile stress.

For example, the allowable stress o, of trading ship hulls under the vertical bending
moment, as specified by recognized classification societies, is given by

175

2 = ?(N/mmz), (3.1)

(o}

where K = high-tensile-strength steel factor, as defined in Table 3.1.

3.2.2 Limit-State Design

In contrast to WSD, LSD is based on the explicit consideration of limit states that
aim to define the various conditions under which the structure may cease to fulfill
its intended function. For these conditions, the applicable load-carrying capacity
is calculated and used in design or strength assessment as a limit for the related
structural behavior.

Itis now well recognized that the limit-state approach is a more rational procedure
than the traditional working stress approach for design and strength assessment of
various types of structures including ships, offshore structures, aerospace structures,
bridges, and other land-based structures.

Limit states are classified into four categories: serviceability limit states (SLS),
ultimate limit states (ULS), fatigue limit states (FLS), and accidental limit states
(ALS) (Paik and Thayamballi 2003). SLS represents the exceedance of criteria
governing normal functional or operational use. ULS represents the failure of the
structure and/or its components usually when subjected to the maximum or near
maximum values of actions or action effects. FLS represents damage accumulation
(usually fatigue cracking damage) under repetitive actions, often considered on a
component-by-component basis. ALS represents situations of accidental or abnor-
mal events.
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Figure 3.1 illustrates some considerations of the progressive nonlinear behavior
for a global system structure under extreme actions. Even after the structural compo-
nents buckle at point A, the system structure may be able to sustain further loading
until the ultimate strength represented by point B is reached. However, as long as
the strength level associated with point B remains unknown, as it is with the tra-
ditional WSD, it is not possible to determine the true safety margin or otherwise
quantitatively use such information for design purposes.

As depicted in Figure 3.1, the true safety margin of a particular structure can be
evaluated by a comparison of its ultimate strength with the extreme applied actions
or action effects. This means that it is essential to determine accurately the limit-
state load-carrying capacity, as well as the applied actions or action effects; this is
necessary to determine the true safety margin of the structure and, therefore, to
enable the most efficient design. Also, to the extent the progression of local failures
and their interacting effects can be predicted in a unified manner during an ultimate
limit-state calculation, a good understanding of the robustness of the structure can
be obtained.

3.2.3 Critical Buckling Strength Design

A limit-state-like approach termed critical buckling strength-based design (CBSD)
has typically been applied in the maritime industry for scantlings and structural design
related to buckling. In CBSD, the design criterion is based on the so-called “critical”
buckling strength that is usually obtained by a simple plasticity correction of the
elastic buckling strength. The most typical formula for the plasticity correction is the
so-called Johnson—-Ostenfeld equation, given by

OE for og < p;OF

Opr =
¢ OF (1—%) for o > proF,

(3.2)

where og =elastic buckling stress; o =critical (elastic/plastic) buckling stress;
op =reference yield stress; op = oy for compressive stress; of =ty = Gy/«/§
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Figure 3.2. (a) Critical buckling strength oy, versus elastic buckling strength oy ; for a rect-
angular plate under longitudinal axial compression. (b) Critical buckling strength oy, ver-
sus elastic buckling strength oxg; for a rectangular plate under transverse axial compres-
sion. (Note that FEM results are ultimate strength obtained by elastic/plastic large deflection
analysis.)

for shear stress; and oy = material yield stress. For the plate-stiffener combinations
when the yield stress of plating is different from that of stiffeners, oy may be taken
as the equivalent yield stress; that is, oy = oveq - Pr is a coefficient accounting for the
plasticity sensitivity, which is typically taken as p, = 0.5 ~ 0.6.
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Figure 3.2. (cont.) (c) Critical buckling strength ., versus elastic buckling strength ¢ ; for a
rectangular plate under edge shear. (Note that FEM results are ultimate strength obtained by
elastic/plastic large deflection analysis.)

In using Eq. (3.2), the sign of the compressive stress is taken as positive. Because
the critical buckling strength does not necessarily mean that the actual ultimate
limit state has been reached, the CBSD approach can be termed a pseudo-LSD
approach.

Figures 3.2(a)-(c) plot Eq. (3.2) for a rectangular plate with the plate length,
a, to breadth, b, ratio of 3 under longitudinal axial compression, transverse axial
compression or edge shear, respectively, under varying plate-edge conditions. The
ultimate strengths calculated by elastic/plastic large deflection finite-element method
(FEM) are also plotted in the figures for a comparison. It is evident from Figure 3.2
that Eq. (3.2) can be useful for predicting a limit-state-like critical strength, although
strictly speaking, the strength prediction considers perfect structural components,
that is, without cutouts, structural damage, or defects.

However, one should be cautioned that Eq. (3.2) can give optimistic evalua-
tions of ultimate strength for imperfect structural components, for example, with
cutouts or initial imperfections when axial compressive loads are predominant
(Paik and Thayamballi 2003). Figures 3.3.-3.5 show examples for rectangular plates
with a cutout and under axial compressive loads or edge shear, indicating that the
critical buckling strengths determined from Eq. (3.2) can be greater than the ulti-
mate strengths obtained by nonlinear finite-element methods, depending on the plate
thickness, aspect ratio, and opening (cutout) size, where an average level of initial
deflection w,, was considered for the plate ultimate strength analyses although the
plate critical buckling strength calculations were made without the effect of ini-
tial deflections. It turns out that for relatively thick plates with cutouts, the CBSD
approach may produce unsafe design results. For a further description with closed
form strength formulae of perforated plates, see Paik and Thayamballi (2003).
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3.2.4 Comparison among the Three Design Methods

To see the characteristics of LSD application, a simple design example for a steel
rectangular plate surrounded by support members (e.g., stiffeners or frames) under
uniaxial compressive loads in the plate length direction is now used to compare
the WSD, CBSD, and ULS design methods noted in the previous sections. The
plate length and breadth are taken as a x b = 3,200 x 800mm, and the plate thick-
ness t will now be determined for a required performance level. The yield stress
of the plate material oy is considered to be 352.8 N/mm? and Young modulus E is
205,800 N/mm?. The Poisson ratio, v, is 0.3.

The structural design criterion, described in Eq. (3.10), is defined so that
the design capacity or strength should not be smaller than the design demand
or actions (or action effects), together with some margin of safety considering
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the uncertainties associated with the capacity and the demand. Table 3.2 sum-
marizes the corresponding demand and capacity used for each design method.
For convenience of the present design-method comparisons, we assume that the
effects of the uncertainties associated with demand and capacity can be neglected.
In this case, the design demand for all three design methods corresponds to
2,205/t N/mm?.

With the design load taken to be Py = 1.764MN, the working stress oy of the plate
can be calculated as follows:

o — design load _ 1,764,000 . 2,205
* 7 platesectionalarea 800 xt ~  t

N/mm?. (3.3)

The design capacity for WSD is equivalent to the allowable stress o,, which is
normally defined based on past experience — say, by 50 percent of yield stress or
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0, = 0.50y. In this case, the minimum required plate thickness will be determined
from the WSD approach as follows:

2,205

<0.5x%x3528 or t>12.5mm. (3.4)

In addition, if 0, = 0.80y, the minimum required plate thickness is given by WSD
as follows:

t > 7.8mm. (3.5)

When the CBSD approach is applied, the elastic buckling stress o of the plate
under uniaxial compressive loads, assuming the plate to be simply supported at all
(four) edges, is obtained as follows:

7’E

k=
ETR 0 -0

2
(%) = 1.1625t2 N/mm?, (3.6)
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Table 3.2. Demand and capacity used for typical design methods

Design method WSD CBSD ULSD
Demand Design working stress Design working stress Design working stress
(action effect) (action effect) or (action effect) or
action (load) action (load)
Capacity Allowable stress Design critical buckling ~ Design ultimate
strength strength

Note: WSD = working stress design; CBSD = critical buckling strength-based design; ULSD = ultimate
limit-state design. “Design” implies that associated uncertainties are taken into account; see Sections 3.3
and 3.4.

where k = elastic buckling coefficient, which in this case is taken as k = 4.

A thick plate that has a high value of computed elastic buckling strength will not
buckle in the elastic regime, but will buckle with a certain degree of plasticity. To
account for this behavior, the maritime industry often uses the Johnson—Ostenfeld
formula, Eq. (3.2), for a plasticity correction.

For CBSD, therefore, the corresponding capacity is equivalent to o, and thus
the minimum required plate thickness is obtained from the criterion given by o >
2205/t. By solving the resulting second-order equation with regard to t, the minimum
plate thickness to be structurally safe is determined as follows:

t > 12.3mm. 3.7)

Therefore, it can be surmised that the allowable stress level in the WSD approach
must be 50.8 percent (= (2,205/12.3)/352.8) of the yield stress to get the same design
result as the CBSD approach.

In the ULS design, the capacity of the plate is the ultimate strength oy, which can
be calculated by closed-form expressions or by more refined analysis methods such
as the nonlinear finite-element method. For instance, the plate ultimate strength may
be predicted using the following formula based on the well-known effective width

concept (Paik and Thayamballi 2003):
b
oy = Gyf, (3.82)

where b, = plate effective width at the ULS, which may be given for a simply sup-
ported rectangular plate as follows:

b 1.0, forp <1
“ =12 1 (3.8b)
b — — —, forp >1,

BB’

with 3 = % /% = plate slenderness ratio.

For ULS design, the ultimate strength (stress) must be greater than the working
stress so that o, > 2,205/t should be satisfied. The minimum required plate thick-
ness is then determined as a solution of a third-order equation with regard to t as
follows:

t > 11.1mm, (3.9)

which turns out to be 89.5 percent of the CBSD result.
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Figure 3.6. The minimum required plate thickness versus design load as obtained by the three
design methods.

Figure 3.6 shows the minimum plate thickness against the design load, as obtained
by the three design methods: WSD, CBSD, and ULSD. For the cases considered,
it may be observed from Figure 3.6 that in the WSD method with a higher level of
allowable stress, the designed minimum plate thickness becomes smaller.

For the allowable stress of 0.50y, the WSD method may produce unsafe plates
under small loads, and it may give plates that are too thick under large loads. For
the plate-design problem presented, to be more accurate, a lower level of the allow-
able stress should be used for small design loads, but a higher level of the allow-
able stress may be adopted for the larger design loads. In reality, however, it is not
always an easy task to define the relevant level of the allowable stress with such
logic because design procedures need to cover a wide range of the design loads in
general.

Similarly, the comparisons of this example indicate that the minimum required
plate thickness as obtained by the CBSD approach is generally larger than that by
the ULS design approach; and that the safety margin by the CBSD approach may
be larger for smaller design loads, and the safety margin becomes smaller for larger
design loads. Because we assume that the loads and strength are deterministic, we
can presumably do better than that if we are striving to achieve an efficient design.

From this example, it is apparent that the safety measure calculations by the tradi-
tional allowable WSD method may not correlate well with those by the ULS-based
method. The WSD method appears to evaluate optimistically the structural capacity
in some cases but pessimistically in the other cases, potentially leading to inconsis-
tent levels of safety in a design sense. This shows the primary disadvantage of the
traditional allowable WSD procedures. The ULS design procedure can avoid such
a problem because it can better determine the true safety margin, and therefore
potentially lead to a more economically designed structure.
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3.3 Limit-State Criteria for Structural Design and Strength Assessment

In structural design, designers are required to assure that the structure has an ade-
quate margin of safety against applied actions or demands. The safety margin is nec-
essary to account for the effects of various uncertainties due to natural variability;
inaccuracy in procedures used for the evaluation; control of actions or action effects
(e.g., stress, deformation); similar uncertainties in structural resistance (capacity) and
its determination; and variations introduced by construction procedures.

The “demand” is analogous to action or load, and the “capacity” is analogous to
the strength necessary to resist that action, both consistently measured (e.g., as stress;
deformation; resistive or applied load; moment; energy, either lost or absorbed; and
so on). To be safe, therefore, the following criterion must be satisfied:

G=Cq—Dy >0, (3.10)

where G=a performance function; C4q, Dg="“design capacity” and “design
demand,” respectively, taking into account the effects of the associated uncertain-
ties. The term “design” in Eq. (3.10) does not necessarily apply only to structural
design itself, but it can also relate to any performance function where associated
uncertainties are involved and need to be addressed in a relevant manner.

3.4 Probabilistic Format versus Partial Safety Factor Format

It is noted that D4 and C4 in Eq. (3.10) are functions of the basic variables that
characterize actions or action effects, material properties, geometric parameters, and
structural failure modes and their consequences. For design assessment, two types
of formats may be used: a probabilistic assessment format and a partial safety factor
assessment format.

3.4.1 Probabilistic Format

Consider that the limit-state function G in Eq. (3.10) can be rewritten as a function
of the basic variables, X1, X2, ..., X;, ..., X, as follows:

G(X1,X2, .+, Xjy ..., Xp) = 0. (3.11)

When G > 0, the structure is in the desired state. When G < 0, the structure is in
the undesired state.

The basic variables are random in nature, and they always have uncertainties. As
a result, the obtained characteristic values of Dy and C4 have some errors as well.
Furthermore, the modeling functions of Dy and Cy are also uncertain due to lack of
knowledge or simplification in developing the models.

Based on the first-order approximation, Eq. (3.11) can be written by the Taylor
series expansion as follows:

N 1, (0G
G =G (Hy1s By oo Baio -+ Hyn) F Z (8_X> (Xi — Hyi), (3.12)
i=1 i1/ x
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where L,; = mean value of the variable x;; X = mean values of the basic variables =
(Hxts By -« s Hyis - - - » Hyn); (0G/0%i )¢ = partial differentiation of G with respect to
Xj at Xj = ;.

The mean value of the function G is then given by

uGZG(Hxla ux2’~-~auxia~--vuxn)7 (313)

where (g = mean value of the function G.
The standard deviation of the function G is calculated by

) ) 1/2
o[ () () ]

i=1 X i~

where og =standard deviation of G; oy, =standard deviation of the variable x;;
covar(xi, Xj) = E[(X; — 1,)(Xj — )] = covariation of x; and xj; E[ ] = mean value of

L]
When the basic variables xi, Xz, . .., Xi, . .., X, considered are independent of each
other, covar(x;, xj) = 0. In this case, Eq. (3.14) can be simplified to

n 2 2
oG = [Z (2—S> Gii:| : (3.15)

i=1 %

The reliability index for this case can be defined by using the first-order second-
moment method (FOSM) as follows (Benjamin and Cornell 1970; EDRH 2005):
HG
== 3.16
p="0 (3.16)

where (3 = reliability index.

For a function G of two parameters, x; and x,, which are considered to be statisti-
cally independent, with mean g, and standard deviation og, the reliability index f3
can be obtained in closed form as follows:

HG = Hx1 — Hxos (3.17a)

oG =/ (0x1)” + (o). (3.17b)

B = M1 — Hx2 _ My /My — 1
Ol + (00 (/i) a) + ()’

(3.17¢)

where 1, I, =mean values of X; or X;; 0x1, 0x2 =standard deviations of x;orxp;
TNy1, Ny2 = coefficient of variation (i.e., standard deviation/mean value) of x; or X;.
From Eq. (3.10), x; = C4 and x, = Dy can be applied to Eq. (3.17) for the cal-
culation of reliability index as long as Cy and Dy are considered statistically inde-
pendent. This safety index has certain undesirable properties, and can, of course, be
improved on by more refined methods such as the first-order reliability method
(FORM) and the second-order reliability method (SORM). Further, the safety
index can be related to the probability of limit-state exceedance, that is, “failure,”
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but these are subjects for books on structural reliability; see Madsen et al. (1986)
and Mansour (1989). The reliability engineering handbook (EDRH 2005), which
contains a number of more recent advances and developments, is also a good
resource.

3.4.2 Partial Safety Factor Format

The design capacity Cq4 in Eq. (3.10) can be expressed by considering the associated
uncertainties as follows:

Ca= % (3.18)

Yc
where Cy = characteristic value of load-carrying capacity; yc = v,Ym =2 partial
safety factor associated with capacity; v, = a partial safety factor taking into account
the uncertainties due to material properties; y,, = a partial safety factor taking into
account the uncertainties on the capacity of the structure, such as modeling method-
ology, construction quality, and structural degradation.

The design demand Dy, on the other hand, is expressible for multiple actions as

follows:

Da =7, Y_ D (Fii. V). (3.19)

i=1

where Dyi(Fyi, v5) = characteristic value of demand for action type i at its worst
situation, calculated from the characteristic value of action Fj; and magnified by
the corresponding partial safety factor g, to take into account the uncertainties
related to actions in the safety check; vy, = a partial safety factor that takes into
account the degree of seriousness of the particular limit state in regard to safety
and serviceability, accounting for economical and social consequences as well as any
special circumstances (e.g., the criticality of the mission of the system or interaction
of the limit state considered with the others).
For the application of a single type of action, Eq. (3.19) can be simplified to

D4 = vpDx, (3.20)

where Dy = characteristic value of demand; yp = v, Y; = a partial safety factor asso-
ciated with demand; v,,, y; = as defined in Eq. (3.19).

The measure of structural adequacy can then be determined as follows:
Gy 1 Ck

_ G G 321
D4 vcvp Dk (3.21)

n

where n = measure of structural adequacy; y-yp = combined safety factor. To be
safe, 1 must be greater than 1.0 by a sufficient margin.

Similar to Eq. (3.16), Eq. (3.21) can be used for the strength assessment of damaged
structures as well as intact or undamaged structures. For damaged structures, Cq
may be taken as equivalent to the residual load-carrying capacity, although it would
typically be the reserve load-carrying capacity in the case of intact structures.
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In a safety check, Dy in Eq. (3.21) is usually defined as a characteristic value of
the demand calculation model, and v, is consistently defined by taking into account
the possibility of unfavorable deviations of the action values from the representative
values and the uncertainties in the model of action effects (or actions).

Similarly, Cx in Eq. (3.21) is defined as a characteristic value of the capacity or
strength in the limit-state equation. y¢ is consistently defined by taking into account
(a) the possibility of unfavorable deviations of material properties from the specified
values; (b) the possibility of unfavorable deviations of geometric parameters from the
specified values, including the severity (importance) of variations; (c) the tolerance
specifications; (d) the control of the deviations; (e) the cumulative effect of a simul-
taneous occurrence of several geometric deviations; and (f) the model uncertainties
calculated as deviations from measurements or benchmark calculations; and are, per-
haps, even adjusted for the possibility of unfavorable consequences of progressive
collapse.

3.4.3 Considerations Related to Safety Factors

The adequacy of safety factors for the overall structure and the structural components
or details are of obvious importance. Component failure is the starting point, so to
speak; the overall structure safety factor can be based on the reserve strength beyond
first nominal component failure. This section addresses safety factor considerations
for both trading ships and offshore structures. It serves to illustrate the calculation
methodology and environmental load return period dependency of safety factors. It
also provides some food for thought regarding design for what are called “abnormal”
waves. The following thought-provoking discussion is courtesy of Frieze and Paik
(2004).

The partial safety factors may depend on the design situation and on the types
of limit states. Also, it is important to realize that the partial safety factors can be
different for different levels of refinement of calculation methodologies of demands
(actions) and capacities (strengths). This means that any safety factors specified by
classification societies or structural codes are, in principle, applicable only if the
calculation methodologies of demands and capacities that they recommend are also
employed.

As the basis for the design of offshore structures, the industry today uses a 100-year
return period environmental event, but a 20-25-year return period environmental
event is applied for trading ship designs. For a typical jacket structure, the mean
reserve of strength to collapse beyond the nominal 100-year return period storm
loading is perhaps about 1.85 (ISO CD 19902). For an API RP 2A-WSD component
design (API 1993), ignoring components influenced by buckling effects, the safety
factor against first yield under extreme environmental load—dominated conditions is
about 1.25. This is based on an allowable design stress of 60 percent of yield stress
that is increased by one third because the loading is considered to be dominated by
extreme environmental conditions.

Thus, the reserve ratio beyond first yield with respect to the mean collapse strength
is 1.85/1.25 = 1.48. However, because the present comparison is based on nominal
stress values, the reserve ratio of 1.48 needs to be reduced to account for two biases.
First, the bias of yield stress can be taken as 1.12, corresponding to a coefficient
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of variation of 4 percent (Frieze 1992), where a nominal value coincides with the
0.1 percent fractile. Second, the bias between the mean strength of beam-column
members, which normally dictate initial failure in offshore structures, and the design
formulation value can be taken together as 1.10 (Frieze et al. 1997). Thus, the measure
of redundancy in offshore structures based on nominal values is 1.48/(1.12 x 1.10) =
1.20, which leads to a factor of 1.20 x 1.25 = 1.50 as the safety factor between nominal
overall collapse of an offshore structure and its load.

According to the recommended practices for trading ship designs based on the
application of beam theory for the hull girder (e.g., IACS 2005), stresses in mild steel
plating under combined still-water conditions and wave-induced bending moment
conditions are limited to 175 N/mm?, as previously indicated in Eq. (3.1). In passing,
it is of interest that allowable stress by some class society guidelines can be as high
as 90 percent of yield stress when coarse-mesh finite-element analysis is used. The
yield stress for such steel has a guaranteed minimum yield stress of 235 N/mm?,
so the safety factor is 235/175 = 1.34. This relates to the onset of (nominal) yield.
For the midship cross section, again ignoring buckling effects, a reserve of some 11
percent exists beyond first yield to allow the hull girder to develop its plastic moment
capacity. This suggests that the overall safety factor for trading ships with respect to
the 20-year return period storm approximates 1.34 x 1.11 = 1.49.

These overall safety factors — that is, 1.50 for offshore platforms versus 1.49 for
trading ships — may seem similar, but they do not account for the difference in the
return period of the considered storm. If trading ships were assessed for the 100-year
return period storm rather than the 20-year return period value as at present, based on
the simple assessment performed herein using the DEn wave height equations (DEn
1990a), their present day overall safety factor would be 1.49/1.12 = 1.33. However,
if offshore structures were assessed against the 20-year return period event, their
current overall safety factor would be 1.50 x 1.26 = 1.89.

On this simple assessment, offshore structures seem relatively safe compared with
trading ships. Despite this, however, the offshore industry viewed these safety margins
as inadequate because, when the LSD alternative for offshore structure design was
introduced, these margins were increased. For this LSD, the partial safety factor for
structural component capacity varied according to the degree of uncertainty reflected
in the test data associated with each component. The main factors varied from 1.05
(actually, the inverse of 0.95) for components dictated by tension and bending, to 1.18
(1/0.85) for components dictated by compression, and to 1.25 (1/0.8) for components
dictated by hydrostatic pressure. The partial safety factor for environmental loads
was 1.35 so that the minimum component factor varied from 1.35 x 1.05 = 1.42
to 1.35 x 1.25 = 1.69. The corresponding overall safety factors varied from 1.42 x
1.20 = 1.70 to 1.69 x 1.20 = 2.03 when assessed to the storm of the 100-year return
period and varied from 1.70 x 1.26 = 2.14 to 2.03 x 1.26 = 2.56 when assessed to
the storm of the 20-year return period.

The results of these calculations are summarized in Table 3.3, from which it can be
clearly seen that there are important differences between the safety factors applica-
ble to offshore structures compared with those applicable to trading ship structures.
Indeed, except for the 100-year return period storm assessed to WSD, the first com-
ponent safety factors for offshore structures are all larger than the overall safety
factors for trading ship structures.
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Table 3.3. Comparison of primary component and overall
failure safety factors for trading ships and offshore structures

Offshore structures

Storm return Ship
period structures WSD LSD
First component failure
20 years 1.34 1.58 1.79-2.13
100 years 1.19 1.25 1.42-1.69
Overall failure

20 years 1.49 1.89 2.14-2.56
100 years 1.33 1.50 1.70-2.03

Note: WSD = working-stress design; LSD = limit-state design.

Some explanation and justification is required for this difference in safety level
and, by implication, structural reliability between two structural forms that can, in
principle, be exposed to the same environmental conditions. Trading ships can of
course reroute when faced with severe weather conditions. This is a normal and
perhaps prudent course of action open to ships’ masters as acknowledged in the
findings of the Re-Opened Formal Investigation into the M. V. Derbyshire (HMSO
2000), which stated that “Vessels of the size and design of the Derbyshire were at the
time assumed to be quite capable of withstanding such conditions, even if they had
toreduce speed or be hove to.” The offshore industry does not so fundamentally rely
on crew intervention to be part of its structural safety-management process, and, for
that matter, it is unclear that any other industry does.

The ignorance of coexisting lateral loading may be a contributing factor to the
idea that the classing of trading ships implicitly assumes that the design relies on
crew intervention in the likelihood of encounters with severe storms. The corol-
lary is perhaps that vessels may not survive storms without crew intervention. The
MaxWave project (Faulkner 2002) found, admittedly for a relatively fast moving
vessel (20 knots), midship bending moments well in excess of classification society
requirements. Paik and Faulkner (2003) and Guedes Soares et al. (2003) suggest that
to deal at least with abnormal waves, the present 20-year return period requirement
for trading ships is inadequate. It is conjecture, but it would perhaps be surprising, if
the offshore platform failures in the Gulf of Mexico in hurricane conditions were not
due in part to abnormal waves, bearing in mind that hurricane conditions are likely
to be a good source of such waves.

On the basis of offshore experience, it would appear that an overall safety fac-
tor of 1.89 is required if a platform is designed to a 20-year return period storm or
1.50 if designed to a 100-year return period storm to ensure that, without human
intervention, a design is realized that the structure suffers only minor damage when
subjected to storm approaching the design event. Considering that ship-shaped off-
shore structures are designed for a 100-year return period event, it is important to
consider the implications of this design requirement on the safety factors derived
previously. Simply, this would have the effect of increasing the trading ship structure
overall safety factors by 12.4 percent (based on linear interpolations).

Thus, the corresponding first-component safety factors would be 1.124 x 1.34 =
1.51 when assessed on the basis of a 20-year return period stormor 1.124x1.19=1.34
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when assessed on the basis of a 100-year return period storm. The corresponding
overall safety factors would be 1.124 x 1.49 = 1.67 and 1.124 x 1.33 = 1.49 when
assessed on the basis of 20-year and 100-year return period storms, respectively.

Using the 100-year values as the basis for comparison, the first-component safety
factor of 1.34 exceeds that applicable to a WSD approach to offshore structures, and
the overall safety factor of 1.49 is almost identical to that applicable to a WSD design,
which is redundant for offshore structures. It would be prudent to adopt the 100-year
return period storm as the basis for trading ship assessment until the effects on ship
safety of weather routing, reduced speed, and other crew intervention measures are
extensively quantified.

This proposed increase can be seen as achieving a number of objectives. We have
discussed some of these objectives, but another objective relates to the issue of abnor-
mal waves. When modeling a 3-hour storm, a wave height of 1.86 times the significant
wave height is widely used to identify an appropriate design-wave height for that
storm. Abnormal waves have traditionally been defined as those with a ratio of wave
height to significant wave height greater than 2.0 (Wolfram et al. 2001), although this
is somewhat arbitrary because each wave causes a fundamentally different response.

However, this same work also appears to demonstrate that on a probability dis-
tribution basis, a wave height greater than 2.3 times the significant wave height is
required before the wave in question follows another distribution. Using the tra-
ditional definition, to design for an abnormal wave requires that the wave height
to be considered be increased beyond that presently adopted by 2.0/1.86 = 1.08.
Wolfram et al. (2001) suggest a wave height increase of 2.3/1.86 = 1.24. This hypo-
thetical increase proposed above 1.24 can therefore be interpreted as an increase
in the design requirement up to a level where it deals (perhaps only in part) with
abnormal waves.

3.5 Unified Design Requirements for Trading Tanker Hull Structures

For trading tanker designs, the North Atlantic wave environment is typically adopted
as the design premise for an unrestricted service vessel, although a reduced wave
climate due to worldwide trade may have been applied for fatigue design purposes
by some classification societies in the past. Also, these requirements varied to an
extent among various classification societies, including, for example, details of the
wave scatter diagram said to represent the North Atlantic service. However, as of
April 2006, the various classification society rules have been unified into the Common
Structural Rules (CSR) for tankers (IACS 2005).

For the design of ship-shaped offshore units in a benign environment, the trading
tanker design requirements are often considered. Therefore, this section introduces
some of these unified design requirements and concepts for trading tanker hull struc-
tures. For more details, see IACS (2005) and/or the websites http://www.iacs.org.uk
or http://www.jtprules.com.

Although shipyards and tanker vessel owners have good reasons for wanting such
a change, there are several arguments one may make against it as well. Among these
are that such an effort could hamper real technological progress in the future, both
because the change process could itself be considerably more difficult and because
incentives for future research in related areas might be diminished. Also, it may
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remove important elements of engineering judgment, creativity, and competition
from the scene. To be fair, it should also be pointed out that a major driver for
the change to unified structural rules for tankers is, apparently, to remove the steel
weight-based competition.

The minimum requirements for moment of inertia and section modulus of trading
tanker hulls are given on a net ship basis (i.e., before corrosion margins are added),
as follows (IACS 2005):

Iy_min = 2.7Cyy L’B (Cp, + 0.7) cm?, (3.22a)

Zy—min = 0.9KCyy LB (Cp + 0.7) cm?, (3.22b)

where Iy_min = minimum moment of inertia; Zy_yj; = minimum section modulus;
L =vessel length in meters; B = vessel breadth in meters; G, = block coefficient; K =
high-tensile-strength factor as indicated in Table 3.1; C,,y = coefficient, which may
be given as a function of vessel length in meters as follows:

10.75 — (2%=L)"  for 90m < L < 300m

Cwy = 4 10.75 for 300 < L < 350m (3.23)

10.75 — (4259)" for 350m < L < 500m.

A detailed distribution of the still-water moment along a ship’s length can be
calculated by a double integration of the difference between the weight force and
the buoyancy force, using classical beam theory. The sectional shear force F(x;) at
location x = x; in the ship-length direction is estimated by the integral of the load
curve that represents the difference between weight and buoyancy curves:

F(x) = fo " Fx)dx, (3.24)

where f (x) = b(x) — w(x) = net load per unit length in still water; b (x) = buoyancy
per unit length; and w (x) = weight per unit length.

The bending moment M (x;) at location x = x; is estimated as the integral of the
shear curve indicated in Eq. (3.24), as follows:

M(xq) = /:1 F(x)dx. (3.25)

In the IACS common structural rule requirements applicable to trading tanker
designs, the design still-water vertical bending moment is calculated in the above
conventional manner based on the loading manual, addressing the various loading
conditions in the design specifications and also those required by statutory consider-
ations. Approximate formulae of the minimum still-water vertical bending moments
of trading tankers at sea are given as follows [for symbols used in the following
equation, refer to Eq. (3.22) unless specified]:

(3.26)

+0.01f4 Cyy LB (11.97 — 1.9Cy) (kNm) for hogging
™ —0.0775f5wCyy LB (Cp + 0.7) (kNm) for sagging,
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where fi = coefficient that is taken as fg, = 1.0 at 0.4L amidship or fg, = 0.15 at
0.1L from aft-perpendicular or fore-perpendicular.

The minimum still-water bending moments for trading tankers at harbor are
allowed to be 25 percent larger than those at sea:

M, = 1.25Mg,. (3.27)

where M, = minimum still-water bending moment of a trading tanker at harbor;
M,y = as defined in Eq. (3.26).

The minimum wave-induced vertical bending moment M,, applicable to trading
tankers is given for wave conditions occurring once in 25-year under North Atlantic
wave conditions (in comparison to the old 20-year return period criterion, although
the wave-load formula itself is apparently essentially unchanged). With the hogging
moment taken as positive and the sagging moment taken as negative, the applica-
ble formulae are as follows (for symbols used in the following equation, refer to
Eqgs. (3.22) and (3.23) unless specified):

+ forob0.19fyy—y Cyy L BCy, (kNm) for hogging

M, =
— fprob0.11fy—yCoy L? B (Cp + 0.7) (kNm)  forsagging,

(3.28)

where o = coefficient that is taken as fp, = 1.0 for scantlings and strength
assessment; and fy,_, = coefficient that is taken as fy,_y, = 1.0 in between 0.4L
and 0.65L from aft-perpendicular.

In addition to the conventional elastic section modulus checks using an allowable
bending stress per Eq. (3.1), the new rules also introduce an ultimate strength check
for the hull girder. The following equation is used in this new case for checking
that the total bending moment M, does not exceed the ultimate hull girder bending
moment:

M
M = YSWMSW + YWMW = - , (329)

r

where vy, Yw,Yr = partial safety factors associated with the still-water bend-
ing moment, wave-induced bending moment, and ultimate hull girder moment,
respectively; M, = ultimate hull girder bending moment. The partial safety fac-
tors are apparently also to account for the nonsimultaneous occurrence of extreme
still-water loads and wave-induced loads. For ultimate hull girder strength cal-
culations in sagging condition, the TACS common structural rules suggest using
Yow = 1.0,7v, = 1.3, and vy, = 1.1.

One other aspect of the IACS common structural rules for tankers should also
be stated here, if only for completeness: the hull girder wave-induced shear force
used in shear checks for the hull girder, both by simplified means and in the three
hold finite-element analysis-based structural assessment procedures used in the new
rules, corresponds not to a one in 25-year return period value but to a much more
frequent return period. This apparently is for historical reasons. When consider-
ing application of tanker procedures to offshore structures, however, one obviously
needs to be well aware of such differences and also account for these differences as
necessary.
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3.6 Design Principles for Stability

While in service, the floating production systems must be able to remain upright
even in extreme environmental conditions. In this regard, the design for stability is a
key part of the floating production system design. Relevant calculation and control
procedures must be applied during operation so as to keep the vessel stable. Even
under certain damage scenarios, including unintended flooding, the vessel must be
designed so that it remains afloat and sufficiently upright, with an amount of reserve
of stability.

Interestingly, in most cases, direct assessments of stability from first principles, with
still-water conditions, wind, and waves accounted for, are still not possible today. We
must rely on time-honored experience-based procedures and trading tanker criteria
todesign for stabilizing in floating production system design. Semisubmersible mobile
offshore drilling units are an exception in that their stability requirements have been
revised recently on the basis of research and model tests.

Stability criteria for trading ships are specified by International Maritime Organi-
zation (IMO) conventions. Such statutory intact and damage stability requirements
will need to be met during all operating inspections and maintenance conditions
on site and when towing to the field. Following trading tanker practices, a trim and
stability booklet covering the various loading conditions of interest will be prepared
by the shipyard and provided on board. One or more “loading computers” capable
of calculating and displaying the same information (e.g., drafts, trim, stability, and
longitudinal strength parameters) will also be provided on board.

3.7 Design Principles for Towing and Station-Keeping

Prior to installation on site, the floating offshore structure usually must be towed
from the construction yard to the site. Considering a typical tow, which uses several
oceangoing tugs to move the structure at relatively slow speed, the tow may take
several months, and the structure to be towed can be subjected to extreme waves,
wind, and currents during tow. In this regard, in addition to its structural integrity
during tow, its hull form, directional stability, maneuvering, and keeping capabilities
are of interest. These aspects are usually addressed through appropriate analyses
and model tests.

On site, the floating production systems are subjected to steady and unsteady
actions that may cause some large movements from the original target location, but
for dynamic positioning, thrusters, tethers, moorings, or a combination of these are
used to limit such movements.

The station-keeping of the vessel is a critical part of the floating production system
design because the station-keeping capability will govern the integrity of various sub-
systems, such as risers and gangway bridges. Therefore, design with refined analyses
must be performed for moorings, dynamic positioning systems, and tethers to predict
and limit the vessel movements as necessary.

One usually prefers that the mooring system not require any tension adjustments
for the various conditions on site. Where this is not possible, means are provided to
allow line tensioning during initial installation, and retensioning as required over the
design life.
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The mooring system design needs to be such that vessel excursions at surface
are limited to acceptable levels; adequate clearances can be maintained between
mooring lines, hull, and risers under all loading and environmental conditions on
site. A case involving failure of a mooring line is also checked in the design phase.
The design process for mooring systems usually involves an extensive series of model
tests, primarily to calibrate the computer tools subsequently used for mooring system
design and related studies.

3.8 Design Principles for Vessel Motions

Unlike fixed structures, floating structures are compliant to varying degrees. Again,
it is undesirable to allow large motions of the vessel in terms of dynamic action
characteristics because to do so would increase extreme environmental loading and
increasing the vessel movements, which may make the subsystems nonoperable.

In design, the influence of motions must be minimized particularly for operations
such as drilling. Therefore, for a drill ship, pitch and heave motions may be mini-
mized by selecting a relevant ratio of water-plane area given the vessel displacement
(Barltrop 1998). Also, by designing so that the natural period of the hull structure is
sufficiently removed from the wave-period range, the vessel motions may be reduced.

Vessel motions will affect tank sloshing loads that are ever present in offshore
operations. The structure involved usually needs to be designed so that sloshing-
related restrictions on tank filling levels are eliminated completely.

3.9 Design Principles for Safety, Health, and the Environment

In the design of floating production systems, important considerations must be given
to the following:

e Safety and welfare of the personnel and systems during construction, installa-
tion, commissioning, and operation

* Minimization of potential damage on the environment around the systems dur-
ing their lifetime and during/after their decommissioning and removal

To meet these requirements, related regulations and company policies must be
adhered to rigorously through the application of appropriate advanced technologies
for design, operation, and risk assessment. Therefore, usually it is required that all
key members of the project-management and engineering teams who design and
build the systems must be familiar with the related safety principles, regulations, and
codes at the earliest stage of the project engineering.

3.9.1 Design Principles for Safety
The design for safety encompasses at least the following:

¢ Layout, including separation and containment of hazardous zones and equip-
ment

¢ Escape, temporary refuge, evacuation, and rescue including access, and muster
zones
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¢ Personnel protection and life-saving equipment

» Fire protection and fire and gas detection

* Emergency shutdown and depressurization for topsides systems
¢ Considering and reducing the risk of major collisions

Technical specifications for a project must then appropriately address the con-
sideration of these various important factors. Regulatory guidance associated with
design for safety usually also covers the same areas; see, for example, HSE (1996)
for design and construction; HSE (1992) for safe operation, decommissioning,
and removal; and HSE (1995a) in the case of fire, gas explosion, emergency
response, and personnel evacuation. Note that the particular references provided
as examples are not necessarily the latest; visit http://www.hse.gov.uk for the latest
ones.

Once the principal dimensions and the types of the vessel are determined with
particular features including deck modules, turret, and living quarters (accommo-
dation), a qualitative risk assessment (or concept-safety case study) needs to be
undertaken, and a quantitative risk assessment performed at a later stage to identify
significant hazards and potential major accident scenarios that can affect the safety
of the systems and/or the crew.

The aim of the qualitative risk assessment is to identify any fundamental defi-
ciencies in the initial design of the selected concept and also to identify particular
issues or areas that must be emphasized during the various design phases to prevent
the occurrence of hazardous events. Such early-stage risk assessment also makes
any design changes easier before detailed design begins. As necessary, the qualita-
tive risk assessment may be repeated until the necessary safety improvements are
achieved.

As we discuss in Chapter 13, for any risk assessment, some types of risk-analysis
techniques are required although the level of sophistication will differ depending on
whether it is an early-stage evaluation or one undertaken at a later stage. Also, there
are specific types and formats of risk assessment that regulatory bodies might expect.
One example is the UK “safety case regulations” (e.g., HSE 1996 and successors)
that specify, among other matters, that an operator of a facility should identify the
major hazards, evaluate the risks involved, and demonstrate that appropriate actions
have been taken to reduce the risks to as low as reasonably practicable (ALARP)
levels, and, in general, that the design of an installation be based on current good
engineering practices.

Although the UK safety case regulations do not now require prescriptive and
mandatory compliance with specific codes, standards, and guidelines, many other
jurisdictions take a more traditional approach where such codes and guidelines may
be applied more strictly.

Nevertheless, most classification societies with prescriptive rules now recognize
that a rigorous risk-based assessment and demonstration of equivalent safety must
be an acceptable alternative to complying with their prescriptive requirements, either
in part or in whole. Certainly, it is recommended that one should perform a rigorous
risk-based assessment and demonstration of safety cases, no matter what prescriptive
classification rules or regulations might be applied. Chapter 13 presents details of
useful risk-assessment and management technologies for such a purpose.
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3.9.2 Design Principles for Health

Occupational-health-related factors that must be addressed by appropriate specifi-
cations and procedures in a floating offshore installation may include the following:

¢ Avoidance of carcinogenic materials, heavy metals, and asbestos

* Provision of emergency medical care and related medical facilities

* Human-factor engineering, including workplace layout, access, ergonomics, and
noise

* Food and water quality and hygiene requirements

* Workplace security requirements

Examples of regulations that cover such aspects include HSE (1996) for the work-
ing environment; HSE (1995b) for the health and welfare of crew members; and
HSE (1994) for the control of substances hazardous to health. (Again, these are study
examples and not necessarily the latest applicable in the jurisdictions concerned; visit
http://www.hse.gov.uk for the most recent ones.)

Itis important to realize that the health and welfare of the workforce employed on
the floating production systems can be significantly affected by features of the design
as well as operations and management. Therefore, the regulations typically cover
various matters that can have an influence on the working environment and subse-
quently the health and welfare of crew members, in addition to matters pertaining
to physical or material safety.

For instance, the use of materials hazardous to health must be avoided. Some
regulations on control of substances hazardous to health (e.g., HSE 1994) provide
practice and guidance for the correct selection and specification of materials that are
not hazardous in the day-to-day life of the workforce and/or crew members involved.

3.9.3 Design Principles for the Environment

Design related to environmental friendliness today must consider at least the follow-
ing aspects:

¢ Minimization, control, and treatment of emissions to air; for example, of volatile
organic compounds (VOC) such as SOx and NOx

¢ Minimization, control, and treatment of emissions to water (e.g., oil in produced
water, safety of bunkering areas, biocides) including those used to treat seawater,
and disposal of waste and sewage

* Avoidance of small oil spills and containment and response to oil spills

* Avoidance of ozone-depleting substances such as halogen

All currentinternational and national regulations including MARPOL 73/78 (IMO
1978) aim to require operators to demonstrate that their current and future activities
in relation to the operation of ocean vessels and systems will have neither short-
term nor long-term hazardous effects to the surrounding environment. Jurisdictions
may mandate these for floating offshore structures to various extents, and compa-
nies on their own may mandate these regulations for their particular facilities and
operations.
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Emissions and discharges from offshore installations include products of flaring,
exhaust gases from prime movers, oily water discharges from slop tanks or produced
water that cannot be reinjected, and sewage. Flaring or venting of excess gas is now
prohibited in many jurisdictions. Produced gas may be exported, if economically
advantageous. Potential spillage of offshore oil due to collisions, impacts, fire, and
gas explosions is of great significance in terms of environmental impact.

In general, the design of ocean systems must be performed by using the best avail-
able technologies to prevent environmental pollution. In developing a new project
for the floating production system installation, a well-thought-out and comprehen-
sive strategy for environmental risk management will help provide the designer a
clear direction and also identify required means and measures for preventing or
mitigating the environmental damage. The strategy will also be helpful to control,
monitor, and report the environmental impact while in operation.

3.10 Regulations, International Standards, and Recommended Practices

For the development of floating production systems, significant guidance in terms
of classification society rules, international standards, local laws, and international
regulations exists. The classification society rules and international design standards
are primarily concerned with the structural design of a vessel’s hull and marine
systems, and the legislation includes a wide range of issues including safety, health,
environmental protection, pollution prevention, and pollution control.

It is important to realize that compliance with existing prescriptive codes, stan-
dards, and guidelines may not be sufficient to design, construct, and safely operate
production systems. Rather, these guidelines must be appropriately interpreted and
supplemented for the particular structure, facility, and circumstances involved; also,
currently available advanced engineering practices, which are based on concepts such
as risk or formal safety assessment must be used concurrently as necessary (Lassagne
et al. 2001).

We emphasize that formal safety assessment and other risk-based techniques make
possible a greatly proactive approach to safety because such methodologies are used
to identify and evaluate risk areas and then implement cost-effective risk-mitigation
and containment measures such as basic design changes, monitoring systems, safety
equipment, procedural controls, and training.

The use of classification society rules (e.g., ABS 2004; BV 2004; DNV 2000a, 2000b,
2002; LR 1999) is in fact not mandatory for the design of floating production systems,
but most owners select the rules of a specific classification society to build their vessel,
and it usually remains classed during tow and even while in service. This is for many
reasons: insurance, mortgage, marketing purposes, and company policy (Millar and
White 2000).

Appendix 6 presents a list of selected industry standards, regulations, and recom-
mended practices for designing, building, and operating ship-shaped offshore units,
specified by recognized classification societies and other institutions. These publica-
tions are well written and are of considerable educational value.

The following are the Internet Website addresses of recognized classification
societies and international organizations, in alphabatical order, that have provided
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international or national design codes or professional guidance notes that are often
useful for design and construction of floating production systems:

ABS (American Bureau of Shipping): http://www.eagle.org

AISC (American Institute of Steel Construction): http://www.aisc.org
ANSI (American National Standards Institute): http://www.ansi.org
API (American Petroleum Institute): http://www.api.org

ASTM (American Society for Testing and Materials): http://www.astm.org
AWS (American Welding Society): http://www.aws.org

BSI (British Standards Institute): http://www.bsi-global.com

BV (Bureau Veritas): http://www.bureauveritas.com

CEN (European Committee for Standardization): http://www.cenorm.be
DNV (Det Norske Veritas): http://www.dnv.com

DTI (Department of Trade and Industry, UK): http://www.og.dti.gov.uk
HSE (Health and Safety Executive, UK): http://www.hse.gov.uk

IACS (International Association of Classification Societies): http://www.iacs.
org.uk

ICS (International Chamber of Shipping): http://www.marisec.org/ics

IEC (International Electrotechnical Commission): http://www.iec.org

IEEE (Institute of Electrical and Electronics Engineers): http://www.ieee.org
IMO (International Maritime Organization): http://www.imo.org

INTERTANKO (Association of Independent Tanker Owners): http://www.
intertanko.com

ISA (Instrumentation, Systems, and Automation Society): http://www.isa.org
ISO (International Organization for Standardization): http://www.iso.org

LR (Lloyd’s Register): http://www.Ir.org

NACE (National Association of Corrosion Engineers, USA): http://www.nace.org

NEMA (National Electrical Manufacturers Association, USA): http://www.nema.
org

NFPA (National Fire Protection Association, USA): http://www.nfpa.org

NIOSH (National Institute for Occupational Safety and Health, USA):
http://www.cdc.gov/niosh

NORSOK (Standardization Organizations in Norway): http://www.nts.no/norsok
NPD (Norwegian Petroleum Directorate): http://www.npd.no

OCIMF (Oil Companies International Marine Forum): http://www.ocimf.com
SSPC (Society for Protective Coatings): http://www.sspc.org

UKOOA (Offshore Operators Association, UK): http://www.ukooa.co.uk

In an FPSO project, regardless of the use of classification society rules and
other guidelines, the owner or operator must prepare and implement clear design
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philosophies and use the design basis and functional requirements for the vessel hull
and subsystems through a comprehensive front-end engineering process, as described
in Chapter 2. Adequate considerations of safety, health, and environmental factors
must also be as integral a part of any front-end engineering as these considerations
would be during detailed design, operation, and decommissioning.
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CHAPTER 4

Environmental Phenomena and Application
to Design

4.1 Introduction

Actions arising from environmental phenomena on a ship-shaped offshore unit
are different from those on a trading tanker. The nature of the offshore struc-
tures and their operation are such that winds, currents, and waves, among other
factors, may induce significant actions and action effects on structures. Whereas
waves are often the primary source of environmental actions on trading ships at
sea, considerations related to specialized operations such as berthing are somewhat
different. In the case of offshore structures, a good knowledge of the environmen-
tal conditions in the areas where the structures will be installed is necessary in
order to design for and assure the required high-operational uptimes. Such infor-
mation is also important for specialized weather-sensitive operations such as instal-
lation on site, the berthing of supply boats, and the design of mooring and station-
keeping.

This chapter presents environmental phenomena and discusses selected engineer-
ing practices helpful for the determination and treatment of environmental condi-
tions for ship-shaped offshore units, considering design, transport, installation, and
operations. Primary environmental phenomena that induce significant actions and
action effects on offshore structures are presented. Although winds are typically
regarded as a more elementary source of actions than waves because waves are
caused by winds, this chapter starts its discussion with waves first. This is perhaps
appropriate only because waves are a major source of actions on the particular types
of offshore structures with which we are concerned.

In this chapter we use, for illustration purposes, various references to and data
from publications by the UK Health and Safety Executive (HSE) and its prede-
cessor, the Department of Energy (DEn). Many of these references originated in
connection with UK HSE’s certification regime SI 289 Offshore Installations: Con-
struction and Survey Regulations (1974). Note that SI 289 has now been replaced
by the verification regime of the Offshore Installations (Safety Case) Regulations
19962. This change in regulatory philosophy has also meant that documents such as
UK HSE’s Offshore Installations: Guidance on Design, Construction, and Certifica-
tion (1990 and later amendments) now stands withdrawn, although the documents
are quite helpful for pedantic purposes and are used as such in this book. See UK
HSE (http://www.hse.gov.uk) for the latest information.
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Table 4.1. Metocean design parameters for offshore installations (HSE 2001a)

Parameter

Required information

Influential parameters

Wind

Wave and swell

Water depth and sea
level variations
Current

Temperature

Rain and squall

Snow and ice

Marine growth

Extreme wind speed and direction; vertical
profile; gust speeds and wind spectra;
persistence

Extreme wave crest elevation; extreme wave
height, direction, and range of associated
periods; cumulative frequency distribution
of individual wave heights; joint probability
of significant wave height and period;
persistence of sea states; wave spectra and
directional spreading

Depth below mean sea level; extreme
still-water-level variations

Extreme current speed and direction;
variation through the water depth; fatigue
design current speed

Extreme air temperatures (maximum and
minimum); extreme sea temperatures
(maximum and minimum)

Intensity in cm/hour for given return periods

Maximum thickness of snow; maximum
thickness of ice; densities of snow and ice

Type of growth; permitted thickness; terminal
thickness profile

Averaging time; height above
sea level

Water depth; current; length of
measurement period

Long-term changes in water
depth; tide and storm surge

Tidal and other currents;
averaging time

Depth below sea surface

Averaging time

Geographical area; season; part
of the structure

Water depth; growth rate

4.2 Environmental Data

Reliable data on various environmental phenomena are necessary for the design
and operation of the hull, topsides, moorings, and risers of ship-shaped offshore
units. Table 4.1 indicates many of the relevant metocean (i.e., meteorological oceano-
graphic) parameters that may be required.

The required data can be obtained in many different ways and from many sources;
some sources are used more often than others. The environmental data may be
obtained, for example, from in-situ instrumental measurements, “remotely sensed”
measurements from satellites, visual observations (from ships and platforms), and
through ocean environmental energy transport numerical modeling or “hindcasting.”
Extensive measurements of environmental data suitable for design exist for the UK
and Norwegian sectors of the North Sea; for example, see Lonseth and Kvitrud
(1997) and HSE (2001a). In several other offshore areas where such data may not
exist, specific measurements usually will be required. FPSO projects and companies
undertake such measurements routinely.

Useful data in other cases may also be obtained from sources such as the following
(a more extensive list can be found in Barltrop [1998]):

BMT Fluid Mechanics Ltd., UK
British Antarctic Survey, UK
British Oceanographic Data Centre, UK
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Canada Hydrographic Service, Canada

Det Norske Meteorologiske Institutt, Norway
Norwegian Polar Institute, Norway

U. S. National Oceanographic Data Center, USA

Internal or external consultants gather together and make recommendations on
the data to be used for a project considering the site, season, and other factors.
This reflects the often specialized nature of the effort involved. Generally, it is
worth noting that the more particular and more extensive the data, the better.
The greater the environmental uncertainties, the larger the number of safety fac-
tors that need to be applied to achieve a target level of structural adequacy and
reliability.

4.3 Waves

The wave parameters used for offshore designs include heights, periods, and direc-
tions with associated probabilities and persistence times. It is important to realize
that the waves inducing the most severe response in the global system structure may
be different from those resulting in the maximum response in structural components
and also that the response of ship-shaped offshore structures is wave-period depen-
dent. Itisnoted also that more frequent waves rather than extreme waves will govern
fatigue life, although their magnitude may be smaller.

Wave-induced maximum actions and action effects may be applied for design by
using any one of a few approaches — for example, extreme-amplitude design waves,
extreme-response design waves, or the more fundamental wave-energy spectra-based
methods.

An extreme-amplitude design wave may be calculated for a specified return period,
usually 100 years for strength design of long-term deployment, as we describe in Sec-
tion 4.13. General methodologies for estimating the parameters of design waves in
deep-water conditions for ship-shaped offshore units are available in standard ref-
erences (e.g., Faltinsen 1990; Barltrop 1998). Ochi (1978) presents wave information
that is useful for predicting responses of ships and offshore structures in a seaway and
discusses specific application methods for design consideration. For normal opera-
tions, a 10-year return period environment may be specified, which may be reduced
to a 1-year return period considering inspection and repair conditions.

In floating production systems, some maximum actions may often develop from a
wave or group of waves with a lower amplitude than a wave with a higher amplitude
because of the potential sensitivities of the wave actions to the wave frequencies
involved. Also, several different design-wave combinations from various directions
and frequencies with crests and troughs at various locations need to be considered
for the different types of responses (e.g., maximum roll, maximum vertical hull girder
bending moment). See Liu et al. (1992) for tanker-related examples.

In Sections 4.3.1-4.3.3, selected recommended practices pertaining to wave actions,
which may be used for reference or for initial guidance in the absence of site-specific
wave data, are presented. We should caution that the information described in these
sections is updated periodically; thus, the latest versions of the original documents
cited must be used for FPSO designs.
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4.3.1 UKOOA FPSO Design Guidance Notes for UKCS Service

The UK Offshore Operators Association (UKOOA) FPSO design guidelines
(UKOOA 2002) describe generic wave data and their application for the UK Conti-
nental Shelf (UKCS) waters and its adjacent areas. The UKOOA guidelines indicate
that the wave information must cover a range of available combinations of wave
height and period to determine the most severe loading conditions acting on FPSOs.

The significant wave heights are said to be 14m for the central North Sea, 16m for
the northern North Sea, and 18m for the West of Shetlands, based on the 100-year
return period sea state. The 10,000-year significant wave height based on average zero
up-crossing analysis is approximately 25 percent greater than the corresponding 100-
year values; also, the corresponding wave period is about 5 percent greater than the
100-year wave period.

It is noted that the mean wave zero up-crossing period lies in the following range:

32H% < T, < 3.6HY?, (4.1)

where Hg = significant wave height in meters; and T, = mean zero up-crossing wave
period in seconds.

Ignoring the small risk (1 percent or so) that waves with Hy,.x = 2.5H may exist,
it is considered that the expected (most probable) maximum wave height can usually
be estimated by

Himax = 1.86H, (4.2)

where Hp,.x = most probable maximum wave height; and Hg = as defined in
Eq. (4.1).

Also, the wave periods associated with maximum wave height are considered to
lie in the range of 1.05T,-1.47T,. For the design of FPSOs, wave influences related to
all values within the range of periods must be accounted for. The following may need
to be addressed:

* First-order motions of the vessel at wave frequency (heave, surge, sway, roll,
pitch, yaw)

* Low-frequency motions particularly for surge and sway near the natural fre-
quency of the vessel and of the mooring system

» Steady or mean drift forces

The UKOOA guidelines suggest that one predicts the wave-induced actions from
model testing or motion analysis using diffraction theory. The two-dimensional strip
theory may, however, be used as an approximation for initial design. In addition, for
bow-wave impact and green-water effects, the response to short steep waves needs
to be considered. For this purpose, see NORSOK NO003 (1999) and HSE (2005a).

It is noted that hull-fatigue calculations must account for the distribution of wave
encounters in number for all possible wave periods. A scatter diagram of significant
wave height versus mean zero up-crossing periods for the specific location can be
used to obtain the fatigue-design-wave data referred to.
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4.3.2 American Petroleum Institute Recommended Practices

The American Petroleum Institute (API) Recommended Practices (API 1993a,
1993b) provide information on environmental parameters for U.S. (United States)
waters where offshore structures are installed. These include more than twenty areas
such as the Gulf of Mexico, the West and East Coasts of the United States, and
the coasts of Alaska. More detailed information is presented for the Gulf of Mex-
ico, including information on the variation of location and water depth of design-
wave height and the directionality of waves associated with hurricanes (i.e., tropical
cyclones in the Gulf of Mexico).

Althoughboth APIRP2A-WSD (API 1993a) and APIRP2A-LRFD (API 1993b)
deal with fixed offshore structures, and APT RP 2FPS (API 2001) deals with floating
production systems, these documents are useful for obtaining indicative information
on the environmental parameters for U.S. waters.

In the API-recommended practices for floating production system installations, the
main reference parameter for design is the 100-year return maximum individual wave
height. Two sets of environmental criteria are considered: (a) the 100-year return
period waves with associated winds and currents, and (b) the 100-year return period
wind with associated waves and currents. The most severe directional combination
of waves, winds, and currents should be specified consistent with the environmental
conditions to be experienced at the operational field. In some cases, it is likely that
extremes of waves and winds may approach a specific operational field from different
directions so that a weathervaning floating production system may be exposed to
higher actions than where waves and winds act in the same direction.

The API-recommended practices emphasize that accurate measured and/or hind-
cast data must be used to determine the design-wave actions. The relationship
between wave height and wave period is important, particularly for the prediction
of surge and sway amplitudes and mean drift forces that are affected significantly by
the wave period.

It is indicated that with the same wave height, swell-induced wave periods are
approximately 40 percent higher than wind-driven wave periods in the regions con-
sidered. For any specific return period, the ratio of maximum wave height to signifi-
cant wave height is said to lie in the range of 1.7-1.9, although the UKOOA design
guidelines indicate that the ratio is 1.86.

4.3.3 Det Norske Veritas Classification Notes

Det Norske Veritas (DNV) Classification Notes 30.5 (DNV 1991 and later amend-
ments) presents information on environmental parameters including waves, winds,
currents, snow, ice, and temperature for various geographical areas worldwide that
are classified into two groups: harsh and benign.

In determining design-wave actions, the wave characteristics may be divided into
two types, regular waves and irregular waves. It is indicated that it is sufficient to
regard the waves as regular waves when the corresponding wave periods are in the
following range:

V65H < T < V11H, (4.3)

where T = wave period in seconds; and H = crest to trough wave height in meters.
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Figure 4.1. Regular wave theory selection diagram, following HSE (1989b, 2001b; courtesy
of HSE) [H/(gT?) = dimensionless wave steepness; d/(gT?) = dimensionless relative water
depth; H = wave height (crest to trough); d = mean water depth; T = wave period; L = wave
length (distance between crests); and g = acceleration of gravity].

The regular wave characteristics can then be described by relevant analytical or
numerical theories that may be classified depending on the ratio of water depth to
wave length, as follows:

e Solitary wave theory for d/L < 0.1
e Stokes Sth-order wave theory for 0.1 < d/L < 0.3
¢ Linear wave theory (e.g., Airy) for 0.3 < d/L

where d = water depth; and L = wave length. Similar classifications for water depth
and wave height are also made by HSE (1989b,2001b). Figure 4.1 illustrates a regular
wave theory selection diagram, following HSE (1989b, 2001b).

On the other hand, short-term irregular sea states can be described by a wave
spectrum in terms of the power spectral density function of the vertical sea surface
displacement. Although various wave spectra expressions are given in Section 4.14,
the Pierson—-Moskowitz spectrum can be applied for open seas, and the JONSWAP
spectrum can be applied for fetch-limited growing seas. Short-crested waves (wave
spreading) may be applied as relevant. In these cases, the peak period typically lies
in the following range:

J145H, < T, < \/25H,, (4.4)

where T, = period at peak frequency in seconds; and H = significant wave height
in meters.



88 Environmental Phenomena and Application to Design

0.99999 — - }80
0,99995 — 14
0.9999 —

o 0.9995 —
= 0.999 —
2
2 0995 —
= 0.99 —|
B 0.98 —|
. é 0.95 Mean during a year,
:-;; 0.9 — During June—August
= 0.8 —
v 0.7 - .
= 0.6 — During November—January|
= .
= 0.5 —
g 0.4 —
@) 0.3 —

0.2 —

0.1 —

005 T T T T T T TTT T T T T
1 2 3 4 5678910 20 30 40 5060

Wind speed (m/sec)

Figure 4.2. Cumulative distribution function for hourly mean wind speed at 10m above mean
sea level for the northern North Sea, following Faltinsen (1990).

Itisinteresting to note that the highest crest elevation is approximately equal to the
significant wave height (Hy) for an irregular short-term stationary sea state in visual
observations, and the highest individual crest to trough wave height is approximately
equal to 1.8Hs. The DNV Classification Notes 30.5 also provides much useful infor-
mation for estimating the long-term wave statistics considering geographical location
and storm duration.

4.4 Winds

Wind is a primary metocean parameter that is important to the design of offshore
units, for example, during normal operations. The structure must withstand the forces
exerted by the wind, and this depends not only on the structural characteristics such
as windage area but also on the speed and direction of the wind.

For design, extreme wind speeds for specified return periods must be obtained and
are specified with averaging times ranging from 3 seconds (i.e., an extreme gust value)
to 24 hours, for example. The speeds are usually estimated at a standard height of
10m above mean sea level, with corrections to more specific values at other heights.

In addition, the spectra of fluctuating wind gusts are necessary because wind gusts
can excite resonant oscillations of offshore structures (Faltinsen 1990). For exam-
ple, slow-drift horizontal motions of moored structures can be caused by wind gust.
Also, wind can lead to phenomena such as vortex shedding, together with associated
vibrations in some instances, including flare tower.

Figure 4.2 shows the cumulative distribution function for hourly mean wind speed
at 10m above mean sea level for wind data from the northern North Sea (Faltinsen
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Table 4.2. Relationship between 50-year return period wind speed and extreme wind speeds at
other return periods (HSE 1989a)

N (years) 2 5 10 20 50 100 200 500 1000

Vn/ Vso 0.75 0.83 0.88 0.93 1.00 1.05 1.11 1.17 1.23

Notes: (1) N = return period; (2) W~ = N year return speed; (3) V5o = 50-year return speed; and (4) these
values were obtained from Wiy = 0.71(1 + 0.106 In N) Vs.

1990). Figure 4.2 shows that the extreme wind speed with the 100-year return period
is about 41m/s. Table 4.2 shows the relationship between the extreme 50-year return
period wind speed used for design in some cases, and the extreme wind speeds at
other return periods. Table 4.3 indicates 100-year return period design wind speeds
for UK waters.

In the absence of specific wind data, the UKOOA FPSO design guidelines appli-
cable in UK waters recommend certain design wind speeds depending on the areas
involved; see Table 4.4. Wind speeds for the 10,000-year return period are approx-
imately 16 percent greater than the speed for the 100-year return period indicated
in Table 4.4. The UKOOA guidelines suggest the use of NORSOK Standard N003
(NORSOK 1999) formulations to describe the wind-speed variation with the height
above sea level.

In determining the design-wind and design-wave actions, it is necessary to know
the information on the variation of winds with height above sea level, the direction
that the wind blows, and the joint probability between waves and winds. In this
regard, Table 4.4 indicates a simplified picture representing the relationship among
significant wave height, wave period, and wind speed for open seas in the North
Atlantic and North Pacific (Lee et al. 1985).

The wind force on each part of the FPSO may be estimated from the following:

F = 0.0625 AV>C;, (4.5)

where F = wind surface force in kgf; A= projected area in m?*; V = wind speed in
m/s; and C; = shape coefficient as defined in Table 4.5.

In API RP 2FP1 (API 1991), two methods are suggested to evaluate the wind
effects: (a) as a constant applied value where the wind speed is taken as the extreme
1-minute mean wind speed; or (b) as a fluctuating force based on the extreme 1-hour
average velocity together with a time-variant component calculated from a suitable
wind-gust spectrum. Formulae are also provided to estimate the wind forces.

The DNV Classification Notes 30.5 (DNV 1991) suggests taking the reference
averaging period of wind as 10 minutes and the reference height as 10m above sea
level. The average wind speed and its profile with height may then be estimated using
a closed-form formula.

Table 4.3. [llustrative 100-year return period design wind speeds for UK waters
(UKOOA 2002)

Wind speed Central North Sea Northern North Sea West of Shetlands

1-hour average 37 m/s 38 m/s 40 m/s
10-min. average 40 m/s 41 m/s 43 m/s
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Table 4.5. Shape coefficient for estimation of wind force

Large flat ~ Support Isolated Clustered
Shape  Sphere  Cylinder  surface® members®  shapes®  deck houses

G 0.40 0.50 1.00 1.30 1.50 1.10

Notes: @Hull, deck house, smooth underdeck areas; ® Exposed beams or girders under deck;
(©)Cranes, booms, etc.

As an alternative to the approaches only by model tests or by statistical-methods-
based model tests, the computational fluid dynamics (CFD) technique is also avail-
able to determine wind loads on offshore structures (Aage et al. 1997).

4.5 Water Depths and Tidal Levels

The overall depth of water at any location can be characterized by the mean depth
and its variations from mean sea level. The mean water depth is defined as the vertical
distance between the sea bed and an appropriate near-surface datum. The variations
of water depth are primarily due to tides and storm surges. The tide-related variations
are usually regular and predictable in terms of the highest astronomical tide and the
lowest astronomical tide.

Meteorologically generated storm surges, however, are irregular in nature. The
effects of tides can be superimposed on the effect of storm surges to estimate the
total mean water levels; these could in some cases be above the highest astronomical
tidal level or below the lowest astronomical tidal level.

4.6 Currents

Currents, together with waves and swells, can affect the orientation of the offshore
structure and, therefore, directly and indirectly affect both short-term and long-term
loads imposed on the structure and its mooring system. Currents can increase the
hull drag forces over and above the values due to the wave system alone. Currents
also ultimately affect the station-keeping of the offshore unit and the performance
of its thrusters (where used).

The nature of currents is very complex, depending on the local conditions. A num-
ber of current types may be relevant — for example, oceanic currents, eddy currents,
thermal currents, wind-driven currents, tidal currents, surge currents, and inertial cur-
rents (Barltrop 1998). The common ones are usually astronomical tide and storm-
surge related. But this is by no means a certainty in any specific case or region, and
if at all possible, specific onsite measurements need to be made before locating an
offshore unit at any given site.

An offshore production vessel hull and its mooring system are affected first by
surface currents. In the design of risers, one needs to appropriately consider currents
at lower sea levels. Generally, the major open-ocean currents below the surface can
be more predictable and subject to less change, although for currents closer to the
ocean surface, the effects of wind will mean greater variability than in the open sea.
As always, there are many exceptions to these generalizations; for instance, in the
Indian Ocean and China Seas, current directions can change significantly seasonally
and even reverse during monsoons.
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Table 4.6. Generic surface current data for UK waters (UKOOA 2002)

Location Central North Sea Northern North Sea  West of Shetlands
100-year return period 1.03 m/s 0.99 m/s 2.00 m/s
surface current speed
1-year return period 0.88 m/s 0.89 m/s 1.64 m/s
surface current speed
Current direction N/S N/S NE/SW

The current data must be obtained from the measurements made at or close to
the operation field for at least a year or longer to build up an accurate picture of the
current characteristics including speed and direction. Generic surface current data
from the UKOOA FPSO design guidelines for UK waters are provided in Table 4.6.
The UKOOA guidelines also suggest that the current forces on FPSOs should be
calculated using the method presented by OCIMF (1994).

In the absence of detailed field measurements for currents, the DNV Classification
Notes 30.5 suggests that one may be able to describe the current profile as the sum
of tidal current and wind-generated current profiles. In the classification notes cited,
the tidal current is postulated to be subject to 1/7 power exponential decay over the
water column and wind-generated current is said to decay linearly from 1.5 percent
of hourly mean wind speed (i.e., which gives the current speed in m/s) at still-water
level to zero at 50m depth. Other types of currents must also, of course, be considered
in describing the currents if relevant.

Lonseth and Kvitrud (1997) have presented data from current measurements
for the Northern Norwegian Continental Shelf. Figure 4.3 shows sample profiles
of extreme current velocity for the 100-year return period at three locations in the
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Figure 4.3. Sample 100-year return period extreme current velocity profiles at three locations
in the Norwegian Sea.
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Norwegian Sea, from the work of Lonseth and Kvitrud (1997). The current velocity
is a function of water depth; even in deep water, the current velocity can be more
than 1.0 m/s in some areas of the world. This underscores the need for site-specific
measurements as the preferred approach in many cases.

4.7 Air and Sea Temperatures

For temperatures, the concept of probable extremes defined as the values probably
never exceeded may be used instead of statistical extreme values with a specified
return period. Itisinteresting to note that the probable extremes at the sea surface are
sometimes more severe than the corresponding 50-year return period temperatures,
and also that extremes of sea surface temperature occur less frequently than air
temperature extremes (HSE 1989a, 2001a).

The information on sea temperatures is important for fracture toughness design,
in many cases, although air temperature information is of interest for applications
where a structure and various onboard systems respond to air temperature changes.
Year-round temperatures and humidity are also of interest to the design of heat-
ing and cooling systems. In some geographical areas, such as West Africa, the
year-round temperatures and humidity may remain uniformly high, a factor that
must be considered in the selection of corrosion margins and corrosion protection
schemes.

4.8 Snow and Icing

Depending on the areas of operation, the extent to which snow and ice may accu-
mulate on various parts of the offshore units may need to be estimated. Associated
risk mitigation measures include the provision of adequate strength and stability and
local heating. Physical deicing and snow removal procedures also need to be specified
based on the maximum permitted accumulation specifications for the offshore unit.

In many cases, snow accumulations may be more likely than icing, particularly on
windward-facing nonhorizontal parts of the unit. Snow, if it remains, can freeze into
ice and, therefore, will need to be removed before that happens by blowing it dry or
by other means.

Icing takes place when the temperature of the water is around 6°C or less and
the air temperature is below 0°C. As a result of water breaking or spraying over the
deck, ice can form on the deck and topsides. Stability issues can then occur when the
metacentric height is reduced due to icing. Temperature levels in the polar area can
be below —35°C; thus, icing is always an issue when an offshore unit operates in the
arctic area. Icebound regions, including the arctic, are thought to contain significant
hydrocarbon reserves.

For structures operating in icebound areas, impacts due to growlers, bergy bits, and
even icebergs need to be considered in design as they can cause structural damage;
an example of denting due to ice is shown in Figure 4.4. The design of structures
strengthened to withstand the effects of snow and ice is a specialized subject that can
be of interest to ship-shaped offshore units and shuttle tankers operating in areas
with seasonal or year-round ice.

Important logistics considerations for operations, such as those related to bringing
in spares and supplies needed, can also arise in such areas because non-icebound
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Table 4.7. Mean ice thickness in various cold seas

Sea Mean ice thickness (mm)
The Kara Sea (arctic) 1,800

The Sea of Okhotsk (east Siberia/Sakhalin) 1,400

Barents Sea (arctic) 1,200

The White Sea 800

The Black Sea (The Sea of Azov) 700

The Caspian Sea 700

The Baltic (Gulf of Finland/Gulf of Bothnia) 400-800

time can often be short. As would be expected, the ice thickness and related
pressures will be an important factor in the design of vessels such as icebreakers.
As an example, Table 4.7 summarizes the ice thickness in various cold seas. Plastic
design concepts and, more recently, nonlinear finite-element analyses are useful
tools in the structural design for ice (Wang and Wiernicki 2004; Wang et al. 2005a,
2005b; Wang and Liu 2006). Similar acceptance criteria to Eq. (4.7) can be applied.

We will now present a brief historical review on the study of ice loads and strength
predictions. Research for arctic structures, related to ice mechanics predictions of
the maximum design ice loads, must be considered at both global and local levels.
Bruen et al. (1982) review the methods of selecting local design ice pressures for
arctic offshore structures including the use of the Hertzian contact theory, plasticity
theory, field observations, and empirical methods. A wide scatter is found in local ice

Figure 4.4. Plastic deformation on
side shell structure of a trading ship
due to ice loads (Kujala 1994).
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pressures, leading to the use of probabilistic criteria such as ice pressure exceedence
curves. The importance of scaling law is discussed particularly for brittle ice behavior.

Vivatrat and Slomski (1983) present a probabilistic procedure for determining
the maximum loads and pressures on a fixed offshore platform due to multiyear
ice floes (icebergs) during winter loading events. Mechanical models for estimating
the flow contact width, peak indentation pressure, pressure versus displacement,
and interaction between the multiyear floe and the surrounding first-year ice are
described. Hnatiuk (1984) reviews the offshore production activities in Canada’s
harsh arctic offshore areas; the experience and lessons learned can also be pertinent
for similar applications in other icebound areas.

Kreider et al. (1985) present a probabilistic approach to develop ice load criteria
for offshore structures operating in the Beaufort Sea. Williford and Winkler (1987)
present the design experience for a self-propelled turret-moored icebreaker drilling
unit operating in an ice environment; the unit was designed for station-keeping in
1mice and 10m unconsolidated pressure ridges. Operational experience for a drilling
unit in the Beaufort Sea is presented by Hinkel et al. (1988). Operational concerns
described include wellhead protection from ice scour. Truskov (1999) provides useful
ice conditions and metocean and seismic data offshore northeastern Sakhalin Island.

For polar trading ship designs, substantial efforts are now directed toward the imp-
lementation of more sophisticated methodologies into design standards. The IACS
polar ship rules (IACS 2001) deal explicitly with the load-carrying capacity of the
structures under ice loads in the plastic regime. The Finnish-Swedish ice class rules
(FMA 2002) are commonly used for design of ice-strengthened vessels operating in
the Baltic Sea. As an alternative to the Finnish-Swedish ice class rules, the Finnish
Maritime Administration (FMA) has now also published guidelines for the appli-
cation of first-principles methods for the structural design against ice loads (FMA
2003a,2003b, 2004). Classification societies have also provided the guidelines of first-
principles approaches applying nonlinear finite-element methods (ABS 2004a, 2005).

The Terra Nova FPSO operating in Newfoundland, Canada, is perhaps one of the
first of offshore floating units designed for ice-infested, relatively harsh environments.
To avoid the threat of icebergs, the FPSO was designed so that it could quickly
disconnect from its mooring and proceed under its own power. Doyle and Leitch
(2000) describe the development of the Terra Nova FPSO hull from design through
construction to delivery to meet the requirements of operating in the harsh Canadian
environment of the Grand Banks. Maguire et al. (2001) present a description of
measures undertaken and implemented to ensure the fitness of the Terra Nova FPSO
within the context of a complex regulatory climate by minimizing the related risk. An
overview of the Terra Nova development and related prominent technical challenges
are also presented.

4.9 Marine Growth

Floating offshore structures are likely to become fouled with marine growth, much
like a ship or any other marine structure. In the case of offshore units such as drill
ships, this may increase resistance and powering when underway. Its removal is quite
simple once dry-docked.

On site, however, the removal of marine growth by cleaning prior to underwater
structural inspections can be expensive. Typically in such cases, to keep the situation
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controllable, marine growth will be removed periodically; that is, when they reach
certain predefined growth levels. In the early life of the offshore installation on site,
the occurrence of marine growth can be reduced or avoided by the coating system
used, including an antifouling component. Admittedly, most antifouling paint is more
effective in a moving object rather than a stationary object.

For design purposes, there usually is a marine growth profile (thickness and rough-
ness as a function of water depth) specified as part of the metocean data in a design-
basis document.

4.10 Tank Sloshing

4.10.1 Fundamentals

The accelerations arising from the motions of a ship in a seaway can produce sloshing
actions on the structures of partially filled tanks. Motions of liquid cargo in oil tanks
may often produce significant sloshing actions, and the affected structure must be
engineered to withstand them. This is of particular concern in tanker conversions
because it is not always the case that trading tankers were designed for partially
filled cargo tanks, unlike their ballast tanks. Cargo tanks of moored ship-shaped
offshore structures are continuously loaded and unloaded and, therefore, sloshing in
the tanks may not be avoidable.

Resonance between the natural sloshing period of the tank with liquids and the
roll or pitch periods of the structure is of concern. The recent trend toward adopting
large tanks, which serves to reduce the number of tanks, does not help in this regard
because the result may be larger tanks with longer natural periods (with a more
attractive construction cost, without doubt). Such trends may also complicate design
for maintenance and hot work on site where, generally, the larger the number of
tanks, the better.

4.10.2 Practices for Sloshing Assessment

Like other sources of impact-pressure actions such as bow slamming or green water
(described in this chapter) or explosion (described in Chapter 8), sloshing can also
result in impact-pressure actions and subsequent structural damage. Increased pres-
sures of anonimpact nature are also possible. The work to resolve the impact-pressure
issue can be classified into two parts: the hydrodynamics-related study and the struc-
tural mechanics-related study. The aim of the hydrodynamics-related study is to
identify the impact-pressure profile in terms of pressure versus time history, and the
structural mechanics study is aimed at calculating the dynamic structural response,
including damage due to the applied impact-pressure actions.

Sloshing considerations in classification society rules and procedures today are
fairly well advanced; for example, reference is made to LR (2004) and IACS (2005). If
structural efficiency is the consideration, more refined approaches involving impact-
pressure parameters such as peak pressure and impact duration must be applied to
analyze the wave-impact problem, including structural damage (Paik et al. 2004).

This is because in current classification society rules, the structural design crite-
ria against impact-pressure actions are typically based on a quasistatic equivalence
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concept that defines an equivalent quasistatic pressure situation in place of the real
impact-pressure situation. We recognize that this approach does not necessarily
reflect the impact-pressure characteristics relevantly. The structural damage by this
concept may be underestimated in some cases and overestimated in other cases, indi-
cating that the concept is not consistent in terms of strength assessment. However,
by appropriate calibration in comparison to cases of damage versus no damage, it
appears that workable design procedures can be attained as well.

For practical design purposes, the problem of impact-pressure actions in terms of
structural behavior can be idealized within three domains of behavior depending on
the ratio of the duration of impact actions to the natural period of the structure, as
follows (NORSOK 1999):

¢ Quasistatic domain when 3 < t/T
e Dynamic/impact domain when 0.3 <t/T < 3
e Impulsive domain when t/T < 0.3

where t = duration of impact actions; and T = natural period of the structure.

The impact-pressure action arising from green water, bow slamming, or sloshing is
generally characterized by four parameters: (1) rise time until the peak pressure, (2)
peak pressure, (3) pressure decay type beyond the peak pressure, and (4) pressure
duration time, as illustrated in Figure 4.5. The peak pressure value often approaches
some 2-3 times the collapse pressure loads of structural components under quasi-
static actions. But the rise time is very short, a few milliseconds or less. The duration
(persistence) time of impact pressure is often in the range of 10-50 milliseconds.
It is important to realize that, unless anticipated and designed for, the structural
damage due to impact-pressure actions can be significant even though the dura-
tion time is very short as long as the associated impulse itself is large enough (Paik
et al. 2004).

When the rise and duration times of impact pressure are very short, however, it
is possible that the impact-pressure response can be approximated to an impulsive
type of action that is characterized by only two parameters: equivalent peak pressure
P, and duration time T, as long as the corresponding impulse is identical (Paik et al.
2004). In this case, it can then be approximated that the impact-pressure actions
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arising from sloshing, slamming, or green water can be characterized by P, and T,
as shown in Figure 4.5. The two parameters may be defined so that the actual and
idealized impulses of the impact-pressure action are equal:

I= Pr= / P (t)dt, (4.6)

where I = impulse of the impact-pressure action; t = time; P, = effective peak
pressure; and T = duration time of P.. Simple formulae to calculate sloshing impact-
pressure distribution for trading tankers that may be useful for ship-shaped offshore
units are given by IACS (2005), applying the quasistatic equivalence concept.

Taking P, as the same as P, (peak pressure value) can be unduly pessimistic for
obvious reasons; thus, P, is often obtained by multiplying a relevant knock-down
factor to P,. Once the impulse I and the effective peak pressure value P, are defined,
the duration time T can then be determined from Eq. (4.6). In predicting structural
damage due to impact-pressure actions, P, and T will be dealt with as parameters of
influence.

An acceptance criterion to be safe against impact-pressure actions can be based on
the serviceability limit state in terms of the permanent set deflection of ship-shaped
offshore structure panels, as follows:

Wpa

Wp < Wpa, OF 1)y = > 1, (4.7a)

p
where w;, = factored permanent set deflection; wy,, = allowable (factored) target
value of permanent set deflection, which may be taken as a few times the plate
thickness; and n; = measure of structural adequacy related to the permanent set
deflection.
The acceptance criterion should also be considered for the ultimate limit state in
terms of maximum pressure loads or associated impulse capacity, as follows:

P
Pg<P,, orm,= P_Z >1, (4.7b)

I
Ih<I,, orm= i > 1, (4.7¢)

where Py, Ig = design (factored) peak pressure or impulse at the design duration
time, respectively; Py, I, = factored maximum impact pressure or impulse capacity
at the corresponding duration time until structural failure (e.g., buckling, fracture)
takes place, respectively; and 1,, N3 = measures of structural adequacy related to
impact pressure or impulse capacity, respectively.

As indicated in Eq. (4.6), the impulse can be calculated by integrating the area
below the impact pressure versus time history. The maximum impact pressure and
impulse capacity can be obtained by dynamic nonlinear structural behavior analyses
using numerical methods such as those presented in Section 8.4.3 in Chapter 8. It is
important to realize that the dynamic nonlinear structural behavior may depend sig-
nificantly on dynamic material properties (e.g., strain-rate sensitivity, viscoelasticity,
damping) and, therefore, the effects of dynamic material properties should be taken
into account in the dynamic structural capacity analyses.

Another important issue is damage accumulation. In reality, impact-pressure
actions may be applied repeatedly; thus, the resulting structural damage can be
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accumulated, causing fatigue cracking and fracture. In this regard, the hydro-
dynamics-related study should also identify the relevant information in terms of
short-term or long-term time histories of impact-pressure actions for low-cycle
fatigue and fracture analysis.

4.10.3 Measures for Sloshing Risk Mitigation

Sloshing risk mitigation measures for ship-shaped offshore structures can be similar
to those for trading ships. Obviously, the size of the tank or compartments exposed
to sloshing impact should ideally be decreased by minimizing bulkhead spacing or by
fitting partial sloshing bulkheads. This could move the tank natural period away from
the range of hull resonance. As an alternative or in conjunction, the tank boundary
scantlings should be adequately increased to withstand the sloshing impact. This is
normally a workable alternative because not all of the structure in a tank is dispro-
portionately and adversely affected by sloshing; that is, the increases required are
usually localized to certain parts of the tank (and its support structure, as relevant).

4.11 Bow Slamming

4.11.1 Fundamentals

Bow structures are likely subjected to impact-pressure actions arising from what
is termed “bow flare slamming,” when the vessel bow encounters the waves. Bow
slamming and wave-slap impact has been known to cause structural damage (e.g.,
buckling, tripping) in the forecastle plating, bow flare plate, and stiffeners. Depend-
ing on the hull form, the wave environment, and several other factors including
forward speed and heading, bow slamming may need to be investigated for ship-
shaped offshore structures in transit or during operation. At a fixed relatively benign
location, bow impact-pressure actions may be less serious than those for normal trad-
ing tankers. However, bow slamming may be of interest for weathervaning vessels
in harsh environments with the bow pitching downward in certain cases, particularly
when the waves approach with heading angles within 15-30 degrees off the bow.

Data on bow-slamming pressures on ship-shaped offshore structures and tools
to analyze such conditions are not so mature. There is relatively little information
or tools available for the direct first-principles identification of the levels of bow-
slamming pressures that might occur along the side of a vessel for seas from moderate
to large heading angles. Susceptibility to bow-wave impact increases with harsh envi-
ronments and certain bow shapes, for example, round ones (UKOOA 2002; Barltrop
and Xu 2004; HSE 2005a). Section 2.17 in Chapter 2 lists some recent studies on
bow-slamming impacts.

4.11.2 Practices for Bow-Slamming Assessment

In principle, for direct analysis, the same discussion described in Section 4.10.2 using
an impact-pressure profile characterization is applicable to a bow-slamming problem.
A first-principles design approach may be used to calculate the wave crest velocity
and stagnation pressure with wave height and period known; from this, we can obtain
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the impact-pressure distribution on local plate panels or even larger areas (HSE
2000b, 2005a).

However, the bow-wave impact analysis for ship-shaped offshore units is more
commonly based on the approaches for normal trading ships by modifying them for
parameter differences, for example, forward speed. In this regard, simple formula
approaches to calculate bow-wave impact-pressure distribution of trading tankers
taking into account bow shape and position on bow from waterline and freeboard
deck are given by IACS (2005), which may be applicable to ship-shaped offshore
units with bow shapes typical of merchant ships. For other shapes and situations —
for example, knuckled flat-plate bows — direct calculation methods of FPSO bow
slamming (Wang et al. 2002; Barltrop and Xu 2004; HSE 2005a) usually need to be
applied.

4.11.3 Measures for Bow-Slamming Risk Mitigation

It needs to be recognized that bow-wave impact is significantly affected by the shape
of the bow. Full rounded bow shapes with raised forecastles and bulwarks can be
difficult to protect due to high bow impact-pressure levels. This is in contrast to
measures for mitigation of green water (refer to Section 4.12.3) because forecastles
and bulwarks must be raised to avoid freeboard exceedance at bow. Although the
bow shape of a ship-shaped offshore structure converted from a trading tanker will
not usually be changed, that of a new-build vessel can be better optimized in terms of
mitigating bow-slamming impact and green water by appropriate analyses, and also
related sensitivity and trade-off studies.

For instance, two types of bow shape may be considered: full rounded (or semi-
ellipsoidal) and sharp bow with or without a rounded extremity. The rounded bow
provides maximum buoyancy for minimum steel weight due to its low surface and
maximizes the buoyancy particularly at bow that may then better rise in wave crests.
Also, it may assist the natural weathervaning capabilities of the vessel. However, a
rounded bow has a larger flat surface area that can be more vulnerable to damage
due to wave impact.

On the other hand, a sharper bow shape can minimize the wave-impact pressures,
although in oblique seas with noncollinear conditions of winds, waves, and currents,
the impact can still be relatively severe. Bows with a complex shape, of course, will
cost more to construct. They also may result in comparatively less tank space and
deck area forward. Integration of structures such as a forward-mounted turret can
also become complicated in such cases.

4.12 Green Water

4.12.1 Fundamentals

Green water can be considered to consist of unbroken waves overtopping the bow,
side, or stern structures of ship-shaped offshore units; its occurrence depends on var-
ious factors including the relative motion between the offshore unit and the waves,
the speed, the freeboard, and the harshness of the environment. The occurrence of
green water implies that the available freeboard is exceeded. The green-water prob-
lem on ship-shaped offshore structures can be an important design issue under harsh
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environmental conditions because green water can cause damage to deck houses,
deck-mounted equipment (e.g., switch room compartments), watertight doors, walk-
way ladders, and cable trays (HSE 1997, 2000b).

Morris et al. (2000) reported that from 1995, over a 5-year period, seventeen green-
water incidents occurred on twelve FPSOs in UK waters of the North Sea, with more
than one incident in some installations. Such experience has also been noted in Ersdal
and Kvitrud (2000).

Although green-water occurrence may not cause a direct threat to integrity of the
vessel hull girder, it may make the vessel more vulnerable to unintended flooding
during accidental events and, therefore, constitute a threat to the workforce; also,
any green-water damage requires repairs and perhaps production downtime.

For a turret-moored offshore unit, the bow of the unit may always be exposed to
the waves because of the weathervaning feature and, depending on several factors,
the wave heights may exceed the freeboard. Green water along the sides can also
occur due to wind, waves, and currents. In ship-shaped offshore structures without
a poop deckhouse, green water has also been observed at the stern (HSE 2001a)
in some cases. Section 2.17 in Chapter 2 lists some recent studies on green-water
impact.

4.12.2 Practices for Green-Water Assessment

Prediction of freeboard exceedance at various locations around the deck is highly
dependent on relative orientation of the hull to approaching waves. It is not always
straightforward to predict quasistatic and dynamic components of vessel heading
relative to incoming waves and, in general, this requires nonlinear ship motion or
similar calculations. Model tests can also be performed.

For the green-water problem of moored ship-shaped offshore structures, the same
approach previously discussed for sloshing problems in Section 4.10.2 can, in prin-
ciple, be applied for green-water impact-profile characterization and damage pre-
diction, although the characteristics of green-water impact profiles will be different
from those of sloshing or bow-slamming impact.

Traditionally in tankers, the deck structure is designed for about 2.44m quasistatic
head of water to provide some strength for green-water effects. This load criterion has
its basis in experience. And, in tankers in heavy weather and under laden conditions,
the occurrence of green water is common and does not usually appear to affect the
transportation mission of the vessel involved; a possible exception appears to be the
so-called abnormal, freak, or rogue waves.

The same cannot be said with certainty for a floating offshore unit whose basic
mission is likely to be more affected by green water. Because of this and also the
fact that design conditions for green-water occurrences are difficult to predict, a
relatively conservative view may need to be taken for green-water design of ship-
shaped offshore units, to the extent possible.

When green-water events by freeboard exceedance occur at bow, head seas may
cause the most severe action effects, in particular for the deck housings, the fixings,
and the equipment located along the middle of the deck (HSE 2005b). The application
of head-sea data may provide practical results somewhat on the conservative side
for bow equipment design because the waves at the bow may approach from various
heading angles of 4+/— 30 degrees off the bow.
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Determination of design conditions needed to evaluate green-water occurrence
along the vessel side or at the stern of a ship-shaped offshore structure is usually more
difficult than that at the bow. A more complex process is usually involved in this case
because the level of freeboard exceedance along the side and the subsequent flow
of water across or along the deck is strongly influenced by relative direction of the
incoming wind-driven sea and any static heel and the roll motions of the vessel.

Itis noted that the roll motion of the FPSO hull may be caused by a totally different
mechanism than local waves; for example, it may be due to swells approaching from
a beam-on direction with a frequency close to the natural frequency of the vessel in
roll. In some cases, it may also be affected by the wind. In addition, it is reportedly
true that green-water events along the vessel side together with severe roll motions
can occasionally occur due to unusual yaw motion of the vessel and/or a breakdown
of the heading-control system, including thrusters.

Simplified methods are available to evaluate green-water events from the vessel
side as well as at bow or stern of the vessel, but a number of problem areas remain to
be resolved. Model testing may usually need to be performed for a particular design
(HSE 2000a) in the end. The results of the joint industry project (JIP) performed by
Maritime Research Institute Netherlands (MARIN) that led to a computer design
tool called “GreenLab,” and also much relevant work by researchers at MARIN, can
also be referred to for useful ways to analyze green-water behavior and response of
ship-shaped offshore structures (Buchner 1995, 1996, 1999,2002; Buchner et al. 2000).

In the GreenLab method, an initial step is to predict freeboard exceedance. The
relative motions between the waves and the vessel form the basis of green-water
analysis, with green water defined to flow over the deck or bulwark if the water
heights exceed the freeboard available. Linear diffraction analysis with nonlinear
corrections based on the JIP model test results are applied for this purpose.

Once the maximum freeboard exceedance is known, other aspects such as water
heights and impact-pressure loads are calculated based on certain relationships
obtained from model tests. More details for the basis of GreenLab analysis can
be found in HSE (2001c) and Buchner (2002).

Other relevant literature related to the analysis and design of green-water impact
on decks and topsides of ship-shaped offshore structures under harsh environment
also exist. For example, Wang et al. (2001) studied green-water impact on decks and
topsides for the Terra Nova FPSO project (Doyle and Leitch 2000; Maguire et al.
2001). This work identifies the wave period (spectral peak period), vessel heading, and
vessel draft or freeboard as the three most important parameters that affect the green-
water occurrence in that case. Also, Buchner et al. (2000) evaluated green-water
impact problems, among other issues, in the context of future FPSO installations in
the Gulf of Mexico.

4.12.3 Measures for Green-Water Risk Mitigation

The following design considerations are relevant for green-water-related risk
reduction:

¢ Design the deck structures and equipment to withstand green-water-impact
loads.

¢ Increase the local freeboard along the vessel length to reduce the green-water
occurrences coming onto the deck.
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* Optimize the shapes of deck structures, including flare and camber, to minimize
green-water ingress and impact loading.

¢ Arrange physical or operational measures to protect the structure from green-
water occurrences.

Physical and operational measures to protect against green-water occurrence may
include the following (HSE 2001c¢):

* Bow and side protection structures, such as higher bulwarks

* Raising the poop deck or bulwark aft

¢ Raising equipment and piping to reduce the loading

e Appropriate protection of process, deck equipment, cable trays, hydrant, and
evacuation equipment

* Operation with stern trim when bow green water is of concern

* Heading changes to reduce wave incidence angles and side green water

* Provision of safe access from green-water zones

Asnotedin Section 4.12.2, classification society rules for trading tankers commonly
use a 2.44m head to account for green-water effects; this practice has found its way
into the FPSO guidelines from some classification societies as well. In addition, in
certain cases, the class guidelines may permit a further reduction in head (ABS
2004b).

In practice, FPSO specifications have often required local strength design of the
deck structure to resist green-water heads of 2.5-5m, depending on the site and
towing conditions as necessary; see Adhia et al. (2004). Certain environmentally
harsh areas and circumstances of operation may justify a higher design sea-water
head for local strength.

4.13 Considerations Related to the Return Period

For design environmental conditions of both ship-shaped offshore units and trading
ships, it is important to define relevant return periods (Frieze and Paik 2004). Larger
trading ships on unrestricted service are normally classed for a service life of 20-25
years. Today, the offshore industry uses a 100-year return period environmental event
as the basis for the strength design of its structures. This, however, was not determined
by any rational assessment of the likelihood of failure during events to which offshore
structures were exposed or quantification of societal expectations with regard to loss
of life or environmental pollution. This arose, as do many engineering solutions, as
the rather pragmatic consequence of certain damages to jacket platforms in the Gulf
of Mexico during hurricane events.

At first (early 1960s), a design-wave height was selected on the basis of a 25-year
return period. With several jacket platform damages, a progressive increase to a
wave height corresponding to a 50-year return period improved the situation but not
completely. The 100-year return period was then selected and, to date, no jacket or
floating platforms in the Gulf of Mexico, or elsewhere, designed to this criterion have
been lost or suffered major damage due to severe environmental actions; however,
this is now being debated in light of the recent experience with hurricanes such as
Katrina in 2005.

Itis interesting to recount the probability of encountering a storm of R-year return
period. If the exposure duration of the structure (service life) in a region or site is
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Y years, then the probability P of encountering an R-year return period storm can
be estimated as follows (Lacey et al. 2003):

P =1—(1—1/R)Y, for the return period concept (4.8)

P =1 —exp(—Y/R), for a Poisson process, (4.9)

where R = return period in year; Y = exposure duration in the region in year. If
the service life in a region is Y = 25 years for 100-year return period storm — that is,
R =100 - the probability P of encountering the storm becomes

P=1-(1-1/ 100)25 = 0.222, for the return period concept (4.10a)

P =1 — exp(—25/100) = 0.221, for a Poisson process. (4.10b)

It may seem that a probability of more than 22 percent is high, but this does
not necessarily mean that the design is unsafe. In fact, this notional probability of
occurrence is one factor that enters into the risk level that is implicit in the structural
design procedures involved.

Certainly, an upward change in return period usually results in an increase in
loads. For example, wave actions on offshore jacket structures are dominated by
drag loading as distinct from inertia loading. In simple terms, drag loading increases
with wave height raised to the power 2. In real terms, the “power” may tend to
be greater than 2 in part because of complex platform-framing patterns. The North
Sea guidance on wave heights (DEn 1990) shows that as the return period of waves
doubles, the wave height increases by some 5 percent and, therefore, the drag loading
by about 10 percent. The increase of drag loading due to the increase of the return
period from 25 to 100 years is then found to be 22 percent.

Although these increases are probably underestimates, it is evident that the
increase in loading can be relatively significant when moving from a 25- to a 100-year
return period event. On the other hand, the increase from a similar 50- to a 100-year
return period event is lower, perhaps about 10 percent. Experience to date has so far
shown that this was sufficient to move from a design event in which major hurricane
damage generally occurred to one in which major damage did not generally occur. In
view of recent experience with hurricane damage on the U.S. Gulf Coast, the physical
damage that occurs may, in some cases, be very significant in terms of lost production
and has an impact on various subsequent societal events and circumstances if only
because of the supply disruptions that may arise and persist for a time. One observes
that risk perception varies with the perceiver and that the levels of acceptable risk
can change for various reasons.

We should perhaps also note that the 100-year return period criterion is not nec-
essarily universal for strength design, even in the offshore industry. A 10,000-year
return period has also been suggested by some in the context of ultimate strength-
based design of offshore structures. Some investigators have also proposed a longer
return period of 1,000-10,000 years for the assessment of green-water and bow-
impact loads, depending on the environmental conditions of FPSOs (Barltrop and
Xu 2004, HSE 2005a).
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4.14 Wave Energy Spectra Expressions

Wave energy spectra are the basis for the analysis of actions and action effects due
to waves. These represent the distribution of the sea-height variance as a function
of frequency in a given sea state; the wave height is proportional to wave energy
transported (HSE 2001b). Wave spectra are useful for various purposes, including
determining design waves; determining the relative importance of waves with differ-
ent frequencies in exciting the response of the global system or structural component;
and also for obtaining the stress range response spectrum in fatigue calculations using
the spectral method.

Because waves are caused by winds, the distribution of wave height in the imme-
diate vicinity of the wind field will have a direct correlation to the local wind field.
A part of these waves, however, can under certain conditions travel far distances as
swells and they should be superposed on or affect the local wind-driven waves at a
distant location being considered. For floating offshore structures including FPSOs
at a certain site, these swell waves can also be important to design, in addition to
the waves generated by local wind systems. Swells can have different wave energy
spreading and directionality characteristics when compared to local waves. Swell
waves generally have a longer period than locally generated waves, which can travel
farther distances without decay when compared to short-period waves.

For a specific site, the wave spectrum consists of both locally generated sea and
swell components, sometimes more than one of each kind. This is another reason
why, for site-specific design, data obtained by relatively long-term measurements
at that site should preferably be used to establish the wave spectra for design. In
Sections 4.14.1-4.14.3, some generalized spectral forms useful for offshore design
use are discussed; these and other forms are in use.

4.14.1 The Generalized Pierson-Moskowitz Spectrum

An early and still very useful function to describe wave spectrum was developed
by Pierson and Moskowitz (1964). A generalized form of the Pierson-Moskowitz
spectral function is given as follows:

S(f) = Af % exp[—Bf ], (4.11)

where f = wave frequency; S(f) = distribution of sea surface variance in m?/Hz;
and A, B = variables to be determined for the prevailing sea state.

Replacing A and B in terms of the sea-state parameters, Hy and T,, respectively,
the distribution of sea-surface variance may be approximated to

S(f) ~ 0.080H2T,(T,f)~> exp[—0.318(T,f)~], (4.12)

where Hy = significant wave height of the sea state in meters; and T, = mean zero
up-crossing period of the sea state in seconds.

The peak value of the wave frequency corresponding to the maximum value of
S(f) can be obtained from

f, = (0.8B)"/*, (4.13)

where f, = peak value of wave frequency.
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4.14.2 The JONSWAP Spectrum

The Joint North Sea Wave Project (JONSWAP) spectrum was derived from envi-
ronmental data measured in the North Sea off Denmark, originally for describing
fetch-limited growing seas in the absence of swell (Hasselmann et al. 1976). It is
now commonly used for this and a few other cases by appropriate adjustments to
its parameters. The spectrum is, in this case, given by [for symbols, unless specified
below, see Eq. (4.11)]

S (f) = Afy9exp[-Bf ], (4.14)

where A, B = variables to be determined for the prevailing sea state, but these
are not the same as in Eq. (4.11); y = variable peak enhancement parameter for
a particular region of interest (e.g., this variable has a mean value of 3.3 and varies
(;ftpp);], f, = peak value
of wave frequency corresponding to the maximum value of S(f); and ¢ = constant
for a particular region (e.g., ¢ = 0.07 for f <f, and ¢ = 0.09 for f > f, in the
North Sea).

The relationship between Hg and T, is in this case given by

by more than & 50 percent in the North Sea); q = exp[—

S (f) ~ 0.0749H2T, (T,f) ™ 3.3% exp[—0.4567 (T,£) ], (4.15)

—1)? . .
where q = exp[—%]; ¢ = constant for a particular region.

The period at the peak frequency f;, can be given by
1

T, = £ (4.16)

where T, = period at the peak frequency, which can become T, ~ 1.286T, for
v =3.3.

4.14.3 Directional Wave Spectra

The wave spectrum can be modified to consider the wave direction as follows [for
symbols, unless specified below, see Eq. (4.11)]:
+1

S = [ S 0)do, (4.17)

where 0 = direction from which the wave component is traveling.
In Eq. (4.17), S(f, 0) is often split into S(f) and G( f, 0), as follows:
St.0)=S{)G({,0), (4.18)

where ["7 G(t, 0)do = 1.
The spreading function G(f, 0) in Eq. (4.18) is expressible as follows:

G(f, 8) = Ncos®[(6 — 61n)/2], (4.19)
where 0, = dominant direction as a function of f; s = spreading factor as a function

of f; and N = normalizing constant ensuring that G(f, 0) integrates to 1.0, given by

1 T(s+1)

T2 a(s +05) (420)
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where I' = gamma function. For a simple evaluation, s = 10 is often used when s is
considered to be independent of wave frequency. In this case, N = 0.903. In cases
where the wave energy is more narrowly spread about the predominant direction,
such as for swells, a “cosine to the power 4” spreading function is often used; that is,
s =2. Then, of course, for s = 1, we obtain the typically used cosine-squared spreading
function.

In addition to the wave spectral function, the expected number of wave encounters
that the structure is likely to experience during its service life as a function of wave
amplitude must also be estimated for fatigue assessment.

4.15 Design Basis Environmental Conditions

In summary, the design environmental conditions of moored ship-shaped offshore
structures must be established to determine the most severe actions during the entire
service life. Relevant considerations were discussed previously in Section 4.13. The
conditions for this purpose may include, for example, the following:

¢ 100-year return period winds and waves associated 10-year return period cur-
rent

* 100-year return period currents with associated 10-year return period winds and
waves

For design, both collinear and noncollinear directions of winds, waves, and cur-
rents must usually be taken into account together with their angular separation; see,
for example, UKOOA (2002). Winds, waves, and currents must ideally be based on
site-specific metocean data for offshore installations. Operational data for winds and
waves will also be required to shuttle tanker loading (FPSO offloading) operations
and to analyze and account for the downtime associated with various offshore oper-
ations in general.

For each offshore project, there is a metocean design-basis document that specifies
all related environmental data for design, together with a commentary. Such a docu-
ment typically includes the applicable metocean design data such as (a) the extreme
wind, wave, and current cases; (b) operating criteria for winds, waves, and currents;
and (c) design data for tide levels, rain and squalls, water temperatures, salinity and
density, air temperatures, air pressure and humidity, water chemistry, and marine
growth.
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CHAPTER 5

Serviceability Limit-State Design

5.1 Introduction

The performance of a structure and its components is described using limit-state
functions that separate desired states from undesired states. The physical effects of
exceedance of a limit state may be either reversible or irreversible. For the reversible
case, removal of the cause of the exceedance allows the structure toreturn to a desired
state. For the irreversible case, the same is not true and certain consequences, such
as damage, may occur depending on the nature of the limit state. The consequences
may, in turn, be either recoverable or unrecoverable from the deformed state. For
example, if the damage is limited, say, in the form of a localized permanent set in a
case where the same is not desired, the condition may be repairable, for example, by
replacing the affected parts.
As discussed in Chapter 3, limit states are usually classified into four types:

(1) Serviceability limit states (SLS) that represent criteria governing normal func-
tional or operational use.

(2) Ultimate limit states (ULS) that represent the failure of the structure and its
components usually when subjected to extreme values of actions or action
effects.

(3) Fatigue limit states (FLS) that represent damage accumulation (leading to
cracking when certain limits are exceeded) under repetitive actions.

(4) Accidental limit states (ALS) that represent situations of accidental or abnor-
mal events.

In limit-state assessment, such various limit states are considered against different
target safety levels; the target to be attained for any particular type of limit state is a
function of the consequences and ease of recovery from that state.

This chapter presents SLS design principles and criteria together with related prac-
tices for ship-shaped offshore structures. Various types of SLS criteria are addressed,
relating to elastic deflection limits under quasistatic actions; elastic buckling lim-
its; permanent set deflection limits under impact-pressure actions arising from tank
sloshing, bow slamming, and green water; intact vessel stability; watertight integrity;
weathervaning (heading control); station-keeping; vessel motion exceedance; vibra-
tion and noise; vortex-shedding-induced vibrations and oscillations; and localized
corrosion wastage.

111
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Admittedly, some of these considerations are not what other experts may normally
define to be in the realm of SLS; however, to the extent they can adversely affect oper-
ations, increase downtime, and potentially reduce revenue, we think it is appropriate
to include them under SLS considerations. The economic viability of the offshore
installation is inextricably linked to its performance in the various serviceability limit
states.

5.2 Design Principles and Criteria
SLS for ship-shaped offshore structures addresses the following:

* Unacceptable deformations that affect the efficient use of structural or non-
structural components or the functioning of equipment affected by them

* Local damage (including corrosion, small dents, and limited permanent set) that
reduces the durability of the structure or affects the efficiency of structural or
nonstructural components

* Intact vessel stability and watertight integrity

* Vessel station-keeping

¢ Vessel weathervaning or heading control

¢ Vessel motions (or excursions) that exceed the limitations of equipment, moor-
ing systems, risers, and so on

e Vibration or noise that can injure or adversely affect the habitability of the unit
and the performance of personnel or affect the proper functioning of equipment
(especially if resonance occurs)

¢ Deformations that may spoil the aesthetic appearance of the structure

The divisions are one of convenience in that the limit-state behaviors can be inter-
linked. For example, excessive deformation of a structure may also be accompanied
by excessive vibration or noise as well as buckling. The acceptable SLS limits will be
defined by the operator of a structure, the primary aim being efficient and economi-
cal in-service performance, usually together with a planned program of maintenance
and upkeep for the unit. The SLS criterion is expressed as follows:

Smax < Oas (5.1a)

where Onmax = factored maximum value of the serviceability parameter in terms of
actions effects (e.g., displacement, stress); and 6, = factored serviceability limit value
of the consistent parameter.

Although the SLS criterion in Eq. (5.1a) is expressed in terms of action effects, it
may be sometimes cast in terms of actions (e.g., forces, load-carrying capacity) and
given in the following form:

Finax < Fa. (5.1b)

where Fp.x = factored maximum applied actions (loads); and F, = factored load-
carrying capacity.

A factored value indicates that an appropriate factor of safety associated with
uncertainties is multiplied for loads or divided for strength. The acceptable limits
necessarily depend on the type, mission, and arrangement of the structure. Further,
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in defining such limits even for structural behavior, other experts, such as machinery
and equipment designers, will also need to be consulted.

5.3 Practices for Actions and Action-Effects Analysis

For SLS design of ship-shaped offshore units, in-service actions in terms of pressures
or forces must be determined by vessel motion analysis based on site-specific envi-
ronmental data (e.g., waves, wind, currents) together with operational conditions
(e.g., loading, offloading), as previously described in Chapter 4.

For limit-state design and assessment, it is essential to analyze the action effects of
individual structural components, particularly in terms of working stresses. Method-
ologies similar to those used for trading tankers can also be applied to the action-
effects analysis of ship-shaped offshore units. The finite-element method (FEM) is
typically employed for such purposes.

Regarding structural behavior, the following five levels are often approximately
considered:

¢ Global structure (or hull girder)
¢ Cargo hold (or hull module)

* Grillage

* Frame and girder

* Local structure and details

For each load case, the resulting load effects are combined appropriately, using
correlation factors relevant for the load case. The response at each level may provide
the boundary conditions for the next lower-level analysis. The structural behavior
being addressed may take the following forms:

* Static or dynamic
* Deterministic or probabilistic
* Linear or nonlinear

The analysis at each structure level may need to include a dynamic structural
analysis, depending on whether that level of structure is subjected to any significant
dynamic loads, that is, loads for which the shortest component period is the same
order of magnitude or shorter than the longest natural period of that level of struc-
ture. At the hull girder and cargo hold levels, a wave-excited dynamic analysis is
usually not required for structures such as FPSOs, but a calculation of hull girder
natural frequency is almost always necessary. It is interesting to note that a dynamic
analysis may be required at hull girder and/or cargo hold levels for relatively flexible
trading ships, including some container vessels or naval ships that are susceptible to
springing.

At the principal member and local structure levels, a vibration analysis may be
required if there are some significant and unavoidable sources of excitations (e.g.,
machinery). In many cases, however, the preferred approach throughout the industry
is to calculate the natural frequencies and to design the structure so as to avoid
resonance.

When the characteristics of actions are certain, the deterministic analysis can
be adopted, but the probabilistic analysis is usually required to characterize the



114 Serviceability Limit-State Design

uncertainties and irregularities associated with environmental and/or operational
actions. For the practical purposes of limit-state design, the probabilistic character-
istics of individual action-effect variables are identified separately, and then they are
combined for limit-state assessment of the overall system structure together with the
probabilistic characteristics of structural capacities.

Environmental actions due to waves, wind, and currents can be complex, including
the dynamic, probabilistic, and nonlinear characteristics in nature. For simplicity, a
linear analysis is often used under several simplifying assumptions. For example:
(a) the irregular wave surface of the ocean can be represented as the linear sum
of a large number of individual regular waves of different heights and frequencies;
(b) the hydrodynamic forces on a vessel hull can be obtained using strip-theory
simplifications that, for certain parameters, consider each transverse section of the
vessel separately and then combine the results linearly for the overall vessel; and
(c) the wave force acting on each section may be assumed to be linearly proportional
to the difference between the local wave height and the vessel’s still-water-plane
level.

The accuracy of the first two assumptions is usually satisfactory; however, the
third is valid for vessels that are approximately wall-sided in the water-plane region.
If thisisnot so, or if there is any other source of nonlinearity, an appropriate nonlinear
method of action-effect analysis should be employed.

For a more detailed consideration of action-effect analysis for ship-shaped struc-
tures, see Paik and Hughes (2006).

5.4 Elastic Deflection Limits: Under Quasistatic Actions

The hull of ship-shaped offshore structures may be subjected to significant lon-
gitudinal and vertical elastic distortions due to static loads, static load variations,
and the dynamic effects of wind and waves. Under normal service conditions, the
maximum deflection of structural components must not exceed certain acceptable
limits per Eq. (5.1b) for certain applications. The related load effects need to be
accounted for in the equipment support structure that is likely to be affected. Total
maximum deflections in specific cases — for example, for crane supports — may be
specified by equipment vendors. This section presents useful analytical formulae of
the maximum deflections for main types of structural components under quasistatic
actions.

We note that in classification society rules, it is not common to specify relative
deflection limits for most major structural members within the hull except in special
cases—for example, at crane supports and in the vicinity of certain types of equipment.
This is simply because some or many of such limits may be considered implicitly
by other prescriptive aspects of the rules. In designing a structure purely by first-
principles-based procedures, however, one would need to define and consider those
explicitly.

5.4.1 Support Members

In calculating the deflections for support members in a stiffened plate structure,
illustrated in Figure 5.1, the attached plating must be considered with the support
member, which is often called a plate-stiffener (beam) combination. Typical types of
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Figure 5.1. A continuous stiffened
plate structure.

plate-beam combination models, consisting of a stiffener and its attached effective
plating, are used for this purpose, as illustrated in Figure 5.2.

The cross-sectional shape of the plate-beam combination model will then, in
general, be that of a nonsymmetric I-beam type. Some important properties of the
plate-beam combination sections with (full or effective) width of attached plating are
given in Table 5.1. The effective width or breadth of the attached plating may need
to be used to reflect the structural ineffectiveness due to applied actions once cer-
tain applied end strains are exceeded, or for approximating complex behavior such
as shear flow using beam approximations. For an elaborate description of effective
width or breadth of attached plating, see Paik and Thayamballi (2003).

The span of the plate-beam combination will normally be measured between
stronger support members or structures. Therefore, the actual end conditions for
the plate-beam combination will be affected by the joining methods and rigidities of
support members in the orthogonal direction.

Support members such as stiffeners, frames, or girders are likely subjected to
bending, axial loads, or these combinations, as shown in Figure 5.3. When a one-
dimensional member is subjected to bending arising from distributed lateral load
q, concentrated lateral load Q, or direct bending M or Mg, it is called a “beam.”
However, the one-dimensional member under axial compressive loads is called a
“column,” but it is termed a “rod” when axial tension is predominantly applied.
When both bending and axial compressive loads are simultaneously applied, it is
called a “beam-column.”

Typically, limiting values of vertical deflections for beams in steel structures vary
between L/200 and L/500 in land-based structures, where L is the span of the beam
measured between supports. For cantilever beams, L may be taken as twice the
projecting length of the cantilever. Limits are stricter for nonstationary equipment

a b bf c bf

Figure 5.2. Typical types of plate-beam combinations made up of a stiffener and its attached
effective plating (b, = effective plate width between support members): (a) flat bar; (b) angle
bar; and (c) tee bar.
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Table 5.1. Properties of a plate-stiffener combination section with a given width of plating; stated for
an unsymmetric I-beam configuration

Property Expression

Cross-sectional area A=Ap+ Ay + AL Ac = Ape + Ay + At
where Ap = bt, Apc = bet, Ay = hyty, Af = byts

A,0yp + Ay oyw + Afoyg

Equivalent yield str